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The development of an atomic-resolution description of
protein structure and dynamics is crucial for understanding
numerous hiophysical processes. Molecular motion is at the core
of such important phenomena as enzymatic catalysis, molecular
recognition, signaling, ligand binding, and protein folding.* NMR
spectroscopy allows access to site-specific information about
biomolecular motions in both solution and the solid state. For
NMR analysis, one of the fundamental differences between
solution and solid samples is that overall isotropic tumbling is
absent in the latter. This makes solid-state NMR spectroscopy
avery attractive technique for probing protein motions, implying
that site-specific differencesin relaxation report uniquely on local
motions. Indeed, solid-state NMR studies of microcrystalline
proteins to date have generally assumed that only internal random
motion makes a significant contribution to relaxation rates.
However, even in the absence of overall isotropic tumbling, it
is possible that anisotropic collective motion (ACM) exists in
microcrystalline solids, either in the form of small-amplitude
overall reorientation or as other collective motions that are likely
to be pertinent to function.? Numerous studies have inferred
concerted atomic displacement on the basis of X-ray data,®
indicating that rigid-body motions may on average account for
up to 60% of the B factors.*©

Here we show how ACM in solids should contribute to, and
thus could be determined by, experimental NMR relaxation rates.
We develop a model for ACM-induced longitudinal spin
relaxation and show that ACM compatible with X-ray B-factor
data can explain alarge part of 5N R; values in the model protein
Crh.

It isimportant to note that in general, the models for describing
protein dynamics in solution, such as the commonly used
“model-free” approach, cannot be used in unmodified form to
describe protein dynamics in solids without incurring errors.
Fortunately, many models can be adapted for describing motions
in spinning solids, provided that the orientation dependence of
magic-angle spinning (MAS) and powder averaging are properly
treated. In this spirit, Giraud and co-workers”® demonstrated
that after a number of modifications, the “diffusion in a cone”
model could be used for describing local uncorrelated motions
in crystalline solids.

Here we have adapted the three-dimensional Gaussian axia
fluctuation (3D GAF)° model, which is used in solution for
analyzing local motions, in a manner that renders it suitable for
evaluation of ACM contributions to R, valuesin solids. In our 3D
GAF model, the collective motion of a protein segment is described
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Figure 1. Representation of the 3D GAF model developed to compute
the contribution of ACM to spin—lattice relaxation rates. Here, the GAF
axes coincide with the axes of the inertia tensors of the monomers of the
Crh dimer (ellipsoids).

by GAFs about three orthogonal axes o, 3, and y with amplitudes
0y, 03, and o, (see Figure 1).

The 3D GAF internal correlation function of the NH dipolar
vector fluctuations in a protein segment, Cyy(t), can be expressed
as follows:
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in which the polar coordinate set exy = (Onns @nH) FEpresents
the N—H vector in the instantaneous molecular frame (a, £, )
of the protein segment, Y, is a second-degree spherical har-
monic, and dif(¢) is a reduced Wigner matrix element. The
derivation of eq 1 in the context of local uncorrelated motions
and theforms of the dihedral correlation functions(¢™® ~ M)y
can be found in ref 10 and are also detailed in the Supporting
Information (SI). We use eq 1 to individually calculate C(t),
C4(t), and C,(t) (where the subscripts indicate the orders of the
spherical harmonics) for any given set of fluctuation amplitudes
0y, 0p, and o, and GAF correlation times tgar, Tears, and Tear,
[where tgap = 1/6D, where D is a diffusion constant for the
diffusion process in a harmonic potential; tear should not be
confused with the effective correlation time zgm, i.€., the
characteristic decay time of C.(t) approximated by a single
exponential]. To obtain spectral densities, and in the absence of
an analytical expression, each of the normalized correlation
functions is then fitted to a sum of three exponentids, & + a,e ™/
+ ae V2 + age7Us, where & + a; + a, + ag = 1 (see Figure SI6
in the Sl for typica fits).
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The seven parameters (i.e., ay, &y, ag, 71, To, 73, and &) for each
correlation function are used to define the spectral densities J,(w),
Ji(w), and Jo(w) in the molecular frame as sums of Lorentzians.
Subsequently, the spectral densities in the molecular frame are
brought to the laboratory frame by a consecutive series of
transformations, as shown in eq 2:

Jo(w) =
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where DP) is an element of the Wigner matrix initiating the change
of frame through the Euler angles. The effects of MAS and powder
averaging are determined through the procedure given in ref 7,
where the transformed spectral densities are used to calculate Ry
values for each orientation Scu. The contributions from both the
fluctuation of the NH dipolar vector and the N chemical shift
anisotropy are considered,® yielding:
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In the final step, we calculate the explicit averaged sum (EAS)’
over the range of fcu values to obtain the average R; in the
laboratory frame. MATLAB™ code for simulating ACM-induced
15N R, values is available from our Web site.1?

Using our implementation of the 3D GAF model, we can
evaluate the extent to which the Crh relaxation data can be
explained by the presence of small-amplitude ACM. In the first
step, we explore how collective motions predicted by approaches
relying on the analysis of X-ray B factors could contribute to
BN R;. It should be noted that in general it is difficult or
impossible to separate the static and dynamic disorder contribu-
tions to B factors, and thus, the validity of such analyses can
vary considerably.™® Assuming here a non-negligible contribution
of dynamic disorder, we analyzed the B factors from the X-ray
diffraction structure of the Crh dimer™* using several methods,
including normal mode analysis (NMA),*® the Gaussian network
model (GNM),*® the anisotropic network model (ANM)*” and
the translation libration screw (TLS) model*®~2° (see the Sl for
details of the analyses). All of the models yielded a picture
compatible with the structure undergoing a small-amplitude
scissoring motion with the largest rotation around the axis
parallel to the a axis of Figure 1. Since the picture of collective
motions that emerged was roughly the same from all the methods,
for the sake of computational convenience we used the TLS
model as implemented in the publicly available TLSMD algo-
rithm?° to probe the extent to which, if present, such motions
could contribute to the **N R; values. In this approach, protein
chains are divided into multiple segments that are modeled as
rigid bodies undergoing TLS motions. Here we report on the
two relative extremes: the one- and six-segment TLS analysis
of chain A of the Crh dimer. One-segment TLS, in which the
entire monomer is treated as a single rigid body (see Figure 1),
is the simplest approximation. In the six-segment TLS analysis,
each monomer is treated as six separate rigid bodies (residues
1-10, 11—28, 29—40, 41-56, 57—65, and 66—86, correspond-
ing approximately to the secondary structure elements treated
as rigid bodies). The six-segment TLS, having 6 times more
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Figure 2. Comparison between experimental *N R; values in micro-
crystalline Crh [black bars; (a, ¢) won/27r = 500 MHz, (b, d) weu/27 =
700 MHz] and R; values simulated using the 3D GAF model with
segmental axial fluctuations predicted by TLS analysis of X-ray B factors
(green bars). The correlation time of the motion was treated as a single
fit parameter in an experimental-error-weighted fit. The best-fit correla-
tion times were (a, b) tgar = 98 ns for one-segment TLS amplitudes
and (c, d) tear = 87 ns for six-segment TLS amplitudes. The axial
fluctuations from one-segment (residues 1—86) TLS analysis were o,
= 4.3°, 03 = 1.6°, 0, = 0.01°, and those from six-segment TLS analysis
were: (residues 1-10) o, = 8.6°, o3 = 0.01°, 0, = 2.8°; (residues
11-28) 0, = 6.7°, 03 = 2.1°, 0, = 0.01°; (residues 29—40) o, = 7°,
op = 3.2°, 0, = 0.01° (residues 41-56) o, = 4.4°, 05 = 0.01°, 0, =
2.9° (residues 57—65) o, = 9.4°, 03 = 2.4°, 0, = 0.01°; (residues
66—86) o, = 6.8°, 03 = 0.01°, g, = 3.5°. The 3D GAF axes coincide
with the axes of inertia for the segments.

fitted parameters, naturally leads to better agreement between
the simulated and experimental B factors (Figure Sl1). It should
be noted that this is not necessarily equivalent to a better
description of the internal dynamics in the absence of a
separation of static and dynamic disorder contributions to the B
factors.

We next took the results of the TLS analysis, which reproduced
the B factors, and computed °N R; values due to the rotational
part of the motion. It should also be noted that for the simulations,
the 3D GAF axes were chosen to coincide with the axes of inertia
frame for each segment (as calculated using TENSOR2?%).

We note that TLS provides only tentative amplitudes and
directions of the motions but not the time scales. The question
remains whether such small-amplitude motions occurring on the
expected nanosecond time scale would yield appreciable contribu-
tion to R;. To answer this question, we fit the experimental Crh R,
values obtained at won/27r = 500 MHz and wen/2r = 700 MHz to
an ACM model assuming motional amplitudes from TLS analysis
with a single GAF correlation time (tgara = Tearg = Tcar, =
TeaF) as a fit parameter. Figure 2 shows results of such fits with
axial fluctuations from one-segment (Figure 2a) and six-segment
(Figure 2b) TLS analyses. In both cases, the simulated R, values
due to a few degrees of ACM account for a significant fraction of
the experimental rates, with larger overall contributions for the six-
segment TLS amplitudes with 7gar = 87 ns (which correspond to
Teff,1 < 12 ns).

It is important to point out that the ACM contributions to Ry
values are strongly dependent on the direction of the NH bonds
with respect to the motional axes. This means that in the presence
of collective motion of a segment, the motion contributions can
vary significantly (or even be undetectable for some residues) across
the segment when the analysis is performed locally.

Since B factorsin principle may contain a substantial contribution
from static disorder, it is instructive to compare motions predicted
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Figure 3. Comparison between measured **N R; values in Crh [black bars; (top) 11.74 T, (bottom) 16.45 T] and R; values simulated using the 3D GAF
model with Crh treated as asingle rigid body (green bars). Both the GAF correlation time and fluctuation amplitudes were fitted simultaneously to spin—lattice
rates measured at 11.7 and 16.5 T. The best-fit correlation time was 7ear = 120 ns, and the axial fluctuations were o, = 7.9°, o3 = 0.01°, 0, = 5.4°. The
GAF axes coincide with the axes of inertia for the Crh dimer. Error bars give the experimental error.”

on their basis to the motions fitted directly to NMR data without
input from X-ray data. Accordingly, in the work discussed in this
paragraph, we disregarded the B factor analyses and added the
fluctuation amplitudes as fit parametersin our model. For smplicity,
we approximated the ACM with one-segment fluctuations with the
3D GAF axes coinciding with the inertia axes of the Crh dimer.
Figure 3 shows the results of such afit. Overall, the ACM of the
dimer with o, = 7.9°, o5 = 0.01°, g, = 5.4°, and tcar = 120 ns
was sufficient to account (within the experimental error) for most
of the experimental rates. We note that since at this point we
explicitly neglected the short-range motion (SRM; i.e., the fluctua-
tions of adjacent dihedral angles)®? and accounted only for asingle
overall motion, it islikely that the fluctuations were overestimated.
The omission of SRM can also explain why the largest deviations
between the simulated and experimental rates were observed for
theresiduesin loop regions (e.g., D38, G39, and G58): loop residues
are expected to contain a larger contribution to R; due to the local
fluctuations. We also note that 7e1 [Ci(t) yields the largest
contribution to Ry] here is ~12 ns, which is in the same range as
the correlation time for rotational diffusion of Crh in solution (z.
~ 11 ns at room temperature). This similarity of time scale may
result from similar solvent—protein interactions in crystalline and
solution environments. In solution, these interactions lead to
complete rotational diffusion, while in the crystal they result only
in small-amplitude rocking of the protein within the lattice.

Our study suggests that ACM should be detectable using NMR
spectroscopy. Conversely, neglecting ACM could lead to
substantial errors in interpretation. Unambiguous determination
of ACM requires more experiments, but the perspective is
particularly exciting since it provides a probe of the larger-
amplitude domain motions that are often involved in processes
such as enzymatic catalysis, substrate binding, regulation and
allosteric behavior, and motor functions.

In conclusion, we have introduced a 3D GAF model for treating
the influence of anisotropic collective motions on site-specific
relaxation rates in crystalline proteins. We have demonstrated that
small-amplitude (<10°) collective motions compatible with the
dynamic picture provided by techniques other than solid-state NMR
can lead to alarge contribution to the *®N R; values if they occur
on a relaxation-active time scale. ACM should thus be systemati-
cally included in the future analysis of NMR data for dynamicsin
microcrystalline proteins along with uncorrelated local motions.
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With this perspective, more than simplifying the analysis, the
absence of isotropic reorientation in solids may provide improved
access to the elusive nanosecond collective motionsin proteins that
are often linked to protein function and folding.
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