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AlphaFold2 versus experimental structures: evaluation on

G protein-coupled receptors

Xin-heng He'?, Chong-zhao You'?, Hua-liang Jiang"***, Yi Jiang®*, H. Eric Xu'? and Xi Cheng'*3

As important drug targets, G protein-coupled receptors (GPCRs) play pivotal roles in a wide range of physiological processes.
Extensive efforts of structural biology have been made on the study of GPCRs. However, a large portion of GPCR structures remain
unsolved due to structural instability. Recently, AlphaFold2 has been developed to predict structure models of many functionally
important proteins including all members of the GPCR family. Herein we evaluated the accuracy of GPCR structure models
predicted by AlphaFold2. We revealed that AlphaFold2 could capture the overall backbone features of the receptors. However, the
predicted models and experimental structures were different in many aspects including the assembly of the extracellular and
transmembrane domains, the shape of the ligand-binding pockets, and the conformation of the transducer-binding interfaces.
These differences impeded the use of predicted structure models in the functional study and structure-based drug design of GPCRs,

which required reliable high-resolution structural information.
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INTRODUCTION

As an extensive membrane receptor family, G protein-coupled
receptors (GPCRs) have over 800 members in humans. They are
involved in diverse physiological and pathological processes,
including sense of light, neural signal transmission, and endocrine
system homeostasis [1-4]. As such, GPCRs have a rich history as
drug targets, which account for nearly one-third of all approved
drugs [5]. In the field of structural biology, it is an important research
object to elucidate activation mechanism of GPCRs. The progress of
X-ray-based methods used to be slow [6, 7]. The development of
new techniques, such as cryo-electron microscopy, leads to the
enormous surge of GPCR structures from 2017 [8, 9]. However, due
to the considerable workload and internal receptor flexibility, only
757 GPCR structures have been released to date [6, 10, 11]. The high
cost and difficulty of obtaining GPCR structures hinder the function
research and drug development of GPCRs, which calls for an
accurate efficient structure prediction algorithm.

Developed by DeepMind company in 2021, AlphaFold2 shows
the best-in-class performance of protein structure prediction in
the Critical Assessment of protein Structure Prediction 14
competition, which has reached near experimental accuracy in a
lot of cases [12]. The success of AlphaFold2 comes from its
understanding of protein folding problems and powerful deep
learning network composition, including a combination of multi-
ple sequence alignment and template information, a new
Evoformer structure, and an equivariant module to produce
structures [13, 14]. With the powerful algorithm, the AlphaFold2
developers predicted structures for most human proteome and
publicly released the predicted models [15].

Considering the structures of hundreds of important GPCRs
remained unsolved, structure models predicted by AlphaFold2
may provide information for GPCR research, such as structure-
based drug design, template build in structure biology, and GPCR
functional study [16, 17]. Thus, it is necessary and valuable to
comprehensively evaluate the reliability of GPCR structure models
predicted by AlphaFold2. In this work, we compared the
experimental structures of GPCRs with the corresponding
structure models predicted by AlphaFold2. To exclude the
influence of the training data, we collected the experimental
structures released after the emergence of the AlphaFold2
database. Computational analysis including deviation and dis-
tance calculations was performed on all available structures. The
comprehensive comparison reflects the performance of Alpha-
Fold2 in addressing sub-domain assembly, ligand-binding, and
activation of GPCRs.

EVALUATION FOR G-PROTEIN COUPLED RECEPTORS
Evaluation for overall receptor structures

In order to evaluate the performance of AlphaFold2 on GPCRs, we
collected 29 GPCR structures released after the publication of the
AlphaFold2 database, thereby confirming that the prediction of
these GPCR structures did not involve the experimental structural
information. The experimental information of 29 structures is listed
in Supplementary Table S1. According to the traditional classifica-
tion of GPCRs, these 29 structures are categorized in classes A, B1,
and F [18, 19]. Most of them are functionally active structures in
complex with G proteins (Supplementary Table S1) [20].
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Fig. 1 Comparison between predicted models and experimental structures with large ECD. Experimental structures and predicted models
for glucagon-like peptide 1 receptor (GLP1R) (a), parathyroid hormone 2 receptor (PTH2R) (b), active (c) and inactive (d) luteinizing hormone
and choriogonadotropin receptor (LHCGR) in different ways of alignments. Cryo-EM structures of GLP1R (PDB ID: 7KI0), PTH2R (PDB ID: 7F16),
LHCGR (PDB IDs: 7FIG and 7FlJ) are selected for calculation. Pink (or cyan) and blue cartoons represent experimental structures and predicted
models, respectively. Two conflicts between the predicted model of GLP1R and the peptide ligand from the experimental structure are

highlighted in red circles.

During GPCR activation, the conserved seven transmembrane
(TM) helices show different movement modes [21-23]. TM1-TM4
are relatively stable, while TM5-TM7 conformations are distinct
from inactive to active states to provide space for transducers
[23, 24]. Three extracellular loops (ECLs) and three intracellular
loops (ICLs) between TMs are traditionally flexible due to their
intrinsic unstable secondary structure [25]. We measured the Ca
root mean square deviation (Ca RMSD) between predicted models
and experimental structures for entire receptors, TM1-TM4,
TM5-TM7, and TM domain (TMD) in Supplementary Table S2.
The predicted models show an average global Ca RMSD of 1.64 +
1.08 A from the experimental structures, suggesting that the
global structure properties have been captured by AlphaFold2
(Supplementary Fig. S1). Notably, the prediction of models in TMD
is accurate, especially for stable TM1-TM4 with an average Ca
RMSD of 0.79+0.19A. TM5-TM7 shows slightly different con-
formations (1.26 +0.45A) between the predicted models and
experimental structures. In particular, prostaglandin D2 receptor 2
(CRTH2), an inactive-state class A structure in our collection, shows
a small Ca RMSD of 0.63 A (Supplementary Fig. S1a and Table S2).
As an active-state structure in class B1 GPCRs, glucagon-like
peptide 1 receptor (GLP1R) also shows small deviation between
the experimental structure and predicted model in TMD (Ca RMSD
of 1.04 A, Supplementary Fig. S1b and Table S2). These findings
suggested that AlphaFold2 maintains its performance in predict-
ing overall TMD structures of GPCRs.

Evaluation for receptors with large extracellular domains (ECDs)

Several structures of GPCRs with large ECDs show higher overall
Ca RMSDs (=1.80A). In the case of semaglutide-bound GLP1R
structure with ECD, an integral alignment of the predicted model
to the experimental structure leads to a large Ca RMSD of 3.92 A,
while the ECD or TMD in the predicted model is similar to those in
the experimental structure (Ca RMSD of 0.77 A for ECD and Ca
RMSD of 0.82 A for TMD). As shown in Fig. 1a, the ECD of the
predicted model has a different orientation with respect to
the TMD, compared with that of the experimental structure.

SPRINGERNATURE

Structurally aligning the predicted model to the ligand-bound
experimental one, we observed that the ligand from the
experimental structure has two conflicts with the predicted model
in the ECD (Fig. 1a). Due to these conflicts, the ligand cannot be
placed in the predicted model in the same way as which in the
experimental complex structure of GLP1R. In another class B1
GPCR, i.e., parathyroid hormone 2 receptor (PTH2R), the assembly
of ECD and TMD in the predicted model is also distinct from the
experimental structure (Fig. 1b). Its overall Ca RMSD is 1.80 A,
while its ECD Ca RMSD and TMD Ca RMSD are 1.01 A and 0.87 A,
respectively. Luteinizing hormone and choriogonadotropin recep-
tor (LHCGR) with a large ECD also appears large Ca RMSD values in
active (242 A) and inactive states (6.08 A) (Fig. 1c, d). Similarly,
separate alignments of the ECD or TMD of LHCGR decrease the Ca
RMSD to a value less than 1.5 A (Ca RMSD of 0.85 A for active ECD,
Ca RMSD of 1.42 A for active TMD, Ca RMSD of 0.80 A for inactive
ECD, Ca RMSD of 0.79 A for inactive TMD). It suggests that the sub-
domain prediction of LHCGR is mostly accurate. However, the
predicted models present different assemblies of ECD and TMD,
compared with those of experimental structures.

Evaluation for the orthosteric ligand-binding sites

An endogenous modulator of a GPCR binds to the center of an
extracellular pocket consisting of TM helices, which is known as
the orthosteric site [26, 27]. From this site, ligands could induce
receptor conformational changes and alter the functional states of
GPCRs [22, 28, 29]. Thus, the pocket information is valuable in
structure-based drug design and functional research [30-32].

In the full set of 29 experimental structures, only four are GPCR-
small molecule complexes (Supplementary Table S1). We per-
formed molecular docking against the orthosteric sites in their
predicted models and experimental structures to evaluate the
feasibility of predicted models in drug development and functional
study (Fig. 2). In the orthosteric ligand-binding sites (Fig. 2 and
Supplementary Fig. S2), the TMD backbones are highly similar
between predicted models and experimental structures (Supple-
mentary Table S3, average backbone RMSD is 0.89+0.34A).
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Fig. 2 Evaluation for the orthosteric ligand-binding sites. Ligands binding to the orthosteric sites in experimental structures and predicted
models of 5-hydroxytryptamine receptor 1F receptor (5HT;tR) (@), melatonin receptor 1A (MT;R) (b), and luteinizing hormone and
choriogonadotropin receptor (LHCGR) (c). Cryo-EM structures of 5HT;¢R (PDB ID: 7EXD), MT,R (PDB ID: 7DB6), LHCGR (PDB ID: 7FIH) are
selected for analysis. Key residues and ligands are shown as sticks. Pink, blue, orange, and green represent experimental structures, predicted
models, ligands from experimental complex structures, and docked ligands, respectively. The ligand-binding pockets are shown as surfaces.

Nevertheless, some residues at these sites show different sidechain
conformations, leading to higher sidechain RMSD (1.90 +0.58 A)
and all-atom RMSD (1.52+0.42A). As a result, different binding
poses of ligands were observed in predicted models and
experimental structures (Fig. 2). In 5-hydroxytryptamine 1F
receptor (5HT;R), backbone and sidechain conformations of the
ligand-binding sites are different between the predicted model
and experimental structure; its all-atom RMSD is 1.63 A, backbone
RMSD is 1.29A and sidechain RMSD is 1.87A (Fig. 2a). The
sidechain of H1765“? was predicted to insert between the
extracellular re%ion of TM4 and TM5. Additionally, 1104333,
5181°38, T182>%, 5185°%, and T186>*® rotate their sidechains to
the center of TMD in the predicted model. Due to these distinct
sidechain conformations, the predicted model has a narrower
pocket compared with that of the experimental structure. The
interaction between the trifluorobenzene ring of ligand and
H17652 is also blocked in the predicted model (Fig. 2a). In the
molecular docking, the narrow ligand-binding pocket determines a
binding pose of ligand toward TM2 of the predicted model
(Fig. 2a). The RMSD of the ligand docked to the predicted model
from the ligand in the experimental complex structure (PDB ID:
7EXD) is 7.15 A. For the predicted orthosteric pocket of melatonin
receptor 1A (MT;R), its all-atom RMSD is 2.13 A, backbone RMSD is
0.99 A and sidechain RMSD is 2.82 A from experimental structure
(Fig. 2b). In the predicted model, the sidechain of F196>*’ moves
out of the receptor core to form a cavity that favors a deep
insertion of the ligand. Also, the sidechain rotations of N162*%° and
L163*°" contribute to movement of the ligand toward the center
of TM helix bundle. As a result, the docked ligand shows a deep-
inserted pose close to the backbone of F196°*’. The RMSD of the
ligand docked to the predicted model from the one of the
experimental complex structure (PDB ID: 7DB6) is 4.79A. In
the positive allosteric modulator-binding pocket of LHCGR, though
the backbone difference between the predicted model and
experimental structure is small (all-atom RMSD is 1.34A and
backbone RMSD is 0.94 A), the sidechain distinctions are critical
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(sidechain RMSD is 1.66 A) (Fig. 2¢). The sidechain of F51552 is
predicted to insert into the cavity between the TM5 and TM7, and
608”8 turns its sidechain to the receptor core in the predicted
model. The N-terminal loop conformation adjacent to F350"*™
alters the environment at the top of the pocket. As a consequence,
the ligand fails to bind to the pocket of the predicted model in
molecular docking (Fig. 2¢c). For an antagonist bound CRTH2, its
ligand-binding pocket is highly similar between the predicted
model and experimental structure with respect to backbone and
sidechain (all-atom RMSD is 0.97 A, backbone RMSD is 0.34 A and
sidechain RMSD is 1.23 A, Supplementary Fig. S2). Consequentially,
the ligand-binding pose to the predicted model and the one in the
experimental complex structure (PDB ID: 7M8W) are highly similar
(ligand RMSD is 0.90 A). Collectively, in three out of four cases, the
predicted orthosteric ligand-binding sites present different side-
chain conformations from those of the experimental structures,
which alters the docking results of the active compounds.

Evaluation for functionally important TM6-TM7 helices

A critical activation property of a GPCR is the conformational
adjustment of TM6-TM7 helices, which provides space for the
binding of transducers [21, 28, 33-35]. Compared with the
experimental structures, several predicted models of GPCRs show
different extracellular TM6-TM7 conformations (TM6-TM7 heavy-
atom RMSDs are larger than 2 A), though aligned with respect to
TMD (Supplementary Table S4). As representative class A GPCRs,
ghrelin receptor and vasopressin V2 receptor (V,R) show large
values of TM6-TM7 heavy-atom RMSD (3.08 A for ghrelin receptor
and 2.83A for V,R). The TM6 and TM7 helices of the ghrelin
receptor are predicted to move out from the TM bundle center
compared with the experimental structure (PDB ID: 7F9Y) (Fig. 3a).
In the predicted model of V,R (Fig. 3b), TM6 stays far from TM7
and TM7 moves downward compared with the experimental
structure (PDB ID: 7DW9). For class B1 GPCRs, GLP1R and PTH2R
have large TM6-TM7 heavy-atom RMSDs of 322 A and 2.51A,
respectively. As shown in Fig. 4c, d, GLP1R and PTH2R are

SPRINGER NATURE
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Fig. 3 Comparison of TMD conformations at extracellular side. TM6 and TM7 helices in experimental structures and predicted models of
ghrelin receptor (a), vasopressin V2 receptor (V,R) (b), glucagon-like peptide 1 receptor (GLP1R) (c), and parathyroid hormone 2 receptor
(PTH2R) (d). Cryo-EM structures of ghrelin receptor (PDB ID: 7F9Y), V,R (PDB ID: 7DW9), GLP1R (PDB ID: 7KI1) and PTH2R (PDB ID: 7F16) are
selected for analysis. Pink and blue cartoons represent experimental structures and predicted models, respectively. TM6-TM7 heavy-atom

RMSD values are shown in each plot.

predicted to have TM6 and TM7 move upward to the extracellular
side compared with the experimental structures (PDB IDs: 7KI1
and 7F16). Of note, the different TM6-TM7 conformations at the
extracellular side mostly exist in the GPCR complexed with
peptide ligands (Supplementary Table S4).

Considering that the outward movement of TM6 provides space
for transducer binding, the orientation of TM6 is a significant
symbol for GPCR activation [36-38]. Thus, we measured the TM6
tilt distance (TD) in predicted models (TD,.q) and experimental
structures (TD,,,) to characterize TM6 orientation (Supplementary
Table S5) [39, 40]. The difference of TM6 tilt distance between
TDyp, and TDp,.q Was also calculated as ATD. A positive value of
ATD indicates that the experimental structure has a larger TD and
a more spacious intracellular protein-binding pocket compared
with the predicted model, or vice versa.

Different patterns of ATD exist among class A GPCRs without G
proteins, class A GPCRs with G proteins, and class B1 GPCRs with G
proteins (Fig. 4). Class A GPCRs have an average ATD of —1.85+
2.06 A, suggesting that they are predicted to provide more space for
protein binding at the intracellular side compared with the
experimental structures. For example, the TM6 helix of CRTH2
moves outward in the predicted model (TDpeq is 14.97 A) relative to
the experimental structure (TD,, is 11.06 A) (Fig. 4a). G protein-
bound class A GPCRs have an average ATD of 3.61+159A,
suggesting that they are predicted to provide less space for protein
binding than the experimental structures. As shown in Fig. 4b,
the predicted TM6 helices stay closer to the TM bundle at the
intracellular side compared with experimental structures. The values
of TDpeq for GAL2R and LHCGR are 11.72 Aand 15.61A, respectively,

SPRINGERNATURE

but their TD,,, are 16.46 A and 17.09 A. Class B1 GPCRs have the
average ATD of 0.05 + 0.46 A, suggesting that the predicted models
are highly consistent with the experimental structures. As shown in
Fig. 4c, the predicted TM6 helices of GLP1R and PTH2R overlap with
those of experimental structures; the values of ATD for GLP1R and
PTH2R are —0.02 A and —0.70 A, respectively. To sum up, for class A
GPCRs, the predicted models tend to adopt an “averaged” TM6
conformation (TDpreq is 13.78 £ 1.69 A) between G protein-bound
state (TDeyp is 17.54 +0.82 &) and non-G protein-bound state (TDexp
is 12.74 + 1.84 A). For class B1 GPCRs, the predicted models (TDprea is
22.92 +0.04 A) tend to adopt G protein-bound state conformations
(TDgyp is 22.62 £ 037 A).

Notably, the ICL3 between TM5 and TM6 is predicted as a long-
extended helix in some cases of class A GPCRs (Supplementary
Fig. S3). In the experimental structure of 5HT R, 26 residues (from
L211 to K236) adjacent to the C-terminus of TM5 and 32 residues
(from D257 to E288) adjacent to the C-terminus of TM6 should
participate in forming the ICL3 of the receptor. But they are
predicted to be a part of the TM helix in the predicted model
(Supplementary Fig. S3a). Similarly, for cholecystokinin receptor 1
(CCKaR), 8 residues (from Q246 to R253) linked to the C-terminus
of TM5 and 14 residues (from G288 to S301) linked to N-terminus
of TM6 are predicted as long helices, while they belong to ICL3
according to the experimental structure (Supplementary Fig. S3b).

The possible reasons for deviations of predictions from
experiments

The predicted models by AlphaFold2 show ECD-TMD assemblies
that are different from those of experimental structures.

Acta Pharmacologica Sinica (2023) 44:1-7
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Considering that GPCRs are highly dynamic proteins, more than
one ECD-TMD assemblies may exist for a particular receptor
[23, 29]. Even though a predicted ECD-TMD assembly of a GPCR is
distinct from the experimental one, we could not rule out the
possibility that this predicted model captures an unveiled
metastable state of the receptor. In case of GLP1R, the predicted
model shows conflicts that obstruct the peptide binding due to its
distinct assembly of ECD and TMD (Fig. 1a). Since an active ligand
may induce conformational changes of its receptor, the loss of
ligand information in training may be the reason why AlphaFold2
fails to construct an ECD-TMD assembly of GLP1R, which favors
peptide binding. As functionally important membrane proteins,
many GPCRs receive activation signals via ECD upon peptide
binding [29, 41] and the ligand-binding process is determined by
the relative orientation between ECD and TMD [42]. Therefore, it
needs to be cautious to use predicted models by AlphaFold2 to
study the peptide-binding process of GPCRs.

In three out of four small-molecule bound GPCRs, the predicted
models by AlphaFold2 show different ligand-binding pocket
shapes compared with the experimental structures (Fig. 2). Even
though it achieves a Ca backbone RMSD accuracy of ~1A,
AlphaFold2 can hardly predict the pocket side chains of GPCRs
with high accuracies. This has also been revealed for the cases of
the other proteins [43]. As a result, the docking poses of active
compounds to the predicted models are very different from the
one observed in the experimental complex structures in most
cases (Fig. 2a, b). In the case of LHCGR, AlphaFold2 even fails to
produce suitable small molecule pockets for docking (Fig. 2c).
Meanwhile, the shapes of ligand-binding pockets could be
determined by the chemical and physical characteristics of ligands
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[44, 45]. Although trained with the PDB database containing
numerous small molecular ligand-bound proteins, AlphaFold2 is
still unable to capture sufficient features of a specific ligand-
binding site of a GPCR, whose ligand information is unknown for
the Al system. Therefore, AlphaFold2 alone cannot provide
sufficient information for structure-based drug design. The
application of its predicted models in the drug development
requires great efforts to validate, remodel or refine the ligand-
binding site.

The conformational changes of TM6-TM?7 alter the intracellular
protein-binding interfaces for different transducers to determine
the functional states of GPCRs [36-38]. For the functionally
important TM6 helix, AlphaFold2 tends to produce an “average”
conformation in class A GPCRs and an active-like conformation in
class B1 GPCRs. We analyze the composition of the published
GPCR structures before the release of the AlphaFold2 database in
Supplementary Table S6. The structures were classified as active,
intermediate, and inactive ones in the GPCRdb database (https://
gpcrdb.org/structure/) according to the open degree of the TM6
helix [39, 40]. In class A GPCRs, 55% of structures are inactive and
37% are active. However, in class B1 GPCRs, 70% of structures are
active, completely dominating the population. This finding
indicates that the data bias of AlphaFold2 contributes to the
biased predictions of the TM6 conformations. In addition,
AlphaFold2 produces long helices in the region of ICL3 in some
cases. The ICL3 itself is flexible in the GPCR family [46]. In the
experimental structures, the fully solved ICL3 shows irregular
conformation [3]. To construct a stable structure in the experi-
ments, an unstable ICL3 is always replaced by thermostabilized
apocytochrome b562RIL (BRIL) to link TM5 and TM6, which yields
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to an artificial long helix instead of ICL3 [47-49]. AlphaFold2 may
learn from these unnatural structures of GPCRs containing BRIL to
produce a long helix instead of ICL3. Due to the training data bias
regarding TM6 and ICL3, AlphaFold2 may produce biased or
unnatural models of GPCRs. These models need to be excluded in
the biological mechanism study of GPCRs. In application of
predicted models, homolog structures may be referred.

CONCLUSION

As a state-of-the-art protein structure prediction tool, AlphaFold2
has provided structure models for more than nine hundred
thousand proteins. Among these proteins, GPCR is one of the
most important classes in structural biology and drug develop-
ment [17, 50]. To provide insights into the usage of these
predicted models for drug design and function exploration, we
systematically evaluated AlphaFold2 by comparing predicted
models and experimental structures of GPCRs regarding sub-
domain assembly, ligand-binding, and functional state of the
receptors. Even though AlphaFold2 achieves a Ca RMSD accuracy
of ~1A in protein structure prediction [12], it alone cannot
manage the structure-based drug design of GPCRs, which require
high-resolution information of protein side chains. AlphaFold2
also shows limitations in predicting the ECD-TMD assembly and
the transducer-binding interface of a GPCR. Due to data bias,
AlphaFold2 may produce biased or artificial predicted models of
GPCRs, which need to be excluded by experimental validation.
Thus, experimental structural determination is still an indispen-
sable tool for obtaining the structure of GPCRs and providing
credentials for structure-based drug design and GPCR function
exploration.
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