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1 | INTRODUCTION

The prediction of the three-dimensional (3D) structure of
proteins from their amino acid sequence has been a long-
standing quest. In November 2020, the results of the 14th

Abstract

The prediction of the three-dimensional (3D) structure of proteins from the
amino acid sequence made a stunning breakthrough reaching atomic accu-
racy. Using the neural network-based method AlphaFold2, 3D structures of
almost the entire human proteome have been predicted and made available
(https://www.alphafold.ebi.ac.uk). To gain insight into how well AlphaFold2
structures represent the conformation of proteins in solution, I here compare
the AlphaFold2 structures of selected small proteins with their 3D structures
that were determined by nuclear magnetic resonance (NMR) spectroscopy.
Proteins were selected for which the 3D solution structures were determined
on the basis of a very large number of distance restraints and residual dipolar
couplings and are thus some of the best-resolved solution structures of proteins
to date. The quality of the backbone conformation of the AlphaFold2 struc-
tures is assessed by fitting a large set of experimental residual dipolar couplings
(RDCs). The analysis shows that experimental RDCs fit extremely well to the
AlphaFold2 structures predicted for GB3, Dinl, and ubiquitin. In the case of
GB3, the accuracy of the AlphaFold2 structure even surpasses that of a 1.1 A
crystal structure. Fitting of experimental RDCs furthermore allows identifica-
tion of AlphaFold2 structures that are best representative of the protein's con-
formation in solution as seen for the EF hands of the N-terminal domain of
Ca*"-ligated calmodulin. Taken together, the analysis shows that structures
predicted by AlphaFold2 can be highly representative of the solution confor-
mation of proteins. The combination of AlphaFold2 structures with RDCs
promises to be a powerful approach to study structural changes in proteins.
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Critical Assessment of protein Structure Prediction
(CASP14) contest were reported revealing the prediction
of several CASP14 targets with atomic accuracy by the
neural network based method AlphaFold2 (https://www.
predictioncenter.org/caspl4/index.cgi). The results were
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formally published on July 15, 2021." Since the CASP14
announcement, the Rosetta software was also greatly
improved.? In addition, AlphaFold2 was used to predict
the 3D structure of 98.5% of all human proteins.> The
predicted structures have been deposited in a freely
accessible database at EBI (https://www.alphafold.ebi.ac.
uk). The data set covers 58% of all residues with a confi-
dent prediction, of which 36% of residues have very high
confidence.” The confidence levels predicted by
AlphaFold2 promise to provide precise estimates of the
reliability of the prediction,’ suggesting that for a large
number of human proteins, high-quality 3D structures
are now available.®> Because there are many more struc-
tures deposited in the Protein Data Bank (PDB), which
were determined in a crystalline state by X-ray crystallog-
raphy, and could thus be used for evaluating the accuracy
of AlphaFold2 predictions, it is less clear how well 3D
structures predicted by AlphaFold2 represent the pro-
teins’ conformation in solution.

Nuclear magnetic resonance (NMR) spectroscopy is
able to study biomolecules in solution at physiological tem-
peratures. In order to determine the 3D structure of a pro-
tein by NMR, a large number of distance restraints derived
from nuclear Overhauser effect data together with spin-
spin coupling constants are collected.* The most accurate
solution structures of proteins, however, are obtained when
residual dipolar couplings (RDCs), preferentially for differ-
ent internuclear vectors, are measured and included in the
refinement of the 3D structure.” RDCs improve the local
backbone geometry of NMR-based solution structures of
proteins and can accurately define the relative orientation
of secondary structure elements and protein domains.’ In
addition, RDCs can provide insight into slow conforma-
tional dynamics in biomolecules.®

In this work, RDCs and RDC-derived solution struc-
tures of selected proteins are compared to the 3D struc-
tures predicted by AlphaFold2.

2 | RESULTS AND DISCUSSION

Particularly useful for the comparison of RDCs and RDC-
derived solution structures with models predicted by
AlphaFold2 is the third IGG-binding domain from strep-
tococcal protein G (termed GB3), because (a) it is a small
rigid domain, (b) a 1.1 A crystal structure is available
(PDB id: 1IGD’), and (c) three high-resolution NMR
structures (PDB id: 1P7F, 2N7J, 20ED) have been deter-
mined on the basis of a large number of RDCs.*® Cur-
rently no predicted structure is available in the
AlphaFold2 database (https://www.alphafold.ebi.ac.uk).
Five structural models were therefore predicted using the
Google collaborative notebook for AlphaFold2 prediction

(https://colab.research.google.com/drive/1LVPSOf4L502
F21RWBmYJIYYLDIOU2NTL). The per-residue confi-
dence score provided by AlphaFold2 (named pLDDT") is
above 80% for all 56 residues of GB3. For GB3 residues in
the regular secondary structure elements, pLDDT values
are above 90%. The five structural models predicted by
AlphaFold2 are essentially identical with a root-mean-
square-deviation (RMSD) < 0.01 A. Further analysis was
therefore focused on model #1. This model has a RMSD
of 0.44 A to the X-ray structure of GB3 (PDB id: 1IGD),
and a RMSD of 0.47 A to the RDC-refined NMR structure
of GB3 (PDB id: 1P7F®). Indeed, the 3D structure
predicted by AlphaFold2 visually overlays with the X-ray
and the RDC-refined structures (Figure 1a).

3D structures predicted by AlphaFold2 lack protons.
To compare the AlphaFold2 structures with experimental
'H-based RDCs, protons have to be added to the struc-
tures. A number of methods are available to add protons
to 3D structures, including Molprobity (http://molprobity.
biochem.duke.edu) and a server from the lab of Adriaan
Bax (https://spin.niddk.nih.gov/bax/nmrserver/pdbutil/
sa_adv.html). In the case of Molprobity, bond lengths best
matching X-ray structures (“Electron-cloud x-H") or NMR
(“nuclear x-H") can be selected. To test which of the three
methods is best suited for RDC analysis, the protons from
the RDC-refined 3D structure of GB3 (PDB id: 1P7F) were
removed, followed by new addition of protons using any
of the three methods. All three 'H-containg structures
were then evaluated by a singular-value decomposition
(SVD)-based fit (implemented in the RDC software
PALES™) of 41 HN—N RDCs. The lowest RDC quality
factor Q was obtained when adding protons using
the server from the lab of Adriaan Bax. Similar results
were obtained for other proteins and including HN—Co
RDCs. For all further analysis, protons were added using
the server at https://spin.niddk.nih.gov/bax/nmrserver/
pdbutil/sa_adv.html.

Next, a set of 172 experimental RDCs measured in a
bicelle alignment medium for four different internuclear
vectors (HN—N, Ca—Ha, Co—Ca, Co—N; taken from
1P7F.mr®) was fitted to the RDC-refined NMR structure,
the X-ray structure and the five models predicted by
AlphaFold2. The experimental RDCs fitted extremely well
to the AlphaFold2 structures (Figure 1b). The RDC fit is
worst for the Co—N RDCs (Figure 1b; lower right), which
have the smallest magnitude, that is, the lower fit quality
is likely a result of the larger experimental error associated
with these RDCs. The RDC quality factors Q for the fit of
the 172 RDCs to the five AlphaFold2 structures varied
from 0.102 to 0.116. These values are just slightly above
the Q value (Q = 0.063) obtained for the NMR structure
(PDB id: 1P7F), which was refined against these RDCs
and thus provides a lower limit. Fitting the same set of
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Comparison of structures predicted by AlphaFold2 (AF2) with experimental RDCs and RDC-derived NMR structures. (a,b)

The third IGG-binding domain from streptococcal protein G (GB3): (a) RDC-derived NMR structure (grey; PDB id: 1P7F), 1.1 A X-ray

structure (blue; PDB id: 1IGD), AF2-structure (green); (b) fit of four types of experimental RDCs (HN—N, Ca—Ha, Co—Ca, CO—N; taken
from 1P7F.mr) to the AF2-structure shown in (a). (c) DNA damage-inducible protein I (DinI): RDC-derived NMR structure (grey; PDB id:
1GHH), AF2-models #1 to #5 (green, cyan, pink, yellow, orange, respectively) predicted using the Google collaborative notebook for AF2
prediction at https://colab.research.google.com/drive/1LVPSOf4L502F21RWBmMYJJYYLDIOU2NTL, and AF2-structure downloaded from
the AF2 database (blue; https://www.alphafold.ebi.ac.uk). (d) Ubiquitin: RDC-derived NMR structure (blue; PDB id: 2MJB), AF2-model #3
(cyan), and AF2-model #4 (green). Zoomed view showing a near perfect fit of AF2-model #3 to the loop conformation in the RDC-derived
NMR structure. (e-g) Calmodulin: (e) X-ray structure (grey; PDB id: 1CLL), and AF2-models #1 to #5 (orange, yellow, pink, cyan, green,
respectively) aligned on the C-terminal domain (differences in the relative orientation of the N-terminal domain are indicated by a dashed
arrow-headed line); (f) N-terminal domain superposition of the RDC-refined NMR structure (PDB id: 1J70; wheat), the X-ray structure
(PDB id: 1CLL; grey) and the best-fitting AF2-model (magenta); (g) comparison of experimental HN-N RDCs (blue; taken from 1J70.mr)
along the sequence of calmodulin with RDCs back-calculated from the RDC-refined NMR structure (PDB id: 1J70; top), the X-ray structure

(PDB id: 1CLL; middle) and the best-fitting AF2-model shown in (f). The location of the four a-helices in the N-terminal domain of
calmodulin is indicated above. Data plots were generated using http://spin.niddk.nih.gov/bax/nmrserver/dc/svd.html

RDCs to the crystal structure (PDB id: 1IGD) resulted in
Q =0.112. Notably, fitting separately 50 Ca-Cb RDCs
(taken from 1P7F.mr) to the RDC-refined NMR structure
(PDB id: 1P7F), the X-ray structure (PDB id: 1IGD) and
the five AlphaFold2 models resulted in Q values of 0.124,
0.144, and 0.099/0.123/0.121/0.121/0.121, respectively.
Thus, some of the models predicted by AlphaFold2 appear
to be better representations of the 3D structure of GB3 in
solution than the 1.1 A crystal structure. The slightly
worse fit of RDCs to the GB3 crystal structure might arise
from contributions of crystal packing, which are not pre-
sent in solution or the AlphaFold2 model.

RDCs in biomolecules can be directly predicted from
the 3D structure using molecular simulation.'® The soft-
ware PALES predicts RDCs in biomolecules, which have
been aligned in a nearly neutral alignment medium such

as bicelles, using a steric obstruction model that takes
into account the 3D structure of the biomolecule.'’ RDCs
predicted by PALES on the basis of the steric obstruction
model for the AlphaFold2-predicted structure of GB3 cor-
related with the 172 experimental RDCs with a Pearson's
correlation coefficient of .93 (Q = 0.21). The analysis
shows that the 3D structure predicted by AlphaFold2 for
GB3 is of high quality both in terms of the local and in
terms of the global conformation.

The next test case is the DNA damage-inducible pro-
tein I (Dinl) for which a solution NMR structure has
been determined on the basis of a huge number of NOEs
and RDCs (Reference 12; PDB id: 1GHH). A 3D model of
Dinl is already available in the AlphaFold2 database. The
pLDDT confidence score is >90% for most residues. In
addition, five models were calculated using the Google
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collaborative notebook for AlphaFold2 prediction. The
RMSD of the five models predicted using the collabora-
tive network with respective to the structure deposited in
the AlphaFold2 database is <0.22 A. The RMSD of the
later structure relative to the RDC-refined solution struc-
ture (PDB id: 1IGHH) is 0.69 A (Figure 1c).

SVD-based fitting of 134 HN—N and Ca—Ha RDCs to
the six models predicted by AlphaFold2 resulted in
Q values from 0.127 to 0.164. For the NMR structure,
which was refined against these RDCs,'? Q is 0.084.
RDCs thus show that the AlphaFold2-predicted structure
is highly representative for DinI's structure in solution.

The protein that probably has received most attention
in the NMR field is ubiquitin. Five models predicted by
AlphaFold2 for ubiquitin are highly similar with a RMSD
<0.17 A within the ensemble of the five structures. Rela-
tive to the RDC-refined NMR structure (PDB id: 2MJB*?),
the RMSD varies from 0.51 to 0.57 A (Figure 1d).
310 RDC:s for five different internuclear vectors (HN—N,
Ca—Ha, Co—Ca, Co—N, Co—HN; taken from 2MJB.mr"?)
fit extremely well to the five models predicted by
AlphaFold2 with Q values ranging from 0.109 to 0.126
(Q =0.77 for the RDC-refined NMR structure). The
AlphaFold2-models with the lowest and highest Q values
are Models #3 and #4, respectively (shown in cyan and
green in Figure 1d). Superposition of these two
AlphaFold2 models with the RDC-refined NMR structure
(PDB id: 2MJB) reveals highly similar backbone confor-
mations. The most pronounced difference is seen in one
of the loops highlighted in the inset of Figure 1d.
Whereas the loop conformation of Model #3 (cyan in
Figure 1d) is basically identical to the one in the NMR-
refined 3D structure (blue in Figure 1d), the loop confor-
mation of Model #4 slightly differs. This suggests that the
RDC-based analysis of 3D structures predicted by
AlphaFold2 might even detect minute structural changes.

Finally, AlphaFold2 prediction was assessed using the
structure of calmodulin, a protein that plays an important
role in many Ca®'-dependent signaling pathways.'*"
Calmodulin has two EF hand-containing domains that
are connected by a 27-residue linker. Depending on the
ligand-bound state of calmodulin, the linker can display
different levels of disorder and the N- and C-terminal
domain can populate different relative conformations. In
the crystal structure of Ca*-bound calmodulin (PDB id:
1CLL), the N- and C-terminal domain are connected by a
long o-helix (Figure 1e; grey).'® In contrast, the linker is
highly flexible in solution.'*'” In the five models of cal-
modulin predicted by AlphaFold2, the C-terminal
domains are structurally highly similar. However, the
linker is not predicted to fold into a common conforma-
tion and the relative orientations of the N- and C-
terminal domains vary strongly across the five

AlphaFold2 models (Figure le). An SVD-based fit of
239 experimental RDCs (HN—N and Ca—Ha in the N-
and C-terminal domains but not in the linker) to the
crystal structure and the AlphaFold2 models resulted in
Q values of 0.677 and 0.313-0.721, respectively. The
AlphaFold2 model with the lowest Q value (Q = 0.313)
was Model #5, which has the most compact conforma-
tion (shown in green in Figure 1e). This conformation is
thus more representative of the average relative domain
structure of Ca**-bound calmodulin in solution. Notably,
however, it is likely that the experimental RDCs will fit
even better to a multi-conformer representation of Ca*"-
bound calmodulin, because of the flexibility of the inter-
domain linker.

RDC-based refinement of the Ca**-bound structure
of calmodulin showed that the EF hands of the N-
terminal domain are less open in solution when com-
pared to the crystal structure (Figure 1f)."* SVD-based fit
of 119 HN—N and Ca—Ha RDCs to the N-terminal
domain of the 2.2 A crystal structure returns Q = 0.280
(the direct fit to the RDC-refined structure is Q = 0.099).
For the N-terminal domains in the five AlphaFold2 struc-
tures, Q ranges from 0.156 to 0.170. Thus, for all five
AlphaFold2 predictions the conformation of the N-
terminal domain is better in agreement with the experi-
mental RDCs when compared to the crystal structure.
Alignment of the RDC-refined NMR structure (PDB id:
1J70'), the crystal structure (PDB id: 1CLL'®), and
AlphaFold2 Model #3 (Q = 0.156) for residues 29-54 in
the N-terminal domain of calmodulin further shows that
the AlphaFold2 model is less open than the crystal struc-
ture and the opening of the EF hand is closer to that
observed in the RDC-refined NMR structure (Figure 1f).
Notably, a fit of only HN—N RDCs, which can easily be
measured using two-dimensional 'H—'°N correlation
spectra, to the three different structures readily reveals
that the conformation of helix I (residues 6-18) and helix
IV (residues 65-74) in the crystal structure is not repre-
sentative of the conformation in solution—and is better
captured by the AlphaFold2 model (Figure 1g).

3 | CONCLUSION

The study shows that 3D structures predicted by
AlphaFold2 can be highly representative for the solution
conformation of proteins. The excellent agreement of a
large number of RDCs with the structures predicted by
AlphaFold2 for GB3, Dinl, and ubiquitin demonstrate
the high accuracy of the predicted structures both in
terms of local geometry and relative orientation of sec-
ondary structure elements, that is, the global structure.
The three proteins probably provide favorable cases for a
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successful AlphaFold2 prediction, because they are very
small and several high-resolution structures are available
in the PDB and thus were used in the training of the
AlphaFold2 neural network. Thus, for many proteins the
structures predicted by AlphaFold2 could be less accu-
rate. However, this is not a problem when the
AlphaFold2 models are combined with RDCs: either the
AlphaFold2 model that best fits to the experimental
RDCs can be selected (e.g., N-terminal domain of Ca®"-
ligated calmodulin in this work) or the AlphaFold2
model can be used as starting structure for RDC-based
refinement calculations.** In addition, prediction of an
ensemble of structures by AlphaFold2 might serve as a
starting point for deriving a representation of the ensem-
ble of conformations a protein can populate in solution,
to which weights for each conformation might be
assigned by RDC-based analysis. Moreover, the
AlphaFold2 predicted structures are likely to be useful
for RDC-based or '°N/**C-spin relaxation-based analysis
of the dynamics of proteins in solution. Because the bio-
logical activity of proteins is intimately linked to the
binding of ligands, the combination of AlphaFold2 pre-
dictions with experimental RDCs—potentially supported
by nuclear Overhauser effect data—measured by NMR
spectroscopy further promises unique insights into func-
tionally relevant conformational changes of proteins.
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