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ABSTRACT: *H quadrupolar line shapes deliver rich
information about protein dynamics. A newly designed 3D
*H—-"C-"3C solid-state NMR magic angle spinning (MAS)
experiment is presented and demonstrated on the microcrystal-
line #1 immunoglobulin binding domain of protein G (GB1).
The implementation of *H—'°C adiabatic rotor-echo-short-
pulse-irradiation cross-polarization (RESPIRATION CP)
ensures the accuracy of the extracted line shapes and provides
enhanced sensitivity relative to conventional CP methods. The
3D *H-"C-"C spectrum reveals *H line shapes for 140
resolved aliphatic deuterium sites. Motional-averaged *H

quadrupolar parameters obtained from the line-shape fitting identify side-chain motions. Restricted side-chain dynamics are
observed for a number of polar residues including K13, D22, E27, K31, D36, N37, D46, D47, K50, and ES6, which we attribute
to the effects of salt bridges and hydrogen bonds. In contrast, we observe significantly enhanced side-chain flexibility for Q2, K4,
K10, E15, E19, N3S, N40, and E42, due to solvent exposure and low packing density. T11, T16, and T17 side chains exhibit
motions with larger amplitudes than other Thr residues due to solvent interactions. The side chains of L5, V54, and V29 are
highly rigid because they are packed in the core of the protein. High correlations were demonstrated between GB1 side-chain
dynamics and its biological function. Large-amplitude side-chain motions are observed for regions contacting and interacting with
immunoglobulin G (IgG). In contrast, rigid side chains are primarily found for residues in the structural core of the protein that

are absent from protein binding and interactions.

B INTRODUCTION

Protein dynamics plays critical roles in biological functions such
as enzyme catalysis, ligand binding, and signal transduction."” It
has drawn increasing research attention in recent studies, as
protein structures alone do not fully explain biological activities.
X-ray diffraction (XRD) and nuclear magnetic resonance
(NMR) are the premier methods to determine protein
conformation. XRD reports primarily on structure, and the
protein flexibility is only indirectly reflected in B-factors.
Therefore, it is problematic to address protein dynamics solely
from B-factors, which also are affected by crystal packing defects,
whole-body motions and refinement artifacts.”* Further, B-
factors are insensitive to reorientation motions and are unable to
distinguish motions covering different time scales.” Protein
dynamics can be elucidated by NMR*™"" along with several
other techniques, including MD simulations,'>" fluorescence
spectroscopy,”’15 and electron paramagnetic resonance
(EPR).'®" NMR is the premier technique for probing motions
in proteins and widely implemented to investigate protein
mobility at the atomic level.””'" Well-developed methods in
solution-state NMR include spin relaxation (R;, R,, and
Rll,),lg_21 Carr—Purcell-Meiboom—Gill (CPMG) relaxation
dispersion,”* ™" residual dipolar couplings (RDCs),”**° hydro-
gen—deuterium exchange,27 and deuterium relaxation.”® These
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measurements capture motions with time scales from pico-
seconds to seconds,'”'"**~** which substantially expand our
understanding of protein structure and dynamics. For example, a
recent study successfully quantified side-chain y1 distributions
by RDCs for the third domain of protein G.”* Slow molecular
tumbling leads to poor spectral resolution and sensitivity, which
hinder the application of solution-state NMR to large proteins.
In addition, chemical shift anisotropy (CSA), dipolar coupling,
and quadrupolar coupling line shapes convey rich information
on site-specific motional modes and rates.”**™*° These
anisotropic interactions are extensively averaged by isotropic
Brownian tumbling motions in solution. In contrast, in solid-
state NMR, the anisotropic line shapes are retrieved and can be
detected accurately to illustrate dynamics of chemical groups in
a protein. Similar to solution-state NMR, spin relaxation is
routinely implemented in solid-state NMR for investigating
dynamics.”®*’~* For example, a recent study determined 13
sets of bulk NMR relaxation times for the 1 immunoglobulin
binding domain of protein G (GB1) microcrystals at various
temperatures.”’ The results explored the hierarchical distribu-
tion of backbone and side-chain motions as well as protein—
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solvent motion coupling for microcrystalline GB1 over the
temperature window of 105—280 K. Recent studies showed that
the CPMG relaxation dispersion approach was applicable in the
solid state.”” These solid-state NMR developments paved the
way for the elucidation of dynamics in large proteins and
especially benefit the study of membrane proteins. Further, high
similarity was shown for picosecond to submicrosecond
dynamics elucidated by solid-state and solution-state NMR for
SH3 and ubiquitin, implying the validation of extrapolating
solid-state dynamics information to proteins in their native
states. ™"

Extensive effort has been devoted to develop solid-state NMR
pulse sequences for dynamics detection by utilizing dipole—
dipole, CSA, and quadrupolar interactions. For example, studies
managed to determine order parameters from scaled 'H—"*C
dipolar couplings measured using homonuclear coupling
attenuation pulse schemes such as T-MREV,*® phase-modulated
Lee—Goldberg irradiation,’ rotational-echo double resonance
(REDOR),*™*" cross polarization combined with phase
inversion (CPPI),”>>* and symmetry-based pulse sequences.”*
Moreover, the use of these dipolar recoupling techniques in
solid-state NMR has enabled the elucidation of dynamics for a
number of proteins.”>”* The most commonly used quad-
rupolar nuclei in biological studies is deuterium, which can be
enriched by replacing protons without altering critical chemical
and physical properties of the systems. In comparison with the
dipolar interaction and CSA, the *H quadrupolar coupling
constant (Cq) is significantly larger (~200 kHz), which gives
rise to opportunities to study dynamics as well as several
spectroscopic challenges. The large amplitude of the *H Cq
enables much more accurate measurements than those of the
dipolar coupling or CSA.®' = Currently, however, the ability to
quantitatively evaluate protein dynamics is partially complicated
by the absence of a complete understanding of rigid-limit
quadrupolar tensor values (addressed in the following section).
’H line shape and relaxation time together enable the
characterization of protein dynamics covering time scales from
picoseconds to seconds.’~® On the other hand, limitations of
NMR hardware and pulse sequences impede the application of
’H C, measurements in large proteins or other macromolecules.
Solid-state NMR probes enabling high power irradiation of *H,
simultaneously with 'H and BC and/or N, combined with
high magic angle spinning (MAS) rates, allow the efficient
excitation and detection of *H signals in a site-specific fashion
with multidimensional NMR. Cross-polarization (CP)**”° is
one of the most common pulse elements exploited to transfer
magnetization in multidimensional solid-state NMR. Several
recent studies implemented *H—"C tangent CP transfers in
two-/three-dimensional (2D/3D) experiments to indirectly
detect *H quadrupolar line shapes and spin—lattice (T;)
relaxation times to probe dynamics of NAV,”" amino acids,””
SH3 protein,”” and silk proteins.”*”* As pointed out in previous
studies and observed in the current work, conventional “H—'3C
CP schemes lead to nonuniform magnetization transfer across
the broad *H powder pattern.”” The optimal CP condition
providing accurate H line shape covers an extraordinarily
narrow rf band (<1 kHz) and is sensitive to *H Cq.”” Thus, it is
challenging to measure quadrupolar parameters accurately for
sites with different Cq, values using one particular CP condition.
This impedes the utilization of conventional *H—"C CP in
multidimensional NMR to extract “H quadrupolar information
for proteins as the range of motional averaged C, is up to ~185

kHz.
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A recently invented polarization transfer pulse scheme, rotor-
echo-short-pulse-irradiation (RESPIRATION) CP,”*~” shows
the potential to overcome the nonuniformity of magnetization
transfer observed in conventional CP. This approach provides
significantly enhanced efficiency for *C—"*N, '"H-"N, as well
as *H-C CP and is more tolerant to the variation of
experimental conditions such as rf mismatching, probe detuning,
and spinning instability.”® Later studies demonstrated that
adiabatic RESPIRATION CP further improves the performance
even using very low rf field strengths.”””” These studies
primarily focused on the CP efficiency enhancement illustrated
by numerical simulations and experimental data. The observed
broad *H—"*C CP matching profile in adiabatic RESPIRATION
CP implies that an optimal CP condition concurrently satisfies
chemical groups with different Cq’s, namely, allowing accurate
measurement of quadrupolar coupling parameters for all sites in
complicated systems like perdeuterated proteins.

In the present work, the adiabatic RESPIRATION CP
element is implemented in a 3D *H—"2C—"3C solid-state NMR
experiment to elucidate site-specific protein backbone and side-
chain dynamics. We show with crystalline Ala that superior
*H—"C magnetization transfer uniformity is observed using
adiabatic RESPIRATION CP transfer. SPC-5°"*" is employed
in the 3D experiment to build *C—"*C correlations in order to
resolve “H sites. In comparison with commonly used multi-
dimensional experiments that measure 'H—"C/"*N dipolar
coupling constants, the presented 3D *H—"3C—"C approach
has several advantages for dynamics detection. First, the
resulting *H powder patterns are on the order of 100 kHg,
which is significantly larger than "H—"*C/"*N dipolar spectra
covering less than ~23 kHz. Thus, the current 3D *H—"*C-"C
method is less prone to measurement error. Second, dipolar
measurements have higher demands on experimental conditions
including spinning rates and recoupling pulses in order to
efficiently suppress homonuclear dipolar couplings and
reintroduce heteronuclear dipolar couplings under MAS. In
contrast, the 3D *H—"3C—"C experiment is more robust
because the accuracy of the obtained “H spectra solely depends
on the 2H—"C CP step and is ensured by the use of the
adiabatic RESPIRATION CP. The third benefit of the 3D
*H-"C-"3C approach is that it offers improved spectral
resolution through using samples which are typically fully
deuterated, relative to dipolar measurements requiring proto-
nated samples. However, one drawback to “H NMR is that the
current understanding of rigid-limit C values for proteins is
incomplete, consequently impeding the ability to access
quantitative dynamics information. Specifically, due to a general
lack of systematic studies, the variation of quadrupolar rigid-
limit Cq, values for deuterium bonded to sp>-hybridized carbon
has not been fully evaluated for proteins. To assist quantification
of protein side-chain motions using “H relaxation times, two
recent solution-state NMR studies indirectly determined the
rigid-limit C, values for CD; in the N-terminal drk SH3
domain®** as well as CaDa in both ubiquitin and GBI
proteins.”> The methyl deuterium rigid-limit C, values were
found to be approximately uniform, at 167 + 1.5 kHz.** *Ha
rigid-limit Cq, values were determined to be 174 kHz on average
with 6—8% uncertainty which the authors attribute to possible
measurement uncertainties rather than actual Cq variation.™
Together, these two studies suggest that the rigid-limit Cy, values
for deuterium at methyl and Ca sites in a protein are likely
uniform. It is worth noting that the quantification of rigid-limit
Cq values in these studies may be associated with nontrivial
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Figure 1. (A) 3D *H—"C—"C solid-state MAS NMR pulse sequence. (B) 2D *H—"3C planes of the 3D *H—"C—"C spectrum collected for
microcrystalline GB1 and the extracted *H line shapes for the ES6 residue. Experimental line shapes (black), fits (red), and fitting residuals (blue) are
displayed in the right column. In the 2D planes, signals with positive and negative intensities are shown in black and green, respectively.

uncertainties resulting from a number of factors.®> To date,
the rigid-limit Cq, values for deuterium at sites other than methyl
and Ca sites have not been systematically evaluated for proteins.
The inherent variation of deuterium quadrupolar interactions in
the rigid lattice requires further investigation in order to guide
the H solution-state and solid-state NMR dynamics studies for
proteins. For example, one straightforward approach to obtain
the rigid-limit C, values is by the measurement of “H line shapes
for proteins with multidimensional MAS solid-state NMR at
ultralow temperatures where the motions are quenched, which
can be performed with the state-of-the-art NMR instrumenta-
tion and is an interesting topic for future studies. In this paper,
we focus on the comparison of motionally averaged quadrupolar
coupling constant (TQ) values for side chains of microcrystal-

line protein GB1 to gain dynamics information. Because of the
lack of the quantitative rigid-limit Cq values and the complexity
brought by the nonzero motional averaged asymmetry
parameters (77), we interpret the data by comparing C, values

instead of using generalized order parameters. Such compar-
isons are performed between the same chemical groups of the
same type of residues to minimize uncertainties originating from
the potential rigid-limit C differences. This semiquantitative
analysis provides critical insights into protein dynamics,
especially those of side chains, which have not been systemati-
cally studied in detail.

In this study, we demonstrate the 3D *H-"3C-'C
experiment on microcrystalline GBI, in order to extract *H
quadrupolar information for each chemical group. The obtained
TQ and 77 elucidate the backbone and side-chain motions for

the majority of residues in a site-specific manner. To our
knowledge, this is the first example in which the backbone and
side-chain dynamic network is fully mapped based on *H
quadrupolar coupling parameters extracted from a single solid-
state. NMR experiment. The results illustrate that side-chain
dynamics of GBI highly correlate with its structure stability and
biological functions. We envisage that this approach will be
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widely applicable to investigate backbone and side-chain
motions in various biological systems such as protein micro-
crystals/nanocrystals, insoluble fibrils, and membrane proteins.

B MATERIALS AND METHODS

Preparation of Protein GB1. Uniformly labeled *H,"C,"*N-GB1
was expressed in E. coli BL12(DE3) using a previously published
protocol.** The protein solution was buffer exchanged against 90/10
D,0/H,0 to replace 10% of the exchangeable deuterons with protons
and then was concentrated to 25 mg/mL and precipitated with 3.0
equiv of 2-methyl-2,4-pentanediol (MPD) and isopropanol (IPA)
solution (2:1 MPD/IPA volume ratio).** Microcrystalline GB1 was
packed into a 1.6 mm standard wall FastMAS rotor (Agilent
Technologies Inc.) for use in solid-state NMR experiments.

Solid-State NMR Experiments. Data were collected on a
customized 500 MHz Varian VNMRS DirectDrive spectrometer
equipped with actively biased transmit—receive circuits and a 1.6 mm
FastMAS quadruple resonance 'H—"3C—*H—'5N probe. A 22.222 kHz
MAS was chosen as a compromise between peak sensitivity and the
number of sidebands present from the “H manifold. The variable
temperature was 0 °C, and the actual sample temperature was 3 °C
because of frictional heating induced by MAS (as determined by an
ethylene glycol calibration®). The 3D *H—"3C—'3C solid-state NMR
pulse sequence is displayed in Figure 1A and will be discussed in detail
in the following section. The 'H, *C, *H, and N 7/2 pulse widths
were 1.5, 1.6,2.9, and 4.5 s, respectively. In experiments performed on
GB1, 86 kHz *H and 100 kHz "°C spin-lock rf field strengths and a 900
pus contact time were used for adiabatic RESPIRATION CP
magnetization transfer. The rotor-synchronized adiabatic RESPIRA-
TION CP waveform was defined by the following optimized
parameters: A = 4000 rad/s and b = 5000/27 Hz and RESPIRATION
pulse 7, = 1.8 us (see Jain et al. for parameter definition””). The SPC-5
homonuclear recoupling scheme®”*' was implemented to build
BC-C correlations with a 1.086 ms mixing time. Additional
experimental parameters include a 100 ms recycle delay, 400 kHz *H
sweep width, 22.222 kHz and 50 kHz "*C sweep width for the second
and third dimension, 192 t, increment points, 160 ¢, increment points,
and a 20.48 ms acquisition time. Low-power 'H XiX* and N
WALTZ® decoupling was employed during the pulse periods as
indicated in Figure 1A. Data were processed in nmrPipe® and analyzed
in Sparky (T. D. Goddard and D. G. Kneller, University of California,
San Francisco). H MAS line shapes were extracted from the 3D
?H-BC—13C correlation experiment and fitted in DMFit.*

B RESULTS AND DISCUSSION

2H-13C Adiabatic RESPIRATION CP Enabling Accurate
Indirect Detection of 2H Line Shapes. Figure 1A shows the
3D *H-"C-"C NMR pulse sequence that was used for
detecting *H quadrupolar line shapes. The initial excited *H
magnetization was transferred to the directly bonded *C and
detected through *C—"C correlation. One critical element is
the CP transfer that dictates the accuracy of the extracted “H
line shapes and the sensitivity of the experiment. Conventional
tangent CP was previously employed in 2D *H—"C experi-
ments to establish heteronuclear correlation in order to extract
’H line shapes for peptides and proteins.”' ~”> One drawback of
the approach is that polarization transfer efficiency is not
uniform across “H MAS manifolds.”” Thus, an optimal CP
condition providing accurate *H line shape is valid only for sites
with a particular Cq. It is unfeasible to use conventional CP to
accurately determine “H line shapes for all sites of a system,
particularly in a protein where deuterium Cg values span ~185
kHz range. A newly invented polarization transfer scheme, the
so-called adiabatic RESPIRATION CP,””~” shows the
capability to overcome this issue. Motivated by the better
performance of this CP scheme over conventional methods, in

4108

this section, we focus on evaluating the cross-polarization
uniformity that was not previously discussed in detail.

*H—"C adiabatic RESPIRATION CP was first performed on
Ala crystalline powder using a pulse sequence displayed in
Figure SIA. The rf field strength matching condition profiles
were presented in Figure S1B. Polarization efficiency at the
optimal condition is enhanced by a factor of 2.4 and 1.8 for Ala
methine and methyl groups, respectively, in adiabatic RESPI-
RATION CP compared with conventional tangent CP. The
significantly broader plateau of matching condition observed in
the former case illustrates that polarization transfer is less
sensitive to CP rf field strength variation (Figure SIB). As
shown in a previous study, in a 2D experiment with
conventional tangent *H-1BC CP, no CP condition provides
accurate “H line shapes for both of the Ala aliphatic groups
concurrently.72 In other words, the CP condition yielding an
optimal *H line shape for one Ala group fails to provide similar
CP efficiency for other sites. This arises from the fact that
magnetization transfer is nonuniform across the *H powder
pattern in the conventional CP approach. To evaluate the
situation in adiabatic RESPIRATION CP, 2D 2H-1C
correlation experiments were performed with various CP
conditions. As presented in Figures S2 and S3, Ala *H
quadrupolar parameters extracted from 2D *H—"C adiabatic
RESPIRATION CP experiments remain consistent over a wide
range of “H CP tf carrier frequency offsets. Further, these values
agree very well with the quadrupolar parameters obtained from
the H one-pulse excitation experiment (Figures S2 and S4).
Table S1 shows TQ values of Ala *Har and HJ extracted from

2D experiments utilizing *C CP tf field strengths varying
between 22 and 77 kHz with the matching *H rf condition. The

differences among the CQ values obtained at various CP

conditions are negligible, and the values agree with literature
reports for the two Ala aliphatic groups. These results
demonstrate that adiabatic RESPIRATION CP fulfills CP
transfer uniformity over the *H powder pattern. Further, it
implies that the CP condition providing accurate “H line shapes
is insensitive to rf strengths. This performance is much
improved in comparison with tangent CP, where 1 kHz rf

strength variation can easily lead to 10% or more C, difference,

as observed in the current work and the previous study.”” To
summarize, utilizing adiabatic RESPIRATION CP for the
*H—-"C correlation step in multidimensional experiments to
indirectly extract *H line shapes provides the following
advantages. First, “"H—">C CP efficiency is greatly enhanced.
Second, CP transfer is uniform across the “H powder pattern,
ensuring the accuracy of the indirectly extracted *H line shapes.
Third, both CP efficiency and uniformity are much less sensitive
to CP condition variation that allows for stable data collection of
3D/4D solid-state NMR spectra. These three features are
essential for detecting site-specific deuterium quadrupolar
information for proteins possessing deuterium C, values
typically covering the range of 0 to ~185 kHz.

3D 2H-"3C-"3C NMR Correlation Experiment De-
signed for Studying Protein Backbone and Side-Chain
Dynamics. A 3D solid-state MAS NMR experiment utilizing
adiabatic RESPIRATION CP and SPC-5 homonuclear
recoupling to achieve H—"3C and "“C—"C correlation,
respectively, was designed in order to extract site-specific “H
line shapes for large systems like proteins (Figure 1A). The
pulse sequence allows “H resonances to be resolved with the
assistance of '*C—"C correlation and the accurate line shapes to
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Table 1. °H TQ and 7] Values Determined for Lys Aliphatic Sites in Microcrystalline GB1“

’Ha ’HB Hy ’Hy ’He
& = ® = & : & 5 & 3
(kHz) (kHz) (kHz) (kHz) (kHz)
160.0 0.20 786 64.0 50.9 e
= £21  £004 85 g £28 v £04° g £2.4° g
163.0 0.25 103.6 0.42 55.3 50.9 55.5
K10 +3.7 +0.05 £1.2 +0.09 +0.6 0 +0.4° 0 +2.4 0
TS 0.10 142.1 0.02 116.9 0.46 76.9 0 65.5 g
£37  +009  +32  +027  £27  £013  £19 +14
157.3 0.17 125.4 0.60 90.9 74.4 49.0
K28 116  +004 18  £005 1.1 0 £0.7 0 £0.9 0
163.7 0.10 1414 0.14 69.9 70.7
= £25  +008  +35  +0.18 i Al £2.1 v +26 0
o 1677 0.00 170.2 0.05 147.6 0.17 136.2 0.18 134.6 0.53
£25  +008 25 007  +1.1 £0.04  +21 £0.11 £18  +0.04

“For deuterium undergoing large-amplitude motion, 77 was set to zero for line-shape fitting. The BCy—'Cs and CS—~"*C¢ cross peaks of K4
severely overlap with those of K10. The same *H$ and *H¢ quadrupolar values were assigned to K4 and K10, which were obtained from the

overlapped ’H line shapes.
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Figure 2. (A) Crystal structure of GB1 (PDB: 2LGI) with Lys aliphatic groups shown in van der Waals spheres and coded with color scaling to TQ
values. Two different perspectives are shown for better visualization. (B) KS0, (C) K31, (D) K13, (E) K4, (F) K10, and (G) K28 local chemical
environment in GB1. The K31 (CH,)/ group is color coded with cyan as the ?Q value is not determined. The residues having atoms within S A away
for the corresponding Lys residue are shown in sticks. The salt bridges between K50 and D47, E27, and K31 and the hydrogen bond between K13 side

chain NH; and G9 backbone CO are displayed by dash lines.

be extracted from the first indirect dimension. Figure 1B displays
2D planes of the 3D spectrum collected for microcrystalline
GBI, where *H line shapes are extracted for the aliphatic groups
of ES6. The motional averaged *H quadrupolar parameters are
readily obtained from line-shape fitting. *H line shapes were
extracted from the 3D spectrum for the majority of aliphatic
groups, except those subject to resonance overlap or signal
absence and aromatic rings exhibiting inefficient CP. Line-shape
fitting was performed to extract motional averaged quadrupolar
parameters, ?Q and 7], for 140 chemical groups in GB1, and the

fitting results are presented in Figure SS. The obtained *H
quadrupolar parameters convey rich information about protein
dynamics that correlate with structure, local chemical environ-
ment, salt bridges, hydrogen bonds, and other interactions. To
our knowledge, this is the first example that *H motional
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averaged quadrupolar parameters have been determined for
most sites in a protein. In the following section, discussion will
first focus on the side-chain motions and then on the backbone
flexibility for microcrystalline GBI.

Lys Side-Chain Dynamics in GB1. *H line shapes for
aliphatic groups of Lys were extracted from the 3D
*H-"C-"C spectrum. Table 1 shows 'Cq and 77 values for
Lys aliphatic groups in microcrystalline GB1. The values present
a large difference between *Ha and side-chain *H as well as
among Lys residues, indicating various backbone and side-chain
motions. TQ and 7 contain detailed information about the
motional process, requiring analysis on a case-by-case basis
depending on the physical property of a chemical group. For
example, the line shape of K28 *HJ gives a Cq of 1254 + 1.8

DOI: 10.1021/jacs.5b12974
J. Am. Chem. Soc. 2016, 138, 4105—-4119


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12974/suppl_file/ja5b12974_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b12974

Journal of the American Chemical Society

kHz and a 77 of 0.60 =+ 0.0S. If a reorientation in the fast-motion
regime between two sites with equal population is assumed for
the K28 (CH,) S group, the reorientation angle satisfies cos 0 =
0.5, which is derived from the experimental 7. Thus, a Cq of

125.4 kHz corresponds to a Cq(rigid limit) equal to 200.6 kHz.
This large Cq(rigid-limit) value is physically impossible for a
deuteron bonded with an sp>-hybrized carbon.® It infers that
the K28 (CH,)f group exhibits more complex dynamics than a
simple two-site reorientation, resulting from the combined effect
of Ca—Cp and Cp—Cy librations; yet, the motional details
involved in this effect are beyond the scope of the current study.
Here, the focus is put on the evaluation of the TQ that is

proportional to order parameter derived from TQ/ Cq(rigid-
limit). It is rational to illustrate mobility by comparing TQ

values of amino acid aliphatic groups in a protein, even though
they do not provide motional details.

The GBI crystal structure is displayed in Figure 2A with Lys
residues shown in van der Waals spheres color coded by TQ

values. The observed large TQ variation indicates that

molecular dynamics differ significantly among Lys residues in
protein GBI. TQ values listed in Table 1 show that the KS0 side

chain exhibits much more restricted movement than other Lys
residues. The flexibility of the amino acid backbone and side
chain depends upon the local packing density, salt bridges,
hydrogen bonds, and solvent accessibility and can in turn
validate these phenomena. The detail of the local structure for
K50 is shown in Figure 2B. This residue is in the turn
connecting 3 and is exposed to the bulk solvent with more
potential for interacting with water molecules (31 water
molecules <10 A away from its side chain based upon PDB:
2QMT?). It suggests that a very dynamic side chain is expected
for K50 that is controversial to the experimental observation.
The motion of the K50 side chain is likely restricted by a stable
salt bridge formed between KSO (NH,)(* and D47 Oy with a
N—-O distance of 3.07 A (PDB: 2QMT"°). Five out of ten solid-
state NMR energy minimum structures (PDB: 2LG191) show
that the formation of this salt bridge is allowed where the two
groups are 2.73—3.09 A apart. The existence of a stable salt
bridge indicated by the rigid KSO side chain can be used to
evaluate the validity of a protein structure model. Similarly, K31
and K13 exhibit moderate side-chain dynamics among the five
Lys in GBI, as implied by the TQ values. A salt bridge built

between K31 (NH,){* and E27 Oe appears to be the reason for
restricted K31 side-chain motion (Figure 2C). The O-N
distance is 2.76 A in the XRD structure (PDB: 2QMT"°) and
<4 A (3.49-3.78 A) in seven of the ten solid-state NMR
minimum energy structures (PDB: 2LGI’'), allowing the
formation of a salt bridge. The TQ values of K13 side-chain

deuterium are very similar to those of K31. The solvent-
exposure feature of K13 dictates that its side chain likely displays
a large degree of mobility (Figure 2D); however, this
expectation does not agree with the determined C values.

Thus, the mobility must be quenched by a salt bridge and/or a
hydrogen bond. The local chemical environment suggests that
no nearby negatively charged groups are available for forming a
salt bridge with K13 side-chain amide group (Figure 2D). Upon
the basis of the NMR (PDB: 2LGI’') and XRD (PDB:
2QMT?) structures, a hydrogen bond is likely formed between
K13 (NH;)¢* and the G9 backbone CO groups with the O—N
distance <2.5 A (2.73 A in XRD structure) and the O—H-N
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angle in the range of 122—128°. In addition, the N8 side-chain
CO group serves as another potential acceptor for a hydrogen
bond formed with K13 (NH;){* as indicated in the XRD
structure and one of the ten NMR minimum energy structures.
These hydrogen bonds overcome the desolvation energy barrier
for K13 and are responsible for rigidifying its side chain. Much
more dynamic side chains are observed for K4, K10, and K28.
The three residues are completely extended into the solvent and
have no neighboring electron acceptors available to form a stable
hydrogen bond or a salt bridge (Figure 2E—G). It is noted that a
salt bridge could be formed between K4 and E1S side chains
based on the distance (3.17 A) shown in the XRD structure
(2QMT?). In addition, two intermolecular salt bridges, K4—
E42 (4.81 A) and K10—D40 (4.95 A), exist in the X-ray crystal
structure (2QMT?"). The presence of these salt bridges seems
inconsistent with the large-amplitude side-chain motions
observed for K4 and K10. It is likely that the salt bridges are
dynamic and are undergoing continual breaking and reforma-
tion. Alternatively, it is possible that these salt bridges are absent
in the structure of the currently studied GBI sample, which was
prepared with crystallization conditions subtly different from the
X-ray study.

Asp and Asn Side-Chain Dynamics in GB1. Motional
averaged deuterium quadrupolar coupling constants and
asymmetry parameters for Asp and Asn residues are listed in

Table 2. *H ?Q and 7 Values Determined for Asn and Asp
Aliphatic Sites in Microcrystalline GB1 Protein®

Ha HB
& . & .
(kHz) (kHz)
N8 170.7 0.13 134.6 0.47
£20 +0.05 +6.1 +0.14
1425 0.11 157.6 0.30
R +25 +0.15 +4.1 +0.06
149.2 0.20 88.1
L +2.0 +0.05 +13 0
177.0 0.19 169.7 0.18
B35 +87 £0.11 +3.1 +0.05
N37 161.6 0.13 1512 0.45
+4.6 +0.13 +3.7 +0.05
156.8 0.01 123.9 0.55
S0 £27 £0.12 £15 +0.05
i 156.2 0.02 149.1 0.33
+3.9 +0.16 +3.1 +0.05
047 156.5 0.27 164.4 0.02
+46 £0.07 +27 +0.11

“For deuterium undergoing large-amplitude motion, 7 was set to zero
for line-shape fitting.

Table 2. Considerable variation is observed for the backbone
*Ha and side-chain *Hf (Figure 3A). In general, the large Cq

values indicate that Asp/Asn local backbones exhibit restricted
motions. The side chains are less flexible than those of Lys
residues due to the shorter side chains possessing more limited
spatial extension. It is shown that the side-chain dynamics are
likely further quenched by hydrogen bonds, salt bridges, and
desolvation for D22, D36, N37, D46, and D47. As discussed
above, D47 (COO)~ forms a stable salt bridge with K50
(NH,)¢*, resulting in the stiffness of side chains for both
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Figure 3. (A) Crystal structure of GB1 (PDB: 2LGI) with Asp and Asn aliphatic groups shown in van der Waals spheres and coded with color scaling
to Cq values. Two different perspectives are shown for better visualization. (B) D47, (C) D22, (D) D46, (E) D36, (F) N37, (G) N3, (H) D40, and

(I) N8 local chemical environment in GB1. The residues having atoms within § A away for the corresponding Asn or Asp residue are shown in sticks.
The salt bridge between D47 and K50 and the hydrogen bonds between D22 and T25, D46 and A48/T49, and N8 and TS5 are presented by dashed

lines.

residues (Figure 3B). Upon the basis of the chemical
environment of D22 (Figure 3C), a strong hydrogen bond
likely established between the D22 side chain COO™ group with
T25 backbone NH, where the O—N and O—H—N angles are in
the range of 1.77—2.02 A and 138—142°, respectively. Thus, the
hydrogen bond contributes to the restricted side-chain motion
of D22. Further, it presumes that this strong hydrogen bond
formed between the loop and the o helix contributes to the
structural stability of GBI. Figure 3D shows the local
environment of D46. It infers that the rigid side-chain motion
of D46 is due to the hydrogen bonds between COO™ and the
A48 backbone NH with an O—N distance of 2.66—2.71 A and
an O—H-N angle of 138—143° according to the solid-state
NMR structure (PDB: 2LGI’'). The T49 NH is another
possible electron donor involved in forming a hydrogen bond,
which is weaker as the O—N distance is 3.33—3.43 A and the
O—H-N angle is 144—148°. The validity of the hydrogen
bonding is further supported by the absence of a competing
electron acceptor for D46. It is noted that the O—N distance for
the two hydrogen bonds is larger based upon the XRD structure
(PDB: 2QMT™), 3.11 and 4.13 A, most likely due to minor
structural variation between the solid-state NMR and XRD
structures originating from subtle sample preparation differ-
ences. The inflexible D36 (CH,)f group is contradictory to its
solvent exposure and the lack of hydrogen bonds and a salt
bridge (Figure 3E). The possible explanation is that D36 packs
close to itself in the crystal lattice, deactivating the side-chain
motions. This tight packing is also found to be responsible for its
COO" pK, value being higher than expected.”” The "Cq values

of N37 imply the immobility of the side chain that resides at the
edge of the open pocket formed between f strands and the
helix and is partially exposed to solvent (Figure 3F). This unique
position does not explain the rigidity of the side chain. It is noted
that the Y33 aromatic ring is right above N37 (NH,)3,, allowing
the formation of a N—H—x hydrogen bond between the two.
Impacted by this hydrogen bond, N37 side-chain motion is
significantly restricted. In fact, the N—H—x hydrogen bond is
often observed in proteins and greatly contributes to structure

stability.”
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N8, N35, and D40 possess more flexible side chains compared
with other Asn and Asp residues discussed above. Among the
three, N3S is the most dynamic one as it points outward from
the protein surface and interacts with surrounding solvent
molecules (Figure 3G). Because of the similar situation, large-
amplitude side-chain motion is expected for D40 (Figure 3H).
However, it is impacted by an intermolecular interaction, where
D40 forms a salt bridge with K10 (4.95 A)7%%% As discussed
above for K10, the salt bridge, if it exists, is highly dynamic and
only slightly rigidifies the D40 and K10 side chains. The N8 side
chain presents moderate flexibility due to the coexistence of
opposite effects—being mobilized by the surrounding solvent
and potentially restricted by hydrogen bonds (Figure 3I). Three
out of the ten minimum energy solid-state NMR structures
show that a hydrogen bond tends to form between N8 (NH,)5
and TS5 (OH)51 The O—N distance and O—H—N angle are
2.56—2.59 A and 141—148°, respectively, according to the NMR
structure (PDB: 2LGI’'). Further, K13 (NH,){* serves as
another possible electron donor for hydrogen bonding with the
N8 side-chain carbonyl group based upon one of the ten
minimum energy solid-state NMR structures (PDB: 2LGI"")
and the XRD structure (PDB: 2QMT"°). The validity of these
hydrogen bonds is not supported concurrently by the solid-state
NMR and XRD structures, which is likely due to minor
structural differences originated from the distinct protein
crystallization conditions. Despite this, it is rational to conclude
at this point that the hydrogen bonds discussed here likely
obstruct N8 side chain motions and compensate for the solvent
mobilization effect.

Glu and GIn Side-Chain Dynamics in GB1. Table 3 lists
motionally averaged deuterium quadrupolar coupling constants
and asymmetry parameters for Gln and Glu residues in
microcrystalline GB1. The data imply that dynamics vary
significantly among these residues, particularly for side chains.
Due to the absence of signal, quadrupolar coupling values were
not determined for several groups as indicated in Table 3. The
absence of signals can happen in one of the three scenarios:
inefficient 2H—"3C CP transfer, significant ’H line broadening
correlating with 107°—107% s time scale motion, or zero net
BC—'3C magnetization transfer during SPC-S recoupling. The
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Table 3. ’H TQ and 7] Values Determined for Glu and Gln

a

Aliphatic Sites in Microcrystalline GB1

’Ha 2HB Hy
Ca = Ca - Ca _
«Hz) " kHz) N kHy "
1556  0.33
@ s so0s ND- ND. ND.  ND.
1554 010 915
E5 418 2007 xas O ND. ND
168.0  0.08
B9 07 hes NP ND. ND. ND.
oy 1694 000 1583 018 1414 047
£33 +010 £33 £007 +17 +0.03
Q32 1642 014 1494 02 908

+35 008 =19 £0.05 +£29

165.7 011 1411 040
B42 393 2007 223 005 NP ND
1607 032 1290 047 1260 047
+25 +003 +19 +005 +15 +0.05

E56

“For deuterium undergoing large-amplitude motion, 7 was set to zero
for line-shape fitting.

slow motion in the 107°—107% s regime unlikely exists as both
the backbone and side chains present <107 s motion as implied
by Cg, values measured in this study. Further, efficient Bc-B¢

polarization transfer is expected for C# — Ca as high transfer
efficiency is observed in the direction of Ca — Cf for Q2 and
E19. This rules out the third possibility that signal absence is
caused by zero net *C—"C magnetization transfer during the
SPC-S mixing period. Thus, the explanation of signal absence is
that *H—"C cross-polarization is significantly quenched by
large-amplitude motion for the groups with undetermined Gln/
Glu TQ and 7 values.

E27 has the largest ?Q values among the seven residues,
indicating its rigidity in GB1 microcrystals (Table 3 and Figure

4A). As discussed in the previous section, E27 COO™ forms a
salt bridge with K31 (NH3)(* that significantly hinders side-
chain motions for the two residues (Figure 4B). The moderate
?Q values (~130 kHz) imply that ES6 exhibits restricted side-

chain motion that is uncommon for a terminal residue. Figure
4C displays the local chemical environment for ES6 in GB1
crystal structure. The side chain points inward to the protein
core and places COO™ in a unique position that has a strong
tendency to form hydrogen bonds with D40 and the K10
backbone NH. The strong—moderate hydrogen bond between
ES6 and K10 is expected as the O—H—N angle is close to 180°
(162—176°) and the O—N distance is 2.60—3.08 A according to
the solid-state NMR structures (PDB: 2LGI’"). In addition, a
weak hydrogen bond is presumably established between ES6
COO™ and K10 considering the values of the O—N distance
(3.00—3.49 A) and the O—H—N angle (119—133°). Thus, ES6
side-chain motion is significantly impeded by the two hydrogen
bonds. It also explains why strong NMR signals are observed for
ES6 despite it being the C-terminal residue. Further, the two
intrastrand hydrogen bonds likely have great contribution to
stabilize the protein structure. The side chain of Q32 is much
more dynamic than E27 and ES6 illustrated by the TQ values.

This is consistent with the local structure, where no hydrogen
bond or tight packing is indicated (Figure 4D). Although a
relatively large C,, (141.1 kHz) is determined for E42 (CH,)

possibly due to the backbone restriction, its (CH,)y exhibits
larger-amplitude motion in comparison with Glu/Gln (dis-
cussed above) as indicated by the undetectable *H—"2C cross-
polarization. Thus, E42 (CH,)y presents large-amplitude
mobility because it is solvent exposed and actively interacts
with the surrounding water molecules. The significantly
motional attenuated TQ (91.5 kHz) is observed for E15 *Hp,

indicating the side chain is more dynamic than those of E1S,
E27, Q32, and ES6. This is further illustrated by that the
mobility of E15 (CH,)y is significantly enhanced leading to
inefficient *"H—"3C cross-polarization transfer. The dynamic E15
side chain is consistent with that it points outward from the

A

<,
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150 kHz
130kHz
110 kHz
90 kHz
70 kHz
50 kHz

Figure 4. (A) Crystal structure of GB1 (PDB: 2LGI) with Glu and Gln aliphatic groups shown in van der Waals spheres and coded with color scaling
to TQ values. Two different perspectives are shown for better visualization. (B) E27, (C) ES6, (D) Q32, (E) E42, (F) E1S, (G) E19, and (H) Q2 local

chemical environment in GB1. Aliphatic groups having deuterium "C, values undetermined are color coded with cyan. The residues having atoms

within S A away for the corresponding Glu or Gln residue are shown in sticks. The salt bridge between E27 and K31 and the hydrogen bond between

ES6 and D40/K10 are presented by dashed lines.
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protein surface and is unlikely to participate in the formation of
a hydrogen bond (Figure 4F). However, an intramolecular salt
bridge is likely formed between E15 COO™ and K4 (NH3)(" as
supported by the XRD structure (PDB: 2QMT"’) and E15 pH
titration behavior.”” This seems controversial to the large-
amplitude side-chain motions of both E15 and K4. The most
likely explanation is that the salt bridge is continually broken and
reformed and, therefore, shows negligible impact on the residue
side-chain motions. Q2 and E19 possess the most flexible side
chains because they are exposed to solvent and have no
involvement in any hydrogen bonding or salt bridging (Figure
4G and 4H).

Thr Side-Chain Dynamics in GB1. The side-chain OH
group of Thr shows a strong tendency to form a hydrogen bond,
particularly with the protein backbone, as it can act as either an
electron donor or acceptor.””” The hydrogen bond is expected
to impede the dynamics of the Thr side chain to some extent.
However, this effect seems to be substantially attenuated based
on TQ values determined for Thr residues in microcrystalline

GBI. Table 4 lists the motional averaged deuterium quadrupolar

Table 4. *H TQ and 77 Values Determined for Thr Aliphatic
Sites in Microcrystalline GB1“

“Ha HB Hy,
G 5 & 5 & .

(kHz) (kHz) (kHz)

Tq 1528 022 1297 042 456
+69 +014 £37 +011 +05

e 1572 026 1157 067 342
£14  $002 £31 £012 £14
1520  0.18 41.0

B IR 0o S R

g 1584 019 1552 023 570 |
£24 +005 +24 +005 +05

o5 1658 028 1495 052 540
+26 +003 +20 +003 +0.8
1723 000 1497 051 598

T44 143 +013 :22 +003 +09 O

Tag 1641 030 1485 044 591 |
+27 +003 +17 +003 +05

sy 1575 024 1521 038 636
£21  +003 +27 +004 £1.
1661  0.19

T3 101 S ND. ND. ND. ND.

55 1618 027 1466 038 552
£26 +004 +23 +004 £05

“For deuterium undergoing large-amplitude motion, 7 was set to zero
for line-shape fitting.

coupling parameters for Thr aliphatic groups. It implies that the
(CH,)p presents restricted motions as the TQ values are close
to those of backbone *Ha for T18, T25, T44, T49, TS1, and
TSS. The difference of ?Q is <8 kHz among (CH,)f groups for

these residues, illustrating motions with similar amplitudes.
Based on the local chemical environment, no hydrogen bond is
found for side chain OH groups without ambiguity due to the
divergence between reported XRD”’ and NMR’" structures as
well as between different NMR conformers. However, the
existence of several hydrogen bonds is expected as supported by
NMR conformers and XRD structure. A hydrogen bond likely

4113

forms between TSS (OH)S, and N8 (NH,)5, where the
distance of O—N and the angle of O—H—N is 2.56—2.59 A and
141—148°, respectively, in three of the NMR conformers
(Figure SB). The positions of T25 in five of the lowest energy

A

170 kHz
150 kHz
130 kHz
110 kHz
90 kHz
70kHz
50kHz
30 kHz

Figure 5. (A) Crystal structure of GB1 (PDB: 2LGI) with Thr aliphatic
groups shown in van der Waals spheres and coded with color scaling to
TQ values. Two different perspectives are shown for better
visualization. (B) TSS, (C) T2, (D) T49, (E) T18, (F) T44, (G)
T49, (H) T11, (I) T16, (J) T17, and (K) TS3 local chemical
environment in GB1. Aliphatic groups having deuterium ?Q values
undetermined are color coded with cyan. The residues having atoms
within § A away for the corresponding Thr residues are shown in sticks.
The hydrogen bonds between T5S and N8, T25 and D22, and T51 and
T49 are presented by dashed lines.

NMR structures are such that its (OH)&; tends to form a
hydrogen bond with a D22 backbone CO group (Figure SC).
The O—0O distance and O—H—O angle falls in the range of
3.09—3.10 A and 159—162°, respectively. As displayed in Figure
SD, TS1 has the (OH)8,; potentially involved in hydrogen
bonding to the T49 backbone NH as shown in the XRD
structure (O—O distance is 2.93 A) and three NMR energy
minimum_ structures (O—N distance and O—H—N angle is
3.15—3.19 A and 124—141°, respectively). Despite the potential
existence of these hydrogen bonds, the (CH,)f groups of the
corresponding residues do not show further restricted motions
compared to those of T18, T44, and T49.

The motionally reduced Cq, of a Thr (CHj)y, originates from
two processes—methyl rotation (also considered as three-site
reorientation) along its C;, symmetry axis and C,, axis libration.
The TQ of a methyl deuterium is equal to 55.67 kHz if

assuming a Cq of 167 + 1.5 kHz*” and an ideal tetrahedral
geometry for the methyl group and is further reduced by the C;,
axis libration. The (CH;)y, TQ values of T18, T25, T44, T49,

TS1, and TSS are all close to this value but exhibit small
discrepancies. These deviations could be explained by a slight
departure of the methyl group geometry from the ideal
tetrahedron. Such methyl geometry distortions have indeed
been observed for proteins and small molecules in previous
studies.**?*~*® For example, Ottiger and Bax determined the
He_Cmeh_C angle deviation for methyl groups of human
ubiquitin to be +1° from 110.9°.”” In addition, Mittermaier and
Kay reported that the angle between the unique axis of the
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Table 5. *H TQ and 7] Values Determined for Leu and Ile Aliphatic Sites in Microcrystalline GB1”

’Ha ’HB Hy 2H5, 43,
Ca : Ca § Ca A Ca 7 Ca fi
(kHz) n (kHz) n (kHz) n (kHz) n (kHz) n
e 156.4 0.34 156.1 0.40 1495 0.26 61.0 2 69.8 5
+1.9 +0.03 +4.4 +0.05 +1.0 +0.02 +16 +22
165.0 0.16 149.3 0.04 136.0 0.63 59.3
- £1.7 +0.03 +24 £0.14 £15 +0.03 P, BB +15 :
™ 159.9 0.15 141.1 0.34 1414 0.28 445 ) 405 .
+1.3 £0.03 +13 +0.03 +16 +0.05 +0.9 +0.7
*Ha HB Hy, Hy, 3,
Ca = Cq = Cq = Cq = Caq =
(kHz) n (kHz) n (kHz) g (kHz) n (kHz) e
» 159.4 0.34 151.1 0.45 92.8 0.76 54.2 5 65.5 5
+27 +0.03 +3.1 +0.04 +4.4 +0.23 +05 +53

“For deuterium undergoing large-amplitude motion, 77 was set to zero for line-shape fitting. Quadrupolar coupling parameters were not determined

for L7 (CH,)8, due to signal overlap.
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140 kHz
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Figure 6. (A) Crystal structure of GB1 (PDB: 2LGI) with Leu and Ile aliphatic groups shown in van der Waals spheres and coded with color scaling to
TQ values. (B) LS, (C) L12, (D) L7, and (E) 16 local chemical environment in GB1. Aliphatic groups having deuterium TQ values undetermined are

color coded with cyan. The residues having atoms within 5 A away for the corresponding Leu/Ile residue are shown in sticks.

deuterium electric field gradient tensor and the C;, rotating axis
(referred to as ) was 109.5°.% It should be noted that the
He_Cmethl_C angle is not necessary to be identical to the
angle. If a +1° deviation from 109.5° is assumed for the f angle,
a Cq of 167 & 1.5 kHz will yield a ?Q equaling 53.3—58.8 kHz
for a methyl group undergoing fast rotation. The (CH,)y, TQ
values for T18, T2S, T44, T49, and TSS determined here all fall
within experimental error of this range, as shown in Table 4.
One outlying group is TS1 (CH,)y, in which the TQ
corresponds to its C;, axis departing at least 2.4° from that of
the ideal tetrahedral geometry, under the assumption that Cq is
167 + 1.5 kHz.*> Nonetheless, discrepancies of this magnitude
are indeed likely to occur in nature, as deviations of 1.9° for the
P angle from an ideal tetrahedron have been observed for
proteins by previous studies.”®”’ The other possibilities
contributing to this large discrepancy include a slight deviation
of the actual Cq from 167 + 1.5 kHz as well as any unidentified
TQ measurement errors. Overall, the six Thr residues exhibit

very similar dynamics despite the large variation of local
chemical environment; the T18 side-chain points inward to the
protein core, while T49 and T44 residues are completely
exposed to solvent (Figure SE—G). It implies that Thr (CH,)f
motions are dominantly restricted by the backbone and (CH,)y,
rotations are in the fast regime and are insensitive to the local
geometry as they do not require much free space.

The side chains of T11, T16, and T17 are much more
dynamic. (CH;)y, TQ values are determined to be less than 46

kHz, which are far smaller than that of a methyl group
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undergoing three-site reorientation as discussed above. This
observation implies the presence of methyl Cj, axis librations for
these Thr (CH,)y, groups. This is typically observed for systems
actively interacting with solvent (water) molecules. The local
environment indicates that T11, T16, and T17 are fully
extended into the solvent (Figure SH—J). Thus, surrounding
solvent significantly mobilizes the side chains of T11, T16, and
T17, including the (CH,)f and (CHj,)y, groups. It is noted that
the Cg is not determined for T17 (CH,)/3 due to weak signal as

the 2H—"C cross-polarization transfer is reduced by the large-
amplitude motion. Similarly, the absence of NMR signal for TS3
(CH,)p and (CHj)y, indicates its significant mobile side chain
and is consistent with solvent exposure (Figure SK).
Side-Chain Dynamics of Nonpolar Residues in GB1. In
a protein, nonpolar residues are often directed toward the
molecule interior, and the side chains have no involvement in
strong noncovalent interactions such as hydrogen bonding and
salt bridging. The side-chain dynamics are typically dictated by
local packing density and solvent accessibility. Here, we discuss
the dynamics of the nonpolar residues in GBIl using the
determined site-specific deuterium quadrupolar coupling
parameters. Motionally averaged C and 7 values are shown

in Table S for Leu and Ile residues. It implies that the (CH,)f
and (CH,)y groups in the three residues exhibit motions with
similar amplitudes and are dominantly restricted by the rigid
backbone. As expected, (CH, )y groups are slightly more flexible
as they extend further away from the backbone. The two
(CH;)6 groups reside at the end of the side chain and are
observed undergoing rotations in the fast motion regime. Again,
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Table 6. ’H TQ and 7] Values Determined for Val Aliphatic Sites in Microcrystalline GB1“

Ha HB ®Hy; %Hy,
E 5 B 5 & 5 & 3
(kHz) (kHz) (kHz) (kHz)
V2T SR N.D. N.D. N.D. N.D. N.D N.D.
vas %7 Joos  s20 605 125  ©  s15 O
vie 38 JG0s 135  s005 st O NB. ND
vse %3 Loo4  s18 1002 05  ©  Sgs O

“For deuterium undergoing large-amplitude motion, 77 was set to zero for line-shape fitting.
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Figure 7. (A) Crystal structure of GB1 (PDB: 2LGI) with Val aliphatic groups shown in van der Waals spheres and coded with color scaling to ?Q
values. (B) V21, (C) V54, (D) V29, and (E) V39 local chemical environment in GB1. Aliphatic groups having deuterium TQ values undetermined are

color coded with cyan. The residues having atoms within 5 A away for the corresponding Val residue are shown in sticks.

in the current article, we do not focus the subtle differences of
?Q and 7 that contain detailed dynamics information regarding
motional modes. Overall, the deuterium ?Q values indicate that
the side chain of LS is the most rigid one among the three. This
is attributed to the surrounding high packing density as the side
chain is buried deeply in the protein core (Figure 6). The side
chain of L12 is more dynamic compared with those of LS and
L7. The TQ values of its two (CH,;)$ groups are significantly
reduced to 40.5 and 44.5 kHz, indicating that the C;, axes of the
methyl groups undergo librations, while each deuterium is
involved in fast three-site reorientation. The high mobility of the
L12 side chain is a consequence of the much lower packing
density and partial solvent exposure as displayed in Figure 6C.
The moderately crowded local chemical environment of L7 is
responsible for the side-chain dynamics with intermediate
amplitude between that of LS and L12 (Figure 6D). As
discussed for Thr residues in the previous section, the TQ ofa
methyl group is reduced to 53.3—58.8 kHz by three-site
reorientation if we assume the Cq equals 167 + 1.5 kHz"** and
the 3 angle possesses a 1.0° deviation from 109.5°.°*"” Thus, the
'Cq of the L7 (CH;)8, group (59.3 + 1.5 kHz) infers the
presence of fast methyl group rotation and the immobility of the
C,, axis which is equivalent to the rigidity of the Cy—Cd, bond.
In contrast, LS (CH,)8 groups possess TQ values larger than

those for methyl groups undergoing free three-site reorienta-
tions in the rigid lattice. The (CH,)5, TQ, 61.0 + 1.6 kHz,
exhibits a small discrepancy (within error), possibly due to the
methyl geometry departing slightly further from the tetrahe-
dron. The largest discrepancy is observed for the Cq of LS
(CH,)8,, which presents a § angle difference of at least 4.6°
relative to an ideal tetrahedral geometry. Such a large deviation
has not been reported by any previous study. It is noteworthy
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that this deviation could simply result from an analytical
uncertainty due to the poor signal-to-noise ratio of the LS
(CH;)8, *H spectrum (Figure SS), which will require replicated
data for error determination. In addition, in the three cases,
different TQ values are determined for the two (CH,)& groups.

It results from the restricted Cy—Céd bond rotation and the
distinguishable local pack densities that cause appreciable
different effects on the geometries and motions of the two
methyl groups. I6 resides in the middle of A1, and the side chain
points outward from the protein surface (Figure 6E). 16
(CH,)y, possesses a much smaller motional averaged TQ

compared with Leu (CH,)y due to that it is exposed to solvent
and less branched. It is interesting to note that the 16 methyl
group is not as dynamic as L12 despite the fact that they are
both exposed to solvent. This is likely due to the packing density
and side-chain geometry differences correlated with the side-
chain dihedral angles.

Motional averaged deuterium quadrupolar coupling param-
eters of Val residues in GB1 are displayed in Table 6. The
parameters are not determined for the V21 side chain due to the
absence of signal. It indicates that this side chain is significantly
mobilized, leading to inefficient *H — "*C cross-polarization
transfer. This is consistent with the local chemical environment
in the protein structure, where V21 is in a turn between 2 and
the helix and fully extended to the solvent (Figure 7A and B). In
contrast, V54 is observed to be the most rigid Val residue in GB1
as indicated by the C, values. The restricted motion is caused

by the high packing density, as this residue points inward and is
completely buried in the interior of the protein (Figure 7C).
V29 exhibits dynamics with similar amplitudes as V54. The
chemical environment shows that V29 resides in the middle of
the well-ordered amphipathic helix (Figure 7D). Further, the
geometry of the local structure and the short side-chain length
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Figure 8. *Ha "Cq values determined for amino acid residues in microcrystalline GB1. The value for residue FS2 was not determined due to signal

overlap.

likely reduce the possibility of V29 substantially interacting with
solvent. V39 is in the loop between $3 and the helix and at the
edge of the protein core (Figure 7E). The absence of observable
’H — 3C transfer for V39 (CH,)y, implies that the dynamics of
this group is significantly enhanced. One possible explanation is
that V39 is partially exposed to solvent as shown in Figure 7E,
and only (CH,;)y, actively interacts with solvent due to the
restricted Ca—Cf rotation. The Val dynamics discovered here
further explain the polarization transfer efliciency observed for
these residues in GBI in a previous study.™

Deuterium quadrupolar coupling parameters were deter-
mined for Ala residues in GB1 as listed in Table S2. Despite the
large variation in chemical environment, A20, A23, A34, and
A48 possess the same *Hf 'Cq value within experimental error

(Figure S6). These values agree well with those of methyl
groups undergoing fast three-site reorientations in rigid lattices.
The small side chain methyl group makes its dynamics much
less sensitive to packing density. Slightly larger TQ values are

observed for A26 and A24 (Table S3), likely due to similar small
deviations from ideal tetrahedral geometry, the discrepancies of
the Cq, values, or a combination of the two (as observed for
several Thr, Leu, and Ile methyl groups discussed above). It is
noted that solvent exposure leads to negligible effect on the
dynamics of the Ala side chain. Similarly, weak correlation
between dynamics and chemical environment was previously
reported for Ala methyl groups in several proteins in solution.””

Backbone Dynamics of Microcrystalline GB1. Figure 8
*Ha shows the TQ values for all residues in microcrystalline

GB1 except for F52 of which the Cy, is not determined due to

signal overlap. It is noted that the *Ha TQ values are close to

those observed for the rigid lattice in peptides and
proteins,”"””*7>'% implying that the backbone in GB1 exhibits
high rigidity. Further, the detected nonzero 7 values infer that
the rigid backbone undergoes small-amplitude fluctuations and
reorientations. The overall larger “Ha 'Cq values infer that the

backbone of GBIl microcrystals exhibits motions with
significantly smaller amplitudes in comparison to the side
chains. Further, the small variation of the *Ha TQ indicates the

high similarity of local backbone rigidity for all residues in
microcrystalline GB1, despite the significant deviations of side-
chain motions. This agrees with previous NMR and MD
simulation studies showing that the backbone order parameter

. 37,38,83,91,101—103
covers a narrow window.
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If a rigid-limit Ha Cq value of 174 kHz is assumed,®® the
backbone order parameters derived from TQ / CQ(rigid—limit)

cover the range of 0.82—1.0 (Figure S7), which shows a good
overall agreement with '°N Ri/R;,, CaH, and NH dipolar
coupling solution-state and solid-state NMR measure-
ments.”?%5>7L1917193 particularly, the backbone order param-
eters obtained in the present H measurements agree very well
with previously reported CaHa dipolar coupling data within
error on the per residue basis (Figure S7). Somewhat larger
discrepancies are observed between the current results and the
previous relaxation and NH dipolar coupling data, which likely
originates from inherent protein properties and various
experimental conditions. First, the CH/CD and NH vectors
are motionally distinct from each other, resulting in the
discrepancies on the order parameters derived from *Ha Cq
(or CaH dipolar couplings) and NH dipolar couplings’" as well
as *Ha and N solution-state NMR relaxation rates.”> Second,
discrepancies also exist between CaH vector order parameters
derived from the TQ values determined in this work (Figure

4S) and those determined by the previous *H solution-state
NMR relaxation studies.” The disagreement could be a
consequence of a number of factors, including the non-
negligible differences between proteins in solution and micro-
crystalline forms, experimental temperature differences as well
as unidentified systematic uncertainties of the methodologies.
Certainly, a quantitative discussion of these disagreements
between studies requires complete understanding of these
factors; however, this is beyond the scope of the present paper.
Overall, the order parameters obtained in the current work fall
within the range of 0.82—1.0 and agree well with previous
studies. Interestingly, a “zigzag” pattern is observed primarily for
the order parameters of the helix regions, which cannot be fully
explained by the solvent exposure or packing density. It is
noteworthy that the above discussion excludes the motional
averaged tensor asymmetry parameters, of which the
interpretation is important to characterize details of protein
dynamics when using both quadrupolar and dipolar coupling
measurements.'** Slow motions at nanosecond time scales were
explored for the GB1 backbone by the solid-state '*N rotating-
frame relaxation rate.”” It is known that the 2H NMR line shapes
report the motional modes but not the quantitative motional
rates at this dynamic regime, and ’H relaxation measurements
are typically employed to assist in elucidating correlation time
information.’®®” Backbone fluctuation/reorientation angles and
rates can be extracted from *H line shapes and relaxation times.
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This type of analysis requires interpretation of TQ and 77 with
NMR line shape simulations on particular motional models,
which is an interesting topic for future studies.

Correlations between the Dynamics of GB1 and Its
Structure and Biological Function. In order to understand
the side-chain dynamics of GBIl in the context of protein
structure and biological function, we map out the side-chain
motions across the whole protein as displayed in Figure 9. Chain

A

Figure 9. Protein side-chain dynamics map for microcrystalline GBI,
shown in three different viewpoints. Lys, Asn, Asp, Gln, Glu, Thr, Leu,
and Val residues exhibiting large, moderate, and small amplitude side-
chain motions are highlighted in red, orange, and blue, respectively.
The rest of the residues (gray) are not considered in this illustration.

lengths, degrees of branching, and polarities have distinct effects
on the mobilities of different chemical groups of the side chains.
Thus, the side-chain dynamics are identified as large, moderate,
and small amplitude motions based on comparisons within the
same type of amino acids. The analyses are conducted for amino
acids presenting multiple times in GB1, including Lys, Asn/Asp,
GlIn/Glu, Thr, Leu, and Val, except for Ala residues that exhibit
similar dynamics. On the basis of the TQ values, K4, K10, N35,

Q2, E15, E19, E42, T11, T16, T17, T53, L12, and V21 exhibit
large-amplitude side-chain motions; K13, K28, K31, N8, D40,
Q32, and V39 display moderate side-chain flexibilities; K50,
D22, D36, N37, D46, D47, T18, T2S, T44, T49, TS1, TSS, LS,
L7, V29, and V54 present small-amplitude dynamics. The most
dynamic side chains in GBI are primarily observed for the 52
strand and the loop between the 1 and 32 strands (Figure 9).
Previous studies revealed that these domains showed large
chemical shift perturbations when binding to immunoglobulin
G (IgG) and were involved in interacting with IgG.10 19 In
addition, as shown in Figure 9, side-chain motions with large to
moderate amplitudes are present at the helix regions facing the
B3 strand and the loop between the helix and the f3 strand,
which also serve as binding domains during the interaction with
IgG. The overlap between dynamic domains and binding
regions suggests that the high degrees of side-chain mobilities
play important roles in the contacts and interactions between
GBI and IgG. It is interesting to note that the helix regions
facing the opposite direction of the mobile regions (facing way
from the /33 strand) possess highly rigid side chains (Figure 9).
The corresponding side chains are involved in hydrogen
bonding or salt bridging and likely contribute to the stability
of the protein structures, while the dynamic regions interact with
IgG. The 3 strand serves as another protein binding interface,
and the first residue on this  strand, E42, exhibits significant
perturbed chemical shifts upon binding 1gG.'* Our results
indicate that E42 is highly mobile, which likely contributes to
the interaction of GB1 with IgG. It is noteworthy that the
remaining residues of the A3 strand demonstrate small-
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amplitude side-chain motions. Among these, W43 and Y4S
have the aromatic rings buried in the core of the protein, leading
to the rigidity of side chains that are absent from protein
interactions. The other two residues (T44 and D46) also
present somewhat restricted side-chain motions. Further, the
regions possessing immobile side chains include the 4 strand,
the middle portion of the f1 strand, and the loop between the
B3 and f4 strands, which are not involved in the interactions
with IgG. It is also interesting to note that high flexibility is
determined for the side chain of TS3 on the 4 strand. Previous
studies demonstrated that large chemical shift perturbations
occurred to T53 and suggested that this residue might
participate in the modulation of hydrogen bonds during protein
binding.'®® Thus, the large-amplitude side-chain motions of T53
potentially assist the hydrogen bonding modulation process. In
addition, the first several residues on the J1 strand possess
flexible side chains as shown in Figure 9, which are expected for
terminal regions. Overall, the dynamics of GBI side chains
highly correlate with its biological interactions with IgG. The
residues at the binding regions exhibit large-amplitude side-
chain motions, which likely facilitate protein contacts and
interactions. In contrast, low side-chain mobility is primarily
observed for regions that are not involved in protein binding and
interactions, and the rigidity of the side chains likely assists in
stabilizing the protein structure. These high correlations
highlight the importance of side-chain motions in protein
activities, which directly correlate to conformational entropy
and have critical contributions in energetics of biological events
as shown by a number of recent studies.''*~""?

Bl CONCLUSIONS

The study of atomic-level protein dynamics has lagged far
behind structure determination due to the lack of high-
resolution techniques. The significant role of molecular motions
in protein biological function has led to increased demand for
developing new approaches to probe molecular dynamics. In the
current work, we present a newly designed 3D *H—"*C-"C
MAS solid-state NMR pulse sequence. *H—'C adiabatic
RESPRIRATION CP implemented in the 3D pulse sequence
allows for the accurate detection of *H line shapes for
deuterium-residing chemical groups in a protein in a site-
specific fashion. The extracted motional averaged deuterium
quadrupolar parameters provide protein backbone and side-
chain dynamics for every isotopically labeled site. Here, *H line
shapes are extracted for 140 chemical groups in the protein from
the 3D *H-"C-"C MAS NMR spectrum collected for
microcrystalline GB1. The obtained C values elucidate

various internal motions exhibited in the protein. The site-
specific side-chain dynamics are interpreted by correlating with
factors including local structure, packing density, solvent
exposure, salt bridging, and hydrogen bonding. It in turn allows
for validating the presence of these factors and their impact on
protein dynamics and stability. Further, high correlations are
demonstrated between GB1 side-chain dynamics and the
biological activities. Large-amplitude side-chain motions are
observed for regions that are involved in interactions with IgG.
In contrast, rigid side chains are primarily found for residues that
are in the core of the protein and are absent from protein
binding and interactions. It infers that the high mobility of GB1
side chains likely contributes to protein contacts and binding,
while the low flexibility of the side chains facilitates maintaining
its structures during biological activities. These results provide
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critical insights into the roles of side-chain dynamics in protein
biological functions. In perspective, we expect this technique to
have wide applications to studies of dynamics for proteins
including protein fibrils and microcrystals, as well as large
membrane proteins. Further, to date, Cq has been only
systematically reported for *H at methyl and Ca sites in
proteins by solution-state NMR studies.*”** The current work is
the first study that determines C(, values for the majority of the

resolved aliphatic deuterium sites in a protein. These data will
enhance and extend the interpretation of *H relaxation analysis
widely used in solution-state and solid-state NMR.
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