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Populirwissenschaftliche Zusammenfassung

Proteine gehéren zu den wichtigsten biologischen Molekiilen und tibernehmen in
lebenden Organismen zahlreiche Aufgaben. Sie fithren dabei dynamische Fluktua-
tionen ihrer Struktur aus, um sich zu stabilisieren oder ihre Funktion auszuiiben.
Zum Beispiel erfordert das Binden eines Proteins an ein Zielmolekiil ein vorheriges
Justieren der Bindungsstelle. Entsprechend wichtig ist das Verstdndnis der zugrunde-
liegenden Mechanismen auch fiir die Entwicklung neuer Medikamente.

Strukturelle Formianderungen von Proteinen konnen auf Zeitskalen zwischen Sekun-
den und weniger als Milliardstel Sekunden stattfinden, und sind fiir viele physika-
lische Messmethoden unsichtbar. Kernspinresonanzspektroskopie (engl. NMR) er-
moglicht die Messung von atomaren Strukturen und kann sogar die Dynamik ein-
zelner Molekiilteile nachweisen. Besonders interessant sind die sogenannten aroma-
tischen Aminosiuren in Proteinen, die einen Ring aus sechs Kohlenstoffatomen be-
sitzen. Vor etwa 50 Jahren wurde mittels NMR nachgewiesen, dass sich diese Ringe
im Innern von Proteinen regelmiflig um eine eigene Achse drehen, und man nannte
diese Bewegungen Ringflips. Bis dahin hatte man Proteinstrukturen fiir zu starr und
unbeweglich gehalten, um solche Dynamik zu erméoglichen. Aromatische Aminosiu-
ren, die selbst wichtig fiir die Bindung von Proteinen an andere Molekiile sind, geben
damit in einzigartiger Weise Auskunft iiber die Flexibilitit der Proteine. Da Ringflips
experimentell schwierig zu verfolgen sind, gab es lange Zeit trotzdem nur wenig ent-
sprechende Studien.

In dieser Doktorarbeit werden vier wissenschaftliche Arbeiten prisentiert, in denen
wir die Ringflips in einem natiirlichen Protein untersucht haben. Die Rate, also Hiu-
figkeit der Ringflips, hingt von Temperatur und Druck ab, unter dem sich das Prote-
in befindet. Daraus kann berechnet werden, welche Energie fiir einen Ringflip unter
den jeweiligen Bedingungen nétig ist und was das tiber die Struktur des gesamten
Molekiils aussagt. Neben anderen thermodynamischen Parametern konnten wir erst-
mals die Anderung der Kompressibilitit wihrend eines Ringflips bestimmen. Dieser
Parameter gibt an, wie gut sich ein Korper zusammendriicken ldsst. Wir haben her-
ausgefunden, dass sich das Innere des Proteins wihrend des Flips dhnlich einer Fliis-
sigkeit verhilt, obwohl die feste Grundstruktur immer wieder eingenommen wird.
Ringflips kénnen damit auch bei sehr hohem Druck stattfinden, wenn ein Ausdeh-
nen des gesamten Molekiils nicht mehr maéglich ist. Wir konnten die Methoden zur
Untersuchung aromatischer Aminosiuren verbessern und nachweisen, dass sich die
Ringe tatsichlich sprungartig bewegen und wieder in ihren Anfangszustand zuriick-
kehren, und sich nicht etwa kontinuierlich weiterdrehen. Die Proteinstruktur ist also
nicht beliebig fluktuierend, sondern wechselt zwischen bestimmten Formen. Dieses
Wissen und die eingebrachten Methoden sind niitzlich fiir die weitere Forschung zur
Flexibilitdt und Funktion von Proteinen.
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Chapter 1

Introduction

In his famous Lectures on Physics, Nobel laureate Richard Feynman stated that “cer-
tainly no subject or field is making more progress on so many fronts at the present
moment, than biology, and if we were to name the most powerful assumption of
all, which leads one on and on in an attempt to understand life, it is that all things
are made of atoms, and that everything that living things do can be understood in
terms of the jigglings and wigglings of atoms.”! In line with this perspective it can be
conceived today that biological molecules, with proteins as the most important class
among them, are dynamic entities and that their flexibility is often critically related
to their function.? Therefore, the research field of protein dynamics and flexibility is
exceptionally developing. It has revealed that not only the structural ground states of
proteins are ensembles fluctuating around energy minima, but that these molecules
often feature transient alternations between different conformations.® Such confor-
mational fluctuations are associated with the movement of many atoms and they are
more than a “lubricant for functional motions.”* They are important in thermody-
namic stabilization and in all processes that require structural adjustments of active
sites, such as in molecular recognition, ligand binding and allostery.> Consequently,
the understanding of the underlying mechanisms is also of high importance for pro-
tein structure-based drug design. ®

Protein conformational fluctuations cover a wide range of timescales from picoseconds
to seconds and beyond.? Often the alternative states linked to biological function are
only transiently formed and sparsely populated, so that they are elusive for many spec-
troscopic methods.” Nuclear magnetic resonance (NMR) is the experimental method
of choice for the investigation of internal motions: NMR active nuclei give account
of conformational fluctuations with exceptional time and spatial resolution and the
measured parameters report not only on structure but are also sensitive to motion.>
Half a century ago, seminal NMR experiments by Wiithrich and Wagner as well as



Campbell and coworkers detected rotational motions of aromatic side chains within
a protein core.®? This fundamentally changed the view of proteins from static to
dynamic systems and already signified the importance of NMR spectroscopy in pro-
tein science.’ In the last decades, a variety of NMR methods for the investigation of
conformational dynamics together with theoretical descriptions appropriate for their
interpretation were developed. !®!! Numerous examples and case studies exist where
NMR spectroscopy provided insights into the mechanisms of protein function. They
can be found in the literature and are frequently collected in extensive review arti-
cles. 12

Conformational dynamics on the microsecond to millisecond time scale are often
linked to biological function. They can be explored by chemical exchange methods
such as CPMG and R;, relaxation dispersion and the related CEST and DEST ex-
periments.'® Ry, relaxation dispersion experiments have accordingly been applied to
processes critically related to protein function, namely folding, ligand binding and
catalysis. 14 Likewise, isotope-labeling has made more positions in protein structures
amenable to NMR dynamic studies and extended the size limitations of accessible
molecules. > Complementary and advanced insights into the relationship of struc-
ture and dynamics of proteins have additionally been achieved by molecular dynamics
(MD) simulations and other rapidly evolving computational methods. Standard MD
simulations however probe processes on time scales below microseconds and to date

have difficulties to access microsecond and millisecond dynamics. 16

Aromatic amino acid side chains are interesting and particularly powerful probes for
the study of protein dynamics. They constitute a significant part of the hydrophobic
core of proteins, where they contribute to the stability of the molecule by means of the
hydrophobic effect,!” as hydrogen bond acceptors'® or by interaction with methion-
ine. ! At the same time the dynamic motions of aromatic rings and other side chains
signify the flexibility of the inner protein structure.?® Aromatic residues are of high
importance in the functional binding of proteins to other molecules. They are preva-
lent as anchor side chains in protein-protein binding interfaces,?!*%%3 protein-DNA
complexes?#2> and at enzyme catalytic sites.?®?” Aromatic side chains are partici-
pating in the recognition of mRNA,?® antigens?® and neurotransmitters.3® Recent
studies revealed the significance of structure fluctuations associated with aromatic
ring dynamics for the ligand binding selection to pharmaceutical drugs®! and for
the biodegradation of synthetic polymers. 3

The research work presented in this thesis aims to enlighten the mechanistic and ener-
getic principles of protein conformational fluctuations by focusing on aromatic ring
dynamics. Using an advantageous model protein described below, several questions
will be addressed: How static or dynamic are certain regions of proteins? What are
the free energy barriers and energetic differences between the ground and transition
state of ring flip transitions? What is the precise exchange mechanism of a ring flip



Figure 1.1: Structure of protein GB1. Left: The backbone is shown in ribbon representation and aromatic amino acids are
depicted as sticks. Phenylalanines are coloured red, tyrosines blue and tryptophan light green, respectively.
Right: The same perspective with atoms displayed as spheres. For simplicity, standard van der Waals-radii of the
respective elements are used and hydrogen atoms are not shown. Created with the PyMOL software ** based on
the three-dimensional structure of GB1**, PDB entity 1PGB.

and what role do internal cavities play during structural perturbations? To which ex-
tent do volume changes observable as “breathing motions” of proteins report on the
internal structural processes?

State-of-the-art NMR relaxation dispersion methods are used and refined to explore
the thermodynamic characteristics of ring flips in a temperature and pressure depen-
dent way. In the following chapters, it will be explained that NMR is the only ex-
perimental technology that allows for detection of ring flips and for measurement of
the flip rates. Therefore the fundamental concepts of NMR, chemical exchange and
the required experiments will be described before the research projects are presented.
Correspondingly the scientific background of aromatic ring flips and the associated
energetics will be introduced to make the issues discussed in the articles as under-
standable as possible.

Protein GB1

The protein used in the studies of this thesis is GB1, one of the two binding domains
of protein G from the cell wall of Streptococcus bacteria, which binds to immunoglob-
ulin G.3 It is a small protein with a molecular weight of about 6.5 kDa, consisting
of 56 amino acids which form a four-stranded (3-sheet encompassing one o-helix. 3¢
The structure is illustrated in Figure 1.1. GBI is monomeric, very soluble, has a high
structural long-term stability and is thus regarded as an ideal model system for pro-
tein NMR research. It is well characterized in terms of thermal, 3” mechanical, 38 and



3940 and structural changes under variation of pH,*!*#2 and used

4

pressure stability
for example as a model for protein folding,*? side chain protonation kinetics** or
as crowding agent. %> We make use of a variant of GB1 which has three amino acid
mutations, T2Q to reduce N-terminal cleavage as well as N8D and N37D to adjust
consequent covalent rearrangements. 4! The full name of the system is hence PGB1-
QDD. It is structurally identical to the wild type and shows reversible unfolding for
temperatures up to 95 °C. 4!

GBI possesses an extensive network of hydrogen bonds and a tightly packed hy-
drophobic core,¢ which is essential for the structural stability of the protein.*® In
the structure six aromatic amino acids can be found, they are highlighted in Fig. 1.1.
Two phenylalanine and two tyrosine residues form an aromatic cluster in the core re-
gion, while another tyrosine side chain is exposed to the surface of the molecule. As
will be shown, all of these aromatic rings are amenable to ring flips under differing
conditions. The respective NMR signals are well resolved and affected characteristi-
cally by the exchange processes. This allows for the application and implementation
of appropriate relaxation dispersion methods. The tryptophan side chain cannot per-
form symmetric rotational motions, wherefore its nuclei provide control values. In
the right image in Fig. 1.1, atoms of GB1 are represented as spheres. This gives an
impression of the packing density of the molecule which is crucial for the dynamics
of ring flips. Imagining the rings rotating within in the structure evokes a first notion
of how flexible and lively the structure must be.



Chapter 2

NMR

The nearly simultaneous and independent discovery of nuclear magnetic resonances
by the groups of Purcell 47 and Bloch 48 in 1946 started a story of success. Continuously
growing since then, NMR spectroscopy is now widely used in all natural sciences, its
utilization ranging from material characterization and food chemistry to environmen-
tal science and medical imaging. ° It is particularly valuable for the examination of
biological macromolecules, their structure as well as internal dynamics. This chapter
will give a short introduction to the broad field of NMR, following the textbooks by
Levitt, % Cavanagh et al.>® and van de Ven,>! unless stated otherwise. In preparation
for understanding the relaxation dispersion experiments performed in this thesis, all
relevant tools shall be elucidated, drawing particular attention to the application on
aromatic protein side chains, where appropriate.

Nuclear Magnetism

The angular momentum of atomic nuclei is characterized by the nuclear spin quantum
number, 1. Nuclei with odd mass numbers have half-integral spin quantum numbers,
such as the most important isotopes for biomolecular NMR spectroscopy, like 'Hand
13Cwith I = 1/2. Nuclei with even mass numbers and odd atomic numbers have
integral spin quantum numbers, like the deuteron (*H) with I = 1. The nuclear spin
angular momentum is a vector with a quantized magnitude of

I =[1-1)"% = a[I(I + 1)]/? (2.1)

where [ is the nuclear spin quantum number and 7 is the reduced Planck constant.



Since only one of the Cartesian coordinates of I can be specified simultaneously with
its magnitude, the z-component is selected as

I, =hm (2.2)

with the magnetic quantum number m = (—1,—I + 1,...,1 — 1,I). Thus, the
energy state of a spin I is (2 + 1)-fold degenerate, with all quantum states having
the same energy. This degeneracy is broken by the application of an external magnetic
field, leading to the nuclear Zeeman splitting between the spin levels.

The magnetic properties of atomic nuclei are explained by the nuclear spin angular
momentum, because it is directly proportional to the nuclear magnetic moment p:

n=nI
(2.3)
pz =1L = yhm
The proportionality constant +y is the gyromagnetic ratio, which is characteristic for
different nuclei and determines their NMR sensitivity. The energy of nuclear spin
states in the presence of an external magnetic field B is given by

EFE=—u-B (2.4)

For NMR experiments, the magnetic field is designed to be static and directed along
the z-axis of the laboratory coordinate system, denoted Bg. Therefore, one can rep-
resent the energy levels of all possible angular momentum z-components depending
on the static magnetic field strength, By, as

Epn = —I,By = —yhmBy (2.5)

The energy levels are called Zeeman levels, and transitions between them can be
achieved by application of electromagnetic radiation. In consequence of the selec-
tion rule for magnetic dipole transitions, Am = =1, the energy difference between
two adjacent Zeeman levels is

AE = vhB, (2.6)

and the frequency of the electromagnetic radiation required to accomplish a transition
between the levels is given by



wo = AFE/h =~DBy (2.7)

This frequency can be identified with the Larmor frequency, which in the classical
description is the angular velocity of a nuclear magnetic moment vector precessing
around the static magnetic field.

The different energy states of equation (2.5) are not populated equally at thermal equi-
librium, because certain orientations of the magnetic dipole vector are energetically
more favourable than others. The population of nuclei in a certain spin state IV,
relative to the total number of spins NV is following a Boltzmann distribution:

m=—1 kB
1 yhm By
~ 1
21 +1 < + kgT )

where kp is the Boltzmann constant and 7" is the temperature. The approximation
holds for temperatures relevant for solution NMR.

Np _E,,
N O\ T

(2.8)

In a macroscopic sample at equilibrium, the longitudinal (2-) components of the
nuclear magnetic moments of all nuclei add up to the bulk magnetic moment, M.
Its magnitude My can be expressed using (2.3) and (2.8) as

N~2R2I(I + 1)

B .
3T 0 (2.9)

I
My =~h Z mN, =~

m=—1

The sensitivity of NMR spectroscopy depends on the small disparity of the popula-
tions of the Zeeman states. The latter equations show how this can be enhanced using
high magnetic field strengths and isotopes with high gyromagnetic ratios. For protons
(*H has the highest 7 of 2.675 -10° rad s™! T~1) in a magnetic field of 14.1 T, as used
in the present studies, the difference of populations is on the order of 1 per 10000.

Bloch Equations and the Rotating Frame

The Bloch formalism>? provides a semiclassical model for the evolution of the bulk
magnetization under the effects of radiofrequency (rf) pulses and relaxation. The bulk
magnetic moment of an ensemble of noninteracting spin-1/2 nuclei can be expressed



as a time-dependent Cartesian vector, MI(¢). Its time derivative in the presence of a
magnetic field is given by

M) = M(1) < 7B(1) (2.10)

Since the magnetic moment precesses around the static magnetic field, it causes a
time-varying magnetic field which in principle can be measured via induction. In-
duced currents in a coil constitute the NMR signal, but they cannot be measured as
long as the bulk magnetization is collinear with the z-axis. This equilibrium state
is therefore disturbed by application of electromagnetic rf pulses. They introduce a
second magnetic field and tilt the magnetization vector away from the static field, so
that oscillating 2- and y-components of the precession motion can be detected.

The magnetic component of an rf field along the z-axis is given as

Bi(t) = Bi(cos(wyt + ¢)i + sin(wyt + ¢)J)

B (cosiogt + )~ sin(eit + 9)) .
Here, B; is the amplitude of the applied field, w,¢ is the frequency of the rf field, which
is called the carrier frequency of the pulse, ¢ is its phase, and i and j are unit vectors
for the z- and y-axes, respectively. The two terms in (2.11) denote circularly polarized
fields rotating in the same and opposite sense as the magnetic moment, respectively.
To solve Eq. (2.10) despite the time-dependency of the field, it is convenient to move
from the laboratory coordinate system to a rotating reference frame. This is chosen
to rotate with an angular frequency of w;f around the z-axis. The magnetization in
the rotating frame evolves analogously to (2.10) with respect to an effective field, B.g,
given by

By = Bycos¢i” + Bysin¢gj” + ABok” (2.12)

where i", j” and k" are unit vectors in the rotating frame, and A By is the reduced
static field with

ABy = By + %f = —Q/y (2.13)

in which Q = wg — ws is defined as the offset between the carrier and the actual
Larmor frequency of a spin. Within the rotating frame, the tilted magnetic moment
appears to precess around an effective field Beg with the strength



B = \/B? + (ABy)? = By/sind (2.14)

where 6 denotes the angle through which the effective field is tilted from the z-axis.
It is defined by

Bi —w
tanf = = — .
an ABq q (2.15)
using w1 = —y DB as the pulse strength in frequency units.

Given the duration 7, of a rf pulse, one can calculate the effective rotation angle o
executed by the magnetization vector as

a = —yB17,/sinf = w7,/ sin 6 (2.16)

The rf pulse is applied on-resonance when w,f = wp. In this case, the offset is zero
and the effective field is collinear with the B; field in the rotating frame, B.g = Bj.

The maximal NMR signal can be detected when the magnetization vector evolves
in the transverse plane. However, two types of relaxation rebuilt the longitudinal
magnetization back to the Boltzmann distribution and diminish the transverse mag-
netization. The first mechanism is called spin-lattice relaxation, since it accomplishes
the population changes across the Zeeman transitions via energy exchange between
the spin system and its surrounding. It is characterized by the longitudinal relaxation
rate constant, R1. The second mechanism is the spin-spin relaxation due to dephas-
ing of the nuclear magnetic moments over time, with the transverse relaxation rate,
Ry. More details concerning relaxation processes are given in the respective chapter.
Using these parameters, the evolution of magnetization in a magnetic field can be
expressed by the Bloch equations in the rotating reference frame:

d —RQ -0 w1 sin ¢ 0
£M(t) = Q —Ry  —wicos¢ | M(t)+RiMy | 0 | (217)
—wising wicos@ —-Ry 1

In common pulsed NMR experiments, both B; and ¢ can be considered independent
of time. Furthermore, for short pulses (7, < 1/R; and 1/R3) the relaxation rate
constants vanish, so that the solution to the Bloch equations can be represented as a
series of rotations of the initial magnetization,
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Figure 2.1: Off-resonance effects of a rectangular pulse with nominal o = 90°. Shown are (A) the tilt angle of the effective
field and (B) the relative magnitude of the transverse magnetization depending on the relative offset.

M(7,) = R.(6)R, ()R ()R, (~6)R.(~0)M(0) (19)

where R, and R.; are rotation matrices in the usual definition. M(7,) thus gives the
effect of rf pulses on the magnetization of isolated spins under the stated conditions.
In the so-called acquisition time after a pulse, the precessing transverse magnetization
will generate the recordable signal, damped by an exponential factor exp (—Rat).
The NMR signal is therefore referred to as free induction decay (FID).

In practice, nuclei of a spin ensemble will have different Larmor frequencies due to
their chemical shifts (see below) and therefore will not all be on-resonant to the carrier
frequency of a pulse. For nuclei with wy ~ w,g, the effective field is similar to By,
but further off-resonance, the effective field will be tilted away from the intended x-y
plane. For a pulse of y-phase applied to equilibrium z-magnetization of magnitude
My, Eq. (2.18) results in

M, = Mysinasin 6
M, = My(1 — cosa) sinf cos (2.19)
M, = My(cos? 0 + cos asin® 6)

The amplitude of the resonance signal is given by the transverse magnetization, M, , =
M2 + M2. The dependency of the magnetization on the offset is shown in Figure

2.1B. It remains approximately constant as long as the offset is small compared to the
pulse field strength. At larger offsets, the signal decreases until it disappears.

I0



In the Ry, relaxation dispersion experiments which are used in this thesis and pre-
sented further below, so called spin-lock pulses are utilized to keep the magnetization
ata tilted position. In the on-resonance approach, these pulses are aimed for inducing
a tilt angle & = 90°, so that off-resonance effects are negligible at the beginning of
the spin-lock period. This can be examined in Fig. 2.1 and is achieved by adjusting
w,f to the respective Larmor frequency.

Theoretical Considerations

Since the Bloch model itself is strictly limited to noninteracting nuclei, further con-
cepts are required to thoroughly describe the evolution of a spin system through a
NMR pulse sequence. Such concepts are provided by quantum mechanics and will
be briefly introduced in this chapter.

The expectation value of a physically observable quantity A can be expressed using its
corresponding operator, A, in Dirac (bra-ket) notation as

(A) = (V]|A|T) (2.20)

where VU is the wavefunction containing all information about the state of the given
system. It can be written as a superposition of orthonormal time-independent ket
vectors,

N

T) = cqln) (2.21)

n=1

with ¢;, being complex amplitude factors. For a single spin-1/2 nucleus the basis kets
will be eigenfunctions of the angular momentum operator for the two Zeeman energy
states, denoted o and 3. The wavefunction of the spin is a superposition of the two,
|W) = calo)+cg|3). Since distinct wavefunctions are difficult to specify for complex
systems like macromolecules in a protein solution, these systems are divided into the
ensemble of nuclear spins and the lattice covering all other degrees of freedom. The
expectation value of the property A of the sample can then be defined by averaging
over all molecular subensembles,

(A) = cach,(m|Aln) (2.22)

II



The ensemble average of coefficients is a matrix which is used to define the density
operator 0, so that ¢,c, = opm = (n|o|m). The diagonal matrix elements of o
are real, positive numbers that represent the population of the state [n), and the off-
diagonal elements represent coherent superpositions between two eigenstates, which
signifies that phase relationships between different states can be created. The time
evolution of ¢ is needed to assess the expectation value of an NMR observable and is
described by the Liouville~von Neumann equation:

d ,
—o(t) = —i[H,o(t)] (2.23)
dt

The solution to Eq. (2.23) describes the transformation of the inital density operator
to a new operator o’ as a rotation under the effect of a time-independent Hamiltonian,

H, and is given by

o = e—z’Htgeth (2.24)
The density operator can be constructed as a linear combination of orthogonal basis
set operators, for which the Cartesian angular momentum operators can be used. Two
examples from the basis set that are important to follow the evolution of operators in
the relaxation dispersion experiment are the single-element basis operator for the «
state, I* = |a) (e, and the the z-component of the spin angular momentum (Eq.
(2.2)) expressed as I. = 1 (|a)(c| — |B)(B]). When a nuclear spin is weakly coupled
to a similar spin S, the two-spin system has four eigenstates according to all possi-
ble combinations of its magnetic quantum numbers, as outlined below. The angular
momentum then becomes a product operator, I, = 3 (|aa){aa| + |aB){af| —
|Ba)(Ba| — |BB)(BB]), where the first and second symbol in each eigenstate rep-
resents the I and S spin, respectively. The product operator formalism>3 allows for
calculation of the density operator evolution in weakly coupled systems. If a set of
three operators satisfy the commutation relation, [A, B] = ¢C, transformations of
the operators are described by

e WCAYC = A cosf + Bsind (2.25)

where 0 is the rotation angle. In analogy to the case of a single spin angular momen-
tum, the effect of rf pulses and free precession intervals on product operators can thus
be calculated conveniently by geometrical arguments.
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Spin Interactions

Chemical Shift

In a complex molecule like a protein, the nuclei perceive slightly different magnetic
field strengths depending on their local environment. The external magnetic field in-
duces motions of electrons that cause secondary fields, which partially shield the nuclei
from the external field. Their resonance frequencies are thus altered from the one pre-
dicted by Eq. (2.7). The differences in resonance frequencies allow for differentiation
between identical nuclei in different chemical environments and are therefore called
chemical shifts. They depend on structural and conformational characteristics such as
electrostatic interactions, hydrogen bonding and side chain dihedral angles.>*>> The
chemical shift of a resonance signal, denoted 9, is defined field-independently in parts
per million (ppm) relative to the resonance of a standard molecule as

_ 0 — Qref

wo

1) 106 (2.26)

where ¢ is the offset frequency of the reference resonance signal. In liquid samples
with rapid molecular tumbling, the observed chemical shift is the isotropic average
of the spatially anisotropic chemical shielding. However, chemical shift anisotropy
(CSA) is a source of spin relaxation since the locally induced fields change with molec-
ular rotation.

Aromatic ring systems show relatively large chemical shifts because of the ring-current
effect. The external magnetic field induces circular currents in the 7-electron cloud
which lead to high nuclear shielding close to the surface normal and to an increase
of the local fields near the plane of the ring. Typical 'H and '*C chemical shift val-
ues of nuclei in aromatic amino acids are around 6 to 8.5 ppm and 110 to 130 ppm,
respectively.

Scalar Coupling

Direct dipole-dipole coupling of nuclear magnetic dipole moments is the most impor-
tant relaxation mechanism because of the continual change of local magnetic fields
in tumbling molecules, but the dipole-dipole spin Hamiltonian averages to zero in
isotropic liquids. However, the nuclear magnetic moments interact with each other
via the electrons that form chemical bonds between the nuclei. This interaction is
therefore named indirect spin-spin coupling, as well as scalar- or J-coupling. For a
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spin system consisting of two spins I and S, the J-coupling interaction is described
by a scalar product Hamiltonian:

Hy=wil, +wsl, +2xJI-8S (2.27)

in which J is the isotropic coupling constant expressed in Hz. The hyperfine interac-
tion of each nuclear spin with the electronic magnetic moments modifies the energy
levels of the two-spin system. Thus, the respective resonance signal of I is split into
25 + 1 lines, and the resonance of S into 2I + 1 lines. In the weak coupling limit,
fulfilled when |w; — wg| > 27J, the four wavefunctions describing the system are
eigenfunctions of H j, representing independent energy levels. The weak coupling
Hamiltonian then simplifies to Hj = wrl, +wgsl, +2wJ1,S,. Scalar couplings are
field-independent and of great importance to transfer magnetization between desired
nuclei in NMR pulse sequences.

Residual Dipolar Coupling

In a weakly oriented solvent, for example in the presence of dilute liquid crystalline
phases, biomolecules tumble freely but are forced to have a very slight preference for
certain orientations. In that case, the distribution of molecule orientations is no longer
uniform, and large anisotropic interactions (such as the dipolar coupling, the CSA or
the electric quadrupole interaction) are incompletely averaged, giving rise to so-called
residual dipolar couplings (RDCs).>®>7 These couplings provide useful structural in-
formation, since they depend on the time-averaged orientation of internuclear vectors
with respect to the molecular frame. For a two-spin system such as a carbon nucleus
attached to its hydrogen, the residual coupling constant is given by:

1
Drpc = §D15 (Aa (3 cos? ¥ — 1) + ;Ar sin? 9 cos 2g0> (2.28)

Here, 9 and ¢ are the polar angles describing the orientation of the '*C-"H vector
with respect to the so-called alignment tensor, A, that defines the orientation of the
molecule within the laboratory reference frame. A, and A, are the axial and rhom-
bic component of the alignment tensor, respectively, and Dyg is the dipole-dipole
coupling constant,

to Yivsh
Djg=—+2 .
1S 2 (2.29)
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in which g is the vacuum magnetic permeability and 775 is the distance between the
two spins. The Hamiltonian in the weak coupling limit, |w; — wg| > 27 Dgrpc, is
then given by

Hroc = 2mDrpcl. S, (2.30)

Thus, the Hamiltonian has the same functional form as the weak scalar coupling
Hamiltonian, leading to the fact that in the presence of weak alignment, the experi-
mentally measurable coupling constant is given by J 4+ Drpc.

Chemical Exchange

The reversible transfer of an isolated nuclear spin between different molecular envi-
ronments is called chemical exchange. When the environments are magnetically dis-
tinct, the nucleus will have different resonance frequencies and thus chemical shifts.
Hence, the underlying chemical or conformational kinetic process can be monitored
by NMR. The simplest situation is a two-site exchange where the scalar coupling con-
stants are not altered. It is described as a reaction between states A and B:

B (2.31)

in which k1 and k_ are the forward and reverse rate constant, respectively. The
chemical exchange rate constant, ke, being a transition probability per unit time, is
given by

kex = ki1 +k_1=Fki/ps = k_1/pa (2.32)

where pa is the equilibrium population of spins in state A, and pg = 1 — pa is the
population of equivalent spins in state B. The chemical kinetic rate laws for two-site
exchange can be expressed in matrix form as

(2.33)

d { [A](t) ] _ [ —pBkex  Pakex } [ [A](t) ]

a [B] (t) PB Kex _pAkex
In such a system, the time course of the magnetization under free precession is de-

scribed by the modified Bloch or McConnell equations. >® The evolution of the trans-
verse magnetization at each site, M 2‘ and Mg‘ , is thus given by
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Figure 2.2: Symmetrical two-site exchange. Lineshapes were calculated based on Eq. (2.35) for kex/Aw = 0.001 (A),
0.01 (B), 0.1 (C), 0.25 (D), 1 (E), 10 (F). Resonance frequencies of -50 Hz and +50 Hz (Aw = 27100), equal
populations and Rg =105~ were used for both sides.

i MI <t) — 7ZQA B R(Z),A - kaCX pAkex MI (t)
dt | My () | pikex —iQp — Ry, — pakes | | My (t)
(234)

Here, R , and Rg}B are the transverse relaxation rates resulting from processes other
than chemical exchange, and €24 and {23 are the resonance frequencies in the rotating
frame for spins in states A and B, respectively. The chemical shift difference between
the two sites is termed Aw = Q4 — Qp. In the generalized case of N chemical
reactions between N species, the Bloch-McConnell equations can be equivalently
formulated with corresponding N x N rate matrices.> The solution to Eq. (2.34)
describes the transfer of magnetization due to the exchange process in the form of

[ My (#) ] _ [ asa(t)  aas(t) ] [ My (0) } (2:35)

My (t) apa(t) aps(t) | | Mg (0)

in which ajj(t) are the exponential transfer amplitudes, which are intricately depend-
ing on the aforementioned rate constants and populations. For these lengthy expres-

sions the reader is referred to the literature. 5960

The NMR spectrum of a two-site exchanging system is given by the Fourier transfor-
mation of the FID generated by M, (t)+ My (). Figure 2.2 shows simulated spectra
for symmetric unimolecular exchange (pao = pg). The relative values of kex and Aw
define the limits of the exchange time regimes, which are referred to as slow exchange
(kex < Aw), intermediate exchange (kex = Aw), and fast exchange (kexy > Aw). In
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this context, the term “slow” (“fast”) stands for an infrequently (frequently) occurring
event, irrespective of how fast the exchange process itself is.

In Fig. 2.2 the different time regimes are depicted. For slow exchange (spectrum
A), two resolved resonance lines are observed for the two states. At increasing key,
the lines broaden due to enhanced dephasing of the transverse magnetization (spec-
tra B and C), until they coalesce, as shown in spectra D and E. These illustrate the
intermediate regime, where the resonance signal might be indistinguishable from the
baseline noise. At fast exchange rates, a single line appears at the average resonance
frequency, denoted w. As the rate increases further (F), the resonance lineshape be-
comes narrower until the limit kex — 00, where the relaxation decay is given by
Ry = paRS \ + ppRY 5.

A textbook example for symmetric exchange processes are 180° rotations of aromatic
rings, were the two physically identical ground states are distinguishable by NMR
spectroscopy if the molecular vicinity generates different chemical shifts for equiv-
alent nuclei on both sides of the ring. The forward and reverse rate constants are
equal and labeled kgip, so that Eq. (2.32) gives kex = 2kgip. Due to varying chemical
shift differences, ring flip processes of different aromatic residues can be in different
exchange regimes even if the flip rates are the same. The processes are therefore of dif-
ferent accessibility to the experiment, despite similar flip rates at given experimental
conditions.

In the case of skewed exchange (pa # pg), the intensities of the resolved signals are
uneven according to the populations, and with rising ke, the minor signal broadens
primarily relative to the major form. The generalized coalescence condition is given
by 2./papskex & Aw. In the fast exchange regime a single resonance line appears at
the population-weighted average shift.

Rotating-Frame Relaxation

Relaxation rates provide information on motions and exchange processes at the atomic
scale, because they are due to fast fluctuations of local magnetic fields that are caused
by such molecular motions.®! In an R, relaxation dispersion experiment, as de-
scribed in the following chapter, the magnetization is spin-locked in the rotating frame
via application of a rf field.®* Ry, denotes the relaxation rate constant for the com-
ponent of the magnetization along the effective field in the rotating frame. In the
presence of chemical exchange, this rate constant is constituted of contributions from

R and Ry processes and from the exchange process, ¢3

Ry, = Ricos? 0 4+ Rysin® 0 + Rey (2.36)
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Figure 2.3: Field strength and offset dependence of the Ry, relaxation rate constant for different values of ke and Ro,
respectively. Calculated with Eqs. (2.36-2.37) using equal populations and Aw = 2000 s~1. (A) Ry, de-
pendingon vy = w/(27) for AQ =0and Ry =205 (represented as a grey dashed line). Shown
are Icex/(lo3 s™1) =1 (black), 5 (red), 10 (blue), 50 (green). (B) Offset dependence of R1, for v1 =1 kHz,
kex =1-10% s and Ry =257 (grey dashed line). Depicted are Ry /(s 1) = 20 (black), 10 (red), 2 (blue).

where R; and Ry are population-average values, 6 is the tilt angle of the effective field,
and Ry is the relaxation contribution due to chemical exchange broadening. The
different contributions can be separated from each other under realistic experimental
conditions, where the correlation time for overall rotational diffusion of the molecule,
Te K ke_xl, and Ro— Ry < ke is satisfied. 64 Depending on the exchange time regime
and the relative populations, different expressions for Ry are valid. These have been
derived from the Bloch-McConnell evolution matrix or the evolution of the average
density operator of the spin system. Approximations are available for the fast exchange
limit®>%¢ as well as for motional time scales outside this limit, provided that the site
populations are not equal. ®” For symmetric exchange (equal populations) and for the
case that the carrier frequency is placed at the numerical average resonance frequency
of the sites, Miloushev and Palmer derived the general expression®?

ke kex 4 sin? Opapp Aw?
Fo = 2 2 1= 2, 2/ 2 2 win2 9 k2(wi+wp) (237)
Wawp /Wi + k2 — sin® OpappAw FA I

Here, wp and wp are the effective field strengths at the resonance frequency of each site
given by w; = /Q% + w?. The tilt angle § = tan™! (w1 /AQ) using the average
offset from the carrier, A} = @ — wf, and the respective effective field strength

wef = /AQ? + Wi (cf. Egs. (2.13-2.15)).8

At the beginning of a spin-lock period, the magnetization is aligned with the effective
field. Due to the exchange process, the offset component of the field and thus the tilt
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angle changes by the difference of chemical shifts of the two states, and ensemble mag-
netization aligned along the initial effective field is gradually lost. ¢* At higher effective
fields (larger offsets or rf field strengths), the change of the tilt angle becomes smaller
and the exchange contribution to relaxation is quenched more efficiently. Therefore,
the exchange parameters can be extracted from the characteristic dependence of Ry,
on the effective field. ®? Figure 2.3A illustrates such Ry, relaxation dispersion curves
for symmetrical exchange in the on-resonance case, given by a fixed w;s = @. The
Ry contribution in Eq. (2.36) vanishes because of the tilt angle = 90°, and the
observed Ry, rate constant is dominated by the contributions from transverse relax-
ation and the exchange process. R1, approaches the constant value of Ry for field
strengths w; — 00. The relaxation decay is more pronounced for slower k. In Eq.
(2.37) the chemical shift difference Aw appears in a product with the populations.
They can only be deconvoluted by use of ancillary information, as in case of aromatic
ring flips where the populations are known to be 0.5 each. The steep decrease of Ry,
at very low field strengths is of theoretical origin and of no relevance for the experi-
ment. Under realistic experimental conditions it always appears at frequencies much
lower than those needed for tilting of the effective field, as described below.

In the off-resonance Ry, approach, the effective field is changed by variation of the
carrier frequency w;s at a fixed or varied wi, so that different offsets and tilt angles
are obtained. Fig. 2.3B shows that the transverse relaxation rate determines the max-
imum R, relaxation rate, which decreases with increasing offset and approaches the
constant Ry as @ — 0. Pronounced dispersion steps are therefore measured preferably
on-resonance, especially for high exchange rates.

The Ry, Relaxation Dispersion Experiment

Since dynamical processes of biomacromolecules take place on highly diverse time
scales ranging from picoseconds up to seconds, different solution-state NMR methods
are applicable for their investigation. 1° For kinetic processes and conformational dy-
namics on the microsecond to second time scale, Carr-Purcell-Meiboom-Gill (CPMG)
and Ry, relaxation dispersion experiments are the most advantageous heteronuclear
NMR techniques. 10:6°

Figure 2.4 shows a pulse sequence for '*C Ry, relaxation measurements on aromatic
side chains,® which is used in all studies of the present thesis for the determination
of ring flip exchange parameters. Therefore this chapter will particularize its compo-
nents and features, explaining specific rationales in subchapters while following the
time course of the pulse sequence.

At the beginning, a 90° hard pulse on the 3C channel followed by a pulsed field
gradient (PFG) clear up possible carbon transverse magnetization. Thus all detected
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Figure 2.4: Pulse sequence of the L-TROSY-R; , relaxation dispersion experiment for aromatic side chains in site-specifically
'3C labeled proteins. The pulse sequence is equivalent to the one developed by Weininger et al., ® with minor
simplifications. Narrow and wide solid bars indicate rectangular 90° and 180° pulses, respectively. They are
applied along the x-axis (identified with a phase of 0°) unless otherwise indicated. Narrow semi-ellipses rep-
resent 90° E-BURP2 pulses ™" and the wide semi-ellipse on the "*C channel is a 180° RE-BURP pulse.” Gray
arched blocks indicate the continuous-wave spin-lock periods with flanking 4 ms tan/tanh adiabatic profiles. 7
Heteronuclear decoupling during acquisition is implemented by a GARP sequence. ™ For the experiments per-
formed in this thesis, delays 7 are set to 1.6 ms and the spin-lock period tg = 20 ms. The phase cycle is as
follows: 1 = 4(135°),4(-45°), b2 = (V,%,%,-Y), 3 =V, Brec = (X,-Y,X,Y,-X,Y,X,-y). Narrow and wide open
semi-ellipses depict pulsed field gradients of length 0.5 ms and 1 ms, respectively. Echo/antiecho coherence se-
lection is performed by inverting the signs of ¢ 3, the uneven-numbered phases of ¢ rec and of the two encoding
field gradients before t1. For further technical details see the respective publication. %°
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magnetization will arise from 'H excitation. The carrier frequency of the '3*C channel
is set to the center of the region of aromatic Larmor frequencies. The first proton pulse
generates I, magnetization, which is transferred to the less sensitive aromatic carbon
nuclei via the INEPT (Insensitive Nuclei Enhanced by Polarization Transfer) sequence
(Fig. 2.4 A). This sequence is an essential part of many multidimensional NMR ex-
periments. The magnetization transfer is realized by evolution of the scalar coupling
between the heteronuclei during the delay 27 = 1/(2.J). Nuclei in aromatic struc-
tures are addressed using the appropriate coupling constant of ' Jyc = 156 Hz.7°
A central 180° pulse refocuses chemical shift evolution, with the carbon pulse being
a frequency-selective '*C RE-BURP pulse”! that refocuses only aromatic carbons to
prevent the development of aliphatic 'H-'3C couplings. Before section B, longitudi-
nal two-spin order (I,.S) is created. It is not amenable to the gradient pulse which
is hence applied to dephase residual magnetization resulting from incomplete scalar
coupling evolution or from protons not bound to the desired carbon spins.

Longitudinal Relaxation Optimization

The signal-to-noise ratio (SNR) of the overall experiment is enhanced by longitudinal
relaxation optimization (L-optimization).”# The aim is to keep 'H spins which are not
used for magnetization transfer and detection close to the equilibrium state. Between
every scan of the repetitive experiment, a recovery delay is needed for the aromatic
'H magnetization to relax back to equilibrium. The longitudinal relaxation occurs
via interaction with surrounding spins, mainly with the ambient water and aliphatic
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'H spins. Their magnetization state affects the efficiency of the relaxation, which
in turn defines the sensitivity of such experiments.”# Therefore it is important that
the water and aliphatic magnetization is maintained along the +z-axis to provide a
steady thermal bath for relaxation of the aromatic 'H spins.”> Suppression of the
excessive solvent signal is accordingly achieved. The L-optimization is implemented
by selective E-BURP2 pulses”! acting as flip-back pulses for the water and aliphatic
magnetization.”® They are indicated as narrow semi-ellipses in Fig. 2.4.

Spin State Selection

Further improvement of sensitivity and relaxation is accomplished by reducing trans-
verse relaxation of the desired coherences using Transverse Relaxation Optimization
Spectroscopy (TROSY).”” As mentioned above, a heteronuclear two-spin system
shows a multiplet of resonance signals due to the J-coupling, unless one species is
decoupled by respective 1f fields. The signals corresponding to the 'H spin states «
and [ will be affected differently by transverse relaxation caused predominantly by
the CSA and direct coupling between 'H and '3C. These cross-correlated interactions
affect the local magnetic field at the *C nucleus with different signs, interfering con-
structively for one 'H spin state and destructively for the other. The relaxation of the
13C magnetization is thus enhanced or reduced depending on the spin state and R»
relaxation of the attached proton. In contrast, the contribution of CSA to aromatic
'H is neglectable. Since the transverse relaxation rate determines the linewidth of a
resonance signal, one multiplet component is considerably broadened while the other
is narrowed. The extent of the narrowing depends on the static magnetic field that
makes the CSA relaxation mechanism competitive with the dipole-dipole relaxation.
For a 14.1 T field as exploited in this thesis, the effect on aromatic spins is nearly
optimal as can be calculated from the chemical shielding tensor for aromatic com-
pounds.”>78

TROSY-detected Ry, pulse sequences take advantage of the narrowing effect by track-
ing the slowly decaying coherence only. 72 This results both in reduced linewidths
of the detected signals and in a reduced Ry in the Ry, relaxation dispersion profile.
In the present case, the narrow doublet component is selected using a heteronuclear
S3E element®® (Fig. 2.4 B), which excites only the resonances corresponding to the
« spin state of the aromatic protons. Hereby .S, magnetization is converted into

1¢S,.
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The Relaxation Period

Figure 2.4 section C contains the relaxation period, i, which is divided into two
parts of equal length. In each block, the narrow TROSY component of the carbon
magnetization is aligned along the effective field using an adiabatic rf pulse,”? spin-
locked on-resonance with a continous-wave rf field and returned to the z-axis with a
time-reversed adiabatic pulse. Such pulses sweep the effective rf field over a certain
frequency range by simultaneous amplitude and phase modulation. The magnetiza-
tion vector is forced to follow, provided that the adiabatic condition, |df/dt| < weg,
is fulfilled. Adiabiatic ramps then yield accurate alignment and avoid oscillatory be-
haviour of mismatched magnetization.”? The duration of the sweeps is restricted to
4 ms to avoid large relaxation losses, which enables field strengths of 1 kHz or higher.
Other approaches for alignment with the effective field are based on chemical shift
precession®! or utilize specific pulse schemes. 82

During both parts of the spin-lock period, 1, relaxation evolves due to exchange
processes. However, interference of the direct 'TH-'3C coupling and the CSA would
lead to cross-relaxation of the different TROSY components and distort the Ry, rate
constant measured on the narrow component. 8 The cross-relaxation is therefore sup-
pressed while simultaneously decoupling the 'H scalar coupling interactions by in-
verting the sign of IS, in the middle of the period. This selective 'H inversion is
realized by a S3CT element. 84 It uses composite pulses on 'H (90, 180, 90,) supe-
rior to conventional 'H 180° pulses which can lead to incomplete decoupling and

overestimation of the relaxation rate constants in Ry, experiments. 8>8¢

The final part of the pulse sequence (Fig. 2.4 D) prepares for the measurement of
a heteronuclear 2D NMR spectrum of the narrow TROSY component. During the
evolution period, ¢1, *C chemical shift evolves from the antiphase heteronuclear co-
herence, I,,.S;. Inanumber of experiments with incremented ¢1, the carbon nucleus is
frequency labeled so that its frequency can be extracted from the final FID by Fourier
transformation. The remaining pulses and delays accomplish magnetization transfer
back to the protons. This is done in a PEP (preservation of equal pathways) fashion,
where both the sin and cos components of the chemical shift evolution are transferred
to detectable I, magnetization at the beginning of the acquisition period. The FID
is collected during t9, while scalar coupling evolution is suppressed by heteronuclear
decoupling. This is realized by applying a GARP sequence’? on the '3C channel,
which uses a series of composite 180° pulses to average the scalar couplings to zero.
The overall pulse sequence is repeated not only with regard to different spin-lock field
strengths and incrementation of ¢1, but also with combined phase cycling of pulses,
the receiver and field gradients to exclude all unwanted coherence pathways.

The Ry, relaxation rate can be calculated from the intensity of the respective reso-
nance signal according to®”
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Rlp =—1In (Irelax/IO)/tsl (2.38)

where I .1, and I are the intensities measured with and without a spin-lock period of
duration tg, respectively. Both intensities have to be measured for all w.g individually

82,88 which are present

to account for the relaxation losses during the adiabatic sweeps,
also when measuring without the spin-lock.

Relaxation dispersion experiments that are carried out on uniformly '*C enriched
aromatic side chains encounter problems from scalar coupling interactions between
neighbouring atoms. During relaxation periods, large one-bond or higher order J-
couplings can give rise to magnetization transfer that cause artifacts in the relax-
ation dispersion profiles.#°° Strong 'H-'H or 3C-'3C couplings emerge when
the chemical shift difference between the two nuclei is not sufficiently larger than the
coupling constant, which is likely to be the case in aromatic rings.®! Additionally,
Hartmann-Hahn transfer of magnetization can occur between coupled nuclei during
'H or 13C irradiation, depending on the coupling constants and the spin-lock field
strength. %% This phenomenon is analyzed in detail in Paper 11 of this thesis. To
avoid magnetization transfer between scalar coupled nuclei and aberrant relaxation
pathways, site-specific labeling of proteins is used.?®*> Thus isolated 'H-!3C spin
pairs are obtained that are devoid of scalar couplings to similar nuclei. Since the
labeling schemes do not provide complete enrichment of the protein samples, the in-
creased accuracy of the relaxation dispersion experiment goes along with a decrease
in sensitivity. Sensitivity enhancement by the combination of L-optimization with
the TROSY approach is therefore of high advantage. ¢ This holds especially for large
proteins since the transverse relaxation rate increases with protein size, and for sys-
tems that suffer significantly from chemical exchange, like aromatic rings undergoing
flipping motions (see Fig. 2.2).

Some Practical Aspects

The time scale of exchange processes that can be studied by relaxation dispersion ex-
periments is determined by the accessible range of effective magnetic field strengths. 14
Due to the large effective fields of 1 to 6 kHz, R, relaxation experiments are applica-
ble for processes with a lifetime of 10 ps to 1 ms, whereas CPMG experiments cover
processes with 1/kex &~ 1 ms to 10 ms.®! In a CPMG relaxation experiment, relax-
ation of transverse magnetization is observed during a series of spin-echo pulses of
frequency vp. In the limit of fast exchange, it can be considered an on-resonance ro-
tating frame experiment with low effective field strength w.g = v/481/.?7 Principal
advantages of Ry, over CPMG experiments are the wider range of accessible exchange
rates, a possible complete characterization of exchange processes at a single magnetic
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field by combination of the on- and off-resonance approaches, and the potential to
obtain the absolute sign of chemical shift changes outside the fast-exchange limit. 1467
Major experimental limitations are set to the methods by the maximum w.g that is
achievable by the probe head and amplifiers, and sample heating at high effective fields
or pulsing rates, respectively. Nevertheless, weak-field R, experiments®® as well as
CPMG experiments with high pulse rates®® are also objects of development.

To set the effective field on-resonance on a desired aromatic nucleus, its chemical shift
is measured in a TROSY two-dimensional NMR spectrum prior to the relaxation dis-
persion experiment. Accurate calibration of the effective field strength is performed
by measuring a 2D NMR experiment with continuous-wave decoupling during the
acquisition period.®® The decoupling frequency is set off-resonance with respect to
a selected signal, so that a reduced scalar-coupling constant, Jg = J cos 6, can be
measured. The tilt angle and thus the effective field strength can be calculated from

tan = \/(J/J.g)? — 1 by comparison to an experiment without decoupling. ¢°
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Chapter 3

Energetics of Protein Fluctuations

The dynamic properties of proteins are directly related to their biological function.
Often the biological activity goes in hand with the adoption of different conforma-
tional states on a broad range of magnitudes and time scales. “!> During the history of
protein science it was concurrently observed that these molecules undergo fluctuations
in thermodynamic properties while exhibiting distinct structural features. 1°° To fully
understand the conformational fluctuations of proteins it is necessary to study the
free energy differences and barriers between the different states. Rotational motions
of symmetric aromatic rings in the interior of globular proteins are unique reporters
on transient structural fluctuations and allow to determine the associated activation
parameters. In this chapter, the characteristics of aromatic ring flips and the con-
cept of activation energy barriers will therefore be introduced. The compressibility
of proteins as a particular thermodynamic characteristic demonstrates the complex
correlation of diverse volume fluctuations in protein solutions.

Aromatic Ring Flips

Four of the 20 amino acids in proteins are aromatic amino acids, namely phenylala-
nine (Phe, F), tyrosine (Tyr, Y), tryptophan (Trp, W) and histidine (His, H). The
structures of the former two are shown in Figure 3.1. They possess a symmetric six-
ring side chain structure which can perform 180° jumps around the 2 dihedral angle
or imaginary Cg-C,-C¢ axis. So called ring flips were observed for the first time in
1975 using "H NMR spectroscopy,®® which dramatically changed our understand-
ing of the very nature of proteins as dynamic systems and not static objects. 101:102

For aromatic side chains buried in the interior of a protein, the flipping motions are
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Figure 3.1: Structure of aromatic amino acids. Left: Phenylalanine''? with Greek letter nomenclature of carbon posi-
tions. '*® Right: Tyrosine ''* with indication of the side chain dihedral angles.

characterized by two symmetry-equivalent ground states of the ring and the transi-
tion state encountered when X is rotated by 90°. Fig. 3.2A illustrates how the ring
planes are oriented perpendicular to each other in the ground state and the transition
state. The orientation of the ground state and the free energy barrier for flipping are
determined by the interactions in which the aromatic rings are involved.

Due to their hydrophobicity, Phe and to a lesser degree Tyr are often excluded from
the solvent and buried in the hydrophobic core of a protein together with other non-
polar side chains, thereby contributing to the protein stability. 1”7 Phe, Tyr and Trp aro-
matic residues have a quadrupolar electrostatic character originating from the cloud
of delocalized 7t electrons, which enables a large number of aromatic interactions. 193
They can interact with cations 14195, sulfur!®, hydrocarbons!%¢ and serve as acceptors
for weak hydrogen bonds.'® Most notably, aromatic-aromatic stacking interactions
are essential for the structure and interplay of biomolecules.'®” On average 60% of
the aromatic side chains in proteins are involved in 7t-7t interactions, most of them
forming networks containing three or more aromatic residues. '°% The interaction en-
ergies are on the order of the free energy of protein folding (up to 10 kJ/mol per pair of

) 108,109 110

rings and mainly governed by electrostatic and van der Waals contributions.

A parallel-displaced arrangement of two rings and a T-shaped edge-to-face geometry

are found to be the most preferred orientations. !

In order for rotational motions of side chains buried in the densely packed inte-
rior of proteins to occur, the surrounding has to undergo substantial conformational
changes. ''> Such fluctuations of the folded structure are referred to as “breathing mo-
tions” of a protein, since they provide the activation volumes required for the ring flip
to occur. The flip rates of aromatic rings exposed at the surface of proteins can be
105 s71 or even higher, whereas for rings buried in the interior, the flip rates can be
slower by several orders of magnitude. !'¢ The Phe and Tyr rotational motions are then
called slow ring flips and their ground states are well-defined with residence times on
the order of ps to ms. Since ring flips dynamics are directly connected to the local
conformational fluctuations, they serve as valuable probes reporting on the interior of
folded globular proteins. The lineshape of NMR signals of the ring carbons and pro-
tons are affected by the rotational exchange process if the chemical shifts are different
on both sites of the ring (81 and 62, or €1 and €2, Fig. 3.1), which they often are.”®
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Ring flips can therefore be detected with NMR, while protein X-ray crystallography
and other methods only examine a time-averaged protein structure.® They are unable
to distinguish the two orientations of the ring and hence to detect ring flips.

Although the value of aromatic ring flips for probing protein structural flexibility
has been recognized already nearly so years ago, only a limited number of systems
has been reported where flip rates or activati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>