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To elucidate the role of post-translational modifications (PTMs) in severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) spike protein’s structure and virulence, we generated a high-resolution map 
of 87 PTMs using liquid chromatography with tandem mass spectrometry data on the extracted spike 
protein from SARS-CoV-2 virions and then reconstituted its structure heterogeneity caused by PTMs. 
Nonetheless, Alphafold2, a high-accuracy artificial intelligence tool to perform protein structure prediction, 
relies solely on primary amino acid sequence, whereas the impact of PTM, which often modulates critical 
protein structure and function, is much ignored. To overcome this challenge, we proposed the mutagenesis 
approach—an in silico, site-directed amino acid substitution to mimic the influence of PTMs on protein 
structure due to altered physicochemical properties in the post-translationally modified amino acids—and 
then reconstituted the spike protein’s structure from the substituted sequences by Alphafold2. For the 
first time, the proposed method revealed predicted protein structures resulting from PTMs, a problem that 
Alphafold2 has yet to address. As an example, we performed computational analyses of the interaction 
of the post-translationally modified spike protein with its host factors such as angiotensin-converting 
enzyme 2 to illuminate binding affinity. Mechanistically, this study suggested the structural analysis of 
post-translationally modified protein via mutagenesis and deep learning. To summarize, the reconstructed 
spike protein structures showed that specific PTMs can be used to modulate host factor binding, guide 
antibody design, and pave the way for new therapeutic targets. The code and Supplementary Materials 
are freely available at https://github.com/LTZHKUSTGZ/SARS-CoV-2-spike-protein-PTM.

Introduction

RNA nonsynonymous mutations and amino acid post-translational 
modi�cations (PTMs) of the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) spike protein have been shown 
to be 2 key contributors to the coronavirus disease 2019 pan-
demic [1–3]. �ere are numerous characterizations of di�erent 
RNA variants on the virus' virulence and functions [3–7]; however, 
how di�erent PTMs in�uence the virus’ structure, function, and 
virulence is much less studied [6]. Studies show that the pro-
tein’s structure and function are closely modulated by PTMs 
from lower-level organisms (such as viruses) to human and con-
sequently play an important role in protein–protein interaction 
and signaling pathways [8–10]. �e alterations of amino acid 
side chains resulting from PTMs without altering the primary 
amino acid sequences lead to intriguing structural and func-
tional diversity and are, therefore, a delicate mechanism to 

maintain cellular protein homeostasis and execute complicated 
functions [2,11].

Spike protein PTM is a shared feature in di�erent variants of 
SARS-CoV-2, which has been explored and whose importance 
has been proven in a few functional studies [1,12–14], as indi-
cated by di�erent PTM modi�cation types, modi�ed residues, 
and modi�cation frequencies [1,13], as well as virus–host inter-
action sites, binding a�nity, and virulence [12,14]. In particular, 
the spike protein PTM pro�le may re�ect virulence and binding 
a�nity with human host factors, leading to the hypothesis that 
types and distributions of spike protein PTM may uniquely 
de�ne the virulence–host factor interaction [4,12,15]. Notably, 
the virus’ entry into the susceptible host cell is mediated by 
the interaction of the spike protein in the S1 subunit and 
cellular angiotensin-converting enzyme 2 (ACE2), a complex 
process requiring proteolytic activation and receptor binding 
[12,15–18]. In addition, both ASGR1 and KREMEN1 can also 
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serve as SARS-CoV-2 receptors and might impact viral target 
cell range and antibody-mediated neutralization [19,20]. In 
summary, these studies highlight the fact that the spike protein 
is the most attractive immunogen for antibody production and 
vaccine development.

Unfortunately, existing studies mostly focus on character-
izing RNA mutations in the spike protein that host factors and 
antibodies recognize, whereas the impact of PTM, which o�en 
modulates critical protein functions, is much less studied [3,5,7,21]. 
In fact, PTMs are key regulators of protein folding and they 
mediate protein interaction, stability, localization, and turnover 
[8–10]. For example, acidic phosphorylated residues can func-
tion as nucleation sites for the proper folding of the protein with 
hydrogen bounding that stabilize local structures [22]. In addi-
tion, some PTMs result in irreversible changes such as proteolysis 
and proteolytic cleavage of substrates, whereas aberrant PTMs 
cause protein misfolding and dysfunction, resulting in diseases 
such as Alzheimer’s disease [21].

Current protein structure characterization approaches such 
as cryogenic electron microscopy (cryo-EM) or computational 
prediction can neither accurately nor robustly capture the impact 
of various PTMs on the SARS-CoV-2 spike protein structure 
and interaction with host factors [9,23]. On the one hand, 
although cryo-EM studies had revealed distinct spike protein 
structures isolated from di�erent viral strains, which are useful 
to identify strain-speci�c novel binding sites for antibodies and 
other reagents [24,25], it is impossible to identify the full spec-
trum of dynamic, post-translationally modi�ed amino acids 
due to varying physicochemical conditions. On the other hand, 
cryo-EM crystal structural characterization is extremely time- 
consuming and costly, making it di�cult to generalize in rou-
tine studies. Fortunately, with the advancement of the deep 
neural network algorithm, the computational prediction of pro-
tein structures enabled by Alphafold2 with a deep learning archi-
tecture showed comparable accuracy with cryo-EM using only 
primary amino acid sequences, and this process signi�cantly 
reduced the amount of time and cost. However, Alphafold2 relies 
entirely on primary amino acid sequences and completely ignores 
the impact of PTM on protein structure formation [9,23,26,27]. 
�erefore, without a proper consideration of PTMs, Alphafold2’s 
predicted protein structure relying on primary sequences alone 
is not only biased but also misleading. Apart from this, although 
some studies also used computational approaches or dynamics 
simulations to model the structure of the spike protein and its 
binding a�nity with the receptor ACE2 [5,28–31], there are no 
e�ective pipelines to study the impact of PTMs on the binding 
of the spike protein to host factors such as ACE2 [9].

Here, we �rst generated a high-resolution quantitative PTM 
map on the SARS-CoV-2 spike protein using liquid chroma-
tography with tandem mass spectrometry (LC-MS/MS) data 
to elucidate the comprehensive PTM sites, which was the �rst 
of its kind for SARS-CoV-2 studies. �en, computational pre-
dictions of post-translationally modi�ed spike protein structures 
were postulated through Alphafold2 via in silico mutagenesis, 
a popular strategy to substitute a post-translationally modi�ed 
amino acid with another amino acid to mimic the altered 
physicochemical feature. Mutagenesis is unarguably one of the 
most common methods to study PTMs [8,32]. For example, to 
mimic phosphorylation modi�cation, the conventional mutagen-
esis strategy aims to replace serine or threonine with asparagine 
or glutamine, the negatively charged amino acids. Amino acid 
site-directed mutagenesis has revolutionized the understanding 

of structure and function of post-translationally modi�ed pro-
teins [8,33]. Our innovative use of the mutagenesis approach to 
evaluate the post-translationally modi�ed amino acids allows us 
to study the protein structure via Alphafold2 without needing 
to perform cryo-EM, a costly and complicated method requiring 
expensive instruments, while retaining high structure predic-
tion accuracy. Furthermore, we evaluated the heavily modi�ed 
receptor-binding domain (RBD) region of the spike protein and 
its interaction with ACE2 to reveal the strength of the binding, 
which may provide scienti�c insights into the study of the viral 
spike protein structure and the design of more e�ective thera-
peutic approaches. �e work�ow of the study is shown in Fig. 1.

Results

In this study, we generated a high-resolution quantitative map 
of 87 PTMs on the spike protein from LC-MS/MS data and 
proposed an in silico amino acid substitution to mimic the 
altered physicochemical properties of PTM sites, and then 
reconstituted the spike protein structure using Alphafold2. 
�rough this study, we identi�ed the role of PTMs and revealed 
the structural heterogeneity of di�erent PTMs in the SARS-
CoV-2 spike protein. In addition, we conducted protein–protein 
interaction studies to understand how PTMs impact the spike 
protein’s interaction and binding with host factors such as ACE2.

High-resolution quantitative map of PTMs in the 
spike protein
MS-based proteomics using tandem mass spectrometry makes 
it possible to identify many types of PTM information and 
construct the PTM landscape. Peptides with di�erent modi�-
cations produce varying mass shi�s in spectra, which allow for 
reliable computational predictions of PTMs. To automatically 
assign peptides with modi�cations from MS spectra, database 
search tools, such as Proteome Discoverer, had been developed. 
During database search, possible modi�ed forms of each pep-
tide are matched to a protein database with peptide spectra 
information. However, the search space grows exponentially 
as the number of possible modi�cations increases; thus, only 
a limited number of modi�cation types could be computed in 
one round of analysis in most cases. To date, there are a few 
studies on SARS-CoV-2 spike protein PTMs, and one exam-
ple is the characterization of spike protein glycosylation [1]. 
Nevertheless, a complete landscape of widely studied modi�-
cations for spike protein is still lacking. To construct a compre-
hensive PTM map of the spike protein, we here performed a 
heuristic database search for diverse PTMs based on MS raw 
�les of viral spike proteins isolated from infected patients [1]. 
Besides glycosylation, which has been proven to a�ect the struc-
ture and functions of the spike protein, we identi�ed a total of 
87 PTMs, including phosphorylation, acetylation, methylation, 
and ubiquitination. �is is so far one of the most comprehen-
sive studies to obtain spike protein PTM information.

�e SARS-CoV-2 spike protein has a total of 1,273 amino 
acids, including a signal peptide (amino acids 1 to 13) located 
at the N-terminus, the S1 subunit (14 to 685 residues), and the 
S2 subunit (686 to 1,273 residues). In particular, there are 2 
important domains in S1: an N-terminal domain (NTD), from 
residues 14 to 304, and the RBD, from residues 319 to 541. 
Apart from that, the transmembrane S2 subunit is composed 
of the fusion peptide (FP) (788 to 806 residues), heptapeptide 
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repeat sequence 1 (HR1) (912 to 984 residues), HR2 (1,163 to 
1,213 residues), transmembrane domain (TM) (1,213 to 1,237 
residues), and cytoplasm domain (CT) (1,237 to 1,273 residues). 
Overall, quantitative analysis of LC-MS/MS raw �les of the spike 
protein identi�ed (a) the types of PTMs, (b) PTM localization, 
and (c) PTM frequency. In particular, PTM with a frequency 
of at least 40% (40% of the samples carrying the same modifi-
cation for a given modified amino acid) was used for PTM 
identi�cation. In total, we shortlisted 87 distinct PTMs on 1,273 
amino acid residues across all 6 samples and fractions, account-
ing for 6.83% of the entire length, while there were 67 residues 
carrying a single modi�cation and each of the remaining 20 
residues has at least 2 di�erent modi�cations, as shown in Fig. 
2, Table 1, and Table S1.

To summarize, the largest number of modified sites was 
found in glycosylation with 39 residues, followed by acetylation 
sites with 21 modi�ed amino acids. In contrast, other types of 
modi�cation such as phosphorylation occurred in less than or 
equal to 10 amino acids. It is widely believed that glycosyla-
tion is associated with a wide range of spike protein functions, 
including regulating viral tropism, protein stability, and shield-
ing the underlying epitopes from immune surveillance [1]. 
Furthermore, it is known that the spike protein RBD region 
binds to the human host cell receptor ACE2 and mediates viral 
invasion [15–18]. In this study, we identi�ed 14 PTMs in the RBD 
region of the spike protein S1 unit, including 3 glycosylation 

sites, 4 methylation sites, 2 ubiquitination sites, and 5 acetyl-
ation sites. We believe that these sites might have an important 
role in protein structures and contribute to the virus and host 
factors’ binding speci�city and a�nity during infection.

In general, PTM frequency is crucial to understanding the 
modi�cation mechanism of each PTM. Although most PTM 
sites (67 modi�ed amino acids) are modi�ed by a single type 
of PTM, other PTM sites (20 modi�ed amino acids in total), 
such as 378K, are not only methylated but also acetylated. For 
these 20 residues carrying multiple modi�cations, we discov-
ered that only one amino acid was both phosphorylated and 
glycosylated, while the other 19 PTM sites were both phospho-
rylated and acetylated, which led to the neutralization of the 
amino acid's positive electrostatic charge. For instance, lysine 
acetylation enables the generation of novel recognition surfaces 
for the binding of proteins having “reader” domains speci�c 
for the post-translationally modi�ed residues [34]. In summary, 
a comprehensive characterization of the PTM landscape per-
mits a deeper understanding of the host factor recognition and 
binding, which further enables us to deeply understand the 
mechanisms of virulence and infectivity.

Comparison of protein structures from 
computational prediction and cryo-EM experiment
To evaluate and validate the accuracy of the predicted spike 
protein structure, we compared its computational structure to 

3. S protein PTM characterization 

Glycosylation

Methylation
Ubiquitination

Phosphorylation
Acetylation

1. Mass spectrometry analysis 2.PTM quantitative map generation 

SARS-CoV-2-infected patient Viruses

S protein

LysC-trypsin

MS
HCDpdEThcD detection

Chymotrypsin

α-lytic endopeptidase 

Digestion

4. AA substitution to mimic PTM 5. Alphafold-enabled protein structure 6. S protein ACE2 binding by PTM 

Fig. 1. The workflow of SARS-CoV-2 spike protein PTM landscape construction and Alphafold2-enabled structure prediction. (1) LC-MS/MS data analysis and data collection. 
(2) PTM landscape construction. (3) Alphafold2 in silico structure prediction. (4) Mutagenesis approach on amino acid replacement. (5) Evaluation of PTM’s impact on protein 
structure compared to raw unmodified spike protein. (6) Simulation of ACE2 binding to spike protein’s RBD region with PTMs.
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cryo-EM’s experimental structures. First, for each PTM type, 
we performed site-directed amino acid substitution according 
to the substitution rule (Table 1), followed by computational 
prediction using Alphafold2 to model the spike protein’s struc-
tures based on the substituted sequence. Second, we aligned 
Alphafold2’s predicted structure with cryo-EM experimental 
structures to reveal structural similarities and di�erences. Last, 
we conducted PTM site substitutions on selected RBD regions 
and on the entire spike protein, and performed a head-to-tail 
comparison with the cryo-EM crystal structure. �e resulting 
.pdb �les are stored in Supplementary Materials.

Alphafold2 computed an important score, the model con-
�dence score, to indicate the �tness of the computational pre-
diction. �is score is crucial to evaluate the soundness of the 
prediction based on primary amino acid sequence alone. �us, 
we compiled a summary of the confidence scores for each 
sequence carrying a di�erent modi�cation type, as shown in 
Table 2. Overall, we found that the computational structures 
had a high average con�dence level from 76 to 78, which is a 
good con�dence score indicating a good �tness during model 
construction, with essentially no marked di�erence from the 
cryo-EM structure. A�er that, we analyzed the predicted local 
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Fig. 2. The distribution of 87 PTM sites from 5 major modifications on the SARS-CoV-2 spike protein. (A) A schematic illustration of the PTM site in the spike protein. 
(B) Structure-based display of PTMs in the spike protein. PTMs are marked on the top and side views of the structure of the trimeric SARS-CoV-2 spike protein.

Table 1. The S protein-altered protein amino acid sequence summary table based on “mutagenesis” amino acid substitution rules on the 
87 PTMs.

PTMs Amino acid
Substitution 
amino acid

Numbers S1-non-RBD S1-RBD (319 to 541) S2 (686 to 1,273)

Glycosylation Asparagine, N Glutamic acid, Q 22 11 2 9

Serine, S/ Threonine/T Alanine, A 18 11 1 6

Ubiquitination Lysine, K Arginine, R 10 2 2 6

Phosphorylation Serine, S/ Threonine/T Aspartic acid, D 7 5 0 2

Methylation Lysine, K Arginine, R 8 1 3 4

Arginine, R Lysine, K 2 0 1 1

Acetylation Lysine, K Arginine, R 20 5 5 10

Total (overlapping PTM sites) 87 (20) 35 (0) 14 (6) 38 (14)
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distance di�erence test (pLDDT) score for each amino acid. 
Speci�cally, the spike protein backbone sequence, especially the 
α-helix, β-fold, and β-turn secondary structures, has a very high 
con�dence level (>90). �ese high-con�dence structures are 
mainly located in RBD, FP, and HR1 areas, which are responsible 
for the crucial functions of the spike protein. For instance, the 
RBD plays a vital role in virus infection by binding the ACE2 
[15–18]. Apart from that, the con�dence scores in NTD, HR2, 
TM, and CT areas are in range of 70 to 90, re�ecting the immu-
nologically important variation and other functions [35]. In 
contrast, there are very few regions with a weak reliability score 
of below 70. Notably, some amino acids are mainly located in 
the boundary of 2 adjacent functional domains, and others are 
in the N-terminal region, such as the amino acid from sites 1 to 
14. Interestingly, some of these amino acids, such as 70 to 80 and 
677 to 689, did not fall on domains such as α-helix or β-sheet in 
the cryo-EM structure. Finally, we compared the pLDDT scores 
for all amino acids between unmodi�ed and post-translationally 
modi�ed spike protein predicted structures (Fig. 3). Together, 
these results revealed a sequence-wise similarity in Alphafold2 
model con�dence scores between the unmodi�ed and modi�ed 
spike protein, especially on important domains of the protein 
structure bearing high con�dence scores.

In this work, we further compared the predicted structure 
resulting from PTMs with the cryo-EM experimental structure. 
To begin with, we aligned the post-translationally modi�ed 
computational structures with both 6VSB and 6VXX, the 2 ear-
liest and highest-resolution cryo-EM experimental structures, 
and calculated the root-mean-square deviation (RMSD) and 
TM scores [36], as shown in Table 2. Second, we compared the 
post-translationally modi�ed predicted structures with the un-
modi�ed predicted structures. Results showed that the RMSD 
for cryo-EM experiments (6VSB and 6VXX) ranged from 1.1 to 
1.4. Based on these observations, we concluded that Alphafold2's 
prediction structures have remarkably high prediction accuracy 
and reliability, which can thus be used as a prediction tool for 
the PTM structures.

Structural characterization of post-translationally 
modified spike protein on different modification 
types
To begin, we evaluated the impact of one PTM modi�cation 
type by substituting amino acids with one modi�cation at a 

time, for all PTMs types including phosphorylation, acetylation, 
methylation, glycosylation, and ubiquitination. We discovered 
that, although some modi�cation types only occurred in approx-
imately 1% of all amino acids, these PTMs signi�cantly a�ected 
the protein structure and functions (Table 2). In fact, we noticed 
that di�erent PTMs showed distinct impacts on the structure of 
spike proteins. First, we found that the most dramatic structure 
change was caused by methylation, with an RMSD score of 0.671, 
despite the fact that methylated amino acids only occupied 
0.79% of the total sequence, only at a moderate modi�cation 
frequency. Second, amino acid acetylation changed the pre-
dicted structures considerably, with an RMSD of 0.354. �ird, 
both methylation and acetylation modi�cations on the amino 
acid lysine were involved in the neutralization of the positive 
electrostatic charge, and they contributed signi�cantly to struc-
tural changes [34,37]. Finally, in contrast, a small RMSD score 
from both ubiquitination and glycosylation modi�cations indi-
cated that these 2 modi�cation types did not have a signi�cant 
impact on protein structure, although these 2 modi�cation 
types occurred with the highest frequency at 3.14% and 0.79% 
of amino acids of the total sequence, respectively. Particularly, 
glycosylation modi�cation, despite having the greatest number 
of amino acids, had a minor impact on structures of important 
functional domains, as shown in Fig. 3. Nevertheless, glycosyla-
tion changed the protein’s structure in regions that were not 
crucial for spike protein binding [1]. Together, we proved that 
the number of total modi�cation amino acids is not the deter-
ministic factor for protein structure change; rather, the type of 
modi�cation and the location of modi�ed amino acids are more 
crucial for structural changes.

Next, we plotted the sequence-wise modi�ed amino acids 
based on the mutagenesis substitution rule for each type of PTM 
modi�cation in Fig. 3. Analyses showed that some modi�ed 
amino acids did not directly lead to observable changes in the 
predicted spike protein structure. For example, arginine at posi-
tion 1028 modi�ed by glycosylation did not result in protein 
structure change, while the arginine at position 986 changed 
the structure considerably. Furthermore, several PTMs did not 
a�ect the overall structure of the spike proteins based on in 
silico amino acid substitution. Nevertheless, to our surprise, 
although some modi�ed amino acids did not change the sub-
structure in the modi�ed residues’ surrounding regions, they 
indirectly in�uenced the distal regions’ substructure as shown in 
Fig. 3. In addition, for each amino acid carrying 2 modi�cations, 

Table 2. The Alphafold confidence score and structural similarity comparison of the 5 major amino acid substitution rules for spike 
protein PTMs.

Type Confidence Proportion of modification sites RMSD (origin) RMSD (6VSB) RMSD (6VXX) TM score

Original 78.04 \ 1.266 1.124 0.964

Glycosylation 77.64 3.14% 0.255 1.367 1.224 0.952

Ubiquitination 77.84 0.79% 0.163 1.311 1.141 0.966

Phosphorylation 77.84 0.55% 0.281 1.273 1.163 0.950

Methylation 77.55 0.79% 0.671 1.388 1.385 0.916

Acetylation 78.01 1.57% 0.354 1.315 1.224 0.963

Only RBD area 78.01 1.10% 0.349 1.305 1.328 0.945

All 77 6.83% 0.457 1.376 1.238 0.962
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G All

C Ubiquitination

B Glycosylation

E Methylation

H RBD

F Acetylation

A Origin 

D Phosphorylation

Fig. 3. The alignment and its specific variants in each substitution site of individual computational structures. (A) Origin vs. cryo-EM experiment. Sliver represents the cryo-EM 
experiment structure, and green represents the original structure. (B to H). Sliver represents the original structure, and green and red represent the modified structures. 
(B) Glycosylation vs. origin. (C) Ubiquitination vs. origin. (D) Phosphorylation vs. origin. (E) Methylation vs. origin. (F) Acetylation vs. origin. (G) All vs. origin. (H) RBD vs. origin.
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we showed that lysine acetylation typically has a stronger 
impact on the structural changes compared to other types 
of PTMs.

To elucidate the role of the entire PTM landscape, we gen-
erated a computational predicted spike protein structure using 
all 87 PTM sites (regardless of the PTM types) via the site- 
directed amino acid substitution rule and then compared it 
to the predicted structure from the unmodi�ed primary amino 
acid sequence. Basically, there was no marked di�erence between 
the spike protein’s unmodi�ed structure and modi�ed struc-
ture, especially for functional domains in the S1 and S2 region. 
Nevertheless, several PTMs slightly in�uenced the substruc-
tures in important regions, such as RBD. Interestingly, when 
we replaced all 87 amino acids carrying modifications, the 
resulting predicted spike protein did not end up with a struc-
tural change as much as focusing on methylation modi�cation 
alone, although only 10 amino acids were a�ected by methyl-
ation. �us, we concluded that di�erent modi�cation types have 
notably varying degrees of in�uence on protein structure, and 
we determined that methylation had the most profound e�ect 
on protein structure, with arginine at amino acid positions 
147 and 386 contributing the most to structural changes, whereas 
most other modi�cation types did not signi�cantly alter pro-
tein structure in important functional domains, as shown in 
Fig. 3G.

Last but not least, to examine which PTMs were most strongly 
associated with the structural change in the RBD region, we 
evaluated the spike protein structure using PTMs only occurring 
on amino acids in the RBD region. �e results showed that a 
total of 14 PTM sites in the RBD region resulted in considerable 
changes in the predicted spike protein structure with an RSMD 
value of 0.349. In summary, our results shed light on a systemic 
characterization of the important role of PTMs on the structure 
and function of the spike protein. Nevertheless, the interplay of 
di�erent modi�cation types in in�uencing the protein structure 
was very complex, and we postulated that the aggregated struc-
tural change is not simply an addition of each modi�cation type; 
thus, further experimental validations are needed to uncover 
the underlying regulating mechanisms.

Computational prediction of PTM on the binding 
affinity between SARS-CoV-2 spike protein RBD 
region and human host factors
As is known, the SARS-CoV-2 virion’s entry into host cells is 
mediated by its spike glycoprotein, which is mainly involved in 
communicating with human host factors such as the ACE2 
receptor. Besides, ASGR1 and KREMEN1 have also been reported 
to be involved in SARS-CoV-2’s ligand–receptor interactions 
[19,20]. Here, we used computational approaches to analyze 
the virion spike protein and host factor binding interaction by 
evaluating the impact of PTMs as shown in Fig. 4.

Considering only the amino acids in the RBD, we system-
atically evaluated the impact of PTMs on RBD and the ACE2 
binding complex in great detail (Fig. 4A). We found that the 
RBD’s PTMs did not result in marked structural changes in the 
spike protein and the ACE2 binding complex; however, we 
observed a number of PTMs outside the spike protein’s RBD 
that led to subtle structural changes in the interaction com-
plex, which indicated that PTMs may indirectly exert their 
structural in�uence on amino acids that were located far away 
from the RBD binding region.

In an attempt to identify di�erent intermolecular contacts 
(ICs) between the post-translationally modi�ed spike protein 
and ACE2, we systematically analyzed the polar, apolar, and 
charged properties of the interacting residues. Results showed 
that the IC scores of residues in the binding domains were rather 
similar (from 70 to 75). However, we also found that the number 
of ICs for predicted structures was generally higher with PTMs 
(excluding ubiquitination) compared to predicted structures 
without any PTM, as indicated by the gaps between charged–
apolar structures, as shown in Fig. 4B.

To demonstrate the ICs in greater detail, we wanted to see if 
binding sites for spike protein RBD and ACE2 exist. Figure 4C 
summarizes the unmodi�ed and modi�ed sequences (a total of 
7 PTM sites) on the spike protein RBD with ACE2. �e results 
showed that as a result of amino acid modi�cations, the spike 
protein RBD region and ACE2 interacting protein complex 
changed signi�cantly.

In summary, we found that the highest spike protein RBD 
region and ACE2 binding a�nity was achieved by methylation 
modi�cation, with a PRODIGY binding score of −12.8, while 
the binding score for ubiquitination and glycosylation was 
at−11.6. In particular, some ICs were only found in one form 
of binding complexes. For instance, T78-F486 was only found 
in the original unmodi�ed structure, whereas T20-A475 was 
only found in the predicted structure in�uenced by methyla-
tion. Apart from that, there were also binding sites carrying more 
than 2 modi�cations (Fig. 4). Besides the ACE2 host factor, we 
also calculated the binding a�nity of the post-translationally 
modified spike protein to 2 other host factors: ASGR1 and 
KREMEN1 (Table S2). Results demonstrated that the spike pro-
tein bound to both ASGR1 and KREMEN1 with a higher a�nity, 
which further validated that these 2 proteins are involved in 
SARS-CoV-2 virus–host interactions. �e spike protein bind-
ing a�nity with KREMEN1 (−9.1 to −10.6) was much higher 
than that with ASGR1 (−7.7 to −9.4). In conclusion, our results 
indicated that di�erent PTMs in the spike protein RBD may 
result in distinctive binding amino acid sites when interacting 
with host factors such as ACE2, KREMEN1, and ASGR1. In 
other words, PTM might lead to profound structural changes 
in the interaction sites, which may further impact the virus’ 
virulence. �ese results may shed light on the design of e�ective 
therapeutic interventions based on high-resolution PTM-
impacted protein structures and may aid drug discovery, anti-
body design, and the effective treatment of SARS-CoV-2 
infection.

Discussion
Overall, we characterized a total of 87 PTM sites on 5 major 
modi�cation types in the SARS-CoV-2 spike protein; many 
of the PTMs are novel. Subsequently, we proposed and vali-
dated a computational approach to predict the spike protein’s 
structures from widely studied PTMs using in silico mutagen-
esis and Alphafold2. Results showed substantial changes in 
the spike protein’s structures, especially in RBD, as a result of 
amino acid modi�cations. For example, by replacing the 
phosphorylated amino acids with acidic amino acid, we 
observed tremendous changes in the RBD of the protein struc-
ture in comparison to the predicted structure from primary 
amino acid sequences and the experimental structure from 
cryo-EM experiments. Our study suggests that virulence is 
partially explained by the PTMs. For instance, di�erent PTM 
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types have varying impacts on the change in protein structure, 
with methylation having the largest e�ect and ubiquitination 
having the smallest e�ect. Finally, based on the post-transla-
tionally modi�ed spike proteins, we further analyzed the binding 
a�nity and intermolecular interactions between the SARS-
CoV-2 spike protein and its host factor, including ACE2, 
ASGR1, and KREMEN1, to demonstrate that the PTMs can 
signi�cantly a�ect the interaction between the spike protein 
and host factors. In summary, in the absence of costly and 
laborious methods for characterizing protein structural changes 
due to PTMs, we believe that our proposed innovative com-
putational algorithm can pinpoint an e�ective approach for 
protein structural characterization and functional studies. 

Nevertheless, these results require further validation via experi-
mental x-ray crystallography and/or cryo-EM.

Materials and Methods
LC-MS/MS proteomics analyses by Proteome Discoverer 
(version 2.4) were employed to characterize the PTM land-
scape from raw spectrum data of the SARS-CoV-2 spike pro-
tein, followed by an in silico site-directed mutagenesis approach: 
amino acid substitution to replace post-translationally modi-
�ed sites. A�erwards, the deep learning tool Alphafold2 was 
used to predict protein structure from the spike protein with 
replaced amino acids. To evaluate the impact of various PTMs 

GG-ubiquitination:   Methylation:   Acetylation:  
Glycosylation:   ACE2:   ACE2  RBD: 
Interaction molecules:   RBD interaction molecules: 

Presence:   Absence:  

B

0 10 20 30 40 50 60 70 80

Origin

Glycosylation

Ubiquitination

Phosphorylation

Methylation

Acetylation

All

RBD

ICs charged–charged ICs charged–polar ICs charged–apolar ICs polar–polar ICs polar–apolar ICs apolar–apolar

A C

Fig. 4. Binding affinity and interaction sites for the post-translationally modified spike protein and ACE2. (A) Structures of the post-translationally modified RBD-binding domain 
in complex with its receptor ACE2 and intermolecular interactions. Pink represents the RBD of spike protein, and light blue represents the ACE. (B) The number of different 
types of intermolecular contacts between the post-translationally modified spike protein and ACE2. (C) The intermolecular interactions between ACE2 and the RBD region 
in the post-translationally modified spike protein and binding affinity. Light blue represents the presence of interactions, and orange represents the absence of interactions.
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on the spike protein, a head-to-tail comparison between the 
original unmodi�ed sequence and PTM-modi�ed sequences 
was conducted by Alphafold2. Finally, we examined the PTM’s 
role in the RBD region of the spike protein to reveal its inter-
action with host factors such as ACE2. �e work�ow in Fig. 1 
described the detailed procedure in this study.

Data access
We retrieved the primary amino acid sequence of the SARS-
CoV-2 alpha strain spike protein from UniProt (accession no. 
P0DTC2), which is the �rst accurate sequence with no mutation 
and complete structural domain [38]. �e protein’s 3D structure 
from the cryo-EM was obtained from Research Collaboratory 
for Structural Bioinformatics - Protein Data Bank (RCSB PDB) 
(ID: 6VSB and 6VXX) [24,25]. We also selected PDB ID: 6LZG 
as the structure of the spike protein RBD for the host factor 
ACE2 receptor [18,39]. Apart from that, 6 LC-MS/MS raw 
�les (PXD023346 in the MassIVE proteomics database) were 
downloaded for downstream LC-MS/MS quantitative PTM 
identi�cation.

Construction of the high-resolution quantitative 
map of spike protein PTMs
To generate the PTM landscape and elucidate the role of PTM 
stoichiometry in the SARS-CoV-2 spike protein’s 3D structure, 
we analyzed a set of LC-MS/MS raw files by the Proteome 
Discoverer 2.4 software using the SARS-CoV-2 spike protein 
sequence from UniProt (accession no. P0DTC2), as shown in 
Fig. 1. Chymotrypsin, α-lytic endopeptidase, and LysC-trypsin 
were set as cleavage reagents based on the corresponding exper-
iments. Up to 2 missed cleavages were allowed. A mass tol-
erance of 10 parts per million and 0.02 Da were set for the 
precursor and fragment ion, respectively. Cysteine carbami-
domethylation was set as a �xed modi�cation, while methio-
nine oxidation and protein N-terminus acetylation were set as 
variable modi�cations. For comprehensive PTM analysis, phos-
phorylation (S/T/Y), acetylation (K), methylation (K/R/E), and 
ubiquitination (K) were individually investigated in parallel 
database searches for respective variable modification. A 
peptide-level false discovery rate of 1% was set to �lter the result. 
�e site probability threshold was set as 75. Finally, to further 
�lter the modi�cation sites, manual validation was performed. 
Apart from that, we also referred to the glycosylation PTMs of 
the SARS-CoV-2 spike protein in a previously published liter-
ature [1].

In silico site-directed mutagenesis to derive 
substituted amino acid sequences on PTM sites
Mutagenesis is a popular strategy to study protein modi�ca-
tions by replacing an amino acid with another amino acid to 
understand how the consequence of a PTM in terms of residue 
change impacts the protein structure and function [32,33,37,40]. 
In experimental chemistry, scientists introduced speci�c non-
synonymous DNA sequence mutations that resulted in change 
in selected amino acids. In this study, we perform computa-
tional, in silico mutagenesis by directly replacing/substituting 
an amino acid with a di�erent amino acid to mimic the exper-
imental mutagenesis. As an example, the amino acids of the 
SARS- CoV-2 spike protein primary sequence (alpha) with clearly 
defined PTMs will be substituted through the site-directed 
mutagenesis approach that resulted in primary amino acid 

sequence changes. Importantly, these substitutions are strictly 
based on physicochemical property changes and have been 
extensively validated experimentally [1,8]. For instance, we sub-
stitute serine or threonine to aspartic acid, the negatively charged 
amino acid, to mimic phosphorylation [8,33]. Glycosylated 
modi�cation with the pattern asparagine-X-serine/threonine 
(N-X-S/T, X is any amino acid except proline) can be mimicked 
by glutamic acid and alanine [40–43]. In addition, ubiquitina-
tion o�en occurs at the lysine site and will be substituted with 
arginine based on mutagenesis [44]. Methylation typically occurs 
in lysine or arginine, and lysine will be “mutated” (in silico 
substituted) to arginine, while arginine will be “mutated” to 
lysine [37,45]. For acetylation, the lysine residue will be mutated 
to arginine [32].

Computational prediction of protein structure from 
amino acid sequences using Alphafold2
�e modi�ed amino acid sequences of the spike protein by 
the in silico mutagenesis substitution rule were submitted to 
AlphaFold2 v2.0 to analyze the impacts of PTMs on the spike 
protein structure [9,23]. In particular, we performed both mon-
omer and multimer spike protein structure prediction. On the 
one hand, we wanted to focus on the individual spike protein 
sequence and describe how the PTM a�ects both the modi�ed 
amino acids’ surrounding region and the overall protein struc-
ture based on the monomer prediction approach. On the other 
hand, we would like to evaluate how the spike protein binds 
to host factors such as ACE2, KREMEN1, and ASGR1 recep-
tor [12,19,20]. All computations were conducted using a high- 
performance platform, including 4 Tesla A100 GPUs with 
80 GB of memory, an Intel (R) Xeon(R) Gold 6348 CPU, and 
a 512-GB RAM. A�er completion, the output .pdb �les were 
further analyzed.

Evaluation of the impact of PTMs by aligning 
predicted spike protein structures influenced by 
different PTMs
�e identi�cation of signi�cantly altered regions of the spike 
protein structure is critical to the understanding of virus evo-
lution and transmission [46]. To this end, we comprehen-
sively evaluated the impacts of PTMs on spike protein structure 
and demonstrated the capability of this method to review key 
structural differences. On the one hand, we used pLDDT, a 
per-residue measure of local con�dence, on a scale from 0 to 
100 by Alphafold2 to identify surrounding regions to reveal the 
degree of consistency within the spike protein structures that 
are heavily post-translationally modified and to determine 
whether the amino acid is accessible for binding [23,47]. Basically, 
regions with pLDDT above 70 are expected to be in good con-
dition and those with pLDDT below 50 are considered as low 
con�dent. On the other hand, we also aligned the computa-
tional predicted structures to cryo-EM experiments (PDB ID: 
6VSB and 6VXX) using PyMOL and the US-align method. 
Speci�cally, we performed the RMSD assessment of atomic posi-
tions. RMSD is one of the most widely used methods to evaluate 
the pairwise similarity between 2 protein structures, by calcu-
lating the average distance among atoms of superimposed pro-
teins, expressed in ångströms (Å) (10−10m). Furthermore, 
template modeling-score (TM-score) was also introduced for 
multiple structure alignments, which takes values in the range 
of (0,1], where 1 indicates an identical structure match and 
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a value greater than 0.45 means the structures share the same 
global topology for proteins [36].

Computational prediction of the interaction affinity 
between the spike protein RBD and host  
factor receptor
We selected the RBD region (amino acid positions: 333 to 531) 
of the predicted spike protein structure and aligned this region 
to the cryo-EM experiment structure (PDB ID: 6LZG), a novel 
coronavirus spike RBD complex with its receptor ACE2 [18], 
and we generated protein–protein interaction complexes using 
PyMOL. A�erwards, we introduced the PRODIGY web server 
to predict the binding a�nity in virus–host factor interaction 
complexes and identi�ed key amino acids involved in the protein–
protein interactions for each generated 3D structure [48,49]. 
Furthermore, we also calculated the number of ICs at the inter-
acting complex interface with a thresholding distance of 5.5 Å. 
Importantly, the binding a�nity (kcal mol−1) was implemented 
based on a linear regression using ICs and noninteracting surfaces 
of protein–protein complexes. Basically, the lower values (greater 
absolute values) indicate stronger binding a�nity of protein– 
protein complexes [48]. In summary, this study allows us to �nd the 
crucial binding amino acids based on post-translationally modi�ed 
structures to show that the PTM strongly a�ects the function of 
the spike protein, especially its binding to the ACE2 protein.
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