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ABSTRACT: The 68-kDa homodimeric 3C-like protease of SARS-CoV-2, Mpro (3CLpro/Nsp5), is a promising antiviral drug
target. We evaluate the concordance of models generated by the newly introduced AlphaFold2 structure prediction program with
residual dipolar couplings (RDCs) measured in solution for 15N−1HN and 13C′−1HN atom pairs. The latter were measured using a
new, highly precise TROSY-AntiTROSY Encoded RDC (TATER) experiment. Three sets of AlphaFold2 models were evaluated:
(1) Mpro

AF, generated using the standard AlphaFold2 input structural database; (2) Mpro
AFD, where the AlphaFold2 implementation

was modified to exclude all candidate template X-ray structures deposited after Jan 1, 2020; and (3) Mpro
AFS, which excluded all

structures homologous to coronaviral Mpro. Close agreement between all three sets of AlphaFold models and experimental RDC data
is found for most of the protein. For residues in well-defined secondary structure, the agreement decreases somewhat upon Amber
relaxation. For these regions, Mpro

AF agreement exceeds that of most high-resolution X-ray structures. Residues from domain 2 that
comprise elements of both the active site and the homo-dimerization interface fit less well across all structures. These results indicate
novel opportunities for combining experimentation with molecular dynamics simulations, where solution RDCs provide highly
precise input for QM/MM simulations of substrate binding/reaction trajectories.

We demonstrate new NMR methods for precise measure-
ment of 1HN−15N and 13C′−1HN residual dipolar

couplings (RDCs) in the 68-kDa SARS-CoV-2 Mpro enzyme
and compare measured RDCs with values derived from both
high-resolution X-ray structures and AlphaFold2 models.
The active site of Mpro is highly conserved across the entire

coronavirus family and quite dissimilar from any mammalian
proteases, making it an attractive drug target.1−3 Over 300 X-
ray structures of SARS-CoV-2 Mpro, including apo and ligated
structures, have been deposited in the Protein Data Bank
(PDB), with all crystal structures closely reflecting the
architecture and backbone coordinates of the representative
substrate-free Mpro homodimer (PDB 5R8T).4

De novo structure prediction of proteins based solely on their
amino acid sequence has recently undergone revolutionary
advances, with some algorithms now able to accurately predict
the majority of the protein structure, including side chains, at
atomic resolution.5−7 In particular, AlphaFold version 2
(AlphaFold2) integrated orientation-equivariant structural
information with multi-sequence alignments (MSAs) using a
bespoke transformer neural network architecture (termed the
“evoformer”) that uses a self-attention mechanism to iteratively
improve both the structure and the processing of the MSAs.7

This has resulted in a remarkable (<1 Å backbone Cα RMSD)
accuracy of the predicted coordinates relative to unseen
structures.7

X-ray structures and AlphaFold2 models are based, directly
or indirectly, on data collected in the crystalline state. NMR
RDCs are exquisitely sensitive reporters on bond vector
orientations.8,9 Very recently, agreement between AlphaFold2
models and RDCs was shown to rival that of high quality X-ray
structures.10 Although most certainly fully adequate for many

purposes, it remains an open question to what extent such
models are truly representative for pliable proteins in solution
where conformational dynamics are often associated with
function. One such protein is the main protease of SARS-CoV-
2, Mpro. Here, we evaluate how well X-ray and AlphaFold2
models agree with RDCs measured in solution.
In the apo state, Mpro is subject to auto-proteolysis at the

elevated concentrations needed for solution NMR. We
therefore focus on the C145A active-site mutant (Mpro

C145A).
Uniformly 2H/13C/15N-enriched samples were prepared,11

followed by reprotonation of the exchangeable backbone
amides. Conformational exchange broadening on intermediate
time scales resulted in variable intensities in the TROSY-
HSQC NMR spectrum.12 At 35 °C, ca. 260 out of 293 non-
Pro residues yielded a signal-to-noise ratio greater than 20:1 in
the 3D HNCO-TROSY13 NMR spectrum, which represents a
lower limit for measuring RDCs at high precision (Supporting
Information (SI) Tables S1 and S2).14

1DNH RDCs were measured using a 3D HNCO version of
the ARTSY experiment14 (Figure S1) that yielded a precision
≤0.7 Hz for the vast majority of backbone amides (Table S2).
A comparably complete set of 2DC′H couplings were recorded
using a novel combination of two 3D TROSY-HNCO spectra
termed the TROSY- and AntiTROSY-Encoded RDC
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(TATER) method (Figure S2). Even though the orientations
of one-bond 15N−1HN and two-bond 13C′−1HN vectors only
differ by ∼35°, their experimentally observed RDCs, as well as
values predicted by X-ray structures, correlate only weakly
(Figure S3), indicating that they provide largely independent
structural information. Due to the larger internuclear
separation, 2DC′H values are intrinsically ca. 3.2 times smaller
than 1DNH RDCs,15 but because the measurement precision
(≲0.5 Hz) is far smaller than the range spanned by these
couplings (Table S2), they are comparably valuable in
providing structural information (Figure S4). Cross sections
through the 3D 1DNH ARTSY-HNCO and 2DC′H TATER
spectra highlight the quality of the data (Figure 1).

The sensitivity of an RDC to its internuclear vector
orientation, represented by polar coordinates θ and φ in a
molecular frame that coincides with the alignment tensor
principal axis system, is given by

D

D Rh

d( ( , ))
d

3 sin(2 ) 3
2 sin(2 ) cos(2 )

NH

a
NH

θ ϕ
θ

θ θ ϕ

=

[− + ] (1a)

D
D Rh

d( ( , ))
d

3 sin sin(2 )
NH

a
NH 2θ ϕ

ϕ
θ ϕ= − [ ]

(1b)

where Da
NH is the magnitude of the alignment tensor and Rh is

its rhombicity; the same equations apply for 2DC′H, but with

Da
C′H ≈ Da

NH/3.2.15 As can be seen from eq 1, the derivative of
an RDC with respect to orientation depends strongly on
orientation and becomes zero when the vector coincides with
any of the alignment tensor’s principal axes, generating “blind
spots”. To reduce this differential sensitivity to orientation and
remove these blind spots, for each amide we instead use the

averaged normalized deviations between observed and
predicted RDCs, ΔD = √{[(Δ1DNH)

2 + 3.22(Δ2DC'H)
2]/2}.

We fit the alignment tensor to the observed 1DNH and 2DC′H
RDCs and a reference structure (protonated by DYNAMO;
Figure S5) using singular value decomposition (SVD).16 A
perfect, noise-free fit has a quality factor, Q, of 0.0, while a
high-quality fit in the presence of experimental noise has a Q of
∼0.2.17
Mpro contains three domains (Figure 2C) numbered

sequentially from N- to C-terminus. Separately fitting the

three domains of 1.3-Å “representative” X-ray structure 5R8T4

yields different Q factors (0.25, 0.51, and 0.39, for domains 1,
2, and 3, respectively), but with nearly identical alignment
tensors, pointing to the absence of significant domain
reorientation in solution versus crystal.

Figure 1. NMR spectra of Mpro
C145A in 11 mg/mL Pf1, from which

RDCs were derived. (A, B) Small regions of cross sections through
the (1JNH + 1DNH)-modulated 900-MHz 3D ARTSY-HNCO
spectrum, recorded with dephasing delays of (A) 5.38 ms and (B)
10.75 ms. Positive (black) and negative (red) intensities correspond
to |1JNH + 1DNH| < 93 Hz and > 93 Hz, respectively.14 (C, D) Overlay
of small regions of cross sections taken through the 600-MHz
TROSY- (black) and AntiTROSY-HNCO (blue) TATER spectra.
The difference in 13C′ resonance frequency equals 2JC′H + 2DC′H
(Table S2).

Figure 2. Agreement between measured Mpro RDCs and values
predicted by structural models. (A) 1DNH and (B) 2DC′H experimental
couplings vs those predicted from X-ray structure 5R8T. (C)
Excluded residues (red) illustrated on a ribbon diagram (PDB:
5R8T; only a single chain is shown for clarity); residues with missing
RDCs are shown in gray, and the catalytic dyad is shown in yellow.
(D) Q-factors from SVD fits of 1DNH and 2DC′H RDCs to the included
region of all available Mpro X-ray structures plotted as a histogram,
with the top-ranked (Amber-relaxed) AlphaFold2 models obtained
using full, date-limited, and sequence-limited implementations marked.
(E) Q-factors of all Amber-relaxed models. (F) X-ray structure
resolution versus Q-factor and (G) Cα RMSD (relative to 5R8T)
versus Q-factor. (H) Cα wireframe of all 352 PDB structures.
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We avoided deleterious effects of strong outliers on the
alignment tensor accuracy by iteratively restricting the fit (SI
text) to two contiguous regions, K5-L115 and T199-L272, that
yielded good agreement with Mpro X-ray crystal structures and
AlphaFold2 models.
For these two regions, the fit to 5R8T yields Q = 0.208

(Figure 2A,B), indicating close agreement between RDCs and
the X-ray structure. The full set of X-ray structures shows Q-
factors ranging from below 0.2 to ∼0.53 (Figure 2E), showing
a positive correlation with crystallographic resolution (Figure
2F). The excluded regions fit considerably worse to the RDC
data, reflecting their reduced secondary structure content
(Figure 2, Table 1).

Application of the released7 AlphaFold2 implementation to
predict the SARS-CoV-2 Mpro structure generated five quality-
ranked structures (Mpro

AF1‑5), each with per-residue predicted

local-distance difference test (pLDDT) confidence scores
(Figure 3G, Table 1, and Table S3). The current
implementation of AlphaFold2 only predicts monomeric
structures, whereas in solution Mpro forms a tight C2-symmetric
homodimer, which could adversely impact the accuracy of the
prediction. Despite this limitation, the model with the highest
pLDDT score (Mpro

AF1) has a low backbone Cα RMSD of 0.47
Å relative to PDB 5R8T (Table 1). AlphaFold2 employs a final
Amber-based18 constrained-relaxation step to remedy back-
bone and side-chain clashes (Figure 3D). For Mpro

AF1, the
Amber relaxed (Amber unrelaxed) model agrees with solution
RDC data better than 82% (92%) of all X-ray structures. In
fact, when focusing on RDCs of residues involved in secondary
structure, Mpro

AF1 (Amber unrelaxed) shows a modest
improvement over the X-ray structure (Table S3).
Mpro and its close homologues are well represented in the

template database (pdb70) used by AlphaFold2. Conse-
quently, a large number of Mpro homologues are chosen as
templates by both the full (Mpro

AF1‑5; 16 out of 20) and date-
limited (Mpro

AFD1‑5; 15 out of 20) implementations of
AlphaFold2 (Table S4). To recreate a CASP-like scenario,19

we modified the AlphaFold2 code to reject structures
homologous to SARS-CoV-2 Mpro (Mpro

AFS1‑5; 0 out of 14;
termed sequence-limited; see SI for details). The resulting
Mpro

AFS models remain remarkably similar to the output of the
“unblinded” implementation, with close agreement of back-
bone Cα RMSDs ≤ 1.5 Å relative to PDB: 5R8T (Table 1 and
Tables S3−S5). The Amber-relaxed (Amber-unrelaxed)
Mpro

AFD1 and Mpro
AFS1 models with the highest pLDDT scores

agreed better with RDCs than 51% (69%) and 18% (28%) of
all available X-ray structures, respectively (Figure 2D).
While the input PDB sets for the full, and date-limited,

AlphaFold2 implementations differed by only a single
templatePDB 6YB7removal of this SARS-CoV-2 Mpro

structure noticeably reduces the agreement between predicted

Table 1. Assessment of X-ray and AlphaFold2 Structure
Quality Using 254 1DNH and 257 2DC′H RDCs

model Cα RMSDa pLDDT Qincl
b Qexcl

b

PDB: 5R8T − − 0.208 0.356
Mpro

AF1 unrelaxed
c 0.408 95.5 0.213 0.360

Mpro
AF1 relaxed

c 0.406 0.220 0.341
Mpro

AFD1 unrelaxed
c 0.644 95.0 0.226 0.348

Mpro
AFD1 relaxed

c 0.644 0.248 0.337
Mpro

AFS1 unrelaxed
c 1.015 91.7 0.282 0.616

Mpro
AFS1 relaxed

c 1.023 0.300 0.577
aCα RMSD values determined by alignment of residues 5−115 and
199−272 of each model relative to PDB 5R8T. bQincl refers to
residues 5−115 and 199−272, used to determine the alignment
tensor. Qexcl pertains to residues 2−5, 117−198, and 273−301, using
the same alignment tensor. c“Relaxed” and “unrelaxed” refer to
AlphaFold2 models with and without the final Amber relaxation step.

Figure 3. Agreement between measured Mpro RDCs and values predicted by AlphaFold2 models. 1DNH vs values predicted by the top-ranked
model generated by (A) the full AlphaFold2, (B) the date-limited, and (C) the sequence-limited versions. (D) Comparison of the number of outliers
in PSVS22 structure validation of unrelaxed and relaxed AlphaFold2 models. Colors in D match those in (F). (E) Domain partitioning, excluded
regions (red), and secondary structure (α-helix, purple; β-sheet, yellow). (F) Combined 1DNH and 2DC′H absolute deviation, ΔD, of predicted 1DNH
and 2DC′H from experimental values for the full (blue), date-limited (orange), and sequence-limited (green) AlphaFold2 models, with missing data
marked by gray stripes. (G) AlphaFold2 pLDDT for each of the top-scoring AlphaFold2 models. (H) Cα wireframe overlay of all AlphaFold2
models, color-matched to A−C.
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structures and RDCs. A further decrease is observed between
Mpro

AFD1‑5 and Mpro
AFS1‑5, reflecting reduced accuracy of the

predicted models, despite the comparable Cα RMSD (Figure
3A−C,H and Figures S6−S9), with a surprisingly large range
in RDC fit quality for full and date-limited models (Figure 2E).
Importantly, even for models predicted by the sequence-limited
AlphaFold2 implementation, RDC data agree very well in
regions with defined secondary structure (Q = 0.287; Table
S3).
The highest pLDDT-scoring model of the full AlphaFold2

implementation fits RDCs better than 92% of all X-ray
structures. However, a trend is observed that the Amber-
based18 constrained-relaxation step reduces the quality of RDC
predictions (Table 1 and Table S3), while somewhat
improving the predictions for non-secondary structure residues
(Table S3). This minimization step perturbs bond vector
orientations by an average of 3.9° across all structures, with
95% under 9.2°, but the distributions are strongly tailed (max
= 53.1°; Figures S10 and S11).
Relative to the best X-ray structures, AlphaFold2 Mpro

models agree more closely with solution RDCs for residues
that are part of regular secondary structure than the remainder
(Figure 3E,F, Table 1, and Table S3). This result indicates
that, while there remains some room for further improvement
in structure prediction, catalytic scaffolds are very well defined
by AlphaFold2. Our findings therefore suggest new oppor-
tunities for combining experimentation with molecular
dynamics simulations,20 where solution RDCs provide highly
precise input for QM/MM simulations of substrate binding/
reaction trajectories.21
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