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Chapter 1 1

1 | Motivation

In the last two decades, electron paramagneticnees® (EPR) spectroscopy has rapidly evolved
towards an exceptionally promising tool in the nealf magnetic resonance for structural and dynamic
investigations in soft matter sciences. This cosgsriapplications for polymefs® proteins/™ or
even more complex, self-organizing supramolecuyaresng? !

The main reason for this recent methodologicalifam@tion in EPR is its intriguing ability to obser
highly complex nano-objects in terms of their stowal and spatial alignment, their transport
properties, their intrinsic dynamics ranging froioge to microsecond timescal€sas well as sensing
the inherent chemical environment from distinctioeg in these nanostructuté8 2! This is either
achieved by using intrinsic EPR-active paramagngpecies, or by introducing them artificially in
order to generate covalent modifications, or novatent self-assemblies with appropriate radical-
bearing guest species. In this regard, the meaevwehiad specialist field of EPR spectroscopy amd it
general applicability is widely covered in the rméa Biological Magnetic Resonance Volumes,
chiefly edited by Prof. Dr. L. J. Berliner.

Particularly, besides continuous wave (CW) EPR tspscopy and many pulsed EPR and ENDOR
applications?? the 4-pulse DEER technidé&* has evolved towards an exceptionally compelling
tool for the routined extraction of distances amtashce distributions from biomacromolecules in the
range of 1.8 to 6.0 nfft! Additionally, the relatively small size of paramegjc speci€¥ facilitates
reduction of structural and dynamic impairmentstlué substrate molecule in comparison to e.g.
fluorescent probes in Férster resonance energgfea(FRET) studie$® altogether yielding sharper
and narrower distance distributidf®. This allows for tracing slight structural changesd
conformational transitions in macromolecules wiightaccuracy?

Furthermore, significant improvements in instrunagion are continuously advanced, as the extension
towards quasi-optical THz-frequenclé&® the development of ever faster electronic deviées,
a 5-pulse DEER sequence with improved sensitifityhigh performance low-noise components
(HIPER)P* 3 as well as the increasing availability of apprafeisoftware packages and extensions
for complex dynamic and structural EPR data evalndt™® This also justifies the resurgence of
EPR spectroscopy from a specialist application tmoae accessible popular method without losing its
essential intellectual content. Therefore, EPR titatss a powerful spectroscopic alternative toay-r
diffraction (XRD) and nuclear magnetic resonanc@® that facilitates to generally supplement
established experimental techniques in structumbdyy and biophysical chemistf}:?> Particularly,

the limitations of these mainstream methods arendfiased on molecular size, or ensemble disorder
of the investigated nano-objects that may finadlgd to the inaccessibility of structural components
In this regard, it could be already shown thatigpabnstraints from EPR spectroscopy may help to
overcome these limitatiorf§:*”

In this thesis, EPR spectroscopy is applied to redabumins and albumin-inspired model systems

that are nowadays deliberately used in biochemigtrgtein biophysics and polymer chemistry for
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tracing changes in their structural and/or dynapnaperties. The central theme throughout this ghesi
is dedicated to utilize these model systems inrora@pply and derive strategies that should reveal
further insights into the inherent functionalityabumins.

Being highly conserved major transport proteinbualins are found in blood plasmas throughout the
animal kingdom ranging from fish, reptiles, to maaisi® Intense effort has been deployed during
World War Il on the production of a blood plasméaditute for battlefield treatment of wounded
soldiers. This was mainly achieved during the Awceari Red Cross Blood fractionation program at
Harvard Medical school in the group of Edwin CéthSince then, albumin can be purified in large
guantities and is commercially distributed in a tridn scale with an annual turnover of billions of
dollars®™ This generous availability has made albumin tafite model compound gaining wide
attention in protein research since the 1940ss thérefore also found as a reference compound in
many biochemical applications as e.g. SDS PABE ELISA® Bradford test§” or BCA

tests>>%

I not least due to its extraordinary stability atsdwell-known physicochemical propertigd.

For a long time these so-called alburailloids were considered as of minor functional importance
apart from their passive role in creating oncotiesgure that represents the physical origin foodlo
volume maintenand®” Over time, it turned out that albumins additiopakhibit an overwhelming
capability to bind a vast diversity of small moleslP**®-¢'Consequently, this intrinsic functional
adaptability and their physiological role as intdgrconstituents for absorption, distribution,
metabolism and excretion (ADME) of pharmacologiogiredients ultimately established albumins as
effective screening substrates for drug delivengiss™ throughout various scientific disciplines.
Currently, 80 ligands have been co-crystallizedhwiuman serum albumin (HSA) alone that are
stored in the protein data bank (PDB, accessed,)@018)? Apart from two specific binding sites
for anionic drugs, named the Sudlow sit&3” the complex nature of fatty acid binding and the
reasons for albumins’ high structural adaptabiiili remains strongly elusive” although a plethora
of solid studies is available in this regard.

Albumins have been made accessible to EPR spegpydor the first time during the 1960s by the
pioneering group of Prof. Harden McConnell at StesifUniversity®>®¥ Since then these proteins
were thoroughly investigated by several EPR grdbps came across this subject aiming to further
unravel the intricate solution dynamics of thigiguing research object. Yet, mainly due to th&lat
appropriate EPR spectroscopic methods and acoessialluation tools in the 1970s and 1980s,
several functional and dynamic features of albunairgsstill awaiting some scientific attention since
then. Truly, in recent years albumin research waskedly resurrected in EPR spectroscpy’!
However, for a better understanding of the undegynechanistic and dynamic principles that govern
the inner working of albumins, a modern and reetibpproach is required that should transcend
established biophysical strategies.

This hypothetical approach should be able to slesdlight on several rudimentary functional aspects

that persist to date and will certainly also pensesyond this thesis.
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A significant step forward was successfully mad@rievious studies by utilizing the combination of
CW EPR and in particular 4-pulse DEER® "I This approach utilizes the mutual self-assembling
properties of paramagnetic fatty acid ligands albdirains in order to extract meaningful distance
distributions. These fatty acid-derived distribaso furthermore provide indirect structural and
dynamic features of albumin itself. The obtainesutes are then discussed from the perspective of
bound fatty acids that can be correlated to thecgiral scaffolding of albumin, based on a readily
available and appropriate crystal struct{ffdespite these promising results, several physicoids
aspects, as well as spectroscopic strategies flage ttraced, complemented, refined, developed,
rationalized and consolidated in order to achiegr@ng new functional picture of albumin. Beyond
that, a conclusive and expandable research plat&irould be rationalized that provides general
guidance for approaching this long-term objectiMais subject can be regarded as the major impetus
for this thesis.

The contents of this manuscript are organized imipdive parts. The first part irfChapter 2 is
dedicated to theoretical aspects of CW EPR and DEfgRtroscopy as it is deliberately used for all
studies. Several concepts that are needed to wadershape and appearance of EPR spectroscopic
data, as well as some basic principles behind aladyses are provided thoroughly. The second part
in Chapter 3 emphasizes a short historic survey of what is knadwout the structural and dynamic
properties of albumins, while emphasizing previtindings from EPR spectroscopy. This comprises
spin probing studies with e.g. paramagnetic fatigs as well as some spin labeling strategies that
were applied so far. Additionally, some clues akeig about the superordinate physiological context
of fatty acids bound to albumin.

The third part ranges fro@hapter 4 to Chapter 9 where several different concepts and ideas were
tested. More precisely, the influence of albumigussnce homologies on internal fatty acid alignments
is investigated for several species througl@hapter 4 andChapter 6. In Chapter 5, the established
experimental EPR-active albumin sample sy§tfiis subjected to a rigorous discussion for figuring
out its practicability. Ultimately, experimental raaneters are optimized in terms of comparability,
reproducibility and significance of achievable ds#éds. These findings are then subsequently applied
wherever they are suitable, or needed. The infleefigosttranslational modifications (PTMs) on the
functionality of albumins is investigated Dhapter 7. Therefore, several albumins with different
chemical alterations were provided. Some furthgegtigations are made beyond EPR spectroscopy
in order to retrieve the physical origins of thesetved functional responses. Ghapter 8, the
influence that protein net charge exerts on thetspleshape from EPR-active albumin samples is
examined in the range from about 1 < pH < 13.

A proof-of-principle study that facilitates a coraf@ly different approach for observing bound fatty
acids is presented i@hapter 9. It is illustrated how the well-known, fatty adidsed and DEER-
derived distance distributiofis™® change when a localized and covalently attached Ispel is

introduced to the system.
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The fourth part generally aims for stripping dovme tomplexity of albumin-fatty acid interactions to
a least attainable minimum. Therefore, severalralbtanalogue amphiphilic polymers are provided,
that have been synthesized from click-coupled mmormmers, consisting of linear polyglycerol
chains attached to alkylene methacrylate. Thesgnpoic, brush-like structures aim to mimic a
protein-like core-shell structure with a hydroplmbbre and a hydrophilic shell, each with variable
size. The corresponding findings from these polyaee rationalized ihapter 10. As it is known
that such core-shell structures facilitate ligariddingd”>™® and may also act as effective drug
transporters with potential medical applicati8fsit will be tested to which extent this model syste
may contribute to a better understanding of themelanizing properties of fatty acids and albur#in.
situational thermodynamic model, based on CW EP&tspscopic data, is developed from these
polymers just in case they are susceptible forralbtanalogous fatty acid interactions. Subsequently
this thermodynamic model is tested on HSAChapter 11 Therein, several findings and strategies
that were established in the course of this thasaslargely adopted and integrated. Thus, thetresul
section concludes with a study that is only acbtéssivhen several established methods that are
presented throughout this manuscript are ultimateiybined. Naturally, this chapter then builds most
bridges to previous sections in a synergistic fashlt mainly goes along without many additional
explicit theories allowing to mainly focus on fuinctal aspects of the investigated protein. In case
scientific contributions from cooperation partneos assistants are used, they are indicated
conscientiously in an acknowledgment section aetiteof a corresponding chapter.

Finally, the fifth part inChapter 12 comprises a conclusion and an outlook concerriegobtained
results. This section corroborates the concepnoéxgandable EPR spectroscopic albumin research
platform. Emphasis is placed on the general siggmite of this research platform for further studies
that may also trespass the scope of EPR spectypsthe outlook also points constructively towards
some critical issues from the results and furtheeniadicates possible directions for the developgmen
of novel albumin paradigms. The content of this kvpartially ranges at the interface of protein and
polymer science. Where appropriate, some analytiategies are therefore tested for their
transferability in between these disciplines as ie.¢hapter 7 andChapter 10, as well aChapter

10 andChapter 11 This thesis is written in a way, so that indivadlehapters may stand alone when
according crosslinks are taken into account. Tladysin complexity may vary strongly depending on
feasibility and individual requirements. Howevet, decisive sections the different chapters and
appendices are interlocked for preventing overftmyiredundancy and for eventually pointing at
alternative routes of analyses. Chapter introdustimay appear repetitive, but decisive contents and
related references are recapitulated independandycarefully according to the topics. All referesic
are given in a secluded section at the end oftligsis, being sorted according to their appearance
individual chapters as it was done e.g. by Schwemed Jeschké? Supporting calculations,

simulations, tables and reference experimentslaoeg in appropriate appendices.
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2 | Theoretical Aspects of Electron Paramagnetic BRenance Spectroscopy

For a better understanding of the underlying ptajgpcinciples of EPR spectroscopy, this chaptel wil
elucidate some basic principles and scientific @incomprising continuous wave (CW) and pulsed
EPR in magnetic resonance as it is used in thi& Wooughout.

Retrospectively, magnetic resonance can be seé¢echsically being an epiphenomenon of World
War Il and was a direct consequence of precedihgeaements in physical sciences and engineering,
in the latter case mainly aiming for radar develeptf! Since then magnetic resonance was subjected
to an unpredictably creative and rapid developnieran inconceivably wide range of applications,
especially in biological sciences.

Since the value of the magnetic moment of an alaairas experimentally identified by Procdfliin
accordance to the predicted value from Niels Boatsnic model® a precise method for measuring
and manipulating the orientation of magnetic momemas first described by Isidor I. Rabi from
experiments on molecular beams of Lf€In 1940 L. Alvarez and F. Bloch were able to measiso

the magnetic moment of the neutfdnlhus, it could be shown that atomic nuclei as w&elhucleons
also possess a magnetic moment. It was only a ntdtteme that it could be independently shown by
E. K. Zavoisky and B. Bleaney that the investigatiof paramagnetic resonance phenomena
originating from magnetic moments of electrons implex samples as solids are feasible.
Simultaneously, a more determined approach waslastad as “nuclear induction” by F. Blo&h,
commonly referred to as NMR. This method expandediB findings from the molecular beam
towards liquid and solid systems, and was soon asprgn many laboratories for sample
characterization due to its high intrinsic resauati Similarly, EPR spectroscopic investigations in
subsequent years also lead to a rapid exploitménpacamagnetic resonance phenomena after
19468 In order to evolve a conclusive theoretical fundatmfor the studies herein, the physical
properties of the electron are used as a starbing for a stepwise development towards interpi@tat

of experimental findings from complex self-orgamizeystems that are encountered throughout this

work.

2.1 | The Electron Spin

The electron is an elementary particle falling inb® scope of charged leptons. Therefore, as a
fermion it bears a half-integer spi £ 1/2), a negative elementary electric chaf@e=(—€) and it has

a distinct massm,, whereas its size is still not precisely known. ¢iprobably it is a point-like

34 After P. Zeeman

particlé'? with a spherical shaP@ and a radius of < 2-10% m or les
demonstrated that the angular momenturf electrons in cadmium ions interact with extérna
magnetic field$™ W. Gerlach and O. Stern found that silver atomeehan additional magnetic

moment as they experience a space quantizatioouglthits ground state is characterized by
L = 0*®'s. A, Goudsmit and G. E. Uhlenbeck therefore adedre hypothesis accrediting this

property to an intrinsic angular momentgnof the spinning electron that should be connetved
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magnetic momenis*®* They called this intrinsic spin angular momentura electron spirs, as
rotating charges generate magnetic vector potentralr a free electrgms andS are connected via the
relation:

ﬂs:_%[sz_ysts (2.1)

whereas the factor = —gqlig/si = 1.7609- 18 rad T*s™ gives the mutual relation between magnetic
moment and electron spin. This factor is calledgym®magnetic raticand it is composed of the Bohr

magnetorug, the reduced Planck const@rand the Landé factas ~ 2.00232 of the free electron.

2.1.1 | The Electron Spin in Magnetic Fields — Zeeam Effect

In case the free electron is exposed to an extestaéic magnetic field = [0,0B,], the magnetic
momentpus and therefore als® experience a spatial quantization as the eleoteon only adopt
orientationsS, = mg: /2 = * (1/2)i with ms = +1/2 being the spin projection quantum numb&ose two
spatial adjustments may be paralle) or antiparallel £) to the magnetic field,. In a vectorial

picture, quantization gives the magnitude of the spgular momentum that is defined as:

|S|=nyS(S+1) =12 2.2)

Comparing the magnitudes 8fandsS, the angle between the magnetic field axis and gpemtation
can be determined. Its value is definedasarccos((1/3)% and it is called thenagic angleof spin

)[20,21

precession{ = 54.74° I The corresponding projected value of the magmatienenty, = psms

can be written as:
H,==yS,=-g 1 . (2.3)
Being a magnetic dipdf@' the electron experiences a torquex(B) from the magnetic field with a
resulting potential enerdys of the size:
E,=-uB=-1B, . (2.4)
With respect to the electronic ground state en&yghe total energie can be written as:

E=E+E=E+ gimB . (2.5)

2.1.2 | The Paramagnetic Resonance Phenomenon

Upon electromagnetic irradiation the electron sguantum state can be perturbed to change its
orientation from paralleld) to antiparallel §) with respect to the external magnetic fi@d(Figure

2.7). This artificially induced electronic transitiois facilitated by absorption of the oscillating

magnetic field componenB, of the incident electromagnetic wave. Therefotes difference in
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potential energy\\Eg = E; — E, between statg anda has to be absorbed by the electron by choice of

an appropriate frequeneyobeying the resonance condition:
AE, =E;-E,=2E= g4 B= h=hw . (26)

where the relatiom = 2zv holds for a transformation from frequency to aagudtequency units. In
EPR spectroscopy this resonance condition is ysfidfllled in the microwave frequency range from
1 — 360 GHz and at magnetic field values rangimgnfi0.03 — 12.80 ¥¥ This work exclusively
focuses on X-band frequencies in the range of ®@B-GHz corresponding to magnetic fieldBpf
0.33-0.35 T, whereas 1 Tesla 2 Gauss.

A B
Energy [a.u.] z

|8)  Eg(ms=+1/2)

Hs |x)

le)  E,(mg=-1/2)
1)

Magnetic field [G]

Figure 2.1 | An individual electron spin and its behavior in anexternal magnetic field B,. (A) Energy scheme for a
magnetic field-dependent energy splitting of eigates ¢) and ) in terms of the resonance condition in equatidh @)
Spatial quantization of the electron spin orieptativith magic anglé and corresponding precession cone.

2.2 | Electron Spin Ensembles

As we encounter large numbers of electron spirmiEPR sample, we will term them as a statistical
spin ensemble as the occupation of the energysdtatand E; exhibits a Boltzmann-type behavior.
This orientational spin polarization is stronglymgerature-dependent occupying the energetically

lower statex preferentially following the law:

Ny _ pearier
N

B

(2.7)

wheread\; is the number of spins in each eigenst@feuhd f). From equation 2.7 it is also obvious
that absorption will be much stronger for lower paratures. Therefore this relationship is alscedall
spin temperatur&” At X-band microwave frequencies of 9.4 GHz and magnetic fields Bf= 0.34

T the excess parallel spin fraction leading to ecable signal is only 0.151% for 298 K but 3.052%
at 150 K4
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2.2.1 | Ensemble Magnetization
According to Curie’s lalf” the individual magnetic moments,; of the spin ensemble resemble an

equilibrium magnetizatioM o per unit volumeV in direction of the external magnetic fieg>®

22
Mz,o:VEZUz,i: N Op X S OB (2.8)

3k, T

The spin ensembles therefore sum up to a macrasowggnetization that can be detected by an EPR
spectrometer. As the time-dependent orientatioanoindividual spinS with its magnetic moment

generates a torque in a static magnetic f&ldn equation of motion can be defil&d:

ds
Ai—=uxB,(t
el ,(t) (2.9)

with the corresponding ensemble denotation for iplelelectron spins:

A M _m x—%BBZ (2.10)

dt
and M representing the macroscopic ensemble magnetizafih perturbations of the ensemble
magnetization relative to its equilibrium by thisque cause a permanent precession on a cone around

the z-axis with the Larmor frequency:
@ =-ysB, = gskgB /i (2.12)

and is tilted by the magic anghe

2.2.2 | Ensemble Magnetization Relaxation ProcessesExternal Magnetic Fields

Without an external magnetic fiel,, the individual magnetic moments are randomly ragd in
space. By switching the magnetic field on, the msecopic magnetizatioM will emerge Figure
2.2A). This magnetization equilibrium irdirection is not established instantaneously bilibfs a
well-defined time-dependence. For a complete deson of this process two time constants are
introduced: ) the longitudinal or spin-lattice relaxation tinenstantT; that depends on the
environment of the spin system arnij the transversal or spin-spin relaxation time tamsT, that
describes mutual interactions of spins in the sysdering the timd. Those two time constants obey

the empirical differential equatiofs!

dm M
— X == M. - X
M, M,
=+ M, — ¥ (2.13)
dt 3

2= (2.14)
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also termed as the Bloch equatiBnwith M; being the spatial components Mf The solutions of
equations 2.12 — 2.14 describe the exponentialamsbedecay of the equilibrium ensemble magneti-

zation components!; o until they reach equilibriuri®

[M, 0c0S(@1t)- M, o singut )& ™

M (t) =| [M, ,cos@t)-M,, singut )& '™ (2.15)
M z,0 +[M z,00 -M z,O] @_t/Tl

2.2.3 | The Effect of Continuous Microwave Irradiaton B(t)

In case of continuous resonant irradiation, electgnetic waves facilitate the induction of
differences in electronic energy level occupatiow dhe ensemble magnetization will inherently
change its preferential group orientation from &ltium as induced by the external magnetic field.
Applying an oscillating monochromatic circular paotad microwave fieldBi(t) = (BiCOS@mut),
B:sin(wmwt),0) with a corresponding angular frequensy,, to B, the field has to propagate 3
direction for tilting the magnetizatiol from z-direction. The result is a nutation around a dteda
effective field we and an additional precessian in x-direction of the incident microwavé-igure
2.2B). Conveniently, a more illustrative representati@rthosen where the coordinate system rotates
with wmy While the magnetization rotates on a precessioe @ath an off-resonant Zeeman frequency
Q7= o — wmy (Figure 2.2A). The magnetizationM/dt in the so-calledotating frameis accordingly

described by a set of modified Bloch equations:

M M
(g - M, ——x -Q,M -
(a{ %W) y T2 z'"y T2
M M
dM = _(a{_a)mw)Mx-'-ySBle__y = QZMX_a)lM Z__y (216)
dt Tz T2
M,-M M,-M
_ysBlMy_( . zo) _a’lMy_( : z)
T T

Upon additional consideration of magnetizationuifonD,, as caused by e.g. inhomogeneitie8jin

affecting relaxation rates and initial magnetizafithe Bloch-Torrey equation applié¥:

dm
T:yS(M xB,)-(M -M )R +0D,OM -M ,) (2.17)

with Ry describing the relaxation tensor. In the resorcage the effective field will equal the
microwave frequencyafes = w;) SO that the Zeeman frequency contribution vassgie = 0) as
shown inFigure 2.2C. Therefore, after sufficiently long irradiationmtés, a stationary magnetization
state is established and time derivatives of tlemible magnetization vector disappeddt = 0).

The termination of microwave irradiation after méit,, will cause the system to pursue the adjust-
ment of a recurrent equilibrium By-direction in the exponential time courselefandT, according to

equation 2.15.
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B,
w Oy

...........

X X X By(9)

Figure 2.2 |Ensemble magnetizationM exposed to microwave irradiationB4(t) in an external magnetic fieldB,. (A)
Ensemble magnetization in thermal equilibriu®) QOff-resonant nutation of magnetizatibhalong an effective fieldes #
1. (C) On-resonant precession of magnetizabmith wes = ;.

2.2.4 | Detection of an EPR Signal
The transverse magnetization componéwsandM, are crucial for the detection of an EPR signal.
For describing the uptake of microwave power imeiof the systems magnetization it affords to

employ the complex notation of the dynamic magnsiiceptibilityy(cw):™”
X(@) = X () +ix' () (2.18)

as it is linked to magnetization by the relatjon pop,M/B with po representing the magnetic constant
and i, being the relative permeabili? Here, y"(w) is an imaginary phasor describing the
magnetization amplitude andw) is the phasor representing the real part of teahic magnetic
susceptibility®® Hence, the loss tangent taF x"(w)/x'(w) can be applied to determine the ratio of
stored to lost power by the loss angie the complex plane. This complex notation aksgilitates the
separation of the magnetic susceptibility in arpl@se f'(w)) and 90°-out-of-phase/(w)) part

relative to the microwave pha&@:
M, (t) = BLY () cos(@p,t)+ X" @)sin@y,t )] (2.19)

With this relationship it can be shown thd{w) determines the lineshape of the absorptkigure
2.3A) and y(w) its amplitudé’® Both components can be measured simultaneously phase
sensitive detector (PSD) or quadrature detector)(§up. In case of a two-level system as depicted
in Figure 2.1A the transversal relaxation processes lead tdsortion curve that can be expressed

as a Lorentz function:

"N = WXol,
X' (@) 2+ 212 (- a) (2.20)

with the static susceptibility,. Particularly, for paramagnetic species the magreaisceptibility is

x> 0. In a common experimental setup the sampieadiated by linearly polarized electromagnetic
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wavesB;(t) = (2B,cos(mdt), 0, 0) until the stationary stateMddt = 0) is achieved” With this
constraint the Bloch formulation can be rearranigesi system of linear equations:

M, ~WQ, Tk
M, = [M,| = | alky (2.21)
M, 1+ QIT )k

with the magnetization constaky = M, /(1+ QT2 + a;lleTz) giving the Lorentzian lineshape of
the absorption. The reaM() and imaginary §l;) magnetization components are thus separated by a
factor M,/M, = Q,T, and additionally comprise an intrinsic constantgnetization factorVl,qw,
(Figure 2.3A) giving the maximum signal amplitude of the reaftgM,). For low microwave powers
following the relatiorw,T,T, << 1 the magnetization constant reducesds M,o/(1+ Q,°T,9).

In a typical CW EPR experimerfi@ure 2.3B) the resonant microwave absorption process iszezhl
by retaining the microwave frequency constant whike magnetic field,(t) is changed in order to
detect the complete signal. This is typically démoen lower to higher field-values with the steemnes
ag-t in a magnetic field sweep embracing the sweephaijt,, — Brin 24 Furthermore, this external
magnetic field determines the orientation of the daordinate system. For an additional amplifiaatio
of the absorption signal from the paramagnetic $eyripduction coils are used to modulate Bye
field of the magnet with an additional modulatiom@itude dB, and a corresponding modulation
frequencywmog = 100 kHz. The absorption curvg’) is therefore displayed as its derivatiyd @nd
constitutes a typical continuous wave (CW) EPR speshapeRigure 2.3A, red trace).

15.
A B B.()=B,, +ag-t+ ( i -COS(@,,41)
M B Y
2| By(0) 29001 | =g
Bmln
— {
5|
& l” Signal /(-:\ MW Source
-8 0 Detection O/ ) )
=3
;‘c:_;- dA/dB, Induction Coil Resonator
£ 1
< 1.~
PC Magnet sample

2t

3} . . | . . : B,(1)

3348 3350 3352 3354 3356 3358 3360 &/

B[G] T
Bmln an\ \ S
| > 5, ‘ B |
—»2Z
/|
y

Figure 2.3 |Schematic representation of the signal detection in CW EPR experiment.(A) The microwave absorption
(black) was calculated with a Lorentzian functiégmikar to equation 2.20 for a system at a X-barmdjfrency of 9.4 GHzZyg

= 2.0023 ABrywum = 1.0 G, sweep width =12 G = 1.2 mT and a rasgliesonant magnetic field at a valueRy, = 3354 G.
(B) Experimental setup of a CW EPR experiment witlesdlential components as described in the textfigldesweep from
Bumin t0 Bmax i Visualized in a schematic graph of how the i@dphagnetic field,(t) changes with tim&*
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The microwave travels from its source to the cated where it is deflected towards the resonator
bearing the sample. The resonators quality (Qpfadetermines the amount of absorbed microwave
energy. In case of resonance the signal is enténmgetector upon repeated passage of the cioculat
and can be recorded with appropriate software ®CaThe parameters of a derivative absorption
spectrum x) are mainly characterized by tgevalue of the electron and therefore the positibthe

resonance line and its according peak-to-peak wig}, that is defined as?*"

_2fltwTT, | 2

AB, = 2.22
oep Vst\/§ Vst\/§ ( )

in case of low microwave powera{IT:T, << 1). The FWHM-linewidth of the absorption specir
(ABrwhw) is related to the peak-to-peak linewidth of thexivhtive absorption spectrum by a factor
ABO,p[/ABFWHM = 3_1/2.

2.3 | The Paramagnetic System
In case the electron performs a gyration aroundxedfpoint in space it develops an additional
magnetic moment, . The resulting orbital angular momentlingives rise to a total electronic angular
momentum of J =L + S and a total electron magnetic momentugf= p_ + Us due to spin orbit
coupling™ The total magnetic moment remains constant widmdS precessing around the direction
of J. In principle, this leads to a more complicatetidbaor of the space quantization and the Landé
factor of the electron is given as:
J(I+D)+ S(St)- I I+ 1)
2J(J+1)

g,=1+ (2.23)

and describes pure spin magneti$¥=(J = ¥ andL = 0) with a corresponding value gf= 2% In
case an atom or molecule is located at the cerfitdreoelectrons orbit it will cause the electron to
couple to its specific orbital momenta and leada shift of the gyromagnetic ratjg of the electron
due to their physical interactions. Therefore, ibgulting Landé factog; can be considered as a first
characteristic parameter of the electronic enviremtrin any atomic or molecular syst&ff> The
various physical interactions that an electron nuaglergo with its immediate environment are

summarized in the following sections.

2.3.1 | The Static Spin Hamilton Operatoi,
In order to describe the exact energetic eigengatfi@ paramagnetic system consisting effective
electron spin§interacting withg nuclear spin$ to which the electron is associated, a reducelleitil

space with dimension,, is spanned”
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p q

npq:l:!(23<+l)|k_=l(2|k+]) (2.24)

For a determination of energetic eigenvallgsof the paramagnetic system the time-invariant
Schrodinger equatiofty = Hyy can be applied, wherg is the electronic wave function. The
Hamilton operatoH, is defined to comprise all magnetic interactiohthe electron with the external

magnetic field and internal magnetic moments iwiitinity:

Ho=Hg+H ;egtH (o +H (o HH (o (2.25)
Individual components in equation 2.25 are liste@ do the strength of their individual energetic
contribution. The different energy terms describe aforementioned electron Zeeman interaction in
external magnetic fieldHe,, the zero field splittingﬁzps, the hyperfine interaction between electrons
and nucleifl,, and the electron Zeeman-analogous nuclear Zeawtenaction in external magnetic
fields Hyz, the nuclear quadrupole interactifr,uQ, and the spin-spin interactions between pairs of
nuclear spindyy. In the following section expressions for indivadiwontributionsd; will be given in

angular frequencies.

2.3.2 |g-anisotropy and Electron Zeeman Interaction
While the electron couples to an atomic nucleus,lthindé factor develops directional properties in a
magnetic field. After diagonalization of tiggtensor with the Euler angles of the magnetic fisddtor

an anisotropic extension of the electrogicalue in a molecular coordinate system is obtained

g« 0 O
9=/0 g9, O ) (2.26)
0 0 o9,

According to the molecular symmetry, théactor can adopt either isotropig(= gyy = 0,7, axial O
= Oyy # 029 or rhombic @, # 9y # 9,) symmetry. In a simplified view for axial symmetityeg,, = g
value is defined as being parallel to the princigsils of the molecular system agg = g,y = g,
perpendicular to the corresponding principal mdicexis. For entire motional freedom as for small

molecules in solutiong = g.) the so-called isotropigis,-value is given as:

05~ Oiso=T1(9) =35(8x*+ 9y + 9, (2.27)

As the expectation value df for a non-degenerate state is zero, the deviaifogs, towardsgs
originates from the interaction of excited stated ground states of the electron, while orbitaludag

momentunL from the excited states is admixed to the grotatés
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Due to second-order perturbation theorydheensor can therefore be expresset’as:

9,=9 =g$5|j -2 SOZ <‘//0| ||‘/jn><l/ln| J|‘/IO> (2.28)

n#0 E-K
whereass; is the Kronecker symbol being 1 for=j or O in casd # j, andisc is the spin-orbit
coupling constant. Heng, is the wave function of the electron in the grostate, and, is the wave
function of then-th excited state of an unpaired electron wihand E, being the corresponding
energies. As the excited states of organic rade@shigh in energy thg-values mostly deviate less
than 1% fromgs. This is contrary to transition metal ions thatyntaver a wide range aj-values
facilitating a better spectroscopic identificatiwhile simultaneously providing information abougeth
symmetry of the paramagnetic center. Introduciregelectron spin vector operat®re (S, S, S»), the

electron Zeeman term can be described’as:

He, = Y9;SB, /7 (2.29)
Therefore, with increasing spin-orbit coupling be telectrons environment, the deviatiog between

theg;-value and the Landé factgg will increase.

2.3.3 | Nuclear Zeeman Interaction
Atomic nuclei also bear the property to couplertispin to external magnetic fields. This couplirfg o

q nuclear spins, with B, is described by the nuclear Zeeman t&frif’
Hy, =——" ZQN,szl k (2.30)

The nucleagy, factor, the nuclear magnetgr and the nuclear spin vector operaltpare intrinsic
properties of an atomic nucleksFor detectable nuclei the scalar spin quantumbauip may cover
the range from 1/2) to 6 %) and is connected to an intrinsic magnetic momegrtgy inl /7.

The projection on the-axis|, = m -7 may adopt (& + 1) values ranging fromlg< m y < +l,. The
electron Zeeman interaction gsls/gnpin IS almost 658 times stronger than for protons,albiother

nuclei this ratio is even larger.

2.3.4 | Hyperfine Interaction
The hyperfine interaction,= between an electron spin and nuclear spins inintsediate
environment provides important information in EPpearoscopy. It is defined as the sum of the

isotropic Fermi contact interactidifi-c and the dipolar coupling of the electron and nganixclei Hgy:

. ~ . q ~~n 9. . 9. .
Hyr =Hpgc+H EN:ZaisqkSI k+ZSTkI k=ZSAkI k . (2.31)
K K K
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Ty is the dipolar coupling tensor arg is termed the hyperfine coupling tenseidé infrg) and the

factora, of the Fermi contact terfizc = Y asox S« IS given by:

Ho

7gsgNuBuN|wo(O)|2 . (2.32)

wIlN

8o =

The origin of the Fermi contact term is the nonishimg spatial probability density{(0)|2# 0 of an
electron in the s-orbital at the nuclear locus=(0). In case an unpaired electron resides inrhitab
with L # 0, the spin density can also be generated by egeh&onditioned spin polarization
mechanisms or orbital configuration interactibhin the simplest case the magnetic moments of
electron spin and nuclear spin give rise to a dipcbupling that can be treated in analogy to the
classical description of the magnetic dipole intéom energyJ; of two different magnetic dipolgs

andy; separated by a distangewith the point-dipole approximatidff:*
3 CE; )(U] (g )
2

[

U;i (Nip =&{(Ui ) -

am; } (2.33)

Hence,r; is the vector connecting the positions of the ifdilial magnetic moments. In terms of the
magnetic momentsis of an electron angl, of a nucleus the dipolar interaction tedffzy can be

expressed d&”

~

H
N amhr? u (2.34)

=—bo_ gsgNuBuN{é n - 2CE) D“r)zm A )}

In the hyperfine principal axis system this dipatderaction is given by the diagonal tensor:

-1 T

_ M _
Tk—WgsgNHBPN -1 2- -T N (2.35)

As this representation is only valid for isotrogilectron Zeeman interaction, it can only be applied
where g; -anisotropy is small. In a first approximation, heing g; -anisotropy, the hyperfine

coupling tensoA can be represented with the following relatiSh:
A= 8L+ T = Tr(A) M+ T, (2.36)

whereas, is given as the trace of the anisotropic hyperéiaepling tensorTr(Ay) = (AutAy+A)/3)

while 15 is the unit matrix.

2.3.5 | Nuclear Quadrupole Interaction
As the nuclear spin angular momentum is conneatdtéd overall shape of the associated nucleus it
will depend on the symmetry of its time-averagedrgk distributiod’® For atomic nuclei with spin

I, > 1 the charge distribution of the nuclear protoni#i exhibit a non-spherical symmetR}’
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Therefore an electric field gradient (EFG) is gated by the electron charge distribution and other
surrounding nuclei that couple to the electric saclquadrupole mome®y,. The Hamiltonian is
described as:
HNszll-(R/kl k (2.37)
=1
with V| being the nuclear quadrupole tensor. The suppts@tiindicates the transposed matrix of the
nuclear spin operatot,. In its principal axis systenV, is traceless leading to the alternative

notation®”%

2
N - 2 2 2_ €0,Q, 2_ 2 2
Hyo =Vl 2 +V, 13+V ) T (2|Z _1)[3I D)+ (5 )] (2.38)
including the nuclear asymmetry parameter (V- Vyy)/V;; and the electric field gradieety, =V,

= 9VIoZ. The nuclear quadrupole interaction is discloseBFPR spectra as a shift of resonance lines
and in the appearance of forbidden transitions. #l@r, both contributions as second-order effeds ar

difficult to observe experimentally.

2.3.6 | Dipolar Couplings Between Two Electron SpsS, and Sg
The complete characterization of a system of twakiyeinteracting electron spirs andS; requires
the definition of a Hamilton operator for each #len spinS. Due to their mutual coupling additional

terms emerge that are best represented in an exesatic spin Hamilton operatéf:

I:|O(SA 3)= |:|o( ?) +H ol §)+|—i HEC +H DD (2.39)

The contributions leading to the stafig(S) has been explicitly discussed in previous sestidine
two additional termd.c and Hpp specify Heisenberg exchange coupling (HEC) andldidipole
coupling (DD) of both electron spins. The tefinec describing exchange interaction gets increasingly
relevant when two electron spins are approachinghsat their individual wavefunctiong; are
overlapping. In this case the electrons transfonergy in terms of a spin state exchange reaction or

even exchange themselves. Exchange interactiohedescribed by the expressith:
Hiuec = 23085, S (2.40)

whereaslys is defined as the isotropic exchange integrakdhutions, an exchange interaction may
occur in biradicals or during collisions of individl paramagnetic species. In principle, the coltisi
frequency is determined by molecular diffusion asmin concentratioH” In solids, exchange
interaction is observed when electrons encountdissinces closer than about 1.5 nm or in case the
electrons are strongly delocalized. In case ofvedent spinsSy, = S§ = 1/2, the isotropic exchange

integralJag can be considered as a chemical B&hd.
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For two dipolar interacting electrons in an extémagnetic field both magnetic momenpis= g are
equivalent and get aligned By-axis direction. The corresponding interaction ggeésag(r)q, can be
written as#!

U (Naip = MOX;HB (3CO§HAB ]) (2.41)

AB

wheref,g is the angle between both magnetic moments and ¢benection vector,s. The dipole-
dipole coupling between two electron spins canrbatéd in analogy to the dipolar term (equation
2.34) of the hyperfine interaction resulting in thression:

3(Sa U )(S Dhg )

4nh 3 0G| TS - 2 (2.42)

=805 -

Here,D is the dipolar coupling tensor that is mathemdltiddentical to the dipolar coupling tensor
from hyperfine interaction angh andgg are theg; factors of the individual electron spifs Detailed
information concerning the extended static spin Ham operator may be found in Ciecierska-
Tworek et al*? As the dipole-dipole coupling is proportional tg 3, inter-electron spin distances
can be extracted. The observation of inter-elecpim distances is facilitated by filtering out the
dipolar and exchange interactions by cooling dovsample below 200 K3*¥! where all molecular
motions can be assumed to be frozen and the reserenes are broadened according to dipolar
interactions. This method allows for an assignnandistances in the range of 10 — 22 A for CW
EPR*! but may be extended to 8 — 25 A for perdeuteraledtron spin-bearing macromolecular

sampleg?®!

2.3.7 | Dipolar Couplings between Nuclear Spins

The observation of dipolar couplings is not regtdcto electrons only but the same also occurs for
atomic nuclei. The HamiltoniaHy describing dipolar couplings betwegmuclear spins is given
by:28]

pairs

Hu =) ) Td 0, (2.43)
q Kk

In solid state NMR the nuclear dipolar couplingsend®® provides a crucial source of structural
information on macromolecules as polymers and jsf&' As the dipolar coupling frequency is

% inter-spin distances can be extracted in e.g. momlear proton'H NMR

proportional torg”
experiments applying nuclear Overhauser effect tepsmpy (NOESYY % In EPR extraction of
bond angles and dipolar couplings is not as stteughard as in NMR as the observed lines also
depend on the internal magnetic fields generatethéyelectron at nucléj andl, and additionally on

the electrons magnetic quantum numtef”
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2.3.8 | Zero-field Splitting

In a system of electrons with group sfBg = Yk Sex > 1/2 the degeneracy of the ground state is
cancelled due to the dipole-dipole coupling of &lectron spins. Therefore, line splittings can be
observed even in the absence of an external madimt. In the principal axis system of the zero-

field interaction tensob, the Hamiltonian is defined by the fine structuean?”
Hzrs = SeDS6= D o Sax+ DoySay* Doy s (2.44)

Zero-field splitting caused by exchange interactiosolution between two spin-bearing paramagnetic
molecules (as irChapter 2.3.6 may provoke a splitting of singlet)( , Ss = 0) and triplet states
(11, S = 1). Usually, this effect is cancelled out duerdpid molecular motion and is therefore
difficult to observe. This effect gets prominerg.eat X-band frequencies for high spirfFad® EPR
resonance linesS¢ ;. = 5/2) where the effectivg-value is shifted relative to the low spin'F&d’
(a4 = 1/2)-[10]

2.4 | Nitroxides

A major drawback of EPR spectroscopy is that oely fmacromolecular systems contain intrinsic
paramagnetic species as e.g. metalloprotéinsiowever, in order to circumvent this situation,
diamagnetic macromolecular systems can be prowddd artificial paramagnetic species. This is
facilitated either by admixture or by covalent alftament of spin-bearing molecules to the substhate.
this regard, stable nitroxide free radi€af¥! have proven to be by far the most suitable tracer
molecules as they commonly exhibit high resiliemgginst chemical and physical impacts and
therefore allow for a wide variety of physicocheatiand biophysical studi€¥! A representative
overview of the most commonly used nitroxides igegiinFigure 2.4 Those nitroxide species can be
separated into spin probes (I-lll) and spin lab@s6-VI) and may be specifically applied for
screening intrinsic structural and dynamic featurea solution. As spin probes are usually appied
detect hydrophaobic (I,11) and electrostatic intians (ll) or general ligand binding propertiesi(l),
spin labels can be used to study structural prigsess inter- and intramolecular distanégs.
Simultaneously, dynamic properties can be obtafred covalently attached spin labels (IV-VI) that
arise from internal motions of a macromolecule in&icately depend on the strategic selection of
significant topological and functional environmefitsNotably, in recent years thsite-directed spin
labeling (SDSL) approach as established in the group ofdétarMcConnell has yielded wide
acceptance and high regards in EPR spectrostpy.SDSL with nitroxides turned out to be a
decisive tool that may essentially contribute for elucidation of structural and dynamic properties

biological and synthetic macromolecuf&s®*¢
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Figure 2.4 |Chemical structures of most commonly used nitroxide in EPR spectroscopyThey can be subdivided into
spin probes: I} 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPQ)] X Potassiumnitrosodisulfonat (Fremy’'s salt)] X 4,4-
dimethyl-oxazolidine-1-oxyl (DOXYL: R1, R2 are uslyahlkylene chains) and into covalently bound sfabels: (V)
(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)mettehiosulfonate  (MTSSL)), \{) 3-Maleimido-2,2,5,5-tetramethyl-1-
pyrrolidinyloxy (5-MSL or 3-MP), V1) (1-oxyl-2,2,5,5-tetramethyl-pyrroline-3,4-bis-mefmpethanethiosulfonate (RXx).

2.4.1 | Quantum Mechanical Specification of Nitroxdes in EPR spectroscopy

For homogenously distributed nitroxides in solut@rspin system witts = 1/2 andl = 1 is now
considered in order to account for interactionstief unpaired electron and tH&\ nucleus in
correspondence to the Hamiltonian that was senuphapter 2.3 Although microwave irradiation
induces a time-dependent character to the systeth s linearly oscillating fieldB,(t) =

(2B1coS(mat), 0, 0), the corresponding Hamiltonian should bigten as?”
H,(t) =9,;1eB()S /7 (2.45)

that represents the static oscillatory Hamiltor(i#) in the rotating framec{,). As it was shown in
Chapter 2.1, absorption of photons may cause changes in efectrquantum states where a
differentiation of single-quantum transitions (SQdnd multi-quantum transitions (MQT) in the
nitroxide system is inevitable. The SQT between tive eigenstatesk) and [) of the static

HamiltonianH, with wavefunctionsy andy, has a transition amplitude:

Ca :<‘/Ik| H1|‘//|> (2.46)

where ¢ is the matrix element that combines the eigenstati#is the corresponding transition
probabilitiesP = |cq|>. As photons are (gauge) bosons their angularentumJ, = myi can adopt
values from # < J, < +i. The space quantization of the angular momentuowalto distinguish
between left4 *, J, = +4) and right handed circular polarization™( J, = ) or linear polarization of
so-calledz-photons J, = 0). For single-photon transitions (SPT) the dagmomentum is conserved
for a radiation field perpendicular to the quartima direction of the spin. Thereforephotons bear a

linear oscillating fieldB,(t) parallel to the magnetic field axig. For systems with unequally spaced
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energetic eigenstatds |, m andn, two or more photons with the same frequency maalbssorbed
coincidentally. InFigure 2.5At is depicted, that the transition from eigenss&itto n may be attained

by three consequent SPTs, by multi-photon tranmstigMPT) as two different double-photon
transitions (DPT) or a triple-photon transition {lPFor example, the DPT can be considered as a
forbidden transitionrAms = + 2. Introducing virtual energy level$,(m’), such transitions can be

described as a proceeding in two consequentiab step fromk acrossl’ to m with a transition
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Figure 2.5 |Quantum mechanical description of the nitroxide EPRsignal. (A) Rationale of single-photon transition and
multi-photon transitions (MPT) as double- (DPT) atiple-photon transitions (TPT) from eigenstateto n.?”! (B)
Energetic eigenstates of a nitroxide radical cosipg electron-Zeeman (EZ), nuclear-Zeeman (NZ) aygerfine (HF)
interactions and three allowed electronic transgi¢w_;, wg, w.1). (C) Representation of a typical three-line quasi-muitr
CW EPR nitroxide spectrum for 16-doxyl stearic acié-DSA) in DPBS buffer at pH 7.4 arid= 25°C. The isotropic
hyperfine coupling constam is shown in (B) and (C) as the line splitting betaéaw-field peak B.;), center-field peak
(Bo) and high-field peakH_,).

amplitudecy, that is proportional td,(t)>. Energetic eigenstate transitions are usually ritest in
perturbation theory by ladder operators, whei§ass the raising and™ is the lowering operator
constituting a mathematical switch of the magngpion quantum number state fromg) to jns+ 1).
Dilute individual nitroxides Kigure 2.5B) are characterized only by electron-Zeem#g,), nuclear-
Zeeman My,) and hyperfine interactiong(;r) as zero-field splittingHze<), dipole-dipole couplings
between electronsHpp) and nuclei M) are too small or do not occur. Effects due tolearc
quadrupole interactionE(NQ) are also considered to be negligiieresulting in the following spin

Hamiltonian:
H,,=Hg\ot+H :LNO(t)

. 5 A et 2.47
TH o = OMeSB, = Oyhy 1B, + SAI +4 g, B S € + S gem | (2.47)

where Hy \o(t) is the additional time-dependent interaction fué electron spin with the oscillating
magnetic fieldB,(t) by rewriting the spin operatd# to the ladder operato$™ = S + iS,.*>*" The
energetic eigenvalues can be obtained by solviagtdhrdodinger equation for all energetic eigenstate

that are related to isotropic rotatiof:

Uno(Ms:m) = G s B~ g W MB @ ;M (2.48)
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According to the selection rules for magnetic déptvansitions corresponding Aans = +1 andAm, =

0, finally three allowed transition frequenctesare obtained from the relation:

Uno(M) =g le B+ @, M (2.49)

Due to the spin multiplicity 2(+ 1), three equidistant resonances are obtainedifimxides with
adjacent lines separated by the isotropic hypedmelingas, exhibiting equivalent intensity. This is

of course not always true.

2.4.2 | Nitroxide Dynamics

The theory developed so far is capable to consthecshape and position of resonance lines based on
the Hamiltonian set up in equation 2.47, but otligves a description of the simplest nitroxide spact
for isotropically tumbling molecules. As the nitidg spin probe and spin label molecules can be
introduced to a vast amount of different dynamiciemments, CW EPR spectra are mainly
determined by polarity, viscosity and dynamic tagyl, as well as by their own intrinsic molecular
geometry and nuclear composition. Physical inforomafrom nitroxides about the sample is often
hidden in details of resonance lines or vanishegveral spectral components overlap when sensing
different environments in the statistic ensembla shmple. In fact, nitroxides are exceptionallyner

for changing lineshapes, line positions and redatintensities in a highly non-trivial manner.
However, those properties prove them being indisipd: for investigative macromolecular
applications. The physical principles of the dynarsénsitivity of nitroxides are illustrated in the

following sections.

2.4.2.1 | Influence of Polarity on Nitroxide CW EPRSpectra

The local environment may decisively affect themitde moiety bearing the unpaired electron. As the
electron is delocalized along the,2wbital of the N-O bond, the spin density is natlasively
localized on the"N nucleus giving rise to the hyperfine interactiflne. The isotropic hyperfine
coupling constangs, is rather related to the spin density fractign of the nitrogen nucleus due to

the Karplus-Fraenkel relatidf:*

Aso = QP T QuoPor (2.50)

whereQy >> Qo are constants ang is the spin density on the oxygen atom with + po,.= 1. In

a first approximation this equation reduces torapt McConnell relationas, = Quon.)!"* 2 with

Qu = 21.9 G7 The exact value dy is disputed as the spin density may differ fomaatic and non-
aromatic nitroxides giving values from O6py, < 0.9 and therefore also depends on the type of
paramagnetic systefif.”™ The enhanced Zeeman resolution of high-field EPRealed that the
magnetic tensor components gf and A are heavily affected by polarity and proticity’®

Particularly, thegy and A,; values may be consulted to distinguish betweerarpahd apolar
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environment$’>’® There are three contributions leading to changemagnetic tensor components:
(i) the electron spin densipy; , on the nitrogen nucleusi)H-bonding, leading to a changg 6f the
partial electron density,,? of lone-pair orbitalsd,, presents the linear combination of atomic orbital
(LCAO) coefficient of the 2porbital) and (i) the associated changes in difference of lonequaital
energy E,) and excitation energ§E, .- represented byAE,_..-. The lone-pairrf — z*) excitation
energyAE, .- = E.«— E,is the difference of the* orbital energyE,- and lone-pair orbital energi,),

so thatAE, . = E — E."®"¥ Hence, any changi\g,, in AGw = G« — Gs can be described with the
expression:

80y (1_ Pra DA SAE, .. O,
gxx pO,n Azz A Emn * (ﬁy

(2.51)

This equation correctly predicts the negative slapeg.,-A,-plotd’® and furthermore helps to
distinguish between protic and aprotic polar enwvinents that modify the slope with the two last
terms. As the lone-pair orbital ener@y, that affectsgy via the excitation energ@E, ..+, is also
sensitive to electrostatics, the Onsager modeWwall introduce an effective electric fiel along
the NO-bond, emerging from permanent electric @poteractions, intermolecular electrostatic fields

and induced dipole interactions with surroundinlyesat molecule$#"
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Figure 2.6 |Polarity dependence of nitroxides in EPR spectroscgp (A) Definition of the molecular coordinate system of
a nitroxide. B) The stabilization of a zwitterionic structureto® nitroxide leads to a shift of spin density,ehé¢owards the
nitrogen atom. @) Hydrogen-bonding affects the lone-pair orbitaleryy E, and therefore induces changes gg.
(D) Sample with two environments of different pokarénd intrinsic dielectric constants and e, with &, >> ¢1. (E)
Corresponding simulated EPR spectra from the sitnatidD). The polarity difference is sensed by tiiteoxide moieties of
the statistic ensemble assuming a population odirp@) and non-polar environments (b) in a raticc0% each with a
resulting multi-component EPR spectrum (a + b).
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For X-band frequencies the changeg-spin density on th&N nucleus may be expressed in units of
ais as followsH™

—a N ')
Aa1'so = 8o a'isosr =1 l&) E{m [G] (252)

Hence, for electric neutral media, & 1) the change ims, is 0 G andag, will be at a constant
minimum valueas,, = 1. For highe-values, the hyperfine coupling will increase doettie closer
proximity of the electron towards the nitrogen muws. The prefactok, is a nitroxide specific
constant. For di-butyl nitroxide (DTBN) an exemplary valug ey = 0.8 is reporteti?! therefore a
maximum change inaiso max= 0.8 G is predicted:(— ) from equation 2.52. However, in high-field
EPR experiments maximum changesginandA,; of SAQmax~ 710" andoA;;max~ 3.6 — 4.0 G were

d’®%2 The impact on the spectral shape for X-band CW ERferiments is shown ifigure

observe
2.6 for an exemplary system consisting of two envirenta of varying dielectric constant<<e,. As
nitroxide spectra from two environments differimgtheir polarity do not only depend on the dieliectr
constant and solvent, but also may exhibit differ@scosities, the next section will be involvediwi

their rotational dynamics.

2.4.2.2 | Influence of Rotational Diffusion on Nitoxide CW EPR Spectra

All static interactions are anisotropic. Thus, thktive orientation of a molecule towards the mdé
magnetic field leads to a shift in resonance linsions. Hence, the appearance of an EPR spectrum
does not only depend on static interactions butalso be affected by dynamic processes that are no
extremely slow on the EPR timescale as e.g. theeecnddr tumbling in solutions or membrarfés.
The translational diffusion as a change in molecptsition is not resolved in a CW EPR spectrum.
Only the relative orientation modulates resonameguencies and induces transitions by generating
fluctuating local magnetic fields. This rotationdiffusional motion is a random process and is
characterized by the rotational correlation timthat illustrates the time constant of the expoadéint
ceasing alignment of molecules with the same iniigentation?>®!! Therefore, the lineshape of
nitroxide EPR spectra is strongly sensitive totroteal diffusion so that its timescale can be seteat

in four dynamic regimes. In thesotropic limit (zz. < 10 ps), anisotropic properties of tumbling
paramagnetic molecules are averaged out andgaglgndas, as well as symmetric resonance lines
with equal width are observable. Thest-motion regimgz. < 1 ns) exhibits the onset of varying
individual linewidths and upon further immobilizari it traverses into thelow-motion regiméz. > 1

ns) where the resonance lines are increasinglyderead and distorted considerably in a highly
nontrivial manner. Maximum spectral anisotropy servable for an additional slowdown towards
the rigid limit (z. > 1 us) as it is seen e.g. for glasses, powder ssmpl frozen solutiod&” An
explicit treatment for the elaborate theory of eaoebtional regime is cumbersome. However, the
physical principles of the effects of rotationaffaision on spectral shape are given as a summary fo

each motional regime. Without the presence of miene irradiation the system of spins in a sample
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is in its equilibrium according to equation 2.8.r Harge spin systems this may be described by an

equilibrium density matrix operatpe, of the form?®!

e—ﬁ IkgT

(2.53)

with the diagonal elements given by the populatdna Boltzmann distribution. When a system
evolves with time the wave functiong(t) as well as the density matxXt) will also be functions of
time. Therefore, on a very fundamental level, iheetvariation of a macroscopic observablg) is

determined by its expectation value:
(AD) =Tr(p(t)A (2.54)

As we are interested in the time-dependence ofrtheroscopic magnetizatiovi;(t) that is related to

the quantum mechanical spin operatfysS, ands,, equation 2.54 can be written as:
M, () =-Ngkg (§ ) =~ Nok, Tha(D)S (2.55)

with i =X, y, z. The resulting time-dependent Hamilton oper&i() for all members of the ensemble
gives the density matrix equation of motion andescribed by the quantum mechanic Liouville-von

Neumann equatiofi’

B =i 0.4 0] = pOR O -A OO (2.56)

Now a set of random variablé® is defined representing Euler angles £, y) that in turn define
molecular orientation to fully determirtae time-dependent Hamilton operatBi(t). The time-
dependence @@ is described by a stationary Markov process thghien by a differential equation of

the form:

anstz N-_r oP(Q,1) (2.57)

where P(Q,t) is the probability to find the molecule in a sbhkngle @ at a timet and I, is the
rotational diffusion operator. This stochastic @s& has a unique equilibrium probability distribati
characterized by, P(Q) = 0 that gives the stochastic Liouville equati(8LE) of motion in

combination with equations 2.56 and 2!%Y:

_"Pgtz’t) =-i[ A @.p@1) |- Top@) (2.58)

The resulting density matrp(Q,t) is now representing a value corresponding toraamtational state
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Q of a paramagnetic molecule suggesting a Hamiltajgerato(€) in angular units. The total spin
Hamiltonian can now be separated in three compsn@(®) = H, + H,(t) + H,(Q) regarding the
perturbationH,(Q) due to the different orientation sta@sof the individual magnetic moments. The

corresponding orientational Hamiltonian is given as

Ho@) = (~)"F {7 ™Dp @A LT (2.59)
Wi 1,mn

whereF",;*™™ are spatial functions in molecule-fixed coordisagedA,,;"™ exclusively consists of
spin operators aligned to the laboratory axis systeoth being irreducible tensor components of rank
| and componeni. The subscripuu defines the type of interaction (e.g. hyperfineeiaction in
equation 2.30, etc.) andefers to different nuclei. Thvalue and hyperfine coupling are tensors of
rank | = 2. Furthermore, the Wigner rotation matrix elemse Dy,(Q) describe the axis
transformation from moleculax’(y’,z’) towards laboratory coordinates ¥, z). Those Wigner matrix

elements form a complete set of orthogonal funstion

[ok @Dk @da sins ¢ d/=281—”25 Goni (2.60)

-+1 i Hmm ™l

whered; are Kronecker deltas. In some special cases tlygméimatrices are reduced to Legendre
polynomials or spherical harmonic functiovig, In the picture of the angular momenturs (J,, J,,

J,) of an electron spin a rotation operafis defined a&™®
R(a,B.y)=¢€""2e"™ g¥ (2.61)

that is related to the Wigner matrix elemém;m according to the relation:
Dy m(@.B.9) =(IM|R(a B Y)|Im) = €™ ¢, .(B) E™ (2.62)

with the reduced Wigner rotation matriad's, . (8) representing real functions. The eigenfunctidhns o
the axially symmetric rotator are the Wigner fuantD’i,(€2). With the expansion of the Dirac delta
function on the complete orthogonal setDdf,(Q) functions and upon setting the initial probabilit
condition toP(Q,0) =5(Q — Q) one obtaing™!

PR0)=60-0) =Y 2L220) (09 0, @) 2.69

jl,m

with the conditional probability:

P@ 100 =) 2L 0); @)D}, @) (2.69)

jl,m
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that predicts the chance of still finding a molecwiith givenQ, at timet = 0 in the ranget, Q + dQ)
after timet. The exponential factor contains the eigenvalygsf the diffusion equation for an axially

symmetric rotator that is defined &8:

A= i(i +1Dy+ 0, -Dy)n’] (2.65)

with D, andDj denoting the principal values of the axial rotatibdiffusion tensob, = (D1, Dy, Dy).

The correlation functions for the Wigner matricas be described with following expression:

(Dl () D}y ) = I DI, . (QO)P(QO)dQI D}, (Q)P(QQt)dQ
(2.66)

As it can be seen from equations 2.64 — 2.66 thenale behind the rotation matrices is that their
correlation functions decay with a characterisiioet constanty, = -z, . For isotropic diffusion
(DL = D)), the tensoD, therefore simplifies to the rotational diffusioonstantD,. According to
equation 2.65 the characteristic time constantgesitior; = [j(j + 1)D,]™". Proposing different models
for rotational reorientation, the following genem{pression is found for the rotational correlation

time:

| LG +DF
o0 = 5( +1D, . (2.67)

Commonly, three diffusion models are distinguishaaging from ) Brownian diffusion ¢ = 0), (i)
free diffusion 6 = 1) and iji ) jump diffusion 6 = 2), so that the regimes are separated by aasoe
factor of 7"2 going from () to (i) choosing = 2 This expression in equation 2.67 may also be
expanded for anisotropic diffusiéf{. Isotropic Brownian rotation of a spherical molextherefore

leads to the well-known expression:

>, 1 _4ma

=T =— =—

T
0 "¢ 6D, 3 kgT

(2.68)

with the rotational diffusion coefficierd, = kBT/8mya3 from the Stokes-Einstein equation. In case the
molecule tumbles asymmetrically, the rotationalfudifon tensorD, can be calculated from the
molecular dimensions due to the theory of F. PEHiH as pointed out by J. H. FreEdwhere the
anisotropic rotational correlation time is given as the geometrically averaged value of the kind
7. = 1/(60«D,D,)"?).

The method of choice for isotropic limit spectradscalculate explicit energy levels from perturbat
theory that yield the Breit-Rabi formulae from esgsions similar to equations 2.48 and #4%!
Slowing down the rotational motion leads to an @ase inc. that modifies linewidths in comparison

to spectra in the fast limit. As the relative lineadeningAABy ,, depends on the nuclear magnetic
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guantum numbem, broadening in the fast-motion regime is differéot each line and can be

described with the relatidH®*°*%!

1
AAB 0 = -R ., . = A+ B Crh
0, pp(rnl) Tz(m) aa' aa '% + At m+ | (269)

whereT,(m) is related to the FWHM of a Lorentzian line ahe {inewidth parameterd, B andC
describe the broadening from rotational motion. fits termA, describes all additional contributions
to line broadening anB,, ., is the rotation matrix. With exact knowledge oé imagnetic tensorg
andA, this method works quite well in the moderatelgtfeotational motion regime of 10 pszg<

3 ns when a rotational diffusion tendsdy of spherical symmetry is assumed. Thus, the liddwi

parameterg\, B, andC can be represented by the simplified expressions:

_4 UB 1 1+, >
=—Fs — AAT
25 DA g (2.702)
iﬁ
=5 BAQAAT, | (2.70b)
AA?
and C =WTC . (2.70c¢)

The tensor expressions are defined\@s- g,,— 1/2Q.« + 0yy) andAA =A,,— 1120 + Ay)) = A — AL,

as nitroxides have an almost axial hyperfine cogptensorA with the principal valueé\, and A
The expressions shown in equation 2.70a — 2.70kitdée calculations of, from relative linewidths
or line intensities.

Calculating slow motion CW EPR spectra is not agightforward and is therefore only described

schematically. The basic approach is to rewritehE in the following fornf*®

ANQLY) _

= -[IRZ@@)+ I ]A@ =-Z, (@)AQ@) (2.71)

with the out-of-equilibrium density = p — pe, the Hamiltonian commutation superoperatrand
the stochastic Liouville superoperatef. I',° is the diffusion superoperator that models
reorientational motions emphasizing additional @#elike anisotropic viscosity or reorientation
potentials. The stochastic Liouville theory giveBeuency-swept CW EPR spectr@myw — wo) in

compact matrix element notati&i:

Seer(@=@)) = (£)( v || 2, + i(w- wo)VV}_ll V), 2.72)

Here, » is the angular frequency position in the spectram= gsdisB.o/i and W is the identity
operator. The supervectedescribedvi,(t) and contains the spin operator for allowed ERRditions
and the equilibrium probability distribution for hegular orientation (equation 2.63). The numerical

calculation proceeds froni) (construction of the matrices Bf andI', and supervectorin the basig,
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| andm for the Wigner functiond(Q) to (i) the reduction ofZ, to a tridiagonal matrix via a
Lanczos-algorithm andii() point-by-point numerical computation of the expantal spectrum from
the tridiagonal matrix. For example, in rigid limspectra of solids and glasses, all orientational
dynamics are frozen and explicit calculations hewvée conducted by adaptive modeling of energy

leveld®® but are considered not being of great relevancehfs work.

2.4.3 | Calculation of Nitroxide CW EPR Spectra

In the previous section the spin system was omhgiciered for a homogenous spin species acting with
a uniform behavior throughout the whole sample nwu In CW EPR spectra of proteins and
polymers multiple overlapping spectral featuresergimg from different environments, may appear,
so that spectral analysis experiences a furtherptboation as some dynamic features apparently
vanish (see alsbigure 2.6E) due to fractional occupations of motional regimasthis work many
multiple-component CW EPR spectra of up to fouradgit subspecies were simulated and analyzed
with the MATLAB-based software package Easy8fiithat incorporates optimized algorithms of the
theoretical considerations in previous sectionpeeislly to calculate spectra in the aforementioned
four motional regimes. An example for the changspectral shape due to rotational dynamics from

= 110" tor, = 2107's is given inFigure 2.7, covering most of the spectral appearances of
nitroxides tumbling relative to the external magnéeld. It is often sufficient to extract the sgpnt
hyperfine coupling constant (outer extrema sepama#y;) as an empirical measure for the anisotropy

of rotational motion, or the degree of nitroxidelpe immobilization in a sampf&!

A B 2a,, < 2A, <2A,,
2a,,=31.2G 2A,,=69.2G
Fast motion Slow motion
10ps —— ] A
20 ps ﬂ q W L 2ns “ .
50 ps A 1 5ns
100 ps | 10 ns
200 ps A 20 ns
50 ns
1000 ps /\f-J\r/* 100 ns N 1
— |
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Figure 2.7 | Rotational motion in X-band nitroxide CW EPR spectra All simulated spectra were generated with the
EasySpin software packa§8.(A) The fast motion regime is shown with spectralpgisain the range from 10 p.< 2 ns.
(B) The slow motion regime is shown with spectralp@sain the range from 1 s, < 200 ns. A typical nitroxide hyperfine
coupling tensoA = [6.4 5.7 34.6] G was chosen. The gray dottedsliim B) represent the anisotropic shift of the outer
spectral extrema due to line broadening givingaiyearent hyperfine coupling constas 2
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Apart from the special case of continuous microwiaragiation discussed so far, the next section is
dedicated to extend our view towards the oppomumit manipulate spin systems in a more
sophisticated way by well-defined durations of mgave irradiation and application of various

microwave frequencies accompanied with associdtedte and applications.

2.5 | Pulse EPR

Nowadays, a wide variety of pulse EPR experimemés accessible to yield information from a
paramagnetic sample. After Erwin L. Hahn reportezlsuccessful observation of a spin echo in 1950
from NMR spectroscopy? this finding formed the basis of many pulse experita in magnetic
resonance. It was in 1958 that due to his and AR&lfield’s impetus also a first electron spin echo
(ESE) was recorded on sodium ammonia solutionsaahtemperature by R. J. Bluf®! Indeed, the
theoretical concepts of pulse EPR are closely edlaib NMR spectroscopy but instrumental
requirements are much more demanding due to redetachtion timescales of about three orders of
magnitudé?” In principle, this circumstance resulted in a tebgically limited developmental delay
of EPR compared to NMR. Thus, during the 1960ss@®EPR was restricted to a small number of
labs mainly comprising W. B. Mims at the Bell Lahtories and Yu. D. Tsvetkov in Novosibirsk.
Nevertheless, those pioneering groups establistettials to conduct experiments routinely, so that
with upcoming commercially available fast switchidigital electronics in the 1970s and 1980s the
first commercial pulse X-band EPR spectrometer awaslable in 1987. Despite the wide variety of
nowadays accessible experiments ranging from egESEEMI11%2 pulsed ENDOR?% gnd
HYSCORE!™! this work will exclusively focus on the potentil elucidating structural and dynamic
effects of macromolecules utilizing 4-pulse douldéectron-electron resonance spectroscopy
(4p-DEER) in EPR. The basic principles and spectpg strategies leading to a successful
application of 4p-DEER experiments and its intenadvantages are represented in the following

section.

2.5.1 | Propagation of Magnetization in Pulse EPR

The external perturbation of a spin system is n@nstlered as being temporary in contrast to
Chapter 2.2 where the interaction of a spin ensenmid(g) with continuously applied MW irradiation
was described. The simplest case of producing segalto switch the microwave source on and off.
In case of an on-resona@A= 0, w. = w1 = wmy) Microwave pulse that sustains for a time spand
advances along thex-axis of the rotating frame coordinate systdfigQre 2.20), the macroscopic

magnetizatioM is flipped around thg-axis by an anglé:?”
8 = ajt, = yBy(t)t, (2.73)

Therefore, a pulse is best described in termssdfift-angle characteristics. For a flip-angledof 90°

= 7/2 the causative perturbation is denoted as/3){pulse and fos = 180° =z it is a {),-pulse
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(Figure 2.8A+B). In a pulse EPR experiment the typical valuetfaf a @),-pulse is about 32 ns and
an approximate excitation profile can be estimdteth FT of the pulse shape in the time-domain.
Thus a rectangular pulse ranging fromy2-<t < +,/2 has the excitation bandwidthveyuvm =
0.8/tp.[1°6] The according absolute probability density of tixei@tion profile is best described by a
sinc-functiof®” as it is shown irFigure 2.8C. The first zero-crossings are givenat = 14, but are

only for small flip angles < 9%
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Figure 2.8 |The effect of pulse durationt, on magnetization in the rotating frame.(A) A (z/2),—pulse along the x-axis
flips the magnetization toy-direction. B) A (z).-pulse along the x-axis flips the magnetization t@—direction. The pulse
durationt, is given in relative lengths along tkexis. C) Excitation profile of a#).-pulse of duratiort, = 32 ns. The blue
trace gives the Bloch solution fa=magnetization and has been calculated using Easy®ftware®”! The first zero-
crossings of the excitation profile ar&@3 = 54.3 MHz apart andveywym = 25 MHz.

As the pulse duration is usually much shorter ttentime scale of the involved relaxation processes
(t, << Ty, T,, equations 2.12 — 2.14) the artificially inducag@de of equilibrium magnetization will be
restored after the pulse is terminated. The reSancequilibrium magnetization after>> T,,T,, is
now dictated by the Bloch equationShapter 2.2 and the longitudinalTy) and transversalTf)
relaxation time constants direct the spatial ttajees of individual spin packets in the ensemble

towards the z-direction.

2.5.2 | The Density Operator Formalism

As the initial state of a system should be knownaf@ulse experiment, the picture of the equilitoriu
spin density matriyeq is given by equation 2.53. It is common pract@éntroduce a reduced density
operatoreeq = (peq — @)/b with the constanta andb. Usually the electron Zeeman tefth; = wsS,
dominates the HamiltonianH, in the high-field approximation and the high-tengiare
approximationiws << kgT can be usedl(> 4.5 K)*" With the series expansion of the exponential in
equation 2.53 we find:

h
Ocq Dl—kB—asz =-§ (2.74)
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with the invariant identity operatdr that can be discarded in experimental considersitand the
resonance frequeneys. This expression defines the initial spin staté¢oaligned antiparallel to the
guantization axis of the external magnetic fi@das well as the macroscopic magnetizatibyy,.
When the Hamiltoniad] is time-dependent due to an external perturbatfang. a MW or RF pulse,

the integration of the Liouville-von Neumann eqaatfor the reduced density operadgy yields:
a(t) =e ™ (0)¢" =Us (O’ (2.75)

in analogy top(t) in equation 2.56. The exponential operdigt) = exp(-+Ht) is the propagator that
executes a unitary transformatieh® = U upone(0), corresponding to a rotation in Hilbert space.
Assuming that the Hamiltonian remains constantaichetime interval a sequence of propagatdrs

U,, Us, ..., U, facilitates the calculation of the density operatioany time, aftern time steps with:
ot+t)=U, ..U UUsOUULL U' (2.76)

The propagator corresponds either to a MW pertimbatr a time of free evolution. The expectation
value of any observabke may again be calculated due to the relation gineguation 2.54.

The concept of the density matrix operator hasdogbneralized if a system of multiple spins is
treated. In a simplified model system comprising gp = 1/2 andJ, =1/2 the Hilbert space dimension
IS npg = 4 and the resulting set of eigenstallgsdlassify the density matrix elements. In an adegjua
four-level systemHKigure 2.9A) the attention is now again directed towards t@F &nd MQT if the

transition frequenciesy(J;) are decisively different (se&hapter 2.3.3.
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Figure 2.9 |Elements of a density matrix Elements in a four-level (1 — 4) system of a gyistemJ; =J, = 1/2 in the weak
coupling cas&” (A) Energy level diagram with single quantum (SQ)uldle quantum (DQ) and zero quantum (ZQ)
transitions of angular frequencieg. The factors (1 €) and (1 +) are the equilibrium populations in casg(J;) >> wi(J).
Allowed SQTs between eigenstatksgnd I) for J; andJ, are shown in blue and green, respectively. Forliddansitions
are shown in orange (ZQT) and red (DQTB) Density matrix elements with diagonal elemeNtg denoting the spin
population and off-diagonal elements giving theerehces of ordgyr = 0 (ZQ),p=+ 1 (SQ) angp = + 2 (DQ).
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This is the case for an electron spih £ S) coupled to a nuclear spid,(= 1) with corresponding
equilibrium populations (1 £). As there is a non-zero probability for a sgir= | being flipped by a
microwave pulse exciting,, the forbidden zero (ZQT) and double quantum ttems (DQT) can be

at least partially induced. The complete descniptd this two-spin system is given by the density
matrix in Figure 2.9B. Fork =1 the diagonal matrix elemenig, give the population of statk) jand

for k # | the off-diagonal matrix elementg give the coherences between stdtesrd |1).2” With the
observation of transversal and longitudinal magaditon all populations and coherences of the order

p = + 1 can be obtained from the allowed transitions

2.5.3 | The Product Operator Formalism

As we have seen that the density matrix consistspimatrix elements, the calculation of the time-
evolution for larger systems consisting &f J,, ... J, spins will be tedious and laborious. As the
number of required basis operators coincides \highnumber of matrix elements the Liouville space
with n_ = npq2 dimensions is spanned. It is therefore converti@mxpress the density matidxas a

linear combination of base operat@&sand time-dependent factdgt):*

o(t) = st(t)Bs (2.77)

where the complexity of practical calculations defzestrongly on the choice of the base &&g}.{*
The Liouville space for an individual spin= 1/2 consist oh, = 4 dimensions and can be described
by the Cartesian basis operatdgsJ,, J, and the identity operatdr. The already familiar system of
electron spinJ; = S= 1/2 coupled to a nuclear spin=1 = 1/2, is therefore written as the direct tensor

product of the base sets of the individual spins as
{B1Bo-Big { S5, S5 @ Il 1L, (2.78)

Thus, a system o spinsJ, = 1/2 consists of 4product operator8s, each exhibiting a specific
physical meaning in terms of coherence or magrt@izaolarizatior?’*°? Since any Hamiltonian
can be expressed in Cartesian product operatorsdugi operatoA that evolves under a second

product operatoB is written as:

e BAdB =C (2.79)

resulting in the product operat@: Here, we again use the flip an@ler & = wit; with w; being the
amplitude of one of the interactions of the Hammiitem. Equation 2.79 is conveniently expressedén th

shorthand notation:

A0 .c (2.80)
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with the condition that the commutat@,p\] # 0. As the Hamiltonian can be subdivided as the giim
several product operatordd (= YwB), pulse experiments may be commonly described Hay t

following relations:
AD%PEL ¢ 08 c,mm hfn. ¢,
2 A0 ¢ 02 ¢, mm Brims ¢, (2:81)

With the initial case of a sustaining equilibriupirs densitys.,, a non-selective pulse with flip-angle

§ will transform an individual spid, according to the relatidf’
Goq=—J,U . —cosJ F+singJdy, (2.82)

and for the system consisting of two non-equivagminsJ,;, = S= 1/2 andl,, = | = 1/2 with the off-

resonant spid,, an analogous expression is found:

= 31,3, 0. - co$3;,3, +sins 3,3,

or —Szlzﬂﬁ”ﬂ» - co8S, |, +sins Sy 1, , (2.83)

since non-resonant spins as a Cartesian operatdrecenultiplied to both sides of the equation.

2.5.4 | Basics of FT EPR Experiments

A striking example for the working principle of allpe EPR experiment is the church bell analogy.
Recording the resonance frequency is facilitatedelgiting the bell with a frequency-tunable
oscillator that excites the resonance frequencesgientially (CW), while amplitude changes are
recorded with a microphone. The pulse analogy isittdéhe bell with a hammer while recording the
time-dependent response containing all inheremna@sces. After Fourier-transforming the time-
domain pulse response signal, a frequency spedsrdimally obtained with all intrinsic resonancefs o
the bell*% Therefore, in contrast to CW EPR experiments, eath point of a pulse EPR experiment
contains information about the whole spectrum. Buthe strong microwave pulses in X-band EPR
(= 1 kW), even the simplest pulse EPR experimentbitehseveral obstacles that have to be overcome

to successfully record a time-domain signal.

2.5.4.1 | Dead-timey

When a MW pulse enters the resonator containingaingple, its energy is dissipated or stored in this
specific volume. As the resonator resembles a kasslfilter that is characterized by resistari®e (
capacitance@), and inductivity ), its properties can be described by an intrigsiality factorQ =

R(C/L) ™2™ The main aim is to decrease the time while a pisiseflected inside the resonator and
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thus the loss factod = Q* describing the power losses due to resonator ewalients, dielectric
absorption and coupling to the antenna. Consequepthas to be typically lowered to a value of
about 100 at X-band frequencies. The resonancerghso line @ip) shape of the resonator with
vewnm = vIQ is also crucial in defining the minimum pulse ldngossible ag,min = 1Aewhm.
Accordingly, this resonator property defines theiegion bandwidth of the pulse. If one wants to
excite the whole EPR spectrum of the widtitpr the excitation bandwidth of the pulse should be
0.8k, > Avepr The characteristic time constant that gives #agP(t) of the incident pulse powét,

in the resonator is the ringdown-tirp#”!
P(t) = Ry& rwHu/ 270 (2.84)

and the time of the whole dissipation processésdiad-time,,**? that also determines the maximum
possible repetition rate of individual pulses. BKeband frequencies the dead-time is usually in the
range ofty = 100 ns. For this reason the response signddeoample cannot be recorded during the

dead-time.

2.5.4.2 | Free Induction Decay (FID)

The simplest experiment in pulse EPR and NMR ctssiba ¢/2),-pulse of duration, that induces
the whole spin system with equilibrium magnetizatg, to flip from S, into thex-y-plane. After the
dead-timety the free induction decay (FID) can be monitoredresenting the time-dependent
evolution of the spin system leading to the recpwrequilibrium magnetizatioM,,. In case of on-
resonant irradiationC}s = 0) the FID has an exponential shaprgygre 2.10A) and in the non-resonant
case ;7 = Qg # 0) the FID is sinusoidalF{gure 2.10B and the magnetization vector describes a
right- (Qs > 0) or left-handed(¥s < 0) spiral in thex-y-plane. The corresponding carrier frequency can
be obtained from Fourier transformation (Fffigure 2.100.M% The respective magnetization
trajectories Figure 2.10D-F follow the Bloch equations and the timescalehs $pin evolution is
therefore determined bl andT,. While T, is the reorientation time constantzidirection, T, leads to

a fanning out of spin packets in they-plane. Both processes affect the position of te¢ n
magnetization vector tip simultaneously and for letion timest: >> T,, T, the equilibrium
magnetization is rearranged. In the picture ofgpm density operator formalism this experiment is

best described by the expression:
GoqU i e N o(t) =cos2d)S, —sin@Q §) S (2.85)

facilitating the separation of polarization (cogpacoherence (sin) contribution terms of the evgvi

system.
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Figure 2.10 | One-pulse experiment leading to a FLI¥A) An on-resonantz(2), pulse Qs = 0) of duratiort, and dead-time
tq flips the equilibrium spin staig, into thex-y-plane. The resulting FID signal vanishes with tirfi&) Off-resonant £/2),
pulse Qs # 0). (C) A Fourier transform (FT) of the time-domain siggaves the resonance frequen€ys(= 0). O) Vector
representations of the relaxation processes dfeeptilse with time constants (red) andT, (gray). The time evolution of
the magnetization vector tip is depicted in a Blsphere as a reaction to d) En-resonant and-j off-resonant MW pulse.
The magnetization trajectory (blue) was calculatétth the BlochSolvét*® toolkit for at, =11 ns pulsel; = 10 pus,T, = 2
ps and an evolution time gf= 40 us.

2.5.4.3 | The Primary Echo

As important information may be clipped by the déatk in pulse EPR experiments it is convenient
to circumvent this problem by the application ofagppropriate combination of pulses. In 1950 Erwin
Hahn gave a detailed strategic description of Heeweappearance of the magnetization as a so-called
spin echo or primary echoof the equilibrium magnetization can be obtaiffddThis constructive
interference of macroscopic magnetization is geedravith the pulse sequence), — 7 — (r)x — 7 —
echo, whereag > t; is the intrinsic time of free evolution. The sussfl conduction of this
experiment is based on the condition that >> T, with T; usually being in the order of
milliseconds™*® In Figure 2.11it is shown that after flipping the equilibrium greetization into the
x-y-plane (1), individual spin packets will fan outriuhg the first evolution time gaining different
phase shifts according to their intrinsic resonasfégetsQs; (2) and the net magnetization is therefore
reduced (see FID). By inverting the dephased spakgts with ax), pulse (3), all resonance offsets
are refocused simultaneously after a titne 2r in the #y-direction and the initial magnetization
appears as an echo outside the dead-times of histhsp(4). Changing the evolution timegads to a
likewise variation of the echo amplitude. Generallg the evolution time is increased, the echo

amplitudeVg decreases exponentially with a specific phase metitae T, by the relatiorf*'”!

Ve (2r) = € @/ Tm)" . (2.86)
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(/2), (n),
Figure 2.11 | Schematic principle of a spin
T T echo experiment. Characteristic positions in
the pulse sequence (top) are given in a vector
diagram of the rotating frame scheme (bottom)
1 2 3

denoting the time evolution (1-3) of the
ensemble magnetizatiét® The net magneti-
zation depends on the pulse positions that cause

4
Z
4 the formation of a spin echo after 2r (4). The
red dotted lines indicate the MW pulse induced
flip angles.
y
X

T comprises all processes leading to a loss of relectpin coherence and can be measured in a

2p-ESEEM experimef?***@that is not discussed in detail here. The valutheffactorx in equation
2.86 indicates the type of involved processes teatth a dephasing. In case»f 1 the spin-spin

relaxation time constart can be replaced by, in the Bloch equations.

2.5.4.4 | Spectral Diffusion and Spin Diffusion

The width of individual spectra in pulse EPR oftrteeds the excitation bandwidth of the applied
pulses and only spins with resonance frequencesedown,, can be excited. The excited spins are
usually termed A spins, whereas those being urtafieby the MW pulse are called B spins. The
excitation of A spins leads to a magnetizationgfanto regions of the spectrum that are not egcite
by the pulse itself. In return, the remanent efuilim magnetization of the B spins is transferred t
the excited part of the spectrum simultaneously laewice influences the transverse relaxation time
(T,) of the A spind?” The individual transition frequencies may alscaliered in experiments where
the rotational reorientation is in the timescaletlodé experiment. In this case the polarization is
relocated to spectral regions of the new oriemtatiy spectral diffusion For dipolar coupling
frequenciesdyqg) in the range of the difference of A and B spisamance frequencies the process of
polarization mixing of both spin types is probablée rate of thispin diffusionprocess depends on

the interspin distanagg and is proportional tonpC.

2.5.4.5 | Instantaneous Diffusionx= 1)

The proximity of individual spins in a homogenouample is primarily dependent on the
concentration of paramagnetic centers and dipataractions come into account. Flipping of dipolar
coupled A spins leads to a change of the local e@gfield at each individual spin A. In a statisti
ensemble of A spins the individual orientationsadfacent spins is distributed isotropically and the
changes in local fields are therefore also diverseis, the application of a pulse induces a varéty
resonance frequencies to a system that initialhsisted of uniform resonances. This phenomenon of

instantaneous diffusion has been first describecKlayider and Andersdit® For a narrow EPR
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spectrum that can be completely excited by a siktyé pulse, an extrapolation to infinitely smallgfli

angles and statistically distributed electron spjines the following expressidH:**"!

To " 9J3 h sSIn3 (2.87)
whereC = Nxc is the unit spin concentration [fh Assuming typical values of = 200 ns, a spin
concentration off = 3-13° m™ (0.5 mM) and a flip angle of = 180°, the decay rate of transverse
magnetization due to instantaneous diffusiojs= Tp = 4.0 pus. The primary echo intensity is
therefore diminished to about 90 % according toatign 2.86 when compared to the initial
equilibrium magnetization. In case the whole s@atiidth cannot be excited, the flip angle will de
function of resonance offsé{Qs). The final signal strengtiz(2r) can be obtained by integration of
the sin2§/2)-term over the resonance offset@sdafter multiplication with an appropriate EPR

lineshape functiof(Qg).*”

2.5.4.6 | Phase Cycling

In Chapter 2.5.2it was shown that an ideal pulse may induce cofv@®in an already very simple
spin system of an electron and a nucleus of Spinl = 1/2. Those induced coherences can lead to a
variety of primary echoes (PE), stimulated ech&ts) @nd refocused echoes (RE). In a sequenoe of
pulses with arbitrary phases and flip angles, tg&imum numbetpgs of observable echoes after the
nth pulse is defined a8

1 .
fPRs:E(3 t-1) (2.88)

Depending on the measurement, a desirable conarboan be filtered out by phase cycling that is
targeted for a detailed investigation. The expeninte/'2), —t — (z/2), with non-selective pulses and a

+x and x phase cycle for the second?), pulse &= 1/2) may be described by the product operator

formalism by:
6eq=-S, 0B 50D coer) §-sinQy) $=0,
+X: o, DVIFRPOL  + coster)s, -sin@g) S =0 (2.89)
x o, DTV, — costgr)s, -sinQg) S =05

Thus the polarization terms (cos) in equation 89 a different sign, whereas the coherence (sin)
remains negative. The signal addition of both eixpents selects a coherence-transfer pathway for
coherence and the subtraction leads to a polasizatbherence-transfer pathway. Hence, the aim of
the phase cycling procedure is controlling the cehee order during the free evolution periods in
between the pulsés® Apart from this simple example, the strategy carekganded to any kind of
pulse sequences leading to a reduction of unwahktBd, echoes, QD receiver imbalances and

offsets*?”!
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2.5.4.7 | Field-detected Electron Spin Echo (FD E$E

A strategy to circumvent the insufficient excitatipandwidth of the MW pulses is to apply a field
sweep during the pulse experiment in analogy to ERRR. The pulse sequence and MW frequency is
kept constant and accordingly a magnetic field-ddpat echo amplitude is recorded as shown for a
model biradical irFigure 2.12 (compound 1 in Godtt al**"). Since the phase memory tiffig for
nitroxides is much too short for ambient tempegurthe strong temperature dependence of the
relaxation time constanfg, and T, facilitates the observation of an optimum echernisity in the
temperature range from 50 — 80 K whawéT, ~ 103 Considering the restoration of equilibrium
magnetizationT; has to be kept shorff{ ~ 10° s, T, ~ 10° s), so that the experiment can be
conducted in appropriate time frames. Those lowegrental temperatures require that samples are
equipped with 20 — 30 % glycerol enabling a homeogenvitrification that also affects the echo
quality. The advantage of this approach is thatfiblel sweep visualizes orientation selection of
different spin packets and therefore helps to deterexact position of the maximum echo intensity
with its according field position. Recording suctFB ESE spectrum is decisive for the frequency

choice in DEER experiments as it will be shownhie hext chapter.
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Figure 2.12 | Result from an X-band field-detectea@lectron spin echo (FD) ESE experimeniA) The model nitroxide
biradical (compound 1 in Goet al*?Y) was used for highlighting an exemplaB) (FD ESE experiment in perdeuterated
ortho-terphenyl (OTP-g, see alsé\ppendix C7). Pulse lengths were set to 16 ns and 32 ns éodn/2 pulses, respectively
(z = 396 ns). The field position of the maximum eetmoplitude is at abous,, = 3309 G at a frequency of 9.306 GHz. The
field sweep has to be chosen larger than the posyiatrum width to detect all observable spin pcker0 G).

2.5.5 | Double Electron—Electron Resonance (DEERpE&ctroscopy

As already described i@hapter 2.3.6dipole-dipole couplings between electrons canrbpleyed to
extract structural and dynamic distance informatfoom macromolecules that have been made
accessible to EPR by covalently attached spin $abbebound spin probes. This can be exceptionally
well done with pulsed EPR spectroscopy, as it belishown in this chapter. During the pursuit o$ thi
distinct objective several single-frequency teche|(SIFT) have evolved as the 2+1 sequéficé’
double quantum coherence (DA&)*?® and refocusing of dipolar couplings (SIFTER) with the

aim to filter out dipolar contributions from a spsystem. As many pulse EPR experiments would



Chapter 2 39

require a much larger excitation bandwidth as alividual single frequency pulse can generate, a
second microwave affecting the spin system camtseduced. This pulsed electron-electron double
resonance (PELDOR) principle was first experiméyptaéalized by Bowers and Mii&! and
discloses experimental options that were hitheaiacealed. In the early 1980s the group of Y. D.
Tsvetkov developed the 3-pulse DEER sequence tatagy to detect electron interspin distances in
solids and model biradicaf$?**% which was thereafter devotedly included into teeertoire of
several EPR groupS-*2 This approach is analogous to the spin echo dagsienance (SEDOR)
experimerit®*34in solid state NMR where nuclear and in particuldr'H and *C-*C dipolar
couplings can be converted into structural infoiorabf compound&?® In pulsed EPR, the choice of
those two required microwave frequencies and wg is based on the appearance of the FD ESE
spectrum. For nitroxides at X-band frequencies rifeximum echo intensity position and the left
shoulder are usually separated by approximatelyiBz or 23 G Figure 2.13A), so that the applied
pulses with a typical duration of 32 ns do not taygin their spectral excitation bandwidth.

The general strategy for 3p-DEER is to apply a primecho sequencen(R)a — 7 — (@)xa) With
observer frequencya on the spin system while a)g-pump pulse with frequencyg is triggered
after a variable time delaywith respect to ther(2),» pulse. This pump pulse is triggered during the
fixed evolution timer where the magnetization is how considered to evelith resonance offséiwa
together with the dipole-dipole interactidrigure 2.13B). As both frequencies correspond to different
sections of the EPR spectrum, the spin packetseekbly the observer pulses are called A spins and
the spin packets excited by the pump pulse arecc®l spins Kigure 2.13Q. In case of an absent
pump pulse the A and B spins and their couplings refocused as in a conventional spin echo
experiment. When the pump pulse is triggered dutiegevolution time, the B spins are inverted and
in turn modulate the Hahn echo intensity dependmghe pump pulse positidnAnother possibility

to measure interspin distances is the applicatfoie 4-pulse DEER sequeticeé™*” that is widely
applied in this work. This method is essentiallgefrof intrinsic dead-time artifacts compared to the
3-pulse version and thus permits a full characiion of also very broad distance distributions.

The rationale behind the 4-pulse DEER sequencevista trigger thex®)s pump-pulse after the dead-
time ty of the @)xa pulse from the Hahn-echo sequence has elapsedributo the generated primary
echo that occurs aftee;AFigure 2.13D.

The resulting echo amplitude of the observer secpiés then recorded by applying a secomg A
pulse after a dipolar evolution time after the Hahn echo that consolidates the A sggmatization
after a time 2 and captures residual coherence of the evolving spstem. Therefore, the fourth
pulse in the 4p-DEER sequence is termed refocysitge. When the pump pulse is triggered at a
variable timet, the B spins are also inverted as in the 3p-DEKbeément, but now modulating the
coherence transfer echo intensity that is createdhb second,, pulse. Hence, both DEER-
sequences induce a sign inversion perturbatioménlacal magnetic fields around the A spins by

inverting the B spins and reveal the mutual elecgtectron coupling through space.
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Figure 2.13 | Basic principles of DEER experimentgA) (FD) ESE of a model biradical as also showfrigure 2.12with
the spectral positions of observer frequeagyand pump frequencyg separated baB = 23 G~ 65 MHz. 8) 3p-DEER
sequence with the pump pulse being initiated dutimg first evolution timer of the ESE sequenceC) Schematic
representation of the effective topology in a spistem with observer spins A and pump spins B fiberdint situations in a
sample in DEER spectroscopy; #s at the lower resolution distance limit due tperimental pulse excitation arfé
modulation restrictions, Aand A are in experimentally accessible distance rangdsAais outside the informative volume.
Additionally, the schematic interspin distangg between observer spin A and pump spin B and thé&e #&hg between
interspin vector and applied magnetic fi@dare given. D) 4p-DEER sequence with the pump pulse being ieitiafter the
first (z)xa pulse and a second){ pulse used as an additional echo refocusing pulse.
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The phase reversal after the,( pulse in a spin echo experiment is therefore preeeby the £)s
pulse and so the spin echo partially vanishi®sWhereas observer pulses are conventionally set to
lengths oft, = 32 ns, the pump pulse is applied for only 12%1& has to excite a much larger fraction
of spins. By shifting the pump pulse position byagiable timet, the resulting echo intensity in the
time domain will be modulated with the dipolar cbig frequency**” This is because the precession
frequency of A spins changes with variable tintgy the electron-electron coupling.due to changes

in the local magnetic field caused by the inveridspins. At the time of echo formation the
magnetization is therefore out of phase by an afigle wed that finally generates a sinusoidal time
domain signaf”! A dead-time free setup of the 4p-DEER sequencestiba predominant advantage
that the decisive maximum echo intensity can beesl from the refocused coherence transfer echo
in the time domain signal that is experimentallgdcessible in 3p-DEER.

For a theoretical treatment an isolated two-spistesy in the rotating coordinate frame is now
considered that consists 8fs = S;g = 1/2 as it is also shown Bhapter 2.3.6 In the high-field
approximation the corresponding DEER-Hamiltonfsier can be written a$3?
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|:|DEER=wASZ,A+C‘)BSZB+wee SaSs (2.90)

whereaswe. is the angular dependent electron-electron cougheguency, that can be described by

following expression:

(e = Wyf3C0FH pg— 1+ J (2.91)

Assuming the validity of the point-dipole approxiioa for localized spins with the dipole-dipole

coupling frequencyyg ™"

HoMa9a 98

A ’

(2.92)

equations 2.91 and 2.92 lead to an analogous espreas in equations 2.41 and 2.42. Besides the
A-B spin pairs in the observable range, the refeduscho intensity is furthermore affected by
contributions from A spins coupled to B spins tregtide outside the excitation window of the pump
pulse as e.g. spin An Figure 2.13C?" For a distribution of spin pairs A and B throughdle
sample we havé®!

Vinger(t) = exp(- ACkt>'®) (2.93)

with
2
k= —2”“095%2’* = , (2.94)

where/ is the modulation depth parameter giving the foacof B spins excited by the pump pulse,
andC is the volume concentration of electron spins. fraetal dimensiorD may be used to obtain
information about the spatial constraints in a damporD = 3 an idealized spatially unconstrained
homogenous distribution is present in a sampleDfer2 a spin pair may experience a confinement in
two dimensions as in liposomes or membrane protéfhsvhereas in a polymer physical view
D = 1.67 may be indicative for spin pairs in an exqed linear chaind*” SinceD is not necessarily
an integer number it may thus be chosen to fulfill appropriate model. With this expression for
Vine(t), intermolecular spins within a sphere radius loéwt 20 — 40 nm of the active volume of a
intramolecular spin pair are consideféd**" This intramolecular part of the DEER time trace is
described by

Tl 2

Vintra(t.60a8 fag) = F(t) =1~ j A(6ag )SiNGpg [1- COSle Oppiag ) )1Was (2.95)
0

where the orientation-dependent modulation deptiarpateri(fas) takes into account the partial

excitation of an EPR spectrum. In a glassy sani@eangled,s is distributed between 0 a2 and
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weighted with sifiag. The full 4p-DEER signa¥(t).,-oeeris therefore best described by multiplication

of inter- and intramolecular contributions:

V(1) ap-pEER = Vintrd 16 ag:Fap) Vinte( ) = F() LB(1) (2.96)

whereVia(t,0ae.r i) = F(t) is usually referred to as the form factor ang.(t) = B(t) is called the
background factdf
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Figure 2.14 | Exemplary analysis of 4p-DEER data fronthe model biradical compound 1.Results from a 4p-DEER
measurement at X-band on the nitroxide model bieddcompound 1 in OTPglat 50 K (see als&igure 2.12A and
Appendix C7). The pulse lengths were set to 32 nsrff@ndn/2 pulses, with a pump pulse length of 12 ns and 396 ns.
The pump frequency was setha; = /iwg = 9.3061 GHz at a field positidd, o = 3309 G. The observer frequertoy = fiwa
was set to 9.3709 GHz, so that = 64.8 MHz. A) Normalized 4p-DEER time tradé,pee(t)/V(0) of compound 1. The
background functiorV,(t) = B(t) is highlighted in red with a best fit fd = 3.41. B) Normalized dipolar evolution
function F(t)/F(0) = Vinra(t,0ns, Fag) cONtaining information about the intramoleculgyadar coupling frequencyyq = wqd/2n
and modulation depth. (C) A schematic Pake pattern is shown fgr=v5.*?% (D) Pake pattern from the dipolar evolution
function in (B) highlighting the dipolar couplingeljuencyyq = wqd/2n. (E) A calculated L curve is presented after Tikhonov
regularization. The inset shows the fit cuRyg{t) to data shown foF(t) in (B) with o = 1, giving the F) resulting distance
distributionP(r). Data evaluation has been obtained with the MABL#ased program package DeerAnalysis2&5.

As the echo amplitude basically scales wWit{2:) = exp(—2/T,,), as shown in equation 2.86, the
proper choice of temperature may lead to decisame m signal intensity. As it is pointed out inj&@a

et al,™® the optimum temperature in 4p-DEER is at abou30r nitroxides, so this temperature has
been used throughout this work.Higure 2.14an exemplary analysis of a 4p-DEER time trace from
a model compound 1 iRigure 2.12Ais shown. In a simplified view, the evaluationagbgy is to

deconvolute the 4p-DEER time trace into intermal@&ceand intramolecular contributions as shown in
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Figure 2.14A+B, with the latter contribution containing the digolcoupling frequencygys. The
Fourier transform of the 4p-DEER time domain dataaiPake pattern in the frequency domain,
yielding the dipolar coupling frequeney = vq4q in terms of a maximum at an anglg = 90° Figure
2.140). The differences in theoreticdtiure 2.14Q and experimental Pake patterfgg(re 2.14D
originate from slight deficiencies from signal pessing, as background subtractig(t)) and the lack

of the parallel spin orientations éts = 0° In Figure 2.14D the corresponding Pake pattern is
shown with a maximum at, = 2.16 MHz facilitating a manual calculation of iaterspin distance of
rae = 2.89 nm following equation 2.92 and assuming ¢frag, = gs = 2. Besides this straightforward
result, additional information about the distrilouti of distances can be obtained with a more
sophisticated approach. As the extraction of destagistributions from 4p-DEER time traces is an
intrinsically ill-posed problem, it could be showtmat the application of approximate Pake
transformations (APT) and moment analy48deads to reasonable results, however, it has duooe
that the most reliable method for this purposehis ¢onduction of a Tikhonov regularizati$fl in
combination with a consequent analysis of the tespll curvé™® of 4p-DEER data as shown in

Figure 2.14E"*)! Generally, a Tikhonov regularization is the salntbf the least squares problem:

minf| A=+ & f | 27

of finding a vectoix so that matrixA and vectomb fulfill the condition Ax = b, while a controls the
weight of minimization of the seminorm ¢fx || of the solution relative to the residual norm
|| Ax — b ||**® In case of extracting distance distributid®@) from fits of Fyedt) = K(t,r)P(r) to
dipolar evolution function&(t) in 4p-DEER, equation 2.97 can be writter!"&$:

2

. 2 d?
KE,rPr)-Fe)|| +a| —P
min | KEPO-FOI +a] —ZPO) (2.98)
with the kernel function:
1
K(t,r) = J cos[ (32 - mjdt} o | (2.99)
0

Here,G is a differential operatBf” giving the smoothness of the distance distributliorthis special
casea controls the weight of mean square deviag@n) = ||K(t,r)P(r) — F(t) |} between calculation
and measurement as well as the smoothp@ds= || dP(r)/dr? |f. The L curve now helps to decide
which a value has to be chosen and is therefore plottddgag(a) versus log(a).**¥ Usually, thea
value in the kink region is the best choi€ég(re 2.14E). As a rough estimate it can be stated that the
less pronounced this kink is, the broader is tistadice distribution. The resulting distance distiim

P(r) can be regarded as being related to a spin-gircprrelation functiorgs(r) of a spin cluster with
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the relation**%

P(r) =4 %G (1) (2.100)

Mathematically P(r) is a probability density functioff*®!

Tmax

W(r) = J. P(r)dr = <n>—1 (2.101)

"min
with (n) representing the average number of spins pereclubt case of model compound 1 the
number of spins per cluster is exacihy = 2 andr,s = 2.86 nm being very close to the manual result.
Thus, the density functiod(r) gives the probability of finding an electron spiithin a shell of
radiusr of thickness din the experimentally accessible distance range< r < rypa The shell-
factorization model predicts a lower boundary i@, of 1.5 nm for conventional 4p-DEER
experiments and..x = 40 nm for accessible dipolar evolution times.qf = 8 us[.l“g] For spin clusters
within individual polymers or proteins,.,x may be estimated from the hydrodynamic dimensins
the macromolecular structure that usually doesroged 5 — 6 nm.
As the modulation depth parametesf the 4p-DEER time trace is a spectrometer sjpeoifnstant for
a defined set of pulse lengths and amplitudes, antifative assessment of the average number of
cluster spins can be obtained. Fok< 1, the modulation depth is defined &As A((n) — 1) for a
dipolar evolution functiorF(t) at sufficiently long timest(— ), so thatA = 4 for (n) = 257 A

more generalized approdcf***suggests the expression:

1- 4= lim F(t) = exp[ -1 (n) - 1)] (2.102)

too

that can be further simplified, yielding:

(m) :1‘—In(l/,_ & : (2.103)

In case of the model biradical compount?#,the modulation depth ifigure 2.14Bis A = 0.422
with a corresponding modulation depth paraméter0.548. Thus equation 2.103 enables to count the
number of electron spins in a cluster with an asibés shell of an experimentally defined radig.
Originally, the spatial resolution of DEER was lagately estimated to range from 1.5 — 8.0 nm for
optimized model systeM¥" that has also been proven experiment&fyThroughout this work, 4p-
DEER data aquisition was exclusively performed diaxd frequencies on a conventional pulse EPR
spectrometer (BRUKER Elexsys E580) and data armlwsis conducted with the well-approved
software package DeerAnalys$i¥!
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3 | Serum Albumin — A Model System in EPR Spectrospy

Albumin is the major transport protein in blood gtaa and facilitates binding of an innumerable
amount of individual exogenous and endogenous smalécules as e.g. vitamins, steroids, toxins,
drugs, fatty acids, lipids, bile acids, and alsestd? Albumin is genetically highly conserved among
mammals, it is synthesized in the liver and it ligubas a molecular weight of about 66.5 kDa
corresponding to about 580 — 585 amino acids througmost of the mammal organisms that benefit
from its ubiquitous presence in all body fluids.€Tinigh blood plasma concentration of about 0.631 +
0.053 mM (= 42.0 £ 3.5 mg/ml) in humans is owedtsohigh solubility that emerges due to a very
large total number of charged residues at physicdébgonditions. The strongest ligand binding is
observed for hydrophobic organic anions of mediime sanging from 100 — 600 D&,while the
flexible structure of albumin provides a multitudiebinding sites of up to seven in case of longitha
fatty acids (LCFAY?! Generally, it provides an artificial depot for nyaligands way beyond their
individual solubility in blood plasma. Some of themne bound site-specific and some of them
unspecifically, depending on their chemical andgitsl properties as charge, hydrophobicity and
shape.

In this work particular attention has been direatpdn the mutual dynamic interactions and struttura
alignments of albumin with fatty acids as it candbiserved by EPR spectroscopy. Herein, the basis of
studies concerning albumin is its intrinsic self@mizing behavior with fatty acisutilizing spin-
labeled stearic acids as 5-DSA and 16-DSA (DSA xybetearic acidFigure 3.1A) as well as the
spin labeling approach e.g. by targeting accessipieine residues at polypeptide position 34
(Cys34)° This Cys34 residue is common to most mammal albsmnd is not involved in structure-
stabilizing disulfide bridge§! As albumin has now been investigated for over Bary in EPR
spectroscop¥! a thorough literature survey of a rich selectimswonducted to certify a minimum of
redundant studies besides calibration and occdstest rows. Additionally, based on precursor
studies a new concept of an EPR spectroscopic atbresearch platform will be worked out for a
strategic localization of previous deficits in taéure and the rationalized setup of new creative
projects studying the intricate structural and dgitaproperties of this protein. It is beyond questi
that setting up a list of all related scientificntdbutions (>>16) in this research field cannot be
mentioned exhaustively, however, some representativdies are given at appropriate positions in the

following sections of this and also in forthcomictgapters.

3.1 | Spin Labeling of Albumin

The first site-directed spin labeling strategiegenbeen developed in the group of Harden McConnell
with the result that the first biomacromoleculetthas been made accessible to EPR spectroscopy was
bovine serum albumin in 1965 using 2,2,5,5-tetréyle?-isocyanatopyrrolidine-1-oxyl as a spin
label™ Back then, it served as an initial fundamentalngx@e of how dynamic and structural

information can be obtained from CW EPR spectrathes lineshape theory already had been
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developed™™¥ Initially, as various albumins contain an accdssiBys34 residue, the maleimido
proxyl spin-labels are utilized to obtain dynamidgbrmation from the protein via CW EBR'® and
also saturation transfer (ST) EBR.The disadvantage of this approach is that alstaceirexposed
lysines may be labeled unspecifically due to thedgidendent dual affinity character of the maleimido
group towards cysteines and lysif€sThe high intrinsic mobility of these spin labelashbeen
attempted to overcome by attaching the nitroxidéestyccloser to cysteine by generating thiyl radscal
(RS) with Cé" that is finally spin trapped by a nitro&, unfortunately with rather noisy spectra.
Furthermore, the purely cysteine specific spin la0&SSL™ offers the opportunity to exclusively
target the Cys34 residue on albumin on albuminmiem€® or the full HSA proteir?™ promoting it
as a monoradical with a single MTSSL residue. Thmes principle applies for the 4-(2-lodo-
acetamido)-TEMPO (IAA) spin lab&P From this labeling approach, several studies atdithat the

[712.13]1t5 imidazoline derivative IMTSL as a

accessible cysteine is in a crevice on the sud@&SA.
molecular pH-sensitive proB& has also been attached to H&Awith the aim to detect the proteins
surface potential as a function of the fift of the amino group in the radical bearingieha In
case of HSA the surface potential was found to ®en¥ in 0.01 M KCI and 65 mV without salt
according to the Gouy-Chapman theory. The possilfitr sensing pH with appropriate nitroxides in
EPR spectroscopy is still devotedly purstigd and it remains to be seen what future studies migh

further reveal.

3.2 | Spin Probing Albumin with Paramagnetic FattyAcids

The discovery that fatty acids bind to albumin bgnidall*”

generally opened the way for studying the
interactions of various small low-polarity molecsileith this protein. The drastic advances that have
been made in membrane biophysics were also strgmgiyoted by EPR spectroscopy accompanied
with upcoming synthesis of spin-labeled lipitfs3? steroid§°333* and fatty acid8****that led to a
broad variety of available spin probes. Again HarddcConnell and coworkers pioneered the
successful application of spin-labeled fatty adslbumin in CW EPR spectroscof§.Apart from

the intrinsic albumin-induced fatty acid rotatiordynamics?® the self-assembly of substrate and
ligand facilitates the extraction of additional &iic parameters originating from non-covalent
interactions as binding associatioi,) or dissociation constant&d{ = K,™) as well as binding
capacities i) that can be obtained from binding isotherms gs%catchard pldf§ or Hill plots*®4
From EPR spectroscopic studies it is commonly replothat HSA as well as BSA bind 4 — 8
paramagnetic fatty acids withka in the low micromolar rand& % Particularly, the highly insoluble
LCFAs (G — G that are crucial intermediates in lipid metabuliare permanently attached to the
albumin molecules. The physiological plasma corregion of fatty acids is usually about 1 mM and
about 99.9 % are bound to albumin. Furthermoréy fatids have an pivalue of about 4.8 and occur

predominantly as anionic salts (RCQ@t pH 71"
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Generally, the basis for a successful binding stgdyne presence of multi-component EPR spectra
that in the simplest case comprise at least andisishable boundbf and a freef] fraction. The
concomitant impact of decreased rotational diffusbm EPR spectra upon nitroxide immobilization
was already shown iGhapter 2.4.3 Since small molecules have characteristic rataticorrelation
timest. of several picoseconds and exhibit three line tspeat viscosities about liquid water at room
temperature 7:20(25°C) = 0.893 mPa-5f! immobilized spin probes (and spin labels) boundato
macromolecule manifest themselves as a severebliogdening with correlation times of several
nanoseconds being close to the rigid limit as ishewn inFigure 3.1B for 16-DSA in HSA. The
electron spin relaxation can be considered to ostmphononSY of the surrounding crystal-like
macromolecul&>* In this example the rotational correlation timas20% v/v glycerol of free 16-
DSA is about,; = 150 ps and for 16-DSA bound to albumin abgyt= 20 ns. The latter one largely
reflects the rotational motion of the protein ifsehile the ligand becomes an integral part of the
macromolecular system. Compared to other methéeseliectric birefringencé? nuclear magnetic
resonance dispersion (NMRBY, fluorescence polarization of intrinsic tryptopharsidue$®°" and
phosphorescence depolarizatihthe results for global Brownian rotational diffosifrom general
EPR experiments are in very good agreement, yigldinvalues of 21 — 57 ns for DSA spin

§47%% Detectable deviations in rotational dynamics iffedéent published studies are mostly due

probe
to variations in experimental parameters such asctioice of spin probe, temperature or sample
viscosity. For an elaborate study concerning roteti dynamics of a large set of DSA and doxyl

methyl stearic acid (DMS) spin probes in BSA thedex is referred to Get all*®

A C HSA:16-DSA
i o i i . . . i i .
16-DSA y coo

1:10

- - coo . {
5.DSA 5 1:8

3310 3320 3330 3340 3350 3360 3370 3380 3390 ; 33.10 3320 33.30 33110 33.50 33.60 33.70 33.80 33-90«
B[G] B[G]

Figure 3.1 |Fatty acid-spin probed albumin in EPR spectroscopy.(A) Chemical structures of 5-DSA and 16-DSA.
(B) CW EPR spectra of freely tumbling 16-DSA (loweade) and 16-DSA bound to HSACY CW EPR spectra of various
nominal loading ratios of HSA:16-DSA from 1:2 tdlQ: Spectra were obtained &t 25°C in DPBS buffé#*! pH 7.4 and
20% vl/v glycerol.
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In a first approximation the perception of free dmdind fractions is therefore straightforward agd b
rigorous decomposition and analysis of individysgdra in a loading studyigure 3.1C) a binding
isotherm can be constructed from the variatiorfsactional occupation of the corresponding dynamic
regimes. This is very similar to other techniqueg a. the equilibrium partition (EP) metH&tf®!

Beyond the detection of ligand capacities and nsid motional dynamics, those parameters
furthermore establish the basis for experimentagstigations extending the scope towards EPR-
based denaturation studf§® complementary to standard methods as circularaigin (CD)!*™
fluorescence correlation spectroscopy (FE'S§! differential scanning calorimetry (DSE)* and
dynamic light scattering (DLSF " To date, in several EPR studies this approach e
successfully applied to albumifi-*? Upon loading albumin with DSA, some more sophigtans

have to be considered that will be pointed ouhanfollowing chapters.

3.3 | Dynamic and Structural Aspects of Fatty AcidBinding

In case of albumin the immobilization of amphiphifatty acid spin probes is an entropic effét,
accompanied by a release of water and thus itgsaged to lock the ligands to the protein mainlg du
to hydrophobic interactions along the alkylene offaf It has been observed from pulsed dielectric
relaxation measurements that for HSA an openedctivaded state is intrinsically triggered by the
low-entropy water arrays on hydrophobic binding ssurfaces of the protein with a frequency of
about 3 5-®% Thus, after a diffusion-controlled fast initialspecific ionic bond of the carboxylic acid
group with the outer protein surface, the occureesican activated state permits the fatty acidgaio
access to the hydrophobic interior, while the proteepeatedly closes and water is partially
expelled® Those intrinsic breathing motions of H8Aappear to be crucial for most of the ligand
binding processes. Notably, a X-ray crystallograpdtructure of HSA co-crystallized with medium
and long-chain fatty acids revealed seven bindingkets for fatty acids spread along the three
homologous domains, as well as their location amdesponding spatial alignment in the protein
interior (PDB ID: 1e7if¥ Since it was already known that for several bigdiites fatty acids may
attach to ionic anchor points located in the hytindpc binding channels of the protein inteff§f*28!
the nature of the seven individual binding-sitepesped to be highly non-uniform and asymméftic
regarding physical and structural aspects. Furtbemthe strength of fatty acid binding was also
shown to depend on chain length, where longer shaiprinciple experience higher affiniyf>8%°!

In EPR spectroscopy the bound paramagnetic faftys aexhibit a slightly lowereay, value being
indicative of a more hydrophobic character of thetgin interior’*® Five of those fatty acid binding
pockets contain ionic anchors, so that hydrophabit electrostatic interactions may contribute ® th
binding energy simultaneously. Those five pockets be further subdivided into three long and
narrow (2, 4 and 5) high affinity binding sites atwib short and wide low-affinity binding sites
(1 and 3). As binding sites 6 and 7 lack potergiakttrostatic interactions they are also commonly

referred to as low-affinity binding sit€s*% A strategic EPR spectroscopic investigation on BSA
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revealed that fatty acids experience the stroriggsbbilization from such a high-affinity bindingtsi

in the mid-section of the alkylene ch&ifi.From numerical solutions of stepwise equilibriumding
model&** it is assumed from the equilibrium partition (ERgthod that each of the seven binding
sites has an individual dissociation constégtepr between 7 and 360 nM for {4€]-labeled stearic
acids® The chemical modification of stearic acids with axyl group for EPR experiments may
deplete this high affinity for one or two ordersmégnitude to the range Kb, gpr = 0.2 — 158 uM as

it was observed for 5-DSKY A summary of those findings is given Trable 3.1and the missing
values for 5-DSA for both binding sites 3 and 4ssumed to be due to a mutual cooperative kinetic

effect.

Table 3.1| Individual binding site dissociation constaKts; and physiological free fatty acid (FFA)-
to-albumin ratios under varying conditions

Dissociation constantd FFA:Albumin ratios for various physiological condtions
Reaction [1#C] stearic acid®® 5-DSA Healthy FFA:Albumin [eq]
PLi+L>>PL Ko,.er [NM] Ko,err [NM] Normal®®-%9! 0.32-1.39
P+L>PL 6.7 199.6 Fastiff§® 1.49 —2.27
PLy+L-> PL 18.8 794.3 Epinephrine medicafith 1.11-2.76
PL+L-> PL 52.9 - Acute (pathologic)
Pls+L-> Pl 179.9 - Nephrotic Syndrofifé 0.87 — 1.40
PL+L->PL 224.7 5011.8 Non-Thyroidal lliness (Nf) 1.12-1.9%
PLs + L > PLs 269.5 15848.9 Myocardial Infarctitif 1.90 -3.17
Pls+L > PL 314.5 6329.1 Psychological Stf#8s 1.88 —2.89
PL; + L~ Plg 359.7 158489.3 Uncontrolled Diab&t®&s 4.15-4.79
Heparin Treatméfit <6.00
Chronic (pathologic)
Obesit§® 0.90-2.28
Endogenous Hypertriglycerideid 2.93-4.69
Insulin treated diabetes mellitfs 0.69 - 1.57

¥Dissociation constants of individual fatty acid diiimg sites were obtained from equilibrium partitisinding metholi® and
from EPR spectroscoff§! with data being analyzed assuming stepwise egqiailifif FFA equivalents were not directly
shown, the given plasma fatty acid concentratioeehbeen used to calculate a FFA:Albumin ratioraeerage blood
plasma concentration afis, = 0.631 mM. Lower and upper limits were taken framdividual studies‘The Standard
deviations were here converted into lower and ufipets using the given mean val{f&.

It has first been suggested from E¥ttand NMR'®® studies, that those two fatty acids bind to a
shared binding pocket, and by now this claim hasnbeonfirmed by the aforementioned crystal
structure (PDB ID: 1e7#f! Hence, this collaborative property of all fattyicadinding sites
presumably allows albumin to adjust individual mitfies for momentary physiological and metabolic
requirements. Svenson determined the dissociatitnaonstank_, = 0.036 S at 23°C leading to a
half-life of 19.3 s for palmitic acid dissociati6fi®! This leads to an extrapolated association haf-lif
of 0.2 — 1.6 ms for the binding of 1 equivalentpafmitic acid in a physiological 0.631 mM albumin
solution for the three high affinity binding sitesing values from Ashbrod®! The corresponding
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residence time of the ligand associated to theejrds then about, = 1k, = 28 s°” Fatty acid
binding is also a sophisticated thermodynamic mees the binding sites are statistically occuméd,
course depending on the divergence of individGg] values Table 3.1). Thus, there is no strict
filling in the nominal order of binding affinitieso that at intermediate fatty acid loadings of 2 —
equivalents various binding site occupations wél ffiresent in individual albumin molecules of a
sampld®>'%8! Furthermore, it is widely accepted that bindinte § (FA5) may exhibit the highest
affinity towards fatty acid$>*° In equilibrated physiological conditions the masteady-state blood
plasma FFA:Albumin ratio is usually < 1.0 for héglindividuals and it only transiently exceeds 1.0
as e.g. for fasting or upon medicatidrable 3.1). For several acute or chronic pathological cood#
that are also listed, this ratio may be elevated.®b— 3.0 and even to about 5.0 for uncontrolled
diabete8®***® and endogenous hypertriglycerideifd. Some occasions may raise the FFA level to
6.0 for heparin treatment or even more for diabetipacidosis complicated by nephrdSi¥.
Additionally, HSA's property of allosteric modifian upon binding of low molecular weight
biomarkers as peptide fragments related to caseesis or diabetés” as well as drug$'? lead to
altered fatty acid uptake capabilities. Severatriesting pilot studies aiming for clinical applicats
such as e.g. cancer diagnosis and prognosis hae Unedertaken with EPR spectroscopy in this
regard utilizing the fatty acid spin probing appriog* 3¢

The competitive and cooperative binding of albufigand$*****"is also a favored subject in EPR
spectroscopic investigations utilizing spin-labetegroxine analog&8?? spin-labeled drugs and small
moleculed!*'#1%lgr gpin-labeled stearic acids as competitive kitgali?®! Hereby, it is possible to

at least indirectly detect variations Ky values conditioned by binding site cooperatilityor a
change in the total number of available bindingketg for spin-labeled compounds as induced by
competitive binding of EPR-silent ligands as hep4tior ibuproferf:?®!

Besides fatty acid binding sites, several othecifipebinding sites have been identified in HSA for
vast amount of ligands. In this regard, the twonrdriug binding sites, also termed as the Sudlow-
sites™¥ are located in subdomain IIA and IlIA and accosiplbinding of at least one ligand with
acidic or electronegative propertt&s! Meanwhile, a quick search in the protein data Bseeveals

a list of at least 98 HSA crystal structures andigénds (accessed Jun 5, 2018) and therefore some
exemplary physiological and medically relevant figa are given irFigure 3.2 to accentuate the
significant importance albumin holds as a physimalgdrug transporter.

The interplay of the various ligand binding sitésalbumin appears to be of a most intricate naasre

it is governed by allosteric and cooperative effdbat influence the protein properties decisivaély.
good example of this complex dynamic inner workisghe binding of Thyroxine. Upon saturation
with myristic acid a fifth high affinity thyroxinéinding site appears due to allosteric structural
adaptations by opening the cleft between domaiasd Il and therefore the thyroxine binding

cooperativity changes from negative to positt7e.
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Symbol Name HSA subdomain

FA1, APZ2, HEM,

IMC2, TIB2. FA Fatty acid 7 1B, IIA, IIA-IIB, llIA, 11IB
FAS, PPF2, THY Thyroxine 5 Cleft, lIA, IlIA, 11IB
¢ 1' ') THY2, THY3. DFS  Diflunisal 3 1IA, IIA-IB, IIIA
0 :‘\ APZ Azapropazone 2 IB,IA
1BU Ibuprofen 2 IA-11B, IlIA
FA2 IMC Indomethacin 2 IB,IA
PPF Propofol 2 A, 1IB
drug site | drug site Il TIB Triiodobenzoate 2 1B, IIA
FA7, APZ1, DFS3, IMC1 FA3, FA4, DFS1, DZP, )
THY1, TIB1, WFR. IBU1, PPF1, THYA. bzp Diazepam 1 A
‘ HEM Hemin 1 1B
7 i’/’.\' ) WFR  Warfarin 1 1A

FAS, DFS2,IBU2.

Figure 3.2 | Site-specific ligand binding capacityf HSA. A selection of ligand molecules is shown as adatem
Ghumanet al™?” The structure of HSA co-crystallized with sevesasic acids (PDB ID: 1e#) is depicted and subdomain
specific binding-sites for a set of 11 differergdnds are presented. Ligands with highest bindioges are color-coded in
brown (FA = fatty acids), blue (THY = Thyroxine)dugreen (DFS = Diflunisal). All other ligands arean in the list at the
right hand side.

Another fatty acid based effect is the induction wimodality in melting curves by ligand
redistribution and the increased structural stzdilon observed from the positive melting tempemtu
shifts of 15 — 30 °C in albumin samplé&s2°***I Fatty acid binding is also pH-depend&has the
albumin structure is commonly believed to e.g. eéxbm acidic solutions below pH 4 due to static
charge repulsioft:®™ Additionally, the fatty acid carboxyle group geisotonated and interactions
with the ionic anchor in the high affinity bindirgites decrease. In alkaline solutions above pH 11.5
structural disulfide bonds are broken also leading release of fatty acif$Therefore, the effect of
an acidic environment comprises a crucial stephnéndefatting purification process of albumin where

fatty acids can be ultimately removed from albuitmjrpassage over a hydrophobic résif

3.4 | Saturation Transfer (ST) EPR and Non-linear PR Experiments on Albumin

A subtle extension of the detectable timescale€wf EPR from 10%s to 10°s is offered by
saturation transfer EPR experimeftd. The basic principle of saturation transfer is tdiece
saturation of absorption by very strong microwawadiation and modulation. The response of the
spin system is then followed via the spectral diffn that leads to a transfer of the generated
population saturation to other electronic transiticequencies. This transfer particularly depends o
translational molecular motion and extends the doak for three orders of magnitude toward the
millisecond regime (18 s)**¥ Hence, translational diffusion ratd¥; have been measured for

s34 which is in excellent

maleimide spin-labeled HSA yielding a value Df = 6.6-10" n?’
agreement with literatufé” A significant gain in signal quality and resolutiovas observed by
testing perdeuterated variants of MSL on B8Another very interesting study was contributedaby
non-linear EPR spectroscopic approach on maleispi®labeled BSA in comparison to 5-DSA and

16-DSA spin-probed BSK® The rationale behind this study was to detect épitice relaxation
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enhancements upon spin-spin interaction of theoxides with the paramagnetic ferricyanide ion
([Fe(CN)]*). The variations in the bound spin probe encoufregfuency towards the aqueous ion
resulted in further evidence and a kinetic modekio opened and closed state of the albumin salutio

structure as already found by Scheilie?!

3.5 | Differences among Albumins from CW EPR and Qier EPR Spectroscopic Approaches
Historically, the detection of functional differesgin between albumin species can be traced back to
the early days of albumin research. During the Wi¥dlsma fractionation program it has turned out,
that highly purified serum made from BSA causedligot to die from kidney failure, whereas serum
made from HSA saved their lives upon dispensingsiains. Since then there has been a variety of
distinct implications that divergent evolution camp with a variety of sophisticated functional
adaptations to albumins of individual organisthsyhile standard biochemistry textbooks may still
tend to treat albumins unintentionally as statterichangeable structures for simplicif§! Already in

the 1950s Charles Tanford pioneered many physicoiciaé strategies in protein biophysics with the
albumin model system at hand. Yet, slight diffeenbetween HSA, BSA and ESA (equine serum
albumin) solution structures were preferentiallyd@dsed to variations in sample prepardfith.
Meanwhile, the scientific view on differences betwealbumin species gets steadily refined in various
disciplines like e.g. photometric approaches usirgmocresol green (BCGF"* Not least due to
the exploding number of available albumin crystalictures in the protein data bank (PDB) that
emerge from different organisms, computational epphes are conducted that aim for comparing
albumins ranging from lamprey to huméfts and calculations are performed vyielding theorética
titration curves with isoelectric points (pl) inreelation with pH-dependent chard&§! CW EPR
spectroscopy has also been employed for a long toimgerform comparative studies on different
albumins, with a preference for HSA and BSA. Onpontant structural aspect was initially promoted
partly with the spin labeling approach where sevstadies indicate that the aforementioned Cys34
residue is in a crevice on the surface of BSA® while it is found for HSA to be rather surface
exposed as it can be seen from UV/Vis and optimaitory dispersion analysig:**" Rehfeldet al!**
directly compared ligand binding of 5-DSA to HSAdaBSA by the stepwise equilibrium met/f8d
and also found that stearic acids appear to baggrdmmobilized in HSA. Gantchev and Shog&Va
also tested HSA and BSA with 5-DSA and 16-DSA amahfl from binding isotherms that the total
number of binding sites is equivalent for both pias (N = 8 + 1) but the macroscopic dissociation
constant Kp) appears to be slightly lower for HSA that accoglly possesses a higher affinity for
stearic acids. From thermodynamic spin probe agalyswas concluded, that fatty acids appear to
permanently migrate between specific binding séesl cavities of the albumin subdomains at
physiological condition§*>***'Hence, a hydrophobic channel linking model wasaaded that differs

for HSA and BSA in terms of activation energy ofagher obscure interconversion mechanism that
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was observed from immobilized 16-DSA spin probdsisThypothesis will be further investigated in
Chapter 10andChapter 11 of this work.

3.6 | Early Pulse EPR Experiments on Albumin

The first pulse EPR experiments were performed pulse X-band spectrometer by W. B. Mims at
Bell Laboratories on a system of BSA self-assemi@t cupric acetate as a paramagnetic species
(Cu?). This two-pulse electron spin echo envelope moia{2p-ESEEMY*? study gave
valueable insights into the coordination of metals with biomacromolecules and the coupling of a
remote nitrogen nucleus associated with a histigydiazole ligand to the copper was observed. As
pulsed EPR was not a widespread method back tla¢m pdocessing and analysis turned out to be still
of a highly sophisticated nature. It was not u@l07 that the group of Derek Marsh took on
investigations with the albumin spin probing apptoasing echo-detected (ED) EPR in combination
with 2p-ESEEM. These methods were applied to ségezaric acids with the doxyl labels located at
five different positions (&, G-, Cio-, Ci-, and Gg) along the G alkylene chain while tightly bound
to HSA® The Fourier transformed 2p-ESEEM spectra measime®,0 showed that water
accessibility is preserved throughout the wholatlerof the bound fatty acid exhibiting librational
motions very similar to surface bound and wateregp maleimide spin labels. This finding indicates
that albumin facilitates ligand exchange whilelstitoviding strong binding. The biggest water
depletion was obtained for the @osition pointing to strongest hydrophobic int¢i@ts in the middle

of the fatty acid chain in qualitative accordandgthviindings of Perkin®t al*®!

3.7 | Spatial Alignment of Fatty Acids in Albumin —The 4-pulse DEER Approach

In fact, the spatial alignment of medium- and lahgin fatty acids in HSA is already well-known
from crystallographic studies that have mainly bpameered in the 1990s in the group of Stephen
Curry?® However, it was not until 2010 that an approacls weensified for screening the dynamic
internal arrangement of spin-labeled fatty acid$i®A by the upcoming 4-pulse DEER metH#,
although all constituents of this self-assembliygtem were readily commercially available for
decades. Elementary details on 4-pulse DEER expatsnand data processing have been already
described inChapter 2.5.5 This spin probing approach on albumin in DEERcsscopy has been
verified to contribute further interesting aspeatsut functionality on a more coarse-grained level
compared to e.g. X-ray crystallography. Basicathis DEER-based approach also shares certain
analogies with Forster resonance energy transfRET(H experiments that have been conducted on
albumin®**"! Furthermore, a general direct comparison of FRETREER is given in Kloset al**®!
Albumin sample preparation for DEER measuremertsriently combines some practical as well as
physiological aspects. Upon addition of 20% v/vecghol the solution viscosity increases to about
2 mPa-s for CW EPR experiments at 25°C being alb#er to the actual physiological value (see

Chapter 5). Although there is not an exact reference value  hemodynamical effects, the actual
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viscosity of blood usually exceeds 3.5 mPa-s whersidering it as a non-Newtonian fllif! As
those samples have to be cooled down rapidly betmvglass-transition temperature to create a
vitrified, glass-like sample for pulse EPR expemtse at 50 K, glycerol also serves as a
cryoprotectarit®®**” and thermodynamic stabilizer for proteft¥d. In principle, this vitrified sample
then reflects the canonical, dynamic ensemblelgicasible room temperature protein conformations
and ligand alignments. Usually, DEER measuremengs canducted on model biradicif§;'**

7 or singly labeled dimel's® that bear covalently attached

doubly spin-labeled macromolecul&S;
and therefore localized paramagnetic centers irbtbadest sense. Principally, the resulting distanc
distribution in case of a biradical originates fransingle distance between spfisandS; bearing
additional information about local dynamics that ymaffect the shape of a DEER distance
distribution. To this effect the FA-Albumin systésdifferent in this regard as the paramagnetity fat
acids are non-covalently associated with albumitch sray statistically attach to each of tRe= 7
binding sited® Therefore, the number of potential interspin dis&s in albumin when spin probed
with paramagnetic fatty acids rises frodn= (N~ N)/2 = 1 forN = 2 in a biradical toN, g5 = 21 in
albumin. Binding site saturation is also no optfon DEER on albumin, as multispin effects cause
artificial line broadening®®” ghost distances by combinations of dipolar cogpfiequencie§®” as
well as an overestimation of small distances ampssion of large distances for more than two
spins per proteift®™ Those multispin effects can be circumvented by sbiution, i.e. only two
paramagnetic probes are allowed to enter the protehile fatty acid loadings exceeding a
Albumin:FA ratio of 1:2 require the reduction ofrpmagnetic probes to EPR-silent spet{&sThe
reduction of the nitroxide moiety towards a hyddaxgine is usually facilitated with aqueous
solutions of phenylhydrazine or ascorbic dtit.As the average number of coupled spins is required
to be(n) > 1 in order to detect dipolar coupling frequescigithin a macromolecular unit, the
albumin-to-fatty acid ratio is set to 1:2 in a stard experiment. The result of such a standard DEER
experiment on albumin self-assembled with spin @sob-DSA and 16-DSA is shown kigure 3.3
Successful interpretation of these obtained distadistributions is only achieved in-depth by
comparison with an appropriate crystal structurart®g with the first purified HSA structures
resolved by He and Carté?** and complemented by a high resolution structurSugfioet al,***
fortunately the group around Stephen Curry was #bleesolve an additional structure with seven
stearic acids (PDB ID: 1e7), perfectly suited for EPR spectroscopic needs. Bjeoular modeling

of the seven bound stearic acids to either 5-DSB6eDSA (assuming entirely occupied binding sites,
N = 7)) the relative positions of nitrogen atomgiu# fatty acid doxyl groups can be gained that are
associated with the protein matrix (see alsopendix Al). These theoretical crystal structure
distances or data from molecular dynamics simuiatire then artificially broadened with a Gaussian
function in order to correlate the ligand-based tgiro topology with DEER-derived distance

distributions as shown iRigures 3.3C+D!*®®!
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Experimentally, the two different labeling posittoat the 5- and 16-position of the methylene chain
allow for a selective view on the functional sturet of albumin. Being close to the carboxylic acid
moiety, 5-DSA retrieves the environment of the doahchor points and the groups donating the
hydrogen bond§! In contrast, 16-DSA holds its paramagnetic certethe opposite end of the

methylene chain probing the entry points of thdyfaicid binding pockets on the protein surface.
Therefore, this approach accomplishes an approgifigand-based inside-outside (5-DSA versus 16-

DSA) viewpoint on the albumin protefi{®!
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Figure 3.3 | DEER experiments and data interpretationfrom DSA-spin probed HSA. DEER experiments on 0.4 mM
HSA at pH 7.4 spin probed with DSA in the ratio H#E5A:DSA) at 50 K. Background corrected time trag@¥F(0) of (A)
5-DSA and B) 16-DSA spin probes bound to HSA. The resultirgatice distributionB(r)(black) from C) 5-DSA and D)
16-DSA probed HSA are supplemented with calculdisthnce distributions (red) from thex77 distance matrices given in
Table Al. DEER distance distributions (black) were calcuateith the MATLAB-based DeerAnalysis2013 software
packagd'®”! The relative alignment ofE{) fatty acids (brown) in albumin (transparent blag)d their F) paramagnetic
centers (pc, red dots) are shown in case they gcaliseven binding pockets (PDB ID: 1e7l)The N ra = 21 interspin
distances (blue lines) are shown between paranmiagreiters (pc) of@) 5-DSA and () 16-DSA. All structures in (E-H)
were constructed using YASARA Structure softwa?8.

Although the protein-bound doxyl-moieties of 16-D$anerally exhibit a higher mobilif§?’ they
constitute a much narrower experimental distansgridution @nax14r) = 3.6 nm, blackFigure
3.3D) compared to 5-DSA, suggesting a much more synenalignment of binding pocket entry
points, substantially deviating from the crystalisture-derived curve:® However, a much broader
distance distribution witfPma,{r) = 2.3 nm obtained from bound 5-DSA (nitroxidesgdo the ionic
anchor) indicates a much more asymmetric alignroétinding pockets as it was already proposed
by Curryet al. (Figure 3.30).%" While the 5-DSA-derived picture of the proteingeiior coincides
quite well with the crystal structure, the promihgreak in the DEER-derived 16-DSA distance
distribution is particularly intriguing and cleartieviates from the many details of the crystalcitme
distribution.

One possible interpretation of this simple distapattern from DEER is that of a highly symmetric,

almost octahedral, binding pocket entry point distion, assuming six binding sité§ on a
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spheroidal albumin surfaé&® This interpretation could be justified in termsthe tetrahedral and
octahedral principle of R. Buckminster Fuller ofshpature aligns structures spontaneously on various
length scale8® This lead to the conclusion, that HSA is rigid be tnside while the surface appears
to be flexible and of high structural plasticityathalso constitutes a potential explanation for the
surface adaptability for so many different ligam8SA*"® and HSA'™ Both, the higher rotational
mobility of 16-DSA compared to 5-DSA and results from fluorescence quenching experighént
further confirm the interpretation of surface aadyitty and plasticity of HSA. Another DEER study
on albumin, self-assembled with a copper porphgrid 16-DSA " was in line with the observations
that binding pocket entry points are symmetricaligned across the HSA surface. Again, this study
benefited from an already available crystal stmectof HSA co-crystallized with myristic acid and
hemin (PDB ID: 109X§™! and complemented evidence of allosteric activatiorstabilization by

ligand uptake of BSK! that is also postulated to occur for H&A?™!

3.7.1 | Using DEER for Folding Studies of Aloumin & Induced by Different Solvents

Another possibility to apply DEER spectroscopy dsitivestigate the stability of albumin against
denaturing influences combined with CW EPR specbps. It is known that stability of HSA is not
only dependent on disulfide boffi$ut also on physicochemical factors in the envitent. In recent
years, employment of ionic liquids (ILs) as desigselvents has become a research branch of
mainstream chemistry. This is mainly due to sevirainsically adjustable physical parameters such
as viscosity, miscibility, density and polarity, &sll as their low toxicity, high chemical and thel
stability, which all made them a welcome complemend alternative to traditional organic
solvents"®*"8The physical basis of protein interactions withiediquids is the change in the second
osmotic virial coefficientB,,, establishing the solvent averaged interactionemal between
individual macromolecul&$® and mutual electrostatic and hydrophobic inteoastiof the protein
with ILs at a molecular scal®” The chaotropicity of ILs thus leads to a denateffect of protein
structure by disturbing the stabilizing water cageund a protein.

Primarily, it could be shown by DEER that strongaleiring effects can be observed by an increase of
FA distances that occurs upon addition of Emimdémitn’ = 1-ethyl-3-methyl imidazolium; dca
dicyanamide, seBigure 3.4A—E).*? This is in agreement with fluorescence correlagipactroscopy
(FCS) studies detecting a 50 — 60% increase ofduyaramic radii of HSA during denaturatiBf.On

the other hand, a tertiary structure stabilizinglike choline dihydrogenphosphate (dhp) could be
characterized as rigidifying the protein interioaoverall stabilizing the proteins global struettt

1% A very surprising result was achieved by unfoldivfg

as also reported in Constantinesua
HSA upon addition of 35% v/v ethanol and Emimdmpd= dimethylphosphate) as can be seen in
Figure 3.4A-E This finding revealed that the proposed rigidtgiro interior stretches by shifting

Pmaxdr) to distances from 2.3 to about 4.5 nm, while ¢erntuitively the HSA surface seems to stay

largely intact for higher Emimdmp and also ethacohcentration exposur&8. Qualitatively, one
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may interpret this as HSA denaturing from the iaswlut during unfolding. This may well be
correlated with the denaturing agents soaking th&efm matrix and thereby effectively weakening the
structure-stabilizing interactions in the interighile the overall surface may still be kept intaeq.

by preferentially being solvated with water.
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Figure 3.4 | Observing the folding state of albuminvith CW EPR and DEER. (A) Dipolar evolution functions of 5-DSA
in HSA, buffer and 15% v/v glycerol (black) and mpaddition of 35% v/v of cosolvents Emimdca, Eminpdand ethanol
(red) B) Distance distributions from time domain dataA). (C) Dipolar evolution functions of 16-DSA in HSA, bef and
15% v/v glycerol (black) and upon addition of 35% w@f cosolvents Emimdca, Emimdmp and ethanol (réd) Distance
distributions from time domain data in (CE)(Chemical structures of Emiidca, dmp and ethanol.K) Temperature-
dependent change of CW EPR spectra in the presengg%fv/v Emimdca in HSA, buffer and glycerol. Altagphs are
adapted from Akdogaet al®?

Beside the pure denaturing and stabilizing effedti_s, there is strong evidence that Emimdca is
capable of refolding HSA at low temperatur&sg(re 3.4F) as a low-temperature kosmotropic or
antichaotropic agent. The two-component CW EPRtspet 273 K and 258 K indicate boury) &nd

free ) FAs although at higher temperatures (323 K) dnbe FAs are found. Besides a general
decrease in viscosity, this can solely be explaibgd partial refolding of the protein structure at
lower temperatures. One should always bear in rtinadl this effect may be enhanced by a small
allosteric stabilization due to fatty acid bindiitgelf!"**?' A recent study with IAA-spin-labeled BSA
facilitated the observation of conformational reagements in its dimerized structure during the
adsorption process on bioceramic substt&tegherefore, the spin labeling approach also bears
potential to reveal information about structurahttees of albumin with DEER spectroscopy,

however, depending on the respective system tdobereed.
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3.7.2 | Using DEER for Studying Posttranslational Mdifications of HSA

The functionality of serum albumins may also benigantly altered by the introduction of post-
translational modification$®” For polycationic HSA-derivatives (cHSA), as wel &or cHSA-
conjugates with multiple polyethylene oxide (PE®@pins (sed-igure 3.5A-C) of different lengths
have been shown to form a protein-based core-strettturé’®? When the net surface charge at pH
7.4 for physiological HSAQ, = —1%)**# s changed to be strongly cation{@,(= +Z-€) by attaching
primary amino groups to almost all negatively cleargspartic acid and glutamic acid residues, it was
found with this EPR-based albumin spin probing apph that a large number of at lelst 25 FAs
can diffusely and electrostatically be bound toghgacd™®? This could be achieved by detecting the

immobilization of all FAs in these cHSA-derivativasing CW EPR spectroscopy.
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Figure 3.5 | An example for posttranslational moditations of albumin. (A) Primary amino groups are attached to almost
all aspartic and glutamic acid residues on theaserbf HSA leading to a cationized modificatiortted protein (cHSA).E)
Core-shell protein cHSA-PEO(758)(C) Core-shell protein cHSA-PEO(2009)(D) Intramolecular part of the DEER time
domain data for 5-DSA and 16-DSA bound to cHSA )@ native HSA (black). The symhtldenotes the corresponding
modulation depths and the blue traces show thardist distribution obtained from the crystal stroet(see alsd-igure
3.3C+D). (E) Distance distributions of data shown in (D) ob&al by Tikhonov regularization. All graphs are adddrom
Akdoganet all*#?

In comparison to the native protein this increafigdnd capacity of posttranslationally modified
variants may thus hint towards new and potentiallyforeseen pharmaceutical drug delivery
applications. Again, from the DEER-derived distadstributions of 5-DSA and 16-DSA, it could be
deduced, that the introduction of a large numbepasfitive charges on the protein surface induces a
pronounced rigidification of the solution structsiref cHSA that resembles the crystal structure-
derived fatty acid distribution of HSA bettdfigure 3.5D—B).

3.8 | Materials and Methods

Materials. Lyophilized powder of HSA (Calbiochem), the spirplpes 5-DSA (Sigma-Aldrich) and 16-DSA
(Sigma-Aldrich) as well as glycerol (87% in wat&lCROS) were used as obtained. DPBS buffer pH 7.4 wa
prepared as describedAppendix C1.54

EPR SpectroscopySample PreparationFor CW EPR experiments the protein was preparead hsnM HSA
stock solution in DPBS buffer pH 7.4. The spin mrabock solutions were adjusted to 26 mM 16-DSAWitL
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M KOH. The nominal concentration of 16-DSA was kephstant at 0.4 mM, whereas HSA concentrationg wer
varied from 0.04 — 0.20 mM, so that the loadingorabuld be adjusted in the range from 1:2 to irléteps of

2 equivalents. For DEER experiments, the protaokstvas prepared as a 2 mM HSA solution in DPBSebuf
pH 7.4 and the spin probe stock solutions weresteijlito 26 mM 5-DSA and 26 mM 16-DSA with 0.1 M
KOH. Each sample with a final volume of 100 — 20@vas equipped with 20% v/v glycerol and agairatid to
pH 7.4. For CW EPR experiments about 15 ul of thwlfsolutions were filled into micropipettes
(BLAUBRAND® IntraMARK) and for DEER measurements aboui8@ere filled into 3 mm (outer diameter)
quartz tubes (Heraeus Quarzglas GmbH & Co. KG) wark subsequently shock-frozen in liquid nitrogen-
cooled 2-methylbutane.

CW EPR ExperimentsA Miniscope MS200 (Magnettech GmbH) benchtop specéter was used in order to
record X-band CW EPR spectra for all EPR-active @amigure 3.1B-Q at microwave frequencies of 9.39
GHz that were recorded with a frequency counter GRA DANA, model 2101). All measurements were
performed aff = 25°C using modulation amplitudes of 0.1 mT aneweep width of 12 mT at microwave
powers ofPyw = 10 mW.

DEER ExperimentsEPR-active HSA samples were investigated with tpeilée DEER sequené@? 18

+(712)obst1—(Mops, —(tattot NAL)—(7) pump_(t,_NtAt"'td)_(n) obs,zT—€Cho

in order to obtain dipolar time evolution data aband frequencies of 9.1- 9.4 GHz with a BRUKERXE}&s
E580 spectrometer equipped with a BRUKER Flexlipkt-sing resonator ER4118X-MS3. The temperature
was set to 50 K for all experiments by cooling watltlosed cycle cryostat (ARS AF204, customizedpidse
EPR, ARS, Macungie, PA) and the resonator was oupled toQ ~ 100. The pump frequenay,m, was set to
the maximum of the field swept electron spin ecB8K)-detected spectrum. The observer frequeggywas
set to Vpump + Av With Av being in the range of 65 MHz and therefore coimgidwith the low field local
maximum of the nitroxide ESE spectrum. The obsepidse lengths for each DEER experiment were s8Rto
ns for both772— and7=pulses and the pump pulse length was 12 ns. Addily, a 2-step phase cycle) (was
applied to the first#2 pulse of the observer frequency for cancellingreceiver offsets and unwanted echoes.
For albumin samples containing paramagnetic 5-DB8& E6-DSA spin probes the pump pulse positioh t,
after the first observerrpulse deadtimé; was typically incremented foy, timesteps ofat = 8 ns in the rangg

+t =1 + 1, — A4, whereas; andz, were kept constant. Proton modulation was averageaddition of eight
time traces of variablg starting withz; ;= 200 ns, incrementing kyr; = 8 ns and ending up ats = 256 ns.

Data Analysis:All DEER time traces obtained from spin probed HS#nples were exclusively analyzed with
the MATLAB-based program package DeerAnalysis20&@ure 3.3A-D).'*"! The resulting data sets were
obtained assuming a background dimensionality ef 3.74 with regularization parameters= 1000 ands =
100 for 5-DSA and 16-DSA, respectivé{f'®®l The crystal structure-derived theoretical distadisgributions
for 5-DSA and 16-DSA aligned in HSA were constrdcéecording to the ¥ 7 matrix scheme iffable A1 and
the general procedure is presenteAjppendix A1.1¢!

Structural Aspects. All graphical depictions and molecular models of AH&b-crystallized with seven stearic
acids (PDB ID: 1e7{f were constructed using YASARA Structure softWéfeand the Jmol molecular
visualization appletKigure 3.2 andFigure 3.3E-H). The pictures shown iRigure 3.4 andFigure 3.5 were
adapted and modified from Akdogenal®2*®@ and can be also found in Reichenwallner and Hirergerc®

Acknowledgments. Assistance in CW EPR sample preparation and exgets as shown iRigure 3.1 was
provided by Dipl.-Chem. Dmitri Spetter, Instituté laorganic and Analytical Chemistry, Johannes @htrg-
Universitat Mainz, Germany.
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4 | Evidence for Water-tuned Structural Differencesn Albumins

As most biochemical processes occur in aqueousramments? the question about how water
interacts with biomacromolecules at a moleculaellehas been a long standing issue in biological
sciences. Investigations about this topic were artigular fueled by the work of Kirkwo&d and
Kauzmanr® While thermodynamic functions in principal onlyramel global views on a problem,
they usually do not at all describe local propsrtseich as density, flexibilities, composition and
solvation effects at the level of solvent-soluteeifaces? Several quite promising efforts have been
undertaken to elucidate such physicochemical iotenas between solvent and macromolecules on the
nanoscalé& ™"

This initial study employs serum albumin as a mogsdtein for investigating protein-solvent
interaction§>*? with the purpose to elucidate the molecular meisinas and physical origins that
may lead to deviations in crystal structures viutgm structures by comparing HSA with BSA. This
type of deviation in protein appearance has alrdzBn reported by Heidorn and Trewhé&lgor
Calmodulin and Troponin C in a X-ray solution sesttg study.

Structural flexibility appears to constitute a keje in the ligand binding of albumin as it was rfidu
by e.g. Trivediet al™ In previous EPR spectroscopic studies the funatistructure of HSA was
probed with respect to fatty acid ligaHtd® and a copper porphyrin ligalemploying the 4-pulse
DEER approach (see al&hapter 3.7). Therefore, the DEER-derived solution structur@8A from
this study is compared with those previously piiglts EPR- and crystal structure-derived data from
HSA, where applicable. The differences that arendoin the functional solution structures of HSA
and BSA are traced back to differences in locafamonational adaptability and flexibility that ensue
from differences of individual amino acid hydropathin their primary structures. Small changes in
the amino acid sequences that induce tremendoestein protein functionality have been reported
by inserting artificial mutation$” or by analyzing epigenetic amino acid excharfdel many cases

it is the difference in hydrophilicity or ratherdinpphobicity in amino acids that drives such fumadil
change$:®??! Hence, the potential interactions of specific aibu regions with water are
particularly scrutinized with its H-bonding netwaik unravel the origins of different conformational

arrangements as observed from internally alignedrnpagnetic fatty acids.

4.1 | Experimental Results

All CW EPR results of 5- and 16-DSA bound to BSAdadSA are displayed ifrigure B1 and
essentially do not exhibit compelling differencesl are here only discussed phenomenologically (see
Appendix B1l). These CW EPR measurements primarily give prbe¢ BSA rigidly binds a similar
amount of fatty acids as HSA. As it has been pdimtet inChapter 3.7, studying the occupation of
the seven binding sites requires the depletion wfigpin effects in DEER time traces. To this end,
paramagnetic and diamagnetic FAs (r-DSA) are addeulitaneously in order to facilitate higher

ligand loadings of the protein, while keeping tiverage number of paramagnetic FAs at about two.
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For HSA, these spin-diluted systems have been showgrovide almost identical DEER distance
distributions regardless of the overall number At Rdded*® However, after addition of two spin-
labeled 5-DSA and additional r5-DSA to BSA, a newaf pronounced distances is obtained at about
3.2 nm and 3.9 nnF{gure 4.1A+B) that were not observed in HSA. While those nestatice peaks
emerge in BSA upon addition of an increasing amafiftAs, the immobilized fractions of CW EPR
spectra Figure B2) remain of a rather identical shape regardlessthef nhumber of loaded

paramagnetic and diamagnetic FAs.
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Figure 4.1 | DEER results from 5-DSA and 16-DSA spiprobed BSA. BSA solutions were equipped with various ratios
of paramagnetic (DSA) and diamagnetic (r-DSA) fattyds. A) Background corrected time tradeg)/F(0) of BSA loaded
with 5-DSA and r5-DSA in various ratios witB) their respective distance distributid?g). (C) Background corrected time
tracesF(t)/F(0) of BSA loaded with 16-DSA and r16-DSA in variowdios with D) their respective distance distributions
P(r). The symbol denotes the modulation depth for 16BSA 120.

Finally, a rather broad, asymmetric DEER-derivestribution of 5-DSA can be observed in BSA,
covering a range similar to that of 5-DSA in HSAtlwthe exception that in BSA more prominent
peaks are observe#igure 4.2A). DEER measurements on the system of BSA thatfimsgembled
with 16-DSA show dominant peaks in the distancériigtions inFigure 4.1D. Those peaks are
located at 3.82 nm and 4.85 nm, and in the correfipg HSA crystal structure (PDB ID: 1e7)the
distances are 3.83 nm (distance between sites 3-),nm (sites 4—6) and 4.64 nm (sites 213)).
For 5-DSA and BSA, the dominant peak is centerédls8 nm and the corresponding sites in HSA are
2.14 nm (sites 4-5), 2.18 nm (sites 4-6) and 2rh8gites 6—7) apart from each oth&alfle Al).
These analyses show that FAs are predominantiftddcat binding sites of 6 and 4, but also other
binding sites 2, 3, 5, 7 are filled. For a shosatiption of how these calculated distance distiins

are obtained the reader is referredAfmpendix Al. This suggests that at the used protein concen-
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trations (~ 0.2 — 0.8 mM) the FA binding to BSAnst strictly consecutive but already at low
albumin:FA ratios (1:2) rather all sites appeahb& occupied to a certain degree, just as it can be
observed for HSA. Remarkably, when r16-DSA is ade®SA in solution, distances
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Figure 4.2 | Comparison of fatty acid-derived DEER ditance distributions in HSA and BSA Distance distributionB(r)
from (A) 5-DSA and B) 16-DSA obtained from DEER measurements on shamkefr solutions of HSA (HS4, red,
loading ratio: 1:2:4) and BSA (BS4, black, loading ratio: 1:2:5 from red tracegHigure 4.1B+D) together with calculated
distributions Appendix A2) from the crystal structure of HSA (HSAblue, ratio 1:7:0Y°2% co-crystallized with seven
stearic acids assuming that all binding sites altg dccupied by fatty acids (Albumin:DSA:r-DSA).

at about 2.0 nm and 3.3 nm are found for 16-DSAQr&2:5) that are not present or pronounced in
the HSA solution structurd={gure 4.1D (red curve) andrigure 4.2B (black curve))Figure 4.1 also
shows time domain DEER data and distance distahatwwhen BSA is exclusively loaded with seven
paramagnetic 5-DSA or 16-DSA ligands (ratio 1:7Dhis shows that there is no large qualitative
difference between the spin-diluted and the fullygmagnetic systems. However, the distance peaks
are narrower and of slightly varying relative irgéy in the spin-diluted systems as they are irgend
to be devoid of multi-spin effects:®!

For 5-DSA, a broad distance distribution again aévea highly asymmetric distribution of the C5-
positions of FAs aligned in HSA as well as in BSA. These DEER-derived distributioh§-DSA in
BSA (Figure 4.1B andFigure 4.2A) are largely in agreement with the distance distion expected
from the HSA crystal structure, however, individpabks are more pronounced in the experimentally
derived data. As the C5-position of most fatty agidobes the region in the binding channels close t
the deeply buried ionic anchor grodff5a justified conclusion can be drawn that the intesf HSA

and BSA is rather rigid and inflexible while theyatjtatively correspond to the HSA crystal struetur

In striking contrast, the DEER-derived nitroxidestdince distributions of 16-DSA in BSA are clearly
different as compared to those in HSA. Primarihe distribution of 16-DSA in BSA is in better
agreement with the HSA crystal structure-derivesdritiution than the respective DEER data of HSA.
The three characteristic peaks at 2.5, 3.5, anchehGn the HSA crystal structure are intriguingly
matched experimentally in the BSA solution struet(at 2.0, 3.3, and 4.7 nm).

Judging from a comparison of individual dataset® A distance distributions generally yield lower

RMSD values, substantiating that in case of 5-DS#n¢ close to the FA anchor groups the
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experimental albumin and the crystal structurexdetidistributions are in rather good agreement (see
Appendix B2). The two experimental curves of 5-DSA probed ailms inFigure 4.2A (HSA.,, and
BSA.p) in fact give the lowest RMSD of 0.171 as sumneim Table BL The 16-DSA distance
distributions Figure 4.2B) illustrate that the best agreement was found éetmwHSAs (blue) and
BSA, (black) with an RMSD of 0.201. Surprisingly, th@mest similarity was found just between
HSA., (red) and the HSA crystal structure (HSfblue)) yielding a value of 0.317. In principléjs
finding reinforces a quantitative picture of assognihat the number and topology of binding sites is
identical for HSA and BSA (seeigure B1).?® However, this suggests a much more asymmetric FA
entry point distribution in BSA as observed fromBA. In this “coarse-grained” fatty acid-based
structural picture as given by the 16-DSA distadgstributions inFigure 4.2 the BSA solution
structure may be interpreted as obviously resemi#i8A in its crystalline, desiccated and water-free
state Figure 4.2B, black and blue), while HSA'’s solution structuteorgly deviates from the HSA
crystal structureKigure 4.2B, red and blue).

Unfortunately, to this date no topology file of atie acids co-crystallized with BSA has been
reported, although a first BSA dimer structure wasaded on the RCSB protein data base in early
20127 Thus, the HSA crystal structure co-crystallizedhvgtearic acids (PDB ID: 1eff) has still

to be considered as the reference standard fora@tiype studies, also comprising BSA solution data.
Nevertheless, both proteins may be compared instefrtheir ligand-free state (PDB ID: 3V@3and
PDB ID: 1BMJ?®). Therefore, both crystal structures were aligwitti the MUSTANG algorithrfi®!

(see Appendix B3) yielding a RMSD of 1.361 A and a sequence identit 75.52 % along 572
aligned residues, indicating a very good mutualcstral compliance of HSA and BSA in their
crystalline state. This is visualized kigure 4.3 together with the sites of accumulated amino acid

differences (green).

Figure 4.3 | MUSTANG alignment of HSA and BSAAlignment of fatty acid-free crystal structuresk$A (blue, PDB-
ID: 1BM0)®! and BSA (red, PDB ID: 3v0BY utilizing the MUSTANG algorithn?®! The functional regions of highest
interest are highlighted in transparent green (Bitd, FAS5 site, intersection region and loop rejion
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4.2 | Differences in Primary Structures of HSA andBSA

The main interest in this section is to identifg trigin of the DEER-derived functional differenaes
the solution structures of HSA and BSA on a molacstale. As their sequence identity is only about
75.52 %, it is self-evident to screen both protgimsnary amino acid sequence for physical progsrti
and their mutual topological correlation. Since ttoydhilicity and hydrophobicity have turned out to
represent highly important parameters, describimgractions between solvent (water) and sdffie,
local thermodynamics are considered as a key dwyanfi any study considering biochemical
processes in solution. The biochemical originsaino acid differences in between albumin types
may be manifold. Besides evolutionary reasons,atlalability of certain nutrients can also play a
rather short-termed decisive role that was proptsdead e.g. to an epigenetic formation of albumin
polymorphisms (= alloalbumins) in geographicallgtricted regions in between a single species of
macacca mulattarhesus monkey), leading to a proposed differeéncéioavailability of certain
nutrients or toxin&!

Currently, many different methods are in use tesssydrophobic regions in proteins, as e.g. the
molecular hydrophobicity potential (MHB%*®! Here, four rather simple hydropathy scales of
independent origin are consulted in order to obtainquantitative analysis of differences in
hydrophobicity or hydrophilicity of BSA and HSA, mely the scales of Engelman al. (GES)?Y
Eisenberet al. (ES)?? Naderi-Manestet al. (NM)E¥ and the scale of Kyte and Doolittle (KB.

Those four scales are cross-correlated in detallaapositive (+) or negative (-) linear dependence
between the scales can be found that is quantifidtda Pearson’s R value. In all cases, this mutual
correlation value is given as; R + 0.85 Table 4.1), indicating that all hydropathy scales are stipng

correlated, although originating from different dhetical and experimental foundations.

Table 4.1 |[Mutual correlation coefficients;Fof several hydropathy scafes

KD 1
GES | -0.850 1
ES | +0.878 -0.936 1
NM | +0920 -0870 +0.887 1
Ri KD GES ES NM

%Correlation coefficients R are obtained from specific entries in the AAinddatabas&® 2" KYTJ820101 (KD),
ENGD860101 (GES), EISD840101 (ES) and NADHO01010®(N

It has been positively proven whether those foutrbgathy scales quantitatively lead to the same
results Figure B4 andAppendix B4), so that a detailed discussion of differencemfr$SA and BSA

B34 being the most commonly used scale

may be reduced to the hydropathy scale of KyteRoualittle,
for thermodynamic characterization of amino acfdpecifically, hydropathy indices (HI) from the
Kyte and Doolittle scale describe the change inb&ifree energy when exposing an amino acid

residue from a purely hydrophobic environment tdkbuvater. Hence, negative hydropathy values
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denote polar and strongly hydrogen-bonding amiridsaevhile positive values stand for hydrophobic
amino acids. Each congruent amino acid pair of 488 BSA was compared to obtain a resulting net
hydropathy index differenc&HI = Hlysa; — Hlgsaj Ji-€. the Kyte & Doolittle (KD) window range here
equals one. This allows focusing on the smallesngmy structural differences and additionally
reduces noisy scales. Thus, positiMdl values can be interpreted as a hydrophohidl (> 0) and
negative valuesAHI < 0) as a hydrophilic shift in solvation chamcof HSA in direct comparison to
BSA, respectively. Where appropriate, the amina &gidropathies are compared one by oreble
B2). Principally, the KD hydropathy scale is oftenedsfor membrane-bound proteiig® with
window ranges of 7 — 20 amino acids. A detailedlaxgtion of this approach, correlating crystal
structure-derived protein topology with primaryustiure differences leading to discrepancies in
solution structures can be foundAppendix B3 andAppendix B4.

Generally, the overall hydropathy of HSA®ssa = % Hly; = —230.8 (see equation B.3) and has an
excess o\Qyp = Qusakp —esakp = +48.4 hydropathy points compared to BSid, = —279.2) and
therefore, HSA should altogether exhibit a morerbgtiobic character in its solvation behavior. This
tendency can be confirmed by all three other hyattopscalesAQyp = +48.4, AQnw = +34.8,AQks

= 16.8,AQces = 9.4) when the scales are normalized to KBble B3). Remarkably, the topological
residue positions that exhibit composition deviasioin between HSA and BSA are not
homogeneously spread throughout the full sequenteather occur clustered (see afsgure B3). A
similar observation was also made by Billeg¢ral*® when comparing prion protein structures of
different mammalian species.

Many primary structural differences in albumins aven located at residues that are surface-exposed,
being of utmost importance when keeping in mind tH&A can be globally considered as less
hydrophilic than BSA as evidenced by their indiatl®, values. Four regions were identified that
came forward as being of high structural and fmatl interest, exhibiting an accumulation of amino
acid differences andHI maxima in between HSA and BSA) ¢he intersection region between
subdomains IB and IlIA, prominently located in theometric center of the proteing) (@ surface-
exposed loop region in subdomain IIB, and two FAdimg sites, i{i) one site in subdomain 1B (FA1)
and {v) another site in subdomain I11B (FABY These topological regions are explicitly indicabed
Figure 4.3 Interestingly, Majorelet al®” found very similar regions in bovine (BSA), equifitSA)
and rabbit serum albumin (RSA) during the idendifion of antibody epitopes serving immunological
studies. Beyond this immunological aspect, thogions are therefore also supposed to be of special
ligand binding functionality, especially in the ¢exrt of exposure to an aqueous environment.

An in-depth discussion of those regions is givethim following and differences between HSA and
BSA are explicitly reported in terms of the KD hggdathy scale. Hydropathy histrogramsHigure

4.4 andFigure 4.5 are presented as an illustration that the findiugsindependently confirmed by
each of the four applied hydropathy scales (KD, GES and NM).Figure 4.4A highlights the

solvent accessible intersection region between @suhihs IB and IlIA in both proteins. Except for
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one arginine (R186), HSA and BSA differ throughalltresidues from 182 to 191 in a helical region
of subdomain IB, albeit the formation of an equérdl helix array in a cooperative context of a
polypeptide chain may still be provided as Kabset 8ander have proposéd.wWhile amino acid
residues 182, 185, 188, 189, 195 and 199 are ddharcessible, residues 184, 190 and 191 appear to
be solvent-exposed and are therefore accessilidelkyvater. The obtaineHI values between HSA
and BSA in this region are strongly pronounced, H8A exhibits exceptionally strong hydrophilic

properties, while BSA has strong hydrophobic proesrat residues 189 and 190.
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Figure 4.4 | Hydropathy analysis of the intersectio and loop regions.Depiction of the loop and intersection regions of
HSA (blue) and BSA (red) together with hydropathgtpl(AHI). Here, the structure alignment was conducteith WiSA
self-assembled with stearic acids (PDB ID: 1€%ijn order to depict the topological arrangemenH8fA, BSA (PDB ID:
3v03)?™ and according ligandsAj Subdomains 1B and IIIA define the intersectionioegof HSA and BSA and the
decisive, topologically opposed, amino acid ressd(80—200 and 452—-460) are shown in a hydropaldty (pHl). (B)
Subdomain 1IB forms the loop region in HSA and BSAl atecisive amino acid residues (297-320 and 3513689
highlighted in the hydropathy ploAHI). The hydropathy values of GES (red), ES (blaie)l NM (green) are normalized to
the scale of Kyte and Doolittle (KD, black), sescalable B3,

Upon closer inspection, residue 190 (K = —3.9) tBAHcoincides with L = +3.8 in BSA. This fact
indicates that domains IB and IlIA might renderffetdent set of mutual conformational arrangements
in HSA and BSA according to the Lum-Chandler-We@kSW) theory®® Thereby, both proteins’
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individual hydration state is supposed to decisiwdiffer, because of a potential hydropathy lock
immobilization between the two domains in BSA relyag hydrophobic residues 455 (L) and 456 (1)
and the opposing hydrophobic region at residues(¥géand 190 (L). In HSA, this region may still be
water-accessible due to the strongly hydrophilsidees. Additionally, residue 189 in HSA is varied
from G = —0.4 to a much more hydrophobic V= +4.2B8A. Therefore, according to the LCW
theory, BSA could produce a drying out phase ttarsizone, which depletes the water density
between both domains. The sequence of the hetinimain I1IB ranging from residue 455 to 456 also
differs in composition, but in both proteins it da@ considered as extremely hydrophobic. From those
distinctive interdomain-located differences, stunat flexibility and the kind of water interactionay

be anticipated to be triggered by individual hydntip and hydrophobic amino acid patches leading to
large structural differences, even on a larger ltmpoal scale. In the following sections, such
differences on the molecular scale are considesaédducing a dynamic “tuning” of the local solution
structure topology in the presence of water.

Another site of interest is identified as a loogio& in subdomain 1B, where significant hydropathy
differences are found in between BSA and H3Ag(re 4.4B). This loop region, being located
between residues 295 and 312, appears to be saxpased and residues 297 and 300 show
pronouncedAHI values. All six varying residues in between piosi 300 and 320 are more
hydrophobic in HSA when compared to correspondasidues in BSA. The other significant albumin
differences are in close proximity to this loop aré situated on the opposing solvent-exposed loop
ranging from residue 360 to 376. In this secongbJdbere is again a strong hydrophobic hydropathy
shift in HSA at residues 363 and 364. Those mod¥dphobic amino acids are right at the bottom tip
of HSA's crystal structure. By hypothetically expasthis region to water, this region should fiipa

the protein interior leading to a slightly alterethre globular topological shape of HSA.

As these solvent-exposed loops with an instrinsicalgh degree of motional freeddff! are
connected to several helices in HSA, this suppdéspdiogical rearrangement upon solvation should
have a significant impact on the proteins tertsirycture in solution. Very similar observationsrave
made for Calmodulin and Troponif® and such an argument is also reinforced by an &B& of
Kim et al,*¥ confirming that (stabilizing) solutes may leadatanore compact and globular shape of
outer membrane transporters by the conformaticaalpting of loops. In contrast, BSA very likely
exposes this loop region to the water bulk witheicf amino acids that are strongly hydrophilic,
ranging from chain position 363-367 (K, D, D, P, B)d 311-323 on the opposing loop. An
interesting view on opposing hydrophilic residuas been given by Arieh Ben-Nalfhwho claims,
that double hydrogen-bonded bridges can be formedvéiter molecules, that also might stitch
together two opposing domains. Such a domain liakagd participation of these loops in the water
H-bonding network for BSA could additionally leaol & reduced conformational flexibility at this

decisive topological region.
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Figure 4.5 | Hydropathy analysis of FA binding sitel and site 5Depiction of both highlighted FA binding sites 1dahin
HSA (blue) and BSA (red) together with hydropathgtpl(AHI). Here, the structure alignment was again cotetliby HSA
self-assembled with stearic acids (PDB ID: 1&%i)n order to depict the topological arrangemenH8fA, BSA (PDB ID:
3v03J? and according ligandsAj Fatty acid binding site 1 in subdomain IB withidees 119-136 and 154—168 shown in
a hydropathy plotAHI). (B) Fatty acid binding site 5 in subdomain 11IB ansl dkecisive amino acid residues (498-509 and
560-580) depicted in a hydropathy pla@tH]). The hydropathy values of GES (red), ES (blaed NM (green) are
normalized to the scale of Kyte and Doolittle (Kidack), see alsdable B3.

Figure 4.5A shows fatty acid binding site 1 that is solventemsible and centered in the four helix
arrangement of subdomain IB. Therein, congruentnanacid positions in HSA are once more
equipped with a more hydrophobic character as comipto BSA, alike the loop regiorFigure
4.4B). More precisely, the much more hydrophobic ressdm HSA (120, 122, 126) are all located on
a small surface-exposed helical patch. In HSA,diess 156 and 157 are also predominantly more
hydrophobic, while residues 159-162 are extremgtrdphilic in both albumins. Remarkably, only
two amino acids are identical in the range from-1153! (A at position 158 and Y at position 161, see
alsoTable B2), indicating a potential difference in how fattyids may be associated with each of the
two proteins. The solution topology of this bindipgcket may well be different and additionally,
water exposition could tune its dynamic properéie®.g. binding affinityls). This proposed effect is
supposed to constitute a rough accordance withméhehanism that can be inferred for the loops in
subdomain 1B Figure 4.4B).



Chapter 4 69

Fatty acid binding site 3-{gure 4.5B) is located at a hydrophobic channel of subdortiinin HSA

and exhibits an inverted pattern that has beenreddeso far, with HSA being more hydrophilic at
solvent-exposed residues 560 and 577. Apart freamue 579, all of the deviating amino acids in this
region are solvent exposed and residue 570 shoves@aptionally largeAHI value of —7.7 between
HSA (E = -3.5) and BSA (V = +4.2). Residue 570as &way from the FA entry point but lies in a
transition region from a helical to a loop regiohigh may control the motion of the helices forming
the mouth for fatty acid admission. Therefore, balbumins may adopt clearly different solution
conformations in this area, as residue 560 mayritorié in performing a hinge task in HSA, being
located at the other end of this aforementioneg lpaop residues: 560-570). When comparing fatty
acid-free (PDB ID: 1BMOJ® and fatty acid-loaded HSA crystal structures (PIDB 1e7i)*! the
outer helix of site 5 is displaced outwards aboatf la nanometer upon fatty acid loading.
Accordingly, the RMSD is then only 1.796 A over 3alRjned residues of HSA, being in much worse
correspondence than an alignment of fatty acid48& and BSA (PDB ID: 3v0%” vide supra.

The opposing side of the binding channel moutlompmlemented by a loop ranging from residues 501
to 506, that are surface-exposed throughout.Atllevalues exhibit a drastic change from residue 501
onwards, where a charged and therefore stronglyop¥dic glutamic acid (E) in HSA coincides with
a electrostatically neutral, slightly hydrophoblarane in BSA (Fsa— Assa = —5.3) to residue 504
where this occurrence is inverted4gA — Essa = +5.3). Furthermore, at residue 506 a threonine i
HSA with rather neutral HI is opposed by a strortgidrophobic leucine in BSA ({Ea— Lgsa = —4.5).
Therefore, the dynamic interplay with water at seface region of FA binding site 5 in HSA clearly
deviates from that in BSA. The helix region fromsideies 570-580 is also clearly more hydrophilic in
HSA than for BSA. Thus, site 5 in HSA should alsamore “anchored” to the H-bonding network
of solvent molecules.

In the picture of hydropathy alignment, a furthpeaulation about the molecular mechanism of FA
binding should comprise that the opposing loopaedresidues 500-507) may play a crucial role by
being flipped inside (closed) or outside (solvexpgased = open). BSA is clearly more hydrophobic in
this loop region, while HSA includes an interestiadfernating pattern of strongly hydrophilic and
hydrophobic amino acid residues. Principally, #iternating hydropathy pattern that neither seems t
have a strong energetic propensity to be expos&dter, nor to be buried, may again translate into
more conformational entropy, flexibility, or adalpildy, that is supposed to strongly govern protein

ligand interaction&”

4.3 | Correlation of Differences in Albumins Primary, Crystal and Solution Structures (DEER)
Despite the quite similar primary structures of B&&d HSA, experimental DEER results present
BSA to be rather rigid in solution and thereforevidees in its functional structure from HSA as
observed from more asymmetrically bound paramagratty acids on the nanoscale. Four regions

were identified in both proteins that feature miingly different hydropathy properties as observed
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from their respective amino acid composition. WhidER-derived differences in between the
solution structures of HSA and BSA cannot be diyettaced back to the difference in hydropathies,
some preferably plausible arguments comprising dlustering amino acid differences have been
given. Those arguments may elucidate several pnofaariations in solution structures of different
albumins when exposed to water, as it had beemadsbéor other proteins befofe"!

The compelling crystal structure similarities betéweHSA and BSA are mirrored in the solution
structure of BSA. In the “coarse-grained” view olund paramagnetic fatty acids, a distinct thre& pea
pattern that strongly resembles the FA distributiorHSA’s crystal structure is found. Facing the
current lack of a BSA crystal structure being sel§embled with stearic acids, the crystal structtire
HSA very likely describes a conformation close e tminimum of the potential energy surface,
rendering a very good description of the energeticimum in fatty acid-loaded BSA in solution.
Based on the results from DEER on BSA, it can kaugibly speculated that HSA in solution, in
contrast to BSA, gains a much larger conformati@matopy and the overall conformational ensemble
of HSA exposes a much more symmetric surface tenpial ligands that are to be transported. BSA
does not seem to have this prominent flexibilitytet surface affecting protein function.

This study shows, that although proteins with samilunctions across different species may have
similar crystal structuré®? their functional properties in solution may vamcisively. This claim is
very much founded on recent investigations givitigrgy evidence that water immersion may heavily
affect functional properties of soluté¥.Close proximity of water molecules to extended bythobic
patches is energetically unfavorable as hydrogemding networks can no longer be maintained.
Hence, the nearby water density is depleted closthé hydrophobic surface, leading to a drying
transition not least depending on length s€dfe’ In their seminal work, Kabsch and Sarter
already explained very clearly that amino acid sage homologies in proteins do not necessarily
reveal functional relationships in between thentdnverse argument, it can be stated confidendly th
sequence homologues do not necessarily have taréeadentical conformations in their crystal
structures. On the other hand, a comparison otalrgsructures from HSA (PDB ID: 1BM&Y and
BSA (PDB ID: 3v03¥" reveals that a 75.52 % sequence homology genemsitesst identical 3D
crystal structures (sdeigure 4.3. This is in accordance with the proposed 3D s$tmat homology
threshold of 25% sequence compliance for proteinger than 80 residu&d.

Hence, those topologically well-defined amino adiiferences, as observed for HSA and BSA, do not
necessarily alter the energetically minimized, destied state of a protein very strongly in its @alys
structure. Many of the amino acid sequence diffegenthat are clustered at certain regions in the
protein may strongly influence dynamic solution pedies as the fatty acid binding (binding sites 1
and 5,Figure 4.5 or the global 3D structure (central interfacenmstn subdomains IB and IlIA and
loop regions in subdomain lIBsigure 4.4). Thus, the apparent rigidity observed in BSA nhay
partly accredited to the proposed hydropathy “logk"the prominent intersection region between

subdomains IB and IlIA (seeigure 4.4A), while in the intersection region of HSA wateryndeeply



Chapter 4 71

penetrate this structural feature leading to agprefl spatial separation of both domains. The loop
region at the bottom tip of albumin (subdomain liB)strongly water-exposed and simultaneously
bridges large helix-containing regions of albuniiihus, even slight alterations in hydrophobicity as
for HSA may increase structural agility and leadstauctural changes at seemingly remote regions.
From DEER measurements on the functional soluttauctires of both albumins, these differences
are supposed to be rather correlated with speaiiodifications that tune the shape, flexibility,
adaptability and binding capacities of an albumialenule. This is supposedly facilitated by non-
specific interactions with the surrounding solvemdlecules and by generating fluctuations in water
density>&10

Meanwhile, an interesting nuclear magnetic resoa@N®R) approach has been established by Nucci
et al® combining NOE/ROE-ratios and reverse micelle esakgion for monitoring the surface
hydration of a protein. The authors found that éhare regions of hydration clusters with strongly
varying dynamics all over a protein surface that ba principally regarded as strong evidence for
water taking a protagonist role in modifying protéiinctions such as shaping, folding, stability and
dynamics. Concluding frorfC-NMR experiments, Marlowet al™*® linked the hydrophobic effect to
conformational entropy that is suspected to deelgiaffect ligand binding thermodynamics. The site-
specific findings in albumin from local hydropatlwalues and the coarse-grained, DEER-derived
structural information delivers similar, howeverdirect confirmation of such effect&. comparative
study of bromocresol green (BCG) binding constantsifferent mammalian serum albuntifsalso
supports the claim, that exchange of only few imtligl amino acids in a binding pocket region could
give a creature an evolutionary advantdfelherefore, those single amino acid exchanges roay n
only enhance or deplete distinctive properties,rbay also transfer physiologically active proteios
their pathological amyloid fibril storage in tisstfe™

In terms of crystal structure and solution struetworrelations in albumins, a phosphorescence
depolarization study was used to understand thigcéte functional interrelation, and it was found
that the overall protein conformation in neutraluson of BSA is very similar to the heart shaped
structure observed in the HSA cryst8l.This also supports the findings made here frony fatid
alignments in respective DEER distance distribwi¢figure 4.2). The 16-DSA-probed surface of
BSA mirrors the crystal structure surface of HSAiles the solution structure of HSA probed by 16-
DSA exhibits relatively strong deviations.

As drying transition zones occur next to hydropbolpatches of amino acid residi&sthe
conformational flexibility on HSA'’s surface may berrelated with a lack of energetically hospitable
water interactions. However, this rather hypottetassumption could be quantified and mirrored by
an excess net hydropathy sum valuaQf, = +48.4 of HSA compared to BSA, representing dss |
hydrophilic nature of HSA. Locally, many of thesenmm hydrophobic sites in HSA are explicitly
water-exposed, giving rise to the assumption thaAhay facilitate an enhanced attraction towards

hydrophobic or amphiphilic ligands, as reflectedthie proposed pre-binding character during fatty
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acid association as found from pulsed dielectriaxagion spectroscopy” Featuring less favorable
interactions with water at some decisive functiaegjions (e.g. loop region Figure 4.4A and site 1

in Figure 4.5B) drives HSA in gaining a relative lack of bulk watntegration that may be interpreted
as a decrease in overall protein tertiary struttsti@bility. This in turn would force HSA to locwll
sample a larger conformational space leading tmemeased flexibility compared to BSA. According
to the LCW-Theory? the term protein flexibility, as it is used heman be as well understood as
water density. Thus, a viscosity decrease at hyuroijg surfaces leads to an increased mean square
displacement of hydrophobic residues that are dEstibest by the Stokes-Einstein equatfdoin a
first approximation.

All these local changes may then globally add up solution structure that severely deviates from
according crystal structures. Finally, individuapological patches from defined amino acids may
tune local and global functional features as shapeformational entropy (flexibility) and ligand

binding site affinity for small hydrophobic or aniphilic ligands as fatty acids.

4.4 | Discussion

Experimental evidence has been presented for gmfisant effect that water can have on the
functional structure of proteins in solution. Humand bovine serum albumin served as model
proteins with an amino acid sequence identity 062%. The DEER-derived distance distributions of
HSA (reported previously) and BSA (reported hemgded with paramagnetic fatty acids globally
characterize the tertiary protein structure in 8ofufrom the bound ligands’ points of view. The
solution structures reported here complement figslifrom the primary structures and crystal
structures of HSA and as of recently also BSA.idgningly, it can be shown that the characteristic
asymmetric FA distribution from the crystal struetof HSA can be observed by DEER from BSA in
solution. This indicates that the conformationateamble of BSA in solution seems to be closely
related to the crystal structure and is hence fleggle in comparison to HSA, where a much more
symmetric FA distribution was found. Conformatiomaaptability and flexibility of proteins can be
verified on the surface of the HSA solution struetas probed with 16-DSA. This is in line with the
proposition by Heidorn and Trewhélfithat a conformational rearrangement occurs whenotin is
exposed to water. Here, evidence is presentedBiBat largely lacks the conformational flexibility
observed in HSA and that water does not behavarlynen the protein surface. It can be rationalized
from crystal structures that water may build upstdus of varying dynamical properties as already
shown by Nuccet al’® in NMR experiments. Therefore, it is presented tiffierences in amino acid
hydropathies are not homogeneously distributedabeitclustered in specific structural regions. Four
regions were identified that may be strongly infloed by interactions with water, comprising the
fatty acid binding at binding sites 1 and 5, thatea interface between subdomains IB and IlIA and
the loop regions in subdomain IIB. Evidence is pted with a straightforward measure like the

hydropathy index (HI) and it is possible to approate potential effects on tertiary structure treat c
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arise from protein-water interactions in generalr B more detailed view concerning the specific
effects of hydrophobic surface patches one may haveise solution-NMR based methods as
NOE/ROE ratios. Advanced MD simulation approachegleying the 3-dimensional molecular
hydrophobicity potential (MHPf may also reveal further insights to water-aminiul @cteractions
between BSA and HSA.

In Chapter 6 a further set of mammal albumins is screened rimgeof their DEER-derived, fatty
acid-based distance distribution fingerprints am&€hapter 9 a novel strategy is presented utilizing
spin-labeled derivatives of HSA and BSA in combio@twith 5-DSA and 16-DSA in order to better
localize bound paramagnetic fatty acids withinphatein structure.

Given the often encountered view that BSA and HS#y mvell be interchanged and treated as if they
are identical, some of the apparent functional stnactural differences should be taken into account
thoroughly. Hence, the main claim of this studyhiat there is no trivial correlation in betweenstay
structures and solution structures of proteins @megal. Particularly, a re-evaluation of the
hydrophobic effect as proposed by Alan Co6fecould lead to a better understanding of these

complex structure-function relationships of progeiim solution, especially at physiological condigo

4.5 | Materials and Methods

Materials. Lyophilized protein powders of HSA (>95%, Calbiootjeand BSA (Sigma-Aldrich), 5-DSA,
16-DSA (Sigma-Aldrich) and 87 wt % glycerol (ACR®8/ka) were used without further purification. The
paramagnetic fatty acids (DSA) were reduced to ER# hydroxylamines (r-DSA) upon addition of
phenylhydrazine (97%, Sigma-Aldrich). A modifiedpcol of the DSA reduction scheme was set up amd

a strategy shown by Matthias Jiffkand is given ifAppendix B5.

EPR Spectroscopy.Sample PreparationAqueous solutions of 2 mM HSA were prepared with10M
phosphate buffer (pH 7.2) and 26 mM DSA and r-DSArevprepared in 0.1 M KOH. The combined
concentration of DSA and r-DSA in final bufferedugmns of pH 7.4 was kept constant at 1.5 mM, wliie
protein concentration was varied from 0.21 — 0.78.nThe molar ratios of DSA and r-DSA per albumin
molecule were therefore varied as 2:0, 2:2, 2:5 @afd The final aqueous solutions of DSA-spin pubbe
albumins were supplied with 20% v/v glycerol to yaet crystallization upon freezing. For CW EPR
measurements, about 15 pl of sample were filledl dnglass capillary (BLAUBRAND IntraMARK) with ca. 1
mm outer diameter. For DEER measurements abouull®0the final solutions were filled into 3 mm (eut
diameter) quartz tubes and shock-frozen in liquithgen-cooled 2-methylbutane for subsequent DEER
measurements.

CW EPR Experiment#\ Miniscope MS200 (Magnettech GmbH) benchtop specéter was used for X-band
CW EPR measurements at a microwave frequency ofGH4 (Appendix B1). All measurements were
performed afl = 25°C using a modulation amplitude of 0.05 mTe Thicrowave frequency was recorded with a
frequency counter model 2101 (RACAL-DANA).

DEER ExperimentsAll EPR-active HSA samples were measured with tpeilée DEER sequenég:™®
i(rfz)obs_'fl_(n)obs,1_(td'|'t0+NtAt)_(77)pump_(t,_NtAH'td)_(77)0!35,2"[2—9(3ho
in order to obtain dipolar time evolution data ab&nd frequencies of 9.1- 9.4 GHz with a BRUKERXE}&

E580 spectrometer equipped with a BRUKER Flexlipkt-sing resonator ER4118X-MS3. The temperature
was set to 50 K for all experiments by cooling watltlosed cycle cryostat (ARS AF204, customizedpidse
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EPR, ARS, Macungie, PA) and the resonator was oupled toQ ~ 100. The pump frequenay,m, was set to
the maximum of the field swept electron spin ecB8K)-detected spectrum. The observer frequepgywas
set to Vpump + Av With Av being in the range of 65 MHz and therefore coimgidwith the low field local
maximum of the nitroxide ESE spectrum. The obsepudse lengths for each DEER experiment were s8to
ns for both7/72— and/=pulses and the pump pulse length was 12 ns. Addity, a 2-step phase cycle) (was
applied to the first#2 pulse of the observer frequency for cancellingreceiver offsets and unwanted echoes.
For albumin samples containing paramagnetic 5-DB8& E6-DSA spin probes the pump pulse positiof t,
after the first observerrpulse deadtimé; was typically incremented foy, timesteps ofAt = 8 ns in the rangg

+t =1 + 1, — A4, whereag; andz, were kept constant. Proton modulation was averageaddition of eight
time traces of variablg starting withz; ;= 200 ns, incrementing kyr; = 8 ns and ending up ats = 256 ns.

Data Analysis:Raw time domain DEER data were processed withMAILAB-based program package
DeerAnalysis2008" Intermolecular contributions were removed by dasisby an exponential decay with a
fractal dimension oD = 3.8. The deviation from a homogenous backgralintensionalityD = 3.0 originates
from excluded volume effects due to the size ofphatein!*® Calculated distance distributions (HQAwere
constructed from symmetric ¥ 7 distance correlation matri¢€s* according to a scheme givenAppendix
Al. The RMSD analysis of the crystal structure-datidéstance distribution of fatty acids in companisgith
experimental DEER time traces was conducted asideddanAppendix B2.

Structural Analysis of Albumins. Molecular Modeling, visualization and structuraaiments Appendix B3)
of HSA and BSA were carried out using YASARA Sturet softward>® Further details about the applied
hydropathy scales and their analysis can be fourgppendix B4.

Acknowledgments.DEER experiments and analyses of EPR data werauctewlin cooperation with Dr. Yasar
Akdogan at the MPIP Mainz.
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5 | Optimum Control of the Albumin System for EPR $ectroscopy

In this chapter an optimization strategy is preseérior albumin samples that are investigated by CW
EPR and pulsed EPR (DEER) spectroscopy at X-bamguéncies. Generally, proteins may react
sensitively on external stimuli and varying expeamtal conditions. Therefore, the main requirement
of each sample is to exhibit as comparable andtannhphysical properties as possible, comprising
pH, ionic strength, protein concentration and v&styo Each of those physical properties may lead to
precipitation or denaturation of a protein when paiperly adjusted, resulting in difficulties intda
analysis and reproduction. Therefore, several adpists have been made that facilitate optimum
control of those properties although albumin iseyally considered as a very stable prot@ifirst,
anticipating the study i€hapter 6, not all albumin types are routinely commerciaigailable and as
abundant and relatively low-priced as HSA and BSé,a general strategy has been followed to

principally optimize protein consumption and datality for subsequent EPR spectroscopic studies.

5.1 | lonic Strength and pH — The Choice of an Apppriate Buffer for Albumin Solutions

The choice of an optimum buffer for albumin samggesf utmost importance in any study. Although
a broad variety of buffers is available in the msg of biochemical studies, in case of albumin, its
regular physiological environment in blood should best reproduced by a type of Ringer's
solution®? In fact, this Ringer solution is isotonic, bushould not contain any form of metabolites
that may already occupy ligand binding sites that targeted in conceivable loading studies with
small molecules. As the blood pH is tightly regathin the range from pH 7.35 — 7 45he desirable
buffer should also preserve this adjusted pH fogéy terms, e.g. when a sample is frozen or stiared
the fridge. In case of Dulbecco’s phosphate buffesaline (DPBSY that has originally been
developed for observing poliomyelitis virus plaquaesmonolayer tissue cultures of monkey kidney
and monkey testis, all those requirements arelladfifor these experimental needs. In a preparation
procedure following the original description, theffer is isotonic (310.6 mosmol/l) and is initially
titrated to pH 7.4. Upon preparing a sample witlycgtol, protein and ligand stock solution,
potentially comprising any organic solvent, theafisample pH is usually deviating from pH 7.4 not
least due to the charge compensation processdseoprotein itself with buffer ion8. Although
albumins can be considered as being functionalstale from pH 4.3 — 1018, ionic strength was
also shown to have an impact on functionality as it charge and therefore, both the chemical
potential! of individual charges and the surface potentialth® protein as a multivalent ion is
modified by charge screening effects (see dldmpter 7).°*" Therefore, a strategy has been
developed for optimum titration of the sample tadjest pH 7.4, keeping the solutions osmolality
above ca. 220 mosmol/l. This is facilitated witbraad set of DPBS buffers equipped with a defined
amount of hydrochloric acid or sodium hydroxidegiag from about pH 0.2 — 13.9dble C2). A
precise instruction of how this buffer, its accogliseries of titration derivatives and an albumin o

EPR-active albumin sample can be assembled acgptdinthis scheme can be found throughout
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Appendix C1 — C4 This strategy of retaining control over sampleparties forms the basis for
strategic adjustments of any physicochemical pat@me EPR-active albumin samples throughout

this work.

5.2 | Protein Concentration and Excluded Volume iBBuffered Albumin Solutions

In several studies an exact knowledge about pratententration is inevitable for drawing precise
conclusions from the collected data sets. Usudllg, commercially available lyophilized albumin
powders are dissolved in appropriate amounts dehuflowever, depending on the amount of added
protein powder, an apparent excluded volume mapimeed originating from the proteins themselves
that is impenetrable and inaccessible for solvesieoules. During this work, several strategies have
been pursued to quantify this excluded volume. At fstraightforward approach is to prepare a
Lowry,*? bicinchoninic acid (BCAY:* or Bradford ass&y' in order to quantify the protein content of
a solution, whereas all three assays strictly malycolorimetric methods. The effectivity of BCA
assays is based on a color change from lime geeeleep purple when €uis reduced to Cuby
peptide bonds at high temperatures. The BCA reaggtaces the Folin-Ciocalteu reagent (FCR) in
the Lowry assay and coordinates*@ans in a chelate complex with a strong absorbatcde= 562
nm. The advantage of BCA is that it does not intievdth buffer components or other contaminBits
and absorbance changes linearly with protein cdragons. A minor drawback is that the coloration
reaction takes some time (10 min at 65°C) and ss @resent at low temperatures with the BCA
reagent interacting with cysteine, N-acetyltryptapd, tyrosine and indoles in genétdl.The
Bradford assay is based on another principle tmatlves binding of the Coomassie Brilliant blue
G-250 (CBBG) dye to arginine, tryptophane, tyrosihestidine and phenylalanine residues of a
protein®™ While the free dye has an absorption maximum at470 nm, the bound dye shifts this
maximum toA = 595 nm leading to a bluish coloration of a sagintaining protein. The advantage
is that Bradford assays can be conducted muctrfastine dye binding reaction is virtually compiete
after 2 min at room temperatutd, but absorbance increases in a non-linear fashitim pvotein
concentratio® Thus, the BCA assay was chosen for imposing quivet protein concentration data
and the Bradford assay was used for qualitativekqtests unifying the major advantages of both
methods. Detailed descriptions of those procedaresgiven inAppendix C5. It has been tested
whether the BCA assay exhibits differences in seityi between various albumin types. In principle
it has been found that throughout all concentratists slightly lower concentration values havenbee
found than it was expected. On average, the oltamatue waapumin = (0.836+ 0.058) mM for
samples that were prepared from 1 mM 0.137 M DPBS @ stock solutions (séleable C5). While
BSA is used in this test as an internal standardunh result is expected but the reason lies cbse
hand.

Albumin has a very high solubility in water and deeits high average specific volume of solvent

incorporation (1.07 grams/gram protein) a provialomolumetric approach was chosen in order to
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determine the excluded volume of BSA solutions iIRB3 at pH 7.4, although it is commonly
assumed to be experimentally inaccessibl@he concentrations were chosen to range from 200-
mg/ml and individual samples have been prepareld wtinost care. It turns out that solutions with
lower concentrations of BSA (< 5% volume increaseup toc,.m = 50 mg/ml) are quite insensitive to
volume increases on a macroscopic scale, but agl bn2 mM stock solutions of BSA are prepared,
no exuberant, but clearly detectable changes afisalvolume emerge as shownRigure 5.1A The
concentration-dependent excess volume fragt{ohof the solution caused by the presence of BSA is
shown in Figure 5.1B. The linear relation between the volume fractigit) and the nominal

concentratiort,,m can be written as:

@c) = bl om (5.1)

with b = 8.12610™* ml/mg or ni/kg describing the slope of the red lineFiigure 5.1B.This leads to

an expression that directly yields the volume-atigé BSA concentratioto:

Ceorr = Cnom(l_(ﬂ(c)) = Chom™ b(?nom (5.2)

of an arbitrary prepared albumin stock solutiof.ib37 M DPBS buffer at pH 7.4.
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Figure 5.1 | Concentration-dependent excluded voluenof BSA in DPBS solutionsVolume increase of BSA solutions in
0.137 M DPBS pH 7.4 in the range from 10 — 200 mgsmilissolved protein.X) The nominal BSA concentratiog,§m
black) is plotted versus the volume-corrected BSAcemtration ¢, green). Markers have been set ¢y, = 1 mM =
66.463 mg/mlChom=2 mMM = 132.926 mg/ml and fay,, = 3 mM = 199.389 mg/ml.B) Change in BSA volume fraction
#(C)gsa cOmpared t@,,, due to increase in protein concentration. A lir@drapolation of data points with a high correati
is shown in red.

Based on the excluded volume fractigin) the hydrodynamic radiu’,y of a single BSA particle can

be estimated from following definitidh”
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Na GomVH
(ﬂ(C) — _"Anom

where MWspa = 66,463 kg/mol is the molecular weight of B8AN, is Avogadro’s number and,
is the hydrodynamic volume. Assuming that BSA ispherical particle with/y = (4/3)R%;v and

constant shape in the investigated concentratiogas following equation is obtained:

1/3 U3
_| 3p(c)MWpsp | _ | SMWpsp _
R = { 47N Gyom } [ ATTNp Gorr ) ¢2 (C))} (54)

giving Rqv = 2.78 nm. As a good approximation it has beemdotihat the product of albumin lot

purity (Pa_p is usually= 95%) andc..; gives reasonable estimates of the real proteiner@rationc;:
G = Pap Lo = Pacp Eﬂl—éﬂ( Q) HGom (5.5)

leading to a value of abogt;w =~ 0.9 mM andc, ;v = 1.7 mM for albumin stock solutions with a
nominal concentration ot,,, = 1 mM and 2 mM, respectively. These real conegioins are
exceptionally important for, e.g. the constructadrScatchard plots that are shownGhapter 7 and

Chapter 11and correspond much better with results from BGgags ¢.;mv = 0.84 mM, see above).

5.3 | Viscosity and Density of Albumin Solutions Qutaining 20% v/v Glycerol

As it was already derived by Albert Einstein in §9the total number of suspended particles also has
an influence on the inner friction of a solutibh.Extensive viscometric studies have been already
performed on albumin in the 1930s to 1986%7% Nevertheless, the dynamic viscosity, = 7 and

the solution density of albumin samples equipped with 23% v/v of 87 wg¥cerol was tested on
the BSA system in the conventional protein conediain ranges (0 — 60 mg/ml albumin) that were
used throughout this work. With a given solutiomslgy of 87 wt% glycerol opy, = 1.227 g/ml the
glycerol weight percentage of the final solutiomdae estimated to be about 27%. However, the
properties of such binary mixtures cannot be exietpd in such a straightforward manner as it will
be shown in the following. Principally, it turnedtahat rheological measurements on such solutions
with relatively low viscosities reveal much moregsenable results on a viscometer (Ubbelohde) than
on a rheometer (cone-plate), although several dlestdike bubble formation are omnipresent in both.
Hence, only viscometric results are used for sulsetganalyses, however, both methods generally
revealed that sample viscosity does not changademably in this concentration range. The change in

viscosity with the concentration of any macromoleds best described by the expressidn:
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17 =1 (L+vep(c))
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(5.6)

where o is the pure solvent viscosity and is the Simha parameté?. For suspended spherical

particles ¢s= 2.5) the original equation from Einstein is obtd and the Simha parameter can be

used to estimate an ellipsoidal solution shapepartcle forvs > 2.5.
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Figure 5.2 | Viscosities and densities of BSA solahs prepared in DPBS pH 7.4 and 23% v/v of 87 wt%glycerol.
Viscosities and densities of the BSA solutions inBSPpH 7.4 and glycerol are plotted versus the cteterotein

concentrationSo,, =

Casa for T = 25°C. @A) Concentration-dependent dynamic viscositigs(Cssa) 0f BSA/glycerol

solutions. B) Concentration-dependent solution densitie$ BSA/glycerol solutions.§) Concentration-dependent relative
viscositiesr, of BSA/glycerol solutions.[§) Determination of the intrinsic viscosityy] at cgsa = 0 mg/ml (blue circle). The
linear dependence of datasets is confirmed by h bigrelation coefficient values fRof the linear extrapolations for

=Naym 1 @Ndp (red).

The experimentally observed relative increase stasity is usually given as the relativg) (or

specific viscosity #sp):" ">

7=
n

e :Osp =

(5.7)

that should be ideally concentration independenEigure 5.2 a collection of viscometric results at

T = 25 °C are shown from samples with varying BSAaantrations. Although being of a rather
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phenomenological nature, some linear relationsbeaderived:

N =N +kCgsa = (1.74234+ 001111 nil Mg (g, ) MP& (5.8)
0= Do +KCosp = (1.05924+ 296510 1¢ nil md s, )@ ¢ (5.9)
N, = kaCasa =0.00589 mOMG* [egga (5.10)

from linear regressions that facilitate some prtigiccalculations of any value af 7. or p in an
albumin (BSA) sample equipped with 23% v/v of 8Pmglycerol afT = 25°C that is buffered in 0.1
M DPBS at pH 7.4 and lies in the valid concentratiange from 0 — 36 mg/ml. Note that equations
5.8 — 5.10 only apply when the corrected concedotrat.,, = Cgsa iS given in mg/ml. In order to
describe the extrapolated concentration indeperdefw; a limiting parameter is introduced for zero
concentratiorf’* ¢!

— im2"M0 — i
= im2=0 - i
(7] = lim = = im= (5.11)

being called théntrinsic viscosity{s]. Although the linear fit is not perfect this valean be read out
from the zero intercept iRigure 5.2D giving [1]gsa = 0.03352+ 0.00593 diy in 0.1 M DPBS pH 7.4,
being in line with earlier results obtained by Tandf ([#]ssa = 0.0365+ 0.0009 dig at ionic strengtlh

= 0.1)" Additionally, this intrinsic viscosity is again lated to the hydrodynamic radius by the
relation'”!

(5.12)

Rt { 107N,

yielding Ry, = 3.346 nm for BSA, that nicely corresponds witevalent literatureRy,; = 3.370

nm) " Finally, the Simha parameteg = 7.85 was obtained fromgsa = 33.232 mg/ml = 0.5 mM and
by combining equation 5.6 and 5.8. Usually, buldsniulae have to be used to predict the axial thtio
= a/b of an ellipsoidal particle of revolution. Howeveilfred Polson found a linear empiric relation

connecting the Simha parameter with the squareal gatio?”

J= a_ [(vs—4)
Dk (5.13)

giving J = 6.27 with the constari; = 0.098. This obtained value is also largely imeagent with
literature values for albumin ranging frah¥ 4.9 for serum albumin at its isoelectric pojpit(4.8J%
andJ = 6.5 at more physiological conditidH$ applying the numerical solutions from Simha for

prolate rod-shaped ellipsoitf. Finally, those data from intrinsic viscositiesalshed light on the
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hydration state of a protefff! With some correction terms for hydration regarding partial specific
volume of solventd =~ 0.2) the axial ratio can be correctede= 3.3 However, the crystal
structure of the BSA molecule (PDB ID: 3v83)suggests arbitrary average diametral dimensions of
about (83x 73 x 35) A and a radius of gyration 8 = 26.2 A originating from the center of mass.
Table 5.1summarizes some benchmark data that compare wtnoend some supplementary results

from rheology.

Table 5.1 |Viscosities and densities of solutions with incregzomplexity

T=25°C Sample Viscometer Densimeter Rheometer Liegture
Cesa [mg/ml] (composition) n [mPas] p [g/ml] n [mPas] n [mPas]
0 H.O - (0.9979 0.862 0.893
0 0.137 MDPBS pH 7.4 - - 0.899 -
0 24 wt% glycerol in KO - (1.059 - 1.754
0 23% viv of 87 wt% glycerol in 0.1 M DPBS pH 7.4 747 1.0592 1.66 -
32 23% v/v of 87 wt% glycerol in 0.1 M DPBS pH 7.4 2.098 1.0687 2.1% -

%aken from CRC handbook of chemistry and phy&icdtaken from Sheel?! with the assumption that therein 24 wt%
glycerol fits experimental values gfandp best (the calculated value is: 198Qpq/(Vgypgy + Vioaor2o) = 26.9 wt%, when
Pgy (87 wt%) = 1.227 g/ml, seable C3). “Extrapolated from equation 5.8 and 5.9 éggs = 0 mg/ml.%Extrapolated from
equation 5.8 and 5.9 fais, = 32 mg/ml.°The nominal concentration 5= 32 mg/ml, the corrected value according to
equation 5.2 i€gsa = 29.7 mg/ml assuming an excluded volume fractibg{c) = 0.0721 for an experimental BSA stock
solution concentration of 88.7 mg/ml. For all onigi data obtained by rheology, &gpendix C6.

Viscometric and densimetric data suggest that wmlhition of 23% v/v of 87 wt% glycerol to the
buffered protein solution the obtained values apomd best with a solution of water containing
24 wt% glycerof*” For simplicity, all such prepared samples arengefito contain 20% v/v glycerol
(0.230.87 =~ 0.20). Furthermore, it can be stated that no Bagmt changes occur in the solution

structure and shape of BSA when comparing thewlitaestablished values found in literature.

5.4 | The Choice of Albumin Concentration in CW EPRExperiments

Recording CW EPR spectra of DSA-spin probed albugamples is virtually always successful.
However, very subtle changes in these spectra noayrowith a change in any physicochemical
parameter that mainly comprises changes in prdigamd interaction§~% Therefore, one of the
major limitations in the preparation of EPR-actiabbumin samples is the proper adjustment of
relative concentrations of ligand and protein. Remtnore, albumin stability has been shown to depend
on protein concentratiG and the number of molar equivalents of fatty acigsvell®® Fatty acids
themselves offer a wide variety of phase statesmtéipg on ionizatidf! and concentratiof”! When

all albumin binding sites\; = 7)*® are saturated or when albumin is absent, CW ERBtispusually
reveal spin exchange phenomena as an additiverapésature that emerges as a consequence of
ligand-based micelle formatidii! Data analysis therefore becomes more complexinstef spectral
simulation. In order to circumvent this complicatithe loading ratio should usually not exceed 1:7

paramagnetic fatty acid equivalents. As an exarH3é& was loaded with 5-DSA and 16-DSA in the



82 Optimum Control of Albumin Samples

constant protein-to-fatty acid ratio of 1:Figure 5.3. Here, the only varying parameter is the
equivalent concentration that was adjusted in émge from 0.1 — 0.7 mM corresponding to 0.2 — 1.4
mM of fatty acids, respectively. It can be obserteat all spectra of either 5-DSA or 16-DSA look
rather identical focysa = 0.2 mM. Forcysa = 0.1 mM the noise level for 5-DSA is typicallyghi and
artifacts that may be intrinsic to individual EPestrometers (*) may dominate the spectral shape.

A 5HSA 120 Chsa [mMM] B 16HSA 120 Chsa [MM]
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Figure 5.3 | CW EPR spectra of spin probed HSA at wging protein concentrations. All CW EPR experiments were
conducted with spin probed HSA samples in DPBS pHand 20% v/v glycerol af = 25°C. Paramagnetic fatty acids
(Y-DSA) as @) 5-DSA and B) 16-DSA were loaded on HSA in the nominal ratidld (YHSA 120). All parameters were
kept constant apart from the equivalent concewotnatis, that was varied in the range from 0.1 — 0.7 mM. &ample, the
asterisk (*) at abouB = 335.5 mT marks an artifact that is intrinsiche Miniscope MS200 benchtop spectrometer.

This is a frequently encountered drawback for 5-O8ébed albumin samples and in case this spin
probe is applied all relative concentrations shahigs be adjusted 1@ psp > 0.2 mM. In contrast, 16-
DSA exhibits high signal quality even at the lowesguivalent concentration, however, the freely
tumbling ), unbound component (signal at 0.333 T and 0.338 Elightly larger than for all other
concentrations. For now, this may be simply ascriioea kinetic concentration-based effect due ¢o th
extraordinary ligand binding properties of albuffinand the decrease in HSA stability with
increasing protein concentrati6fl. Here, 5-DSA-probed HSA samples do not show a aimil
behavior. Hence, the comparability of CW EPR speadf 5-DSA and 16-DSA probed albumin
samples is only given faris.psa > 0.2 MM orcysa = Cosa/N > 30 pM and is based on the individual

spin probe signal strength and spectrometer seihgiti

5.5 | Excluded Volume Effects and Constraints in DER Experiments on Albumins

The assessment of large and comparable DEER dafaset fatty acids bound to albumins requires
good knowledge about experimental settings and kaognditions. Primarily, it has to be certified
that a high data quality is obtained that suffitiemesolves all characteristic details in a dis&n

distribution while simultaneous optimization of tegperimental time schedule has to be also taken
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into account. As it was already shownGhapter 3 andChapter 4, that interpretation of fatty acid-
based interspin distances from DEER experimentsftsn difficult, especially due to the self-
assembling properties of paramagnetic fatty agdnds and protein. The separation of background
signals from true distance information (see &@$@pter 2.5.9 is therefore additionally hampered in
albumins compared to spin-labeled protéthé? oligomerd*>“®! polymers?” or polypeptide&® To
this effect, it is inevitable to obtain experimdndata with adequate concentrations, signal-toenois
ratios (SNR) and dipolar evolution times,)(that allow for sufficient distance resolutith and
background filtering®>? that minimize artifacts in the resulting distamistributionsP(r).

First, the effect of protein concentration on DE&Re traces of 5-DSA and 16-DSA-probed HSA is
tested with the CW EPR samples that were alreadyistin Figure 5.3 with constant nominal molar
equivalents in the range from 0.1 — 0.7 mM andadlilog ratio of 1:2. As it was shown for BSA in
Chapter 5.2 the excluded volume is primarily a concentratiaisdd effect that induces an excess
volume to a sample that is occupied by protein mp@amied by a net concentration depletion. Here,
the excluded volume effect on DEER-derived distatis&ributions, background dimensionalitibs
modulation depthd and time trace quality in general is investigatéth experimental data shown in
Figure 5.4 All experimental results were analyzed with Deralysis2018% for maximum artifact
depletion in distance distributiof®r), while regularization parameters were kept cansia = 1000

for 5-DSA anda;s = 100 for 16-DSA). Whereas modulation depths ateer stable and insusceptible
to background corrections when the signal phaspraperly adjusted, an appropriate choice of
background dimensionalitid3 is inevitable for getting rid of unwanted artifadh individual distance
distributions.

The adjusted concentration-dependent paramatargiD are shown ifFigure 5.5A. It can be shown
that both parameters change with concentrationnoralinear fashion. The modulation depths from
DEER time traces of 5-DSA remain largely constanhsysa = 0.19+ 0.04 for all concentrations,
whereas 16-DSA exhibits very large valuas~ 0.42) forcysa < 0.3 mM and constant values at
A1epsa = 0.26+ 0.02 forcysa = 0.3 mM. All adjusted fractal background dimensidies are in the
range from 3.06 D < 3.77 and exhibit a general increase with comaéinh up to a plateau-like
region at aboutys, = 0.5 mM. However, the dimensionality of 5-DSA sedmbe a bit lower than
for 16-DSA. In terms of time trace quality an acidl quality parameter is introduced that is solely

accessible from experimental and analytic valuas fDeerAnalysis:

A

r=———
Br.m.s.\/Y (5.14)

comprisingA, the background fit root mean square (r.mB.)s and the square root of the scan

numberx"2 All calculated values fdF are shown irFigure 5.5B.
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Figure 5.4 | Effect of protein concentration onP(r) in DEER experiments on spin probed HSASamples containing
5-DSA and 16-DSA probed HSA in the loading rati@ tvere tested for varying HSA concentrations betw@é — 0.7 mM
nominal equivalents (gray inset numbers). ExpertaleDEER time trace¥(t)/V(0) are given for A) 5HSA 120 andR)
16HSA 120 at varying HSA concentratiogsa. The corresponding background-corrected DEER tiaeesF(t)/F(0) are
given together with their regularized fits (redy {€) 5SHSA 120 and@) 16HSA 120.The regularization parameters were
chosen aas = 1000 for 5-DSA and;s = 100 for 16-DSA probed HSA throughout. The reagldistance distributionB(r,c)

are also shown foile) 5SHSA 120 andK) 16HSA 120.

While the curve shape offor 16-DSA is dominated b, 5-DSA exhibits a clear maximum @fsa =

0.4 mM. It is therefore concluded that the optimeomcentration for comparing 5-DSA and 16-DSA
probed HSA samples should be chosen at about tiyérieal valuecysa, where the application of
both spin probes leads to similar signal qualifidee echo formation in pulse EPR experiments s als
not linearly increasing with concentration dueristantaneous diffusion and effects from temperature
that are associated with strong changediiand T, relaxation® Yet, with knowledge about the
inversion efficiency A = 0.534, sed\ppendix C7) of the 12 ns pump pulse in DEER experiments

[ [54

applied here (see also Jumk al®), following relation can be used to estimate arinapm

experimental spin concentratiGf:

93 h _9/3 1
= 4 = E
21 AgnGsth s M fhax 877 ANatmaxA

Copt (5.15)

with A = Holis"gags/(477).
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From accessible dipolar evolution times in the 888 Us <tmax < 2.36 ps Kigure 5.4C+D) it
follows that the optimum spin concentraticyg; should range from 0.792 mMcg,,: < 0.995 mM.

A B
T T T T T T T T T T T T T ' T
072] —®—5-DSA in HSA L39 181
—A—16-DSA in HSA —
< SosAn S/A/A \ 36 O 154 Cusa = 0.4 mM
< ] c
£ 060 /A s © 7 5
A \ P 33 ‘» 12f
[ ® 2
T ods{ R, @ o 8
k5 A—a 0 E . oo}
5 0.36- 27 ©
E A I 06|
B 0241 A~ o _A—A—A 24 G
= o—O—o ® T 03} —A— 16-DSA in HSA
0.12 ] o—o [ —8—5DSA in HSA
——— —————————— 0.0 T S T S
0 100 200 300 400 500 600 700 100 200 300 400 500 600 700
Cysa[HM] C,ca [HM]

Figure 5.5 | Concentration-dependent DEER parameter§om spin probed HSA. Significant parameters from regulari-
zation procedures conductedhigure 5.4C—F and the corresponding signal qualities of 5-DSAanhd 16-DSA 4&) spin
probed HSA samples are summarized here. The HSA:D&&ing ratio was kept constant at 1:2 with vagygguivalent
concentrations in the range from 0.1 — 0.7 mR) Kodulation depths\ (red) and fractal background dimensionalitizs
(blue) are plotted against HSA concentrationsf). (B) The corresponding time trace qualifyidentifies an optimum
concentratiorcysa = 0.4 mM that is also used for some of the subsegstudies that compare 5-DSA (red) and 16-DSA
(black) probed HSA samples.

This is in astonishing compliance with the findirigs 5-DSA inFigure 5.5Bwhere 0.4 mM of HSA
correspond to a nominal fatty acid concentratio®.8f mM. Furthermore, data shownRigure 5.4
were also subject to a simultaneous Tikhonov regation approach as in Brandenal®® with the
assumption that all sets of concentration-depen®&&R time traces of 5-DSA or 16-DSA spin
probed HSA contain identical distance distributi6fs
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Figure 5.6 | Distance distributions from spin probd HSA after global DEER time trace regularization. The results
from a global analysis of data kigure 5.4is presented here. The investigated concentregioges were setto 0.1 — 0.7 mM
for (A) 5-DSA and 0.2 — 0.7 mM foB{) 16-DSA probed HSA for simultaneous Tikhonov regiziation withas = 3000 and
016 = 300 and = 3.74. The two individual graphs are adapted frattnig et al’®®
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Therein, background parameters were iterativelpneef and artifacts due to excluded volume effects
could be eliminated. This rather sophisticatedtestia was devised by D. R. Kattnig and the most
relevant results can be found kigure 5.6 Note, that these background-filtered spin probe
distributions shown ifrigure 5.6 also resemble the resultshigure 5.4E+Fat abouttysa = 0.4+ 0.1

mM quite well. This complex analytic approach givesher proof that the distance featura at4.5

nm in distance distributions of spin probed HSAars artifact depending on concentration and the
choice of the onset of background correctigg)(

In the following, a short summary is given of howexcluded volume of HSA solutions and therefore
the radiusR of the corresponding pervaded volume of HSA canobwined from DEER data.
Primarily, the excluded volume in DEER time tracesidden in the background decay function that

is given for fractal dimensior3 in the form“”*"

B(t) = exp(- ACk{?'?)= exp(- 1 CQ(t)) (5.16)
with
k= 8A
NE (5.17)

and the integral representati6:

Q(b) :47TJ. K(%)G(r)rzdr _ (5.18)

r

Upon substitution ofAtr® = u andwt = u(1 — 3co&)) the kerneK(u) can be written as®

7Tl 2 Vau
K(u)zj.0 (I-coswt) si® @ :%J.o Si?\(% 7 )) d (5.19)

with z = x-(z/2)"2. In the homogenous limit when the pair correlatianction isG(r) = 1 and the
background dimensionality 3 = 3 it can be derived from equation 5.16 and BhBE8Q(t) = kt. For a
hypothetical dilute solution of spherical colloittsat all contain an electron spin in their geonoari
center the pair correlation function can be appnated with the expressidit’

G(r)=06(r -d) , (5.20)
where ® is the Heavyside step function that contains mfation about the distana#of closest

contact that is equivalent to the diameter of tkeluwled or pervaded volume. For systems with a

significant volume fractionp(c) = (4/3)pR® = (1/6)rcd’ (see also equation 5.3) the pair correlation
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function G(r) assumes a sinusoidal shape that strongly deiimesthe step function shape € N/V
= number densityd = particle diameterf§® This crowding effect can be considered in the &amrk
of the Percus-Yevick approximati®® with the contact valud* = 2R" derived from the background

function that is given 8"

4 #(©)

G(d") :—(1— q)é))z (5.21)

Thus, the samples used in the respective DEER iex@eis exhibits(c) < 0.05 throughout anG(d")

< 1.13 so that the step function approximation &ign 5.20) can be used for all data sets. From
equation 5.18 andt(d") = u it can be derived that the decayBgf) is governed by

82 At

Qqu(t) = V3 a(ug) (5.22)
with a(ug) =§T(h(ud) —u£: K(u@] (5.23)
V3 2\ 2
_ [ a-x) sin(@- )y )
and h(uy) = LZO Uy dx (5.24)

Here, the kerneK(ug) is equivalent to equation 5.19 withreplaced byuy. All derivations and

L The global data fitting procedure in this study was

calculations are explicitly given in Kattneg al
conducted in a similar fashion as in Brandaral®™ and finally a likelihood function was used to
obtain the most probable value Rf. Both, 5-DSA and 16-DSA spin probes, yielded valagéabout

R" = 2.64+ 0.03 nmP® This finding corresponds well with previously refeal radii of gyrationRg =
2.74 nm) obtained by small-angle neutron scatte(8&NS) experiments on HSA and also with the
results shown from the volumetric approach using B&, v = 2.78 nm) inrChapter 5.2

In a second viewpoint, the effect of varying dipaaolution times on the distance distributiond 6f
DSA probed HSA is tested in the range from 0.8 us < 2.6 ps as the pulse timing in DEER is
generally considered to be of utmost importdfit@he nominal loading ratio was chosen as 1:2 at 0.4
mM equivalents and is shown Kigure 5.7. All data were analyzed identically for filterirapt the
sole impact of the maximum available dipolar evioluttime (mw.x~ 7> — tg) on data quality, i.e. the
stability of the distribution shape (typically= 80 ns). An astonishing finding is that the mdistance
peak atPma.(r) = 3.5 nm is clearly visible in all distance distitions, however, the distribution shape

changes decisively with increasimg Ultimately, all three reported featuresrat= 2.2 nm,ry = 3.5
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nm andr, > 4.0 nm in DEER-derived distance distributions16£DSA probed HSA" are only
detectable together fag > 1.6 ps Figure 5.70).
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Figure 5.7 | Effect of dipolar evolution time 7, on P(r) in DEER experiments on 16-DSA probed HSAA sample
containing 16-DSA probed HSA in the loading rati@ At 0.4 mM equivalents was subject to a set ofing dipolar
evolution timesz,. The correspondingd) experimental DEER time trac&t)/V/(0), B) background corrected DEER time
tracesF(t)/F(0) with regularized fits (red) ancC} distance distributionB(r,r,) are given in increasing stepsf, = 0.2 us
with the most prominent features highlighted inygfia), green Ky) and red i(Q). All time traces were consistently analyzed
with a background dimensionaliy = 3.74 and a regularization parametgy= 100.

When all important interspin distance featungsriy, r.) emerge in the distance range from 1.5 - 5.0
nm, it can be estimated that the minimum requinedlable dipolar evolution timég.., that has to be

adjusted for sufficient resolution is given's:

_ 5772hr|_3 _ 5712hr,_3
Y oaGbE 4w

(5.25)

giving a value oftn. = 1.496 ps with the assumption that, = 5t/(4wmin). Furthermore, it is
conventional to approximate the intringjesalue product of nitroxide observer and pump spith
0a0s ~ 4. This coincides well with experimental obserwas made irFigure 5.7Cand actually means
that recording 5/8 of a full dipolar oscillation rpl is sufficient to extract the corresponding
maximum distancer(). Additionally, based on a givepa., the maximum resolvable distance in case
of a givent,x = 0.72 ps can be calculated from equation 5.2540= 3.92 nm and foty,x = 2.52 pus

it would bern,x = 5.95 nm, respectively. In this concern, theeetaro established rules of thumb that
help to discern in between valid mean distancgs,f,) and valid distribution widthsr ax) with the

relations®?

=5 tmax
rmax](r) - ﬂ (526)
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tmax

maxo =4 2us (5.27)

that yield similar values atmay, = 3.56 nm and 5.40 nm, respectively. Thus, theesponding
distribution shapes may be reliably interpretesWwel,.x, = 2.85 nm and 4.32 nm. Furthermore, from
experimental data with a time increment of the EIED@ump pulse oAt = 8 ns and a given number

of data points\; >> 4 the minimum resolvable distance can be ddfas:"

(5.28)

o 4(Nt—1)p0p§Atl/3: 2H)I~§Aty3
™ N -7 2n

and vyieldsryi, = 1.18 nm fort,. = 0.72 us as well as fah., = 2.52 us. Therefore, this parameter
mainly depends omt, i.e. thex-axis resolution and;, is anyway considered as experimentally
inaccessible due ttH nuclear modulation artifacts in DEER time tra¢g$H) = 14.1 MHz atB, =
0.33 T). This corresponds to a phantom distanabofitr(*H) ~ 1.6 nm as it can be seen in the upper
traces ofFigure 5.7A+B where proton modulation dominates the time dongita. Usuallytax is
defined by the cutoff of noisy data during datagessing in DeerAnalysid andty should be replaced
by t.t = ty being in the range of about 120 — 200 ns. Fromedtavailable datasets it is concluded that
all dipolar evolution times should be recordedeatst forr, = thax + te = 1.6 ps for experimental
DEER time traces on 16-DSA probed HSA that delreproducible distance distributions.

In order to obtain the impact of the SNR on theritigtion quality several time traces were recorded
for 5-DSA and 16-DSA probed HSA, again in the namhioading ratio of 1:2 at 0.4 mM equivalents
(Figure 5.8. Here, the increase in number of scafs 2" was rationalized witm O N,, while
constant experimental dipolar evolution times £ 2.5 ps) were adjusted. In principle, the general

duration of an individual DEER experimetig:r) can be approximated by the relation:

toeer = X Hx (5.29)
with

_ nppnpckNMAtSRT(Tl+ 7,2ty
At

(5.30)

Typically, n,, = 10 are the shots per poing. = 2 is the number of phase cycling std@sa = 8 is the
number of time increments for nuclear modulatioaraging,tskr = 1.5 ms is the shot repetition time
(SRT) andr; = 200 ns is the dephasing time of the Hahn echoesee. The number of data points in
time domain data can be obtained frdkn= (11 + 7o — 2g)/At. Thus, one scan in a usual spin probed
albumin DEER experiment takes abtut= 76.3 s. Particularly, in the view of data qtyafor 5-DSA
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probed HSA Figure 5.8A) it is of considerable interest to minimizger as in this case(r) appears
to be only stable above > 1024 Figure 5.8E).
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Figure 5.8 | Effect of experiment duration {pegr) on P(r) in DEER experiments on spin probed HSA.Samples
containing 5-DSA and 16-DSA probed HSA in the loadratio 1:2 and 0.4 mM equivalents were subjecvaoying
numbers of scanX (gray inset numbers) with equal maximum dipolasletion timest,, = 2.5 pus. Experimental DEER
time tracesVv(t)/V(0) are given for A) 5SHSA 120 andK) 16HSA 120. Corresponding background corrected DEER
tracesF(t)/F(0) are given together with their regularized fited) for C) 5HSA 120 and@) 16HSA 120. The resulting
distance distributionB(r,X) are also shown fole) 5SHSA 120 andK) 16HSA 120.

This corresponds to a minimum experimental durabibideer s= 22 hours. Unlike in 5-DSA, the 16-
DSA spin probe already reveals consistent timeegaboveX;s = 256 that consistently require only
about 25% of the measurement tirigg 16= 5.5 hoursFigure 5.8F.

The results foP(r) concerning the experimentally adjusted dipolayaion times in a time tracer
are graphically summarized Kigure 5.9A by investigating individual peak positionsi(r,z,). The
most sensitive features argandr, as they have low relative intensities and arectesrly detectable
in P(r) throughout the whole&,-range. Whereass= 2.27+ 0.02 nm andy = 3.53% 0.04 nm reveal
rather constant values, = 4.36+ 0.26 nm shifts to larger distances with increasinghis is a strong
indication thatr_ values (red dots) are noise artifacts that emehge to slight differences in

background correction procedufé&” and are only observed fay = 1.6 ps. Additionally, all peaks
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are compared tOnax, andrmaxs Values according to equations 5.26 and 5.27 stiggethat reliable

distribution shapes are only obtained fpp 1.4 us (gray dotted line).
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Figure 5.9 | Effect of experimental limitations on dta quality of spin probed HSA. Rationalization of experimental
limitations in typical DEER experiments on spin pediHSA. A) Graphical representation of interspin distaneguiees (s,

rw, r) emerging due to the differently adjusted dip@aolution timesr,. The curves fory,y, (black solid curve) anthas
(gray dotted curve) are calculated according taatiqns 5.26 and 5.2% (B) Logarithmic representation of the increase in
SNR of spin probed HSA with 16-DSA (black) and 5-D8Ad) at an increasing number of scXnsThe gray dotted line
gives an acceptable threshold for sufficient datality when using these spin probes.

This can be seen as an experimental proof of whathieen found by the simultaneous Tikhonov
regularization approacff! The feature, can be seen as an artifact that emerges due éotaimties in
the background correction of DEER time traces olethifrom 16-DSA probed HSA. The SNR values

shown inFigure 5.9Bwere obtained according to the relation:

SNR=

N (5.31)
oy M0 -F )
! i

whereas\; are individual modulation depths and the diffeeebetween experimental da¥(f)) and
the calculated dipolar evolution function§i(f), Figure 5.8C+D) is used for extracting noise
contributions. Therefore, all time traces have ¢éorecorded with a SNR > 21 for 16-DSA and a
SNR > 10 for 5-DSA in order to obtain reliable diste distributions from spin probed HSA. It is
assumed that due to the higher complexity of 16-t(b&8ed distance distributions the SNR-threshold
has to be set a bit higher than for 5-DSA. Thersf@6-DSA is evidently the preferable spin probe fo
high resolution DEER-based structural investigagidirom now on 16-DSA will be employed when

there is no specific need for screening the albtinarior with 5-DSA®
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5.6 | Discussion

In this chapter the importance of control over tais properties of albumin solutions was
emphasized. A strategy has been developed in tdefiably adjust sample pH and ionic strength in
these complex composite colloid suspensions maxie dgtycerol, DPBS buffer and albumin particles.
Some simple rulers about solution viscosity anditsmh density could be set up with help from
rheological studies when albumin concentrationased in 20% v/v glycerol and DPBS buffer at
physiological pH 7.4. This rationalization allowsr fsubjecting each individual sample to various
experimental conditions, especially in terms ofyuay ligand loading ratios that are essential o e.
CW EPR studies at room temperature and pulse EP&iexents at cryogenic temperatures (typically
50 K for DEER). Furthermore, the tremendous efteett protein concentration exerts on solution
properties could be exploited for extracting an ragpnate intrinsic viscosity /f] and excluded
volumes §(c)). The latter one can be obtained from volumetipproaches as well as from DEER
time traces provided that data sets are availabd tontain strategic variations in albumin
concentration§® After all, the recurrence of quite similar valdfies molecular dimensions of about
R = 3.0+ 0.4 nm for HSA and BSA that were assessed fronowarexperimentsRyy, R" andRy ;)
may serve as an intrinsic standard quality corfoofurther optimization strategies in this regalrd.
essence, the most important outcome is that albshape and functionality is rather unaffected when
20% v/v glycerol is added to a sample.

Once established, control about albumin sampleitguedn be further refined in terms of protein
consumption and signal quality in EPR experimehtaas found that in CW EPR experiments with
5-DSA probed HSA sufficient signal quality is ordpserved focs psa > 0.2 mM whereas application
of 16-DSA leads to better resolved spectral featufeor example, this finding is of significant
importance in case when only a small amount of $anispavailable as it was the case in the studies
shown inChapter 7 (PTM). The comparability of CW EPR spectra frorDSA and 16-DSA probed
albumin samples is therefore only guaranteedcfgimn > 30 uM provided that most of the binding
sites are saturated with paramagnetic spin prdbgsinciple, the upper limit of protein concentoat

is given by albumin solubility in DPBS pH 7.4 (0@wx < 7.5 mMM= 500 mg/ml albumin stock
solution)™” However, a good estimate would be that protein eptration in an EPR-active sample
should not exceedypumin = 1.0 — 1.5 mM and six molar equivalents of DSAngmobes per albumin

in order to prevent protein aggregation, albumihfgemation as well as micelle formation of ligand.
For sufficient resolution in CW EPR experimentshwiny purpose it is not necessary to exceed
Cabumin = 0.1 — 0.2 mM with 16-DSA as a spin probe in iagdatios from about 1:1 to 1:7.

In principle, DEER experiments reveal much morehssifrated concentration effects. It is well-
known that the increase in signal quality depenis wariety of parameters that are either based on
experimental settings as andz,, TWT attenuatiort”! temperatur€” with its associated changes in
spin dynamics ofT; and T,,**® the duration of an experimentoder) with all of its adjustable

parameters (equation 5.30), modulation depththe ligand loading rati” protein concentration
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(canumin) @S Well as spin concentratiomyé,) that in turn affect background dimensionamf” In this
mostly rather straightforward approach it was delted to which extent protein concentratXrand

7, OF tmax affect the quality of the resulting distance dittion P(r). The complex distance distribution
of 16-DSA-probed HSA can be fully resolved figr, = 1.4 us as it can be also predicted from
customary equatiort®:>3 However, it can be shown that reliable DEER-detidistance distributions
from 16-DSA require a higher SNR (SNR > 21) comgare5-DSA (SNR > 10). On the other hand,
time traces of 5-DSA-probed HSA accomplish thisuieement only foiX = 1024 scans. Additionally,

it was found empirically that a nominal equivalenncentration o€ysa = 0.4 mM yields best results
in comparative studies of 5-DSA- and 16-DSA-probt®A. This corresponds tps, = 0.8 mM and
can be also predicted with,; = 0.8 — 0.9 mNtY in case the inversion efficiency of a 12 ns ELDOR
pump pulse in a given resonator is accessible.iffersion efficiency. = 0.534+ 0.009 of the pump
pulse was determined from well-studied model biraldi*®*” This parameter also corresponds with a
value that was reported earlier from the same spmeter £ = 0.52) From now on it is considered
as the intrinsic modulation depth parameter ofapplied split-ring resonator of the used pulse EPR
spectrometer throughout this work. Both, from sitaéous Tikhonov regularization and
experimental optimization of concentration-dependeiDSA-probed HSA solutions the enigmatic
feature inP(r) at about 4.3& 0.26 nm can be ruled out to be an excluded volartifact that emerges
due to the application of incorrect background ni®die data analysis. Despite its glaring intrinsic
complexity that is here faithfully withessed inteagyhtforward and coherent outline, the simultarseeo
Tikhonov regularization approdet™® seems to be a promising method for handling somthe
previously enigmatic effects in DEER-derived disandistributions of spin probed albumin.
Presumably, with its general theoretical basis thethod bears the intrinsic potential to obliterate
background artifacts in a wide variety of paramaigngystems. Recently, a modulation depth scaling
approach has been introduced that seems to beearmtimising strategy for separation of intra- and

intermolecular contributions in DEER time traé¥k.

5.7 | Materials and Methods

Materials. Lyophilized powders of HSA (> 95%, Calbiochem), B§3igma-Aldrich), GSA (Sigma-Aldrich),
SSA (Sigma-Aldrich), 5-DSA (Sigma-Aldrich), 16-DS¢igma-Aldrich), glycerol (87% in water, ACROS),
pH 1-12 reference buffers (ROTICALIPURE, Carl Roth), pH 4.01 — 10.00 referencdfdns (Technical
buffers, WTW), PiercB" BCA protein assay kit (Thermo Scientific), Coomadsrilliant blue G-250 (CBBG,
AppliChem), ethanol absolute (>99.8% CHROMASOLV e@l-de Haen), OTPzg (98 atom % D, C/D/N
Isotopes), toluene (>99.9% ROTISOLV HPLC, Carl Rpffhosphoric acid (85%, J.T. Baker) and all sakse
used as received from commercially available saur@&e model biradical compounds RPEPE/B, PPE,
PPE/B, PPE/B and PPE/Bthat were used for pulse EPR spectrometer caililorgt) were kindly provided by
Prof. Dr. Adelheid Godt and Miriam Hiilsmann fromeRifeld University, Germart§?©”

Controlling Sample pH and lonic Strength. The general preparation of an appropriate DPBSebfiffits pH
adjustment and an exemplary sample is describégprendix C1 — C4andTable C1 — C3 In principle all pH
measurements have been performed on a pH metetldM&bledo EL20) equipped with a microelectrode
(Mettler Toledo InLaB Micro pH 0 — 14) and calibration buffers in the garfrom pH 1 — 12 (Technical buffers,
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WTW, as well as ROTI CALIPURE buffer solutions, Carl Roth). For DPBSffen preparation a pocket pH
meter was occasionally used at the MPIP (WTW pH320)

Determination of Qualitative and Quantitative Albumin Content. The components used for quantitative
BCA assays were purchased as precast commercialiable kits (PiercE' BCA Protein Assay Kit, Thermo
Scientific) and were used as received accordirg wodified protocol as describedAppendix C5 and Table
C4. Absorption atlgca = 562 nm was either recordedTat= 20° on an UV/Vis spectrophotometer (Hewlett-
Packard HP 8453) in combination with a Peltier terafure controller for the sample cell (Hewlettad HP
89090A) at MLU Halle or on a 96-well microplate dea at the MPIP Mainz (Tecan Infinité1000). Results
for two independent concentration measurements WML stock solutions of HSA, BSA, GSA and SSA are
shown inTable C5. The Bradford reagent was prepared very similahéooriginal proceduf¥! and was only
used for qualitative quick test8gpendix C5).

Assessing Excluded VolumeThe samples for determination of the excluded veluwere prepared with
greatest caution. First an appropriate amount ophylized BSA powder was weighed in tared Eppendorf
reaction tubes on special accuracy weighing mashinettler Toledo AX205 (MPIP) and AT261 Deltarange
(MLU): Amgsa = 0.03 mg). Thereafter, the powder was carefullgaliged in precisely adjusted and calculated
volumesV; (ca. 400 — 1100 pul) of 0.137 M DPBS pH 7.4 (Epmeh&keference 100 — 1000V, = 2 pl) with
occasional centrifugation (1 min at about 10.000ngdprder to deplete bubble formation. When a belite
solution was obtained and the protein was completilsolved, the initially added volumé4 that was used to
adjust the nominal BSA concentratiof, was in turn removed as a supernatant and theuadsiblumeV,, =
Viotal — V1 Was virtually taken as the excluded volume. Intaly, the measurement of the residual voluvihg
was conducted with a 10 — 100 ul Eppendorf Refergipette AVe, = 2%) with utmost care and occasional
centrifugation of the solutions. The concentratiange was set in the range frap,, = 10 — 200 mg/ml. The
excluded volume reached peak values of up'fo= 80 ul for the highly concentrated solutions wétk 200
mg/ml exhibiting a total volume of aboMiy, = Vi + Ve = 0.5 ml. Results from these experiments are shown i
Figure 5.1

Viscometry and Densimetry.All samples for viscometry and densimetry have bgepared from 120 mg/ml
BSA stock solutions¢g{c) = 0.0975) in DPBS buffer that were equipped vid@% v/v glycerol (87% glycerol,
ACROS) and titrated to pH 7.4 with appropriate plfférs. The results are shownkigure 5.2 The solution
densitiesp were measured on a densimeter (DM 40, MettlerdaleThe dynamic viscositieg of BSA-
containing solutions were determined with a watehbmmersed Ubbelohde viscometer (capillary: 53[€)3
and an automatic flow time measuring system in &8/870 setup al = 25°C (ViscoSysteft)y SCHOTT)
using the relatiom = Cpt; as described in Cannen al® Here,C = 0.02998 mrhs™ is a device constant of the
viscometer and; is the flow-time of the liquid. Both devices weoperated in the polymer analytics service
division of the MPIP in Mainz and all experimentsre patiently conducted by Sandra Seywald. For miagc
the requirements of the instrument the final sanvoleme has been adjusted to 6 ml each. It wasddhat
bubble formation constitutes a major drawback fobexperiments.

Rheology. All supplementary experimental rheological dataegivn Table 5.1 were obtained from a Physica
MCR 301 Rheometer (Anton Paar) provided with a GR5DG gauge head forming a cone-plate measuring
system. Samples were prepared from ultrapure wafewt% glycerol, DPBS buffer pH 7.4 and a 88.7 mmg/
BSA stock solution in DPBS¢{(c) = 0.0721) with a required sample volume of 1.25itrated to pH 7.4. The
shear rate-associated dynamic viscosijiagere recorded with increasing complexity of thiuson in the range
from 0 — 2000 & and were back-extrapolated to zero-shear rate frenlinear regime of shear-thickenffty
from about 500 — 1800 ssimilar to standard procedures reported elsewhefThe experimental shear curves
are shown irFigure C3 of Appendix C6.

Arbitrary Shape of BSA. An estimate about the radius of gyratidt) of BSA and its average rhombic heart
shape was made with help of the YASARA Structurensaré™ using the pure crystal structure of BSA (PDB
ID: 3v03)
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EPR Spectroscopy.Sample Preparationin principle, all EPR-active HSA samples have bgeapared
according to the scheme presentedppendix C4 andTable C3. The sole specification to be made is that the
protein stock solutions were prepared as 2 mM HSBPBS buffer pH 7.4 and the spin probe stock smist
were adjusted to 26 mM 5-DSA and 16-DSA with 0.1KKH. The nominal concentrations of HSA and DSA
were adjusted in the range from 0.1 — 0.7 mM ar®l-0.1.4 mM, respectively. Thus, the molar ratio of
HSA:DSA was kept constant at 1:2 molar equivaléntsall experiments. Each sample was equipped 2686

v/v glycerol and titrated to pH 7.4.

The biradicals were prepared in the concentrattmge from 0.27 — 0.85 mM in perdeuterated orthpkienyl
(OTP-d., seeTable C6) very similar to a procedure described in Geal“®! This is typically done in order to
expand the accessible time domain range in DEERrempnts 1., as electron-nuclear spin-spin interactions
in deuterated solventg-{D) contribute much less to relaxation processe® ds/drogen-containing samples
(e'H).*" A thorough description of the sample preparatichesne and experimental results is given in
Appendix C7. For CW EPR experiments about 15 pl of the fir@lltsons were filled into micropipettes
(BLAUBRAND® IntraMARK) and for DEER measurements about 40 —uB@vere filled into 3 mm (outer
diameter) quartz tubes (Heraeus Quarzglas) and swdreequently shock-frozen in liquid nitrogen-cdok
methylbutane.

CW EPR ExperimentsA Miniscope MS200 (Magnettech GmbH) benchtop specéter was used in order to
record X-band CW EPR spectra for all EPR-activedamfigure 5.3 at microwave frequencies of 9.39 GHz
that were recorded with a frequency counter (m@déll, RACAL-DANA). All measurements were performed
atT = 25°C using modulation amplitudes of 0.1 mT armvaep width of 12 mT. The microwave power was set
to Pyw = 10 mW.

DEER ExperimentsA wide variety of DEER experiments was performed EPR-active HSA samples and
model biradical§'®®” The preparation of these biradical samples in @ertated ortho-terphenyl (OTRdis
explicitly described iMppendix C7 and all associated structures and parametersiwa o Figure C4 and
Table C6. The general 4-pulse DEER sequefit&!

i(rfz)obs_'fl_(n)obs,1_(td'|'t0+NtAt)_(77)pump_(t,_NtAH'td)_(77)obs,2"f2—e(3ho

was used to obtain dipolar time evolution data dtaXd frequencies of 9.1- 9.4 GHz with a BRUKERXE}&s
E580 spectrometer equipped with a BRUKER Flexlipkt-sing resonator ER4118X-MS3. The temperature
was set to 50 K for all experiments by cooling watltlosed cycle cryostat (ARS AF204, customizedpidse
EPR, ARS, Macungie, PA) and the resonator was oupled toQ ~ 100. The pump frequenay,m, was set to
the maximum of the field swept electron spin ecB8K)-detected spectrum. The observer frequeggywas
set to Vpump + Av With Av being in the range of 65 MHz and therefore coimgidwith the low field local
maximum of the nitroxide ESE spectrum. The obsepidse lengths for each DEER experiment were s8Rto
ns for both772— and7=pulses and the pump pulse length was 12 ns. Addily, a 2-step phase cycle) (was
applied to the firsi#2 pulse of the observer frequency for cancellingreceiver offsets and unwanted echoes.
For albumin samples containing paramagnetic 5-DB8& E6-DSA spin probes the pump pulse positioh t,
after the first observerzpulse deadtiméy was typically incremented fdy, timesteps ofAt = 8 ns in the range
to +t =1, + 1, — A4, Whereag; andz, were kept constant. Here, the impact on data tyuaks investigated by
strategic variation of albumin concentratiot§g(re 5.4), dipolar evolution times, (Figure 5.7) and the
number of scanX (Figure 5.8). The impact of concentration was investigatedhlie same samples as used for
CW EPR €4sa = 0.1 — 0.7 mM) whereas optimization Xfandz, was exclusively conducted with samples that
containedcysa = 0.4 mM and 0.8 mM Y-DSA. The increments of thamner of scans was rationalized ky=

2" with n O Ng and dipolar evolution times were individually astied for each experiment in the range from

0.8 — 2.6 ps in steps af, = 0.2 pus with a shot repetition timetgkr = 1.5 ms. Proton modulation was averaged
by addition of eight time traces of variahlestarting withz; ;= 200 ns, incrementing bAr; = 8 ns and ending
up atry g = 256 ns.

As the model biradicals were embedded in a degtgratatrix (OTP-¢;) the maximum echo amplitude was
found forz; = 396 ns andsgr = 3.0 ms. Dipolar evolution times and time incremsewere adjusted in the range
fromz, = 4 — 22 us andt = 8 — 32 ns, respectively. This was done in otdéeep the number of data points in
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the range 400 4, < 700. A conventionalH modulation averaging procedure was applied aD®A-probed
HSA as?D modulation from OTP-d was found to have no or at least a minor effecttlom distance
distributions. In a conventional experimental setup maximum TWT gate time limits the range of relable
dipolar evolution times to about 10 ps. This prableould be overcome by simply increasing tthealue (d) in
the pulse programmer to about 300 ns. The runtonéhe DEER experiments was in betwégir = 1.5 — 17.0
h. However, after 2 — 3 h most of the time tracasg & sufficient SNR facilitating straightforwardtal@nalyses.
The experimental results are giverFigure C5A andTable C7.

Data Analysis:All DEER time traces were exclusively analyzedhaihe MATLAB-based program package
DeerAnalysis2018° DEER time traces obtained from spin probed HSAeweetalyzed with different strategies.
The concentration-dependent experimerfiggure 5.4 were regularized withus = 1000 anda;e = 100
throughout. In this study the background dimendipnd was regarded as an adjustable parameter and the
results are shown ifrigure 5.5 The same data set was subject to a home-wriftanltaneous Tikhonov
regularization procedure that was explicitly dased and conducted by Dr. Daniel R. Kattnig. Theefdd
distance distributions free of background and edetlivolume artifacts are shownFRigure 5.65%

The effect emerging from differeat values that was tested for 16-DSA probed HSA ilesdd out assuming a
constant background dimensionality®f= 3.74 andx;s = 100 Figure 5.7). It was found that only, = 1.6 us
leads to stable distance distributid?(s) where all features can be resolved. The effedrgimg from different
scan numbers was filtered by analyzing the SNRdgo 5.31) for 5-DSA and 16-DSA probed HSA in the
range from 1 <X < 2048 scans, or 0 k< 11 forX = 2". Therefore, the parametess= 2.5 usD = 3.74,a5 =
1000 andx;6 = 100 were kept constant throughout.

DEER time traces of biradicals were analyzed wittied background dimensionality values in the rafrgen
3.17 — 3.55. The regularization parametgrsnterspin distances in the range from 2.85 nm<«7.52 nm and
modulation deptha can be found imable C7. All corresponding data analyses are graphicapresented in
Figure C5B-D. The distance-independent value of the modulatiepth parameter of the BRUKER Elexsys
E580 pulse EPR machine equipped with the Flexlplig-8ng resonator ER4118X-MS3 was determined &s
0.5342+ 0.0092 Figure C6) according to an approach that was already outlineHilgeret al*?
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polymer analytics service division of the Max Plarostitute for Polymer Research (MPIP), Mainz, Gany.
All calculations and derivations concerning theraation of HSA-based excluded volumes and the $anabus
Tikhonov regularization of DEER time traces showirigure 5.4were devised by Dr. Daniel R. Kattnig during
his postdoctoral research stay at the MPIP, Ma@emany. The biradicals were kindly provided byfPEr.
Adelheid Godt and Miriam Hulsmann from Bielefeld i\grsity, Germany. Additionally, some useful and
considerate hints for tackling spectrometer-spedifnitations in DEER experiments on biradicalsQi P-d 4
were kindly provided by Prof. Dr. Gunnar JeschKEHEZurich, Switzerland.
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6 | The Genetic Fingerprint of Spin Probed Albumins

Here, the effect of genetic variety on the mode ththy acids align in albumins has been invesédat
in a similar way taChapter 4 mainly utilizing DEER spectroscopy. Commonly, moSthe mammal
albumins have an amino acid sequence identity & 7282.0 % compared to HEA with a few
exceptions such as 93.5 % for rhesus macaque ms&fkayd other primates in general. As it was
already shown ifChapter 4 in a comparison of HSA and BSA, only few aminoda@placements at
decisive regions of the primary structure may léadh different appearance of the DEER-derived
distance distribution of albumin self-assemblechvaaramagnetic fatty acids. To this effect, Faegli
al. claimed that most amino acid residues in alburtfias are involved in ligand binding are largely
conserved among mammal albumins. In order to detemte tangible albumin-bound fatty acid
fingerprints from DEER, three additional commergiahvailable albumins, goat serum albumin
(GSA), sheep serum albumin (SSA) and feline serlanain (FSA) are directly compared to the
reference standard H8AIn a more qualitative way. Furthermore, these timftil mammal albumins
were strategically chosen as their HSA-based segusimilarity spans the aforementioned similarity
range from 74.5 — 81.8 % to a sufficient extente Tiost important bioinformatic benchmark data are
summarized iMable 6.1also including data for BSA as obtained from thévidrsal Protein Resource
(UniProt)® and from the Basic Local Alignment Search Toolgooteins (BLASTPY ™

Table 6.1 |Several properties of the investigated mammal albsim

Organism  Species Acronym  Taxil FASTA® AMWC[kDa] HSA similarity 9 [%] Cys34° N,
Human Homo sapiens  HSA 9606 F6KPG5 66.54 100.0 + 585
Cow Bos taurus BSA 9913 P02769 66.44 75.5 + 583
Goat Capra hircus GSA 9925 B3VHM9 66.32 745 + 583
Sheep Ovis aries SSA 9940 P14639 66.34 74.7 + 583
Cat Felis catus FSA 9685 P49064 65.85 81.8 + 584

Taxid = Taxonomic identifier according to the NCBImmenclature "PFASTA = UniProtKB accession code for FASTA
sequenc®! Albumin molecular weights (AMW) were calculated rficthe corresponding FASTA sequence with a protein
molecular weight calculator toBf! “HSA similarity of each type of albumin was calcethfrom FASTA sequences utilizing
the BLASTP 2.6.1 softwaré-%! °Cys34 = in case the cysteine at chain positiorsJ#ésent that is not involved in a disulfide
bridgé™ 14 a (+)-sign is accreditedN,, = number of amino acids in the albumin primarysture from individual FASTA
sequences.

Beyond the aim of comparing mammal albumins byrtB&ER-derived fingerprint of paramagnetic
fatty acid alignments, first of all their mutual adutionary relationship can be represented in a
phylogenetic tree as shown fiigure 6.1 Allover, there are three evolutionary branchesesented

by the choice of albumin types that may principakhibit slight differences in functionality and
solution shape. Cattle, goats and sheep are galtettosely related with a mutual albumin sequence
identity of > 92.1 % Figure 6.1) and < 78.2 % compared to FSA and HSA. They dbrizeto the
realm of the ruminant even-toed ungulates with f@nd exhibit a sequence gap at residue position
116 being valid for all hoofed animal5as it was already noticed Appendix B4 for BSA. Cats are

derived from the carnivore branch comprising an H®&4uence identity of 81.8 % and 76.4 — 77.7 %
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compared to the three ruminant even-toed ungul@tes human organism originates from the branch

of rodents (glires) traversing the evolution of primates.

FSA HSA

SSA
GSA
. Felis catus
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Figure 6.1 | Phylogenetic tree of mammals and album homology. This phylogenetic tree highlights organisms whose
albumins are investigated here and throughoutvibik. Albumin-derived sequence similarities in parcwere calculated
with the BLASTP 2.6.1 progrdfn® and are given in a schematic correlation matrthatbottom left. Al mammal silhouette
depictions were obtained from a public domain imagerider'*® The phylogenetic tree was constructed from thertamic
lineage as found in the UniProt datab&se.

6.1 | Experimental Results

The primary strategy is now to expose these albsirtonvarying fatty acid loadings with the spin
dilution approacH as it was also shown Bhapter 4 for BSA.™® It is now assumed to be crucial that
all compared albumin samples are prepared at coahplelentical protein concentrationséa, = 0.4
mM) and identical equivalent ratios of albumin:D&BRSA. The positive side effect of this approach
is that all experimental parameters (especially SN, of the DEER time traces can be adjusted
similarly for optimum and comparable data analygesexemplary demonstration of the significant
improvement in the distance distribution resolutiby an appropriate choice of equivalent
concentrations can be found kigure D1. Until now, CW EPR studies were not pursued inagre
detail, however, an exemplary loading ratio of Q:& all four albumins suggests that not only ligian
binding affinities may vary from albumin to albumibut also the diffusion tensors have slightly
different properties when comparing binding of 5A&s well as 16-DSA to diverse albumin species
(Figure D2). Interestingly, already on the stage of albunmotk solution preparation, complications
arose in case of FSA, as its solubility appeanset@omewhat lower compared to all other albumins.
While a 2 mM stock of FSA in 0.137 M DPBS at pH %&dntained sediments of presumably
undissolved protein, a dilution towards 1 mM showedear solution and did not exhibit this kind of
behavior anymore. Therefore, a SDS PAGE was coeduat a precaution, confirming that no

considerable aggregates or impurities are presghtiFSA stock solution&igure D3).
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Due to the vast amount of combinatoric possibgitié different paramagnetic and diamagnetic fatty
acid loadings, a strategy was chosen that confimesatios to 1:1:0, 1:2:0, 1:2:2 and 1:2Ny E 4),
assuming that all albumins (XSA) possess at laadlaty acid binding sites so that a major ligand
fraction is constantly absorbed by all albumin sksipApplying the 5-DSA and 16-DSAgsa = 2)
spin probes in order to survey the interior (C54 asurface (C16) ligand-associated nitroxide
alignments in the four albumin®Ngsa = 4), a minimum set ONpger = Npsa X Nyxsa X Ny = 32
successful DEER experiments has to be collectedemleeless, several measurements had to be
conducted in duplicate, triplicate or in differitgading ratios for obtaining reasonable time traces
The 1:1:0 loadings are primarily intended to previ basis for an estimation of the background
dimensionality D) of the intermolecular part from a DEER time trathis strategy is usually pursued
and realized with singly spin-labeled proteins (oralicals) in EPR spectroscopy lacking dipolar
evolution function$'*® Therefore, the 1:1:0 albumin:DSA ratios should stitate a mimetic
monoradical approach as shown in Jenlal®™ However, it turned out that due to excluded volume
effects from the 2 mM albumin stock solutiongc} ~ 0.108, seeChapter 5.2, the calculated
albumin:DSA ratios from sample preparation actuaiby cause a slight effective overpopulation (ca.
(n) = 1.1 — 1.4 equivalents of DSA per albumin, sagaéqn 2.103) resulting in the emergence of time
traces with dipolar oscillations of low modulatidepths {10 = 0.06 — 0.20) as the self-assembled
system statistically generates 1:2:0 occupatiangdly chance. This dynamic effect can be observed
in DEER time traces as soon as a small fractioallmimins in a sample forms such 1:2:0 complexes
to a certain percentage and was already mentiosedrainor drawback for DEER data analysis.
The reason for this effect may be concealed irstagstical, non-uniform loading order of individua
binding sites in albumif8?! as it was already outlined Bhapter 3. Consistently, not all DEER
experiments with a nominal 1:1:0 equivalent loadiatio may deliver reliable distance distributions,
however, the results in this regard are attachédguare D4.

A complete set of DEER time trac&%t)/V(0), dipolar evolution function§(t)/F(0) and distance
distributionsP(r) of each of the four albumins is shownHigure 6.2 (5-DSA) andFigure 6.3 (16-
DSA) in the loading ratio ranging from 1:2:0 — #.2All datasets have been cross-correlated tofgerti
an appropriate choice of background dimensionalilieand modulation deptirs. A summary of the
obtained parameters together with their standavitiens in this regard is given rable 6.2

It has been shown earlier, that the background mineality of DSA-probed HSA is about 3.72?
although this parameter may also be explicitly emti@tion-dependent in a non-trivial fashion
(Chapter 5). However, it turned out here that each albuminy rhald an intrinsic individual
background dimensionality that can be isolatedpidgc cross-correlation of data sets. The resgltin
fractal dimensionalitie®; are found to be independent of the use of spibegfor all albumins apart
from HSA, showing a slight discrepancy in betweeD3A and 16-DSA. Surprisingly, background
dimensionalities of FSA were below 3.0 througholit experiments ranging from 2.65 — 2.91,

deviating from all other albumin®(= 3.3 — 3.7).
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Table 6.2 [Background dimensionalities and modulation depthspin probed albumins (XSA)

Ds psa’ Di6psa’ As.psa’ As60sA
HSA 3.52+ 0.07 3.74: 0.03 0.212+ 0.023 0.29G 0.054
GSA 3.29+ 0.03 3.29+ 0.09 0.292+ 0.020 0.40& 0.076
SSA 3.41+0.14 3.49+ 0.09 0.166+ 0.049 0.25& 0.044
FSA 2.78+0.11 2.81+ 0.06 0.155: 0.016 0.204: 0.015

*Fractal background dimensionalitibs are given as the mean values of fatty acid loadingy®, 1:2:0, 1:2:2 and 1:2:4 from
Figure 6.2, Figure 6.3 andFigure D4. "Modulation depths\; are given as the mean values of the fatty aciditgs 1:2:0,
1:2:2 and 1:2:4 frorfrigure 6.2 andFigure 6.3 All errors are given as the standard devatioos fthe mean value.
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Figure 6.2 | XSA loaded with 5-DSA and r5-DSA in th ratio 1:2:0 to 1:2:4.DEER experiments were conducted with
HSA (X = H, black), GSA (X = G, orange), SSA (X #@ay) and FSA (X = F, blue) loaded with 5-DSA aBeDSA in the
albumin-to-ligand ratiosA) 1:2:0, 8) 1:2:2 and C) 1:2:4 (1 eq = 0.4 mM). All original raw DEER tinteaces are shown on
the left, dipolar evolution functions (black) wifih curves (red) are shown in the middle and thstagtice distributions can be
seen on the right. All samples have been equippdGM mM equivalents of albumin, DSA and r-DSAp&t 7.4 and 20%
v/v glycerol.
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Figure 6.3 | XSA loaded with 16-DSA and r16-DSA ithe ratio 1:2:0 to 1:2:4. DEER experiments were conducted with
HSA (X = H, black), GSA (X = G, orange), SSA (X s@ay) and FSA (X = F, blue) loaded with 16-DSAlati6-DSA in

the albumin-to-ligand ratiosA) 1:2:0, 8) 1:2:2 and C) 1:2:4 (1 eq = 0.4 mM). All original raw DEER timeaces are
shown on the left, dipolar evolution functions @Xpawith fit curves (red) are shown in the middiealistance distributions
can be seen on the right. All samples have beeipgeg with 0.4 mM equivalents of albumin, DSA anD3A at pH 7.4

and 20% v/v glycerol.

On the other hand, the observed modulation depihi® {IGSA are much higher than for other
albumins, although samples and experiments haveeah prepared exactly in the same way. Though
distance distributions from 5-DSA aligned in alb@aiins commonly appear complicatdeigure
6.2), it can be clearly seen that the distributions@®A and SSA are practically identical for 1:2:0
loading ratios. For this 1:2:0 loading ratio albamins possess their maximum distance probability
Pmadr) at 2.1 — 2.3 nmHigure 6.2A (right hand side)). GSA, SSA, and FSA have pronednc
distance peaks at 2.1 — 2.4 nm and 4.0 — 4.4 nonghiout all loadings for 5-DSA and with increasing
fatty acid content additional peaks are emergingpditting in between these two pronounced features
Only HSA shifts its maximum peak from 2.3 to 2.9 atrhigher loadings as it was reported eaffler.

Primarily, distance features exceeding 5.2 nm shbalregarded as artifacts becattge~ 2.3 Us (see
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equation 5.26%% The distance distributions from 16-DSA loadingpesr slightly less complicated,

but again GSA and SSA exhibit quite similar digitibn shapes with the most prominent peaks of
varying intensity at 3.0 — 3.4 nm, 3.8 — 3.9 nm dnt— 4.9 nm emerging almost throughout all fatty
acid loading equivalents. Exclusively, the 4.7 nealp of SSA vanishes at 1:2:4 equivalents of 16-
DSA. Therefore, this feature is most probably aulegzation artifact for alP(r) in this study (see

also Chapter 5). Again, with increasing fatty acid loading, thistdbution of GSA evolves to a bit

more anisotropic shape than observed for SSA witlearly resolved additional peak at 2.7 nm. The
distribution from HSA exhibits the well-known peakisabout 2.3 and 3.5 nm with an additional peak
at 3.9 nm arising only at higher loadings. Thusghbek singularities of HSA resemble quite well with
GSA and SSA for higher loadings albeit being of iobsly different intensities. FSA again has a
conserved distribution shape at all loadings exinipimaxima at 3.2 and 4.2 nm with the latter one

seemingly not coinciding with all other albumins.

A B

5XSA 124 16XSA 124
4 4
CS170 CS170
-;- 3 MD,7o ';‘ 3 MD,7o
S, HSA 5, HSA
E_‘—/ ~ A ; a 2 \/J\ SSA

\_/ GSA

FSA FSA

2 4 6 8 2 4 6 8
r [nm] r [nm]

Figure 6.4 | Comparison of theoretical and experimgal P(r) for maximum binding site occupation of all albumns.

The theoretical distance distributions from HSA'systal structure (PDB ID: 1efif are presented together with
experimental DEER results. The extrapolated dis&r@8&, (red) from this crystal structureTgble AP and the
theoretical solution structure MB (green) from a 3.8 ns MD simulation snapshot waken from the matrices ifiable
G3. The line widths have been adjusted with a Gandsiaadening ofs = 0.13 for 5-DSA and¢ = 0.18 for 16-DSA (see
equation A.1). Experimental DEER results froff) 6-DSA and B) 16-DSA alignments are taken from fatty acid |oadi
1:2:4 inFigure 6.2CandFigure 6.3C. Here, all regularization parameters were chosgralyy atas = a5 = 100.

In Figure 6.4a comparison of all 1:2:4 loadings of HSA, GSAASSd FSA fromFigure 6.2C and
Figure 6.3C s given for 5-DSA and 16-DSA. Additionally, theystal structure-derived fatty acid
alignment data (C$)"® and MD-derived data (M3, of the solution structure from a snapshot at 3.8
ns runtime are given (taken froable G3 in Chapter 9), assuming that the fully occupied HSA
molecule has equivalent binding site associatiorstamts. Here, paradoxically, the albumin intea®r
monitored by 5-DSA gives the largest deviationH8A compared to HSA's crystal structure (&p
and solution structure (MR). An analysis of RMSD values in between R{t) shapes as shown in

Chapter 4 was not conducted éble B1).
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All other albumins, GSA, SSA and FSA, resemble smvéeatures that also emerge from the
theoretical predictions for 5-DSA, especially themks at 2 and 4 nm in Mk The MD simulation
for HSA self-assembled with 16-DSA gives quite piging results, especially the bimodality from the
maximum at 3.0 nm and 3.7 nm can be qualitativélseoved for HSA, GSA and SSA, while FSA
lacks the peak at 3.7 nm.

Finally, a direct experimental comparisonRif)’'s from BSA (see als&igure 4.1B) with SSA and
GSA at a low concentration 1:2:0 loadings with 5AD& eq = 0.17 mM) is given ifigure 6.5A
Apart from the lack of peak resolution in SSA comggh to Figure 6.2A, all three distance
distributions are very similar (corresponding titreces and regularized fits are giverFigure D5)
reflecting the high mutual sequence identity 0B2>1 %. Therefore, the fatty acid ligands aligraim
almost identical fashion in ruminant albumins. Mehite a crystal structure of SSA has been released
(PDB ID: 4LUF)*®! A comparison of the structural alignments of SSithwASA (RMSD = 1.539 A
for PDB ID: 1BM0J*® and BSA (RMSD = 1.207 A for PDB ID: 3v3%j using the MUSTANG
algorithn®® again reveals that SSA is closer related to BS#iscture than to HSAR{gure 6.5B).

A B
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(1eq.=0.17 mM)

N
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Figure 6.5 | Comparison of the ruminant albumins B8, SSA and GSA at low concentration(A) Distance distributions
from DEER experiments on BSA, SSA and GSA are conapfmea 5-DSA loading ratio 1:2:0 (BSA = deep perpgbSA =
orange, SSA = gray) and at 0.17 mM protein conegiotr (= 0.34 mM 5-DSA).K) MUSTANG alignmenit® of BSA (PDB
ID: 3v03, deep purpld$”! and SSA (PDB ID: 4LUF, grayj®

6.2 | Discussion

Here, the choice of all investigated albumin spedias been conducted by sequence identity and
commercial availability. The degree of similarity fatty acid alignments in the DEER-derived
distance distributiond(r) appear to be closely related to the mutual sempuddentity of all
investigated albumins. Although greatest care hesnbexercised upon sample preparation and
experimental setups according to the findingCimapter 5, several experimental parameters that
supposedly are under control still comprise a gefd@ndwidth of values (e.@\;). Nevertheless, a

maximum accuracy and quality of the DEER time tsaceuld be achieved for all levels of fatty acid
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loadings of the albumins (XSA, apart from 1:1:@),tkat data analysis leads to comparable results.
The solution shape of individual albumins is onBtetted indirectly by DEER, but may in fact be
hidden in the fractal background dimensionall@y és shown infable 6.2 The determination of the
actual solution shapes of all albumins should ectfely determined by SAXB or by established
light scattering methods like DLI&:3

A more unintentional side aspect of the choicellofimins is that the respective organisms are indeed
exposed to varying dieis vivo. While BSA, GSA and SSA are derived from herbivorganisms,
FSA is from a carnivore and HSA from an omnivonetetestingly, each albumin of a specific
evolutionary branch seems to obey a certain intriigand alignment principle. This finding was
already proposed from thorough bioinformatic aned{8 Whereas herbivore albumins exhibit very
similar fatty acid alignments with complex and cgated appearances Bfr), generally resembling
the rigid crystal structure (PDB ID: 1e7f) much better than HSA and FSA, carnivore and omeivo
albumins disclose a much smoother and stable aqpeaiof the distribution shape, regardless of the
level of binding site occupation. It has been pemubearlier, that this is due to a flexible andriguic
surface of HSAY In Chapter 4 it was found from a descriptive bioinformatic arsi$ that the
differences in the DEER distance distributions fréaty acids between HSA and BSA can be
partially traced back to differences in hydropafhlyis strategy has not yet been applied here.

Being the major transport protein in the mammal yoid is appealing to conclude that the
adaptability, flexibility or isotropy of albumin aproposed by Karu§k3¥ has to rise with an
increasing complexity and variety from customargdsupply of each organism. In a recent review of

Litus et al®¥

it was highlighted that albumins have a highly semred propensity for intrinsically
disordered structural regions, being valid for H&Awell as for BSA. In case this structural disorde
was supposedly present in all mammal albumins,istamly, the different DEER-derived fingerprints
from 5-DSA and 16-DSA may also be caused by diffetggand binding affinities of individual
binding sites, resulting in a variation of relatiistance peak intensities ifr) as observed iRigure

6.2 and Figure 6.3 However, a thorough discussion of this subjecbeyond the scope of the
collected data sets. It is therefore inevitablsuo/ey some more albumins from carnivores (e.g) dog
and omnivores (e.g. rat and monkey) with an adwfiguantification of the number of binding sites
and binding affinities (see e.Ghapter 7). This is usually done by constructing Scatchdodspgfrom
CW EPR spectra from exclusively paramagnetic fatigs interacting with albumif?’

Therefore, the ligand-based anisotropyPifn) as observed in ruminant albumins, unlike HSA and
FSA, can only be explained with the consecutiiin§jl of more topologically fixed binding pockets
according to their individual association constafis;).*® Many of the features ifP(r) can be
reproduced qualitatively with theoretical approachs it is shown ifrigure 6.4. Unfortunately, as
each distance peak of an experimentally obsenttddaid distribution is composed of at least 2r3
more of the altogetheX, o = 21 potential interspin distances (assuniiyg= 7 binding sites as for

HSA) 2 there is no clear strategy at hand to find outcWhiinding site is occupied first based on the
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data sets collected here. A more dedicated apprivatifis regard is presented @hapter 9 where
data from the MD simulations originate froffigure 6.4, green trace). The observed inconsistencies
in modulation depthg; in Table 6.2 should be investigated in terms of inversion éficies from
inversion recovery experiments, as it was alreadiet! for HSA by Junét al®” When inspecting the
findings for HSA inChapter 5, it is evident that also the optimum concentration comparative
DEER measurements may be intrinsic for each albuiiis optimum concentration depends on spin
dynamics and the dynamic and structural naturéefriternal fatty acid arrangement. Some of these
aspects should be at least partially accessibl€, and T, measurements, as well as from Scatchard

plots and further dynamic analyses of continua@iVé EPR studies.

6.3 | Materials and Methods

Materials. Lyophilized powders of HSA (>95%, Calbiochem), BSBSA, SSA (Sigma-Aldrich), and FSA

(Equitech-Bio), 5-DSA and 16-DSA (Sigma-Aldrich)nda 87 wt% glycerol (ACROS) and phenylhydrazine
(97%, Sigma-Aldrich) were used without further figetion. DPBS buffér®! at pH 7.4 was prepared according
to the original protocol as shown Appendix C1.

Sample Preparation.Albumin stock solutions were prepared by dissa@\ine lyophilized powders in 0.137 M
DPBS buffer (pH = 7.4) giving aqueous solutionslafr 2 mM XSA. The paramagnetic spin probe solgtion
were prepared with appropriate amounts of 0.1 M K@ing a concentration of 26 mM DSA. The reduced
EPR-silent spin probes (r-DSA) were prepared adagrtb the procedure describedAppendix B5. The final
albumin concentrations in the samples were keptsteoh at 0.4 mM, while appropriate equivalents of
paramagnetic and diamagnetic spin probes were aalsledlltiples of 0.4 mM to yield the desired 1:1L(2:0,
1:2:2 and 1:2:4 loading ratios. The final aqueonisitions of albumin together with fatty acids wengpplied
with 20% v/v of glycerol to prevent crystallizatioqpon freezing and were finally titrated to pH 7#4Q0.03 with
appropriate DPBS titration buffers (s@ppendix C2). Some of the samples have also been prepareddaugo
to a scheme similar tGhapter 4, where the combined concentration of DSA and r-D$Shere kept constant at
0.34 mM and the protein concentration is decreasedrdingly Figure 6.5andFigure D5). All samples were
prepared individually and as an example the impacioncentration on the quality of distance disttibns is
shown inFigure D1. For CW EPR measurements, about 15 ul of sampie fiked into a quarz capillary with
ca. 1 mm outer diameter. For DEER measurements &0qu of the final solutions were filled into 3 mm (@ut
diameter) quartz tubes and shock-frozen in liquithgen-cooled 2-methylbutane for subsequent DEER
measurements.

Stuctural Alignments. The crystal structures of HSA (PDB ID: 1BM&J, BSA (PDB ID: 3v03¥” and SSA
(PDB ID: 4LUF}* were aligned with YASARA Structufd utilizing the MUSTANG algorithn¥® According
to the procedure described Appendix B3 a RMSD value of 1.207 A and a sequence identit91085% over
577 aligned residues was found for a comparisoB®4 and SSA. Furthermore, the comparison of HSAwit
SSA yielded a RMSD of 1.539 A and a sequence itjeoti74.34 % over 569 aligned residues.

EPR Spectroscopy.CW EPR Experimentaviniscope MS200 and MS400 (Magnettech GmbH) benzhto
spectrometers were used for X-band CW EPR measuateraemicrowave frequencies of 9.39 — 9.43 GHzt tha
were recorded with model 2101 frequency counte AQRL-DANA). All measurements were performedTat
25°C using a modulation amplitude of 0.1 mT andvaep width of 12 mT. Some representative results of
comparable CW EPR spectra are giveRigure D2.

DEER Experimentdn total a broad set of DEER experiments was peréal on spin probed, EPR-active XSA
samples. The general 4-pulse DEER sequéfi¢8:

H(712)opst1—(7) obs, T (ta+torNAL)—(7) pump_(t,_NtAH'td)_(n) obs,z T—€ cho
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was used in order to obtain dipolar time evolutitata at X-band frequencies of 9.1- 9.4 GHz withRUBER
Elexsys E580 spectrometer equipped with a BRUKEBXIFie split-ring resonator ER4118X-MS3. The
temperature was set to 50 K for all experimentscbgling with a closed cycle cryostat (ARS AF204,
customized for pulse EPR, ARS, Macungie, PA) ara rdsonator was overcoupled @~ 100. The pump
frequency Vump Was set to the maximum of the field swept elecspim echo (ESE)-detected spectrum. The
observer frequency,ps was set toump + AV With Av being in the range of 65 MHz and therefore coiimgjd
with the low field local maximum of the nitroxideSE spectrum. The observer pulse lengths for eadBRDE
experiment were set to 32 ns for baf@— and/=pulses and the pump pulse length was 12 ns. Addify, a
2-step phase cyclex) was applied to the firstf2 pulse of the observer frequency for cancelling receiver
offsets and unwanted echoes. Proton modulationavasaged by addition of eight time traces of vdeab
starting withz; ;= 200 ns, incrementing bz; = 8 ns and ending up ats = 256 ns. The pump pulse position
ty + to after the first observerrpulse deadtimé; was typically incremented faY; timesteps ofAt = 8 ns in the
rangety +t" = 1, + 7, — 24, Whereas; andz, were kept constant. Dipolar evolution times cdogdkept constant
atz, = 2.5 ps for all samples with 0.4 mM equivalemaentrations.

Data Analysis:The collected time traces have been analyzed ionaistent global manual fit procedure with
DeerAnalysis2018? Wherever possible, the regularization parametsrben set tar = 100 for all datasets in
order to obtain comparable distance peak resokitidt background dimensionalitid have been thoroughly
analyzed with the integrated validation tool of Demalysis2013. The theoretical distance distribngi®yo(r)
from the crystal structure (Gg) and 3.8 ns simulation snapshots (Mdpfor 5- and 16-DSA probed HSA were
constructed fronTable Al andTable G3, respectively, according to the procedure desdribéppendix Al.

SDS PAGE.The SDS PAGE was prepared as a discontinuoug@beiretic system (6% loading gel and 10%
separating gel), according to a modified procedgalescribed by Laemnf#’ Albumin stock solutions were
diluted to a concentration of 1 mg/ml with ultrapuwvater (MilliQ) and about 10 pg of protein wasded in
each pocket of the gel. As a reference standardPdmeRuleé™ Prestained Protein Ladder (10 — 170 kDa,
Fermentas) was used. The gel was allowed to rualdfout 1 — 1.5 h at 150 V and is showifrigure D3.

Acknowledgments.The preparation of the SDS PAGE showrrigure D3 was allowed to be performed in the
research group of Prof. Dr. Dirk Schneider at thetitute of Pharmacy and Biochemistry, Johanneg@arg-
Universitdt Mainz. The staining procedure and rdowy the SDS gel picture was kindly arranged by Dr.
Dominik Steindorf and Dr. Noreen Klein in this gmu
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7 | Posttranslational Modifications in Albumin Molecules

The EPR spectroscopic characterization of strucamd dynamic effects that go along with post-
translational modifications of albumin as a modgdtem is presented here. Beyond the typical drug
delivery and biocompatibility aspect of such systesmphasis is here placed on the causes that alter
internal dynamics and therefore functionality o tdbumin protein. In order to detect these effects
exclusively the paramagnetic fatty acid derivati@DSA was loaded on several modified albumin
samples that were prepared according to stratégiesurface dendronization, glycation and polymer-
protein conjugation. Several case-specific CW ERfecsoscopic strategies are refined for
investigations concerning ligand binding and exteacof associated parameters as binding affinity
(Ka), the total number of binding sitel{) and binding cooperativityd) of modified albumins. It can
be rationalized how these parameters may changethrdgtextent of surface modification. Besides CW
EPR spectroscopy, other methods as dynamic ligittestng (DLS), Zeta potential)(and 4-pulse
DEER experiments can be conducted to supplemes firedings.

7.1 | Introduction

The occurrence of posttranslational modificatid@ENIs) in proteins is a natural physiological and an
important biochemical event that includes a vastetya of chemical and physical procesSegfter
successful translation of a specific protein, thesEesses mainly comprise covalent attachment of
small organic (glycation, methylation) or inorgarfighosphorylation) compounds as well as non-
covalent uptake of cofactors, ligands and idflsrurthermore, PTMs may define the onset of the duty
cycle of a protein, e.g. by formation of quarteynaomplexes? or its imminent termination by
ubiquitination'® Thus, each externally induced change in the prstsiructural integrity and purity
may have fundamental influence on its inherenttionality that in turn affects cellular functions &

is best exemplified by théistone code hypothesia epigenetics where combined or sequential
modification processes bring about distinct dovesstn event§! On a more general level, it is often
disordered proteins or disordered protein regibas @re affected by posttranslational modificatiass

it is also found for albumin.

Albumins are commonly subjected to a broad varatgubtle PTMs as e.g. with glycosylatiGf,
acetylation®'? ligand bindind? modification of the redox-active Cys34 residtié” and the highly
reactive lysine residué$:*® While the primary structures of BEA and HSA® contain as much as
59 lysines, altogether 25 — 35 of them can be tadgéor PTM-related reactions in vitf§7" It is
therefore intuitive that albumin has become a mededein for many applications ranging from initial
spin labeling studies in EPR spectrosé¢tp¥’ to the construction of polymer-protein conjugaites
materials science, nanomedicine and polymer chgnfist

A critical issue is the maintenance of the natfuactional structure of the protein during modifica
procedures that is assumed to be cooperativelypulated in its bio-activitf?® However, applicable

methods vary strongly in between different proteinscase these functional changes are to be
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detected. As it was pointed out @hapter 3.2 it is well-known since the early 1940s that albomi
binds fatty acids in its crystallif&! as well as in its native form in soluti§fl. With the availability of
appropriately spin-labeled fatty acid$?" a vast amount of EPR spectroscopic studies emérged

the self-assembled, paramagnetic fatty acid-prabledmin systenf>* revealing several strategies
over time that can be applie@Hapter 3).** Recently, posttranslationally modified albumins/da
been investigated with this EPR spectroscopic amtrowith cationized albumin surfaces that appear
to electrostatically enhance fatty acid uptdReHere, three different systems of posttranslatignal
modified albumins are presented comprising thecedfef surface modifications towards HSA core-
shell biohybdrids by poly(amido amine)(PAMAM) deimers!®® glycosylation of HSA and the
efficient “grafting from”-construction of BSA polyer-protein conjugates by squaric acid (SA)
mediated atom transfer radical polymerization (AYR® oligo(ethylene glycol) methyl ether
methacrylate (OEGMA). The still rather abstracttynie of structural flexibility and adaptability tie
albumin surfacé¥*® will be considered as of major interest in thisyufer. As an appropriate spin
probe, 16-DSK? was chosen for all studies due its superior siguality (seeChapter 5) and of
course due to the intrinsic propensity of steadtd® for binding to the hydrophobic pockets in
albumin®****M\while 16-DSA bears its doxyl-spin label at the didsition close to its hydrophobic
tail end, it should therefore monitor changes eglab albumins surface structure and dynafffiés,
where most of the applied chemical alterationdlmiimins can be expected to take place. Beyond that,
for each system a different empiric strategy ofdattraction from CW EPR spectra is presented in a

stepwise optimized fashion that consistently ev®lvem method A towards method C.

7.2 | Dendronized HSA Core-shell Biohybrids

Introducing a branched surface topology to albumimn innovative strategy in the application of
targeted posttranslational modifications. Thereftine unique architecture and structural perfeatibn
PAMAM dendrimer§¥ is tested for its impact on drug binding propertie combination with an
albumin core. First successful attempts that pgettaprotein-dendron conjugates aiming towards
biomimetic nanoscale materials in disease contmiewnade with J591 anti-PSMA antibodigs,
green fluorescent protein (GE#)and streptokinasé” It could be shown that DNA-binding of
genetically engineered hydrophoBth and BSA™ is enhanced by formation of protein-dendron
conjugates and that hydroxyapatite in bone tissnebe also targeted by dendronized BEA.
Depending on their structural generation, PAMAM diémers alone are notorious for providing an
adjustable number of functional endgroups as webranched hydrophobic cavities that facilitate a
high binding capacity, bioavailability and transpefficiency® as well as an increased non-covalent
accommodatidf! and solubilitf® of drugs due to their intrinsic amphiphilic natuffAMAM
dendrimers are positively charged at physiologiél and therefore their toxicity was shown to
increase with generation and concentratfot!’ affecting cell membrane integrity that may lead to

disruption and cytoplasm leakad®.lt was also shown that their tissue storage sisétgifthanges



Chapter 7 109

with increasing generatidit! Especially, G4-PAMAM dendrimers have been also shtmbind HSA
via non-covalent hydrophilic and hydrophobic intgi@ns that may also trigger conformational
changes in the proteff!

Unlike the general Starbuf¥tshape of unimolecular micelle PAMAM dendriméfshere G2- and
G3-PAMAM dendrimers with an ethynyl focal point wemnsed for Huisgen 1,3-dipolar cycloaddition
reactions similar to a scheme presented indtea. (seeFigure 7.1).%Y Therefore the diazo-transfer
agent imidazole-1-sulfonyl azide hydrochloride N$HCI)®? had to be used for transforming surface
lysines into azido group®! Altogether, 36+ 4 azide group could be introduced to a single HSA

molecule that is here denoted asHS8A*®

! This azido-albumin was conjugated with ethynyl@G2.
and ethynyl-G3.0-PAMAM via a copper-catalyzed cyadition in order to obtain the dendronized

albumin proteins (DHSA), namely G2-DHSA and G3-DHSA.

Ethynyl-G2.0-PAMAM HSA-N N4-HSA

NH,

-
ZT

NH HN

+ E301 _
+CuSO,

Ethynyl-Gy.0-PAMAM G3-DHSA G2-DHSA

Figure 7.1 | Preparation scheme for @DHSA construction. An exemplary chemical structure of ethynyl-G2.0NPAM

is presented on the top left and a schematic reptason of the degree of generatiory@ the dendrimers is shown on the
bottom left (green = branches, yellow = end groupigitive HSA (= HSA-N) is converted to azido-HSAKs-HSA) upon
addition of imidazole-1-sulfonyl azide hydro-chibei (IS-N;yHCI). Bioconjugation towards ysDHSA is then facilitated by
addition of the respective dendrimernyjGvith copper sulfate (CuSfpand sodium ascorbate (E301). This graph was adapt
and modified according to the scheme given in Ketaal %

These constructs were thoroughly analyzed and ctesized via MALDI-TOF, fluorescence
correlation spectroscopy (FCS), UV CD, SDS PAGE,/WY, IR, Zeta potential, FITC-labeling in
combination with confocal microscopy, a A549 celhhility assay, their doxorubicin uptake

capabilities, as well as their involvement in aptiptsignaling cascades via a caspase 3/7 &S5ay.
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The most important physical parameters are sumethiizTable 7.1 It could be shown that the
helix content is slightly increased in DHSA comghte native HSA (HSA-N) and that the Zeta
potential changes sign frofhsa 0—20 mV tolss_prsa 1 +30 mV being indicative for a large increase
of the net positive chargeQ(= +Z-€). This positive charge increase could be corrdlatgh an
increased cytotoxicity for G3-DHSA above 2.0 uM, eas G2-DHSA showed first signs of
cytotoxicity only well above 100 uM. The G2-DHSAmstruct exhibited an increased cellular uptake
compared to unmodified HSA, while there seems ta bendency to form minor quantities of larger
aggregates due to the interaction with HEA.

Increased caspase activity is well-known to plaew role in apoptosi§*®*! Hence, the doxorubicin
(DOX = adriamycinf®®”! capacity was determined to be at least 11 molévaigmts per G2-DHSA
and its cytotoxicity after 24 h is at least 40 tinfégher than for pure DOX as it could be estimated
from the half maximum inhibitory concentration {{C This suggests that G2-DHSA may act as a

cytotoxic enhancer.

7.2.1 | Results from CW EPR Spectroscopy on ModifieHSA — Method A

Here, the dendronized albumin samples were prepamddcharacterized in the group of Prof. Dr.
Tanja Weil, Ulm University, Institute of Organic €mistry 1111*® Gy-DHSA samples were kindly
provided by Dr. Yuzhou Wu. The sample preparati@as wonducted according to the scheme given in
Appendix C4 with 16-DSA as an EPR-active spin probe in ordedétect potential differences in
protein-ligand interactions in between a native H8ference (HSA-N) and the dendronized albumins
(Gy-DHSA).

The results from the DOX-based studies did notrigieaveal any functional aspects of the HSA-core
structure. As a start, ligand uptake capabilitiesteere coarsely estimated from the relative foastiy

of free () to a single boundbj ligand component from subspectr&;(B) (seeFigure 7.2A) as it was
presented in Get al'® When the albumin system is saturated with 16-DgArd, an excess fraction
may also accumulate in micelles) that can be used for a total unbound ligand iflvacassessment
(@ = @ + @) in this kind of analysis. As HSA posses$ks 7 long-chain fatty acid binding sité8,

the G-DHSA constructs can be directly compared to itsvegorecursor analog HSA-N in a ligand
loading study. Here, all samples were supplied whitee equivalent HSA:16-DSA ligand loading
ratios (1:2, 1:4 and 1:8) and it is observed howrsj the system interacts with them.

First, from the maximum number of binding siteqative HSA, micellar fractions can be expected to
occur in the highest loading ratio of 1:8. Howeube extraction of spectral fractiong, (@, @) is
only facilitated by explicit spectral simulationisat were conducted for all measured samples. The
results from these analyses are showRigure 7.2B—Dand can be found as individual fractions in
Table 7.1 (¢@). Simulation parameters were only chosen emplyidal order to reproduce spectral
shapes best (sdable EJ).
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Figure 7.2 | CW EPR experiments and spectral simulains of HSA-N and G-DHSA samples.Experimental results of
16-DSA bound to HSA-N are given in blac&B)) and simulationsg(B)si) are shown in red for nominal molar ratios of
1:2, 1:4 and 1:8.A) Simulated spectral components that were used tmmrise freef], bound ©) and micellar &)
fractions ¢ that were applied to reconstru@)(reference experiments of 16-DSA interacting wittmodified HSA-N, C)
G2-DHSA and D) G3-DHSA.

In native HSA more than 99.4 % of 16-DSA ligands sirongly bound throughout loading ratios of
up to 1:4. For the 1:8 loading ratio still about%®2of the ligands are bound, while the free frati®
decisively increased to 8.6 % and a micellar foactf 9.5 % has to be taken into account in order t
obtain reasonable fit curves during spectral sitieda(@s = 18.1%,N. = 8@ = 6.6). A different
picture is observed for y@DHSA, where the free fraction is strongly increhse 3.8 % in G2-DHSA
and 14.9 % in G3-DHSA even at the lowest ligandiiiog ratio (1:2).

As the bound fractions in Y@DHSA are g > 59% for both dendronized albumins throughout all
loading ratios, the strong relative increase infthe fractions of the 1:2 loading can be tracetklia

a reduced intrinsic binding affinityK = [PL)/([P]r[L]), whereas [PL] = conc. of protein ligand
complex, [P]= conc. of free receptors on protein and ftlconc. of free ligand, see belol#). This
effect is even more pronounced for G3-DHSA givingerto the assumption that the PAMAM
dendrimers sterically shield the protein core friagand penetration. For the 1:8 loading ratio gf G

DHSA more than 30% of the ligand fraction is freg ¢ 0.3) for both constructs.
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Table 7.1 |EPR spectroscopic and several physical parameit&@g-DHSA samples

EPR Spectroscopy HSA-N G2-DHSA G3-DHSA
Dynamic fractionsy, % % ¢ % % A % % ¢
(16-DSA:HSA) 2:1 | 0.9967  0.0033 - 0.9624 0.0377 - 0.8507 0.1493
4:1 | 09949  0.0051 - 0.8548 0.1452 - 0.8385 0.1616
8:1 | 08190 0.0860 0.0950  0.6641 01142 02217 05989 1790. 0.2214
Miscellaneou$
MW® [kDa] 66.5 91.4 115.0
Ngy* 0 32+2 32+ 4
Ry® [nm] 3.3+0.2 5.5+ 0.3 8.3+ 0.5
Z£=Qe?’ -14 +77 +205

3l values are taken from Kuaet al®® and simulation parameters are giveTable EL "MW = Molecular weights were
obtained from MALDI-TOF*Ng, = degree of conjugation by comparison of severaparations from MALDI-TOF results
for Gy-DHSA with pure HSA, assuming My = 740.6 Da and M\4 = 1656.1 Da’R, = Hydrodynamic radii as obtained
from FCS experiment§Z = Net charges were calculated from amino acid secgs.

Besides this qualitative reduction in binding affinit is remarkable that the ligand capacity per
dendronized HSA is still well abovild, = 8@ = 4.79 and that a large fraction of binding sites
compared to native HSA remains accessible to 16-D8Avever, this does not comply with former
results from 16-DSA loaded on cationized HSA arsdpoly(ethylene oxide)(PEO)-modified core-
shell systent®! where the ligands were assumed to be electrositgtamptured on the surface to large
extents. From these findings it can be claimed, loth G/-DHSA samples largely retain the ligand
capacity of HSA, while sterically altering the ligds accessibility towards the protein core and
therefore also their binding affiniti,. Following this precursory and qualitative studlye next

section deals with PTMs that are found in a morgsgtogical context of albumins, accompanied
with a more solid strategy to unravel the comple¥ EPR spectra from EPR-active fatty acids

interacting with albumin-containing solutions.

7.3 | The Effect of Maillard Reactions on Albumin umder Physiological Conditions

In thermally processed foods as well as under plygical conditions, the Maillard reaction, or non-
enzymatic browning, describes the reaction of redusugars with amino acid8 in analogy to a
general caramelization proced(ifé Physiologically, the high reactivity of glyoxal dmethylglyoxal
with arginine, and lysine gives rise to glycatiafdact§'? that potentially lead to a vast amount of
PTMs as mono- and bivalent lysine, monovalent amgimnd bivalent lysine-arginine modifications.
Especially, the bivalent modifications may leadrtwmamolecular crosslinks! that restrict the degree
of freedom of internal protein dynamics. In prideipthe associated Amadori rearrangement during
this chemical reaction is considered as being &fdband therefore primarily irreversible, although
pathways have been described that reverse or desempmadori compounds! Thus, once a
protein is glycatedn vivo it will primarily remain in the organism in thigate as long as it will be

degraded® as the Amadori adduct has an estimated half-fifatdeast 3 weeK$! to about several



Chapter 7 113

months’® Albumin is a protein that has a relatively long ogpd half-life of 12-19 dajs® and
therefore it may be exposed to a considerable degfgost-translational modification by reactive
carbohydrate compounds vivo, depending on sugar abundaf@eprevious impacts and other
processes that lead to reactive Maillard interntedia

The accumulation of stable products of the Maillaedction, the so-called advanced glycation
endproducts (AGEs) in blo88 are found to be associated with aditf§' and several diseases, as
diabetes mellitd8 and its chronic complications that come along eghropathy, neuropathy and
retinopathy’?" Furthermore, the emergence of AGEs can be corcelaté\izheimers disead&;™
cataract formatioff"®® and macrovascular disea$88” The pathological impact of AGEs is mediated
by ubiquitous, transmembrane receptors for advagheation endproducts (RAGE)®% that induce
signal cascades and pathways that lead to cytekidggrowth factor secretiBfi and therefore RAGE
also raised suspicion to play a role in cafteCurrently, RAGE activation is suggested to be an
appropriate target for therapeutic strategies &omding the aforementioned disease patt&ths.

In particular, glycated BSA was found to displayiaoreased endothelial and vascular permeability
and additionally downregulates the anticoagulafiaator thrombomoduli¥? Furthermore, it could
be shown that macrophages release proinflammatgigkioes IL-1 and TNF upon binding of
glycated HSA4

7.3.1 | Results from CW EPR Spectroscopy on GlycatdHSA — Method B

Here, thea-dicarbonyl compound glyoxal (GLX) was used to gefe a set of glycated HSA-
derivatives with a varying degree of modificatiariThe preparation and characterization of all mativ
and glycated HSA samples and corresponding CW FReBi®scopic experiments were conducted by
DLC Stephanie Schaarschmidt and DLC Christian Hegim the group of Prof. Dr. Marcus Glomb,
Institute of Chemistry, Food Chemistry, Martin-LatHJniversity Halle-Wittenber§f> The sample
preparation was conducted S. Schaarschmidt aceptdirthe scheme given iAppendix C4 with
16-DSA as an EPR-active spin probe in order to aiepmtential differences in protein-ligand
interactions between a native HSA reference (HSAN different glycated albumins (HSA-GEX
Due to the fact, that this is an initial trial spu@nly some few aspects and strategies are pezbéot
two examples which are considered suitable forpttesentation of an appropriate data assessment
strategy.

Unlike in Chapter 7.2.1(Gy-DHSA), all spectra in this study were analyzedtstg off from a more
advanced strategy as presented e.g. in Kazmierezaid®® This kind of simulation model is
nowadays routinely conduct&@®® and pursues the case-specific extraction of fifferént dynamic
regimes from CW EPR spectra that can be adoptelbHYSA interacting with albumin, comprising
free (), strongly immobilized I§;), weakly immobilized i§,) and micellar 4) subspectraF;(B)
emerging in the relative fractiong. As this strategy is not rationalized to an endpnevalent

literature, an in-depth description of the choi¢esimulation parameters and parameter extraction is
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given inAppendix E2 and will be used in variations throughout thissikevhere it is considered as
appropriate. Here, the physical nature of the dyodtifurcation” in the bound species towards a
strongly and weakly bound subspecibg {s not considered as important, however, it wasaily
suggested to emerge due to intra-albumin migraifdatty acids?” This controversial topic is further
discussed inChapter 10 and Chapter 11, considering temperature-dependent experiment® fro
16-DSA interacting with amphiphilic polymer modgistems and HSA.

The extracted spectral fractiogsare then used to calculate individual ligand cotregions in the
occupied dynamic regimes [L} ¢ [L]; of a sample. The total ligand concentration fign be either
obtained from sample preparation protocols as aimadnaoncentration, or by double integration (DI,
Appendix E3) of experimental EPR spect&B), providing a quantitative measure of the amount o
ligand residing in the sample (sEgure 7.3A). This analytic step was already described by dodt
Griffith™® and is here considered as exceptionally impof@rntontinuative data processing in terms
of a physicochemical analysis. In principle, theatdHSA-bound fraction of 16-DSA is simply the
sum of both bound fraction = @u1 + dn2 ([L]b = C16.0sxZ¢bi = [L]pr + [L] n2) @and the total free fraction
@4 IS the sum of micellesa) and freely tumbling 16-DSAY i.e. [L]a = [L]a + [L]f (SeeChapter 7.2.1
andFigure 7.3B). Thus, this strategy allows for characterizing thtty acid binding properties of the
samples in Scatchard plB?¥ that can be directly obtained from spectral sirioite.

Although being considered as a gross oversimptiioain case of complex ligand binding processes
as observed in albumif§? Scatchard plots, i.e. a plot uf= [L]y/([L]{ -cy) versus the number of
bound ligand equivalentd, (Figure 7.3C) are quite helpful in detecting the response ef djistem
depending on the number of added ligand moleculésrefore, the native HSA samples were
successively loaded in the range from about 14 teaximum of about 12.4 equivalents of 16-DSA
for complete binding site saturation and beyonde Tdsults from this EPR spectroscopic simulation-
derived Scatchard plot analysis is given for HSAHN Figure 7.3C assuming an albumin
concentration o€, = 0.179 mM according to equation 5.5Ghapter 5.2 (purity: Pa.p,nsa = 0.95).

The observable linear phase in the Scatchard algeas from about 1 M, < 7 and can be evaluated

with following expressioff”

V= [L]b - [L]t _[L] f
(L] Cey  [L] ¢ Dy

==Ka ONL = Ne ) +vyy, (7.1)

whereK, is the association constail; the number of equivalent binding sites and ., is they-axis
intercept. The obtained values for 16-DSA interagtivith HSA-N areNe = 6.45% 0.45 binding sites
andK, = (1.94+ 0.09)10° M™ and correspond reasonably well with findings frosmer studies
(Ng = 7 £ 1) However, a biphasic Scatchard plot for 16-DSA-bg HSA-N as presented in
Gantchev and Shopo¥® is not found here.
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Figure 7.3 | Scatchard plot construction for 16-DSAprobed native HSA samples (HSA-N)(A) Experimental CW EPR
spectraS(B) (black) and their spectral simulatioB8)s;, (red) are shown in the loading ratio from about th 12.4. B)
Exemplary simulations (red) of subspedtéB) emphasizing freef), strongly boundl), weakly boundlf,) and micellar
componentsd) of 16-DSA interacting with HSA-N that were usedréconstruct experimental spec&8). Additionally, the
rotational correlation time, and as, values are given in brackets for bour)) (and free f) components. §) The
corresponding Scatchard plot that can be constufoben simulation data shown in (A). Decisive paetens as association
constant ), number of equivalent binding sitdsgj and correlation coefficient @Rfrom data analysis in the linear region
(0 <N_ < 7) are given as gray insets and are calculated & linear extrapolation that uses equation 7 E.29 (blue). For
N_. > 7 the micellar fractiong (red area) increasingly dominates CW EPR specttadbas not contribute to further
information about the protein-ligand system.

It can be concluded thatvalues forN. > 7 do not reveal further information about thgahd-
saturated albumin protein as these values accuminlat certain dense area (rgg), This finding can
be traced back to a concealed equilibrium thataised on the solubility of 16-DSA. An explicit
simulation-based Scatchard plot construction apgroa therefore believed to be advantageous
compared to more classical strate§fé8**®that e.g. do not appropriately resolve micellacfions
(@), polarities &s,) and also do not differentiate in between varimtational dynamic regimegyj.
Furthermore, this strategy was also applied toroERR-active ligands in a similar fashio?f;*""
where it could be shown that EPR might also camstid promising alternative to e.g. ITC studies.

In a next step the same procedure is applied to M&&h was incubated for 24 h at 37°C with
a glyoxal concentration af; x = 10 mM (glycated HSA-GLX10). The resulting CW EBpectra are
shown inFigure 7.4A and the corresponding Scatchard plot is giveRigure 7.4B. Obviously, the
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linearity as observed in HSA-N is eliminated and amost exponential-shaped Scatchard plot is
obtained. This near exponential-shaped Scatchatdcph be interpreted as biphasic, i.e. the system
contains two types of non-interacting binding siéth N; # N, andKa ; # Ka ».

An elegant analytic method has been devised by .HRdSenthd that is based on a mixture of
graphical and mathematical considerations. In jplacit is assumed that at each point P on the L-
shaped data curvd-igure 7.4B, blue), the free ligand concentration {ig in equilibrium with the
bound ligands concentration [L&t each of the two groups of binding sites (,2). Mathematically,

these two independent classes of binding sitedeseribed with the expression:

2
_ Z NiKai _ NKax . NoKap
1+[L]4Kaj 1+ 1Koy 1HL] 1K, (7:2)

As an analytical solution of equation 7.2 has bpeven to be accessible but cumberséfietwo
lines (L, and L) are introduced with each representing an indafdinding system.

A B
HSA-GLX10 16-DSA eq
S 7.42
12 (B)
S(B)sim 6.92
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Figure 7.4 | Scatchard plot of 16-DSA-probed glycatd HSA-GLX10. (A) Experimental CW EPR spect&B) (black) and
their spectral simulationS(B)si,, (red) are shown in the loading ratio from about & 7.4 (* = noise artifact/spike from
MS100 spectrometer)Bj Scatchard plot (black dots) of data extractednf(@). Individual data points were fitted with an
exponential curve (blue). An analysis was conductetbrding to a scheme given by Rosenfff8iHere, Ny = N; + N,
denotes the total number of binding sites and isrdeéned with a linear fit (red dotted line) to a@atoints at the right hand
side of the Scatchard pldtl( > 5.8). The point®; on line 3 (L) that elevates from the coordinate origin (O) rreeded for
construction of the gray lines {land L,) that yield association constaidg; in a proposed biphasic Scatchard plot.

Intensity [a.u.]
D
v M)

Their intersections fand B with a third line (lg) that comes from the coordinate origin O and thgs

Scatchard curve in P has to be constructed sdaihating condition®

OP=OR+ OB (7.3)
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is fulfilled. Data extraction is now facilitated Iwo additional condition&%310114

Npvoo = Np+ Np= Ny (7.4)

N, -0 = NoKap . (7.5)

In HSA-GLX10 the total number of binding sitBs,_.o = Ny = 9.5+ 2.6 is the abscissa intercept that
is obtained fronfigure 7.4B by linear regression of data points fér > 5.8. When the number of
strong interacting binding sites (larg) is chosen ahbl; = 4.0 it follows thalN, = N —N; = 5.5. The
ordinate intercepiy., .o = 0.9 pM* of L, yields the slope and therefdfg, = 1.6410° M.
Furthermore, parameters for binding systeptén be obtained identically € 1). The results from

this analysis are summarizedTiable 7.2

Table 7.2 |Results from Scatchard analyses of HSA-N and HEX1®

sample [ Ny N; Kai M7 Kp,i [MM]
HSA-N - 6.5+05 - (1.94+0.09)10° 0.515+ 0.023
1 40+11 (6.90+1.68)10° 0.144+0.035

HSA-GLX10 9.5+2.6
2 55+15 (1.64:0.52)10° 6.088% 1.909

Compared to HSA-N there is an increas&in= 2N, > Ng of aboutAN = 3.0, although the error is
about 30%. Primarily, the glycation process obvipgbanges intrinsic HSA dynamics and the nature
of its binding site cooperativity. However, explispectral simulation and cross-correlation of salve
dozens, or even hundreds of CW EPR spectra inghesstudy is exceptionally time-expensive and
tedious. Therefore, a further refinement of thiatsigy has been developed for analyzing the binding
capacities Klr = Ng), binding affinities K,), and cooperativity of (any kind of) albumin. Thuibke
Scatchard plot construction in the next sectioelgdbcuses on some decisive spectral characteyisti
that allow for extraction of ligand fractiorng by simply correlating simulation reference datahwi

peak heights from test samples.

7.4 | BSA-based Macroinitiators and Polymer-proteirBioconjugates

PTMs such as the covalent attachment of inert gjigttpolymers in bioconjugation are efficient
methods to protect proteins from metabolic degradaepitope accessibility, plasma protein binding
and may furthermore lead to an improvement of phaokinetic properties compared to unmodified
proteins’?**? To this effect, it is also expected that e.g. ptilylene glycol (PEG)-basét!™ and
polyglycerol (PG)-baséd**** polymer-protein conjugates exhibit high biocomipiity. Due to the
recent progress in controlled radical polymerizatiechniques as atom transfer radical polymerinatio

(ATRP)™® an increased interest is dedicated to the devedoprof protein macroinitiators that
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provide access to polymer-protein conjugates ingeafting-from” approacH’~**" Here, BSA-
macroinitiators with ten lysine-bound ATRP sitesrav@pplied for grafting oligo(ethylene glycol)
methacrylate (OEGMA) from the functionalized protesurface. These macroinitiators and graft
copolymers were prepared as described previbifslyy selective squaric acid coupling to accessible
surface lysiné" in order to form a core-shell-like structure.

In this study, DLS experiments are combined withSER Doppler velocimetry (LDV) in an
electrophoretic light scattering (ELS) setup. Adutially, CW EPR is used in combination with
4-pulse DEER revealing binding properties thatlitate a simultaneous view on dynamic as well as

on some structural properties of EPR-active PTMsalim samples.

7.4.1 | Characterization of Modified BSA Samples
Three different squaric acid-based BSArhacroinitiators X = number of modifications per BSA)

21 and serve as reference standards to

were prepared according to a procedure describééliim et al
monitor influences on protein functionality depemglon the degree of surface modification. Synthesis
of two BSAg-P(OEGMA), graft copolymers (BSA4® of different sizes was facilitated by utilizing
BSA-110 macroinitiators equipped with lysine-bowsglaric acid ATRP initiating sites. The modified
albumin samples were prepared and partly charaetérby Dr. Tobias Steinbach and Dr. Anja
Thomas in the group of Prof. Dr. Holger Frey, Ingé of Organic Chemistry, Johannes Gutenberg-
Universitat Mainz, Germany. All macroinitiators BSA and polymer-protein conjugates BSA-P
were kindly provided by Dr. Anja Thomas.

The chemical composition and schematic representbf all investigated structures are presented in
Figure 7.5 Principally, the numbex of ATRP sites in BSAX macroinitiators is determined by the
respective weight increase in MALDI-TOF spectra paned to the native precursor BSA-N (MW
66.431 Da, se&able 7.3andFigure E2). Each additional squaric acid (SA;+ 1) residue increases
the macroinitiator weight for M4 = 288.11 Da. However, due to their inaccessibilityMALDI-
TOF experiments, molecular weights of the BSA cgajes (BSA-R) were determined by sodium
dodecyl sulfate polyacrylamide gel electrophorg§I®S PAGEY?! in combination with a silver
staining procedurt3” A significant increase in molecular weight to X% — 160.000 Da is observed
for both polymer-protein conjugates as comparegue BSA, confirming the successful grafting
reaction with high initiation efficiency=gure E3).

This allows for an estimation of the degrees ofypwrization (DP =n) obtained with OEGM4ys
monomers (MWec = 475 Da) yieldingn = 11 (BSA-P11) anch = 18 (BSA-P18). The exact
topological location of the PTMs was not investigghtand is assumed to occur in a quantitative,
statistical manner. The results from DLS suggestt@nal increase in hydrodynamic radii with

increased surface modificatiarof the albumin molecules.
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BSA Squaric acid (SA)  P(OEGMAy7s), )/ BSA-N  BSA-9 BSA-10 BSA-14
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BSA-g-P(OEGMA), BSA-P11 BSA-P18

Figure 7.5 | Chemical structure of macroinitiatorsBSA-Ix and polymer-protein conjugates BSA-R. (A) The native
protein BSA-N (blue sphere, PDB ID: 3v#3Jis here depicted with the chemical structures sfjaaric acid (SA) ATRP
initiator (red square) from where OEGMA monomers (blue) are grafted from. Together thayfthe polymer-protein
conjugate BSAg-P(OEGMA), = BSA-M. The EPR-active 16-DSA spin probe is here depitoieatrange with a schematic
affinity (K,) towards the protein coreB) The native precursor apoprotein BSA-N= 0) and different available macro-
initiators BSA-k (with x = 9, 10 and 14) are schematically presented wiighcblored symbols shown in (A). BSA-110 was
exclusively employed for construction of the polymeotein conjugates BSAfRwith n= 11 and 18).

Whereas the precursor native apoprotein (BSA-N)katehfamiliar values compared to previously
published studie$¥***the slight increase in molecular weights for /BIx macroinitiators already
leads to significant changes in hydrodynamic radiote, that the analog rate of diffusidy is
strongly reduced in the polymer-protein conjugafEserefore, it can be generally assumed that
surface modifications on BSA lead to strong aliereg of solvent entanglement, especially in
polymer-protein conjugatés’

Table 7.3 |Characterization of modified BSA samples

PTMtype k MW, [Da] X n yield [wt%] a2 [nm] DA[x10 cnf s pl kg m
N 66.43f¢ 0 - - 3.24+0.24 7.56+ 0.56 774 172
19 68.976 8.8 - - 3.8%0.30 6.34+ 0.49 479 112
110 69.418 104 - - 3.930.28 6.21+ 0.44 447+ 95
114 70357 136 - - 4.38+0.33 5.6Q 0.42 332+ 75
P11 125.000 104 11.3 55 7.78+0.37 3.150.15 105+ 15
P18 160.000 104 184 95 7.75+ 0.44 3.170.18 136+ 23

All hydrodynamic radiia, and diffusion coefficient®, were obtained from DLS experiments from the welbkn relation
Dy = kgT-(67m73)7* that interconverts both paramet€fé. °g, = molecular density calculated from the relation =
3MW,(4ra’) ™. °A reference value Mk, = 66.463 Da can be found in Chafer-Perieas! ™% MW, of BSA-Ix from
MALDI-TOF spectra inFigure E2. ®*MWp, of BSA-Pn from SDS PAGE irFigure E3.23¢

This is further substantiated by the strong deereas molecular densitiegs, upon surface

modification, exhibiting a significant fraction afater-pervaded volume, especially in case of the
BSA-Pn nanostructurest@able 7.3.
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The Zeta potential of BSA-N is negativelgt= —18.6 mV Table 7.4 as it is commonly observed at

138

physiological pH and ionic strengths about 0.1 M™***® The associated electrophoretic mobility

Hexis defined as:®

_ 26064 F (kay)

37 ’

e,k (7-6)

wherease, represents the vacuum permittivify(xa,) = 1.09 is Henry’s functiong, = 78.4 is the
dielectric constant for watéi” and 7 = 0.89 mPs is the corresponding dynamic viscdsify at

T = 25°C. The (monomer) mobility value for BSA-Nyisy = —1.0510°m?V~'s™ (seeTable E3) and
corresponds well with previous reports on alburfiifig?” The ¢ values for BSAx decrease with the
degreex of modification, while BSA-R again has similar values compared to BSATHlle 7.9.
Generally spoken, BSAxlparticle suspensions gain stability (ca. £ 30 mwihijle increasing their
mutual electrostatic repulsion upon further modifien**?=***! The primary reason for this behavior
should be the covalent attachment of squaric adfihiors to the positively charged lysines thaftsh
the net charg&, of the BSA surface to more negative values.

First, the number of uncompensated chafigscan be determined from individual Zeta potentigls

with help of a strategy that was suggested by Adginet al™** giving the relation:

67

N =
c,k e

@m% . (7.7)

The number of uncompensated charggs = —3.6% 0.6 (Table E3) for BSA-N was also observed in
HSA solutiong!®*¥! Unlike the results from titration experiments 08/&"*°! the observed number of
uncompensated charges here is quite low due taedom condensatidi’**"in between buffer ions
and BSA proteitt®** The unique property of a stepwise lysine-blockiegoss the BSAXIsamples
reveals Figure E4) that there are linear relationships in betweendégree of surface modificatian
and both the Zeta potenti@landN:

$k(X) =k, x+ 4y (7.8)
Nex(¥ = kox+ Ny : (7.9)

wherek, = —(0.938+ 0.052) mV SA', {y = —(18.76 + 0.46) mVko = —(0.342+ 0.021) SA" and
Nen = —(3.46 £ 0.21). Therefore, each squaric acidh®d lysine residue of BSA lowe{sfor about

1 mV and the uncompensated chage decreases fokQ = —1-e for about each three blocked lysines
in the observed range from Ox<< 14. It can be estimated from thig value that about two-thirds

(o= 1 —kg = 0.658) of the BSA surface charges are screepdulitber ions with the assumption that
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each blocked lysine directly depletes one positivarge. Thus, the reduced net chatge Qce ™ can

be directly obtained with the expression:

Nek _ _4maosdiF(kay)
o ek, , (7.10)

Zk:

yielding Zy = —-10.5% 2.3 that is virtually identical with values at aib@hysiological pH that are

< —8)1¥2146.150Hg\ever, the values

observed in BSA from other experimental method$ (<Ey exp
calculated from amino acid sequences alone sedra shightly higher Zy cac = —17§2 but serve as a
good estimate. An explicit treatment of the chaogéculations is given imAppendix E6. The
calculated values from equation 7.10 are showahble 7.4 Moreover,Zq, corresponds quite well
with the value for BSA-I10, so the “grafting fronapproach obviously does not change the charge
state of the protein core as observed from the oiatiators. However, in comparison to BSA-110 the
Zeta potential of the polymer-protein conjugaigsamounts to only about 45% of this value. This
effect is interpreted as emerging due to the pmsaf the P(OEGMA)shell that significantly
increases the separation for abdwit= 3.8 nm from the charge-bearing macroinitiatorfesee @10 =

4.0 nm) from the hydrodynamic slipping plare,(= 7.8 nm) where the Zeta potential is actually
detected Rigure 7.6). The slipping plane alone separates the mobile nivent from the colloid>

or in this case the polymer-protein conjugate $tmec

Table 7.4 |Results from Zeta potential measurements

PTMtypek &8 [mV] z> o [¥107 C m Eeit P’
N -18.6+1.5 -10.5:2.2 -1.18:0.51 -
19 —27.4+15 -18.6:3.9 ~1.25+0.55 -
110 —28.7+1.1 —20.1+3.7 ~1.25+ 0.50 -
114 —30.9+0.9 -—24.2+46 ~1.10+ 0.46 -
P11 -12.4+16 -18.3+58 —0.149 0.069 69.7 26.8
P18 -13.2+13 -19.459 —0.15% 0.075 73.0: 28.2

&= Zeta potentiaﬁzk =Qeel= Nc,k-kQ‘l number of net charges calculated from equatiof &ée alsdable E3). ‘o kis
the charge density as calculated from the relgtipn= QeVit= Ze(drad ™™ dgeﬁ,m = effective dielectric constant of the
polymer layer as estimated from equation 7.11 és®Appendix E6).

An intriguing fact is that the charge density, is almost constant at —(1.390.07)10" C mi® for
BSA-N and BSA-, but experiences a significant drop about almes order of magnitude for
BSA-Pn giving gom = —(1.54+ 0.08)10° C m®(seeTable 7.4. In a general electrostatic view, the
potentialV that is generated from the BSA charge densityedesers with this separation by
With this assumption a consistency check &ppendix E6) proves that the separatidr= ap, — a10
between BSA-110 macroinitiator surface and slippplgne of BSA-R leads to a decrease in Zeta

potential that can be approximated via the reladigiiiio =~ aplpn fOr a > ay (see equation E.23).
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Furthermore, the distance dependent decreagg allows for an estimation of the dielectric constan
et OF the water-pervaded polymer layer assuming a&mame equivalent number of uncompensated
chargesZky = N = —6.58 for BSA-110, BSA-P11 and BSA-P18 with te&tion:

L N 11
T amoAl, @pF(kam)  apoF(kang ’ (7.11)

giving values ok p1s= 73.0 andp11 = 69.7 Table 7.4 being a bit lower, however, quite close to
that of pure watere{ = 78.4). Here, the paramet&d, = {p, — (10 IS the Zeta potential difference at
individual slipping planes of sampl&sHowever, the intrinsic errorsessp, appear to be quite large at
about 38 %. A comprehensible derivation of equafidri is given irAppendix E6 from an approach
emphasizing mainly electrostatic consideratifisfrom an uncompensated point charge that is
located at the coordinate system origin of a sphEBSA-110 macroinitiator being surrounded by a
dielectric shell of thickness = ap, — a0 (Figure 7.6). Analyses of the involved corresponding
electrostatic free energl&d are considered as beyond the scope of this wdris. fBsult shows that
the polymer shell does not have a large effecherdielectric properties of the medium that surdsun
the BSA protein core and again shows that the petyshell is strongly pervaded by water, while it
serves as an attenuator for the electrostatic pateat the core. The next section extends this

viewpoint by an investigation to which extent ligdminding dynamics is affected by these PTMs.

Double Slipping
layer plane
Q Polymer
layer (2+)
) ® o

Eoffpn ~71.3 £.=784
o o °
Bulk
o o O solvent
(Pn
d
ay [nm]

an Ay apn

Figure 7.6 | Schematic representation of the Zetagpential from modified BSA samples in DPBS bufferThe BSA core
(dark blue) with radiusy bears the charg®, and is surrounded by an electrical double laydr, (Tale red) composed of
different DPBS buffer ions of varying valency (- oj@red, + charge green spheres). For simplicity ¢ie negative
uncompensated chargéd; () are shown here on the protein surface. The stjaaid initiators (SA, red squares) of BSA-I
interrupt the electrical DL and the Zeta potenfjals measured a,. The water-pervaded polymer layer (gray) of BS#Ai$
assumed to bear no charge at all but is permeablesdivent and ions with an average effective digle constant
gefipn = 71.3. The value ofp, at the slipping plane (SP) between polymer and balvent (pale blue) is therefore much
lower, as indicated by the red dotted graph.
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7.4.2 | Results from CW EPR Spectroscopy on ModifieBSA — Method C

A further specific characterization of intrinsicrddmics changes upon BSA modification was obtained
by adding 16-DSA to the solutions of the posttratishally modified BSA samples in order to study
their fatty acid binding properties. The sampleparation of the native BSA reference (BSA-N),
BSA-Ix and BSA- was conducted according to the scheme givekpjpendix C4 with 16-DSA as
an EPR-active spin probe. First, all 16-DSA-loadathples shown iRigure 7.7 have been equipped
with a 1:1 equivalent ratio of 16-DSA at a nomimahcentration of 0.13 mM. The emergence of
clearly detectable boundb)(and freely tumblingff 16-DSA spin probes already facilitates a quali-
tative estimate of the ligand binding affinity.

Primarily, the free componefitncreases with further protein modification, bestgongly indicative

of a decrease in ligand binding affini4 . The decrease i xis most pronounced for the polymer-
protein conjugates BSAMP Furthermore, it is known that the rate of ligaadsociationk, is
proportional to the diffusion constab (seeTable 7.3 in the respective ligand association reaction
R + L — RL™*IThis circumstance would lead to a decreaséipof a factor of abouby/Dpis =
Kan/Kapis= 2.38.

BSA-P18

BSA-P11

BSA-114

Intensity [a.u.]

BSA-I10

BSA-19

BSA-N

'*EE: T

332 334 336 338 340
B [mT]

Figure 7.7 | CW EPR spectra of modified BSA sampldeaded with 16-DSA.Recorded CW EPR spectra are shown for a
nominal 1:1 loading ratio of 16-DSA comprising pthsttranslationally modified BSA samples BSAand BSA-R at an
equivalent concentration of about 0.13 mM togethi#éh the unmodified precursor BSA-N. Significant spel features as
the boundlf, gray) and freely tumbling specids @reen) are highlighted. The inset graphics orritifet hand side represent
the corresponding modified BSA samples as showRigare 7.5 The low-field peak height of the free spectralcfion
(hs1p) and the center-field peak height of the boundctspk fraction () can be used to circumvent explicit spectral
simulations for assessing free and bound ligand¢@atnations (see equations 7.12 and 7.13).

As these individual EPR spectra do not providermpdete view on the ligand binding properties of a
substrate, again some Scatchard Pfotsvere constructed. Individual samples were theressively
loaded in the range from about one to a maximuesén equivalents of 16-DSA to prevent micelle

formation of 16-DSA. As it is sufficient to only g&ct the freeff and boundlf) spectral fractions for
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Scatchard plot construction in EPR spectrosépy®>*" explicit spectral simulations were only
conducted on the reference sample BSATable E2 andFigure E5A). However, due to the large
data sets that were recorded, a simple strategydesised from these reference simulations that
allows for quick extraction of the required spelcfractions by directly correlating peak heightioat

to spectral fractions. It is found, that the ligacmhcentrations [L]of free { =) and boundi(= b)

16-DSA can be directly obtained from the relations:

h,

L =k g B == I (7.12)
h,

[L]y =[L] t,kEl- -k Gho%bf} =@ ] (k , (7.13)

where [L} is the total ligand concentration in a samplg; is the peak height of the low-field line of
the free fraction ) andhyy, is the peak height of the center-field line of ttmund spectral fraction
(@) as depicted ifrigure 7.7. The constank, = 0.02486 is a correlation constant that joinsloesh
values ofh.;s and hyy, with corresponding peak heights from EPR spediraulations. This simple
method may avoid cumbersome and time-expensivelaiims as presented in previous chapters and
an explicit description of this approach is giva\ppendix E7 as a substantiation of this strategy.
The relative deviations from simulation values hdeen found to range in between 2 — 9 %.
However, this strategy is for now only tested amere¢fore applicable to BSA in DPBS buffer at pH
7.4 equipped with 20% v/v glycerol. After extractiof the relative concentrations of the spectral
fractions ([L} = [L].x @), a Scatchard analysis is then conducted in agflet= [L]/([L]-Cs) versus
the number of bound ligand equivaleNiswherecs is the protein (BSA) concentration in the sample.
The resulting Scatchard plots from all six samplesshown irFigure 7.8 and all corresponding CW
EPR spectra are given Figure E5A andFigure E6. Primarily, the linear phasgsin the Scatchard

plots of samplek can be evaluated with following generalized exsimgsof equation 7.£9

_ [L]b,k - [I—]t,k _[L] f k -
Ll ¢xlgy [L] ¢ klEs k

Koo N - Ne s *Viom, . (7.14)

whereKa kp is the association constaiNg , the number of equivalent binding sites aRgn .o are
the y-axis intercepts in samplésand Scatchard phaspsThe individual phaseg shown inFigure

7.8 are either denoted as a single phase spanninghihle data range (1), individual linear phases that
span at least three data points (la, Ib, or Ic)a dinear phase that is usually identified as tleakv

binding part in an apparent biphasic Scatchard(p)ét'” as presented iGhapter 7.3.1
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Figure 7.8 | Scatchard plots of native BSA, BSAxland BSA-P interacting with 16-DSA ligands.All of the Scatchard
plots were constructed from CW EPR spectra showrignre ESA andFigure E6. Individual samples were loaded with
16-DSA in different molar ratios for testing thgdind concentration-dependent response of the atdxsi#) native BSA-N
(cgn = 0.15 mM), polymer-protein conjugate3) (BSA-P11, C) BSA-P18 ¢z p,= 0.06 — 0.32 mM) and the macroinitiators
(D) BSA-19, E) BSA-110 and F) BSA-114 atcg x = 0.1 mM each. Each CW EPR spectrum is here reducadingle data
point (black) with appropriate error bars (grayat®hard plots may exhibit linear phases |, laldigr 1l that were subject to
a linear regression procedure for data point range8 (dashed lines, black, s€able 7.5andTable E4).

A typical biphasic Scatchard plot is generally estpd to have an exponentially decreasing curve
shape due to the overlap of two classes of a speximber of independent strongs( Ks) and weak
(Nw, Kw) binding siteg!?®1101111565eyera| strategies have been devised to exttaadK; (see also
Figure 7.4),1%%% pyt in terms of comparability their use is preeddn these BSA-based systems as
the number of non-interacting binding systems baset assumed as unknown, especially in BEA-I
Therefore, emphasis is placed on the qualitativengl in the number of equivalent binding sites
Nekp From the pure phases | or Il a total number oélinig sites iy ;) can be extracted, as tkhexis
intercepts of these phases in principle correspoid = Nex; = Nexi = Ns + Ny as it can be also seen
in equation 7.4

Furthermore, a cooperativity test was conductedradtg to the classical strategy presented by
Tanford™” Cooperativity, as observed in proteins with midtipgand binding sites is believed to
originate from binding site heterogeneity and comfational adaptability’”! but may also be induced
by modifications in local environments already dhe mere presence of ligarttf§! that mutually
affect their binding properties. In principle, treffect is encountered when the number of occupied
binding sites of a macromolecule is a non-linearcfion of the relative concentration of applied
ligand to protein*®! Cooperativity is therefore understood as an ictera in between ligands in

binding sites that mutually affect their individuainding affinities by allosteric modulation of the
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binding substrate. A scheme given by De Meyts anth®® allows for differentiating in between
negative cooperative (-), positive cooperative &s)ywell as locked, non-cooperative (N.C.) phases
The physical basis of cooperativity is defined loy iatrinsic association constaki i that is the

limiting value of K, for N. — 0. The intrinsic standard free energy chang#a . is then used to

introduce the effect of binding site interactiorttwan arbitrary functiod®(N,) for N_ > 0*7]

AGp =AGyjn + RTI®(N ) : (7.15)
where the variable association constant is theangas:
Ka = Kaint R (7.16)

and®(N,) = 0 forN_. = 0. Here AG°, and®(N,) are average properties across all binding sitels a
protein configurations. Upon combining equation6/Aidith the equilibrium condition that defines the

degree of association:

[L]p
Kalll¢ =
A Nre [ | (747
following expression is obtained:
K p i = INK g (N ) = Ir{—[”b ]—In[u f (7.18)
| | NG~ [, | -

When the right-hand side of equation 7.18 is ptbtkersusN,, a so-called cooperativity plot is
obtained. The results from a cooperativity testdtbrsamples is shown iRigure 7.9, assuming a
constant number of binding sites for all BSA, orAB&erivatives N = 6) for simplicity. In case the
observed slope is negative, cooperativity is alsgative (—) andP(N.) is an increasing function that
lowers I, . Positive cooperativity (+) coincides with(N,), being a decreasing function and
reveals itself in a positive slope. Non-cooperabuading (N.C.) is observed, wheb(N,) = O for all
N.. Therefore, IK, = InKa it and the slope in the cooperativity plot is locletdh constant value of
InKaint -**® For convenience, an auxiliary parame@y, is here introduced that gives the type of

cooperativity in a straightforward manner:

AINK p iy ] 719

C, ,=sgn
k.p g{ N,
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Unfortunately, not all phases of the samples caapgpopriately resolved, but an exhaustive set of
results from these analyses are summarizekhbie 7.5 The fit parameters for calculations Kf « ,
andNgypare given inTable E4 and free energies of associatid@°a x, are also given as energetic
equivalents to the association constadfis, Note, that the association reaction, althouglividdal
values may decisively decrease (e.g. in macroioisaBSA-110 and BSA-114), remains strongly

exergonic AG°, < 0) throughout all phases.
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Figure 7.9 | Cooperativity test of 16-DSA-binding @ posttranslationally modified BSA. (A) Cooperativity of 16-DSA
binding to BSA-N is compared to macroinitiators BSA(gyray), BSA-110 (orange) and BSA-114 (greer) Cooperativity

of 16-DSA binding to BSA-N is compared to polymeo{in conjugates BSA-P11 (blue) and BSA-P18 (redjividual
regions of negative () and positive (+) coopeititis are separated by a dotted line indicatingrthmberN, of bound
ligands that lead to an inversion in cooperatifiom (-) to (+). Specifically, BSA-N exhibits non-gperative binding with a
locked value of IKa ;i (N.C.). The colored dotted lines denote a coopétatiransition at specific ligand loadingé from
negative to positive.

Whereas native BSA-N~{gure 7.8A) is the only sample that clearly exhibits a linekgnment of all
v-values with an increasing number of bound ligaNgds(l), all posttranslationally modified BSA
derivatives show multimodal curve shapes. The ewamn of the linear Scatchard plot for BSA-N
interacting with 16-DSA is straightforward and yieNg y = 6.0 equivalent, non-cooperative binding
sites with a locked (N.C.) macroscopic associatiomstant oK,y = 8.410° M™. A comparison with
obtained data from spectral simulation yields alnidentical values (see ald@ble 7.5 and is in
reasonable correspondence with values for steaits ahat were obtained or reported in earlier

g103.105.160-162ly5\vever, here a biphasic Scatchard plot was natimdd for BSA interacting

studie
with 16-DSA as it was described elsewhé&td.Potential reasons may be found in experimental
differences like temperature, buffer compositicample viscosity., as well as in the applied method
for data extraction.

The polymer-protein conjugates BSA-Rxhibit non-linear Scatchard plotBigure 7.8B+C), each
with a steep initial decrease (la) indicating aldeu, . = 2.9 equivalent strong binding sites. It can be
anticipated that due to the higher degned OEGMA side-chain polymerization, effectivelyialling

the protein core from ligand penetration, the 16AR&Hinity is a bit lower for BSA-P18.
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Table 7.5 |Parameters from phase-specific linear regressioBsatchard plots of samplies

k I Nrp Nep KakpIM™] AG°akp® kI mol™  [L]ylleal o Gy
BSA-N 1€ 6.37+0.33 - (7.5& 0.23)105 —33.54+ 0.08 1.59 -5.29 10 N.C.
| 6.05+ 0.33 - (8.3& 0.28)105 —-33.81+ 0.08 1.59 -5.29 10 N.C.
BSA-I9 la — 2.97+0.82 (7.58t 1.43)105 -33.56+ 0.47 1.00 -2.00 3 -
b — 4,77+ 0.31 (2.52+ 0.10)105 -30.83+ 0.10 2.00 -4.50 6 -
BSA-I10 la - 6.34+0.72 (1.51 0.13)105 —-29.56+ 0.21 1.45-2.34 3 N.C.
Ib - 4.45+0.82  (2.8%0.32)10° —31.15+ 0.28 2.34-4.15 5 (+)
1l 9.02+1.31 - (3.2& 0.30)104 -25.71+£ 0.23 4.15-6.38 6 +
BSA-114 la - 3.80£0.47  (2.56t0.22)10° —-30.87+0.21 1.00 — 2.50 6 )
Ib - 3.48+0.01  (5.15 0.01)10° —-32.60 0.01 2.80 - 3.41 3 (+)
Ic - 7.00£1.29  (5.8% 0.65)10" —27.23+0.27 4.61-5.80 5 (N.C))
1l 12.87+ 0.94 — (1.5% 0.08)104 —-23.85+ 0.13 3.41-7.00 8 +
BSA-P11 la - 2.92+0.25 (4.20t 0.23)105 -32.10+ 0.14 1.08 — 2.69 4 -
BSA-P18 la - 2.86+ 0.25 (2.90t 0.14)105 -31.18+0.12 1.00 - 2.35 -
Ib - 4.99+0.73  (6.34:0.58)10" —27.41+0.23 2.35-4.70 3 (+)

®Free energies of ligand association are calculfited association constank& p, with AG®s, = —-RTINKap, (sS€€ also
Table E4 for all obtained fit parametersjL] tkx [€q] = the range of total ligand concentratiorése given in added molar
equivalents to BSAg = number of fit-employed data pointSy(= 3). de,p = type of cooperativity for observed ligand
binding phasep from Figure 7.9 and equation 7.19. Cooperativities in parenthesdg give tendencies, whereas N.C.,
—and + are clearly observéResult from explicitly simulated CW EPR spectfégire ESA+B).

Note, that the differences in strolg values in phase la of BSAMRompared to phase | in BSA-N
correspond astonishingly well with the observededifnces in diffusion constants @hapter 7.4.1
(Kan/Kapnia= 2.4+ 0.5, seélable 7.3. Nevertheless, a second linear region can bedféomBSA-
P18 (Ib) indicating the formation of almost exadlyeisi, = 5.0 equivalent binding sites by slight
positive cooperativity, however, with a much lovadfinity. The slightly higher molecular density
(Table 7.3 of BSA-P18 compared to BSA-P11 may be a signifidaature that prevents 16-DSA to
enter the binding sites in the bulk protein.

A more complicated behavior is found for the polydree macroinitiators BSAxlI Overall, each
investigated macroinitiator shows a different Slatd plot appearance with varying but recurrent
multiphasic characteristics. Phase la in BSA-19essNg 91, = 3.0 equivalent binding sites with a
dissociation constant that is comparable to ndB8A (Figure 7.8D, Kaoa = 7.610° M™). In phase

Ib, the number of equivalent binding sites is iased toNg 9, = 4.8, but with a threefold lower
16-DSA affinity (Ka e = 2.510° M™). The cooperativity test iRigure 7.9A shows that the decrease
in binding affinity seems to be counterbalancedthxy gain in additional equivalent binding sites,
however, leading to an overall negative coopergtiere, the region abowd, > 4.2 is coined by
positive cooperativity, yet, linearity is not obged and a total number of binding sites cannot be
determined for BSA-19.
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Phase Ib in BSA-I9 recurs as a slightly positivepmrative upward bend in the Scatchard plots of
BSA-110 and BSA-114 Kigure 7.8E+H. In principle, all macroinitiators BSAxlexhibit a transition
from negative cooperativity at lolW to positive cooperativity at high&l. However, upon increasing
the degree of madificatiox this &)-transition region is shifted to low& (Figure 7.9).

While BSA-19 changes to positive cooperativityNat= 4.2, BSA-114 passes this threshold already at
N. = 3.2. This largely coincides with the decreasinghber of equivalent binding sité& in phase Ib
with increasingx. Simultaneously, the affinity of this decreasingmber of binding sites increases
considerably, so the loss Mg 1, IS also compensated By i« i, to SOme extent.

Phase Il in BSA-110 and BSA-I14 gives the maximumimber of 16-DSA binding sites of a
macroinitiator, i.eNr 10 = 9.0 1.3 andNr 14 = 12.9% 0.9. This can be clearly stated without any
knowledge about the individual numbers of weak stnohng binding site$™ A closer look at phase Il

in BSA-I114 additionally reveals an intriguing feeduthat is for now termed as phase Ic, interrupting
the linearity in phase Il in the range from 4.3Ng < 5.3 bound molar equivalents of 16-DSA (or
4.6 — 5.8 total ligand equivalents added). Phass &tso slightly non-cooperative, while this post
cooperative phase Il is suspended and disclosgsMNnl4 . = 7.0 equivalent binding sites. These
findings imply that positive cooperativity in BSA-lemphasizes the staggered formation of new
binding sites and that their total number of bilgdéitesN, may be a function of the loading status of
BSA. However, these additional binding sites aréy dormed at the expense of their equivalent
binding affinity at highN,. From the characterization resultSGhapter 7.4.1it can be concluded that
the 16-DSA affinity decreases as the values ofZifia potentialg)x are getting more negative with
increasingk. As 16-DSA is negatively charged at physiologjwd| the ligands are therefore suspected
to experience a stronger electrostatic repulsitnusTthe Zeta potential at the slipping plane atinar

the surface chargg,, has decisive influence on ligand binding progsttiThis would also explain
why BSA-P exhibits differently shaped Scatchard plots corrgdo BSA-k, as it was shown that the
water-pervaded polymer shell decisively weakensetretric field emerging from the charged BSA
sphere in the applied physical modappendix E6). Overall, ligand binding remains strong with at
least 80 % of ligands bound for all investigatedAB&mples in the observed loading range from
one to seven equivalents of 16-DSA. It can be eated that posttranslational modifications applied
here allow for subtle functional adjustments of thity acid binding affinities and capacities of S
as regulated by sterical (n BSA-) and electrostaticf in BSA-IX) hindrance.

7.4.3 | DEER Experiments on Modified BSA

In a next step the modified BSA samples are scrkéorepotential differences in ligand distributions
and alignments in the bulk protein matrix. This danrealized with DEER experiments as it was
shown earlier for native HS&'%® and BSA™ (see alsaChapter 4 andChapter 6), as well as for
cationized HSA constituting another example of atpanslational functional modification of the

protein surfac€® In Figure 7.10 DEER results are shown for BSA-N, BSA4hacroinitiators and
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BSA-Pn protein-polymer conjugates. Despite the similasitin time traces and dipolar evolution
functions Figure 7.10A+B), the distance distributions iRigure 7.10C reveal some interesting
features and differences.

Compared to BSA-N, all macroinitiators exhibit dianibroad distributions showing a slight relative
increase of a distance peak at 2£33.11 nm with the degree of modificati®nFor BSA-N this peak
is only similarly pronounced for fatty acid loadingbove four equivalents (see aigure 4.2).1*
This observation may already indicate a changherotder of binding site occupation in the modified
BSA-Ix molecules, although the surface has just a fewifinations that increase its molecular weight
for only about 2.5 — 3.9 kDa (s@@able 7.3. Extending the comparison to the BSA-€onjugates,
again a mutual similarity ifP(r) is displayed, however, with an even more prontirgort distance
peak that emerges at about 2.0 nm. Two generalrkenieave to be made in terms of comparing
distance distributions of all compounds.

Firstly, all distance distributions for 1:2:0 eqaients k-120) exhibit the features at 2.220.18 nm
(a), 3.24+ 0.06 nm (b), 3.74 0.06 nm (c) and 4.76 0.02 nm (d). It was already shownQ@apter
4.1, that the 16-DSA distance distribution in BSA eg@nts the distance distribution from HSA'’s

crystal structure quite nicely as obtained withcogstallized stearic acids-*?
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Figure 7.10 | DEER experiments on modified BSA sammeDEER experimentaere conducted on samples that contained
0.15 - 0.17 mM BSA and two nominal equivalents ofDI%A (1:2:0, for BSA-N also 1:1:0) apart from théerence sample

of 0.4 mM BSA-N that was loaded with one equivalélitte 16-DSA concentration was therefore kept inrtiege from
0.3 — 0.4 mM for all DEER experiments. Experimeméaults asA) raw time domain dat¥(t)/\VV(0), B) dipolar evolution
functions F(t)/F(0) (black) with regularized fits (red) andC) distance distributiond(r) are shown for all samples.
Additionally, the red trace in (C) is the theoretidgstribution (CS-170¢ = 0.15) that was obtained from the crystal strectu
of HSA co-crystallized with seven stearic acids BPID: 1e7if*" as given in Junkt al. (seeAppendix A1).4? As an aid to
the eye, regions with corresponding peaks are afladed with green (a), blue (b), orange (c) angleyd). All samples
were equipped with DPBS buffer and 20% v/v glycetgbH 7.4.

Note, thatP(r) from HSA's crystal structure (CS-170, rddgure 7.10Q is constructed and discussed
under the assumption that all individual bindingsipossess equal ligand binding affinitikg)(and
that the fatty acid binding sites in HSA or BSA dudly occupied (1:7:0, seAppendix Al1).[4?43
Unfortunately, a crystal structure of BSA co-criistad with stearic acids is not available to date

the protein data base (accessed Mar 1, 2¢fB).
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Secondly, the obvious comparability of &lr) shapes strongly suggests, that the macroinifiator
BSA-Ix and the BSA-R polymer-protein conjugates force the ligand camfagion, and therefore also
BSA, into a more crystal-like structure (compare€Cts-170). The same effect was observed in DEER
experiments on the cationized human serum albuRfA] self-assembled with 16-DSA!

It is also probable that differences in fatty adistance distributions emerge due to modified lrigdi
site selectivities in terms of local electrostagpulsion (BSA-X) and sterical hindrance (BSAR or

a combination of both effects. Finally, each of th#y acid distance distributions can be seen as
fingerprints for pure BSA, BSAxland BSA-f and all three groups reveal specific and charstier
shapes. Nevertheless, all fatty acid binding sited interspin distances of 16-DSA seem to stay
largely conserved throughout the different stagesmodification with all of them indicating a
compact, native-like structure of the BSA-core adidated by the regions (a—d). A crystal-like or
dynamically frozen behavior of BSA is further sugtated by the multiple staggered changes in
ligand binding affinities as e.g. observed in tlvatShard plots of BSAxI From these available data it

is therefore generally concluded that the applieM®freeze BSA'’s structural plasticity in solution.

7.5 | Discussion

This chapter presents the development from ratbarse to more elaborate EPR spectroscopic and
analytic strategies that accomplish to unveil ldjdimding dynamics depending on both the extent and
the physicochemical nature of the applied posttagional modification. It is found that changes in
the binding behavior of 16-DSA to modified HSA aB8A can be mainly traced back to electrostatic
(Gy-DHSA, BSA-Ix) and sterical effects (EDHSA, BSA-R) that decrease ligand binding affinities
(Ka), while the total number of binding siteNt§ may be increased simultaneously (HSA-GLX10,
BSA-Ix). The total number of binding sites of HSA and B®&Afound to be almost identical at
Nr = 6.4+ 0.4 (Table 7.2andTable 7.5 in case data are derived from explicit spectirmutations,
while protein concentrations are slightly corrected excluded volume effectsA¢ < 10%, see
Chapter 5.2). This is in nice agreement with earlier findings HSA®“! and BSA!3105:160.161]
although 16-DSA-derived Scatchard plots obtaine fier native albumins were linear throughout.
Additionally, a fast peak-picking method for Scatuih plot construction is developed from BSA-
based samples having a comparable precision (2 -d®&%ation) to data obtained from spectral
simulations Appendix E7).

All investigated PTM albumins were proven to contat least 3 — 5 remaining binding sites,
independent of the applied analytic method. Focaflgd HSA-GLX10, BSA-110 and BSA-I114 an
increase in the total number of binding sites veamfl to exceedN; > + 2.6 giving values dfi; > 9
throughout. For BSA-I114 even a totalf 1, = 12.9+ 1.0 was found and it can be assumed khas

a tunable property, so that squaric acid initiatalene may significantly alter the ligand binding
capacity of albumin. Unfortunately, data sets fendronized albumins are sparse, but for all other

samples it is found that independent of the kindmaidification the linearity of the HSA-N and
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BSA-N reference Scatchard plots is perturbed. &uta biphasic or multiphasic ligand binding curve
is obtained upon posttranslational modificatiornyeading negative cooperativity at lower levels of
bound ligand equivalents to positive cooperatiatyhigher loadings above 3 — 4 bound 16-DSA
equivalents. This was explicitly analyzed for BSégled samples.

The widely approved Rosenthal meth88was successfully applied to the biphasic Scatchhrdof
HSA-GLX10 assuming two non-interacting types ofdiing systems withN; = 4.0+ 1.1) very strong
and (.= 5.5+ 1.5) rather weak binding sites. Primarily, theseffof glycation on albumin dynamics
should originate in either net charge alteration$y/bine- and arginine-blocking, or the introductiof
restricted internal motions and adaptability duelysine-lysine or arginine-lysine cross-linking
reactions’?

The multiphasic Scatchard plots of BSAdncouraged further characterizations via DLS aathZ
potential experiments in order to retrieve somehef physical origins that lead to this sophistidate
behavior. Thus, the clearest functional picturelitained from the BSA-derived modified albumins. It
can be shown that charge (BSA-bnd rate of diffusion (BSA+ play significant roles in protein-
ligand interactions. The binding characteristicsnative BSA change from non-cooperative to a
delicate staggered alteration I6f and the number of equivalent binding sitBls ) in all BSA-Ix
samples are governed by cooperativity effe€able 7.5andFigure 7.9. The Rosenthal method was
not applicable here, however, a qualitative deionpof the multiphasic Scatchard plots is provided
Beyond that, these dynamic effects emerging fronlase modifications provide access to explicit
calculations of the net surface chaf@eof BSA or the effective dielectric constagp, in the grafted
polymer layer Appendix E6). This is possible as the Zeta potentigl yas found to decrease linearly
with the degree of surface modification in BSArhacroinitiators. In a very simple picture from the
BSA-Pn core-shell structures, the polymer shell congigutn type of diffusion boundary that
camouflages fatty acid binding pockets and BSAaagfcharg€), from the solvent and the dissolved
fatty acids therein. This is due to the increasenydrodynamic radii &) as obtained from DLS
experiments that also shed light on the statistieasons for the decrease in ligand affiftt4>"

As particle size and solvent entanglement cannothbesole reason for a decreaseKiy, it is
concluded, that the polymer shellnjPas well as the squaric acid ATRP initiatorg) (kxert an
influence on the binding site accessibility andvent entanglement of BSA. This is mainly provided
by retarded diffusion and charge-induced repulsasnit could be shown in a comparison of BSA-N,
BSA-Ix and BSA-R.

In the course of processing BSA towards its propasée as a polymer-coated drug delivery device,
the protein-core itself is forced, or remains inaive-like and compact crystalline state. This ban
observed when spatial ligand alignments in DEERe&grgents are directly compareigure 7.10.
Furthermore, these spatial alignments of fatty @@de only observed when corresponding sets of
binding sites are still intact. The apparent rifig@ition is observed as a change in binding site

occupation and occurs throughout all modified B&fples and can be justified as the positions of
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emerging distance peaks largely persist (&igiire 7.100Q. This effect was also observed in DEER

experiments from cationized HEA samples and was also thoroughly investigated wsiitategies
[36

beyond EPR spectroscopy foy-BHSAP® From a ligands’ point of view (16-DSA) the bindisije

selection and preference appears shuffled or réuisdd according to the degree of post-translation
modification. Together with the results from CW EBPRpicture is promoted that features a loss of
BSA's functional plasticity due to global electraist and sterical alterations.

All this suggests that the ligand affinit)K{), capacity ;) and binding site cooperativityCJ in
albumins can be fine-tuned by posttranslational ififeadions that basically cause net charge
variations and sterical obstacles. Furthermoreng#ie main target for PTMs, functionalization of
only a few surface lysines only leads to marginatéases in molecular weight (e.g. BS&\that after

all cause disproportionally strong functional effec

7.6 | Materials and Methods

Materials. Lyophilized powders of native HSA (HSA-N, >95%, Gialchem), BSA (BSA-N, Sigma-Aldrich),
Gy-DHSA (y = 2, 3), BSA-macroinitiators (BSAx] with x = 8, 11 and 12), BS&-P(OEGMA), conjugates
(BSA-Pn), 16-DSA (Sigma-Aldrich) and glycerol (87 wt% inater, ACROS) were used without further
purification. DPBS buffer pH 7.4 was thoroughly paeed according to the original protd&8i given in
Appendix C1. Preparations of posttranslationally modified afins as G-DHSA *® HSA-GLX10°° BSA-Ix
and BSA-m were described elsewhéf&!?%1%

EPR Sample Preparation.Aqueous stock solutions of 1 mM HSA-N, 0.389 mM BBRSA, 0.174 mM G3-
DHSA dendronized albumins, 1 mM BSA-N, 0.5 mM BSArhacroinitiators, 0.929 mM BSA-P11 and 0.426
mM BSA-P18 polymer-protein conjugates were prepanef.137 M DPBS buffer pH 7.4, depending on the
accessible amount of lyophilized powders (all posday = 2.0 mg).

For the study with dendronized HSA ®hapter 7.2, appropriate 16-DSA stock solutions were prepared
0.1 M KOH with 4 mM for G2-DHSA and 8 mM for HSA-Bnd G3-DHSA that were loaded in the nominal
HSA to 16-DSA ratios of 1:2, 1:4 and 1:8. The fisalutions withV = 0.05 — 0.20 ml contained a constant
albumin concentration of 0.07 mM and were titrate@H 7.40+ 0.05 as described #ppendix C4.

In the study inChapter 7.3that was concerned with glycated HSA, all HSA-GLtotein concentrations were
set to about 0.1 mM. As the HSA-N reference sampieie prepared from a 1 mM HSA-N stock solutiorg th
excluded volume approach fro@hapter 5.2 leads to a corrected real concentrationc@f= Pa pChon(1 —
b-Cstoc) = 0.179 MM, where,o, = 0.2 mM andb = 8.12610* ml mg‘1 as obtained from BSA (equation 5.1). In
all sample preparations as conducted by DLC Staphachaarschmidt, 26 mM 16-DSA in 0.1 M KOH were
used to load th¥ = 0.1 ml samples in the range from 1:1 to 1:10 inairequivalents of HSA:16-DSK® Here,
the actual 16-DSA concentrations were extractedidiyble integration (se@ppendix E3) of individual CW
EPR spectra.

In the polymer-protein conjugate study@mapter 7.4 all final BSA-N, modified BSA% and BSA-R protein
concentrations were set in the range from 0.0632 0nM for CW EPR and 0.15 — 0.40 mM for DEER
experiments with sample volumes\éf= 0.06 — 0.20 ml. Upon addition of appropriate amts of 8 — 26 mM
stock solutions of 16-DSA spin probe dissolved .ih B KOH nominal equivalent concentrations of 1011t7

of BSA:16-DSA were adjusted for CW EPR sampl@s gsacw= 0.10 — 0.74 mM) and 1:2 for DEER samples
(Ci6-psapEer = 0.30 — 0.40 mM). The 1:1 DEER reference sample.4 mM BSA was an exception as it has
been prepared for gaining sufficient SNR. The nahiguivalent concentrations of 16-DSA were used fo
Scatchard plot construction and were optimized @ing to the added volumes from the sample prejosrat
protocols. At these low 16-DSA concentrations nmé&dbrmation that hampers spectral evaluation can b
excluded and overall more than 80% of the ligamdsbaund to the BSA moieties of all samplgs> 0.8).

Each sample was prepared individually with a 100-92 titration volume for adjusting pH values with a
predefined set of acidic and basic 0.12 M DPBSdraffn the pH range from 0.5 — 13.5 (#gmpendix C2). All
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pH values were adjusted in the range from 003 with a well-calibrated pH microelectrode (it Toledo
InLab®Micro pH 0 — 14 in combination with the EL20 MettlBoledo pH meter). The final 0.1 M DPBS protein
solutions were equipped with 16-DSA and 20% v/\cghpl to prevent crystallization upon freezing fatential
DEER experiments. For CW EPR measurements, aboyil 1&f sample were filled into a quarz capillary
(BLAUBRAND® IntraMARK) with ca. 1 mm outer diameter. About B0of the final solutions were filled into
3 mm (outer diameter) quartz tubes (Heraeus Quaskghnd shock-frozen in liquid-nitrogen-cooled 2-
methylbutane for subsequent DEER measurements.

EPR SpectroscopyCW EPR Experiment3.he Miniscope benchtop spectrometers MS100, M$2@0MS400
(Magnettech GmbH) were used for X-band CW EPR nreasents at microwave frequencies of 9.39 — 9.43
GHz that were recorded with frequency counters (RAMANA, model 2101, or Magnettech FC400). All
measurements were performedat 25°C using microwave powers Bfyy = 3.16 — 10.00 mW and modulation
amplitudes of 0.1 mT using sweep widths of 12 Ik A complete set of recorded CW EPR spectravsmi

in Figure 7.2B-D Figure 7.3A, Figure 7.4A, Figure 7.7, Figure E5A andFigure E®6.

DEER Experimentsin order to obtain nanoscale distance informatioomf EPR-active modified BSA
molecules the 4-pulse DEER sequeh®et®”!

i(77‘2)obs_‘L'l_(77)obs,,1—(':d"'t0"'Nt'At)_(n)pump_(t'_Nt'At"'td)_(77)obs,2—"52—(:-'(:|‘10

was used to obtain dipolar time evolution data fritva bound 16-DSA spin probes. The experiments were
performed at X-band frequencies of 9.1- 9.4 GHaguisi BRUKER Elexsys E580 spectrometer equipped avith
BRUKER Flexline split-ring resonator ER4118X—MSheltemperature was set to 50 K for all experimbéugts
cooling with a closed cycle cryostat (ARS AF204stomized for pulse EPR, ARS, Macungie, PA) and the
resonator was overcoupled @~ 100. The pump frequency.m, was set to the maximum of the field swept
electron spin echo (ESE)-detected spectrum. Therebsfrequency,,s was set tajump + AV with Av being in

the range of 65 MHz and therefore coinciding with tow field local maximum of the nitroxide ESE spam.
Observer pulse lengths for each DEER experimené wet to 32 ns for both’2— and7=pulses and the pump
pulse length was 12 ns. Additionally, a 2-step phagle £) was applied to the first#2 pulse of the observer
frequency for cancelling out receiver offsets andvanted echoes. Proton modulation was averagedidtitian

of eight time traces of variablg starting withz; ;= 200 ns, incrementing bi; = 8 ns and ending up atg =
256 ns. For all samples the pump pulse positjont, after the first observerrpulse deadtimé; was typically
incremented folN;, timesteps ofAt = 8 ns in the rangg +t" =7, + 7, — 24, whereas; andr, were kept constant.
DEER time traces were recorded for 12 — 48 hoursgirise to reliable distance information in beémeabout
1.6 and 5.0 nm as the maximum accessible dipolugon time wadma, > 2 ps throughott®®

Data AnalysisSpectral simulations of CW EPR data from 16-DSAbaabalbumin sample&igure 7.2 Figure
7.3A+B, Figure 7.4A andFigure E5A) have been exclusively evaluated in MATLAB 2008b/(7) utilizing
the MATLAB-based EasySpin software pack&§®.This program comprises a toolkit that implemerits t
application slow tumbling nitroxide thedt?*" for specific sample requirements in feasible atrdight-
forward procedures. All MATLAB codes were optimizéat 3- to 4-component nitroxide spectra comprising
one p) or two immobilized componentdy,( and b,), a free componentf)(and occasionally also micellar
componentsd) as it is rationalized il\ppendix E2. This strategy is nowadays routinely conductedBEBIR-
based simulations on albumifi&® % Best fits were obtained with,, values of about 15.3 — 15.5 G for
componentd; and 15.8 G for componefitas it was suggested earlier for 16-DSA spin psabteracting with
albumin®® The errors for individual spectral fractiohsare estimated asg = 3% and the accuracy for the
other parameters i8as, = 0.03 — 0.30 G andr. = 8%. For a complete set of simulation parameaeic the
simulation approach the reader is referredTable E1-E2 and Appendix E1-E3 This rather laborious
simulation approach can be circumvented by a cporeding readout scheme that is realized by intriodua
correlation constarit, = 0.02486 as it is presentedQ@tapter 7.4.2andAppendix E7. However, for now this
shortcut method is thought to be only applicableB&A in 0.1 M DPBS pH 7.4 and 20% v/v glycerol.eTh
Scatchard plots were constructed as describedeinmihin text according to equation 7.1, equationrt atd
equation E.29. A complete set of fit parametermffimear regressions in Origin as showrigure 7.8is listed
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in Table E4 Raw time domain DEER data were processed with MeTLAB-based program package
DeerAnalysis2013™? utilizing the Tikhonov regularization procedurepfing background dimensionalities of
D = 3.71+ 0.01 that are due to excluded volume effects ef BBA molecules (se€hapter 5.2).12173 The
theoretical distance distribution (CS-170) was tifrom the structure of seven stearic acids getalized
with HSA (PDB ID: 1e7if* that was modified for 16-DSA according to the mbare in Junlet al. that is also
described inAppendix Al (width: ¢ = 0.15)"? No significant differences in background dimensiiies in
between native (BSA-N) and posttranslationally rfiedi BSA samples (BSAxl and BSA-P) have been
noticed.

DLS and Zeta Potential MeasurementsAll DLS data from BSA, BSA% and BSA-P samples were obtained
with an ALV-NIBS high performance particle sizer RAS) equipped with an ALV-5000/EPP Multiple Tau
Digital Correlator (ALV-Laser Vertriebsgesellschaft b. H.). This device facilitates HeNe-LASER diaion
with a typical wavelength of = 632.8 nm and 3 mW output power with an automatienuator for optimum
count rates recorded in a backscattering deteetigie of 173° relative to the incident monochrombght. The
sample cell temperatures were kept constarit at25°C with a Peltier temperature control unitl sdmples
have been prepared from the 0.5 mM stock solutgivieg final BSA concentrations of 4.2 — 11.4 uMpad
7.39+ 0.03. The final sample volumes of 300 — 430 plemeeasured in 1.5 mL PMMA semi-micro cuvettes
(BRAND). Data were extracted from the intensityretation functions by @,(t)-DLS exponential and a mass
weighted regularized fit in the ALV-NIBS software3\0 utilizing the CONTIN algorithrft’?! Each sample was
measured at least 4 times at constant temperaiugdfs and was averaged at least over four indalidalues.
The mean values, = R, of the most prominent particle size peaks and #tatistical fluctuations are given as
the standard deviation ifiable 7.3 The corresponding diffusion coefficients werecatdted according to the
Stokes-Einstein relatio, = kg T(6777-Ry,) " from individual values of."*"

Zeta potentials{{) were obtained from electrophoretic mobility maasnents afl = 25°C utilizing the LASER
Doppler velocimetry (LDV) technique in an electropétic light scattering (ELS) setup (s&able E3 and
Table 7.4. Therefore, a constant voltale= 87 V was applied between the electrodes of aegancuvette in a
Litesize™ 500 (Anton Paar GmbH) device. This Omega cuvetevents electric field gradients at the
measurement position and allows for precise andodeible experiments. All data were analyzed viita
novel continuously monitored phase-analysis ligtattering technology (cmPALSY! as implemented in the
provided software package Kalliope1.8.0. All samples were prepared at identical eatrations ¢ = 1.5 pM,
i.e. ranging from 0.10 — 0.25 g/l) in 0.05 M DPB&fer at pH 7.5 0.04 with an ionic strength = 0.062 M.
Consistently, the thickness of the electrical dedbyer (DL) isip =« * = 1.222 nm anda, > 1 for all samples
(seeTable EJ). All Zeta potential values were averaged over Bdividual experimental values. The measured
conductivities of all solutions were in the randecg= 6.7+ 0.3 mS crt. Furthermore, the dielectric constant

= 78.41% refractive indexnyso = 1.332 (fork = 632.8 nmi}"® and viscosity7 = 0.89 mP&*” were assumed to
be constant for all solutions (also in DLS expernitsg Calculations of corresponding Henry functiéigxa)
were conducted according to Swan and Plifdthowever, in all experiments reproducible Zeta ptitds were
only obtained forF(xa) = 1.09 as calculated for BSA-N. All important exjpnental parameters, fsy, ke and
calculated values oka,, FsHray), Nex, Zc and e are explained, derived, summarized and presemted i
Appendix E6.

Molecular Weights of BSA-Ix and BSA-M. The molecular weights of native BSA and of theresponding
macroinitiators (BSA) were determined with MALDI-TOF mass spectromdtyyDr. Christian Schmelzer and
can be found ifrigure E2. The calculation of the number of squaric acidd@ss was conceived by the relation:

X = MW|X - MWN

MW (7.20)

assuming that M\4j = 288.11 Da. Molecular weights of polymer-proteomjugates (BSA-®) were determined
by SDS PAGE?’ using gels containing 8% bisacrylamide as a cirdesi and silver staining for visualizing the
bands (se€igure E3) as it was already presented by Dr. A. Thofi85As graphical references, BSA-N and
BSA-110 have been added to highlight the weightéase after conjugation. The degree of polymennatif
polymer-protein conjugates BSMPDP =n) was calculated according to the relation:
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n= MWp, —MW

X DMWore , (7.21)

assuming that M\Ag = 475 Da. For convenience,=10.4 in equation 7.21, as all polymer-proteinjaogates
were grafted from BSA-110 macroinitiators. All sugerived molecular weights are summarizedable 7.3
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8 | Exploring the pH-induced Functional Phase Spacef HSA

A systematic pH screening is conducted coveringpadrange from pH 0.7 — 12.9 mainly using EPR
spectroscopic methods on the self-assembled solgtistem of HSA and paramagnetic fatty acid
derivatives (5-DSA and 16-DSA). The maintenancalbphysicochemical parameters except pH is
only provided by the established optimized conwblsample properties that was introduced in
Chapter 5. It is tested to which extent the well-known phhiced dynamic states and features of
HSA reveal themselves in CW EPR spectra from this probing approach in combination with an
established spin labeling strategy utilizing 3-nraldo proxyl (5-MSL). Most analyses are conducted
on simplistic empirical levels with some establidlas well as situational strategies that allowtlfier
detection of dynamic changes of ligand as well adein. Moreover, it is investigated how the
solution shape of HSA as obtained from dynamictlggattering (DLS) and DEER-derived nanoscale
distance distributions from bound fatty acids ieeted by pH.

5.MSL Charge induced phase space of HSA 16-DSA 5.DSA
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8.1 | Introduction
The pH denaturation phenomenon has been a londistgissue in protein scien€e® Primarily, the
principles of this process are well-known and arked to electrostatic repulsive and attractiveésr
due to changes in the protonation state of chaegeitig amino-groups (R—NH in mainly lysine and
arginine residues at alkaline pH (pK0.8 — 12.5¥ and carboxyl groups (R—-COpIn glutamate and
aspartate residues in acidic environments,@R.8 — 4.5 Thus, it is generally assumed that charge
repulsion leads to an elongation of the polypeptitiain as a result of collective protonation or
deprotonation of individual amino aciti$:*® General protein folding from an unfolded (U) toatine
state (N) is classically expected to either procaedording to théramework modéf***! where
hydrogen bonds form secondary structures earlyjenfolding process, or theydrophobic collapse
model where nonpolar residues reconfigure into the jmobeterior after chain collaps¥! It is

proposed that this protein folding may generallyaaxte in three stages comprising an additional

intermediate compact state, thwlten globulgMG).'>*® This intermediate compact state is defined
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by slowly fluctuating tertiary structure as firsbserved from the acid form af-lactalbumin by
Dolgikh et al™ This molten globule state is generally detectedcisgular dichroism (CDY,"*®!
intrinsic viscosities f], tryptophane fluorescené®! or ANS (8-Anilino-1-naphthalenesulfonic
acidf*¥ as a hydrophobic fluorescent probe that bindsxmsed hydrophobic regions of partially
folded proteing®*"! A general overview of applicable methods for molggobule state detection of
proteins is given e.g. by Kuwajinf& An intriguing analogy of how protein thermodynarstates can

be related to bulk systems was demonstrated byePand Rokhs&f' in a phase diagram where the
native protein (N) corresponds to the solid (s mmolten globule (MG) represents the liquid (I) and
the unfolded chain (U) represents the vapor stgtef(a protein.

EPR spectroscopy has been also proven suitablealiiagively detect such molten globule st&fed

by using the SDSL approdeit” in combination with simple but appropriate linesdanalyse&?2°
Molten globules were also found in acidic HSA siolos at pH 2.8°*" and alkaline BSA solutions at
pH 11.28%% Historically, an acidic molten globule-like stat@svexperimentally already described for
BSA as early as 1954 by Yang and Fd&leas they detected a salt-dependent increase insiatr
viscosity between pH 2.2 — 2.7 that was later &dsod in EPR spectroscopic studies in the same pH
region'*! However, these experiments were conducted witHattle of the molten globule definition
given almost 30 years latet.

Here, the protein phase spatef HSA is explored in a very broad pH range franteast pH 1 to 12
mainly using spin-labeled fatty acids for monitgrithe proteins solution structUf&*” As it was
pointed out inChapter 3, this spin probing approach emphasizes effedigasd binding capabilities,
rotational dynamics, local polarity (CW EPR) andtdhce measurements between the paramagnetic
centers of the protein-aligned FAs.

Basically, the carefully adjusted pH values of widiial solutions are here used to trigger changes i
the charge state of HSA and therefore the strucama dynamic phase sp&té” is systematically
screened in terms of pH-induced conformational ma@nin the extended (E, pH < 2.7), fast migrating
(F, pH < 4.3), native or norm (N, 4.3 < pH < 8.Bgsic (B, 8.0 < pH < 10.0) and aged form (A,
pH > 10), that have been thoroughly described evdili***! Specifically, the potential of an EPR-
spectroscopic detection of the HSA molten globls] state at pH 2@ by paramagnetic fatty
acids is investigated and compared to the geneaalplied lysine-directed maleimido spin labeling
strategy for albumiffin order to resolve this somewhat enigmatic (tr@dynamic state.
Additionally, dynamic light scattering (DLS) expexents are presented that are utilized to follow
proposed changes in solution size of the albumiriiges and therefore also serve as a spatial
correlation for corresponding DEER results.

Taken together these findings are finally combinediards a coarse-grained EPR-spectroscopic

picture of the functional charge-induced albumiaggspace.
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8.2 | Experimental Results

Before studying the pH-dependent changes in HSAh wBPR spectroscopy, some simple
bioinformatic calculations were conducted that Eter correlated to the findings from the spin-
labeled and spin probed HSA samples. Generally,ice wariety of approaches is available for
extracting information from CW EPR spectra. Dught® large amount and the inherent complexity of
the obtained EPR datasets herein, explicit spesirailations are here considered as dispensable and
all analyses are reduced to the extraction of sest@blished empiric parameters that are suffigientl
sensitive to monitor dynamic changes of protein legahd. Therefore, additional useful strategies ar
employed and developed that principally rely omtieé changes in lineshapes and line positions (see

alsoFigure 8.4A andFigure F1).

8.2.1 | Calculation of the pH-dependent Stability md Charge of HSA

In order to obtain an approximate notion of therghastate of HSA at a certain pH value, the stabili
and charge of the protein molecules in solutionenealculated with help of PROPKA &:&° for
two structures, stearic acid free HSA (PDB ID: 1BRfbhand HSA loaded with seven stearic acids
(PDB ID: 1e7i)® In Figure 8.1Athe free energies of foldindG; ) are shown as functions of pH for
both structures. Overall, the curve shapes aree giihilar exhibiting a predicted optimum HSA
stability at about pk}; = 9.8+ 0.1 for T = 25°C. On a qualitative level, the structure @&Adwith
bound stearic acids (PDB ID: 1e7i) exhibits a fartstability increase oAAG; = —7.5 kcal mol*

= —31.4 kJ mol (Table 8.1 compared to HSA alone as it can be commonly ergefor fatty acid-

loaded albumin structures (see aRmapter 11).°%>"]

Table 8.1 |Results from PROPKA 3.0 calculations

PDBID  pHeyx  AG [kcal mol™] pl

1BMO 9.7 74.2 5.79
le7i 9.9 66.7 5.79

Beyond that, the stability curves figure 8.1A are provided with color-coded pH regimes of
reversible conformational HSA isomers accordinth®scheme given by Petéfsand Qiuet al* In

the acidic regime, the norm form (N) of HSA changes fast migrating form (F) below pH 4.3 and
for pH < 2.7 a further transition occurs to an exed form (E). In the basic regime of pH > 8, the
norm form changes to the basic form (B) and for>pH#0, HSA is expected to convert into an aged
form (A). The general shape appearance of HSApeebed to follow an acidic expansion (pH < 3.5)
and a basic contraction (pH >%Y.The prediction from PROPKA 3.0 gives HSA net clesiQ = Z-e

in the range from —113 Z < +99 for both investigated structures with a glted isoelectric point at
pl =5.79 (sed-igure 8.1B) that coincides well with experimental values frime fatty acid free form
of HSA (5.1 < pl < 5.8f*°**and may as well be domain specifi.The onsets of the F and A
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forms are clearly associated with a strong changeet charge). Wherever applicable, the color-

coded pH regimes are given in due form as phaseedpars at the top of a graph in the following

sections.
A B .
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Figure 8.1 | Calculation of HSA folding stability AG; and corresponding net charge®). (A) Calculated free energy of
folding AG; as a function of pH for HSA alone (black, PDB IBMO)®* and for HSA loaded with seven stearic acids (red,
PDB ID: 1e7i)® The black bold letters denote pH-induced dynamgimes of HSA according to Qiet al!*? with
conformational isomers in the extended form (Eypgréast migrating form (F, yellow), norm form (green), basic form (B,
blue) and an aged form (A, purple). Additionallyetcalculated pH of optimum stability (gif= 9.80) is shown wher&G;

is at its minimum. B) Calculated titration curves show the net ch@geZ-e as a function of pH for HSA alone (black, PDB
ID: 1BMO0) and for HSA loaded with seven stearic ac{ced, PDB ID: 1e7i). The isoelectric points (pi)@&= 0 can be
found at pH 5.79 for both curves. All data were grated aff = 25°C with PROPKA 385253 and the conformational
isomers (E — A) are given as a phase space biae &dp of the graph with the color code given ij. (A

8.2.2 | CW EPR Experiments on 5-MSL HSA SolutionstgpH 0.72 — 11.96

The 3-maleimido-proxyl spin-label (5-MSL) was amahg first reported EPR-active reporter groups
that were applied to albumin and proteins in gdrd&r&! It was ruled out early by N-ethyl maleimide
blockind®® that the apparent immobilization as seen in therospectral extrema(, seeChapter
2.4.5% originate from 5-MSL-labeled cysteines, whereas fist rotating three-line components of
spectra are due to unspecifically labeled lysineshe albumin surface exhibiting an almost isotropi
rotation®*® With 59 lysines in its primary sequefi¢&” and one accessible redox-active cyst&iré

at chain position Cys34 being intrinsic for eachmmaalian and avian albumifi! each HSA molecule
contains a maximum of 60 potential labeling sitds.least 30 — 35 lysines are reported to be
accessible to such non-specific lysine-targetedtiaoslational modification procedures for BSA (see
also Chapter 7).°® The resulting 5-MSL labeling sites are therefossumed to be statistically
distributed across each individual albumin surfdceias shown early that lysine-targeted spin-label
remain covalently attached to (poly)lysines and BS#he range from at least about pH 1.5 — ¥41.8
and therefore a rich set dbf = 44 individual EPR spectra was recorded in thgeafrom pH 0.72 —
11.96 that is presented Figure 8.2A, very similar to earlier studies by Cornell and Kagf®’® or a

recent one by Pavicevat al® Therefore, this study can be regarded as a referdata set.
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In Figure 8.2Ait can be seen for pH > 9.6 (green) that the agcrthree-line component increasingly
dominates the spectral shape. This is due to ardeed pH-induced flexibility of 5-MSL bound to
thee-amino groups of the lysines. The observation efdbter extrema separatigy is also provided

in the whole tested pH range as presentdeigare 8.2B. While A; does not largely change from pH
3.7 - 10.9 (C = compact), a significant drop isestesd for pH > 10.9 that indicates the emergence of
the A form coinciding with a structural weakeningHSA. A further slight drop is observed from pH
3.7 to 2.8 indicating the fast migrating (F) forfHSA. For the acidic region at pH < 2.8 no further

changes of this parameter are seen and HSA is agstannemain in the extended form (E).
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Figure 8.2 | CW EPR experiments on 5-MSL HSA dependgmon pH. (A) CW EPR spectra dfl = 44 different 5-MSL
HSA solutions between 0.72 < pH < 11.96 are sholire black dotted lines indicate the apparent hyper€oupling
constant as obtained from the outer extrenm,)(df recorded spectra. All spectra are color-codeded (acidic), blue
(neutral, or compact) and green (basi8) Corrected apparent hyperfine coupling constaytgblack) and the collective
rotational correlation timeg (dark yellow, for calculations se&ppendix F1) are shown together as functions of pH from
CW EPR experiments in (A). The different regionshad. curve can be subdivided into five dynamic regimesording to
Qiu et al*¥ displaying the extended (E, gray), fast migrat{fig yellow), norm (N, green), basic (B, blue) argka (A,
purple) form of HSA. Phase space bars are given.fandA; where a compact region (C, green) was identified thnges
from pH 3.7 — 10.9. The collective lysine ptalue (pK, ,s= 10.28 (red)) was calculated with PROPKA®®>¥ as shown
in Appendix F2. All measurements on 5-MSL HSA were performed ptatein concentration of 0.09 mM afid= 25°C.
Error bars oAA; (gray) are the relative maximum accuracies frotlnesobtained from individual spectra (equatior).F.3

A further dynamic parameter in CW EPR spectrosésgyrovided by the rotational correlation time
that was calculated as a collective value from gingrspectral features of 5-MSL attached to HSA
(seeAppendix F1). In a direct comparison #, in the range from pH 0.72 — 7.4Bidure 8.2B) it
turns out that the curve features @fare much more pronounced and exhibit sharpery-clda
boundaries of the different dynamic regimes. Howgeempared to théy curve, the onset of the F
form in the acidic region is slightly shifted to gD when the N form is clearly terminated by acgui
drop inz. These lysine-based dynamics in the N form asrebdefrom 5-MSL appear strongly
immobilized ¢, = 4.68+ 0.37 ns). Again, the E form emerges at pH < 2t8hkiting constant values of

aboutz, = 1.93% 0.05 ns throughout. A completely different pictiseobserved from. in the basic
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regime. Upon exceeding the physiological valuebufud pH 7.4, there is a significant increase in pH-
induced lysine side-chain flexibility. This statergists until about pH 9.6. Interestingly, thiss#ion
region almost perfectly coincides with the propobasic form (B) of HSA from pH 8 — 1§:* The
picture of a loss in rigidity in the B foffil coincides well with a highly flexible lysine behaw i.e. in
return the lysines might indeed play a significanté in establishing this stable basic conformation
isomer at plg,; = 9.8 (see alsbigure 8.1A andTable 8.1). Finally, for pH > 9.6 all CW EPR spectra
are dominated by least immobilized 5-MSL spin labelth rotational correlation times in the range
from 0.20 — 0.44 ns. The origins of this almostfeial increase i for pH > 11 remain elusive, but
it was stated early from experiments on poly-Lg€t and spin-labeled poly-L-lysine variahit$?
that a coil-helix transition occurs at pH > 9 foese polyaminoacids. Although this effect might not
be as pronounced for HSA as in a polypeptide hotyoper, the significance of this feature is
therefore presented as pH-induced changes of velatights of high-field and low field peaks in
Figure F2. Together with the PROPKA calculations a meanectiVe pk,,,s= 10.28 can be derived
for unmodified HSA-based lysines, almost perfectinciding with a maximum in these relative line
heights and a collective lysine pKalue reported earlié? It is therefore assumed that 5-MSL may
also serve as a probe for the determination ofpis s value (seé\ppendix F2). From 5-MSL spin-
label dynamics the F and B forms of HSA are detkatepronounced dynamic transition regiags (

62 do not exhibit any salient

Unfortunately, these unspecifically attached spivels (Lys, Cy$
characteristics frond andz in pH regions where the emergence of a moltenuigoimtermediate is
expected (pH 2.07%2Y Due to the inherent statistical, unspecific amdasit quantitative attachment of
5-MSL to cysteine and lysine residues (5 molar eajants, se€hapter 8.4), DEER experiments are
discouraged due to multispin-effects and uncoredlapatial arrangements of 5-MSL in individual
albumin molecules. Some initial DEER test measurgsmen 5-MSL BSA were highly discouraging.
Therefore, this study proceeds with a further ERRRcBoscopic approach elucidating the pH-

dependent protein-ligand interactions of spin pdoHSA.

8.2.3 | CW EPR Experiments on 5- and 16-DSA-probedSA Solutions from pH 0.8 — 12.9

Here, the pH-dependent self-assembly properti¢$S# with the spin probes 5-DSA and 16-08A

are tested thoroughly. The spectral features oflphlatured albumin samples are investigated on an
empirical level as it will be shown in the follovwgnAll CW EPR spectra in the studied pH range are
depicted inFigure 8.3A—C and for convenience the equivalent concentratimajing status and type

of probe is again given as an appropriate abbiewian the following (e.g. 16HSA 120 0400 mM =
16-DSA-probed HSA with 0.4 mM equivalents ofxlprotein, 2x EPR-active 16-DSA probes and

0 x r16-DSA). The spin probes can be regarded ascgrifly stable at all pH values in the time frame

of a typical CW EPR experiment, as no significasts| of signal intensity or SNR is detected.
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Figure 8.3 | CW EPR experiments on spin probed HSAapending on pH.Here, CW EPR spectra of 5- and 16-DSA spin
probed HSA solutions between 0.81 < pH < 12.87shmvn. All pH-dependent spectra are color-code@dh(acidic), blue
(neutral, or compact) and green (basic) in oveitapgraphs ol spectra. &) All experimental CW EPR spectra of 5-DSA-
probed HSA solutions are shown in the range fra8i & pH < 12.20N = 38) loaded with two equivalents spin probe (120)
(B) All CW EPR spectra of 16-DSA-probed HSA solutions shown in the range from 0.89 < pH < 12.R4=(42) loaded
with two equivalents spin probe (120T)(All CW EPR spectra of 16-DSA-probed HSA solutioms gshown in the range
from 0.98 < pH < 12.87N = 29) loaded with one equivalent spin probe (12M)samples were recorded at= 25°C and
0.4 mM molar equivalents of protein to spin profi#) Some exemplary simulations of 16-DSA interactivith HSA (see
Appendix F3) are shown from the most prominent spectral festaf micellesd, red), free ligandf( green) and bound
ligand (g, b,, blue) that dominate the spectral shape at spaatifiranges.

The reported pKvalue for the carboxyl group of stearic acidsssally in the range of 4.5 — 477"
Thus, due to the intrinsic pH-dependent solubdityhe probe itself, it is expected that it maiekists

in the protonated state at about pH 1.0. Therefoeemore insoluble, protonated spin probes ati@cid
pH accumulate in micelles, while at the same tingAHl4 affinity towards fatty acids decreases when
the protein is in the fast (F) and extended form THis circumstance is also exploited in purificat
strategies during which fatty acids are removednfralbumin-containing solutiod§"® In this
context, the acidic spectra reveal a spin exchamigced {sg) baseline shift that is typical for
micellar components in EPR spectra (§égure 8.3D, a, red)!’® Some initial investigations of the
pH-dependent properties of the self-assembled reysfea spin-labeled fatty acid (12-DSA) to BSA
are given in Geet al,'”? also claiming the strong insolubility of the sgirobe as well as from BSA

itself at low pH.
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A similar but inverse effect is observed at pH > Wwhen HSA is in the aged form (A). Obviously,
HSA again loses affinity towards the spin probesletected by the increasing fraction of typical
three-line spectra that emerge for freely tumbpagamagnetic ligands in EPR green). At such high
pH values 5-DSA and 16-DSA are in their deprototiaed in a much better soluble state compared
to pH 1.0. The spectral shapes of spin probed H8Aptes remain largely constant in the range from
about pH 4.0 — 11.0 and can be understood to depiative-like, compact form (C) as it was reported
to be in a similar range for BS¥! In this compact form the albumin protein binds @dinall spin
probes B, blue)" Due to the complex spectral composition consistinthe fractionsa, by, b, andf
throughout most pH regimes, an alternative straisggow rationalized that allows for extracting
useful information from these datasets. For exajgleomparison oFigure 8.3B andFigure 8.3C
reveals that micelle formation (red) is signifidgnhampered by adding only one instead of two

equivalents of 16-DSA.

8.2.3.1 | Monitoring Global Spectral Changes from @/ EPR Spectra of Spin Probed HSA

The strong pH-dependent spectral changes as sé&éguire 8.3 can be reduced to distinct parameters
that monitor the strongest shape and positionaditers with pH and are summarizeddigure 8.4A
Especially, for 16-DSA the observed micelles casieeere positive (3330 G B < 3350 G) and
negative (3370 G B < 3390 G) intensity shifts. Therefore, the paranét, is introduced that
monitors these special characteristics. Stratdgjcilis set to theB-field positions of the readout
values of theA; component of immobilized spectra that are typjcabed in the determination of
order parameters in membrane biophysics (see b&ttM)Additionally, the high-field peak height
(h.y) is used to obtain information about the relaawmeount of free spin probes, while the center-field
height ) is used to normalize both parametens énd h_;) to each other. Thus, an empirical

expression:

_hh+thy
labf = e (8.1)

is defined serving as a straightforward measuralynabntaining information about micelle formation
and fatty acid releas€igure 8.4B shows the results from a corresponding analysiGddSA-probed
HSA (120). It turns out that there are two indiatlBoltzmann-shaped curve sections in the range
from pH 1-9.

In the acidic range from pH 0.8 — 4.5 an increasimpunt of micelles is formed when pH is lowered
that induces a height shiff and has an inflection point gsl The region from pH 4.5 — 9.0, where
HSA remains in its compact form and most of thebpgoare bound, reveals thatis again subjected

to a sigmoidal increase with the heightand an inflection point pi. It can be seen ikigure

8.3B+Cthat this feature clearly emerges due to sliganges irhg, although no micelles are present.
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Figure 8.4 | Lineshape readout scheme for spin prodeHSA samples and the pH-dependenit,,; parameter. Here, a
scheme is presented that traces characteristigehan CW EPR spectra from spin probed HSA solstieith pH. @) A
representative spectrum of 16-DSA-probed HSA loadét two equivalents spin probe (120) at 0.4 mMiigglents is
shown for pH 12.24. Vertical parameters are thderefield peak heighthp), high-field peak heighth(;) and the intensity
shift hy. The horizontal parameters akg A; and the center-field peak widthB, ), that are also used in this study (see
below). B8) An |l parameter analysis and readout scheme for 16-D8KBed HSA solutions (120) is shown at all pH
(orange). There are three regions that can belyleasigned to be caused by spin probes in micéesound to HSA
(b1, by) and free in solutionf). The onset of fatty acid release, or micelle fation (pH,) increases,; for a maximum value
l.. The onset of fatty acid release in the basicoreds termed pH While the bound spin probes also chahggfor a value
In, PHa0 @and pH denote the midpoint of an individual transitiomga. C) Analyses for all spectra emerging from 5-DSA
(black, 120 loading) and 16-DSA probed HSA (110rgte) and 120 loading (orange)) are presentefignre 8.3A-C. (D)
Exclusive spectral contribution from the free fianth_/hy of 16-DSA-probed HSA samples. An intermediatedase of the
free ligand fraction is observed for g

Therefore, this feature emerges due to dynamiclptpo changes in the bound fractiafig andgy,

as it was already described by Muravskyal./”® where a straightforward kinetic model was applied
(with ¢n1 = Nso and ¢, = Nwo). The results from curve regressions lgy curves are explicitly
discussed iM\ppendix F4 and are summarized Trable 8.2 Counterintuitively, it was found that the
asymmetric minimum features between about 3 < pas well as from about 9 < pH < 12 can be

determined by an appropriate Nelder model funcfn:

pH+a
Lo+ BipH+a) + Bo(pH+a ¥

labr = (8.2)
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This kind of rational function is usually applied modeling crop yield responses to nitrogen
fertilizer®®™! and milk yield lactation curves from dairy cafffé.Ilt can be shown (se&ppendix F4)

Y2 and the basic

that the fit parameters directly yield the acidimmum with pH, = —o + (8d/f2)”
minimum at pH= —a — (8/f2) "% In Figure 8.4C all datasets are compared Iy, revealing that 5-
DSA-probed HSA is rather insensitive to pH in tagpect, however, with slight positive changes for
extreme pH. Both 16-DSA loading ratios (110 and)I20eal several recurrent and invariant features
that can be detected by The obtained values around ppH4.3 and pl= 11.4 can be interpreted as
the onsets of acidic and basic fatty acid releesspectively. This is also indicative of a compact
protein shape for the range pHd pH < pH that contains functional fatty acid binding pocket
Furthermore, these data sets suggest that micet®ation is most pronounced at the acidic inflectio
point pH,o = 3.45 and according to the values listedable 8.2 pH,,, pH. and pH are apparently
largely independent of the loading status and theuet of micelles formed ).

A closer inspection of the relative free fractibnihy) of 16-DSA-probed HSA as presentedrigure
8.4Dreveals an interesting bump at about#6.2 — 6.3 where an increasg i the relative amount
free ligand is observed. This increase of freenlihis also about twice as high when the loadinig rat
is doubled and seems to be correlated to the tidle@oint pH,, when the bound spectral features
exhibit the strongest dynamic changes. Both, trangtdynamic changes in bound fatty acids and the
simultaneous release of fatty acids have to be lynahrarge-induced. Therefore, in combination with
Figure 8.1Bit is concluded that ptdand pH,o arbitrarily correspond to an experimentally obséte
isoelectric point (pl = 5.79Table 8.1) in CW EPR spectroscopy. Here, the,pMalues slightly differ

for both investigated 16-DSA loadings.

Table 8.2 |Characteristics observed from 16-DSA-probed HSBwandh_/hy curve$

Model Parameter 110 120
Boltzmann | I, 0.247 £ 0.009 0.443 £0.011
Iy 0.103 +0.017 0.110 +0.002
pH, 0 3.44 +0.03 3.45+0.03
pHyo 5.60+£0.21 6.19 £ 0.03
Gauss I¢ 0.00891 0.0178 £0.0011
pHk 6.20 +0.21 6.33+0.04
Nelder pH 4.26 +0.15 4.39 +0.14
PH: 11.36 +0.04 11.46 +£0.10

®Explicit analyses and fit parameters frdug curves are shown iappendix F4.

8.2.3.2 | Monitoring Changes in Spin Probe Immobikation (A;) and Polarity (A;,) in HSA

As for the 5-MSL spin label, apparent hyperfine glg constants; are here again used as a
measure for the compactness of HSA. This direcibtessible spectral parameter is widely used due to
its little ambiguity® and is here observable throughout all pH valueslfespin probes. Additionally,

the well-known polarity probing properties of dosygearic acidé®® are tested here with tie, value
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in order to detect variations in solvent accessjbdr hydrophobicity®”! ANS is well-known to sense
hydrophobic patches on protéeffi§® that either have an increased accessibility, emaore surface-
exposed in the molten globule st&téTherefore, a hypothesis is tested whether the mmhbes may
act asEPR spectroscopic ANS-analoguleat enable the detection of an acidic molten dmistate of
HSAR3 py A,

Figure 8.5A shows all pH-depende®; values that were observed for 5-DSA and 16-DSAvehver,
the determination of outer extrema separations beawfflicted by strong read-out errors of up to
AA; = 0.95 G, especially at strongly acidic pH. Theséhcurves exhibit similar trends with slightly
differing peculiarities. For clarity, a color-codptiase space bar has been inserted to each catve th
designates observable changegyinn principle, the more immobilized the spin prelage, the larger
the A, values get. For 5-DSA-probed HSA the observed alvehanges irA are most pronounced
(0A; 5~ 3.4 G an®dA 16~ 2.0 G, corresponding to maximum variationsAjrof aboutd Ay /A xmax =

6 — 10 %) with a maximum feature between 7.86 <<9Md.84 (l., sed-igure 8.5B) that can be
rationalized as the most compact or stable statéS# (B form) in correspondence with the stability
curve inFigure 8.1A Therefore, this feature is correlated to,pie 9.84. However, this B form is not
observed in 16-DSA-probed HSA. At pH > 9.8 a steddygrease is observed for 5-DSA and this
region is therefore termed as the aged (A) fornilaino the results from 5-MSL HSA. For pH < 3.87
a decrease is observed that can be correlatedivdtbnset of the F form and the E form is iderdifie
below pH < 2.78. At about pH 2, where the moltesbgle state is supposed to appear, an indentation
in the A curves of 5-DSA (120, Il.) and 16-DSA-probed HSKLQ, IV.) can be observed that are
missing for 16-DSA probed HSA at a higher loadiaga (120, I11.).

In order to further substantiate this finding a &aan fit curve was applied for 5-DSA (120), wherea
a Gumbdf? fit curve was used for 16-DSA (110) yielding ykt = 2.13 + 0.13 and pl.16 =
1.90 + 0.14, respectivelyAppendix F5). The emergence of these two features is nownsitally
ambiguous as it can be either induced by a drgmolarity, i.e. a decrease W, or by a structural
softening of the protein. For clarification, an dmbhal set of pH-depende#t,, values was recorded in
the whole investigated pH range with emphasis enréigion around the MG stat&ppendix F6). It
turns out, that all recorded, values for 5-DSA and 16-DSA vary in a quite narmange from 33.5 —
34.6 G throughout all pH values and applied spiobps. However, from the differenéd,, =
Azs — Asz6 it is revealed that there is indeed a distincteature at pH 2.05 witbA,,uc = +1.07 G
that in fact exceeds the uncertainty from dataaexiton Figure 8.50).

This EPR-based finding constitutes that the MGesiata structurally weakened folding state of HSA
that is observed as a spontaneous and slight dectieaspin probe immobilization. The relative
increase inA,;s further substantiates this claim as it is indiatfor 5-DSA-monitored solvent
exposure of the protein interft that would go along with a structural opening &Ad At all other
pH this effect is considered as too weak for belatgcted, apart from pH 6 where a very Ay

value is found whiléd,,;s monitoring the protein surface is the overall leigi
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Figure 8.5 | pH-dependence of as observed from spin probed HSAThe outer extrema separation; #om CW EPR
spectra inFigure 8.3A—C are plotted in the observed pH range fay SHSA 120 (black), 16DSA 120 (orange) and 16HSA
110 (purple) at 0.4 mM equivalents. Individual plhapaces containing conformational isomers E, fpdCAaare given as a
color-coded bar at the top of each curve accortinthe scheme given iRigure 8.1 Additionally, molten globule (MG)
states are here also given in red bars when aspmmeling feature emerges. Significant featuresnaagked with roman
numerals (I. — VI.).B) Significant curve features that belong to therphige of maximum stability (pig, I.), or the molten
globule state (MG, II. — IV.) with correspondingénsity changed { ) are highlighted as shown in (A) for better vistyi
(C) A polarity difference plobA,, = A,,;5 — Azz16 IS constructed from CW EPR spectra that were recoatl€ = 150 K (see
Appendix F6). Differences in polarity are given as gray colenwith green error bars. Positive values indicapmlarity
increase for 5-DSA (protein interié) and consistently, negative values indicate a figlarcrease for 16-DSA (protein
surfacef® bound to HSA. The maximum change in polarity afatpH 2.0 is denoted WiibA,, . Error bars oA (gray)
are the calculated relative maximum accuracies fralues of individual spectra.

Generally, there is an inside-out-polarity invensioom pH 6 towards pH 2 as observed from the two
different spin probes. The slight decreaseAine at pH 2 proves that (more) hydrophobic patches
form at the 16-DSA-probed surfdteof HSA. This gives a first estimate about the ptis of the
paramagnetic fatty acid derivatives to rival ANSairder to detect molten globule states as long as
Iams (0.8 — 1.1 G) is larger than change®\jn(0.4 — 0.5 G) around pld.

From 16-DSA probed HSA a quite clear cut plate&e-tegion is observed in ti#gcurve that ranges
from pH 3.60 — 11.02 for singly loaded (110) and4i9 — 11.23 for doubly loaded HSA (120). This
feature is indicative of a compact form (C) of H&nt is transformed to the aged form (A, pH > 11.0)
and to the fast rotating form (F, pH < 3.6). Thadargely in agreement with the ranges observad fro
correspondingy, values of 5-MSL HSA. The shift in the onset of théorm in 16-DSA-loaded HSA

(120, orange) may be due an acidic structural waagethat originates from the sheer presence of
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fatty acids. The onset of the E form is also sHifrem pH 2.66 to pH 3.26 upon addition of a second
spin probe. This may be due to the bimodality dh gpobe immobilization kf;, b,). Furthermore,
there is no evidence for the presence of a MG a2 pbf HSA containing two 16-DSA spin probes. It
is concluded that fatty acid loading affects theaiwic behavior of HSA essentially in the acidic pH
range (pH < 5), where the occurrence of the F arfdrias are expected. A& can be observed
throughout the whole investigated pH range, ite-avident that a considerable fraction of thenspi

probes always remains bound to the protein.

8.2.3.3 | Monitoring Changes in Center-field Linewdths (ABg ;) from Spin Probed HSA

The center-field linewidthBy , is intrinsically related to the transversal rekeoa timesT, (see
equation 2.22). The dominant contributionsTscare motional modulations of the hyperfine coupling
tensor A) that provide information about molecular reoraiun®" As this rotational reorientation of
spin probes bound to HSA is anisotropic, bimodb) If,) and very slow# = 14.2 ns and.p, =

5.8 ns at pH 7.4, se€able F1), linewidths themself are here regarded as aceffi qualitative
measure for dynamic changes of spin probed H3gure 8.6A shows all pH-dependent linewidths
ABy pp that were extracted from 5-DSA and 16-DSA-probesiAHaccording to the readout-scheme
presented ifrigure 8.4A

It is obvious, that the advantage comparedAfdies in the small readout errors throughout all
investigated pH values and the tremendous relapeetral changes that are about 4 — 8 times stronge
than forA; (8ABg pp s~ 4.0 G anddABy 16~ 2.3 G, corresponding to maximum variationg\By ,, of
about 5ABg ppi/ ABg ppkmax = 39 — 50%). The curves obtained from 5-DSA andD8A differ
decisively, however, it can be shown that the imi@tion content is very similar. Again, a color-cdde
phase space bar has been inserted to each cutveetignates observable changesAByp, In
principle, the more rotational freedom the spinbe® experience, the lower td, ,, values get.
Overall seven different features can be assigred 6-DSA-probed HSA alone.

Specifically, the symmetric Nsection can be analyzed by a Gauss curve duestodhtinuous and
symmetric change in linewidthrigure 8.6B, I.) for aboutlz = —0.76 G that exhibits a minimum at
pHs o = 6.25 = 0.08. Note, that very similar curve slsapere recorded from tyrosyl fluorescences of
HSA (domain Il) by Dockakt al®Y Here, the F form is also clearly identified bytepslike feature
ranging from pH 2.78 — 3.87. The lower linewidthiues in the acidic range below pH 2.78 are
assigned to the E form and values beyond pH 1b.119et A form of HSA.

The linewidths around pH 2 are clearly diminished &boutlgys = 0.2 G in all obtained curves
(Figure 8.6B, 1l.-1V.), indicating a slight release in motiongdstriction that is again ascribed to
emerge due to the formation of a molten globule-kkate (MG). The exact positions and widths of
these diminished acidic linewidth features wereditwith Gaussian functions that revealed midpoint
values of phgs = 2.16 + 0.37, pie.1s = 2.01 £ 0.13 (110) and pid 16 = 1.87 + 0.95 (120) (see also
Appendix F7).



150 pH-induced Phase Space of HSA

A B
pH,,
o 2 4 6 8 10 12 14 solit ; ot ]
g'_l”',':1'”"”'.'“I'HI”'I'”I_ . 5[] ‘_.\“.‘. g 64 I s/
I @ T2f et @ 60 ‘\./' /
— 8F 4 <6.8.' I 56| % ¢ 8
9 L f ‘%Qvgf . -, ] BT il S
g I IIT} oH X 4567H891O 1 2H 3
s BF —aA B0 - p p
LE 5L ;‘:M ’& ] 42 44
I 5 o 40} * e T o
) g 4 - & Ndl-eeetd
4r —e—5HSA 120 L] § o 38 ‘ o 42f et
TR A TP BRI B 1 36 < \o.,l ‘
s . ] aql I “or v
6F b 12 3 1 2 3
o f pH pH
= GF ] c
N T | S
: ke
3F ]
1 1 1 " 1 1 1
6 _ m ] 3
— C VI.
Q. 5F 0*".—%."% ]
g Iv. b
- ae09*""  pHg,
T ap \.\ 3
3 —e—16HSA 110 . ]
ol 1 1 | I | 1 1 1

0 2 4 6 8 10 12 14
pH

Figure 8.6 | pH-dependence oAB, ,, as observed from spin probed HSAThe center-field linewidthdB, ,, from CW
EPR spectra ifrigure 8.3A—C are plotted in the observed pH range &y BHSA 120 (black), 16DSA 120 (orange) and
16HSA 110 (purple) at 0.4 mM equivalents. Individphase spaces containing conformational isomeFs H, (C), B and A
are given as a color-coded bar at the top of eachecaccording to the scheme givenFigure 8.1A Additionally, the
molten globule (MG) state is here given in red g, is given in black. Significant features are markeith roman
numerals (I. — VL). In case of ambiguous curvepgisathe phase space bars have been set in péealleE and F for 16-
DSA at pH < 7). B) Collection and close up representation of sigaificcurve features (1.—IV.) fromBy ,, of 5-DSA as
well as 16-DSA-probed HSA that can be fitted witBaussian model function. Intensity changes inrdmge from pH 4 — 9
are given asg for 5-DSA andsg g for the pH range from pH 1-3 for both spin probesocal maximum feature is observed
for 5-DSA at pH 9.43 that is again correlated tq,pHC) Collection and close up representation of cueatfres (V. and
VI.) that are exclusively visible in 16-DSA prob&tSA. The range from pH 3 — 9 can be fitted with dtBoann model
function. The maximum changes in linewidiB, ,,is termedlg and for simplicity the inflection point of the a@s is again
represented by pib.

The higher 16-DSA ligand loading ratio (120) obwtyublurs the sharp position of the MG state. As
for A, this circumstance again proves that the molte@bwe is characterized with a structural
widening that is accompanied with increased motitre@dom of the spin probes. The pH-dependent
linewidth curves from 16-DSA probed HSA are a barenambiguous.

Apart from the acidic region from about pH 0.8 2 @&here the E forms and molten globules can be
observed for both loading ratios, there is no sheapsition to an F form. The linewidths rather
increase sigmoidally from pH 3 to about pH 7 uatplateau is reached that is again maintained until
about pH 10. Therefore, this plateau is coinedhasB form with the strongest motional restriction.
The transition region from pH 3 — 7 is interpretesi bimodal, i.e. the F and N forms of HSA are

inseparable. In fact, the two different modes ghitid immobilization lf; and b,) are suspected to
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decisively contribute to this featuf&. Due to the transition-like behavior, both curvesrevanalyzed
with Boltzmann fit curves and it turns out that it value of the inflection point is almost idelaic
to the pH  value observed in 5-DSA-probed HSA. More precistétg obtained values are pki=
6.01 £ 0.07 (110) and pid = 6.21 + 0.06 (120) that provide sufficient eviderfor substantiating this
striking coincidenceAppendix F7).

The detection of the onset of the A form is alaariyl for 16-DSA-probed HSA as the plateau ranging
from pH 7-10 does not end abruptly, but rather iooously decreases its linewidth for extremely
basic pH. Generally, all spin probes monitor aigicgmt gain in motional freedom for pH > 11 due to

the structural weakening of HSA in the A form.

8.2.3.4 | Monitoring Changes from Order Parameter$S) in Spin Probed HSA

The order parameterS( can be used as a measure for mean angular flisctsaof a systerfi”
Originally it was thought for investigating liquidrystalline systems by their degree of molecular
order®®! The extraction and use of order parameters is weelized in EPR spectroscopy. Most
applications in this concern are mainly restrictedphysical properties of biological or artificial
membrane systenf§;*>"%?put have been also tested, or discussed for aittffhit®™ Here, analyses
are restricted to 16-DSA-probed HSA as the 5-DSh gpobe appears to lack decisive spectral
features for order parameters due to the intrisgieng immobilization as well as strong, irredueibl
spectral noise. A similar issue was already meetidoy Morrisetet al*%*

In principle, pH-dependent values #&f andA; are read out from individual spectra accordinght®
scheme given irfrigure 8.4A, whereas the corresponding order parameter-basgéwpic hyperfine
coupling constant isis,s = (1/3)}(A; + 2A-). The magnetic parameters of the bound spin probe
species are provided by an explicit spectral sitrafaperformed on 16-DSA-probed HSA (120
loading withaisep = (1/3}(Ax + Ay + Azp), seeAppendix F3). Thus, potential polarity differences
betweenas,s andaso, that may emerge can be considered in the consinuat the order parameter
that is given by**8

_ (AN - A9) Aso.b
°= (Azz - Axx) Daso S ’ (8-3)

For simplicity, the denominator term.{ — A,,) = 28.43 G is considered as a constant throughibut
investigated pH values as it was show\ppendix F6 that changes iA,, are hardly detectable at X-
band frequencies. A complete pH-dependent set €D9A-derived order parameters is given in
Figure 8.7A for both loading ratios1o andS;,g). Interestingly, there is no distinct phase detielet

in both curves, however, maximum ord84 19 is found for pH 7.6 + 0.2. Thus, all order paraeng
are found to continuously change with pH in a quiégrow range from 0.52 8 < 0.73 that would
indicate a nematic behavitt of the HSA-bound spin probes in a figurative ser@enerally,S,2o

values are a bit lower tha® o, speaking in favor that the more fatty acids avara to HSA, the
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) [106-108]

weaker the binding affinityKx or in other words, the higher is the occupationhef spectral
fraction ¢, (see alscChapter 11).° WhereasS;,, has an approximate two-state process-like curve
shape S;1 exhibits an additional, rather broad feature aualpH 2 that indicates a state of maximum
spin probe disorder. This finding is correlatedthe molten globule state and a Gaussian curve fit
reveals that the extrapolated value is atipH 2.31 + 0.57Figure F9).

The detectable change of the order parameter dukiddfeature is aboufsys = 0.033 (see also
Appendix F8). Furthermore, the order parameter can be relatedspin probe wobbling angjeby

the relatior®®

2S=cog/+ cody (8.4a)

that can be translated into the expression:

y =arcco (84b)

{\/8S+1—1j
2

This wobbling angle can be understood as a restricindom walk of the main diffusion axis on the
surface of a sphere (here: albumin) or a fluctualietween the diffusion axis and the sample &is.
Nominally, the wobbling angle is the rotation ocane with a semi-cone anglandicating the spin

probe fluctuation amplitud&'®*
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Figure 8.7 | pH-dependence of order parameter§ and wobbling anglesy from 16-DSA-probed HSA. The order
parameters and wobbling angles of 16-DSA-probed ld8tfacted from CW EPR spectrakigure 8.3B—Care plotted in
the observed pH range for both loading ratios ({fidrple) and 12Qorange)). Molten globule-related features are
highlighted with red dotted lines. All calculatedtar bars are given in grayA] The order paramete;, and S5, of 16-
DSA interacting with HSA are given as a functionpdf. The global maximum value for both curves igegi with gray
dotted lines $ax19. The order parameter depletiofc around pH 2 is correlated with the molten globstiete. B) The
wobbling angles;;9andy;,o of 16-DSA interacting with HSA are shown as a fimetof pH. The global minimum value for
both curves is given with gray dotted lings;{,¢. The increase of the wobbling amplituldgs around pH 2 is correlated
with the molten globule state.
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Corresponding results are found Figure 8.7B and show an inversed curve shape of the order
parameter with decisive feature®.{:16= ymin.1¢ at identical pH values. For both curves the wiigpl
angles range from 36.5° << 50.3°. The changes observed in the wobbling athgleappear due to
the emergence of the molten globule-like state 8AHare here considered as more illustrative with
I,me = (2.2 £ 0.4)°, corresponding to a relative maxmmohange of about 26%. The absence of the
depletion region around pH 2 for two equivalentd @DSA interacting with HSA (orange) gives rise
to the assumption that a higher fatty acid loagireyents the formation of a molten globule staté as
was already observed in thfg curves FEigure 8.5A). However, from this viewpoint, the molten
globule state can be understood as an intermesliate of maximum ligand disorder and wobbling

amplitude.

8.2.4 | DEER Experiments on 16-DSA-probed HSA Solains at pH 1.03 — 12.15

The pH denaturation of 16-DSA-probed HSA solutiarzs also conducted in a complementary view
to CW EPR (se€hapter 8.2.3 by DEER spectroscopy**** in order to screen the system for the
occurrence of structural changes that can be mmeuwitdoy bound ligand displacements in the
associated HSA scaffolding. For successful DEERegrpnts with sufficient modulation depth)(
and signal-to-noise ratio (SNR), the nominal logdiatio of fatty acid to albumin was conveniently
chosen as 2:# Thus, an average of two spin probes should bedddaside one HSA molecule. The
reduction in protein concentration from 0.40 mM Qd.7 mM was considered as necessary for
attenuating the effect of micelle formation propgnsef 16-DSA when it is partially released below
pH 4.01378 Additionally, information about HSA is lost wheound fatty acids with their messenger
duty would be completely released from the protein.

All DEER results from the pH denaturation procesSBISA are shown ifFigure 8.8 Due to the large
data set of 19 individual measurements the presents subdivided in an acidic regime from pH
1.03 to pH 7.40 and a basic regime from pH 7.40HdL2.15. The time traces kigure 8.8A+B and
the dipolar evolution functions figure 8.8C+Dreveal that clear dipolar modulation is only obéal

in the range from pH 3.83 — 11.35, covering thererdompact norm form (C) regime of HSA as
almost identically detected W, curves Figure 8.5A) from corresponding CW EPR experiments. The
resulting micelles constitute a direct recordingrafaningful time traces of intramolecular distanales
HSA-bound fatty acids as impossible. The presedisthnce distribution®(r) are restricted to this
pH range where background dimensionalitie®af 3.73+ 0.01 are typically used in HSA, reflecting
an effective excluded volume due to the ratherasilleHSA molecule8®**®!

For a detailed discussion on the background dimeatty of 16-DSA probed HSA in the native state
at pH 7.4 the reader is referredGbapter 5.5and a thorough analysis given by Kattaigal™* The
background dimensionality slightly decreases for H1.35 and in the acidic regime of the fast
migrating HSA form (F) it is aboud = 3.1. It furthermore reaches relatively stableiea of 2.0 — 2.5
in the extended HSA form (E) below pH 2 when 16-Df#elles dominate all CW EPR spectra
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(Figure 8.3B+0Q). Such dimensionality features largely corresptméindings in previous studies on

different planar systems of, e.g., spin-dilutedeties giving values ob = 2 — 3% An overview

of pH-dependent background dimensionalities ismgind-igure F10.
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Figure 8.8 | DEER experiments on 16-DSA-probed HSA atarious pH values.All DEER data were recorded from 16-
DSA-probed HSA solutions in the range from pH 1-082.15 and are subdivided in acidic (gH.4) and basic (p& 7.4)
experimental data. The fatty acid loading ratio was to 16HSA 120 at 0.17 mM equivalents. Raw DEERetiraces
V(t)/V(0) are shown inA) the pH range from 1.03 — 7.40 ari8) pH 7.40 — 12.15. Dipolar evolution functioRgt)/F(0)
(black) with regularized fits (red) are shown irethange C) from pH 1.03 — 7.40 andDj pH 7.40 — 12.15. Distance
distributionsP(r) from data shown in (C) and (D) are shownH) from pH 3.83 — 7.40 andF] pH 7.40 — 11.35. The gray
dotted lines in (E) and (F) are an aid to the eyerfdicating relative changes y,,,(r) compared to physiological conditions
atr = 3.58 nm (pH 7.40). All samples were prepareBRBS buffer equipped with 20% v/v glycerol.

Unfortunately, the pH region where the molten glebstate of HSA is supposed to form (pH 2.0)
does neither exhibit features of a regain or lossrdered ligand alignment, nor detectable changes
modulation deptt\. However, this is in agreement with CW EPR data24t loadingsKigure 8.5A
andFigure 8.7A). With the domination of micellar contributionsDEER time traces and the absence
of any dipolar modulation it has to be assumed dmatnterpretable shape Bfr) is not detectable
from 16-DSA ligands for the molten globule stateHSA. Although a substantial amount of the
stearic acid derivatives still interact with HSAthis low pH, the spin probes from micellar fracso

in DEER samples obviously suppress the extractibiprotein-associated information. Besides a

general fanning out of individual distance peak®(n) that corresponds well with an increase in
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ligand disorder in the acidic pH regim@dure 8.7A), close inspection of the distance distributiams i
Figure 8.8E+F reveals a general shift in the maximum probabilignsity of P(r) = Pna(r) that is
depicted as a function of pH Figure 8.9A
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Figure 8.9 | Parameter shifts during pH denaturation of 16-DSA-probed HSA from DEER data.(A) The pH-induced
variation of the main distance peaks fr&®.,(r) in Figure 8.8E+F (black) are shown together with a sigmoidal fitveur
(red) in the compact form (C) of HSA. Error bars eslated to the resolutiom\( = 0.025 nm) in corresponding distance
distributions. The gray dotted line gives the pbiajical distance value for pH 7.40 and the blacktet! line indicates the
midpoint (pH o from the sigmoidal fit from equation 8.5. Additially, the trend in acidic expansion (red) and basi
contraction (green) is indicated as proposed ine®iai*!! with r sy andr i highlighted. B) The variation in corresponding
modulation deptha is given as a function of pH (black) together wtitle stability curve of HSA loaded with seven stear
acids (red, PDB ID: 1e#§ as given inFigure 8.1A Significant and comparable modulation depths fldEER data are
only observed in the compact form (C) of HSA. Etbars for modulation depthsare given as suggested in Bazteal!*?”
with AA =0.02.

This charge-induced peak shift Pyn.(r) with pH exhibits a sigmoidal curve shape that ¢en

reproduced by a Boltzmann-type of function:

(rmax —r min)
1+ e(IDH—IO"|P,0)/O|DHP, 0)

r(pH) =rin + (8.5)

with extrapolated values for. = 3.96 nm and,, = 3.46 nm Ar,y = 0.50 nm) with a correlation
coefficient of R = 0.9972 (se@able F10. The midpoint pH = pH,= 6.16% 0.13 gives the inflection
point of the fit curve and dphd is related to the width of this hypothetical tridios from r i, tO Fmax
Note, that pH, is again close to the calculated isoelectric ppint 5.79 where HSA’s net charge
should beQ = 0. Furthermore, the shift iR,.(r) corroborates the picture of a proposed acidic
expansion and basic contraction of H8Aas detected from bound messenger ligands. The pH-
dependent modulation depthls in Figure 8.9B are schematically combined with the calculated
stability curve of HSA loaded with seven stearitdaqsee als&igure 8.1A PDB ID: 1e7i)*® This
graphical comparison elucidates that the generargemce of modulation depths (hefe> 0.26) can

be effectively correlated to a rather stable anuhparct state (C) of HSA that strongly binds 16-DSA
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ligands. The F form is here identified by the regaf strong changes in in between pH 2.57 and
3.83. However, no characteristic modulation demhs detected that would help to identify the
presence of a molten globule, but similar to thedeigendenty, values inFigure 8.5A, a stable,
compact (C) and largely functional pH region canidentified between about pH 3.83 and 11.35.
Note, that the increasing ligand disord&below pH 6 is mirrored by the emergence of addilio
peaks inP(r). The main characteristics from parameter analgsésund spin probeg\|, A,, ABop, S

andP(r)) are summarized imable 8.3

Table 8.3 [Characteristics observed from 5- and 16-DSA prdt8d

Observable  Parameter 5HSA 120 16HSA 120 16HSA 110
A PHve 2.13+0.13 — 1.90+0.14
| amc [G] -0.80 +0.02 - -1.05+0.18
Ay Asavc [Gl 34.6+05 33.6+04 335+04
Ao [Gl 34.1+0.3 34.0+0.3 34.0+0.3
ABg o pHuc 2.16 +0.37 1.87 £0.95 2.01+0.13
lgmc [G] (< -0.50) & -0.20) —-0.20 +0.01
pHs o 6.25 +0.08 6.21 £ 0.06 6.01 £ 0.07
Ig [G] -0.76 £ 0.05 1.37 £0.03 0.92 +0.02
S pHue - - 2.31+0.57
lsme - - 0.033 +0.006
l,ma [°] - - 2.21+0.43
P(r) pHeg - 6.16 +0.13 -

8.2.5 | DLS experiments on HSA between pH 1.01 —.32

In order to complement the findings from DEER expents the obtained averaged hydrodynamic
radii (Ry) from DLS experiments on HSA are shownFigure 8.1Q Although it only serves as a
reference experiment for elucidating the pH-depahdelution size of HSA, the obtained results are
in very good agreement with prevalent literafdté®? ranging from 3.33 0.24 nm in the compact C

form to 4.25+ 0.27 nm in the E form.

52F ! L L ' ' f ]
Figure 8.10 | pH-dependent DLS experiments on HSA.
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Another pH-induced increase in the hydrodynamidumdf HSA can be seen in its aged form (A) for
pH > 11.7, wherR, reaches values about 4.68.27 nm. Very similar results have been descried
Tanfordet al™®* for BSA at a comparable ionic strengthlef 0.15 M. The F form is here indirectly
detected to occur in a quite sharp range betweer pH < 4.3 and no specific hydrodynamic size is
here determined. Strong deviations in the obtairsddes from the redR, values of albumin due to
the electroviscous effét?! are not expected as it was already ruled out byfofd and Buzzelf”
Although several measurements were averaged tenadtaindividual data point, DLS experiments
are most probably not sensitive enough for detgatlight structural rearrangementsAd®; < 0.3 nm
assuming an intrinsic sensitivity of about 5 — 10ir%4his method®® However, note that the pH-
dependent modulation depthsfrom DEER experimentd={gure 8.9B) are qualitatively reproducing

this curve shape in DLS quite well.

8.3 | Discussion

All previously reported pH-induced conformationsdiners of HSA could be discovered by CW EPR
spectroscopy (E, F, N, B and &j*’including the somewhat enigmatic molten globule&)\tate at
about pH 2°°3Y This was facilitated by screening the sampleshepiH range from pH 0.7 — 12.9.
Spin probing HSA with 5-DSA and 16-DSA, as wellsgsn labeling HSA with 5-MSL turns out to
yield information of exceptionally intricate but luable information that will be correlated in the
following. Therefore, stability and charge curvdsg(ure 8.1) served as a reference for better
understanding the EPR spectroscopic features engeagithe isoelectric point (pl = 5.79) and in the
region of HSA’s optimum stability (pg = 9.80). Throughout all observed parameters thessew
several invariant features that can be indiredtly, clearly assigned to certain functional featuhed
are not always self-evident, as e.g the molten @ilstate (MG), the isoelectric point and the
optimum stability of albumin. A complete list ofgsiificant pH values of structural isomerization and
fatty acid based features is givenTiable F11 Consequently, all recurrent and pH-invariant desd
were combined and averaged across all applied iexgets and analyses yielding significant values of
functional and structural singularities. Thus, aipHuced functional phase space can be constructed
as presented iRigure 8.11

Basically, the results can be subdivided in itehzd tan be extrapolated from protein-based findings
of covalent (5-MSLA; andz;), non-covalent interactions (5-DSA and 16-DSA spiobes are either
bound b, andb,): Ay, A, ABopp S y, P(r) or free { anda): 1., hi/hg)) from EPR-active nitroxide
reporter groups that exhibited sufficient stabitityoughout all applied pH values. Additional agpec
from the solution shape of HSA were obtained in xPeriments.

The compact C form of HSA ranges from the onsehefF form (pH = 4.0 £ 0.4) towards the onset
of the A form (pH = 11.2 + 0.3) and can be similarly observed froeef(interval: [pH, pH]) and
bound ligands (interval: [pH, pHa]). Furthermore, the C form can be subdivided io twvorm forms

that are separated by the intermediate basic feomthat C comprises the phases B and N
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(interval: [N,N,]). DEER-derived parameterd\,(D and P(r)) are also found to be exceptionally
sensitive for compactness and sample homogenaityrnvide valuable and consistent insights about
the structural integrity of the protein.

The B form is characterized by a strong increaskysme rotational dynamics§ as observed from
5-MSL (Figure 8.2B), from a maximum motional restriction of 5- and-6A spin probesABy ),

or maximum compactness of the protein interior asitored by 5-DSAA). Intriguingly, the onset

of the B form coincides with a maximum ligand otdgr (Snay) where least dynamic ligand
fluctuations occur /) at about the physiological pH value ki 7.6 £ 0.2). Moreover, the
appearance of the B form ends when maximum comesstof HSA is achieved at gl 9.6 + 0.2.

The A form is generally well-detected by a losspnotein compactness as monitoredAyin CW
EPR (5-MSL HSA or 16-DSA probed HSA) or further graeters from DEER. This happens as a
conseqguence to the basic loss in structural festtivat are also accompanied with ligand release
(pHr = 11.4 = 0.1). However, the linewidthaR, ) were found to yield ambiguous curve shapes in
this pH range for 5-DSA, as well as for 16-DSA. kxaion of the order paramete®)(exhibited
similar issues due to the continuous and smootequirogress.

The onset of an E form of HSA could be easily detdor all spin probed and spin-labeled HSA
samples by mainly tracing an increase\jnABy p, A Or 7. with the onset of the F form (pH 2.9).
Beyond that, the E form is not necessarily a lirddaramic region but may exhibit features that allow
for the identification of an acidic molten globMG) state at pkig 2.0 + 0.1.

The molten globule state is here exclusively olegrfrom spin probing experiments and it is
generally best characterized by an increase irtioo&l motion of all applied paramagnetic ligands
(ABy pp Of 5-DSA and 16-DSA). All relevant curve featumeghis concern could be extrapolated with
Gaussian-shaped fit curves in order to determieeigpe minima positions and their widths (average
width: omg = 0.29 G). From the obtained order parametersvesitbling angles of 16-DSA-probed
HSA (110 loading) it can be concluded that the ndm exhibit an intermediate state of highest
disorder during the emergence of the molten globtdés and therefore a maximum in mean angular
fluctuations of the ligand is observed. The compess of the protein as monitoredAyappears to be
also slightly depleted in the molten globule st#t#hough A,-values remain largely constant across
all pH (34.0 £ 0.3 G for all loadings and prob&able F6), the difference in probed polarity of 5-DSA
and 16-DSA has a significant global maximum at pbl @A,,uc = 1.1 £ 0.5 G). This means that a
slight polarity inversion takes place in the MGtstavhile the protein interior (5-DSA) becomes more
solvent-accessible and the probed surface (16-Df&8pmes more hydrophobic. Thus, fevalues
are slightly biased by this polarity effect, bue teimultaneous increase in ligand mobility seems to
outweigh this ambiguity in a direct comparison twe tassociated linewidthdafic > Azzkvc)-
Additionally, the large uncertainties in data reaiddromA, reinforce the notion that the center-field
linewidths ABy p, With changes of about 0.2 — 0.5 G serve as thet natigble parameter for the

detection of MG states in spin probing experimastpolarity effects are absent.
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Generally, the ANS-based detection of molten gletstated” is therefore rivaled by the applied spin
probes. These paramagnetic probes can be consider&tPR-spectroscopic ANS analogues as the
MG states can be identified. However, the emergipgctral features are not always clearly
pronounced. For higher loadings of 16-DSA (120kéh&eatures appear to be additionally blurred or
even cancelled out. Currently, further studiescameducted in order to quantitatively charactertee t
relative sensitivity of ANS and spin probes in tbascern.

Setting up an auxiliary parametdg,f for monitoring relative changes in free and nlizet spin
probe fractions is straightforward and gives arctesion about pH-induced affinity changes of HSA
towards fatty acids. However, 5-DSA-probed HSA dat show large sensitivities in this kind of
analysis. Nonetheless, the associated curve fesafume 16-DSA-probed HSA exhibited compelling
transition regions for both loading ratios (110 d2®) that were analyzed with Boltzmann shaped fit
curves. A maximum rate of micelle formation wasrasted with high precision at pgi= 3.45 = 0.01
and was found to be independent of the loadingsiat HSA. The pH range where practically all spin
probes are bound also has an inflection point gppHb. This feature is ascribed to relative changes in
internal fatty acid dynamics that mainly show twfiestently immobilized types of bound fatty acids
(b, andb,) as presented in Muravslat al™ with an obvious effect on the signal heidht An
exemplary spectral simulation has been employesttfy this conclusionKigure 8.3D andFigure

F3). In order to precisely extract the main pH-indliomsets of fatty acid release, Neltfemodel fit
curves have been applied that facilitated the pwtedion of precise acidic (pH 4.3 £ 0.1) and basic
(pHf = 11.4 £ 0.1) minimum features. This defines tbmpact state (C) of HSA in the viewpoint from
free fatty acid ligands. Here, it should be mergbthat the pKvalue of the fatty acids (16-DSA) also
falls in the range of pH The corresponding ligand protonation has an mfdit effect on HSA’s
ligand affinity, as the partial electrostatic natuof ligand**” or more specifically fatty acid
association to albumins is well-knoWf/>106:128-130]

The emergence of an increasehiflhy at pH =~ 6.2 indicates the charge-induced release of 16-DSA
molecules. It is proposed that this is due to thergence of the isoelectric point where the netgdha
of HSA isQ = 0 and fatty acids experience the absence ofreftatic forces. An inverse peculiarity
was observed for BSA at pH 6 where fatty acid bigdéxhibits an overall maximum affinity to the
protein as observed from 12-D$A Although it was proven that HSA experiences a shiftl from

5.6 to 4.8 upon fatty acid bindify) EPR-based spectral characteristics that wouldanelia distinct
detectability of such an isoelectric point from firetein alone remain vague.

While the probed compactness, Ry, A) of HSA remains largely unaffected at pH 6, intdrfatty
acid dynamicsABy ) experience strongest changesgpHWhereas 5-DSA exhibits an intermediate
state of minimum motional restriction at p§= 6.2, the 16-DSA-derived curvesigure 8.6C) reveal
that it is a transition from an acidic unrestrictedtion towards a basic restricted motion in thegea
from about pH 3 — 9. A complementary picture watawied from distance distributior®¥r) from
DEER experiments on the pH-dependent 16-DSA ligdigshment in HSA.
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Meaningful distance distributions are only obserivethe C form of HSA ranging from pH 3.8 — 11.4,
when a sufficiently large fraction of the HSA malées has two ligands bound. Additionally, in the
aged form (A) as observed in DEER (pH > 11.4) nosaterable distance distribution was obtained,
although no micelles are present in solution. Sitheefatty acid binding sites are mostly situated a
internal hydrophobic interfaces of secondary stmecelements in HSA, in particularhelices®™ 2

the loss in the DEER signal also reflects the twssome well-defined ligand binding sites by pdrtia
denaturation. The DEER-derived peak shifPgf,(r) in the distance distributions from the compact C
form (Figure 8.9A) could be fitted with a sigmoidal function thatnfiomed the picture of an acidic
expansion and basic contraction of H$AAgain, an inflection point at pk = 6.16 of this curve was
found for this self-assembled system. However, EEB the system is here only observed from the
paramagnetic, EPR-active ligands’ point of view amight as well indicate, at least a partial, charge
induced electrophoretic inside/outside migrationregpective fatty acids, while the HSA protein
remains compact as seen in DLS experimdriggufe 8.10. The experimentally observed maximum
shift of Prna(r) is considerableArpuexp = 0.45 nm) compared to the observed systematar énr
DEER (Arpeer < 0.03 nm for > 2.5 nm*” and may therefore be regarded as reliable andfisant.
DEER distance datdigure 8.9A)) also indicate a very slight reduction (~ 0.13)rimthe average
aligned fatty acid interspin distance at pH > THe ionic anchor points in hydrophobic pockets are
not well conserved but mainly consist of arginirmesl lysine§>*?%! with pK, values between about
10.8 — 12.97 Since the oppositely charged fraction of depraema 6-DSA molecules becomes ever
larger above pH 7.4, a pure electrophoretic effédgging” the ligands a bit further into the priote
interior appears not unlikely.

Considering the 5-MSL HSA pH denaturation experitnandrastic increase in lysine side chain
mobility on the protein surface is observed in lasic regime (B). In the aged form (A) a maximum
lysine mobility is observed at about pH 10.4 in EfRRt can be predicted from the averaged lysine
pKa values (pK s = 10.28, sed-igure F2). In principle, this contradicts the hypothesisaobasic
contraction, but may also explain the increasedianat restriction in 16-DSA between pH 7 and
pH 10 when lysines and the protruding spin prolie (aearing the nitroxide moieties) are competing
for motional freedom on the protein surfaEggyire 8.6A).

It can be easily seen that all spin probe-base@rempnts obviously exhibit intriguing features at
about pH 6 that can be detected either from fieer (bound ligandsh. Since these features are close
to the isoelectric point (pl), the justified assuiop is made that an electrostatic activation (BA)he
spin probes takes place atgaH: 6.1 + 0.2 with pk pHg o = pHy 0 = pHo = pHb o= pHea.

During the structural weakening of HSA in the Fnfipthe acidic onset of fatty acid release (pHl.3)
can also be partially explained by an electrostdtiag Q > +50) that is exerted on the still
deprotonated fraction of ligands. In fact, DEERadatost probably show an overlap of both, HSA
expansion (DLS) and electrophoretic migration afitb fatty acids that makes them leave the protein

interior.
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FromFigure 8.1Bit can be concluded that a compact form of HSAtsxas long as the absolute value
of the protein charg®)| < 50. Therefore, on a very fundamental levelrghimmentation, HSA expands
its structure (F and A) with extreme pH to compéasar the ever growing charge density{) in the
limiting regions of the compact state (C). As telative magnitude of electrostatic free eneagy, is
generally much lower for elongated structufethese conformational isomerizations may counteract
the relative increase &G in comparison to the free energy of foldingG;). Explicit calculations
considering protein shape, charge screening anatedon condensatiéri” are for now considered as
being far beyond the scope of this study, but malywelr further interesting insights into this issue
Apart from the onset difference of the compact fanmi6-DSA-probed HSA with different loading
ratios (pH 3.6 (110) and pH 4.8 (120)), there isstriking evidence for fatty acid induced changes i
pH stability. However, it was shown for fatty adrde BSA that slight decreases in melting

temperatures or bimodal melting curves can be iedixy pH alone in the range from pH 3 3,
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Figure 8.11 | Functional phase space obtained fropH-dependent EPR and DLS experiments on HSAA condensed
graphical overview is given about all observablesnf EPR spectroscopy and DLS that can be fourithble F11 The pH-
induced conformational isomers in the elongatedgf@y), fast migrating (F, yellow), norm {Mind N, green), basic (B,
blue) and aged form (A, purple) are identified maveraged phase space bar in the range from pH 0279. The compact
form (C) comprises the )NB and N isomers and can be obtained from free ligdnelg, red bar), bound ligand), 5-MSL
spin labels or from DLS (green bar). The molterbgle state (MG, red) and the pH of maximum ligandeo Sy black)
are exclusively obtained from spin probing experitae An isoelectric point (pl, black) can be extiped from both, the
bound and free ligand§ € a + b) and is detected as an electrostatic activatidigands (pHa). Thel s parameter monitors
the behavior of the free ligands and elucidatesattidic (pH) and basic onset of fatty acid release gpkith a clearly
extractable maximum rate of micelle formation {gH The point of maximum stability of HSA (pk) as well as the
collective lysine pK (pKay9 can be either calculated, or are also detecteskueral EPR-based data sets (Sbapter
8.2.1). The color-coded isomerization scheme (top) i@giwith corresponding averaged pH values withall the main
functional, physiological cardinal point.

This claim should be also valid for slight discrepas in the onsets of individual dynamic regimes
when comparing DLS and 5-MSL spin labeling to tf@DISA spin probing approach. From the

averaged values, all phase onset standard degaiersmaller thanpH = 0.4 Table F11).

The pH-induced manipulation of HSA’s structuraleigtity was here successfully observed, again
revealing the high structural plasticity of HE&*! A slight drawback concerning the results from

DEER experiments is the immense amount of requiireé-expensive experiments for obtaining
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sufficient pH resolution as well as the onset otetie formation below pH 3.8. Nevertheless,
recording an additional set of pH-dependent DEER deom 5-DSA probed HSA should reveal
further interesting structural data for proving tredidity of an acidic expansion and basic contearct

of the protein Eigure 8.9A).

Recently, a study was published that also empldsfeR spectroscopy in combination with rheology
concerning the temperature- and pH-induced gel dgon in albumins, however at much higher
protein concentrations. It could be shown, thafieddnt macroscopic gel properties can be tuned with
appropriate pH adjustments that are also basetemdcurrence of these conformational isomers.
Optimum control of these properties may therefoeddyinteresting biocompatible materials and drug
delivery vehicles in medical applicatioh¥’

From this study it remains yet unsettled to whigteet pH-sensitive EPR-active imidazolidine spin
labels (IMTSL)™* or lipid spin probes (IMTSL-PTE}J® may contribute to a better understanding of
HSA'’s phase space due to their intrinsic capabitityact as internal pH and polarity sensbfs'*”
This direct detection of pH-dependent surface ptsnof HSA might reveal further or more precise
information about the complex interplay of albumalgrge and shape. Additionally, further progress
is expected by rigorous simulation of CW EPR spedirat facilitates extraction of dynamical
parameters as ligand binding affinitid&,] and rotational correlation timeg)( however, an explicit
treatment of this issue is far beyond the scopthisfanalysis. It may be anticipated that this EPR-
spectroscopic spin probing approach with paraméagfedty acid derivatives may rival alternatives as
fluorescence-based (quantum dot = QD) studies d@tmtusually insensitive to extreme pH values,
limited to certain pH ranges and associated seit&it > or are subject to photodecomposittth
and aggregatioli{” however, with the latter property being intringicfatty acids, too. This approach
may be as well expanded to pH-dependent, self-ddednsystems of ligand and protein of other

albumins and beyond.

8.4 | Materials and Methods

Materials. Lyophilized HSA powder (>95%, Calbiochem), 5-DS/A-DSA (Sigma-Aldrich), 5-MSL (Santa
Cruz Biotechnology) and glycerol (87 wt% in wate€CROS) were used without further purification. Thé37
M DPBS buffel**® pH 7.4 was prepared according to the procedureribesl inAppendix C1. The preparation
of 0.12 M DPBS titration buffers in the range frgd 0.2 — 13.5 containing up to 0.6 M HCI and 0.4Ns§lOH
is given inAppendix C2.

Protein Stability and Charge Calculation. For stability AG; ) and charge@) calculations as presented in
Figure 8.1 and Table 8.1 the web-accessible program PROPKA 3.0 was usedoging the AMBER
forcefield®°2% The original HSA topology files (PDB ID: 1BMO arRDB ID: 1e7if***® were cleaned from
dispensable components such as additional alburoieaules (PDB ID: 1BMO, contains two HSA molecudes
a dimer), residual ions and water molecules in otdebtain comparable results. An averagg k= 10.28 +
0.89 was calculated from 58 out of a total of 53ihg residues in the primary structure from a aeastructure
(PDB ID: 1BMO) for obtaining an estimate for theghést 5-MSL mobility from EPR data (séppendix F2)
that can be correlated with pKs
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5-MSL Spin Labeling of HSA. The spin-labeled HSA samples were obtained by iatingy 4 — 8 ml of 0.2 mM
albumin in 0.136 M DPBS buffer pH 7.4 for 16 — 24tlhroom temperature with a 5-fold molar excess-MSL
and 1% ethanol. The resulting 5-MSL HSA moleculeserseparated from unreacted label with PD-10 coetum
(GE Healthcare) containing Sephadex G-25 resirgividtual fractions were collected and tested footein
content with Bradford reagdHf! and an additional CW EPR spectroscopic qualitgroenThe purified 5-MSL
HSA solutions were concentrated with spin colunvisgspin® 2 and Vivaspifi 4, 10.000 MWCO, Sartorius
AG) and a benchtop centrifuge (Centrifuge 5810 RBpdhdorf AG) to about 0.3 — 0.5 ml stock solutioAs.
commercially available BCA®! assay (Pierdd BCA Protein Assay Kit, Thermo Scientific) was uskex
guantification of stock solution protein conterg g, nsa = 1.12 — 1.35 mM) as describedAppendix C5. The
BCA absorption values were recorded with a UV/\fiscdrometer (Hewlett Packard HP 8453 and HP 89090A)
at a characteristic wavelengthfof 562 nm. The total 5-MSL HSA vyield of the spilbdding procedure is about
65—-70% of the initially applied amount of pure HSAn explicit preparation and purification proceddos
5-MSL HSA was already shown in the Bachelor thesi®. Sc. Chem. Marie-Therese Oehmidhi#hand is
performed in analogy to the scheme giveAppendix G1 by simply replacing MTSSL with 5-MSL.

Sample Preparation.All spin probed EPR samples were prepared from 1 IH8A stock solutions in 0.137 M
DPBS buffer pH 7.4 to final protein concentratioo 0.40 mM for CW EPR and 0.17 mM for DEER
experiments with a sample volume of 100 — 300 (dotJaddition of appropriate amounts of 26 mM stock
solutions of 5-DSA and 16-DSA spin probes in 0..KKH nominal equivalent concentrations of 1clg(psa =
0.40 mM) or 1:2 ¢psa = 0.80 mM) were adjusted for CW EPR samples a@dfdr. DEER samplesc{s.psa =
0.34 mM). Additionally, a 16-DSA reference samptantaining 0.4 mM spin probe without HSA was also
prepared. The 5-MSL HSA samples were preparedratecdrations of 0.09 mM in 0.137 M DPBS pH 7.4. All
EPR samples that are shown kgure 8.2 and Figure 8.3A-C were individually prepared with a
20 — 25 % titration volume for adjusting pH valuegh the predefined set of acidic and basic 0.12DNBS
buffers in the pH range from 0.2 — 13.5 as desdrieove. All pH values were carefully controlledttwa
thoroughly calibrated pH microelectrode (Mettledddn InLat’Micro pH 0 — 14 in combination with the EL20
pH meter). It is estimated from several consequatibrations with reference buffers pH 1 — 12 (R®TI
CALIPURE, Carl Roth) that the maximum error in thisl range is abouf\pH.,, < 0.15 Appendix C2).
Depending on the pH range of the dynamic regimeisspacings were adjusted in the range from 0.13.78
for all CW EPR experiments. The final 0.1 M DPB3usions of HSA equipped with 16-DSA and 5-MSL are
supplied with 20% v/v glycerol for internal comphitidy and to prevent crystallization upon freezifoy
potential DEER experiments. Compared to EPR samgilegreparation of 0.1 mM HSA samples for DLS was
conducted without addition of 16-DSA and glycerhe final protein concentrations were adjusted \WE#BS
titration buffers to a final sample volume of 500apd in the range from pH 1.01 — 12.31.

For CW EPR measurements, about 15 pl of sample fi#ed into a quarz capillary (BLAUBRAND
intraMARK) with ca. 1 mm outer diameter. For DEERasurements about §0 of the final solutions were
filled into 3 mm (outer diameter) quartz tubes (&&rs Quarzglas) and shock-frozen in liquid nitregeoled 2-
methylbutane.

Dynamic Light Scattering (DLS). All DLS data were obtained with an ALV-NIBS highrf@mance particle
sizer (HPPS) equipped with an ALV-5000/EPP Multifilau Digital Correlator (ALV-Laser Vertriebsgesell-
schaft m. b. H.). This device uses HeNe-LASER iation with a typical wavelength of = 632.8 nm and

3 mW output power with an automatic attenuatordiptimum count rates recorded in a backscatteringction
angle of 173°, relative to the incident monochraméight. The sample cell temperatures were adfuste

T = 25°C by a Peltier temperature control unit. sélmples were measured in 1.5 mL PMMA semi-micro
cuvettes (BRAND). Data were extracted from thenst®y correlation functions by @(t)-DLS exponential and

a mass weighted regularized fit in the ALV-NIBS tsafre v.3.0 utilizing the CONTIN algorithff” The
refractive index and solvent viscosity were assumoeble constant aty,o = 1.332**¢) and 7 = 0.89 mPe&**%
respectively. A significant viscosity increase bétsolutions due to the electroviscous efféétand intrinsic
viscosity [7] can be ruled out for the applied albumin concatian!® Each sample was measured five times at
constant pH and temperature for 120 s and a mdae Ra was calculated. The pH-dependent mean vadRies
of the most prominent particle size peaks and thtaitistical fluctuations are given as the standldation as
depicted in the error bars Figure 8.1Q Besides some additional calibration experimethisse data sets were
collected by B. Sc. Chem. Marie-Therese Oehmicheind her Bachelor thesi¥®!
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EPR SpectroscopyCW EPR ExperimentsA Miniscope MS400 (Magnettech GmbH) benchtop specéter
was used for X-band CW EPR measuremefitgufe 8.2, Figure 8.3 Figure F1 andFigure F3) at microwave
frequencies of 9.43 GHz that were recorded witheguency counter (RACAL-DANA, model 2101, or with
Magnettech FC400). Low-temperature measurementpufoeA,, extractiof® at T = 150 K were conducted
with modulation amplitudes of 0.2 mT, a sweep widthl5 mT and microwave powers Bfyy = 3.16 mW
(Figure F1A and Figure F7A-C). All other measurements were performedTat 25°C = 298 K, using
modulation amplitudes of 0.1 mT and a sweep widthZ— 15 mT at microwave powers ranging fr&gy =
1.00 — 3.16 mW.

DEER ExperimentsThe 4-pulse DEER sequen¢E:'*4

i(77‘2)0!35_'[1_(77)0bs,1_(td"'to'|'Nt'At)_(n)pump_(t,_Nt'At"'td)_(77)0bs,2"52—eCh0

was used to obtain dipolar time evolution data fimsmamagnetic 16-DSA spin probes at X-band freqesraf
9.1- 9.4 GHz with a BRUKER Elexsys E580 spectrometguipped with a BRUKER Flexline split-ring
resonator ER4118X-MS3Figure 8.8). The temperature was set To= 50 K by cooling with a closed cycle
cryostat (ARS AF204, customized for pulse EPR, ARtacungie, PA) and the resonator was overcoupled to
Q = 100. The pump pulse positign+ t, after the first observerrpulse deadtime; was typically incremented
for N; timesteps ofAt = 8 ns in the rangg + t" = 7y + 7, — 243, whereas; andz, were kept constant. Proton
modulation was averaged by addition of eight tinaees of variable; starting withz; ;= 200 ns, incrementing

by Ar; = 8 ns and ending up ats = 256 ns. Additionally, a 2-step phase cyetg Was applied to the firstf2
pulse of the observer frequency for cancelling regeiver offsets and unwanted echoes. The pumpédrexy
Voump Was set to the maximum of the field swept electspin echo (ESE)-detected spectrum. The observer
frequencyvy,s was set tapymp + AV with Av being in the range of 65 MHz and therefore coimgidvith the low
field local maximum of the nitroxide ESE spectrurhe observer pulse lengths for each DEER experinens

set to 32 ns for both¥2— and7=pulses and the pump pulse length was 12 ns.

Data AnalysisiFor CW EPR experiments a sweep width correctiotofdgy = 0.9944 + 0.0021 was obtained
from a Manganese standard fMim ZnS (Magnettech GmbH) to correct the magnééd freadout valueB(x)
from corresponding spectra. The corrected apparepperfine coupling constants ks(vA;) from
5-MSL HSA (Figure 8.2B), 5-DSA and 16-DSA spin probed HSRigure 8.3A-C) were calculated from outer
extrema separationg\g of corresponding CW EPR spectra as describégppendix F1.

In order to estimate collective rotational corrigattimesz, from multi-component CW EPR spectra of 5-MSL
HSA a classical approach from lineshape thebigure F1 and equations F.8 and F¥Y*Y was chosen as it is
also presented i@hapter 10. The required magnetic parametagsgndA-tensor) of the 5-MSL spin label were
either taken from Marzolet al. (g, = 2.0084,g,, = 2.0061,g,, = 2.0025§*% or were determined from an
approach described in Meirovitch and Fré&d yielding Ay = A, =591+ 0.13 G andA,, = 35.78+ 0.20 G
corresponding to an isotropic hyperfine couplingagf = 15.86+ 0.04 G for an axial symmetric nitroxide
geometry. These values largely correspond with aest literaturd™>*** An explicit description of this
approach can be found Appendix F1.

Exemplary simulations on 16HSA 010 0400 mM and 18HS0 0400 mM have been conducted with the
MATLAB-based EasySpin program pack&8g for extracting all emerging subspectfa(B) 0 a, f, by ,b,) and
the magneti@g- and A-tensors Appendix F3). This was considered as necessary for the catistruof order
parameter$ and wobbling angleg. Mathematical details about analyses.gf Ay, A;, ABop, Order parameter
(S and wobbling angley) curves are given il\ppendix F4-8 All fit curves and corresponding parameters
were generated with Microcal Origin.

All raw time domain DEER data iRigure 8.8 were analyzed and processed in a consistent giohalal fit
procedure with DeerAnalysis20%% utilizing Tikhonov regularization. The regularimat parameter has been
set toa = 100 for all dipolar evolution functions obtathérom 16-DSA in order to produce comparable
distance peak resolutions in the investigated ptjea Special emphasis has been placed on the r&gion
3.83 < pH < 11.35. In this pH region, the backgdimensionality has been setDo= 3.73+ 0.01, with a
deviation from a homogenous 3-dimensional backgioemerging from the specific size and shape of the
albumin molecule as it was pointed outQhapter 5™ The sigmoidal curve fit to the pH-dependent shift i
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Pmax{r) was also conducted with Microcal Origin. Measueais at pH < 3.83 were only evaluated to yield
modulation depth#é and rough estimates of background dimensionalilie¥he dimensionality values at low
pH could only be fitted with 2.0 B < 3.1 mainly indicating the dominating micellamtent of the samples. For
a whole set of background dimensionalities the ee&referred td-igure F10.
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Jaumann. All DLS experiments, spin labeling of H&ith 5-MSL, its purification and corresponding CVWE
experiments were conducted by B. Sc. Chem. Marerdde Oehmichen.
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9 | Fatty Acid Triangulation in Albumins Using a Suveillance Benchmark Spin (SBS)

In this study an attempt is made to find out whetBBR spectroscopy serves as a tool to spatially
correlate and resolve fatty acid-based distancgilwliions from DEER to individual locations of
binding sites in albumins. Therefore, a strateggressented that combines the spin labeling and spin
probing approach introducing a surveillance benckragin (SBS). This SBS is covalently attached to
albumins’ surface at a defined position and shdhi¢ provide a fixed spatial reference point for
monitoring consequent or simultaneous fatty acittyeriThe question is raised to which extent
individual albumin-bound fatty acids can be ideatif from the resulting DEER-derived distance
distributions. In this regard, experimental restise to be substantiated with theoretical preahsti

from MD simulations.

9.1 | Introduction

In previous chapters, a major drawback of the éstaal self-assembled system consisting of fatty
acids and albumih® is the entanglement of multiple and partially cidtent nitroxide distances in
the corresponding ¥ 7 distance matricd8 that are usually obtained from a structure of aliouco-
crystallized with seven stearic acftisDue to the inherent lack of any spatial referepommt as a
consequence to statistical binding processes ¢f ftids in spin probing experiments, a hybrid
strategy is tested here that combines spin prokimd) spin labeling with the purpose to address
distance peaks from DEER-derived fatty acid distagtistributions to distinct locations in the pratei
This study is inspired by the earliest spin lalgplaxperiments on albumin that were conducted with
the 3-amino-proxyf! or 3-maleimido-proxyl spin lab& However, this maleimido spin labeling
approach typically leads to a mixture of lysine anydteine labeled albumiff$,as it was already
discussed irChapter 8. A successful attempt in exclusively targeting thghly conserved Cys34
residué’ in HSA with the cysteine-specific MTSSL spin lalveds already made during the diploma
thesis of Dipl. Chem. Till Hauenschifd This labeling strategy on albumin was first repory Park

et al™ as a tool for investigations on albumin fragmentatyics. Recently, this approach was also
adopted for proving interactions of HSA with thepper transporter Ctrl utilizing DEER
spectroscop}! and for investigating surface adhesion effect8®A that was however equipped with
the iodacetamine (IAA) spin label at Cys¥4 The main interest here is focused on the facttthet
albumin protein is equipped with a located, sing@ad covalently attached paramagnetic MTSSL
moiety, generating a C34R1 single mutant that is Beployed to monitor fatty acid entry.

A major effort has been undertaken from the 198@suighout the 1970s to mathematically unravel
the complex and dynamic binding behavior of longioHatty acids to albumid&® Later on, some
significant breakthroughs have been achieved witiRNand X-ray crystallography, revealing
information about the chemical environment of indixal binding sites> %" as well as the binding site

locations that could be assigned by X-ray crysgmliphy to occur as an asymmetric spatial fatty acid
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arrangemenit:?>? Furtheron, these binding sites have been spatialiselated and assigned to high
and low affinity binding sites (see al€hapter 3.3).24%!

Here, it is investigated to which extent this cewdly attached paramagnetic residue may help to
contribute for unraveling the complexity of the itndry and isotropic fatty acid alignment that was
initially observed in DEER data by Juek al™™ In this regard, the intrinsic potential of thisalled
surveillance benchmark sp{{$BS) should be the tracking of the order of bagdsite occupation by
increasing the relative ligand concentration. Aiddilly, this strategy is presented in a compaeativ
view from HSA and BSA to further unravel this funtental spectroscopic and analytical problem.
DEER-derived distance distributions are then catesl with MD simulation data that are derived
from appropriate molecular models that are coneeally obtained from the crystal structure of HSA

containing the seven paramagnetic stearic acid8 (PD1e7i, sed=igure 9.1A)."

9.2 | Results

9.2.1 | Site-directed Spin Labeling of Albumins byrargeting the Cys34 Residue

Although this hybrid spin probing and spin labelstgategy appears straightforward, the preparation
of appropriate samples turns out to be the mogtiargtep. First, both albumins were spin-labeled
with MTSSL using a strategy that is describedAmpendix G1. The application of dithiothreitol
(DTT) as a sulfhydryl-reducing agent during theelafg procedure was discouraged, as even the
lowest amounts of added DTT (about 1 — 10 eq) atdit a slightly deteriorating effect on protein
functionality in the view of ligand affinityHigure G2A). Therefore, the free sulfhydryl content of the
pure albumin solutions and the spin-labeled albuswtutions was investigated with a standard
Ellman’s test Appendix G2).°!

These values were used together with the quam8t®CA protein ass&y to determine the labeling
efficiency similar to Berlineet al™® A further confirmation of successful MTSSL labgjito albumin
was performed with CW EPRFigure 9.1B andFigure G2B) and MALDI-TOF mass spectrometry
(Appendix G3) with the latter one revealing weight increaseslwfut 187 9 Da for HSA and BSA
as it is theoretically expected W = +184.28 Da). It could be shown by explicit spal simulations
that purified MTSSL HSA contains less than abo3%®.of residual free label. Furthermore, bound
MTSSL exhibits dynamic regimes of strong (68.0%) areak immobilization (31.7%Y, intriguingly
similar to the observations made from the dynamfdsound fatty acidstq andb,, seeChapter 7 and
Chapter 11). Furthermore, a very nice correspondence is fonrkde experimental molecular weights
of pure HSA and BSA when compared to the formedicuated values that are givenTiable 6.1
with a deviation of less than 0.009 kDa through@W EPR spectra of MTSSL albumins resemble

(0]

the reported lineshapes in Patkal:™ quite well and are indicative for strongly immab#d MTSSL

by covalent attachment to the protein with fewdeal unreacted labels preseffigure 9.1B).
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Figure 9.1 | Introducing a surveillance benchmark gin (SBS) to albumin for fatty acid triangulation. (A) Molecular
model of MTSSL HSA (C34R1 is here shown in red arel ¢chmplete model is constructed from PDB ID: 187ihat
facilitates tracking of individual distances§ to a maximum of seven (1170) aligned fatty agithgrobes (FA orange).
(B) CW EPR spectra of MTSSL spin-labeled HSA (red) BB& (black) at a concentration of = 0.62 mM in DPBS buffer
and 20% v/v glycerol at pH 7.4 (without fatty acslsmples it will be generally termed as MTSSL XSK0Q). The inset
graph represents the labeling position at the CysS8idlue in arbitrary albumins (XSA).

All results from the MTSSL albumin characterizatie summarized ifiable 9.1 The deviations in
1 mM albumin stock solution concentrations from tleeninal value are discussedGhapter 5.2 and

are assumed to occur mainly due to excluded vokffeets.

Table 9.1 [Characterization of MTSSL albumins

Sample Ceca’ [MM]  co’ [MM] g5 [%] MW ¢ [Da]
1 mM BSA 0.936+ 0.098 0.511 54.6 66446
1mMMHSA  0.818+0.044 0.243 29.7 66531
MTSSLBSA  0.422+ 0.025 - - 66642
MTSSL HSA  1.000+ 0.090 - - 66709

3All protein concentration valuesg:,) were determined from BCA assd$/8 "Free sulfhydryl contenty) was determined
from Ellman’s tests (seéAppendix GZ).[ZG] ‘psn = Cs/Caca is the fraction of accessible thiols per albunfidolecular
weights (MW) were determined with MALDI-TOF (ségpendix G3). *Concentrations deviate from the nominal value of
1 mM due to excluded volume effects (&®apter 5.2).

It is commonly accepted that the thiol content lisuenin samples exhibits a certain heterogefféity
that mainly depends on physiological conditiffisGenerally, an antioxidant role is ascribed to the
conserved Cys34 residue in albuniifis® Unexpectedly, the obtained values for HSA areeglaitv
compared to prevalent literature suggesting that BD% of the thiols exist in the reduced form in
healthy individuals gsyy = 0.7 — 0.8§*** For BSA various values are reported (ranging from

0.36< ¢gup < 0.69535] and in contrast to HSA, these reference valuescm®nquite well with the
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findings made here. There was no evidence of awetlolor reaction from Ellman’s tests on spin-
labeled albumin solutions, constituting anotheritpasproof for a successful labeling procedure.
First of all, a practical sample short-hand notai® applied for including the MTSSL residue in the
nomenclature. The abbreviation Y-MTSSL XSAZZZ;7, will be used in the following that denotes
nominal equivalents of MTSSL (¥, XSA (%), Y-DSA (Z) and rY-DSA (Z) that identifies each
individual albumin (XSA) sample. Herein, the invigated systems will be restricted to[XB, H and

Y O 5, 16. According to the different MTSSL labelinffidencies of HSA and BSATable 9.]) the
MTSSL concentration was adjusted to be constarit. atmM in each sample to certify sufficient
signal strength for all EPR measurements. Thergfofe1l mM equivalent of MTSSL corresponds to
¢y = 0.336 mM HSA andz = 0.183 mM BSA. Double integration of correspord®W EPR spectra
of spin probe-free MTSSL XSA 1100 also gave simialues, confirming the validity of this labeling
approach that primarily circumvents the applicatd®TT (Figure G2A andChapter 9.5).

9.2.2 | DEER Experiments on Spin Probed MTSSL Albuimns

In this section, the impact on the DEER-derivedadiise distributions is tested that emerges from
introducing a surveillance benchmark spin.Higure 9.2 all experimental DEER time traces are
shown that were obtained from MTSSL XSA equippethveapin-diluted fatty acid§Y-DSA, see
Appendix B5)™ to keep the nominal number of coupled spins b&hw 2.

Keeping in mind that the SBS is already attachedlbamin, only one equivalent of paramagnetic
fatty acid and an increasing number of reduceg fatids (2, 4 and 6 equivalents) have to be aduled t
both MTSSL-labeled albumins. The upper trac&igure 9.2 shows MTSSL albumins alone (1100)
as a reference, resembling a monoradical proteih ekhibits largely modulation free time traces
(A < 0.08) with background dimensionalities of abbut 3 and(n) = 1.05 — 1.16Appendix G5). A
clear increase in SNR and modulation defptls observable upon loading fatty acids 5-DSA, 15D
and their respective reduced forms (rY-DSA) on ailbu Although CW EPR-based spin counting
routines of spin-diluted samples are intrinsicédmpered and hence all CW EPR spectra look quite
similar (Appendix G4), the obtained modulation deptiAs from corresponding dipolar evolution
functions indicate that the reduction procedure staxessfulKigure G11A), as all albumin (X) and
fatty acid (Y)-specific dipolar evolution functiorexhibited similar modulation depths. Furthermore,
the application of a device specific modulation theparameteil = 0.534 (determined with model
biradicals, seéppendix C7) can thus be used to approximate an average nuoflzupled spins
(ny = 1.39+ 0.10 for spin probed MTSSL HSA aridy = 1.69+ 0.09 for spin probed MTSSL BSA
samples as shown iRigure G11B. This corresponds well with data obtained frommtalh’s tests
(Table 9.1 and suggests that the accessible thiols are mutly MTSSL to large extents. Figure

9.3 all distance distributions are shown that arevéerifrom raw time domain data Figure 9.2 At

first sight the general shape of individual proligbdensitiesP(r) is intricate.
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Figure 9.2 | DEER time traces of spin probed MTSSL XSAThis collection of raw DEER time trac&4t)/V/(0) shows
(A) MTSSL HSA loaded with 5-DSAB) MTSSL BSA loaded with 5-DSAQ) MTSSL HSA loaded with 16-DSA an®)
MTSSL BSA loaded with 16-DSA. The 117, samples were equipped with paramagneti} (@ reduced (4 fatty acid
ratios of 1:0, 1:2, 1:4, 1:6 and 2:0. Additionalthe corresponding fatty acid free sample (1100prissented for both
albumins in order to highlight the dipolar modutatieffect in DEER time traces. The MTSSL concerdratvas set to 0.1
mM corresponding tay = 0.336 mM HSA andg = 0.183 mM BSA. All samples were prepared in DRBffer equipped
with 20% v/v glycerol at pH 7.4.

Therefore, analyses of corresponding DEER timeesawere conducted in a consistent scheme,
assuming a background dimensionalityDof 3.74+ 0.03 throughout:*® Additionally, the setting of
regularization parameters was kept constant forsathples containing 5-DSAa{ = 1000) and
16-DSA (a6 = 100), so that all distance distributidAg) should be of a comparable resolution. The
validity of most distance distributions is primgrgrovided by recurrent characteristic peaks as agel
by the general absence of any distance probabidihsity in the region of the hydrodynamic diameter
of albumin Ry ~ 6.2 — 7.0 nm§” This is particularly obvious for 5-MTSSL BSA Figure 9.3B
whenP(r) = 0 at about 6.7 nm.

However, this ascribed significance B{r) is only of a qualitative nature, due to the shdipolar
evolution functions that range from abaut, = 1.8 — 2.3 usHigure G10), i.e. that only distances in
the range from about 1.8 — 5.2 Rthcan be attributed with valid assignments to thigirof
individual fatty acids FA All peak characteristics beyond 6 nm are considido emerge due to

background artifacts during the regularization prhae’
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Figure 9.3 | DEER-derived distance distributionsP(r) of spin probed MTSSL XSA. This collection of DEER-derived
distance distributionB(r) shows fatty acid alignments frol'AY MTSSL HSA loaded with 5-DSAR) MTSSL BSA loaded
with 5-DSA, (C) MTSSL HSA loaded with 16-DSA and) MTSSL BSA loaded with 16-DSA after Tikhonov regida
zation in DeerAnalysi§® The 1127, samples were equipped with paramagneti} (@ reduced (g fatty acid ratios of 1:0,
1:2, 1:4, 1:6 and 2:0. The MTSSL concentration setsto 0.1 mM corresponding to 0.336 mM HSA and8.thM BSA.
All samples were prepared in DPBS buffer equippeat 0% v/v glycerol at pH 7.4.

9.2.3 | Rationalizing Distance Distributions from $in Probed MTSSL Albumins

For realizing a credible distance peak assignntert, molecular models were constructed from the
crystal structure of HSA co-crystallized with sieaacids (PDB ID: 1e7ij that contain a MTSSL
residue at backbone position Cys34 and are fillgkd seven 5-DSA or 16-DSA ligands each. In order
to rationalize the emerging complex characteristidhe resulting distance distributions, an expgshd
strategy had to be devised utilizing MD simulati@mishese molecular models (sdppendix G7).
Additionally, reference measurements with albuntimst are loaded with fatty acids alone should
partly resemble the investigated system, howeveking covalently attached MTSSL (see also
Appendix G8). This approach is based on the scheme appliddriket al™ and bears the expanded
potential of simultaneously tracking theoreticastdinces in between MTSSL and individual fatty
acids, as well as to arbitrarily combine all poigninterspin distances. This means thaeduced
interspin systersan be observed with seven distinct individualatises ranging from the surveillance
benchmark spin (SBS) towards each individual fatyd binding pocket Rsgdr)), instead of
considering a complete setMfra = (Nea”— Nea)/2 = 21 fatty acid interspin distances that aignald

in space in the % 7 matrix of thestandard interspin syste(®:(r)).! However, by introducing the
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SBS an overall correlation of interspin connectideads to anexpanded interspin systeR(r)
resembling an & 8 matrix withN; sgs = 28 interspin distances (s€ables G2—G4. The first step is
now to analyze the reduced interspin system tsgare 9.1A) from MD simulations yielding a list of
probe-specific MTSSL-FA distances, (i) that is presented ifiable 9.2 For clarity, the distances are
given together with a correlation to respectiveivitiial fatty acid (FA) locations in corresponding
subdomaing:*” Individual distance values are taken as an average 10 — 15 simulation snapshots
of according trajectories iRkigure G12 for typ > 5 ns. This strategy is here considered as hargel

sufficient as the standard deviations of individuaues are quite smalkfy ;< 0.27 nm).

Table 9.2 IMTSSL-FA distancesy, x obtained from MD Simulations

MTSSL =k 5-DSA 16-DSA FA location
FAI rsid [nm] reid [Nm] Subdomaih
1 2.48+0.10 2.65+0.11 1B
2 3.25+ 0.08 1.49+0.19 1B
3 5.26+ 0.15 5.1+ 0.13 1A
4 5.03+0.14 3.69 0.16 1A
5 5.43+0.27 6.06+ 0.17 1B
6 5.22+0.14 4.86t 0.09 I1A-11B
7 3.77+0.10 3.62+ 0.13 1A

@Averaged distance values; in the range from 6.5 nstgp < 21.3 ns simulation runtime Figure G12A. PAveraged

distance values; in the range from 5.8 nstgp < 27.1 ns simulation runtime Figure G12B. “Domain assignment
according to Bhattacharg al™® and Ghumaret al!”

In principle, all paramagnetic centers of the meddiatty acids can be considered to range within
remote distances relative to MTSSL that are smatieequal to the gyration diametdR2=5.74 nm
that can be also obtained from MD simulatioRgy(gre G12). This nicely corresponds with results
from SANS experiments & = 5.48 nmf"! and from excluded volume studies herdgy( = 2.78 nm

in Chapter 5.2andR" = 2.64 nm inChapter 5.5).

For 16-DSA-probed MTSSL XSA, FA2 6k ~ 1.5 nm) and FAS (¢ sk ~ 6.1 nm) are here considered
as being experimentally inaccessible in DEER duthéolimited time trace resolutioff, < 2.5 US)
and proton modulation. For 5-DSA, several fattydacfFA3 — 6) exhibit coinciding distances, that
should be indistinguishable in DEER experiments $ame accounts for fatty acid pairs (FA3, FAG)
around 5 nm and (FA4, FA7) at about 3.6 nm in 16\pBobed MTSSL XSA. However,
characteristics imy;  being unique in this reduced interspin system distdist should be identifiable.
In principle all values inTable 9.2 are distance vectors that are defined by length direction.
Unfortunately, the latter information is usuallyagtessible due to inherent systematic complexities
but can be investigated with specialized experialesetups’? Furthermore, strategies were
developed for rigid systems, as e.g. spin-labeldth\[§* or other spatially confined biradicaf§;*!

that facilitate the extraction of interspin orididas even at X-band frequencies that were howeeer
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tested here. A further obstacle for data analygsibat individual distance peaks may vary in redati
intensity and position upon fatty acid loading disethe general configurational adaptability of
albumins”!

As fatty acids themselves are capable to generehb@racteristic distance distribution in albumissg
alsoChapter 4 andChapter 6), the key distance distributions (1110, 1120 ahti) fromFigure 9.3

are compared to identical XSA samples (0110 andPiFigure 9.4, lacking the SBS (Z= 0) for
highlighting its direct effect orP(r). Additionally, data from MTSSL XSA samples withlly
occupied fatty acid binding sites (1116) are corafato theoretical distributions (1170) from
simulation snapshots at 9.4 ns runtirialfle G4). The results from experiments on the exclusively
fatty acid loaded HSA and BSA samples at identoaicentrations are depositeddppendix G8.

In Figure 9.4A the 5-MTSSL HSA system shows clear deviationsnfibe pure fatty acid-based
distributions at lowest 5-DSA loadings (0110, gragper trace). There are three distinct peaks that
can be solely assigned to MTSSL4Fdistances at 2.48 nm (FA1), 3.18 nm (FA2), 4.08(r&7) and

a broad, continuous part between about 4.5 andrf.that would correspond to all four spare distance
vectors (FA3 — FAB6). IrFigure 9.4B, the 5-MTSSL BSA system shows a very similar distion
apart from the lack of the 3.2 nm feature (FA2)sltherefore assumed that FA2 and FA7 distances
coincide here (2,7) and FA3 — FA6 also form theabdroontinuous part in the range from 4.5 — 6.0 nm.
Unlike HSA, the combined distance peak of FA2 aAd I2,7) in 5-MTSSL BSA persists throughout
all loading ratios. This is indicative of how trabkling efficiency influenceB(r).

The distribution shape in 5-MTSSL HSA approaches #tandard interspin systeniPe(r))
distribution with higher loadings (FA, gray arrowyhile 5-MTSSL BSA is still dominated by the
reduced interspin system characteristics, mainhylating MTSSL-FA distances (SBS, green arrow).
This characteristic difference is also reflectedhia theoretical distance distribution (1170, retiere
each individual distance valug;; of the 8x 8 matrix is represented with identical weight. st
lowest 5-DSA loadings (5-MTSSL XSA 1110) a largebmplete set of fatty acid assign-ments can be
obtained. This means that binding sites are ntdfitonsecutively, but appear to be more or less
equivalent Kt = Nz = 7) as they are randomly occupied in the obsemmskmbles. As described
above, FA2 and FA5 distances from bound 16-DSAhe teduced system are assumed to be
experimentally inaccessible with DEER. This is watinfirmed for FA5 by comparing theoretical
distributions with experimentd-jgure 9.4C+D, red asterisk, lower traces) as the feature ar@.ad
nm in the red dotted line does not occur in expenital distance distributions at all.

Data from the 16-MTSSL HSA system kigure 9.4C again shows clear deviations from the fatty
acid-based distributions at lowest 16-DSA loadibglQ, gray, upper trace). Here, four peaks emerge
that can be assigned to FA1 (2.55 nm), a combinaifd-A4, FA7 at 4.09 nm (green dotted line), as

well as a broad feature that is here ascribed t® &#d FAG.
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Figure 9.4 | Rationalization of distance peaks indy distance distributions of spin probed MTSSL XSAA comparison

is shown in between MTSSL XSA samples (black) amgnadified albumin samples that lack the SBS (gray) f
(A) 5-MTSSL HSA, B) 5-MTSSL BSA, C) 16-MTSSL HSA and@) 16-MTSSL BSA (* = black, regularization artifact).
Both types of albumins were either loaded with afgl 10, upper traces) or two {20, middle traces) equivalents of 5-
DSA or 16-DSA. Theoretical distributions (117 = 0.17, red) were aligned with the fully occup®dSSL XSA 1116
samples (lower traces) from snapshot$ygt= 9.4 ns Table G4, * = red, inaccessible in DEER experiments condlcte
here). Resemblances with fatty acid-induced didtidbushapes are denoted as “FA” (gray) and confgrmiith values in
Table 9.2 are denoted with corresponding fatty acid idemti{ = 1-7, green) from the reduced interspin systeBS{S
When applicable, recurrent characteristics araatigwith dotted lines or arrows in according calors

Obviously, when compared to higher ligand loadings, feature at 3.5 nm is identified to be mainly
generated byra(r) (gray dotted line) and unfortunately representieast six interspin distances of
individual fatty acids bound to HSA (s@&@ble G4). In contrast, the 16-MTSSL BSA system in
Figure 9.4D shows a different distribution, however, resemiplihe combined and unique (4,7)
feature at about 4.33 nm that can be also obsénv&B8-MTSSL HSA. The peak at 3.09 nm is only
explicable when assigned to FA1 and the small batrgbout 2.1 nm that is visible in 1110 and 1120
loadings, is also most probably inducedRay(r). Supposed regularization artifacts have been egark
with black asterisks (*). The distribution for 16/8SL BSA 1120 again discloses the fatty acid
system-based origin of the typical 3.23 nm peghurely fatty acid probed BSA (see alShapter 4),
when compared to the corresponding DEER measuremitmdut the SBS (0120). Unfortunately, the
distance peaks for FA1 iBsggr) of 5-MTSSL HSA and BSA coincides wif:4(r) in the standard
interspin system and is also found to be not gladidtinguishable.

The general nature of the DEER-derived distancgiloligions from MTSSL albumins is therefore
assumed to represent an expanded mixture distibB(r) of the reduced interspin systeRsdr))
and the standard interspin systeRia(r)) that is exclusively generated from fatty aci@sg(re

9.5A+B). Mathematically, this mixture distribution can described by the relatid#:*”

N
P(r) = Z fin BPm(r) (9.1)

with >f, = 1.
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The parametem defines the origin (SBS or FA) of the considerestatice probability density that is
here either termed a8sgr) or Pra(r). The relative weight,, is assumed to strongly depend on
labeling efficiency as derived frofable 9.1(4sh =~ (N)x — 1), the relative affinityK,;) of individual
fatty acid binding sites, the numbBk of loaded fa