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Abstract

Considerable debate has focused on whether sampling of molecular dynamics trajectories restrained by
crystallographic data can be used to develop realistic ensemble models for proteins in their natural, solu-
tion state. For the SARS-CoV-2 main protease, Mpro, we evaluated agreement between solution residual
dipolar couplings (RDCs) and various recently reported multi-conformer and dynamic-ensemble crystallo-
graphic models. Although Phenix-derived ensemble models showed only small improvements in crystal-
lographic Rfree, substantially improved RDC agreement over fits to a conventionally refined 1.2-�A X-ray
structure was observed, in particular for residues with above average disorder in the ensemble. For a
set of six lower resolution (1.55–2.19 �A) Mpro X-ray ensembles, obtained at temperatures ranging from
100 to 310 K, no significant improvement over conventional two-conformer representations was found.
At the residue level, large differences in motions were observed among these ensembles, suggesting high
uncertainties in the X-ray derived dynamics. Indeed, combining the six ensembles from the temperature
series with the two 1.2-�A X-ray ensembles into a single 381-member “super ensemble” averaged these
uncertainties and substantially improved agreement with RDCs. However, all ensembles showed excur-
sions that were too large for the most dynamic fraction of residues. Our results suggest that further
improvements to X-ray ensemble refinement are feasible, and that RDCs provide a sensitive benchmark
in such endeavors. Remarkably, a weighted ensemble of 350 PDB Mpro X-ray structures provided slightly
better cross-validated agreement with RDCs than any individual ensemble refinement, implying that dif-
ferences in lattice confinement also limit the fit of RDCs to X-ray coordinates.

Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Over 40 years ago, Frauenfelder, Petsko and
Tsernoglou noted a significant temperature
dependence of the mean-square displacement of
atoms in myoglobin crystals and interpreted these
in terms of structural dynamics between different
sidechain conformations.1 For proteins that diffract
to very high crystallographic resolution, evidence
of two sidechain conformations is often observed
for multiple residues.2 Such structural hetero-
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geneities are considered to be dynamic in nature,
and frequently involve discrete sidechain rotamer
differences that result in altered backbone geome-
try, a process known as “backrub motions”.3 At
lower resolution, these motions together with other
dynamic effects as well as static disorder in the
crystalline lattice are accounted for by
temperature- or B-factors that are often anisotropic
in nature. Such B-factors were qualitatively linked to
15N nuclear spin relaxation rates, measured by
solution NMR spectroscopy,4 that report on the
CBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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amplitudes and time scales of orientational fluctua-
tions of backbone amide NAH bond vectors. Joint
analysis of NMR relaxation rates and anisotropic
displacement factors of high-resolution X-ray data
can further extend such analyses, providing
detailed insights into both the time scales and
amplitudes of internal motions.5

Over the past few decades,multiple newmethods
have been introduced to interpret B-factors and
their anisotropies in terms of ensemble
representations of conformers, potentially
providing atomic level insights into the dynamic
features of proteins that are essential to their
function. In particular, the powerful Phenix
software6,7 has become widely used for this pur-
pose. For structures of sufficient crystallographic
resolution, in practice typically better than ca
1.6-�A, the use of multiple (but usually just two) con-
formers to represent the structure can yield
improved fits to the observed electron density.2 In
such multi-conformer representations, each con-
former and its fractional population are reasonably
well defined. On the other end of the spectrum,
ensemble representations have been generated to
represent dynamic X-ray structures, where a large
number of conformers are used to fit the electron
density with the aim of yielding a representative
ensemble, while lacking the uniqueness of the
multi-conformer representation in the selection of
individual ensemble members.
The X-ray ensemble representation appears

superficially similar to the bundle-of-structures
representation commonly used for protein atomic
coordinates derived from NMR data, but there are
pivotal differences: The NMR bundle width is
strongly and inversely correlated with the number
and precision of local restraints, with more
measurements typically giving rise to a sharper
definition of the structure, or a narrower bundle
width. The bundle width therefore usually does not
represent true dynamics but is dominated by the
limited restraint power of the input data. By
contrast, the X-ray ensembles aim to represent
the minimum amount of conformational
heterogeneity needed to adequately explain the
observed X-ray diffraction data. In this case, an
increased bundle width indicates that the X-ray
data cannot be fitted by a single set of atomic
coordinates and positively identifies dynamics.
However, the question to what extent the
ensemble reflects rapid dynamic fluctuations
versus small heterogeneities in the crystal can be
difficult to answer.
An early method for representing X-ray crystal

structures as realistic ensembles of low energy
structures, without introducing human bias,
sampled molecular dynamics (MD) trajectories
that were recorded while imposing time-averaged
crystallographic restraints.8 This development fol-
lowed the use of distance-restrained MD trajecto-
ries for representing structures that satisfy the
2

time-averaged, (r3)-1/3-weighted NOE distances
measured by solution NMR.9 However, even while
such MD-derived X-ray structure ensembles pro-
vided much improved fits to the X-ray structure
factors, cross-validation analyses based on the
crystallographic free R factor (Rfree)

10 pointed to
significant over-fitting of the data.11,12 Subse-
quently, multiple improvements to MD-based
ensemble modeling of X-ray structures have been
introduced and incorporated in the Phenix soft-
ware suite for defining macromolecular structures
based on crystallographic data. Starting from a
refined X-ray structure, Burnley et al. developed
a modified procedure to generate an ensemble
of conformers from a molecular dynamics trajec-
tory with time-averaged restraints to the crystallo-
graphic electron density.13 This procedure
eliminated the over-fitting by limiting the number
of structures used to fit the electron density while
separating the effects of global disorder, possibly
resulting from lattice distortions, from true dynamic
effects. Using anywhere from 39 to 600 ensemble
members, improvements in Rfree of, on average,
nearly 2% (i.e. by ca 10% of their actual values
of �20%) were obtained for a set of 20 X-ray
structures, spanning a range from 1.1 to 3.1-�A in
crystallographic resolution.13

More recent enhancements in X-ray ensemble
generation use the elastic net approach 14 to regu-
larize the underdefined ensemble by allowing disor-
der only for a smaller unit of structure when the data
cannot be fitted to disorder on a larger scale.15 The
elastic net has been implemented in Phenix as
deformable elastic network (DEN) restraints.16

Heterogeneity at each level is described by
torsion-libration-screw (TLS) transformations,
which provide a convenient method for parameter-
izing rigid body displacements and provide insights
into the mechanics of the internal motions.17,18 In
their pTLS implementation of ensemble refinement,
Burnley et al. used an iterative procedure to define
the protein atoms with large B-factors while using
only the remaining percentage, ‘p’, to define the
pTLS parameters for global disorder of the protein
within the lattice.13 However, the pTLS analysis
can result in an overly tightly defined ensemble for
the well-ordered regions of a protein. This problem
has been addressed in the newly introduced ECHT
refinement, where disorder is broken down to differ-
ent size scales; that of the intact chain, of elements
of secondary structure, or at the residue level.15

Importantly, if disorder at different levels is uncorre-
lated, the overall dynamics can be described as the
sum of the motions at each ECHT level. We note
that all these ensembles typically only use Bragg
reflections as experimental restraints and ignore
the diffuse scattering intensity that contains experi-
mental information on the collectiveness of internal
motions,19 and therefore solely derive the informa-
tion on collectiveness of motion from the restrained
MD calculations.
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Recently, Ploscariu et al. applied the ECHT
ensemble refinement, including DEN restraints, to
three small proteins and to the SARS-CoV-2 main
protease homodimer, the latter starting from X-ray
data that originally had been used do derive a
1.2-�A resolution multi-conformer model (PDB
entry 7K3T).20 They first re-refined the 7K3T struc-
ture usingPDB-REDO,21 prior to using it as input for
their ensemble refinements. Results were com-
pared to those obtained with the earlier pTLS
method that lacked DEN restraints,13 with ECHT
refinement yielding small further improvements in
Rfree for some, but not all, of the proteins tested,
while providing physically interpretable models for
the types of motions that contributed to the
observed disorder. Ensembles each consisting of
50 members for both pTLS and for three ECHT
levels were presented and deposited by Ploscariu
et al.,20 where ECHT level 1 corresponds to global
protein disorder (chain level), ECHT level 2 addi-
tionally includes disorder at the secondary structure
level, and level 3 also includes the residue level,
with all refinements carried out using DEN restraints
during the MD simulations.
Residual dipolar couplings (RDCs), measured by

solution NMR spectroscopy for proteins that are
very weakly aligned relative to the external
magnetic field, are highly precise reporters on the
orientation of internuclear vectors.22,23 Measured
RDCs correspond to their time-weighted average
over a very broad range of time scales, spanning
from sub picoseconds to milliseconds. As a conse-
quence, vectors that sample a wide range of orien-
tations generally will yield smaller RDCs than
expected for their static, time-averaged orienta-
tion.24,25 We recently reported a nearly complete
set of one-bond 15N-1HN RDCs (1DNH) for the
SARS-CoV-2 main protease, as well as a comple-
mentary set of two-bond 13C0AHN (2DC0H) RDCs
involving the carbonyl carbon, and we compared
their agreement with 350 X-ray structures available
in the PDB.26 With quality factors, Q,22 as low as
0.21 these RDCs agreed well for the most ordered
regions of both the high-resolution X-ray structures
as well as AlphaFold2 models, but showed consid-
erably lower agreement (Q � 0.35) for both its cen-
ter domain and its C-terminal a-helix, suggesting
that dynamics strongly impacted the RDCs.27,28

Agreement between solution RDCs and X-ray
structures is also quite sensitive to the quality of
X-ray structures, with Q factors below 0.2 generally
only attainable for X-ray structures solved at better
than 2-�A resolution,29 and Q factors sometimes
approaching 0.1 for smaller proteins or when aver-
aging vector orientations obtained from indepen-
dently determined X-ray structures.30

Here, we evaluate the agreement between RDCs
measured for a stable active site mutant of Mpro,
C145A,26 and both multi-conformer and pTLS-
ensemble representations of X-ray structures,
previously reported for the native apo-enzyme at
3

temperatures ranging from 100 to 310 K.31 We also
test agreement with the recently reported ECHT-1
ensemble32 which is found to yield an improved fit
to RDC data for the more disordered regions of
the protein.
Results and discussion

In the principal axis frame of the molecular
alignment tensor, the RDC between two atomic
nuclei, A and B, is given by

DABðh;/Þ ¼ DAB
a 3cos2h� 1

� �þ 3

2
Rhsin2h cos 2/ð Þ

� �
ð1Þ

where h and / are the polar coordinates of the A-B
vector. The orientation of the alignment tensor relative
to the molecular frame is defined by three Euler angles.
These three angular parameters together with the
strength of the alignment, Da

AB, and its rhombicity, Rh,
are optimized when using singular value decomposition
(SVD) to find best agreement between experimental
RDCs and the corresponding vector orientations.33 The
SVD is carried out in the molecular frame, but the
extracted symmetric and traceless 3 � 3 Saupe matrix
can be transformed to the principal axes system (PAS)
alignment frame where the tensor becomes diagonal,
resulting in the simple form of Eq. (1). In Eq. (1), Da

AB,
corresponds to half the maximum possible value for an
RDC, which applies for an A-B vector that is aligned
along the z-axis of the PAS. Besides the strength of
molecular alignment, Da

AB scales with the inverse cube
of the internuclear distance, rAB

-3 , and with the product
of the magnetogyric ratios, cA and cB. However, when
considering a specific type of internuclear vector, such
as that of backbone amide 15N-1H pair, the internuclear
distance can be treated as uniform across the entire pro-
tein, resulting in a single Da

NH interaction constant. Its
size, as well as the rhombicity of the alignment tensor,
Rh, and the 3 angles that define the PAS follow directly
from the SVD fit.34

Natively, the Mpro enzyme is a 68-kDa (2 � 306
residue) homodimeric protein complex with C2

symmetry on the NMR time scale. So, even while
on a time scale of microseconds or shorter, small
asymmetries will be present in the dimer, these
average out on the millisecond time scale of NMR
observation. The dimeric protein therefore gives
rise to a single set of resonances. Moreover, for a
C2-symmetric homodimer, one of the principal
axes of the alignment tensor coincides with the
C2-symmetry axis,23 effectively reducing the num-
ber of independent variables from five to three when
best fitting the RDCs to the molecular coordinates.
Because the orientation of the alignment tensor
cannot be restrained when using the SVD algo-
rithm, a simple and effective workaround is used,
where the number of observed RDCs is artificially
doubled by assigning the same experimental RDC
to pairs of corresponding vectors of the homodimer
and applying the SVD to the homodimer rather than
to the monomer.
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For the two-bond 13C0A1HN internuclear vector, a
small degree of variation in the 13C0A1HN distance
will occur with variations in the C0ANAH covalent
bond angle, but such variations are ignored during
the SVD fit. In principle, the relative strength of the
alignments, Da

NH and Da
C’H, is known from the

peptide bond geometry. However, because 1DNH

and 2DC0H values were measured several weeks
apart, and sample alignment slowly decreased
with time due to finite stability of the alignment
medium used (filamentousPf1 phage35), their align-
ment parameters were determined independently.
Sensitivity of RDCs to procedure used for
adding H atoms

The fits of experimental RDCs to protein X-ray
structures are quite sensitive to the method used
for adding hydrogens to the X-ray structures.
Typically, when included as part of deposited X-
ray structures, the H-atom coordinates are in poor
agreement with RDC data and therefore the
hydrogens are first stripped off the coordinate set,
and subsequently added by modeling software.
None of the programs used for this purpose is
perfect because the H-atom position is sensitive to
remote steric effects from sidechains and
hydrogen bonding that are not easily accounted
for.36 In practice, we find that addition of hydrogens
by XPLOR-NIH,37 MOLMOL,38 ROSETTA,39 or the
Dynamo module of NMRPipe40 yields fits to the
1DNH RDCs that are of comparable quality, but con-
siderably better than, for example, obtained with
REDUCE,41 which uses a nearly 5� smaller in-
plane H-N-Ca angle of 114� than the other pro-
grams (Table 1). The programs also differ with
respect to the definition of the peptide plane in
which the hydrogen is located (Table 1), but the
resulting differences in NAH vector orientation are
smaller and have less impact on the quality of
RDC fits. The different but uniform NAH bond
length used by the various programs (Table 1) do
not impact the quality of the 1DNH fit because it sim-
ply scales the Da

NH value of Eq. (1). However, the
NAH bond length has a noticeable effect on the
in-plane C0AHN vector orientation which changes
Table 1 Orientation of NAH bond vectors as defined by
various software packages.

Plane In-plane

orientation
Bond length (�A)

Dynamoa Ca
i-1-C

0
i-1-

Ni

bisector 1.02

Xplora Ca
i-1-C

0
i-1-

Ni

bisector 0.98

Molmol C0
i-1-Ni-C

a
i Hi-Ni-C

a
i = 118.0� 1.01

Rosetta C0
i-1-Ni-C

a
i Hi-Ni-C

a
i = 119.2� 1.01

Reduce C0
i-1-Ni-C

a
i Hi-Ni-C

a
i = 114.0� 1.00

a Minor adjustments to the listed values are made by these

programs to reduce steric clashes.

4

orientation by ca 1.5� when the NAH bond length
is reduced from 1.04 to 0.99 �A. The 1.04-�A bond
length is sometimes used to account for a decrease
in the 1DNH coupling relative to 1DCC and 1DNC cou-
plings, caused by the substantial amplitude of
normal-mode librations of the NAH bond.42 How-
ever, for evaluation of 2DC0H couplings, best agree-
ment is obtained when using a 0.99-�A bond
length26 and this value is used here in all our analy-
ses of 2DC0H couplings.

Sensitivity of RDCs to vector orientation

Even though the overall fit of experimental RDCs
to molecular coordinates is valuable for evaluating
the accuracy of structural models,43,44 it is important
to note that the change in an RDC for a given small
change in its internuclear orientation greatly varies
for different vectors.22 For example, for any internu-
clear vector that is parallel to any of the three princi-
pal axes of the alignment tensor, the derivative of its
RDC with respect to orientation is zero. The deriva-
tive of DAB(h,/) with respect to its polar coordinates
is given by

d DAB h;/ð Þ� �
dh

¼ DAB
a �3 sin 2hð Þ þ 3

2
Rh sin 2hð Þ cos 2/ð Þ

� �
ð2aÞ

d DAB h;/ð Þ� �
d/

¼ �DAB
a 3 Rh sin2h sin 2/ð Þ� � ð2bÞ

which results in a sensitivity to vector orientation,
X, given by

d DAB h;/ð Þ� �
dX

¼DAB
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�3sin 2hð Þþ3=2Rh sin 2hð Þ cos 2/ð Þ½ �2 þ 3 Rh sinh sin 2/ð Þ½ �2

n o
=2

r
ð2cÞ

Figure 1 visualizes this sensitivity of RDC to
vector orientation for Mpro, using the alignment
tensor obtained from the RDC fit of all previously
reported 1DNH and 2DC0H values26 to the

coordinates of the 1.2-�A X-ray structure in its
homodimeric, apo state. The same color coding
used for highlighting this differential RDC
sensitivity to vector orientation is mapped onto the
backbone of the 7K3T X-ray structure, with chain
A depicting the derivative (Eq. (2c)) for NAH
vectors and chain B for C0AHN vectors.

Accuracy of RDC measurements

A lower-bound estimate of the uncertainty in 1DNH

RDC measurements can be obtained from the
signal to noise ratio in the ARTSY spectra used to
measure their values,45 and from the line width
and signal to noise in the TATER-HNCO spectra
for the 2DC0H values.26 However, these estimates
neglect the presence of potential systematic errors
such as imperfect phasing or baseline distortions.
Here, we show that a good estimate of the true



Figure 1. Sensitivity of RDCs to structural noise. (A) Color map of the sensitivity of 1DNH to the NAH vector
orientation in the principal axis system (white) of the Mpro alignment tensor. Values correspond to a 1� random change
in orientation. (B) Ribbon diagram of the 7K3T Mpro homodimer X-ray structure. Colors correspond to the sensitivity of
RDCs to orientation for the 1DNH values (chain A) and for the 2DC0H couplings, mapped on chain B; residues lacking a
measured RDC are in grey. (C) Ribbon diagram for the monomeric subunit, with labeling of the N- and C-terminal
residues and marking of the N-terminal domain (domain 1), the central domain (domain 2), and the a-helical C-
terminal domain (domain 3) that is key to dimerization. The active site is at the interface between domains 1 and 2.
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uncertainty in the experimental RDCs can be
obtained by evaluating their agreement with the X-
ray structure for vectors that are only weakly depen-
dent on orientation (cf Eq. (2c)). In this evaluation
we also exclude vectors for which the width of the
angular distribution in the X-ray ensembles falls in
the top 30%, because the precision at which the
coordinates are known is lower for these dynamic
residues.
After discarding RDCs for vectors that fall in this

top 30% of dynamic residues when considering all
381 chains of eight X-ray ensembles (Table 2),
with angular rmsd cut-off values of 11.5� for NH,
and 11.8� for C’H, the remaining RDCs (178 1DNH

and 179 2DC0H) were grouped according to their
sensitivity to orientation. The root-mean-square
difference (RMSD) between observed RDCs and
values predicted by the structure will be
dominated by NMR measurement error for vectors
whose RDCs are least sensitive to orientation.
Conversely, the quality of the fit will become
dominated by coordinate uncertainties for vectors
most sensitive to orientation. A plot of the RMSD
between observed and predicted values shows a
nearly linear increase with their sensitivity to
orientation (Figure 2), with a Y axis intersect of ca
1.2 Hz for 1DNH but somewhat higher (�2 Hz) for
the 2DC0H couplings after they were upscaled by a
factor of 3.09 to normalize them relative to the
1DNH values.
The above derived experimental RDC errors are

larger than prior estimates of ca 0.5 Hz for both
1DNH and 2DC0H (prior to upscaling by 3.09) that
were based solely on signal-to-noise and line
width and ignored effects from baseline
imperfections and line shape distortions.26 How-
ever, for both types of RDCs the experimental
5

errors remain substantially below the RMSD
between observed and best-fitted values when con-
sidering the full sets of RDCs. The reported Q fac-
tors are therefore dominated by coordinate
uncertainties, with only little impact from the RDC
measurement errors.
Agreement of RDCs with 7K3T ensembles

Using newly introduced procedures, Ploscariu
et al.32 derived multiple ensemble representations
for the 1.2-�A X-ray structure of Mpro, with the original
data collected at 100 K.20 Out of 350 sets of Mpro

coordinates available in the PDB, including both
apo and ligated structures, this 7K3T structure20 is
among the top 1% in terms of agreement with
RDCs.26 Nevertheless, with a jackknifed quality fac-
tor, Qjk (see Methods) of 0.265, this agreement is
lower than expected for a protein structure that is
well refined at such a high level of resolution.29,46

A small improvement in this fit, most noticeable for
the 2DC0H couplings, was observed when using as
input for the SVD fit the coordinates obtained by
Ploscariu after re-refinement with PDB-REDO21

(Table 2). For both the original 7K3T and its PDB-
REDO coordinates, about two dozen residues
adopt two different conformations, with different
weights. In our SVD fits of the RDCs to these struc-
tures, we use a 100-member ensemble coordinate
representation of these multi-conformer datasets,
where each discrete conformer is represented Z
times when Z is the percentage occupancy listed
in the PDB entry. For all such datasets, this method
for SVD fitting of the RDCs resulted in a small Qjk

decrease, by as much as 0.01 for the PDB-REDO
7K3T coordinates, over simply fitting the conformer
with the highest occupancy (SI Table S1).



Table 2 Agreement between RDCs and X-ray structures of Mpro, recorded at different temperatures, and refined as
standard multi-conformer or ensemble representations.a

Structure X-ray NMR

T (K) Resolution (�A) Rfree Nb DEN restraints 1DNH & 2DC0H
1DNH

2DC0H

<Da> <Rh> Qjk Qjk

7K3T 100 1.2 0.187 2 NA 12.727 0.356 0.265 0.265

7K3T-REDOc 100 1.2 0.173 2 NA 12.735 0.356 0.265 0.254

pTLSc 100 1.2 0.169 50 Yes 13.261 0.357 0.238 0.232

ECHT-1c 100 1.2 0.176 50 Yes 13.679 0.357 0.233 0.230

7MHFd 100 1.55 0.224 2 NA 12.641 0.377 0.266 0.253

7MHL 100 1.55 0.227 54 No 13.385 0.373 0.288 0.264

7MHGd 240 1.53 0.205 2 NA 12.623 0.384 0.247 0.236

7MHM 240 1.53 0.197 43 No 13.298 0.381 0.252 0.234

7MHHd 277 2.19 0.253 2 NA 12.515 0.378 0.299 0.287

7MHN 277 2.19 0.215 45 No 13.602 0.381 0.293 0.265

7MHId 298 1.88 0.228 2 NA 12.521 0.384 0.240 0.247

7MHO 298 1.88 0.208 75 No 13.658 0.376 0.280 0.268

7MHJd 298e 2.0 0.240 2 NA 12.514 0.381 0.270 0.283

7MHP 298e 2.0 0.221 28 No 13.775 0.380 0.269 0.240

7MHKd 310 1.96 0.247 2 NA 12.512 0.381 0.245 0.286

7MHQ 310 1.96 0.235 36 No 13.746 0.378 0.269 0.267

AF2-1f 1 NA 12.597 0.354 0.239 0.236

AF2-*g 25 NA 12.641 0.354 0.239 0.235

7K3T+h 100 1.2 100 Yes 13.164 0.352 0.230 0.229

7MH*i 100–310 1.53–2.19 281 No 13.815 0.372 0.230 0.216

MproEEj 100–310 1.2–2.19 381 Partial 13.881 0.378 0.214 0.207

Xray*k Various 1.2–2.85 350 NA 13.092 0.358 0.218 0.208

Xray*-VWfitl Various 1.2–2.85 350 NA 12.966 0.366 0.210 0.203

a X-ray structures from reference 31, RDCs from reference 26, with the 2DC0H upscaled by a factor 3.09 to account for differences in

applicable magnetogyric ratios, internuclear distances, and slightly different alignment strength for the 2DC0H and 1DNH

measurements. RDCs for very strongly disordered C-terminal residues V303 to Q306 were excluded from the RDC analysis.
b N is the number of conformers.
c Coordinates of 7K3T-REDO, and pTLS and ECHT-1 ensembles of the 7K3T dataset are taken from the supplemental Zenodo

repository of 32.
d Fitting results for the corresponding structures recalculated by PDB-REDO are shown in Table S4.
e At 99.5% relative humidity.
f Top AlphaFold2-multimer model.
g Unweighted ensemble of top 25 AlphaFold2-multimer models.
h Unweighted combined 7K3T pTLS and ECHT-1 ensembles.
i Unweighted combination of six ensembles of 7MHL-7MHQ, recorded at temperatures ranging from 100 to 308 K.
j Unweighted combination of eight ensembles: 7K3T pTLS and ECHT-1, together with 7MHL-7MHQ.
k Equally weighted ensemble of 350 PDB X-ray structures.
l Ensemble of 350 PDB X-ray structures with weights optimized by VWfit30 reported in column 2 of Table S2.
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A substantial further improvement for the fits of
both the 1DNH and 2DC0H couplings to the
coordinates was obtained for the DEN-restrained
pTLS ensemble representation of 7K3T, with Qjk

values improving from 0.265 to 0.238 (Table 2).
Assuming that the ensemble vector orientations

correspond to rapid (<1 ms) dynamic excursions
relative to their averaged orientation, these
motions decrease the RDC by a generalized order
parameter, S, relative to that for a static vector at
the averaged orientation.47 For NAH angular excur-
sion of amplitude bn in ensemble member n relative
to its ensemble-averaged orientation, S is given by

S ¼ 3hcos2bni � 1
	 


=2 ð3Þ

where the averaging extends over the 50 members of the
7K3T pTLS ensemble. The angular excursions of NAH
6

and C0AH vectors, bn,NH and bn,C0H, are strongly
correlated (Figure S1(A)) because they are dominated
by so-called crankshaft or c motions around the Ca

i-1–C
a
i

axis.5,48,49 Both NAH and C0AH vectors are nearly
orthogonal to this axis. Thus, the RMS amplitudes,p
<bn,NH

2 > and
p
<bn,C0H

2 >, are also strongly correlated
(Figure S1(B)) and we therefore use their pairwise-
averaged value
bn;A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hb2

n;NHi þ hb2
n;C 0Hi

� �
=2

r
ð4Þ
as a measure for the amplitude of local angular excursion
at peptide plane n. In the 7K3T pTLS ensemble, these
values span a wide range from as low as 1.6� for a-
helix I200-I213 to >33� for C-terminal residues S301-
Q306 (Figure S2(A)).



Figure 2. RMSD between observed and predicted 1DNH (blue) and 2DC0H (red) RDC values, for vectors with binned
sensitivity to internuclear vector orientation ranging from �0.1 Hz/� to >0.4 Hz/�, as derived from Eq. (2c). Only the
70% of NAH and C0AH vectors with lowest angular distributions in the 381-member super ensemble of X-ray
structures (Table 2) were used for this analysis. The RMSD is calculated from a global SVD fit of all RDCs to the PDB-
REDO coordinates of the 7K3T structure, with protons added by Dynamo. Experimental 2DC0H values were upscaled
by a factor 3.09 to normalize them relative to 1DNH.
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A histogram of the root-mean-square distribution
of bn,A values for the pTLS ensemble shows that
for about half of the residues

p
<bn

2> is smaller
than 6�, but with significant tailing to larger
amplitudes (Figure 3). Replotting these values as
generalized order parameters (Eq. (3)) highlights
the locations of the most dynamic regions in the
corresponding ensembles (Figure 4) and appears
qualitatively similar to the Mpro B-factor profile
shown by Pearce and Gros15 and the CaRMSD plot
of Ploscariu et al.32

The ECHT disorder models for Mpro deposited by
Ploscariu et al. aim to select physically plausible
global and local disorder on which the DEN- and
X-ray-restrained MD-derived motions are
superimposed. The ECHT-1 chain level of
disorder is pertinent to our NMR analysis because
it includes all internal protein motions at any scale
level, but not the disorder of individual chains in
the crystal lattice that does not affect RDCs. The
higher levels of ECHT analysis are valuable for
providing insight into the types of internal motions
present, but RDCs can only provide information at
this level of detail when they are measured under
multiple, linearly independent alignment
conditions,50,51 or if a large number of different
types of RDCs can be measured at very high preci-
7

sion,52 which is not the case for Mpro. ECHT-2 and
ECHT-3 Mpro ensembles are therefore not included
in our analysis.
Ensembles refined at the ECHT-1 level show

relatively large heterogeneity in the amplitude of
excursions during the restrained MD trajectory
after heterogeneity at the chain level has been
factored out. Even though the Rfree is slightly
higher for the ECHT-1 than the pTLS ensemble, a
very small improvement in RDC fits of ECHT-1
over the pTLS ensemble is observed, with each
being 10–15% better than obtained for a fit to the
PDB-REDO 7K3T coordinates (Table 2).
Remarkably, when fitting the pTLS and ECHT-1
jointly as a single 100-member ensemble, the Qjk

values improve further, by a few percent,
suggesting that the distribution of

p
<bn,A

2 > values
in each of these ensembles contains outliers for
different residues, which become attenuated after
considering the ensembles jointly (Figure S2).
Indeed, plotting the

p
<bn,A

2 > values of the pTLS
ensemble against those of ECHT-1 shows
considerable scatter, more than what is observed
when comparing the dispersion in Ca coordinates
(Figure 5).
For a given alignment tensor, high X-ray

ensemble disorder lowers the predicted RDCs.



Figure 3. Distribution of the rms angular variations,
p
<bn,A

2 > of backbone amide orientations in various ensemble
representations of Mpro. The distributions are for 254 Mpro residues for which NAH and/or C0AH RDCs were
previously measured. See Table 2 for temperatures at which each structure was recorded. AF2-* represents an
ensemble of 25 AlphaFold-2 models (see Methods). The Xray* ensemble consists of 350 X-ray depositions that had
no missing residues (Table S2).
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Thus, if true disorder is less than presented in the X-
ray ensemble, fitting the alignment tensor to
experimental RDCs will increase the fitted
alignment strength, Da, to bring predicted and
observed RDC values in agreement. Comparison
of the alignment strength, Da, when fitting the
coordinates of the pTLS and ECHT-1 ensembles
shows a nearly 4% higher value for the latter,
reflecting the larger values of

p
<bn,A

2 > in the
ECHT-1 ensemble (Figure S2).
RDC evaluation of ensemble representations
for dynamic and static regions

The ECHT-1 Mpro ensemble representation
shows substantial variation in backbone disorder.
It therefore is of interest to evaluate whether the
improvements in RDC fits observed for ensemble
over conventional representations are dominated
8

by better fits for the ostensibly more flexible
residues, or whether the improved fit applies
similarly across the entire chain. For this purpose,
we arbitrarily separate the Mpro residues in two
equally sized groups according to the rms
amplitude of the angular excursions of the N-H
and C’-H vectors in the ensembles,

p
<bn,A

2 >, and
refer to these as low (L50%) and high (H50%)
dynamic groups.
We found that for both the pTLS and ECHT-1

ensembles the fit to the RDC data is considerably
better for the L50% group of residues than for
H50% (Table 3). This difference becomes even
more pronounced when considering the
conventional 7K3T representations of Mpro,
consistent with the expectation that the low
agreement between RDCs and such a static
representation is strongly impacted by dynamic
effects.



Figure 4. Generalized backbone order parameter, S, as a function of residue number in different ensemble
representations of Mpro, obtained from Eq. (3). (A) Ensembles obtained for 7K3T PDB-REDO using pTLS (red) and
ECHT-1 (blue) methods, with the S values corresponding to an ensemble comprising all 350 PDB X-ray structures
shown in turquoise. (B) Ensembles reported by Ebrahim et al.31 for Mpro X-ray structures at different temperatures
(see Table 2). Correlation graphs between the various order parameters are shown in Figure S7.
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For L50%, we found that pTLS and ECHT-1
ensemble representations lower the Qjk factor ca
8 and 5%, respectively, over the conventional
PDB-REDO 7K3T structure. For the most dynamic
half of residues, the corresponding Qjk

improvements were ca 16 and 20%, with the
larger improvement observed for the ECHT-1
ensemble. This result suggests that ECHT-1
better represents the dynamic residues than the
pTLS ensemble, with the opposite applying for the
least dynamic half. However, the difference in Da

values obtained when separately fitting L50% and
H50% residues (Table 3) indicates that the
amplitude of motions in H50% is too large (vide
infra).
As discussed below, we do not observe similar

levels of improved agreement when comparing
conventional with their corresponding ensemble
representations for the temperature series of X-
ray structures of Ebrahim et al.31 (Table 3), although
substantial improvements are obtained when merg-
ing all their ensemble members into a single “super-
ensemble”.
Agreement of RDCs with X-ray ensembles
recorded at different temperatures

We also evaluated agreement between the 1DNH

and 2DC0H RDCs, recorded in solution at 298 K,
and the Mpro X-ray ensembles obtained at
9

temperatures ranging from 100 to 310 K, as well
as their corresponding conventional multi-
conformer structures.31 Importantly, in contrast to
the above discussed ensembles derived from the
7K3T X-ray structure, the ensemble refinements
used for this temperature series of X-ray structures
did not include the newly introduced innovations of
DEN restraints during the MD trajectory and also
used a much larger fraction of residues (80% vs
30%) to define the baseline for the pTLS analysis.
The resulting ensembles showed excellent Rfree

statistics31 but considerably larger differences
between Rwork and Rfree than in the Ploscariu
study.32

While their crystallographic resolution was
highest at low temperatures (100 and 240 K),
which normally would be expected to result in
better fits to RDCs,29,46 best agreement between
the most precisely measured 1DNH RDCs (c.f. Fig-
ure 2) and any of the conventional representations
was obtained for the 298-K 1.88-�A X-ray structure
(PDB entry 7MHI; Table 2). The observation that
best agreement with RDCs is obtained at room tem-
perature, despite the somewhat lower crystallo-
graphic resolution, suggests that small true shifts
in the Mpro structural distribution at 100 and 240 K
approximately offset the effects of higher crystallo-
graphic resolution at these lower temperatures.
This result is consistent with earlier findings that
conformational distributions can shift with tempera-



Figure 5. Comparisons of the rms spread in angular bA excursions and Ca coordinate rmsd, with each point
corresponding to a peptide plane for which RDCs were available. Diagonal panels show the correlations between rms
bA excursions and Ca coordinate rmsd (black). The left bottom three panels (blue) compare Ca coordinate rmsd for
residues in the 7K3T pTLS and ECHT-1 ensembles with those of the 7MHL ensemble. The top right three panels (red)
show correlations between bA excursions of residues in these three ensembles.
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ture.53 In contrast to the 7K3T X-ray structure, the
ensemble representations of the temperature series
of X-ray structures showed no substantial improve-
ment over their conventional multi-conformer repre-
sentations (Table 2). This result is perhaps not
surprising when considering that the angular
dynamic excursions seen in the temperature series
of the ensembles correlate poorly with one another
(Figure S3). Indeed, even though the locations
where increased dynamics is seen in terms of Ca

rmsd are similar among the different ensembles
(Figure 4a of Ebrahim et al.31), details of their back-
bone angular excursions are quite different. How-
ever, when merging the six ensemble
representations of the temperature-dependent ser-
ies into a single 281-member super-ensemble, the
agreement with RDCs improved substantially and
even exceeded that obtained for the 7K3T ensem-
10
ble. Merging the two 7K3T ensembles (pTLS and
ECHT-1) with the 281-member super-ensemble
resulted in a further�7% improvement inQjk for this
381-member ensemble of ensembles,Mpro

EE (Table 2,
bottom row).
Interestingly, when comparing the RDC

agreement for the least (L50%) and highest
(H50%) dynamic residues in the individual
ensembles recorded at different temperatures, the
H50% halves of residues yielded much higher Qjk

factors than the least dynamic residues, by as
much as 50% (Table 3). However, when
considering the L and H halves of the Mpro

EE super-
ensemble, both halves fitted the RDCs remarkably
well, with the Mpro

EE-H50% subset fitting even better
than (N = 2) 7MHJ-L50%. However, the nearly 12%
higher fitted Da value for the H50% compared to
the L50% fraction of residues indicates that the



Table 3 Fits of RDCs to X-ray structures for residues with the least (L50%) and most (H50%) disordered NAH and C0AH
vectors in their X-ray ensemble representations.

L50%b H50%b CL50/H50
c

Structure T (K) Resol. (�A) Rfree N a <Da> Qjk(
1DHN) Qjk(

2DC0H) <Da> Qjk(
1DHN) Qjk(

2DC0H)

7K3T 100 1.2 0.187 2 12.794 0.210 0.226 12.642 0.324 0.324 1.012

7K3T-REDO 100 1.2 0.173 2 12.776 0.212 0.224 12.680 0.321 0.306 1.008

pTLS 100 1.2 0.169 50 12.991 0.194 0.208 13.556 0.274 0.267 0.958

ECHT-1 100 1.2 0.176 50 13.168 0.201 0.213 14.309 0.257 0.245 0.920

7MHF 100 1.55 0.224 2 12.779 0.233 0.209 12.505 0.306 0.303 1.022

7MHL 100 1.55 0.227 75 12.830 0.226 0.205 14.123 0.326 0.301 0.908

7MHG 240 1.53 0.205 2 12.872 0.252 0.222 12.370 0.251 0.257 1.041

7MHM 240 1.53 0.197 28 12.910 0.250 0.221 13.746 0.246 0.240 0.939

7MHH 277 2.19 0.253 2 13.042 0.236 0.232 11.967 0.367 0.350 1.090

7MHN 277 2.19 0.215 45 13.202 0.214 0.232 14.084 0.341 0.290 0.937

7MHI 298 1.88 0.228 2 13.135 0.188 0.211 11.991 0.291 0.295 1.095

7MHO 298 1.88 0.208 43 13.248 0.192 0.208 14.192 0.335 0.310 0.933

7MHJ 298d 2.0 0.240 2 13.014 0.228 0.230 12.041 0.316 0.340 1.081

7MHP 298d 2.0 0.221 54 13.139 0.214 0.215 14.528 0.305 0.244 0.904

7MHK 310 1.96 0.247 2 12.818 0.218 0.243 12.254 0.280 0.343 1.046

7MHQ 310 1.96 0.235 36 12.968 0.213 0.235 14.765 0.276 0.278 0.878

AF2-1e 1 12.647 0.196 0.223 12.514 0.272 0.252 1.011

AF2-*f 25 12.662 0.195 0.222 12.591 0.271 0.250 1.005

7K3T+g 100 13.136 0.201 0.206 13.910 0.256 0.248 0.944

7MH*h 281 13.133 0.192 0.199 14.912 0.246 0.212 0.881

MproEEi 381 13.209 0.188 0.195 14.773 0.224 0.203 0.894

MproEE + AF2j 406 13.200 0.187 0.194 14.724 0.219 0.201 0.896

Xray*k 350 13.034 0.201 0.191 13.145 0.227 0.216 0.992

Xray*-VWfitl 350 12.725 0.195 0.189 12.843 0.218 0.206 0.991

a N is the number of conformers. X-ray structures and RDCs used are the same as for Table 2.
b L50% and H50% refer to the 50% fractions of residues that have the least and most disordered H-N and C0AH vectors in their

ensemble representation. For the 7K3T and 7K3T-REDO structures, the angular RMSDs are taken from the ECHT-1 ensemble. For

the top-scoring AlphaFold-multimer model, AF2-1, the angular RMSDs are from the 25-member AF2-* ensemble.
c CL50/H50 is the ratio of Da values for the L50% and H50% fraction of residues.
d At 99.5% relative humidity.
e Top AlphaFold2-multimer model.
f Unweighted combination of top 25 AlphaFold2-multimer models.
g Unweighted combined 7K3T pTLS and ECHT-1 ensembles.
h Unweighted combination of six ensembles of 7MHL-7MHQ, recorded at temperatures ranging from 100 to 308 K.
i Unweighted combination of all eight ensembles, incl. 7K3T pTLS and ECHT-1, and 7MHL-7MHQ.
j Unweighted combination of eight ensembles (MproEE) and the top 25 AlphaFold2-multimer models.
k Unweighted ensemble containing 350 static X-ray structures deposited in PDB (see Table S2).
l Weighted ensemble of 350 static X-ray structures with weights optimized by VWFit.30
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amplitude of ensemble disorder for the H50%
fraction of residues is considerably larger than their
true disorder.
RDC fits to AlphaFold-Multimer models

The recently introduced AlphaFold protein
structure prediction program, based on a deep
neural network architecture, has proven
particularly powerful at generating low energy
structural models that agree exceptionally well
with experimental structures.54,55 AlphaFold and
its successor AlphaFold2 can generate high quality
models de novo, i.e. without access to previously
solved structures that have significant sequence
homology. However, with the availability of tem-
plates of previously solved homologous X-ray struc-
tures, AlphaFold2 was shown to generate models
that agree even slightly better with NMR data than
11
the best experimental X-ray structures.56 For Mpro,
AlphaFold2 generated highly accurate models for
the monomeric subunit, but with some uncertainty
in the predicted models near the N-terminus and
the active site, both involving significant inter-
subunit interactions in the functional homodimeric
state.26 Recently introduced updates to the Alpha-
Fold2 program now also enable the accurate pre-
diction of protein complexes and we therefore
used the AlphaFold2.2-Multimer (AF2-M) pro-
gram57 to generate Mpro homodimer models.
With combined predicted template modeling plus

predicted interface template modeling (ptm + iptm)
scores greater than 94% across the entire protein
backbone, all of the top 25 AF2-M homodimer
models showed high confidence and remarkably
little variation among these models. Indeed,
AlphaFold was designed to predict the lowest
energy structure and the absence of significant



Figure 6. Backbone superposition of the 148 out of 350 Mpro X-ray structures that have above-average population
in an ensemble that has been optimized to yield best agreement with RDCs. (A) Only the monomeric subunit of the
active homodimeric Mpro enzyme is shown, with the N- and C-termini marked, and the high degree of disorder in the
P2 helix and P5 loop shown in color. (B, C) Rotated views of the dynamic P2 and P5 substrate binding regions.
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backbone disorder in the ensemble of accurately
predicted structures is therefore not surprising (SI
Table S4).
The presence of backbone dynamics also can be

predicted on the basis of contacts between the
backbone O and HN atoms with heavy atoms of
residues other than those forming the peptide
bond.58Whereas this method predicts the presence
of similar backbone dynamics for each of the top 25
AF2-M models (SI Table S4), roughly at the same
positions as seen in the X-ray ensembles (Figure 4),
there is nomotional model associated with it. In con-
trast to the types of motions suggested by X-ray
ensemble models, such an analysis therefore does
not offer direct insights into the types of dynamic
excursions.
RDC fits to an ensemble of conventional X-ray
structures

There are 350 Mpro X-ray structures in the PDB
that have coordinates for all residues and that
have been recorded under a wide range of
temperatures, ligation states, and crystallization
12
conditions, resulting in eight different space
groups (Table S3). With Qjk = 0.26, the 7K3T
structure and its PDB-REDO equivalent rank
among the best in a range that spans from
Qjk = 0.26–0.65 for this set of structures. When
treating this collection of X-ray structures as an
ensemble, the question arises whether any
combination of these structures can yield an
improved fit to the RDC data. Weight optimization
of the individual ensemble members can be
carried out with the previously introduced variable-
weight fit program, VWfit,30 but is time-consuming
because of the iterative nature of the search and
the large matrix sizes involved in the SVD fitting
steps. Moreover, assigning weights to each of the
350 structures adds 349 adjustable parameters to
the fit, and to avoid the effect of these additional
degrees of freedom on the fit, it is important to carry
out the weight optimization in a cross-validated
manner. However, full jack-knife cross-validation
requires the entire process to be repeated N times
whereN is the number of RDCs used in the fit, each
time omitting a different RDC. To expedite the pro-
cess, the VWfit search was modified to use a simu-



Y. Shen, A.J. Robertson and A. Bax Journal of Molecular Biology 435 (2023) 168067
lated annealing approach for optimizing the
weights, and the cross-validation was carried out
by separating the RDCs into 10 randomly selected
equal size non-overlapping fractions. Then, 9 frac-
tions were used to optimize weights, and RDC
agreement was evaluated for the fraction not used
in the optimization, with the entire optimization
repeated 10 times.
While most of these X-ray structures were

determined by molecular replacement procedures,
the orientational distribution of backbone bond
vectors of the 350-member ensemble is fairly
heterogeneous (Figure 3). However, when using
Eq. (3) to express these distributions in terms of
generalized order parameters, S, the degree of
disorder is considerably smaller than seen for the
two ensemble refinements of 7K3T (Figure 4(A))
and for the temperature series of ensembles
(Figure 4(B)).
Starting from an equally weighted distribution,

VWfit converged to a reasonably well-defined set
of weights, wi, not dominated by individual
ensemble members (SI Figure S6). Backbone
superposition of the 148 X-ray structures that had
above average weights shows considerable
structural heterogeneity, in particular for the P2
helix and the P5 loop (Figure 6).
Remarkably, the ensemble with optimized

weights provides an even slightly better fit to the
RDCs than any combination derived above from
the dynamic ensembles (Table 2). Importantly,
when separately considering the RDC fits to the
most disordered H50% fraction of this ensemble,
the fitted Da value is nearly the same as that for
the least disordered half, L50% (Table 3). This
result indicates that the degree of disorder
reflected in this ensemble of conventionally refined
X-ray structures, which is quite large in some
regions of the protein (Figure 6), is in good
quantitative agreement with RDCs.
Concluding remarks

Our prior analysis of Mpro RDCs showed good
agreement with conventionally refined high-
resolution crystal structures for two contiguous
stretches of residues in the N- and C-terminal
domains,26 while attributing the poorer fit for the
remaining regions to internal dynamics as well as
several real differences in structure between the
solution and crystalline states of the protein. An
example of the latter concerns the amide group of
Thr-198, at the C-terminal end of the P5 substrate
binding pocket. This residue constitutes the largest
outlier in the SVD fit to 7K3T and its ensemble rep-
resentations, but its RDCs fit very well to the 1.75-�A
6Y2E crystal structure of Zhang et al.59 The RDCs
of Thr-198 also fit well to both the conventional
and ensemble representations of X-ray structures
collected at 277 and 298 K, but not to those
recorded at 100, 240 and 310 K (SI Figure S5),
13
pointing to true differences in the diffraction data
despite all being in the same space group (C121).
The lower fitted Da value for the pTLS 7K3T

compared to the ECHT-1 ensemble (Table 2)
reflects less disorder in their bond vector
orientations, without indicating which
representation is more realistic. However, when
comparing the fitted Da values obtained for the
most disordered H50% and least disordered L50%
residues of the ensembles, a nearly 10% increase
in the fitted Da values is observed for the more
dynamic half. The differences are even larger for
the temperature series of X-ray structures
(Table 3). For a quantitatively correct
representation of the dynamics in an ensemble,
the fitted Da values should be the same for the
L50% and H50% fractions of residues. As
expected, for the conventionally refined X-ray
structures the opposite behavior is seen, with the
fitted Da values for H50% being smaller than for
L50%. This result indicates that residues identified
in the ensemble as “dynamic” (H50%) have RDCs
that are only moderately reduced in magnitude by
motional averaging, by much less than indicated
by the ensemble presentation (cf Eq. (3)). So,
while the X-ray ensembles correctly identify the
more dynamic residues, the differences in the
amplitudes of the dynamics assigned to the H50%
and L50% groups of residues are considerably too
large, in particular for the temperature series of
ensembles (7MHL-7MHQ). This overly dynamic
behavior of the least ordered residues must result
from the MD force field together with the weight
given to fitting the electron densities during the
restrained MD calculation. It is plausible that
ensembles generated by the newer ECHT
ensemble refinement technology, including DEN
restraints, can improve the RDC fits for this
temperature series of X-ray data over the results
available in the PDB. However, we note that the
intrinsic resolution of these data sets is lower than
for the 1.2-�A 7K3T data, and optimization of the
protocol will require adjustment of the weight of
DEN restraints, relaxation time (TX) and X-ray
weight (XW) parameters, requiring vast amounts
of compute time.
Remarkably, when considering all 350 Mpro X-ray

structures in the PDB that lack gaps in their
sequence as a representation of a dynamic
ensemble, far better agreement with RDC data is
obtained than for any individual structure. In fact,
this pseudo-ensemble also fits somewhat better
than the best ensemble refinement obtained for
the highest resolution X-ray structure (Table 2),
even though many of the individual X-ray
structures fit the RDC data rather poorly.
Importantly, the observation that RDC-fits to the
most ordered (H50%) and least ordered (L50%)
residues yield the same Da values indicates that
the amplitude and direction of conformational
differences seen between these X-ray structures
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are quantitatively consistent with the conformational
distribution sampled by the protein in solution on the
time scale of pico- to milliseconds.
Our analysis of the 1.2-�A X-ray structure of Mpro

showed an improvement in RDC fit by more than
10% when comparing the fit of the pTLS
ensemble coordinates with that of the PDB-REDO
conventionally re-refined model (Table 2), and a
further improvement by ca 2% for the ECHT-1
ensemble. Perhaps surprisingly, another ca 10%
improvement in RDC agreement was obtained
when combining these two ensembles with the six
ensembles reported by Ebrahim et al.31 for lesser
resolution crystal structures recorded at different
temperatures. While all these ensembles qualita-
tively agree on the location of more dynamic sites,
the fact that their joint evaluation improves the fit
to the solution RDCs indicates that none of these
individual ensembles provides a perfect quantitative
description of the internal protein dynamics. We
note that the number of conformers used in the X-
ray ensembles is not a limiting factor because dipo-
lar couplings have a smooth, rank-2 tensorial
dependence on orientation (Eq. (1)) and a modest
number of conformers therefore can suffice to
describe their distribution. Instead, the rather large
quantitative differences in angular distributions
seen in the different ensembles (Figures 3 and 5;
Figure S3) suggest that the X-ray data provided
insufficient restraining power to quantitatively
assign residue-specific motions for each backbone
amide moiety. Our finding that the combined use
of eight ensembles resulted in improved agreement
with solution RDCs also suggests that further
improvements to X-ray ensemble refinement may
be feasible, and that these potentially could benefit
from adding RDC restraints to the MD protocol that
currently only uses electron density as experimental
restraints.

Methods

Validation of structural models by RDCs

For protein X-ray crystallography, the agreement
between structure factors and a derived model is
represented by the R factor, but because these
structure factors are used to adjust atomic
coordinates for optimizing this agreement R is not
a true indicator of structural accuracy. Instead,
cross validation has been introduced where the
structure is calculated using only a large fraction
of the Bragg reflections, and consistency of the
model is evaluated by agreement with reflections
not used in model generation,10 represented by
the Rfree factor. Its value complements Rwork, which
reports on the agreement with the data used for
refinement.
Similar considerations apply to an even greater

extent for NMR structures determined with
inclusion of RDC restraints, which can result in
near-perfect RDC agreement with the atomic
14
coordinates even if models are wrong.60 A quality
factor, Q, is often used that is defined by

Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i¼1::N

ðDpred
i � Dmeas

i Þ2= N D2
a 4þ 3Rh2
� �

=5
	 
� �s

ð5Þ

where Dpred and Dmeas refer to the best-fitted and
experimental RDCs, respectively, with Da and Rh being
the alignment strength and rhombicity obtained from
the SVD fit. The denominator represents the predicted
root-mean-square value of a large set of vectors
randomly distributed in orientation for an alignment
strength defined by Da and Rh.44
Jackknifed Q factors for agreement between
RDCs and coordinates

Analogous to X-ray crystallography, a cross-
validated Qfree factor can be used to evaluate the
quality of NMR structures that include RDCs as
input restraints. For this purpose, the structure
calculation is repeated N times, each time omitting
a different 1/N fraction of the RDCs that are then
used for deriving Qfree.

44

Even when evaluating structures that were
derived without RDCs as input restraints, there is
a small tendency to overestimate the agreement
between RDCs and coordinates because five
adjustable parameters are used in the SVD fit.
When the number of RDCs used in the fit is not
very much larger than this number of fitted
parameters, the correlation between observed
RDCs and those predicted for the structure
exceeds its true value. To remove this bias, for
fitting a set of N RDCs in this study we use a
standard jackknife procedure where the SVD is
repeated N times, each time leaving out a single,
different RDC. For each measured RDC, its
predicted value is then derived by using all N-1
remaining RDCs to determine the alignment
tensor as well as the predicted value of the left-out
RDC. This procedure makes Q effectively
independent of the number of RDCs used in the
fit. To distinguish this jackknifed Q factor from its
more widely used implementation that uses a
single SVD fit to calculate predicted RDCs, we
refer to it as Qjk.

Qjk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
q¼1::N

ðDpred
q � Dmeas

q Þ2

N D2
a;q 4þ 3Rh2

q

� �
=5

n o
vuuut ð6Þ

where Dmeas
q and Dpred

q refer to the measured RDC and
the predicted RDC when the SVD is carried out for all
residues except q, and Da,q and Rhq are the Da and Rh
values obtained for these SVD fits. The use of Qjk

rather than Q becomes important when comparing fits
of small numbers of RDCs to their corresponding atomic
coordinates, or when judging the merits of different
structures having nearly the same Q values.
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AlphaFold2-Multimer model generation

AlphaFold2-Multimer source code (version 2.2.0)
was downloaded from the GitHub repository
(https://github.com/deepmind/alphafold), with the
requisite databases retrieved by using the
included script. AlphaFold2-Multimer was run,
unmodified, with a date limit of 01–01-3000 (full)
and otherwise default parameters. For each
AlphaFold2-Multimer calculation, a total of 25
models were obtained while the five models with
the highest average per-residue predicted local-
distance difference test (iptm + ptm) confidence
score were retained for further analysis. The
calculation was repeated five times with different
random seeds to generate a 25-member
ensemble of top-5 models that was used for
further analysis.
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