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Internal motions on the scale of 10 ns—10 us fall in a “blind
spot” of solution NMR experiments traditionally used for studies
of protein dynamics.' Recently, a new experimental strategy has
emerged to probe these motions. In this new approach, the
generalized order parameters derived from conventional SN
relaxation data are compared with their counterparts extracted from
'HN—'5N residual dipolar couplings.>* This method, however, is
rather demanding in the part involving residual dipolar couplings
(rDCs). The complete analysis of rDC requires a separation of
structural and dynamic variables, as well as the variables pertaining
to protein alignment in the orienting media. The success is
dependent on the availability of accurate data from multiple aligned
samples which need to be significantly different (orthogonal).
Furthermore, the degree of alignment A, proves to be “entangled”
with the amplitude of the (axially symmetric) internal motion, which
makes it difficult to separate the two quantities. To address this
situation, rDC-based order parameters have been scaled in relation
to the relaxation-based order parameters.* Recently, backbone rDCs
such as '3C’—'3C® have been used to establish the scaling factor
(corresponding dipolar vectors can be considered rigid or near-
rigid for secondary-structure residues in small globular proteins).>¢

In this communication we propose an alternative approach where
the solution-state rDC data are replaced with the solid-state DC
data. Similar to rDC-based order parameters, DC-based order
parameters absorb motions on a sub-us time scale. At the same
time, the DC data have two critical advantages: (i) for protein
molecules immobilized in the crystalline lattice the alignment tensor
is known a priori’ and (ii) in a polycrystalline sample all vectors
are rendered spatially equivalent as a consequence of powder
averaging. Thus, the alignment variables and structural variables,
which cause so much trouble in the analyses of dynamics using
rDCs, do not enter into consideration in the case of the DC-based
analyses.

The idea of comparing the DC-based order parameters, Shc, with
the solution relaxation-based order parameters, S%;, has been
explored before.® In this work, however, we benefit from the
improved accuracy of the DC measurements.® The advantage stems
from the use of a perdeuterated protein sample with only 10% of
protons back-substituted into exchangeable sites. For a small, well-
behaved protein such as a-spectrin SH3 domain,'® this labeling
scheme leads to high-quality spectra'’ which, in turn, translate into
more accurate DC data. It also helps that in the heavily deuterated
sample one does not need to be concerned about proton—proton
couplings.'> The CPPI recoupling sequence'® employed in our
experiment is remarkably stable with respect to rf field mismatch
and inhomogeneity, which further contributes to the accuracy of
the measurements. Finally, certain progress has been made on the
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Figure 1. Experimentally determined order parameters in o-spectrin SH3.
The solid- and solution-state data sets have been analyzed independently
using the standard values for the NH bond length, ryy = 1.02 A, and the
SN CSA anisotropy, —172 ppm. Using the more accurate estimate for
the effective bond length, 1.015 A,S leads to a trivial downward shift in the
She and S%, profiles (1.5% and ~2.3%, respectively). Only those residues
for which both solid and solution data are available are shown in the plot
(see Table S1 for complete list of data).

interpretation side; e.g., the proton isotropic chemical shift has been
explicitly included in the simulations.” As a result of all these
improvements, the estimated average error in the DCs has been
cut to the level of ca. 3%.'* This compares favorably with the
previous body of work where the errors were in excess of 5% and
usually close to 10%. This kind of improvement is critical for the
analysis of the DC-derived order parameters, which are normally
confined to a relatively narrow range.

The solid-state DC data described above were converted into
order parameters, Shc, using the simple relationship D; = SpeDimaxs
where D = —(1/2n)(‘uo/4n)yHyNh/rf’qH. Note that this approach
ignores the anisotropy of local motion, which does not manifest
itself in our experimental data® (see Supporting Information for
detailed discussion). Separately and independently, '>N relaxation
data from our previous solution-state study (R, R,, NOE measured
at 500 and 600 MHz field strengths)'> were analyzed by means of
the standard two-parameter Lipari—Szabo model.'® The resulting
fast-motion parameters are typical of a small globular protein such
as a-spectrin SH3 (mean S%; = 0.83, 7. = 27 ps).

Figure 1 illustrates the comparison between the solid-state Sc
and solution S%;. The agreement between the two independently
obtained series of order parameters is remarkable. Aside from the
two residues, Leu-8 and Thr-24, Sic and S2%; values are nearly
identical, strongly suggesting that most amide sites do not experi-
ence any significant motions on the ns—us time scale.'”

This picture is consistent with the consensus that has recently
emerged in the field. Specifically, the rDC data from select globular
proteins (ubiquitin and GB3) suggest that there is very little or no
ns—us motions in the protein backbone—aside from termini and a
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handful of mobile loops.>® This notion is also in agreement with
early relaxation studies that focused on ns dynamics.'®

Of special interest for us is comparing the results in Figure 1
with our previous findings based on the combination of solution-
and solid-state relaxation data. In particular, we recently analyzed
a large set of N data from the a-spectrin SH3 domain, which
included the solid-state R; rates measured at 600 and 900 MHz.'3
The analysis, using a variant of the extended Lipari—Szabo model,
allowed us to probe the motions on the time scale ~1—100 ns. As
it turned out, for 19 out of 34 characterized residues the slow-
motion order parameter Srzel,b is greater than 0.97. Furthermore, for
all but two residues S%;, is greater than 0.92.'° This result points
toward the small amplitudes of ns motions, in agreement with the
data shown in Figure 1. Considering residues Leu-8 and Thr-24
which show a significant difference between DC- and relaxation-
based order parameters, Figure 1, both of them produced evidence
of ns motion in our previous study (5%, equal to 0.92 and 0.93,
respectively).'> Similar observations can be made by analyzing the
extended set of the solid-state data.®

In the absence of the overall tumbling, ns—us local dynamics in
solids can be highly efficient in causing spin relaxation, which in
turn leads to line broadening and the ultimate disappearance of
spectral peaks. In o-spectrin SH3, this happens to residues 1—7
from the disordered N-terminus, residues 36—38 from the so-called
n-Src loop, and residues 47—48 from the distal loop. The corre-
sponding spectral peaks are weak or missing in the current DC
experiment which employs cross-polarization transfer (although
some of them show up in the INEPT-based experiment; see Figure
S1). Due to dynamic disorder, the N-terminal residues and several
atoms in Asp-48 also cannot be resolved by X-ray crystallography.?!
Note that these observations fit the general pattern whereby ns—us
dynamics is concentrated in the loop regions and termini.

Dipolar relaxation effectively restricts the range of dynamics that
can be probed through solid-state DCs (upper limit of several
microseconds, Figure S2). In contrast, rDCs in solution impose no
such restriction because they are typically 1000-fold smaller than
DCs. In practice, rDCs can be used to study motions on the time
scale extending to several milliseconds. There is, therefore, a
potentially useful complementarity between the two types of data,
with DCs being more selective of the two.

A meaningful comparison between S%; and Si¢ is predicated on
the assumption that backbone dynamics does not change signifi-
cantly upon protein crystallization.'> To further explore this aspect,
we undertook a series of MD simulations. Briefly, the crystal-
lographic unit cell containing four protein molecules has been
constructed (protein coordinates are from high-resolution structure
1U06; the dimensions of the orthorhombic unit cell are from room-
temperature structure 2NUZ).>' The cell was then hydrated and
used as the initial structural model to record a 50-ns MD trajectory
(CHARMM 32b2).?? The simulation protocol was the same as
previously described for the trajectory of o-spectrin SH3 in
solution.'>?* The only difference arises from the definition of the
water box and the associated periodic boundary conditions: in one
case the model recreates the crystal lattice environment, including
multiple crystal contacts, while in the other case the protein is
completely immersed in water.

The solid-state order parameters have been extracted from the
MD trajectory as>*

2
S = (4l5) Y, (Y, ()Y, (Q) (1)
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Figure 2. Simulated order parameters in o-spectrin SH3. Of note, the
correlation coefficient between the simulated and experimental Sic values
turns out to be r = 0.94 (calculated for 44 residues for which the
experimental solid-state data are available; simulated She values have been
averaged over four protein molecules in the unit cell).

where Q describes the direction of the NH vector in the fixed crystal
frame. So-defined order parameters absorb both ps and ns dynamics
and therefore can be thought of as the analogue of Shc. The range
of the simulated Shc values from the four protein molecules in the
unit cell is represented with a pink shaded area in Figure 2. Equation
1 has also been applied to the solution MD data, post-processed to
remove the effect of the protein’s overall tumbling (simulated order
parameters S%c; open triangles in Figure 2). Alternatively, the
solution trajectory can be used to simulate the set of >N relaxation
rates (comprised of the same data as the experimental data set),
that are subsequently fitted with the Lipari—Szabo model. The
resulting order parameters are equivalent to S%; (black squares in
Figure 2).

Even though the current MD trajectories are relatively short, they
offer a number of interesting insights. Through most of the sequence
the solution data show little or no ns dynamics (triangles vs squares),
with the pattern of the order parameters similar to that observed in
the hydrated crystal (shaded area). In addition, a number of
observations pertaining to the specific sites can be made.

(i) In solution, the disordered N-terminus (residues 1—7) engages
in large-amplitude motions on the ns time scale. In solids, these
motions are hindered/slowed down by extensive crystal contacts.
Consequently, large-scale transitions have been observed for some,
but not all, of the four protein molecules comprising the crystal-
lographic unit cell (resulting in a wide spread of S3¢ values, Figure
2).

(i) Residue Leu-8, which caps the -sheet, is also affected. The
solution trajectory shows that occasionally the hydrogen bond at
this site becomes broken and Leu-8 starts behaving as a part of the
disordered N-terminus. This explains the presence of ns—us
dynamics in this residue (Figure 1). In the crystalline environment,
however, large fluctuations involving Leu-8 apparently become too
infrequent and therefore do not register in the relatively short solid-
state trajectory. In the case of the other dynamic residue, Thr-24,
both solution and solid-state simulations reproduce the respective
experimental parameters, S%; and Sic, reasonably well.

(iii) Curiously, the mobility of residue Asn-38 increases upon
crystallization. As it turns out, the corresponding peptide plane
jumps between two disparate orientations. One of the two confor-
mations is somewhat strained (y» &~ 20° in Thr-37) and is not
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favored in solution. In the crystal, however, this conformation is
stabilized by the intermolecular hydrogen bonds formed by the side
chain of Asn-38. This is an interesting example of how crystal
contacts can lead to a local destabilization in the protein structure.
Recall that residue 38 is unobservable in the solid-state DC
experiment.

(iv) The presence of significant dynamics in the distal loop around
Asp-48 is confirmed by the increased crystallographic B-factors.
Residue Asn-47 assumes an unusual conformation (¢ ~ 50°, y =
—110°)%° which has a destabilizing effect on the structure.?® Asp-
48 is also the only residue featuring exchange broadening in solution
(Rex = 28 s™! at 600 MHz).

It can be safely assumed that ns—us dynamics in a protein
backbone involves crossing energy barrier(s). For example, con-
formational rearrangements in short peptides involving transitions
over multiple barriers in (¢, 1)-space occur on this time scale.?’
In this sense ns—us dynamics is similar to the extensively studied
us—ms dynamics. As it happens, us—ms motions are rare in well-
structured globular proteins. When such motions occur, they mostly
involve loops,® as well as special situations like local unfolding,’
disulfide or proline isomerization,® etc. We suggest that the same
is true for ns—us backbone motions—they are mostly confined to
the loop regions and are unlikely to occur in the structured portion
of a protein, e.g. in a B-pleated sheet.

Indeed, it is difficult to expect that a globular protein would
alternate between two similar but distinct conformational states with
appreciably different 3-sheet geometries (i.e., significantly different
orientations of peptide planes within the 3-sheet). Such a scenario
would be inconsistent with Anfinsen’s dogma which suggests that
the protein fold is unique.>' While it is known that side chains are
frequently engaged in rotameric jumps on the time scale >1 ns,
recent studies show that these motions do not affect the structured
portion of the backbone which “nearly always...stays within a single
local energy well”.>*

In conclusion, our results suggest that comparative analysis of
solution relaxation data and solid-state DCs can provide a surpris-
ingly accurate picture of backbone dynamics. In particular, this
approach can be used to access much-discussed ns—us backbone
motions. In this respect, solid-state DCs offer a new route compared
to solution rDCs. Our data support the emerging point of view that
ns—us motions occur in mobile loops, termini, and side chains,
but generally not in the structured portion of the backbone. Scaffolds
such as the -sandwich are apparently too stiff, exhibiting fast (ps)
motions, but not conducive to slower dynamics. It is clear, however,
that more proteins with different architectures need to be studied
before any broad conclusions can be drawn.
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