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Abstract: Several spatial correlations of up to six fatty acid
(FA) binding sites in albumins were found by double
electron-electron resonance (DEER). A strategy was used
that combines spin-labeling and spin-probing techniques in
electron paramagnetic resonance (EPR) spectroscopy. This is
here achieved by introducing an additional covalent landmark
spin (LS) label to the self-assembled system of EPR-active,
paramagnetic stearic acid derivatives and albumins. There-
fore, a cysteine specific, paramagnetic LS that was attached
to the albumin surface at a unique position (Cys34) provides
a fixed topological reference point for monitoring statistical
ligand uptake. We propose that the determination of nano-
scale distance distributions emerging between the LS and

EPR-active fatty acid derivatives generally allows for the direct
observation of individually occupied binding sites in solution.
Essentially, several binding pockets, groups of them and
evidence for ligand-induced allosteric modulation can be
traced from such FA-LS interspin correlations. Experimental
results were substantiated with theoretical predictions from
molecular dynamics (MD) simulations. It was observed that
all binding sites in an albumin ensemble may be statistically
filled even at the lowest level of ligand loading. This approach
generally bears the potential for mapping occupation states
of individual ligand binding sites in proteins using such spin-
labeled ligands.
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1. Introduction

In the last six decades, a multitude of impressive efforts have
been undertaken to unravel the complex dynamic binding
behavior of long chain fatty acids (LCFA) to albumins that
constitute the major transport proteins in blood plasma of
mammals.™ The determination of individual binding affinities
(K,) of overall N;y=6-9 major binding sites®™ is typically
obtained upon application of multiple equilibria models, or
related strategies for quantifying ligand binding properties of
albumin.””

It has been proven that this binding site quantification in
albumins is best achieved by utilizing equilibrium dialysis and
partitioning ~ methods,>%* ! 'H-  and BC-NMR
spectroscopy,!'>""! 2D-NMR spectroscopy,*'® or spin probing
strategies in continuous wave (CW) EPR spectroscopy that are
based on non-covalent attachment of e.g. paramagnetic doxyl
stearic acids (DSA) with the protein.>"?*! In terms of
magnetic resonance methods, solution NMR spectroscopy has
the advantage of screening for environmental inhomogeneities
between individual binding sites,*"! whereas CW EPR spectro-
scopy is particularly suitable for screening binding site affinity
(K,) and ligand capacity (Ny) that can be obtained for virtually
any paramagnetic, albumin-binding ligand.””

A major breakthrough in albumin research has been
achieved with X-ray crystallography, revealing the distinct
locations of individual fatty acid binding sites (FA,). These
binding sites were found to be distributed in an asymmetric
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arrangement within the crystalline state of human serum
albumin (HSA).”*?®! They can be spatially correlated and
separated into high (FA,, FA, and FA;) and low affinity (FA,,
FA,;, FA; and FA,) binding sites.”” However, a major
drawback of X-ray crystallography is the inherent inaccessi-
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bility of the spatial FA arrangement in the functional solution
structure of albumin.

In recent years we have devised an EPR spectroscopic
research platform®'! that relies on the possibility to retrieve
nanoscale distance information from albumin-bound DSA
ligands in solution®>* by using the four-pulse DEER
technique.®®! In standard experiments, this pulse EPR
technique provides access to intramolecular distances from
EPR-active biomolecules in the range of about 1.8-6.0 nm®”
at X-band frequencies (9.4 GHz). Despite its capability to
determine these albumin-bound paramagnetic FA alignments,
this approach still suffers from the arbitrary nature of mutual
self-assembly of ligand and substrate. This is because one
essentially obtains only the reduced, “negative” structural
image as a kind of motion capture snapshot from the radical-
bearing nitroxide groups in DSA when residing in the
respective binding pockets. Entanglement of multiple and
partially coincident nitroxide interspin distances between
several bound DSA ligands typically obscures data analysis in
terms of extracting individual FA; contributions. Yet, this
problem can be partially overcome by correlating FA-derived
interspin distances from DEER experiments to an appropriate
crystal structure. For example, the construction of (7x7)
distance matrices from HSA, co-crystallized with seven stearic
acids™ proved to be very promising in this regard.””

As mentioned above, such DEER data do not resolve
individually occupied binding sites, nevertheless, they allow
for drawing some conclusions about the plasticity of the
protein surface and interior. Remarkably, it was found that the
DEER-derived distribution from 16-DSA spin probes repre-
senting HSA’s surface does not coincide with the crystal
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structure-derived data, whereas 5-DSA confirms the aforemen-
tioned picture of an asymmetric protein interior.”? In this
context the number in Y-DSA represents the chain position of
the nitroxide reporter group in relation to the carboxyl group
of stearic acids (CY=CI1 atom). This circumstance provides a
case-specific inside-outside perspective on the protein as FAs
mostly bind with their carboxyl to an ionic anchor inside
albumin.”® Furthermore, unlike in bovine serum albumin
(BSA), the FA distribution in HSA does not significantly
change with the FA loading status.’** In fact, the DEER-
derived FA alignment on BSA’s surface resembles HSA’s
crystal structure-derived data quite well, especially for higher
loadings. For now, these findings remain largely unexplained
in terms of individual FA; contributions, although differences
in amino acid hydropathies in the corresponding tertiary
structures could be identified as one of the major causes that
alter internal albumin dynamics and ligand alignments
likewise.”® Basically, these analytical assignment problems
consistently emerge due to the inherent lack of spatial
reference points in DEER experiments on albumins as a
consequence of the statistical binding processes of FAs.!'

To achieve further insights into the binding process of
individual FA and to identify each binding site in EPR
spectroscopic data (FA;), a hybrid strategy is here employed
that combines spin-probing and spin-labeling, i.e. non-cova-
lent and covalent attachment of EPR-active reporter groups,
respectively (see also Figure 1). Nowadays, it is however not
uncommon in EPR spectroscopy to determine such label-to-
probe distances.?*

Generally, this study was inspired by the earliest spin-
labeling experiments on albumin with the 3-amino-proxyl,*!

Figure 1. Introduction of a located landmark spin (LS) label to albumin for FA triangulation in a combined approach using spin-labeling and
spin-probing. (A) Covalent attachment of cysteine selective MTSSL to the Cys34 residue® of XSA leading to C34R1 XSA.**8l (B) Chemical
structure of the spin probes 5-DSA and 16-DSA with the doxyl groups highlighted in orange. (C) Molecular model constructed (from PDB ID:
1e7i) that facilitates tracking of individual distances (r;;) to a maximum of seven (Z,Z,=70, or 16) aligned spin probes (orange) with the LS.
(D) Schematic representation of Y-DSA reduction with phenylhydrazine (PH) to EPR-silent rY-DSA ligands that can be added to C34R1 XSA in

appropriate loading ratios Z, and Z,.
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or 3-maleimido-proxyl spin labels.*! However, these reagents
typically generate a mixture of lysine- and cysteine-labeled
albumins resulting in the emergence of rather unspecific
labeling sites.™**! Selective labeling of the highly conserved
Cys34 residue!”! in HSA with the cysteine-specific methane-
thiosulfonate spin label (MTSSL) was reported earlier,[*%*”
serving as a tool for investigations on e.g. albumin fragment
dynamics.*! Recently, this approach was also adopted in
DEER spectroscopy for proving interactions of HSA with the
copper transporter Ctr1™®! and for investigating surface
adhesion and dimerization effects of BSA with the latter one
being equipped with the cysteine specific iodoacetamide
(IAA) spin label.™”

Here, we covalently attach MTSSL to obtain such a
C34R1 albumin variant that we then employ for monitoring
FA binding events from a remote, binding site-independent,
topological position in both, HSA and BSA. This strategic
ligand triangulation position (C34R1) is thus regarded as a
protein-based topological landmark site for ligand entry. The
crystal structures of both albumin apoproteins®**" were found
to be largely congruent.”® Therefore we can assume that the
binding pockets, in particular the interior cationic head-end to
which the anionic carboxylic acid of the FAs can bind (Cl
position), are located at similar positions in both proteins.

Here, we expand our EPR spectroscopic albumin research
platform,®!! by simultaneously triangulating positions of
protein-bound FAs through incorporation of a landmark spin
(LS=C34R1) to the system. We aim at identifying distinct FA;
locations in the solution state of HSA and BSA by analyzing
such DEER-derived (LS-FA,) distance distributions. In addi-
tion, we use MD simulations starting from the crystal structure
of HSA containing seven stearic acids (PDB ID: 1e7i)** and
include the results from literature to analyze our EPR-based
distance data. While proving whether the binding sites are
filled consecutively or arbitrarily, we also contribute new
aspects about how the dynamic complexity of FA binding to
albumin can be further unraveled in the solution state.

Table 1. Characterization of C34R1 XSA samples.
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2. Results and Discussion
2.1 Spin-Labeling of Albumins

In our hybrid spin-probing and spin-labeling strategy, HSA
and BSA were equipped with MTSSL to yield a spatially fixed
landmark spin label at the native accessible Cys34 residue
(LS=C34R1, Figure 1A). These spin-labeled albumins (X)
are furthermore denoted as C34R1 XSA. The application of
dithiothreitol (DTT) as a sulthydryl reducing agent during the
labeling procedure was discouraged, as even low amounts of
DTT (about 1-10 eq) had a negative effect on ligand affinity.
Alternatively, the free sulfthydryl contents of pure albumin and
spin-labeled albumin solutions were determined with the
standard Ellman’s test®® prior to labeling. These sulfhydryl
concentration values were then used together with the
quantitative bicinchoninic acid (BCA) assay™ to determine
the labeling efficiency and protein content similar to Berliner
etal.’ This was done in order to load each protein with
appropriate and comparable amounts of paramagnetic 5-DSA
and 16-DSA for conducting the fatty acid triangulation in
albumin (Figure 1B and 1C). MALDI-TOF mass spectrometry
on the spin-labeled albumins revealed relative molecular
weight (MW) increases of about AMW =187+9 Da for HSA
and BSA as it can be theoretically expected (AMWyg, = +
184.28 Da, Table 1). A further confirmation of spin-labeling
was obtained with CW EPR spectroscopy (Figure 2A) show-
ing spectra that resemble the line shapes reported in Park
et al.* quite well. The broad spectral lines are indicative of
strongly immobilized MTSSL being covalently attached to any
albumin (XSA). It could be shown by spectral simulation that
C34R1 XSA typically contains less than about ¢,=0.5% of
unbound MTSSL (free =f) after purification. Albumin-bound
MTSSL exhibits several dynamic regimes with strong and
weak immobilization (bound=5,) that may differ in relative
occupation for HSA and BSA. A second moment analysis on
these CW EPR spectra indicates that the LS is structurally
more buried on the C34R1 HSA surface in comparison to
C34R1 BSA (Figure S13D). The results from the C34R1 XSA
characterization are summarized in Table 1.

It is commonly accepted that the thiol content in albumin
samples exhibits a certain heterogeneity®® that mainly depends
on individual physiological conditions.”” Usually, an antiox-

Sample Coca™ [MM] cs [mM]™! @ 9] MW [Da] ®¥ %]
1 mM BSA 0.936+0.098 0.511 54.6 66446 -

1 mM HSA 0.818 +0.0441 0.243 29.7 66531 -
C34R1 BSA 0.42240.025 - - 66642 <0.5
C34R1 HSA 1.000+0.090 - - 66709 <03

EIAIl protein concentration values (cgca) Were determined with BCA assays.” PlFree sulfhydryl content (csy) was determined with Ellman’s
tests.®? g, = cq/caca is the fraction of accessible thiols per albumin=observed labeling effciency. “Molecular weights (MW) were
determined with MALDI-TOF (see Figures S3-S6). “IFraction of unbound MTSSL molecules (¢f) from the purified stock solutions is given in
area percent of the full EPR spectrum. fiConcentrations deviate from the nominal value of 1 mM due to excluded volume effects.”
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Figure 2. Spin-labeled and spin-probed albumins. For simplicity, albumins are additionally given in sketches represented in gray (XSA), with
C34R1 in red, doxyl groups in orange spheres and FA chains are given as brown rods. (A) CW EPR spectra are shown from the pure spin-
labeled proteins C34R1 XSA 00 at ¢=0.62 mM. The residual unreacted MTSSL (¢f) is exemplary highlighted for HSA and BSA with red bars.
(B) DEER experiments on Y-DSA-probed XSA (Y-XSA Z,0) at ¢;=0.336 mM and ¢;=0.183 mM (pH 7.4 in DPBS buffer and 20% v/v glycerol).
Albumin-bound FA distributions Pg,(r) emerge from XSA loaded with one (orange) or two (gray) paramagnetic FA equivalents (Z, is 1 or 2).
DEER data were processed in DeerAnalysis and validated distributions are given in Figure S17B.””) The sketches given on the right hand side
highlight that 5-DSA rather monitors the protein interior and 16-DSA the protein surface.”? Accordingly, the mean interspin distances (r,;) as

observed from the paramagnetic doxyl groups are therefore generally shorter for 5-XSA.

idant role is ascribed to the conserved Cys34 residue in
albumins.®**! Unexpectedly, the herein determined fraction of
accessible thiols in HSA samples is quite low (~30%), while
in previous literature it was suggested that 70-80% of the
thiols exist in the reduced form in healthy individuals.”**" For
BSA, various values are reported ranging from 36-69 %
and, in contrast to HSA, these reference values coincide quite
well with the findings made here (~55 %).

There was no evidence of a yellow color stain in Ellman’s
tests from spin-labeled albumin solutions, adding another
proof to the presence of labeled protein. Due to the many
adjustable experimental parameters, distinctive sample identi-
fication was achieved as described in the following paragraph.

We here use an extensive sample identifier of the form:
Y-C34R1 XSA Z,Z,, in which Y denotes the label position
(C5 or C16 carbon) in Y-DSA, C34R1 denotes whether the
investigated albumin species XSA was spin-labeled and Z,Z,
indicates the FA loading status of a sample. Here, Z, indicates
the number of paramagnetic (Y-DSA) and Z, the number of
reduced and diamagnetic FA equivalents (rY-DSA) that are
here used for spin dilution (see Figure 1D).? Thus, e.g. 5-
C34R1 HSA 16 is a spin-labeled HSA sample that is probed
with one paramagnetic and six diamagnetic 5-DSA probes and
5-HSA 10 is a native (unlabeled) HSA protein containing only
one EPR-active 5-DSA probe.

A set of reference DEER experiments of XSA loaded with
Y-DSA is shown in Figure 2B that were presented similarly in
earlier studies.**® In this graph the typical FA-based, coarse-
grained view of the albumin interior (Y =5) and surface (Y =
16) is observed (see also the simplified sketch on the right
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hand side). Spin-probed 5-HSA shows the typical peaks at
about 2.3-2.5 nm and 3.5 nm for 16-HSA. From spin-probed
5-BSA we again find the characteristic peaks at 2.0-2.2 nm
and 3.2 nm, as well as 3.8 nm for 16-BSA. However, the peak
at 3.2nm only emerges for higher loadings (16-BSA 20).
Slight variations in distribution shape can be observed when
compared to earlier published data. The qualitative outcome
remains the same.

According to the different labeling efficiencies ggy of HSA
and BSA (Table 1) the R1 concentration in each sample was
adjusted to be constant at 0.1 mM to certify sufficient signal
strength for all EPR-based distance measurements. Moreover,
a 0.1 mM equivalent of R1 corresponds to c¢;=0.336 mM
HSA and ¢3=0.183 mM BSA. Double integration (DI) of
corresponding CW EPR spectra of spin-labeled but spin
probe-free samples (C34R1 XSA 00) confirmed the validity of
this approach. In the next section we will combine these two
separate EPR-active systems from Figure 2 experimentally.

2.2 DEER Experiments on Spin-Probed C34R1 Albumins
Containing a Landmark Spin

As the C34R1 residue is spatially fixed, it is now defined as a
protein-based topological landmark for all additional spins that
are introduced upon addition of EPR-active FAs (Y-DSA).
Therefore, a systematic variation in FA content is expected to
allow for characterizing the binding sequence and binding site
occupation from changes in DEER-derived distance distribu-
tions. In Figure 3 all experimental DEER time traces are
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Figure 3. DEER time traces of spin-probed albumins bearing a landmark spin. This collection of dipolar evolution functions F(t)/F(0) and
corresponding regularized fit curves (red) shows (A) 5-C34R1 XSA Z,Z, and (B) 16-C34R1 XSA Z,Z, together with their respective distance

distributions P(r) as obtained from DeerAnalysis.*’

! Validated distributions are given in Figures S18 and S19. Samples were equipped with

paramagnetic (Z;) to reduced (Z,) FA ratios of 0:0, 1:2, 1:4, 1:6 and 0:0 (orange identifiers). Additionally, a FA-free sample (0:0, black
identifier) is shown for both albumins in order to highlight the presence of dipolar modulation in all other DEER time traces. The modulation
depth A is indicated for 5-C34R1 HSA 20 in gray. Several recurrent features are tracked with blue, green, gray and purple lines in P(r) graphs.
The simplified scheme of the investigated spin triangulation system is given according to Figure 2 at the top right side of each box.

shown that were obtained from Y-C34R1 XSA Z,Z, samples
equipped with Z, paramagnetic and Z, diamagnetic FAs. It
should be mentioned here, that upon using the topologically
fixed LS, only one equivalent of paramagnetic and an
increasing number of reduced FAs (Z,=2, 4 and 6 equivalents
of rY-DSA) were added to both spin-labeled albumins to
emulate spin-diluted ligand loading. The data sets are
complemented through samples with a 0:0 loading (lower
traces) to highlight the effect of a relative excess of para-
magnetic FA. Typically, the number of coupled spins is thus
kept below (n)=2 to prevent peak distortions in P(r) by
multispin artifacts.?>**¢

The upper trace in Figure 3 shows C34R1 XSA 00
albumins as a reference, resembling a monoradical protein
that exhibits largely modulation free time traces (A <0.08),
i.e. experimental data lacking dipolar modulation (see also
Figure S17A). The background dimensionalities are about D=
3 and therefore the number of coupled spins is close to one
((n) =1.05-1.16, see equation 3). This is also indicative for
the absence of a strong dimerization propensity of albumins in
solution at the experimental conditions of choice, especially
for pH.*! A clear increase in signal-to-noise-ratio (SNR) and
modulation depth A is observable upon loading Y-DSA and
rY-DSA on spin-labeled albumin. CW EPR-based spin

Isr. J. Chem. 2019, 59, 1059-1074
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counting routines of spin-diluted samples are intrinsically
hampered and hence all recorded CW EPR spectra look quite
similar (Figure S9). Although the dipolar evolution functions
in DEER experiments on Y-C34R1 XSA Z,Z, samples also
exhibit similar A values (see also Figure S16) it is again
indicative of a successful reduction procedure (Y-DSA to rY-
DSA, Figure 1D).

For more reliable spin counting procedures we here used
monodisperse oligo-para-phenylene ethynylene (oligoPPE)
dinitroxides as a reference substance ({(n)=2 electron spins
per molecule). In these molecules two nitroxide moieties are
bound via a rod-shaped rigid PPE spacer with adjustable
length.*! The distance distributions of these dinitroxides are
well-known®®?! and the device-specific modulation depth
parameter (1=0.534) could be determined that is essential for
spin counting procedures.**"7? Here, the application of
oligoPPE dinitroxides of varying length (from 2.8—7.5 nm, see
Figure S15) proves 4 to be distance-independent as well.

Thus, this value could then be used to calculate and
estimate the average number of coupled spins (n)x from all
FA-loaded samples, giving (n);=1.3910.10 for spin-probed
C34R1 HSA and (n)5=1.69+0.09 for spin-probed C34R1
BSA (see Figure 4A). In turn, this finding corresponds well
with our data obtained from Ellman’s tests (i.e. pgy= (n)x—1,
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Figure 4. Spin counting and distance correlations in Y-C34R1 XSA Z,Z,. (A) Results from spin counting where the number of coupled spins (n)
is higher for Y-MTSSL BSA due to the higher labeling efficiency @s,x. (n) also remains largely constant throughout ligand loading (N, =Z,+
Z,) due to the applied spin dilution strategy. (B) The molecular model of 16-C34R1 HSA 70 was constructed in YASARA Structure® from PDB
ID: 1e7i® and is used for generally highlighting the nitroxide positions of 16-DSA (orange balls) and the landmark spin (LS, red ball) as they
are observed in DEER experiments. All individual fatty acid binding sites (FA) are presented according to their alignment in the protein

scaffolding (suppressed) and their interspin distances ry;; (orange dotted lines) that lead to the established standard interspin system Pea(r)

132

The introduction of a LS (red) leads to the emergence of additional distances ry;, (red lines) defining the reduced interspin system P (r).

see also Table 1) and is additional evidence that the accessible
thiols have reacted with MTSSL to a large extent.

All distance distributions P(r) that are shown in Figure 3
were derived from corresponding dipolar evolution functions
in the time domain. Processing DEER time traces in
DeerAnalysis® was conducted in a consistent scheme
throughout, assuming an excluded volume-induced back-
ground dimensionality of D=3.744-0.03.5*""1 Nevertheless,
the general shapes of individual probability densities P(r)
remain intricate and were therefore validated (Figures S18 and
S19).

In a global view several features can be identified as
indicated with the blue, green, gray and purple lines that prove
the validity of most distance distributions by characteristic
peaks at almost identical positions (see 5-C34R1 BSA (green
line), or 16-C34R1 HSA (blue line)). Furthermore, no distance
probability density should be observable in the range of the
hydrodynamic diameter of albumin (R;~6.2—7.0 nm).["?

Several distance features change upon FA loading and we
assume that this effect emerges due to the increased binding
site occupation and a simultaneous allosteric modulation of the
albumin proteins during FA binding." For now, the ascribed
significances in P(r) are to be handled with care due to the
limitations emerging from short dipolar evolution functions
(up to ~5.2 nm).”” All peak characteristics beyond 4.5-5.0 nm
are either blurred (see also data validation in Figures S18 and
S19), or may emerge due to background artifacts and cannot
be distinctively interpreted.’®”

Note that the distance distributions in Figure 3 clearly
differ from purely spin-probed XSA (Figure 2B) and it is now
safe to assume that the statistical distribution of fatty acids in
XSA leads to an overlap of LS-FA,; distances and FA-FA-
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distances. Thus, even if only one equivalent of EPR-active
FAs is used, there may always be a fraction of individual
albumin molecules that have two DSAs loaded.!'>'¥ Hence, a
more elaborate approach had to be chosen for a better FA
assignment.

2.3 Rationalizing Distance Distributions from Spin-Probed
C34R1 Albumins

To enable distance peak assignments, two molecular models
were constructed from the crystal structure of HSA co-
crystallized with stearic acids (PDB ID: 1e7i)®® with a R1
residue at backbone position Cys34 either loaded with seven
5-DSA, or seven 16-DSA ligands. With these models, MD
simulations were performed (see Supporting Information S2).
This approach is primarily based on the scheme applied in
Junk et al.’” that allows for extracting a set of theoretical FA -
FA -distances. This expanded approach here thus bears the
potential of simultaneously tracking theoretical distances
between the LS and individual FAs, as well as the FA-FA -
distances.

One primarily expects to obtain seven distinct LS-FA,
distances (ry,;) corresponding to the respective binding
pockets (P 4(7)), i.e. the individual paramagnetic center in it.
The complete set of N,y =(Npa> Npa)/2=21 fatty acid-only
interspin distances (FA-FA)) that are aligned in albumin are
given in the 7x7 matrix of the standard interspin system (Pg,
(r), see Figure 2B)."? Indeed, by introducing the LS, the
extended interspin system P(r) spans an 8 X8 matrix and has
N s=7 theoretical distances more with a total of N, =28
interspin distances (see Figure 4B and Tables S3-S5). A full
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theoretical distribution Py (7y,;,) with all spin correlations for
Y-C34R1 XSA 70 is constructed from such a §x8 distance
matrix according to the relation:

1 NyyLs (r — Iy ) 2
Paolrvsse) = - 3 exp ( 2—;/k> (1)

ik

where | 4| is a normalization constant and o is the width of the
artificial Gaussian broadening.

The first step is now to analyze P 4(r) from MD
simulations yielding a list of probe-specific LS-FA; distances
(v red) as presented in Table 2. For clarity, the well-known
corresponding subdomains of the FA binding sites are also
given.”*™ Individual distance values are taken as an average
from 10-15 simulation snapshots of according trajectories in
Figure S11 for #yp > 5 ns. This strategy is here considered as
largely sufficient because the standard deviations of individual
LS-FA,; distance values from MD simulations are generally
found to be quite small (Ary;, <0.27 nm).

In principle, all paramagnetic centers of the modeled FAs
can be considered to range within appropriately remote
distances relative to the LS. These distances are either smaller,
or similar compared to the simulation-derived gyration
diameter 2R;=5.74 nm of albumin (Figure S11). This is in
good agreement with results from small-angle neutron scatter-
ing (SANS) experiments (2R; = 5.48 nm).l"

First systematic restrictions emerge from values shown in
Table 2. In 16-C34R1 XSA, FA, (ris,4~1.5nm) and FA;
(r1654~6.1 nm) have to be considered as being experimentally
inaccessible due to the aforementioned limited time trace
resolution (,,,, <2.5 us) and proton modulation. Furthermore,
in 5-C34R1 XSA, several LS-FA, distances (FA;,) are so
similar that they should be indistinguishable in DEER experi-
ments. The same holds true for fatty acid pairs FA;, FA¢ that
are about 5 nm and FA,, FA, that are about 3.6 nm away from
the LS in 16-C34R1 XSA. However, some distances are
unique in this reduced interspin system P, ¢(») and should be

Table 2. LS-FA, distances ry;, from MD simulations in Pis(r).

LS=k 5-DSA 16-DSA FA, location
FA; rs ) [nm] fei [nm] Subdomainld
1 2.48£0.10 2.65£0.11 IB

2 3.25+0.08 1.49+0.19 IB

3 5.26+£0.15 5.11+£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 4.86+0.09 I1A-11B

7 3.77+£0.10 3.62+0.13 1A

ElAveraged distance values rg;, in the range from 6.5 ns<typ<
21.3 ns simulation runtime from Figure S11A. PlAveraged distance
values ry;, in the range from 5.8 ns<ty,<27.1 ns simulation
runtime from Figure S11B. “Domain assignment of FA, binding site
location is given according to Bhattacharya et al.”® and Ghuman
etal.’™
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clearly identifiable in P(7). In principle all values in Table 2
are absolute values of distance vectors that are generally
defined by length and (relative) orientation.

With albumin we investigate a highly flexible and
adaptable structural scaffolding. Intrinsically, individual dis-
tances ry;;, that were extracted from MD simulations
implicitly contain relative angular information. Thus, angular
correlations were not investigated in depth. Sophisticated
experimental setups and analytic procedures are for now not
required.”® ™ A further obstacle for such data analyses is that
individual distance peaks in P(r) may vary in relative
intensities and positions upon FA loading due to the
aforementioned general configurational adaptability, i.e. the
emergence of allosteric modulation. This phenomenon is also
known as the major functional aspect of albumin — structural
plasticity — that was initially observed by Karush to affect
ligand binding site cooperativity.***! Particularly, a recent
study proved that EPR spectroscopy is capable to elucidate the
intrinsic entanglement of such intricate structural and dynamic
properties when albumin is exposed to post-translational
modifications (PTMs). Utilizing the DSA-probed BSA model
system, it could be shown how specific PTMs may exert
strong alterations on albumin-ligand interactions (Ny, K,) that
are again mirrored in corresponding ligand alignments and
altered binding site occupations (P(r)), respectively.[*!

For highlighting the direct effect of the LS on P(r), the FA-
based distance distributions Pp,(7) from Figure 2B and some
key distance distributions of Y-C34R1 XSA (1:0, 2:0 and
1:6) from Figure 3 are compared in Figure 5.

Additionally, data from fully occupied Y-C34R1 XSA 16
samples are compared to theoretical distributions (Z,Z,=70)
from exemplary simulation snapshots at 9.4 ns runtime
(Table S5). This can be considered as the key step for binding
site tracking in the present study.

In Figure 5A, the 5-C34R1 HSA system shows clear
deviations from the pure FA-based distributions at lowest 5-
DSA loadings (Z,Z,=10, gray, upper trace). There are three
distinct peaks that can be exclusively assigned to LS-FA,
distances at 2.48 nm (FA)), 3.18 nm (FA,), 4.08 nm (FA,) and
a broad, continuous part between about 4.5 and 6.0 nm that
would correspond to all four spare distance vectors (FAs). In
Figure 5B, the 5-C34R1 BSA system shows a very similar
distribution apart from the lack of the 3.2 nm feature (FA,). It
is therefore assumed that FA, and FA, distances coincide in
BSA (2,7) and FA, also form the broad continuous part in the
range from 4.5-6.0 nm. Unlike in HSA, the combined distance
peak of FA, and FA; (2,7) in 5-C34R1 BSA persists
throughout all loading ratios. These features are for now
considered to clearly emerge from the LS and in a comparative
view of HSA and BSA it is moreover indicative of how the
labeling efficiency influences P(r).

The distribution shape in 5-C34R1 HSA approaches the
standard interspin system (Pp,(7)) distribution with higher
loadings (FA, gray arrow), while 5-C34R1 BSA is still
dominated by the reduced interspin system characteristics (Pyg
(7)), mainly exhibiting LS-FA, distances (green arrow).
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Figure 5. Rationalization of distance peaks in key distance distributions of spin-probed Y-C34R1 XSA Z,Z,. A comparison is shown between
C34R1 XSA samples (black) and unmodified Y-XSA samples from Figure 2B lacking the LS (gray) for (A) 5-C34R1 HSA, (B) 5-C34R1 BSA, (C)
16-C34R1 HSA and (D) 16-C34R1 BSA (*=black, implications for FAs). Both albumins were either loaded with one (Z,Z,=10, upper traces)
or two (Z,Z,=20, middle traces) equivalents of 5-DSA or 16-DSA. Theoretical distributions Pyp(ry;;) (Z:Z,=70, 0=0.17, red (MD)) were
aligned with the fully occupied Y-C34R1 XSA 16 samples (lower traces) from snapshots at t,,5=9.4 ns (Table S5, red, *=allegedly inaccessible
in DEER experiments conducted here). Resemblances with FA-induced distribution shapes are denoted as “FA” (gray) and conformity with
values in Table 2 are denoted with corresponding FA, identifiers (i=1-7, green) from the reduced interspin system P s(r)). When applicable,

recurrent characteristics are aligned with dotted lines or arrows in according colors.

This characteristic difference is also reflected in the
theoretical MD-derived distance distribution (70, red), where
each distance value 7y, of the 8 x 8 matrix is represented with
identical weight (see equation 1). The major finding at this
point is that even at the lowest 5-DSA loadings (5-C34R1
XSA 10) an almost complete set of FA; assignments can be
devised. This proves that at the near physiological albumin
concentrations used here, the binding sites are not filled
consecutively, i.e. according to their individual strength (K, ,),
but randomly in the albumin ensemble (K, ~ 10°-10°M~',
nM to pM regime).’*" Thus, all individual binding site
affinities (K,,7) appear to be more or less equivalent, or at least
in a similar order of magnitude when a single FA loading
equivalent is present.

As described above, FA, and FA; distances from bound
16-DSA in P, 4(r) are assumed to be experimentally inacces-
sible with DEER. This is well confirmed for FA; by comparing
theoretical distributions with experiments (Figures 5C and 5D,
red asterisk, lower traces) as the feature around 6.2 nm in the
red dotted line does not appear in the experimental distance
distributions. Data from the 16-C34R1 HSA system in
Figure 5C again shows clear deviations from Pp,(r) at lowest
16-DSA loading (10, gray, upper trace). Here, four peaks
emerge that can be assigned to FA, (2.55 nm), a combination
of FA, and FA; at 4.09 nm (green dotted line), as well as a
broad feature that is here ascribed to FA; and FA,. Obviously,
when compared to higher ligand loadings, the feature at
3.5 nm is identified to be again mainly generated by Pg,(7)
(gray dotted line) and unfortunately represents at least six
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identical interspin correlation distances (FA-FA)) of individual
16-DSAs bound to HSA (see Tables S3-S5).

In contrast, the 16-C34R1 BSA system in Figure 5D shows
a different distribution, resembling the combined and unique
(4,7) feature at about 4.33 nm that can be also observed in 16-
C34R1 HSA. The peak at 3.09 nm is only explicable when
assigned to FA, and the small bump at about 2.1 nm that is
visible in 2:0 and 1:0 loadings (Figure 2B), is again most
probably induced by Pg,(7), or it is an artifact. The asterisk (*)
in Figure 5D (see 10 and 20 loading) appears to be a real
distance component. According to data validation results this
feature would represent FA5. However, we refrain to put too
much attention into this peculiarity as it is very weak. The
distribution for 16-C34R1 BSA 20 features the typical 3.2 nm
peak in purely FA-probed BSA. Unfortunately, the distance
peaks for FA, in P ¢(7) of 5-C34R1 HSA and 5-C34R1 BSA
coincide with Py, (r) and are also found to be not clearly
distinguishable. The general nature of the DEER-derived
distance distributions from C34R1 XSA is therefore assumed
to represent an (extended) mixture distribution P(r) composed
of P 4(r) and Pgs(7) (Figures 6A and 6B). Mathematically, this
mixture distribution can be described by the relation:***]

P(r) = fu- Pulr) @)

with f, =1. The parameter m defines the origin (LS-FA; or
FA-FA)) of the respective distance probability density being in
consideration. The relative weight f,, is assumed to strongly
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Figure 6. Theoretical mixture distributions and mixture distribution influence on experimental data. A mixture distribution P(r) = Pyp(ry;j4) can
be rationalized from molecular models of Y-C34R1 HSA 70 with the superposition of a reduced interspin system fraction fs and a standard
FA-based fraction fra. Therefore, Ps(r) (black) and Pe(r) (gray) are combined to yield P(r) (red) for (A) 5-DSA and (B) 16-DSA aligned in
C34R1 HSA 70. Data are taken from simulation snapshots at 9.4 ns in Table S5 with 0=0.17. The relative weights were here set to f{s=0.36 ~
{n)=1 and fr4=0.64 ~ 2—(n), for visualizing the individual contributions to P(r). (C) The experimental difference in first moments,®¥ or
mean distances A(r) = (r)—(r)ea between P(r) of 5-C34R1 XSA loading experiments is shown as derived from Figure 3A. This is due to the

increased FA-based influence on P(r) when the labeling efficiency @, varies in between different albumin species.

depend on labeling efficiency (see Table 1 (pgy = (n)x—1)), the
relative affinity of individual FA binding sites (K,,i), the
number N, of loaded FA equivalents and the absolute distance
values ry;;, themselves. A good estimate for the choice of a
relative weight f,, is to take fis ~ (n)x—1 and fp, ~ 2—(n)x
from spin counting (Figure 4A). The distance values v, bear
an additional complication that is based on the blurred
distribution shape and an increased distribution width for long
distances above 4—5 nm as a consequence of long-range order
and the short achievable dipolar evolution times t,,, in this
experimental setup. The relative fraction of involved interspin
distances from each system (here: NLS/N,,LS:7/28:1/4) is
assumed to have an additional influence on the distribution
shape. Therefore, the detailed theoretical prediction of the
experimental distance distribution shape is currently consid-
ered as largely inaccessible, while individual peak positions
are still quite informative.

Nevertheless, the DEER-derived distance distributions of
Y-C34R1 XSA allow for an identification of additive features
that can be assigned to most of the FAs entering individual
binding pockets of XSA.

Finally, another parameter can be used to quantify how Py,
(r) dominates the general distribution shape P(r) for higher FA
loadings—the first moment of P(r). The first moments, or mean
distances (r) are typically applied to flexible systems with
ambiguous distribution shapes in DEER experiments.® Here,
(r)ga from the corresponding reference distributions 5-XSA
7,0 (Figure 2B and Figure 5) can be compared with the mean
distances (r) of individual 5-C34R1 XSA Z,Z, distributions in
Figure 3A. The difference in both mean distances of the
respective distributions (A(r) = (r)—(r)gs) reveal how Pgs(r)
dominates the general distribution shape for HSA due to its
lower labeling efficiency (Figure 6C). The viability of this
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A(r) parameter is thus mainly based on the pertinent large
differences (A(r)n.>1nm) that emerge for 5-C34R1 HSA
with FA loading.

2.4 Critical Reflection and Outlook on the Subject

The introduction of a landmark spin bears intrinsic potential
for a fundamental strategic advance in understanding the
nature of how ligands align in albumin. Distance peaks from
bound and spatially largely uncorrelated spin probe ligands in
DEER distance distributions®** can be now clearly, but not
completely assigned when this topological landmark is
introduced to the protein. Here, the feasibility of this approach
is provided by combining experimental results from DEER
with distances extracted from MD simulations allowing us to
perform correlative radial triangulation. The reduced interspin
system consisting of only seven LS-FA; distances (N.g)
simplifies the standard interspin system (NV,p,=21) that was
applied so far for HSAP? and generally allows for locally
tracking bound FAs by DEER when they reside in their
individual binding pockets.

The results from 5-C34R1 XSA strongly emphasize that
even at low levels of FA loading (Z,Z,=10) all binding sites
are occupied to a certain extent and therefore become trace-
able, both, with the spin-probing and the with the hybrid spin-
probing and spin-labeling approach described here. This
means that binding sites FA; are not filled consecutively, but
appear to be rather equally distributed at the applied near-
physiological protein/ligand concentrations. The (FA;) distance
contributions from the reduced system P, ¢(7) can be partially
identified as singularities (FA,, FA, and FA,), or are assigned
to FA groups as (FA,, FA,) and (FA;) in 5-C34R1 XSA and
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(FA4, FA,) and (FA;, FA¢) in 16-C34R1 XSA. To this effect,
experimentally inaccessible distances as for FA, (and FAj;) in
16-C34R1 XSA samples (1.5 nm > ry;; > 6.0 nm) also hamper
the complete assignment of aligned Fa, s for now.

Appropriate molecular models and MD simulations have
to be used for tracking individual binding sites or groups of
them that give clear characteristics in P(r). Once the
simulation data are available, any distribution from the system
can be reproduced in case all dynamic effects in albumin are
quantified that may come along with FA loading. We provide
some phenomenological access to this issue and a more precise
elaboration on albumins or other systems of overlapping
distance distributions upon ligand binding could be studied in
future.

The labeling-efficiency (psy) exerts significant influence
on the distance distributions P(») from spin-probed C34R1
XSA, as the desired characteristics LS-FA distances may be
clouded by a dominating FA interspin distribution (Pg,(7)) for
higher loadings (see C34R1 HSA in Figure 3 and Figures SA
and 5C). In turn, spin counting in DEER qualitatively confirms
the labeling efficiencies that are initially extrapolated from
Ellman’s tests (e. 8., sy ppeer = (7)—1 =0.392 and @sy i piman =
0.297). In combination, this results in the formation of mixture
distributions (P(r)) that are composed of a superposition from
the LS-based (P 4(r)) and FA-based (Pp,(7)) interspin systems
(Figures 6A and 6B).

This mixture distribution is expected to occur for albumins
with a hypothetical maximum labeling efficiency (psy=1) as
well.

By now, MD simulations still do not fully reproduce P(r)
and a more elaborate approach has to be devised to take effects
into account like labeling efficiency (¢gy), individual binding
affinities (K,,7), just as distance-dependent, analytic and time
resolution-related (z,,,,) effects,*”’ or further conceivable
intrinsic restrictions in DEER spectroscopy. Nevertheless, the
Tikhonov regularization in combination with DEER data
validation that was applied here proved itself as a powerful
tool for analyzing these complex DEER time domain data
from spin-probed C34R1 XSA, as recurrent characteristics
could be identified in P(r) shapes from an independently
prepared large number of samples (Figure 3).

One should not exclude the possibility that global allosteric
rearrangements occur during FA loading in albumin™ that
may slightly shift expected distance peak positions from
theoretical predictions in MD simulations. This claim is also
valid for differences in dynamics between HSA and BSA that
lead to different ensembles of structures as it was already
shown in similar DEER data that were published earlier.C® In
principle, allosteric regulation of albumin by LCFAs is mainly
based on shifts in relative orientations of domain I and domain
IT1, relative to domain ILI**' This would also explain why
P(r) of 5-C34R1 XSA 10 is so broad in the range from 4.5—
6.0 nm. In terms of long-range order, we assume this finding
represents a multitude of structurally slightly altered FA-
loaded states and relative conformational states between these
two adjacent domains (I and III). It has to be also concluded
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that a slightly inhomogeneous ensemble of albumins is
captured with DEER, depending on individual loading status
(ML), the associated structural rearrangements upon ligand
binding, as well as the choice of binding site occupation in
each single protein.

Several strategies can be followed to potentially improve
our hybrid spin-labeling/spin-probing approach. According to
prior studies that aimed for spectral resolution of '“N and "N
contributions in 2D-DEER on biradicals,”” or spin-probed
polymers using mixed isotopologues for spectral separation
(MISS-DEER),”" a combination of "N-MTSSL label and "N-
DSA ligand could be used in albumin, or vice versa. Currently,
the overwhelming number of combinatoric possibilities of
potential FA ligand loading experiments still prevents a
general straightforward approach to this long standing and
elusive albumin issue.

An alternative and simplified approach would be the
utilization of a “toolbox” of some established spin-labeled
pharmaceuticals (SLPs)®! or designable phenol-based spin
probes® that are well-known to represent albumin ligands.
Comparative studies on XSA could also provide a quick view
on global or local structural effects when the ligand binding
sites and their positions are known from crystal structures. So
far, all pharmacological ingredients that were investigated by
EPR in our group exhibited a decisively lower number of
binding sites (e.g. Nygp=1-3) and binding affinity values
(Kpy;=2-10-2-10° M ) compared to DSA (Nppa~8+1,
K\~ 10°-10° M™").B21391 Depending on solubility, a low K,
value is usually accompanied with a high amount of free, or
aggregated spectral components (in case of hydrophobic/
amphiphilic SLPs in aqueous solution). This, in turn, makes
recording meaningful DEER time traces and appropriately
analyzing them very tedious, or even impossible. However,
first promising achievements have been obtained in the
successful application of DEER experiments on some of these
pharmacologically relevant ingredients.”*! Note, that by apply-
ing these alternative spin probes the maximum number of
extended interspin system correlation distances is only N,;s=
6 instead of N, =28 compared to the FA-based system. Of
course, this would substantially simplify data evaluation in
terms of ligand, or binding site identification.

Recently, a Q-Band DEER study highlighted that the
detectable distance range in DEER experiments may be
decisively extended to a theoretical value of about 16 nm.""!
This would provide access to the inaccessible distance range
from 5-7 nm as seen in the X-Band experiments applied here
and maybe even to angular triangulation.””

Keeping all these aspects in mind, we are convinced that
this proof-of-principle study in combination with the suggested
optimization strategies constitutes the onset of a whole series
of further conceivable experiments that should complement
established °C NMR studies and may contribute to a deeper
understanding of the dynamic spatial alignment of fatty acids
and other ligands in albumins functional solution structure. Of
course, the ultimate goal would be to identify the occupation
of individual binding sites only from their DEER-derived
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distance characteristics with such an approach. This strategy
can be as well expanded to other protein-ligand systems of
multivalent binding sites.

3. Conclusions

We developed an EPR spectroscopic method that allows for
the identification of ligand binding pocket occupations from
paramagnetic fatty acids in albumins. The introduction of a
covalently attached and thus topologically fixed landmark spin
is the first decisive step to disentangle the resulting distance
distributions from DEER experiments that are typically of
extraordinary complexity. The system is therefore investigated
by a combined spin-labeling and spin probing approach.

In a second superordinate step utilizing MD simulations
experimental distance characteristics are compared with
theoretical distance predictions. Remarkably, most of the
systems complexity can be eliminated and we were able to
observe mixture distance distributions that are composed from
fatty acid-based and landmark spin-based contributions.
Essentially, the landmark spin contributions define the
straightforward scheme of simultaneous fatty acid, or in
general, ligand triangulation strategies in albumins.

Although binding pocket identification cannot be seen as
complete by now this approach however offers a new
experimental perspective on ligand binding to albumins and
proteins in general. In principle each “nameless” ligand is then
provided with a characteristic distance and location identity
that corresponds to the binding pocket where it may reside.
This approach also includes the potential to further investigate
such effects as allosteric modulation upon ligand binding, as
well as preferential ligand binding site occupation.

4. Experimental Section
4.1 Materials

Lyophilized powder of HSA (>95%) was obtained from
Calbiochem (Merck, Darmstadt, Germany). BSA (> 96 %), 5-
DSA, 16-DSA and phenylhydrazine (97%) were obtained
from Sigma Aldrich (St. Louis, MO, USA). The reagents DTT
(>99.5%) and dithionitrobenzoic acid (DTNB, >99 %) were
purchased from AppliChem (Darmstadt, Germany). L-Cystei-
nechloride monohydrate (>98.5%) and toluene (>99.9%,
ROTISOLV HPLC) were obtained from Carl Roth (Karlsruhe,
Germany), whereas MTSSL (>98%) was from Enzo Life
Sciences (Lorrach, Germany), 87 wt% glycerol from ACROS
Organics (Thermo Fisher Scientific, Waltham, MA, USA) and
perdeuterated ortho-terphenyl (OTP-d,, 98 atom % D) from
C/D/N Isotopes (Pointe-Claire, Quebec, Canada). Synthesis of
the oligoPPE,, oligoPPE; and oligoPPE/B,, dinitroxides
(biradicals) was described elsewhere.***! The 0.137 M Dul-
becco’s phosphate buffered saline (DPBS) pH 7.4 was
prepared according to the original procedure®? and the
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titration buffers (0.12 M DPBS) for pH adjustment were
prepared in the range from pH 0.2-13.5 containing up to
0.6 M hydrochloric acid (HCI) and 0.4 M sodium hydroxide
(NaOH).

4.2 Spin-Labeling of HSA and BSA

The spin-labeled albumin samples were obtained by incubating
0.2 mM unmodified albumin (XSA, XeB,H) in 0.136 M
DPBS buffer with a 5-fold molar excess of MTSSL and 1%
ethanol. 8 ml of this solution was incubated at room temper-
ature in the dark for 16-24 hours at pH 7.3 £0.1. The resulting
spin-labeled C34R1 XSA samples were separated from the
incubation solution with PD-10 columns (Sephadex G-25
resins, GE Healthcare, Chicago, IL, USA). This is because the
incubation solution may contain residual unreacted MTSSL
monomer and MTSSL dimer.””® Individual fractions were
tested with Bradford reagent!"*” for qualitative protein content.
An additional investigation was conducted utilizing CW EPR
spectroscopy to test whether all MTSSL monomers and dimers
were removed (Figure S1 and S2). The purified C34R1 XSA
solutions were concentrated with spin columns (Sartorius,
Gottingen, Germany) and a benchtop centrifuge (Eppendorf
Centrifuge 5810 R, Eppendorf AG, Hamburg, Germany) to
stock solutions of about 0.3-0.5ml volume. With the
commercially available BCA assay™ the resulting protein
content was determined to be c¢x=0.42—1.53 mM correspond-
ing to a total yield of up to ¢,,,,=58% (Pierce™ BCA Protein
Assay Kit, Thermo Fisher Scientific).

4.3 Ellman’s Test

Quantification of accessible thiol groups was conducted with
Ellman’s reagent (DTNB), according to standard protocols.””
L-Cysteine was used as a reference to calibrate the strength of
the TNB?™ color reaction by measuring the characteristic
absorption at Ay, =412 nm® on an UV/Vis spectrometer
(Hewlett Packard 8453 and 89090 A, HP Inc., Palo Alto, CA,
USA). Absorption values and BCA assayed protein concen-
trations were taken from 1 mM XSA samples of the same lot
in order to determine the amount of accessible cysteines per
albumin. These labeling efficiency values (pgyp=0.546¢eq
R—SH for BSA and ¢gy;=0.297 eq R—SH for HSA, see
Table 1) can be also used to define the total labeling
efficiencies @g; xsa (= @prep* @su=15-33 % C34R1 XSA) in the
procedure.

4.4 MALDI-TOF Mass Spectrometry
Stock solutions of XSA and C34R1 XSA were diluted with
ultrapure water (MilliQ) yielding samples with a concentration

of 1 mg/ml containing less than 2 mM of salt. MALDI-MS
experiments were carried out using a delayed extraction TOF
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mass spectrometer Voyager-DE PRO (Sciex, Darmstadt,
Germany) equipped with a pulsed nitrogen laser (1=337 nm).
Samples were prepared by mixing the sample solutions with
the matrix solutions (10 mg/ml sinapinic acid in 0.1 % aqueous
solution of trifluoroacetic acid/acetonitrile (TFA/ACN), 1:1,
v/v) at a ratio of 1:10 (v/v) and 1 pl of the mixture was
applied onto a stainless steel sample plate. The sample spots
were then dried in a gentle stream of air. Measurements were
performed operating in the positive ion linear mode at a total
acceleration voltage of 25 kV with a grid voltage set to 92 %,
0.15% guide wire voltage and an extraction delay of 700 ns.
The low-mass gate was set to m/z 10,000 to prevent detector
saturation from low mass compounds. The instrument was
externally calibrated using BSA and calibration mixture 3 of
the Sequazyme Peptide Standards Kit (Sciex). Results are
shown in Figure S3-S6.

4.5 Preparation of Samples for EPR Spectroscopy

According to the results from Ellman’s tests, all C34R1 XSA
concentrations were adjusted to ¢ ¢=0.1 mM of bound
MTSSL, i.e. ¢z3=0.336 mM for C34R1 HSA and cz=
0.183 mM for C34R1 BSA, assuming cx=cs-¢syx - This
certifies that the SNR in all EPR experiments is good enough
for generating DEER time traces of comparable quality and
appropriate distance distributions. The stock solutions of
paramagnetic fatty acid spin probes (Y-DSA with Ye5, 16)
were prepared with appropriate amounts of 0.1 M potassium
hydroxide (KOH) to obtain final stock concentrations of
26 mM. For spin diluted C34R1 XSA samples the reduced and
thus largely EPR-silent doxyl stearic acids (26 mM rY-DSA,
Figure 1D) were prepared in a slightly modified procedure
compared to previous protocols.?*'°") Here, 1 mg of Y-DSA
powder was dissolved in 80 ul of 0.1 M KOH to a final
concentration of 32.5 mM. These solutions were stirred with
gentle agitation. Before each reduction procedure a fresh
solution of 66.2 mM phenylhydrazine (PH) was prepared in
0.1 M KOH and mixed thoroughly. 12.5 pl of this PH stock
solution was added to 50 pl of 32.5 mM DSA in 0.1 M KOH
so that the reaction solution was equipped with 0.5 eq PH and
26 mM Y-DSA. The reaction was allowed to proceed under
argon atmosphere at room temperature. Thorough observations
of the reduction process were made in the time course of 1.0—
1.5hours (Figure S7) by using a quantitative kinetic
approach!® including double integration routines (Supporting
Information S1 and Table S1). The reduction efficiency of
both spin probes was about 96-98% after a maximum
incubation time of about 40 min.

Appropriate amounts of paramagnetic and diamagnetic
spin probes were added as 0.336 mM equivalents for C34R1
HSA and 0.183 mM for C34R1 BSA to yield the desired 0:0,
1:0,2:0, 1:2, 1:4 and 1:6 loading ratios (Z,:Z,), whereas
each sample then contains one MTSSL, one XSA, Z, times Y-
DSA and Z, times rY-DSA. As a reference, MTSSL-free XSA
samples were prepared at 1:0 and 2:0 loading ratios, again at
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identical concentrations. The final aqueous solutions of
(C34R1) albumins together with the fatty acids were supplied
with 20% v/v of glycerol in order to prevent crystallization
upon freezing and were titrated to physiological pH 7.40+
0.03 and to a volume of 80 pul utilizing appropriate amounts of
the aforementioned 0.12 M DPBS titration buffers. Addition-
ally, the effect of 1, 10 and 100 equivalents of DTT on albumin
was tested by 24 h incubation with 0.16 mM pure HSA
samples that were spin probed with about two 16-DSA ligands
(Figure S2A).

The oligoPPE dinitroxides were prepared in the concen-
tration range from 0.27-0.85 mM in OTP-d,, (see Figure S8)
similar to a procedure described in Godt et al.! The yellowish
dinitroxide powders (0.1 mg each) were dissolved in 500 pl
toluene for transferring them. The toluene volume was then
vaporized overnight at room temperature yielding a homoge-
nous laminar layer of evenly spread oligoPPE dinitroxide.
About 100-150 mg of OTP-d,, was added to the dry
dinitroxide and thereafter a heat gun (HL 2010 E electronic,
STEINEL Vertriecb GmbH, Herzebrock-Clarholz, Germany)
was used for melting the OTP-d,, powder (melting point of
OTP-d,,=57-59°C). The hot liquid OTP-d,,/dinitroxide mix-
ture was then gently stirred for obtaining an even distribution
of molecules. The solution was placed on a heater plate at 70—
80°C, ensuring that none of the obtained OTP-d,-based
liquids solidify and that all air bubbles in the bulk solution
have vanished.

In Table S2 more information can be found about the
dinitroxides. Finally, an EPR sample tube (Heraeus Quarzglas,
inner diameter @ =3 mm) was filled with a sterile soda-lime
glass Pasteur pipette (Carl Roth, outer diameter @ =1.3 mm),
again under continuous flow of hot air. For CW EPR
experiments about 15pul of the final protein-containing
solutions were filled into micropipettes (BLAUBRAND®
IntraMARK, outer diameter @=1.0 mm). For corresponding
DEER measurements about 40-80 pl of the solutions were
filled into EPR sample tubes and were subsequently shock-
frozen in liquid nitrogen-cooled 2-methylbutane for distance
measurements.

4.6 EPR Spectroscopy
4.6.1 CW EPR Spectroscopy

A Miniscope MS400 (Magnettech GmbH, Berlin, Germany)
benchtop spectrometer was used for X-band CW EPR
measurements at microwave frequencies of 9.41-9.43 GHz
that was equipped with a frequency counter (RACAL DANA,
model 2101, Racal Electronics, Weybridge, UK). All measure-
ments were performed at 25°C using modulation amplitudes
of 0.1 mT and a sweep width of 15 mT (see e.g. Figure 2A
and Figure S9).
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4.6.2 DEER Spectroscopy

In order to retrieve nanoscale distance information from Y-
DSA-probed XSA, C34R1 XSA and the dinitroxides, the four-
pulse DEER sequence:" !+ (7/2) g 11—(7)gps 1 —(ta + fo +
Ny A)~(70) (1 =N, At + 1)) o5 ,—T2-€Cho was used to ob-
tain dipolar time evolution data. All pulse EPR experiments
were performed at X-band frequencies of 9.1-9.4 GHz using a
BRUKER Elexsys E580 spectrometer equipped with a
BRUKER Flexline splitring resonator ER4118X-MS3
(BRUKER, Billerica, MA, USA). The temperature was set to
50K for all experiments by cooling with a closed cycle
cryostat (ARS AF204, customized for pulse EPR, ARS,
Macungie, PA, USA) and the resonator was overcoupled to Q
~2200. The pump frequency v,,,, was set to the maximum of
the field swept electron spin echo (ESE)-detected spectrum.
The observer frequency v, was set to Vj,,,+Av with Av
being in the range of 65 MHz and therefore coinciding with
the low field local maximum of the nitroxide ESE spectrum.
The observer pulse lengths for each DEER experiment were
set to 32 ns for both #/2- and z-pulses and the pump pulse
length was 12 ns. Additionally, a 2-step phase cycle (1) was
applied to the first #z/2 pulse of the observer frequency for
cancelling out receiver offsets and unwanted echoes. Proton
modulation was averaged by addition of eight time traces of
variable 7, starting with 7, ; =200 ns, incrementing by Ar, =
8 ns and ending up at 7,3=256 ns. For all samples the pump
pulse position #,+ ¢, after the first observer z-pulse deadtime ¢,
was typically incremented for N, timesteps of Az=8 ns in the
range t,+ ¢ =1, +1,—2t4, whereas 7, and 7, were kept constant.
DEER time traces for were recorded for 12—48 hours for spin
probed Y-C34R1 XSA giving rise to reliable distance
information in between about 1.8 and 5.2 nm as the maximum
accessible dipolar evolution times were about f,,,~2.3 us
throughout.”” All recorded raw time domain DEER data of Y-
C34R1 XSA Z,Z, are presented in Figures S17-S19.

As the model dinitroxides were embedded in a deuterated
matrix (OTP-d,,) the maximum echo amplitude was found for
7,=396 ns and fgzr = 3.0 ms. Dipolar evolution times and time
increments were adjusted in the range from 7,=4-22 ps and
At=_8-32 ns, respectively. This was done in order to keep the
number of data points in the range 400 < N, < 700 and keep the
experiment time below about 4 hours. A conventional 'H
modulation averaging procedure was applied as for DSA-
probed HSA as D modulation from OTP-d,, was found to
have a minor effect on the distance distributions. Raw time
domain DEER data of dinitroxides are presented in Fig-
ure S10.

4.7 Molecular Models and MD Simulations
All molecular models of 5- and 16-C34R1 HSA 70 were
constructed from the structure of HSA co-crystallized with

seven stearic acids (PDB ID: 1e7i)?* using the YASARA
Structure software.® The implementation of radical-bearing
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nitroxides (NO®) in MD simulations usually affords special
parametrization, but were here modeled as a keto (C=0)
groups due to an almost similar bond length.”>'®! As an
example the nitroxide bond length for Fremy’s salt was found
to range about 1.275£0.024 A '

MD simulations were performed in simulation boxes with
periodic cell boundaries containing the protein and an explicit
water solvent with 88.300-89.000 atoms in total. The
simulation runtime was t#,p,=21.3-27.1ns at pH7.4 in
154 mM NaCl and T=298 K applying the AMBERO3 force-
field. All distance trajectories of ry,, are given in Figure S11
(P.s(7)). The extracted 8 x 8 distance matrices for 0.0 ns, 3.8 ns
and 9.4 ns simulation runtimes #y, of the full interspin system
P(r) consisting of all C34R1 and FA, nitroxide correlations
(LS-FA, distances) are given in Tables S3—S5 and were used to
assign FA, distance peaks, as well as for creating theoretical
distance distributions (Z,Z,=70, see Figure S12) according to
a strategy that is explicitly presented in Supporting Informa-
tion S2. The theoretical distance values of the reduced system
P, (r) in Table 2 were averaged across 10—15 individual values
after ca. fyp>5-6ns runtime when all values exhibited
relatively constant values. Theoretical distance distributions
P(r), Pea(r) and P g(r) of 5- and 16-C34R1 XSA 70 (Figure 5
and Figure 6) were each constructed from the 9.4 ns simulation
snapshot (see also Table S5).

4.8 EPR Data Analysis

CW EPR spectra of C34R1 XSA 00 were analyzed in
MATLAB 2008b (v.7.7) utilizing the EasySpin software
package.l'™ This software comprises routines that implement
the theory of slow tumbling nitroxides as mainly pioneered by
Freed and coworkers.'"*!”) Similar to a procedure reported
recently"™ all MATLAB codes were optimized for 4-
component nitroxide spectra comprising three immobilized
components (b;, b, and b;) and a single free component (f).
For successful reconstructions of experimental spectra (see
Table S6 and Figure S13) starting values for magnetic param-
eters of MTSSL were taken from Steinhoff et al.'”! Double
integration of CW EPR spectra S(B) of C34R1 XSA 00 with
0.1 mM MTSSL confirmed the validity of this approach with
an error of only about 10% compared to the average value
(DI=][S(B)d>B=(5.28 +0.53)-10).

A second moment analysis!"'” was performed on C34R1
XSA 00 according to standard procedures in CW EPR
spectroscopy!''''?! that allow for mapping the dynamic protein
topology surrounding the spin label.l'*™"'*! Further details
about such EPR-analytic technicalities in this regard can be
found in Supporting Information S3.

All collected DEER time traces have been analyzed in a
consistent manual fit procedure with DeerAnalysis2013 utiliz-
ing Tikhonov regularization.*” The regularization parameters
were set to a,,=100 and a;=1000 for Y-C34R1 XSA Z,Z,
and Y-XSA Z,Z, samples for all datasets in order to obtain
comparable distance peak resolutions. All time trace back-
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ground dimensionalities have been set to D=3.74+0.03, apart
from the C34R1 XSA 00 samples where D=2.94-2.96 suited
best to reproduce the largely modulation-free DEER time
traces (monoradical albumins). The raw data of spin-probed
unmodified XSA can be found in Figure S14. Validated DEER
data from corresponding samples were obtained throughout by
varying background dimensionalities (D) and background
correction starting times. The experimental distributions P(r)
are reliable up to about 4.5-5.0 nm. Additional raw DEER
data (V(£)/V(0)) are presented together with the validation
results in Figures S17-S19.

DEER time traces of dinitroxides were analyzed with fitted
background dimensionalities ranging from 3.17 <D <3.55.
The distance-independent value of the modulation depth
parameter of the E580 pulse EPR machine equipped with the
Flexline splitring resonator ER4118X-MS3 was determined as
A=0.534£0.009 (Figure S15) similar to an approach already
outlined by Hilger et al.®®! This value can be used for spin
counting procedures on all Y-C34R1 XSA Z,Z, samples (see
Supporting information S4), where the number of coupled
spins (n) residing in an isolated EPR-active cluster is just
given as:®”!

m =1 -0 —8) 3)
in a first approximation. A complete set of dipolar evolution
functions F(¢)/F(0) with regularized fit curves and DEER
distance distributions P(») of all experiments on Y-C34R1
XSA Z,Z, can be found in Figure 3. The differences in first
moments (A(r)) from distance distributions of 5-C34R1 XSA
and corresponding reference data (5-XSA) were determined
from corresponding DeerAnalysis2013 output-files as a qual-
itative measure for peak shifts in P(r) (see Figure 6C).
Modulation depth raw data from Y-C34R1 XSA Z,Z, samples
are presented in Figure S16 and can be converted to (n) with
equation 3.
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