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ABSTRACT: We conducted a detailed investigation of the dynamics of two
phenylalanine side chains in the hydrophobic core of the villin headpiece subdomain
protein (HP36) in the hydrated powder state over the 298—80 K temperature range.
Our main tools were static deuteron NMR measurements of longitudinal relaxation
and line shapes supplemented with computational modeling. The temperature
dependence of the relaxation times reveals the presence of two main mechanisms that
can be attributed to the ring-flips, dominating at high temperatures, and small-angle
fluctuations, dominating at low temperatures. The relaxation is nonexponential at all
temperatures with the extent of nonexponentiality increasing from higher to lower
temperatures. This behavior suggests a distribution of conformers with unique values
of activation energies. The central values of the activation energies for the ring-flipping
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motions are among the smallest reported for aromatic residues in peptides and proteins and point to a very mobile hydrophobic
core. The analysis of the widths of the distributions, in combination with the earlier results on the dynamics of flanking methyl
groups (Vugmeyster et al. J. Phys. Chem. B 2013, 117, 6129—6137), suggests that the hydrophobic core undergoes slow
concerted fluctuations. There is a pronounced effect of dehydration on the ring-flipping motions, which shifts the distribution
toward more rigid conformers. The crossover temperature between the regions of dominance of the small-angle fluctuations and
ring-flips shifts from 195 K in the hydrated protein to 278 K in the dry one. This result points to the role of solvent in softening

the core and highlights aromatic residues as markers of the protein dynamical transitions.

B INTRODUCTION

The hydrophobic core of a protein plays an essential role in a
variety of biological functions and in defining protein stability
and folding." It is known to be a very complex dynamical milieu
with motions occurring on a variety of time scales from
femtoseconds to seconds.” The most common types of groups
studied in regards to the hydrophobic environment in proteins
are methyl groups. The dynamics of these groups are known to
be sensitive not only to local fluctuations but also to the overall
hydrophobic core environment.”~"* The assessment of the
dynamics of aromatic side chains in a protein is relatively
technically challenging, and much fewer studies are dedicated
to these sites'>~>” as compared to the investigations of protein
methyl groups. Aromatic side chains comprise about 25% of the
core volume on average and are often solvent-protected in the
core by flanking methyl groups. The packing in the core is
known to allow for a large extent of flexibility, even for the
bulky aromatic groups of phenylalanines and tyrosines, which
often participate in ring-flipping motions. The motions of these
bulky groups likely require accommodations of the entire core,
and thus their characterization is very important for the detailed
assessment of the overall free energy landscape of the core. The
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notion of concerted core fluctuations or “breathing” has been
suggested since the 1970s, and several works, such as those by
Wagner et al,*>** Hattori et al,'® and Otting et al,"® have
characterized not only the activation enthalpy of ring-flipping
motions but also the size of the cavity that has to be created in
the core for ring-flipping motions to occur. A recent work by
Kasinath et al.”’ detected a dynamical transition at elevated
temperatures, at which aromatic side chains undergo rotations
consistent with continuous diffusion that do not require the
formation of a cavity.

Recent advances in solution NMR spectroscopy and isotopic
labeling strategies allow for a more precise characterization of
ring-flipping motions and encompass a wider range of time
scales.”'* Solid state offers additional approaches for the
characterization of motions in aromatic side chains on slow
time scales due to the absence of overall molecular tumbling in
the solid phase. In solution, overall molecular tumbling can
often complicate the observation of motional modes on time
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scales close to or slower than those of the tumbling. Solid state
also permits covering a much broader temperature range, thus,
in principle, providing means for more thorough investigations
of the energy landscape and its temperature dependence. Solid-
state deuteron NMR techniques stand out as an important tool
for the characterization of dynamics because deuteron NMR
spectra and relaxation rates are usually dominated by one
single-particle mechanism: the interaction of the nuclear
electric quadrupole moment with the electric field gradient at
the site of the nucleus. Available deuteron NMR techniques
cover a very broad range of time scales, from pico- to
milliseconds.” The relaxation measurements of Zeeman and
quadrupolar order coherences are most sensitive to fast
motions in the pico- to nanosecond range, while line shape
experiments report on slower time scales. Static deuteron NMR
line shape and relaxation measurements have been used since
the early 1980s to characterize the motions of aromatic side
chains in a variety of systems from crystalline amino acids®®*’
and amino acids bound to an enzyme'’ to a multitude of
polymer materials,”* ™ to peptides,‘i’l_34 and, finally, to protein
molecules.'%***° In particular, the work of Gall and Opella16
demonstrated that phenylalanine residues have a distribution of
ring-flip rates. A recent work by Li et al.*® utilized a magic-angle
spinning deuterium NMR approach to compare the dynamics
of phenylalanine residues in microcrystalline and surface-bound
states. While in the microcrystalline state, only a single rotamer
is populated and the dynamics are dominated by ring-flipping
motions, rotameric transitions are observed in the bound state.

In this work, we investigate the dynamics of two hydrophobic
core phenylalanine residues in the chicken villin headpiece
subdomain protein (HP36). We utilize static solid-state
deuteron NMR and probe a very wide temperature range
from room temperature to 80 K. The challenge of obtaining
sufficient sensitivity for the relaxation measurements for the
full-width powder pattern spectra is partially overcome by the
employment of the multiple-echo acquisition (QCPMG)
technique.”” We then employ computational modeling to
develop precise motional models consistent with the data over
the entire temperature range. As a result, we characterize
motional modes such as ring-flips and small-amplitude ring
rotations and identify the crossover temperature separating the
regions of dominance of these two modes.

The hydrophobic core of the HP36 protein is spanned by
three helices with three phenylalanine side chains, F47, FS1,
and FS8, forming the basis of the core (Figure 1).%7% Several
methyl groups flank the phenylalanine side chains, and we have
previously conducted detailed investigations of their dynam-
ics.*'7* On the basis of the deuteron longitudinal relaxation
rates in the 300—60 K temperature range, the dynamics of the
core, as probed at all of the methyl sites, is characterized by a
distribution of substates with different values of the activation
energies for methyl rotations.”” We hypothesized that the
origin of these substates may be caused by concerted variations
in core packing. If this is the case, the dynamics of the bulky
aromatic groups should also reflect the presence of multiple
substates. We show the substates are indeed observed for both
small-amplitude ring rotations and large-angle ring-flip modes.

B MATERIALS AND METHODS

Sample Preparation and Conditions. The two core
phenylalanines probed in this study are FS1 and FS8 (Figure
1). In each of the protein samples, the deuteron labels have
been incorporated into only one of the two phenylalanine side
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Figure 1. Ribbon diagram of the HP36 protein with the key
hydrophobic core side chains labeled. F51 and FS8, investigated in this
work, are shown in red.

chains. Thus, the results are residue-specific. The labeling
pattern (Figure 2) resulting from fluorenylmethyloxycarbonyl

Figure 2. Phenylalanine side chain with deuteron labeling pattern
marked in orange. Also shown are the torsional angles y; and y,.

(FMOC)-phenylalanine-ring-d; in the solid-state peptide
synthesis corresponds to the deuterons incorporated in all
five positions of the aromatic ring. The main sample conditions
are hydrated powders with a water content of 40%, which is a
typical amount of water for protein powder samples.”’~>° We
confirmed the refolding procedure by measuring the "N
backbone chemical shifts of the three core phenylalanines and
additional leucine residues™" (Supporting Information SII).
An additional dry sample labeled at the FS8 residue
corresponds to lyophilized powder without the reintroduction
of water.

The protein was prepared using solid-state peptide synthesis
(performed by Thermofisher Scientific Co., Rockford, IL), and
FMOC-phenylalanine-ring-d; was purchased from Cambridge
Isotopes Laboratories (Andover, MA). The peptides were
purified by reversed-phase HPLC, and identity and purity were
confirmed by mass spectroscopy and reversed-phase HPLC.
Lyophilized powders were dissolved in water, and the pH was
adjusted to about 6 using NaOH/HCI. A hydrated state was
achieved by exposing lyophilized powder to water vapor in a
sealed chamber at 25 °C until the water content reached
saturating levels corresponding to about 40% by weight. The
samples, in amounts of 20—25 mg, were packed in 5 mm NMR
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tubes (cut to 21 mm length) using Teflon tape to center the
sample volume in the coil.

Deuteron Solid-State NMR Spectroscopy. Experiments
were performed at the 11.7 and 17.6 T magnetic fields. The
17.6 T WB750 Bruker spectrometer was equipped with
AVANCE 1 electronics and a static probe operating in the
range of temperatures between 145 and 380 K. The 11.7 T WB
Varian Unity Plus spectrometer was equipped with a static
cryogenic helium-cooled probe>” for temperatures below 150
K. T;; (Zeeman) measurements under static conditions were
performed by the saturation recovery sequence. Because of the
low sensitivity of the protein samples with dilute single-residue
labels, an enhancement of the signal is necessary for the
collection of accurate relaxation data. We made use of the
multiple-echo acquisition scheme (QCPMG),”” which is a
static analogue of magic-angle spinning. The scheme breaks a
static powder pattern into a series of spikelets that follows the
line shape (Figure 3).

295K

150 100 50 0 -50 -100 -150

80K

150 100 50 0 -50 -100 -150
frequency, kHz

Figure 3. Experimental *H QCPMG spectra for the hydrated HP36
protein labeled at the FS58-ring-ds site; data are shown for 295 and
80 K.

Fifteen echoes were collected with 104 us pulse spacing on
the 17.6 T spectrometer and 50 us on the 11.7 T spectrometer,
corresponding to QCPMG spikelets (sidebands) spaced at 10
and 20 kHz intervals, respectively. The number of echoes was
optimized to avoid sample heating. The durations of 90° pulses
were between 2.0 and 2.5 us. Six to nine relaxation delays were
collected. The number of scans varied greatly between 32 and
4096 depending on the signal-to-noise ratio in each sample and
at each temperature as well as the precision of the data needed
to define the nonexponential decays.

Room-temperature line shape measurements with the
quadrupolar echo acquisition scheme were performed at 17.6
T with an eight-step phase cycle and a delay of 31 us between
90° pulses. The number of scans varied between 40 X 1024 and
250 X 1024, which was determined by the amount of the
sample and whether it was in the dry or hydrated state. The
delay between the scans was set to at least 2.5 times the
effective relaxation time at each temperature. We confirmed
that this is sufficient to obtain nondistorted line shapes. For the
echo-delay dependence of line shapes, echo delays between
21.5 and 56.5 ps were employed. For the line shape
measurement of FMOC-phenylalanine at 373 K, the interscan
delay was set to 120 s and the number of scans to 2048. The
spectra were processed with 1 kHz exponential line broadening.

On the 17.6 T spectrometer, temperature calibration was
done by recording static lead nitrate line shapes”” and using the
freezing point of D,0, 3.8 °C, as the fixed point for the

calibration. The cryogenic probe on the 11.7 T spectrometer
had a temperature sensor in immediate proximity to the sample
area. Its reading was taken as the sample temperature.

Simulations. /. Relaxation. The spin—lattice relaxation rate
T, is given by”*

1 G
7 = 3 U@ + 4,C00) )

where ®, is the Larmor frequency, J; and J, are spectral density
functions, and C, refers to the quadrupole coupling constant
(units are Hz) in the absence of motion. J; and ], are
dependent on the time scales and types of underlying motional
processes as well as on the crystallite orientations. Spectral
density functions can be obtained analytically for several simple
models of motion.”> However, a description of the processes
with multiple motional modes and/or multiple conformers
usually requires computer simulations.

The model consistent with the relaxation data over the entire
temperature range involves two modes of motions with
rotations around the y, dihedral angle of the phenylalanine
side chain. We describe these rotational modes in the so-called
strong collision limit, such that they correspond to jumps
between four sites, schematically represented in Figure 4A. The
large-angle flips occur between sites 1—3 and 1—4 with an equal
probability; this also holds for the 2—3 and 2—4 pairs. The
small-angle jumps with the amplitude o occur between sites 1—
2 and 3—4. The change in the y, angle for transitions 1—3 and
2—4 is exactly 180° due to the symmetry of the ring.

The rotations around the y, angle do not involve the { (para)
deuteron. Thus, only the D’ and D deuterons participate in the
jumps. We assume that the principal axis system of the
quadrupolar tensor for each deuteron is aligned along the
position of the C—D bond. To simulate the jumps between the
four sites, one has to define the angle between the C—D bond
and CP—C7 axis as well as the angles of rotation around the C/—
C” axis for each of the sites. The angle between the C—D bond
and C’—C’ axis remains the same for all four exchange sites
and, assuming an ideal ring geometry, equals 60° for the C*~D
bonds and 120° for the C°~D bonds. To specify the angle of
rotation around the C’—C’ axis (the y, rotation), only one
parameter is required because the rotation angles between sites
1-2 and 3—4 are equal and the transitions 1—3 and 2—4 are
exactly 180°. For example, if we model small-angle jumps by
the amplitude of @, this is the only parameter that needs to be
specified.

The rate constants of transitions between the four positions
are specified in the transition rate matrix:

_pomall _ plarge fomal Klaree lrge
ol _pemall _ glge plage glarge
e glarge g _pomall _ plarge fomal
e e omal _pemall _ e
)
where k™! is the small-angle jump rate and K*"%¢/2 is the rate

for large-angle jumps. For example, if small-angle jumps have
the amplitude of 5°, then k™¥%/2 corresponds to the rate of
jump from 0° to either 175° or 180°. The diagonal elements are
chosen to satisfy the transition rate matrix conditions.

It is possible to derive analytical expressions for the
correlation functions determining the spectral densities J; and
J, of eq 1 for this model. The correlation functions of the
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Figure 4. (A) Motional model for the fluctuations of the phenylalanine
side chains. The motions around the y, dihedral angle consist of large-
angle ring-flips and small-angle fluctuations, parametrized by angle a.
The diagram displays sites’ connectivities according to the strong
collision model, illustrated for one of the C°*~D bonds. The motion
around the y, dihedral angle is modeled via the restricted diffusion of
the C°~C” axis along an arc and is approximated by small nearest
neighbor jumps. (B) Potential corresponding to the model of motions
around the y, angle, in which E™*® and ES™! are the activation energies
for the large-angle ring-flips and small-angle fluctuations, respectively.

fluctuations around the phenyl axis are defined by C, (t) =
(e7Pe(® a0y where () stands for the ensemble average and p
and q denote the components of Wigner matrices responsible
for the transformations between the laboratory and deuteron
principal axis systems. Note that with the transitions 1—4 and
2—3 taken into account, the correlation function cannot be
decomposed into the product of independent terms responsible
for small- and large-angle fluctuations. For example, the term
C,,(t) has the form:

Cou(®) = Cyi(B) = 8™ 4 (1 = 8 T2

©)

in which S = cos (a/2) has the meaning of the order parameter

for small—angle fluctuations. In the limit of time scale separation

in which K% <« k™ the two motional modes become

decoupled. The full analytical treatment of the model is
presented in Supporting Information SI2.

The full model also includes a distribution of conformers
distinguished by their values of the activation energies for both
large- E*®° and small-angle jumps E™. The distribution arises
due to heterogeneity of the free energy landscape of the

hydrophobic core. A more detailed description of the
distribution of the activation energies can be achieved by
introducing a coupling term between the degrees of freedom
describing the motion of the nuclei of interest and their
changing molecular environment. As an example, a recently
developed extension (MOMD) to slowly relaxing local
structure (SRLS) approach may be considered as a possible
framework for such a coupling.***” The assumption of
temperature independence of the distribution of the activation
energies worked very well for our previous studies of methyl
groups over the wide temperature range of 300-90 K,
suggesting that the conformational substates giving rise to the
distribution do not change their structures substantially over
the entire temperature range. As we will see in the Results and
Discussion, the assumption of temperature independence is
also adequate for the description of the data on the
phenylalanine residues. We also note that for a phenomeno-
logical application of the Arrhenius law, the linear term in the
dependence of activation energy on temperature is equivalent
to the rescaling of the pre-exponential factor and is, therefore,
undetectable.

The temperature dependence of the rate constants for large-
and small-angle jumps in each conformer is taken to be

Arrhenius: k(E™®, T) = ks BT 4nd k(Esml T) =

"/ The values of ke and k™! were assumed to be
the same for all conformers.

As magnetization buildup curves depend on the rate
constants, the distributions in the activation energies become
the source of the nonexponentiality of the magnetization
buildup. For the case of a continuous distribution of
conformers, the overall observable magnetization M(t) is

defined by

k(s)mall e—E

M(t) — //m(Ealarge, E:mall, t) dE;arge dE;mall (4)

in which m(E™ Es™l t) is the magnetization density. The
magnetization density is proportional to the distribution
functions for the activation energies.” A simple Gaussian
form of the distribution was used for the large-angle jumps with
the central values denoted by (E®"®) and the width of Olarger DUL
an asymmetric gamma distribution was more appropriate for
the small-angle jumps with the central value of (ES™") and the
width of o,,. They are related to the more conventional shape
and rate parameters of the gamma distribution by
(B /o a)* and (ES™M) /62, respectively. The longitudi-
nal relaxation rate depends on the activation energies through
the jump rate constants el and Klse /2,

All simulations were performed using the EXPRESS
program,”® which allows for the incorporation of the
QCPMG acquisition scheme. The values of the quadrupolar
coupling constant Cy and asymmetry parameter 77 of the tensor
were chosen on the basis of the spectral data at the high and
low temperature limits, which were consistent with the values
of C; = 180 kHz and 7 = 0. The continuous distribution was
approximated by 21 conformers in the E*"¢° dimension and 11
conformers in the ES™! dimension, analogous to the manner
described previously for the methyl groups. The obtained M(t)
profiles were fitted by the stretch-exponential function defined
in eq 5 to yield simulated values of T5" and /3. Thus, a library of
simulated parameters T5" and 3 was created as a function of the
small- and large-angle jump rates to fit the experimental data.
The fitting was performed using y* minimization.
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Il. Line Shapes. An additional motional mode was required
to simulate the line shape data. This mode involves motions in
the plane perpendicular to the z-flips axis and corresponds to
fluctuations of the y; dihedral angle. The fluctuations were
modeled as a restricted diffusion of the C’—C” axis on an arc,
with the arc length as a fitting parameter that signifies the
extent of variations in the y, angle. We thus approximate the
actual potential restricting the dihedral angle fluctuations by flat
potential (inside the arc) with rigid boundaries.

In EXPRESS, the introduction of this additional mode
requires a two-frame simulation setup, in which the rotations
around the j, angle are input in the first frame, which is nested
inside the second frame defining the rotations around the y;
angle. This embedding is parametrized by two angles, one of
which is the angle between the C*~C and C/~C” bonds and is
defined by the tetrahedral geometry (fixed at 70.5°). The
second angle defining the variations of y, is specified by the
azimuthal angle of rotations of the C”—C’ axis around the C*—
C’ axis. In this case, the average y, angle has to be specified and
we took it as 90°, which represents the most dominant
rotameric configurations®” and is also consistent with what is
found from the structural coordinates (1YRE*’). The diffusion
motion along the restricted arc was modeled by 5° steps.
EXPRESS uses the following convention: k = 1/7.. Within this
notation, the diffusion coefficient in rad’/s is given by D =
k(57/180)% The extent of variations in y; and the diffusion
constant were chosen by visual inspection of an array of
simulated spectra. The array consisted of variations from 10° to
60° in 5° steps and variations in the diffusion constant from 80
to 1.5 X 10° in nine steps on a logarithmic scale. Simulated line
shapes were processed with 1 kHz exponential line broadening
to match the experimental data processing and an additional 1.5
kHz Gaussian broadening to approximate the effect of
homonuclear dipolar coupling on the line width.*’

When included in the relaxation simulations, the correction
due to this mode is on the order of 1%. We also note that the
motions around the y; angle include contributions from all ring
positions, including the D position. However, experimental
line shapes at 295 K were collected with the relaxation delay on
the order of 0.7—1.8 (2.5 times the apparent central T values,
as detailed in Deuteron Solid-State NMR Spectroscopy), which
saturates all signals from the D¢ deuterons and eliminates their
contribution.

B RESULTS AND DISCUSSION

Longitudinal Relaxation Measurements over the
300-80 K Temperature Range. The main relaxation
mechanism in phenylalanine rings is usually considered to be
the symmetrical 7z-flips of the ring around the C’—C’ axis
(Figure 4). We will see that our quantitative data over a very
broad temperature range unveil many fine features of the
landscape that complement the traditional view of phenyl-
alanine ring-flips.

I. Nonexponentiality of Magnetization Buildup Curves
Reports on the Presence of Multiple Conformational
Substates. The saturation recovery buildup curves (Figure S)
reveal nonexponential behavior. The nonexponentiality of the
magnetization buildup curves is evident starting at room
temperature, and its extent gradually increases at lower
temperatures. For consistency, all data shown correspond to
the spikelets at +60 kHz, which are majors singularities at all
temperatures except for the highest temperature of 295 K
(Figure 3). There is no anisotropy in the data within the

intensity, arbitrary units

1

1 1 L 1 1 L 1
0 50 100 150 200 0 200 400 600 800

relaxation delay, s relaxation delay, s

Figure 5. Longitudinal magnetization recovery curves at different
temperatures are shown for the F58-ring-d; site in the hydrated state.
Signal intensities (in arbitrary units) are plotted as a function of the
relaxation delay. The fits of the experimental data (O) to the
monoexponential function are shown as blue dashed lines, and the fits
to the stretched exponential function are shown as red solid lines.

precision of the measurements. The data above 145 K were
collected at 17.6 T, and the data below 145 K were collected on
a11.6 T spectrometer equipped with a cryogenic helium-cooled
probe.>”

Analogous to glassy systems, the nonexponential buildup
curves can be fitted to a stretched-exponential function of the
form:"" "

1(t) = 1(00)(1 _ e‘(f/Tf“)”) )

in which I(t) is the signal intensity, T5" is the effective relaxation
time, and f is the parameter that reflects the degree of
nonexponentiality, 0 < # < 1. f less than 1 corresponds to
nonexponential behavior. In the absence of conformational
exchange, this function can be viewed as an integral of ordinary
monoexponential relaxation functions over a distribution of the
relaxation rates.”*

We have previously observed the nonexponentiality of the
longitudinal relaxation for the hydrophobic core methyl groups.
The relaxation data for these groups over the 300—60 K
temperature range were fitted using a model consisting of a
distribution of conformers distinguished by different values of
activation energies for methyl three-site jumps. The widths of
the distribution were on the order of 1.5 kJ/mol for all four of
the methyl residues probed. The existence of such distributions
reflected multiple substates in the free energy landscape of the
core, and we hypothesized that these substates represent
concerted core repacking. The observation of nonexponential-
ity in the relaxation for the core phenylalanine ring deuterons
suggests the presence of multiple substates for these residues,
which can likely be modeled using a distribution of activation
energies for ring rotations. Combined with the methyl data, the
presence of multiple substates for the bulky aromatic side
chains strongly supports the hypothesis of concerted core
repacking.

Il. Temperature Dependence of the Relaxation Profiles
Indicates the Presence of Two Mechanisms. Plotting the
values of the effective relaxation times T5" and f as a function of
inverse temperature (Figure 6) reveals an interesting pattern:
the values of In T5 increase in a roughly linear fashion between
room temperature and 170 K and start to level out below about
165 K; the values of f decrease with a decrease in temperature.
This pattern of the temperature dependence of relaxation times
suggests two different mechanisms: one with strong temper-
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Figure 6. Plots of T5" versus 1000/T on the semilog scale and f3 versus 1000/ T for hydrated samples with perdeuterated rings of F51 and F538.
Experimental data (O) are fit to the model (solid lines), which involves large- and small-angle fluctuations around the y, angle, as described in the
text and in Figure 3. The small-angle amplitude @ = 5°. The errors in T5" are within the size of the symbol. The red dotted vertical lines indicate the

crossover temperature T..

ature dependence that dominates at high temperatures and
another one with much weaker temperature dependence that is
dominant at low temperatures. The likely dominant mechanism
at high temperatures, consistent with the steep temperature
dependence of relaxation times, is the large-angle fluctuations
of the ring, which are essentially the #-flips. The relaxation
mechanism with weak temperature dependence likely corre-
sponds to the small-angle fluctuations of phenyl rings, which
are expected to be dominant at low temperatures when the 7-
flips are suppressed due to their high activation energy barriers.

The decrease in the values of f upon lowering the
temperature indicates that for both types of mechanisms the
distribution in rate constants becomes wider as the temperature
is lowered. We remind that the distribution in the rate
constants is responsible for the nonexponential behavior and
causes f to deviate from unity. As both processes appear
thermally activated based on the temperature-dependent
pattern of TS the observed temperature dependence of f
suggests distributions in the values of the activation energies for
both mechanisms. This will be discussed in more detail in the
following section.

lll. Fitting the Relaxation Profiles to the Two-Mode
Motional Model. We model both large- and small-angle
fluctuations as changes in the y, torsional angle (Figure 4). The
symmetry of the ring implies that the crude picture of the
phenylalanine ring potential should contain two minima of the
X, angle 180° apart, that is, represent a double well potential.
The large-angle fluctuations represent transitions between the
wells, and the small-angle fluctuations represent intrawell
motions. However, the activation character of both types of
fluctuations observed in the experiment means that the shape of
the potential governing the ring dynamics is more complex than
the traditional two minimum double well shape, as illustrated in
Figure 4B. Inside each rather deep well, the potential displays
an additional more shallow double well structure. Such a

14897

potential is a cause of the two different rate constants, k™! and
klarge‘

The motion in this potential can, in principle, follow two
different scenarios: (i) The first is the restricted diffusion case,
in which the large-angle mode is coupled to the small-angle
mode as described by Kramers® escape theory.”> In this limit,
both large- and small-angle fluctuations are described by a
single diffusion constant. (ii) The large-angle fluctuations occur
in the strong collision limit, and there are two independent rate
constants of large- and small-angle fluctuations. The strong
collision limit implies that large-angle jumps can occur from any
angle position inside the first well into any angle position inside
the second well.

The first scenario puts strong restrictions on the possible
values of the diffusion constant, because one needs to
accommodate the widely different activation energies of the
two motions and describe the experimentally observed
crossover point between the dominance of the two regimes.
In fact, we found that this scenario is incompatible with the
experimental data and therefore concluded that the strong
collision limit is most appropriate. Hattori et al."® and Wagner™*
also suggested that large-angle ring-flips occur in the strong
collision limit. Their analysis was based on the comparison of
the calculated and experimental volumes of the cavity formed in
the core for the ring-flipping motion to take place. We have
previously shown that the leveling of relaxation times at low
temperatures in methyl groups can be explained by small-angle
intrawell fluctuations in the restricted diffusion limit.”° The
results of this work generalize this statement to either diffusion
or strong collision limits.

We model the small-angle fluctuations as jumps between two
discrete sites, and the strong collision limit for the large-angle
fluctuations implies the following jump pattern: @ < 7, 0 & 7,
a+ 740, a+ 74 a, where a is the angle of small amplitude
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Table 1. Fitted Parameters Characterizing the Large- (175° and 180°) and Small-Angle (5°) Fluctuations in the Perdeuterated
Phenylalanine Rings of the HP36 Protein in the Hydrated and Dry Powder States

residue/conditions In Kwse s~ (E™%°), kJ/mol
F51 hydrated 254 + 1.5 239 + 3.1
F58 hydrated 239 + 1.7 20.8 + 3.5
F58 dry 290 £ 2.5 36.5 £ 4.0

Olurger KJ/mol
19 + 04
20+ 04
3.0+ 0.5

In kel g7t (Es™, kJ/mol Ogmany KJ/mol
19.6 + 0.9 52+ 1.0 14+ 03
18.0 + 0.7 325 + 0.6 1.8 + 0.4
214 + 0.7 69 + 1.2 1.8 + 0.3

fluctuations (Figure 4A). This pattern is reflected in the
potential depicted in Figure 4B.

As discussed in the previous section, the nonexponentiality of
the magnetization buildup curves is reflective of a distribution
of conformers with different rate constants. The most logical
description of this distribution within the concept of the energy
landscape is to distinguish them by the different values of the
activation energies. As elaborated in the Materials and
Methods, from a technical standpoint the simulations are
accomplished in the two-dimensional activation energy space
denoted by the variables E*®° and ES™! (also defined in Figure
3B). The form of the distribution for the large-angle jumps is
taken as Gaussian. However, for the small-angle jumps, we do
not expect the average values of the activation energies to be
much larger than the width of the distribution, and, therefore,
we selected the gamma distribution, which excludes the
negative values of the activation energies. The temperature
dependence of f§ is driven by the temperature dependence of
the width of the distribution of the rate constants, which are
directly related to the width of the distributions in the
activation energies by 0% /T and 6*™/T. Thus, we see that
for a fixed width of the distribution in the activation energy
space, the distribution in the rate constants, in general, becomes
wider as the temperature is lowered, which leads to a decrease
in the values of f. This is consistent with the experimentally
observed pattern. We note that the temperature dependence of
J can become more complicated around the temperature of the
crossover between the two mechanisms, as discussed in
Supporting Information SI3.

In the search for the value for the amplitude of the small-
angle fluctuations, we fitted the data with small-angle jumps of
a = 5° 10° 20°, 30° and 40°. The data are consistent with the
small-angle values of 5° and 10°, but start to show discrepancies
for larger values of a (Supporting Information SI4). The fitted
parameters are weakly dependent on whether 5° or 10° are
used, and we, thus, use 5° as the lower limit of the small-angle
jumps. The onset of the dominance of the small-angle
fluctuation mechanism occurs when the temperature is lowered
to 194 K for F58 and 200 K for F51. We defined the crossover
temperature between the two mechanisms (T.) as the point at
which the relaxation times corresponding to the large- and
small-angle jump mechanisms are equal for the mean values of
(E®) and (E™!) (Supporting Information SI3).

The comparison between the simulated and experimental
relaxation anisotropies is one of the ways to validate the model.
As indicated above, we did not observe any anisotropy within
the precision of our measurements, which puts a constraint on
the simulated anisotropy values to be below about 15%. We
defined the relaxation anisotropy as the deviation of the
relaxation times from TS at the +60 kHz spikelets. The
simulated value of the anisotropy is in the range of 2—8% for
low temperatures at which the small-angle jumps dominate and
in the range of 5—15% for high temperatures dominated by the
ring-flipping motions.

The fitted values of the activation energies (Table 1) are in
the range of 21—23 kJ/mol for large-angle jumps and 3—35 kJ/
mol for small-angle jumps. For both modes, the widths are
around 1.5—2 kJ/mol. It is interesting that these widths are very
similar to what was found for the flanking methyl groups of
V50, L61, L69, and L7S, supporting the hypothesis of the
concerted fluctuations in the core. The fitted values of the
activation energies are comparable for the F58 and F51 rings,
with the values for FS1 being slightly higher. There is no
evidence of conformational exchange between the substates
with different activation energy values for phenylalanine
dynamics. Fast conformational exchange would average out
the differential T, contribution of the multiple conformers and
render the magnetization buildup monoexponential. At the
opposite limit, at which the rate constant of the conformational
exchange is much less than T the distribution appears to be
staticc. We thus conclude that any possible conformational
exchange processes between the substates at the phenylalanine
sites should be slower than about 1.5 s at room temperature.
This number is about S times larger than that estimated for
some of the flanking methyl groups.

Note that similar motional modes have been observed for
phenylene rings of glassy polymers such as bisphenol A
polycarbonate and bisphenol A polysulfones as probed by
neutron scattering studies.””*® The dynamics was described by
the two main modes of ring-flips and relatively small-angle
overdamped oscillations, with individual distributions of
activation energy barriers for each mode. This underscores a
fundamental similarity between proteins and polymers.
However, one would expect marked differences in the
parameters, especially in the characteristic widths of the
distributions, as the hydrophobic core is expected to have a
higher degree of order. Indeed, the widths of the distributions
in the polymers are on the order of 10 kJ/mol for both the
oscillations and the flips, which is several times larger than in
the protein. In addition, the oscillations are of much higher
amplitude from 30° to 50°, as opposed to 5—10° in the protein.
Also, the experimental results®"®? suggested that kizree = fesmall
which is in favor of the diffusion origin of the ring-flipping
motion in polymers, contrary to our results on the protein, for
which a strong collision scenario related to the concerted
changes of the hydrophobic core environment is more likely.

In our model (Figure 3), we suggest that both small- and
large-angle jumps occur around the same dihedral angle y,, as
this is the simplest assumption. Small-angle jumps are not
subject to strong suppression by steric interactions as are large-
angle jumps. Therefore, there is no a priori reason to limit
small-angle motions to rotations around the phenyl axis. Small-
angle jumps will contribute comparably to the relaxation
process independent of their exact geometry with a caveat that
for motions that involve a change in the direction of the C#—C”
axis, the D¢ deuteron will contribute to the relaxation on the
same time scale as the other phenyl ring deuterons.

A wide range of values between 27 and 155 kJ/mol have
been reported in the literature for the activation energies of the
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Figure 7. (A) Experimental deuteron NMR line shapes (black) acquired with the quadrupolar echo acquisition scheme at 295 K are overlaid with the
simulated line shapes. The red lines correspond to the full motional model with fluctuations around both the y; and the y, angles and about 1°
deviations from the ideal ring geometry, as discussed in the text. The blue line, shown for the FS8 residue, was simulated using only the modes of
motions around the y, angle (both the large-angle flips and the small-angle fluctuations) with the parameters fixed from the relaxation data. An ideal
ring geometry of 60° was used in this case. The narrow peak at the center of the spectra is the signal from HOD. (B) Line shape spectrum for the

FMOC-Phe-ring-ds; amino acid at 373 K and its chemical structure.

ring-flipping motions of tyrosine and phenylalanine in peptides
and proteins.'*™****7** This wide range indicates that the ring-
flipping motion is highly dependent on the environment. For
example, an insightful investigation by Bajaj et al.”> compared
two structurally similar peptides that display very different ring-
flipping rates attributed to differences in packing. Our central
values of 21—23 kJ/mol are at the lowest end of this range and
indicate a relatively flexible environment in the hydrophobic
core of HP36.

IV. Line Shapes Report on Additional Fluctuations around
the y; Angle. Experimental quadrupolar echo line shapes
provide an additional independent test of the validity of the
motional model and can point to aspects that need further
refinement. The quadrupole echo acquisition scheme with one
echo is better for this purpose as compared to the multiple-
echo detection, as it provides more detailed information.
Because of the low signal-to-noise ratio and increasingly large
relaxation delays at low temperatures, reliable experimental line
shapes were collected only at 295 K (Figure 7). The
experimental line shapes display two types of singularities:
the inner ones originating from the perpendicular edges
(horns) of the flip-averaged deuteron tensors and the outer
ones due to the perpendicular edges of the static tensors.

When we compare the experimental line shapes with the
model developed on the basis of the relaxation data (shown in
Figure 7A by the blue line for FS8), we obtain good agreement

in the overall pattern. The agreement in the relative heights of
the inner and outer singularities indicates that the overall
distribution of ring-flip rates is captured well in this model.
Note that the peak at zero frequency corresponds to the
residual HOD signal. However, two features in the
experimental line shapes require further refinements of the
model: (i) the positions of the inner horn relative to the outer
horns are narrowed in the experimental spectrum as compared
to the simulated one and (ii) the depth of the valleys between
the inner and outer singularities is more pronounced in the
experimental spectrum as compared to the simulated one.

To address the first feature, we note that the agreement with
the experimental line shape cannot be achieved by the
introduction of any additional motion of the ring axis, as this
would lead to an overall narrowing of the powder pattern. Two
possible explanations can selectively narrow the position of the
inner horns. The first one involves the adjustment of the
intrinsic asymmetry parameter. An alternative explanation is a
slight deviation from the ideal ring geometry. Several sets of
tensor parameters have been reported for crystalline phenyl-
alanine amino acid. For example, Gall et al.”® and Kinsey et al.*’
reported a C; of 180 kHz and ;7 = 0.0S based on line shape data
at 100 and 298 K, respectively. Alternatively, Hiyama et al.”’
reported a C; = 171 kHz and 7 < 0.02 in conjunction with
deviations from the ideal ring geometry based on the spectral
data in the range of 293—421 K. Our experimental quadrupole
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Figure 8. Relaxation and line shape data for the FS8-ring-d; site in the hydrated (black lines) and dry (blue lines) powder states. (A) Plots of T
versus 1000/T on the semilog scale. The errors are within the size of the symbol. The dotted lines indicate the crossover temperatures T.. (B) f
versus 1000/ T. The data are shown for the temperature range between 295 and 145 K and the magnetic field strength of 17.6 T. (C) Quadrupolar
echo line shapes at 295 K. The spectra are scaled to yield identical heights of the inner singularities (horns).

echo data for both residues at 295 K can be fitted equally well
with either C, = 180 kHz, n = 0, and an about 1° difference
from the ideal ring geometry or with about 170 kHz, 7 = 0.06—
0.07, and the ideal ring geometry. To distinguish between these
two possibilities, we turn to our low temperature spectra, which
were collected with the QCPMG acquisition scheme. While the
spectra are not sensitive to the range of # between 0 and 0.07,
they point toward a value of the quadrupolar coupling constant
of 180 kHz as opposed to 170 kHz (Supporting Information
SIS). We, thus, keep the following final parameters: C, =180
kHz, 7 = 0, and the angles between either the C°-D or the C*—
D bonds and the C’~C” axis of $8.5° for F58 and 59° for F51.
As can be seen from Figure 7A, the relative positions of the
inner and outer horns agree well in the experimental and
simulated spectra, as shown by the red line.

The second discrepancy between the simulations and
experiment, the depth of the valleys between the inner and
outer singularities, suggests additional asymmetric motions on
the time scale of the quadrupolar coupling constant. When we
include an additional motional mode corresponding to
restricted diffusion around the axis perpendicular to the
direction of the flips, the quality of the fit is significantly
improved (Figure 7A, red line). This motional mode
corresponds to restricted rotations around the y; angle and
represents the fluctuations of this angle within the rotameric
well. It has been modeled as the diffusion of the C/—C” axis
along a restricted arc (Figure 4A). The best-fit parameter for
the length of the arc, representing the variations in y, is 30°,
and the diffusion rate is 760 rad?/s for both residues. The
amplitude of 30° requires either relatively low packing density
or the overall flexibility of the core to accommodate these
motions. Thus, this result supports the conclusion obtained on
the basis of the relaxation data, which pointed toward a
relatively flexible core based on the values of the activation
energies for the ring-flipping motion. However, the core
environment is not so unconstrained as to allow for large-
amplitude jumps of the ring axes, such as rotameric transitions

that do not reproduce the experimental line shape data. This is
consistent with the recent studies by Li et al,,*® which showed
that rotameric transition does not exist in a free (i.e., nonsurface
bound) peptide.

We also looked at the dependence of the line shapes on the
interpulse delay 7 in the quadrupolar echo experiment (909—7—
903). As noted by Schadt et al,’”” the dependence of the line
shapes on this delay enables us to validate the width of the
distribution of the conformers with different ring-flip rates. If
the distribution in the rate constants is wider than two decades,
then the corresponding line shapes are no longer dependent on
the value of 7. In contrast, our relatively narrow width of the
distribution preserves the dependence on 7. Experimental and
simulated line shapes as a function of 7 delays are presented in
Supporting Information SI6, and they demonstrate good
agreement. Further validation of the model for the description
of the line-shapes could be obtained by magic-angle spinning
experiments at lower temperatures.

It is also interesting to compare the dynamics of the phenyl
rings in the protein core with the behavior of the ring in the
FMOC-phenylalanine amino acid. The bulky hydrophobic
FMOC group creates hydrophobic contacts for packing, yet
lacks the complexity of the core. The line shapes of FMOC-Phe
are completely rigid, even at 373 K (Figure 7B). This result
underscores that the environment of the protein core can allow
for much more enhanced dynamics as compared to general
hydrophobic-type packing.

V. Hydration Dependence of the Dynamics and
Manifestation of the Protein Dynamical Transition. To
assess how the motions depend on hydration, we compared
both the relaxation and the line shape data for the side chain of
F58 in the hydrated and dry powder states. For the dry sample,
the data were obtained only at one field of 17.6 T in the 295—
145 K range (Figure 8A). The value of T5" is about 2.5 higher
at room temperature for the dry protein, and the fitted value of
the activation energy for the ring-flip motions is also
significantly larger in the dry sample, with an increase of
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about 15 kJ/mol (Table 1). The value of 15 kJ/mol can be
viewed as the magnitude of change in the local potential of the
hydrophobic core environment induced by dehydration. Small-
amplitude fluctuations in the dry protein take place under this
modified environment, and the activation energy for these
fluctuations is somewhat different (by 3.6 kJ/mol) but well
within the 15 kJ/mol magnitude. It is also important that the
widths of the distributions in the activation energies are of the
same order of magnitude for both the z-flips and the small-
angle fluctuations (2—3 kJ/mol), reinforcing the notion that the
energy landscape of the small-angle fluctuations adjusts to
changes in the overall potential caused by dehydration.

The effect of dehydration on the rate constants themselves is
shown in Figure 9 for the entire temperature range, using the

I ksmali(dry)
108 ”
:,\“455?55’."':--.

S AN ST ST 7z
RIS
ksmall(wet) —

Klarge(dry)

1000/7, 1/K

Figure 9. Rate constants k™8 and k™' over the temperature range of
295—145 K for the FS8-ring-d; site in the hydrated (black) and dry
(blue) states. The hatch bands represent the limits of uncertainties in
k™! introduced by uncertainty in @ in the 4—11° range.

parameters listed in Table 1. Note that for the small-angle
fluctuations, the rate constant k™! obtained from the fits is
strongly influenced by the uncertainty in the value of angle a.
The bands in Figure 9 represent the uncertainties in k™' when
«a is taken in the range of 4—11°. While a pronounced effect of
dehydration is observed for the ring-flipping motion, the rate
constants for small-angle fluctuations are similar for dry and wet
proteins within the uncertainties. Looking at the relative
intensities of singularities in the line shape data at 295 K
(Figure 8C), it is also evident that the distribution of the
conformers is shifted toward slower ring-flip rates in the dry
sample. The line shape data are not sensitive to small-angle
fluctuations.

Another interesting feature in the comparison between the
relaxation behavior of the dry and wet proteins is that the
crossover from the dominance of the small-angle fluctuations to
the ring-flipping motions occurs at a much higher temperature
for the dry sample. The estimated temperature of the crossover
is around 278 K for the dry protein as compared to about 194
K for the wet protein (Supporting Information SI3). We also
note that due to the larger differences in the values of (E"¢°)
and (ES™) in the dry protein, the nonmonotonous temper-
ature dependence of f is expected to be more pronounced
around the crossover temperature.

Dynamical transitions in proteins are characterized by the
onset of lar%e—scale motions upon heating from cryogenic
temperatures. ! They remain a topic of very active inves-
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tigations by means of neutron scattering, NMR spectroscopy,
and other techniques.s’n_77 Notably, the crossover point
between the small-amplitude fluctuations and ring-flipping
motions in the hydrated HP36 protein is close to the
temperature of the dynamical transition for the backbone
dynamic mode recently studied by Kimpf et al.”* by deuterium
NMR relaxation and molecular dynamics simulations. Their
work also pointed to the importance of the role of the
hydration shell in inducing these motions. In addition,
Lewandowski et al.”” recently emphasized the importance of
the hydration shell for inducing backbone and side chain
motion with activation energies above 20 kJ/mol. Interestingly,
the temperature of onset for these motions reported for the
hydrated microcrystalline GB1 protein is 195 K, which
coincides with the crossover temperature for HP36 in the
hydrated state.

In contrast to the present results on phenylalanine side
chains, our previous investigation of the effect of hydration on
the relaxation behavior of a core methyl-bearing side chain of
169 showed identical results for dry and hydrated proteins.*”
Thus, our data suggest that the ring-flipping motions in
aromatic residues is hydration-dependent, whereas the three-
site jumps of methyl groups do not depend on hydration.

For the ring-flipping motion to occur, the hydrophobic core
has to be able to adjust to the instantaneous rotational state of
the ring in order to release steric hindrance, which otherwise
precludes the motions of the bulky ring.”*”” Hydration likely
aids in rendering the core softer, resulting in more efficient
adjustments of the environment. This implies propagation of
the hydration effect from the protein surface into the
hydrophobic core.”®" Fast three-site methyl jumps do not
require large adjustments in the core due to the much smaller
size of the methyl groups as compared to the aromatic groups,
which can be the reason for their hydration-independent
behavior. However, the motions of the methyl axes, which
involve large-angle rotameric rearrangements, are dependent on
hydration.”™ In analogy with the ring-flipping motion, large-
angle rearrangements of the entire methyl-bearing side-chain of
leucine would involve releasing the steric hindrance of
neighboring atoms. On the other hand, the existence of the
distributions of activation energies with similar widths for both
the methyl jumps and the phenyl flips implies additional slow
concerted core fluctuations (slower than the ring-flipping
motion) that give rise to these distributions. Molecular
dynamics simulations in the solid state are necessary to obtain
further molecular insights into all of these different motional
modes inside the core and the extent of correlations among
them. Results on phenylalanine side-chains presented in this
work demonstrate that aromatic residues can be important
markers of protein dynamical transitions.

H CONCLUSION

This work presents one of the most detailed quantitative
characterizations of aromatic side chain motions in the solid
state. The side chains of FS8 and F51 participate in two main
motional modes, with ring-flips dominating at high temper-
atures and small-angle jumps dominating at low temperatures.
The ring-flipping motion occurs in the strong collision limit as
opposed to restricted diffusion. The onset of the dominance of
the small-angle jump mechanism occurs at about 200—195 K in
the hydrated protein and shifts to a much higher temperature of
about 280 K in the dry protein. The crossover point between
the small-amplitude fluctuations and ring-flipping motions in
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the hydrated HP36 protein is close to the temperature of the
dynamical transition temperature reported for the high
activation energy motional modes of side chains and backbones
in other proteins. The 80 K change in the onset of ring-flipping
motions between the hydrated and dry proteins points to the
role of solvent in softening the core and emphasizes the role of
aromatic residues as useful markers of protein dynamical
transitions.

The observed nonexponentiality of the magnetization
buildup curves has led to the model involving the distributions
of conformers distinguished by their values of activation
energies for the ring-flips and small-angle fluctuations. The
central values of the distributions are similar for the two
residues and fall in the ranges of 21—23 and 3—S5 kJ/mol for the
ring-flips and small-angle jumps, respectively. These activation
energies for the ring-flipping motion are among the smallest
reported for phenylalanine and tyrosine side chains in peptides
and proteins and indicate a relatively flexible core. Dehydration
of the protein leads to the shift of the distribution toward a lot
more rigid conformers for the ring-flipping motion, manifesting
in a 15 kJ/mol increase in the central value of the activation
energy. The line shape data at 295 K suggest the presence of
one dominant rotameric configuration of the side chains
without any rotameric interconversions on ps-ms time scales.
The widths of the rotameric well for the y, angle are about 30°
for both residues, also supporting the notion of a relatively
flexible core environment in the hydrated protein.

This study complements our previous investigations of the
dynamics of hydrophobic core methyl groups. The combined
analysis of aromatic and methyl sites allows for a very thorough
view of the free energy landscape in the hydrophobic core.
Within our model, the heterogeneity of the local free energy
landscape is characterized by the widths of the distribution of
the activation energies. These widths are on the order of 1.5—2
kJ/mol for both modes of motions in the phenylalanine
residues as well as for the methyl rotational jumps. The
presence of the distributions at multiple sites strongly suggests
the existence of slow motional modes common to the entire
core. The presented experimental results set the stage for
molecular dynamic simulations in the solid state and at low
temperatures, which can elucidate the structural details of the
conformational substates that give rise to the distributions.
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