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The SARS-CoV-2 N protein binds several cell host proteins including 14-3-3y, a well-characterized reg-
ulatory protein. However, the biological function of this interaction is not completely understood. We
analyzed the variability of ~90 000 sequences of the SARS-CoV-2 N protein, particularly, its mutations in
disordered regions containing binding motifs for 14-3-3 proteins. We studied how these mutations affect
the binding energy to 14-3-3vy and found that changes positively affecting the predicted interaction with
14-3-3y are the most successfully spread, with the highest prevalence in the phylogenetic tree. Although
most residues are highly conserved within the 14-3-3 binding site, compensatory mutations to maintain
the interaction energy of N-14-3-3y were found, including half of the current variants of concern and
interest. Our results suggest that binding of N to 14-3-3y is beneficial for the virus, thus targeting this
viral-host protein-protein interaction seems an attractive approach to explore antiviral strategies.

© 2021 Elsevier Inc. All rights reserved.

Introduction

The 14-3-3s constitute a family of highly conserved eukaryotic
proteins with more than 300 known binding partners, and 3000
predicted. Their binding to specific phosphorylated motifs modifies
the activity, stability, and/or subcellular localization of the target
proteins [1].

14-3-3 proteins contribute positively in the pathogenesis and
progression of viral infections. Viral interactions with 14-3-3 pro-
teins may change the original distribution and functions of this host
family. For example, some viruses associate with and inhibit 14-3-
3s from inducing apoptosis [2].

The Severe Acute Respiratory Syndrome SARS Coronavirus
(SARS-CoV) Nucleocapsid (N) protein is frequently phosphorylated
on several Ser/Thr residues in host cells [3], where it is mainly
cytoplasmic [4]. It binds to nucleic acids, controlling viral tran-
scription, replication, and assembly [5].

Phosphorylated N protein binds to 14-3-3 [4,6], which regulates
its subcellular localization. Decreasing the levels of 14-3-3 using
siRNA causes N protein nuclear concentration [4].
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Sequence mutations in the Serine-Arginine (SR)-rich region
(amino acids 180 to 210) were previously analyzed [7]. Tung and
Limtung proposed that only the SARS-CoV-2 N protein monomer
can bind the 14-3-3 dimer and that the phosphorylation of the N
protein and its sequestration by 14-3-3 is a cellular defense
mechanism to control the SARS-CoV-2 through hindering its
replication, transcription, and packaging [7]. Nevertheless, Slu-
chanko and coll [6]. proposed that the N-14-3-3 interaction may
sequester 14-3-3 proteins and impedes them to exert their cellular
functions, suggesting that this interaction could be beneficial for
the virus. They demonstrated that the conserved Ser197 in N pro-
tein is essential for the binding to the 14-3-3, in particular to 14-3-
3y paralog [6].

Here, we analyzed the variability of ~90 000 SARS-CoV-2 N
protein sequences, and studied how these mutations affected the
AG of binding to 14-3-3y. We analyzed if the variants bearing those
mutations were successfully spread, and their implications in the
discussion of the beneficial or detrimental role of N protein-14-3-3
interaction in SARS-CoV-2 life cycle. We compared the data with
the consensus sequences of current circulating variants of concern
and interest. This could be relevant to the planning of novel anti-
viral strategies.
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Methods
Sequences

All SARS-CoV-2 N protein sequences analyzed in the present
report (93,246) were downloaded from GISAID [8] (www.gisaid.
org) in August 2020. Low quality or incomplete sequences were
excluded from the analysis.

Multiple sequence alignment (MSA)

The 86,168 N protein sequences were aligned using the algo-
rithm Clustal Omega v1.2.4 with parameters in their default setting.
Five sequences containing amino acid insertions of more than 10
amino acids were removed, leaving 86,163 sequences. Mutation
frequencies were computed using the Balcony package in Rstudio,
and the score used in Fig. 2 (A, B) was calculated using the BLO-
SUMG62 (BLOcks SUbstitution Matrix) matrix [9]. In our color scale,
white represents conservative changes (score 0, as expected by
chance) or no change, blue (positive score) indicates that the
change was found in the database more, and red (negative score)
less often than expected by chance respectively.

Computer Programming, Statistics, Intrinsic Structural Disorder
Calculation, and Eukaryotic Linear Motif (ELM) Identification

Scripts for sequence analyses were programmed in bash. All
statistical analyses were carried out using the Rstudio. Disorder
predictions were done by using the software Espritz [10] (http://
protein. bio.unipd.it/espritz/) as previously done [11]. Briefly, the
SARS-CoV-2 N protein sequences were identified and translated
from the downloaded SARS-CoV-2 genomes, and then Espritz was
run on the sequences, resulting files were post-processed using
bash scripting. ELMs for the binding of 14-3-3 proteins on the
reference sequence of SARS-CoV-2 N protein were identified using
the server http://elm.eu.org/

Entropy calculation

To compare the variability of each position in the MSA we scored
the position entropy based on Shannon entropy (S), given by:

Siy= — pr(i)l()g 2Px(i)
X

where i is the MSA interest position, X is any amino acid and py s the
frequency of x at i. The calculations were done in R using the
package bios2cor [12] and plots were done with the package ggplot2
[13].

Protein-protein affinity calculation

The effects of single-point mutations on 14-3-3vy/peptide in-
teractions were evaluated in the following 3D structures from the
RBSD PDB (2B05, 4J6S, 4046, 5D3E, 6FEL, 6GKF, 6GKG, 6S9K, 6SAD)
using the mcsm-ppi2 algorithm [14] and Foldx [15]. Each 3D
structure corresponded to 14-3-3y in complex to a phosphorylated
peptide. The point mutations of the amino acids in the crystal to the
corresponding amino acids in SARS-CoV-2 N protein were done
using the commands PositionScan, Optimize, and AnalyseComplex
in FoldX or by using the PDB file and a list of point mutations in
mcsm-ppi2.
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Amino acid Co-evolution

SARS-CoV-2 N protein amino acid co-variation was evaluated by
different methods, Observed Minus Expected Squared (OMES [12],),
which is based on the %2 test and the Direct Coupling Analysis (DCA
[16],) that infers co-evolution between pairs of residues that are
spatially close.

The OMES score was computed as:

_ 1 obs (; =+ ex /: n2

OMES(i, j)

where N (i, j) is the number of aligned sequences without gaps, at
positions i and j, N"bsxy (i,j) and N®,y (i,j) are the number of times
each pair of amino acids (X, y) is observed and expected at (i),
respectively.

The DCA score was computed as:

1L L
Hiouw) (S /J.h) = = > J5(Si5j) = D hi(Si)
i<j i=j
The sequence S = (S1, ..., SL) is aligned to the MSA of length L; ]
and h are known parameters from a seed alignment. The energy
Hpca) is considered as a “score” (lower energy corresponds to
higher score) for sequence S.

Results

The host expressed SARS-CoV-2 N protein contains multiple
phosphorylation sites [6]. Its most phosphorylated portion is the
SR-rich region, located downstream to the N-terminal domain
(NTD, Fig. 1A). Based on reports about the earlier SARS-CoV-1 N
protein interaction with host 14-3-3 proteins [4], and recent in silico
data suggesting the interaction has been conserved in SARS-CoV-2
[7], we were interested in studying 14-3-3 interaction with SARS-
CoV-2 N protein and the amino acidic mutations occurring in its
14-3-3 binding site/s. Because we have previously shown that the
intrinsic disorder is crucial for the binding to 14-3-3s [17], we first
analyzed the disorder probability in a SARS-CoV-2 reference amino
acidic sequence (EPI_ISL_412977, Wuhan, China, Fig. 1B). We
identified 4 disordered regions, one in the N-terminal domain
(NTD), two nearby regions linking the NTD and the C-terminal
Domain (CTD), and one in the CTD (Fig. 1B). We downloaded 93,246
SARS-CoV-2 N protein sequences available from GISAID [8] (www.
gisaid.org) up to the end of August 2020. Low quality (containing
undetermined amino acids, X) or incomplete sequences were
excluded. The final number of complete sequences analyzed was
86,163. These were globally aligned using Clustal Omega v1.2.4; the
resulting MSA is available at our lab page (https://dbustoslab.
github.io/). Then, we calculated the Shannon Entropy to condense
the MSA information in a plot (Fig. 1C). The graph showed the
second disordered region as highly variable, making it especially
attractive to study protein sequence variations, their effects on 14-
3-3 binding and viral success. Within this region, the most prom-
inent peak in the entropy plot of the SARS-CoV-2 N protein corre-
sponded to sites 203 and 204, which are among the most variable of
the complete SARS-CoV-2 proteome, which can be observed at the
GISAID website (GISAID - NextStrain). These sites, together with
S$194 and S197 were marked with asterisks (Fig. 1C) because they
are critical residues that will be discussed below.

The first and second disordered regions contained putative 14-
3-3 binding sites (one and three sites respectively). These sites were
identified using the SARS-CoV-2 reference amino acidic sequence
(EPI_ISL_412977) as input in the ELM resource (http://elm.eu.org/),
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Fig. 1. The SARS-CoV-2 Nucleocapside (N) protein organization, intrinsic disorder and variability. SARS-CoV-2 N protein domains and organization (A), disorder prediction (B),

and amino acidic sequence Shannon Entropy prediction (C).

and through visual inspection. Another possible 14-3-3 binding
site, covering amino acids 259 to 268, was located inside the
structured CTD domain (Fig. 1), and because the binding to 14-3-3
requires structural intrinsic disorder [17], we excluded it from our
analysis. Hence, we analyzed sequence variations on the two first
disordered regions, specifically in residues contained or nearby the
putative 14-3-3 binding sites. These corresponded to amino acids
13 to 19 in the first disordered region and 190 to 204 in the second
and were labeled site 1 and 2 respectively (Fig. 2A and B). The latter
fragment was located within the SR-rich region previously studied
[6,7] and contained three possible concentrically arranged 14-3-3
binding sites of different lengths, the shortest inside the middle-
sized and this one inside the longest. This fact, and visual com-
parison with optimal motifs [1], made us hypothesize that the
second site could be the most important in the binding of N protein
to 14-3-3 proteins. Indeed, a recent publication [6] demonstrated
the critical role of pS197, contained in the SR-rich region (Fig. 1A
and B) of the second disordered region, thus we later focused more
specifically on mutations of this residue and its neighbors.
Remarkably, the S197 showed lower levels of Shannon Entropy as
compared to other residues in the SR-rich region (Fig. 1C).

Fig. 2A, B shows amino acid variations in the above-mentioned
sites 1 and 2 of SARS-CoV-2 N protein in comparison to the ho-
mologous sequence in SARS-CoV1 (GenBank accession number
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AY274119.3 [3]). Each site including variations was assigned the
value 1, which was multiplied by the corresponding score in the
BLOSUMG62 matrix. We observed that most of the non-conservative
mutations were on the red side of the scale, meaning that the
changes were naturally unexpected. Although only one site in these
two regions was found strictly conserved (F17, Fig. 2A and B), the
percentage of strains bearing each mutation is low (less than 3%),
except for sites 203 and 204, which showed a significant percent-
age (36%) of strains bearing both mutations, R203K and G204R
(Fig. 2C). Except for these two sites, the analyzed regions were
highly conserved. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this
article.)

Fig. 2D and E shows the co-evolution of the SARS-CoV-2 N
protein amino acids, computed using two alternative methods
(OMES and DCA). The OMES measures the co-variation in the
composition of the residues in any two columns in the MSA. The
DCA method additionally infers spatial proximity between resi-
dues. Both methods identified co-evolving amino acids within the
SARS-CoV-2 N protein. However, only OMES found co-evolution
involving one of the residues in the known binding motif of N
protein to 14-3-3: the S197, critical in this interaction [6], is
evolutionarily linked to R203 and G204. The DCA method recog-
nized a strong co-evolution between R203 and G204 but not with
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Fig. 2. SARS-CoV-2 N protein variations in disordered regions containing 14-3-3 binding sites and co-evolution analysis. A, B) Heat maps showing amino acid mutations in two
selected disordered regions of the SARS-CoV-2 N protein containing putative 14-3-3 binding sites. C) Percentages of amino acid variations in sites surrounding S197, the most
important in 14-3-3 binding. D, E) Co-evolution network of N protein amino acids calculated by OMES (D), and DCA method (E). Lines thickness are proportional to the co-evolution
score (minimum = 0, maximum = 1).
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S197. Based on these methods characteristics, the existence of a
functional relationship (but not structural constrain) between
residues S197 and R203/G204 is possible.

Although several structures of the N protein NTD and CTD are
available (https://www.uniprot.org/uniprot/P59595), there is no
data about the SR-rich region including the demonstrated 14-3-3
binding site, probably because of its highly disordered nature. Thus,
to study the effect of different mutations on the binding affinity to
14-3-3, we used crystallographic structures of binding peptides
with 14-3-3, the isoform with the highest binding affinity to the
SARS-CoV-2 N protein [6]. Fig. 3 shows this structure and the
mscm-ppi2 prediction for the replacement of each position of the
14-3-3 binding peptide by the residues present in that position in
SARS-CoV-2 N protein sequences. We observed that those changes
positively affecting the predicted interaction between the peptide
and 14-3-3 were the ones with the highest prevalence in the
phylogenetic tree. In other words, the strains bearing them were
the most successfully spread. One of the most interesting examples
was observed for mutations in the residue 203, which shows the
maximum entropy within the N protein, and even the highest
considering the complete SARS-CoV-2 genome (Fig. 4A). The
presence of this residue, R203 in the earlier SARS-CoV-2 sequences
(Fig. 4B), and also shared with the former SARS-CoV-1, increases the
binding to 14-3-3 compared to the T in position +6 in the 14-3-3
binding peptide (Fig. 3). Substitutions to amino acids G, K, M, and S
were observed in SARS-CoV-2 N protein amino acid sequences in
this site. Among these, only the change to K had a positive effect on
the N-protein-14-3-3 interaction, compared to the original T on the
14-3-3 binding peptide. This mutation is the one that has spread
most successfully, as it can be observed by its prevalence in the
phylogenetic tree (Fig. 4B). The mutation in the contiguous site,
G204R, showed a similar pattern on the phylogenetic tree (not
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shown). Indeed, we found strong evidence of co-evolution between
these two sites 203 and 204 (Fig. 2D and E). Using FoldX [15], we
observed that either of these two mutations occurring separately
(R203K or G204R) destabilized 14-3-3-N protein interaction
(R203K, interaction energy 30.08 kcal/mol, and G204R, 30.36 KCal/
mol, compared to the wild-type, R203/G204, 35.35 kcal/mol).
Intriguingly, the double mutant R203K G204R had compensatory
effects, with an interaction energy of 32.22 kcal/mol. This double
mutation was rapidly spread after its first appearance (Fig. 4B), and
we found that it is present in half of the concern/interest variants,
Alpha, Gamma, Zeta, Theta and Lambda. In contrast, the replace-
ment of pS197 by L or F as occurred in a few SARS-CoV-2 variants
(Fig. 2) led to impaired binding to 14-3-3 proteins (Fig. 3), and these
strains have not been efficiently spread, as it can be observed in
Fig. 4C.

Discussion

Our data showed that although the N protein of SARS-CoV-2 is
variable along its sequence (Fig. 1C), the region containing the S197
residue, critical for 14-3-3 binding [6] is relatively conserved,
except for residues 203 and 204. These two appeared conjointly
during December 2019 (https://www.gisaid.org/phylodynamics/
global/nextstrain/), which correlates with our result of co-
evolution between them (Fig. 2C and D). Interestingly, both muta-
tions seem to drive the phylogenetic tree (amino acids at site 203
were mapped on the tree of Fig. 4B, the same for site 204 was
identical, not shown) and match one of the current main clades at
the GISAID site, named GR or 20B. For information about how the
different clades are defined and named see Ref. [29]. According to
previous studies, both mutations drop protein stability [19,20]
while favoring torsion [19] or decrease overall structural flexibility

2
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& B N & K

& & & & & ES
VAL -4 SER 193 -0.048 Decreasing
VAL -4 CYS 193 -0.048 Decreasing
THR -3 SER 194 0.06 Increasing
THR -3 LEU 194 -0.218 Decreasing
SER =2 THR 195 Decreasing
SER -2 ARG 195 0.123 Increasing
SER EE TYR 196 0.179 Increasing
SER =il LYS 196 0.071 Increasing
SER il ASN 196 Decreasing
pSER 0 LEU 197 ] No binding
pSER 0 PHE 197 ] No binding
CYS il THR 198 0.05 Increasing
PRO 2 GLN 199 0.123 Increasing
PRO 2 LEU 199 -0.032 Decreasing
PRO 2 SER 199 -0.078 Decreasing
ALA 3 ASP 200 Increasing
ALA 3 GLY 200 -0.03 Decreasing
ASP 4 SER 201 -0.076 Decreasing
LEU 5 SER 202 _ Decreasing
THR 6 ARG 203 0.045 Increasing
THR 6 GLY 203 Decreasing
THR 6 LYS 203 0.108 Increasing
THR 6 MET 203 -0.041 Decreasing
THR 6 SER 203 -0.123 Decreasing

Fig. 3. Mutations on the SR-rich region of N protein affect the binding potential to 14-3-3 of SARS-CoV-2 variants. Effect of S197 and surrounding amino acids mutations in N
protein on the binding potential to host 14-3-3y. The crystal Structure (PDBID: 2B05) of 14-3-3y in complex with a phosphoserine peptide was single mutated to each amino acid of
SARS-CoV-2 N protein in the corresponding position. The binding energy was calculated for each change, and determined if it was stabilizing or destabilizing by comparison with

the original peptide in the crystal structure.
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[20]. More recently, Vahed et al. [21] found that the mutant type the change to K in position +6 in the crystal (which corresponds to
(K203, R204) showed higher free energy at these residues, sug- residue 203 in N protein) increases affinity to 14-3-3 proteins, with
gesting enhanced structural flexibility. Besides these observations, a positive mscm-ppi2-prediction value of 0.108 (Fig. 3). In contrast,
we found that any of these two mutations occurring separately the change to M is slightly negative (Figs. 3, -0.041), thus it de-
destabilized the interaction between 14-3-3 and the N protein, creases the binding affinity. As expected, the VOCs and VOIs do not
while the double mutant R203K G204R showed compensatory ef- show other mutations in the 14-3-3 binding groove, from residues
fects. This linked functionally these residues to the S197, the most 193 to 203. This agrees with our results, and again supports the idea
important residue for the binding to 14-3-3 proteins [6]. In the 14- that this region of the N protein is highly conserved, and that the
3-3-N protein interaction, the 203 residue accommodates near the interaction N protein-14-3-3 is an appealing target for the devel-
border of the 14-3-3 binding grove (position +6, Fig. 3). Although opment of antiviral tools.
204 residue stays outside the 14-3-3 binding grove, we have pre- Besides, to investigate the main groove amino acid variations of
viously identified essential residues for 14-3-3 interactions with the 14-3-3 protein family in different human ethnic groups we used
this feature [22]. The SARS-CoV-2 N protein R203K/G204R double the information from the gnomAD database [23]. Any possible loss-
mutant has successfully spread, whereas single R203K or G204R of-function analysis requires large sample sizes. The gnomAD
mutants did not spread at all. As explained earlier, most strains database contains 125,748 exomes and 15,708 genomes from
bearing the R203K mutation also include the G204R mutation. healthy humans of different ethnics backgrounds around the world.
The current SARS-CoV-2 variants that raise the risk to public No 14-3-3 isoforms, including gamma isoform, which is the one
health have been recently classified (Tracking SARS-CoV-2 variants with the strongest interaction with the N protein [6], accumulate

(who. int)) as either of concern (VOC): Alpha (B1.1.7, first docu- mutations in the important residues for the binding to their
mented in the UK, Sept. 2020), Beta (B1.351, SA, May 2020), Gamma partners.
(P1, Brazil, Nov. 2020), and Delta (B1.617.2, India, Oct. 2020), or of Many clues suggest the biological importance of 14-3-3-N pro-

interest (VOI): Epsilon (B1.427/9, USA, Mar. 2020), Zeta (P2, Brazil, tein interaction. First, 14-3-3 isoforms bind the N protein with
Apr. 2020), Eta (B1.525, multiple countries, Dec. 2020), Theta (P3, different affinities, with 14-3-3y being the strongest [8]. We have
Philippines, Jan. 2021), Iota (B1.526, USA, Nov. 2020), Kappa previously studied the interaction networks of all human 14-3-3
(B1.617.1, India, Oct. 2020), and Lambda (C37, Peru, Aug. 2020). isoforms and found that the 14-3-3y interactome is specifically
Thus, we compared the data presented with the consensus se- enriched in RNA processing proteins [11]. This isoform has been
quences of these circulating variants. We found that half of them reported in P-bodies, structures specialized in translational
(Alpha, Gamma, Zeta, Theta, and Lambda) include the mutation repression, mRNA surveillance, and degradation. Its depletion by
R203K, always linked to the G204R mutation. Only two of them siRNA showed 14-3-37 as a regulator of P-body formation [24]. The
(Delta and Kappa) contain in this site a different mutation, R203 M, N protein is well known to form liquid condensates through
however, this modification is not linked to any variation in position binding specific sequences from its genome [25]. Liquid-Liquid
204, which remains as glycine. This may be related to the fact that Phase Separation (LLPS) induced by viral proteins are considered
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“viral factories”, where viral replication and assembly take place
[26]. We propose that the SARS-CoV-2 uses 14-3-3 as part of its life
cycle, for replication and/or assembly, through the interaction of N
with 14-3-3y proteins within liquid condensates. Another possi-
bility is that LLPSs are not associated with viral replication and
assembly, and rather interfere with host cell functions through
alteration of gene transcription or interaction with cellular proteins
[26]. If this is the case for SARS-CoV-2, the N protein could be
“sequestering” 14-3-3s and disrupting their numerous functions, as
previously suggested [6]. Among other examples, 14-3-3s are
involved in autophagy [1], and other host cell defense mechanisms
[6]. A third hypothesis is that 14-3-3 binding may regulate N pro-
tein shuttling, as seen previously for SARS-CoV-1 N protein [4]. In
favor of this are the reported enhancement of nuclear localization
and export Signals in Coronavirus associated with high case fatality
reports, including SARS-CoV-2 [27].

Phosphorylation regulates the state and function of the N pro-
tein. The unmodified protein would be in a gel state for the
nucleocapsid, while the phosphorylated version would be in a
liquid state to process the viral genome [28]. This is in agreement
with our results, which suggest that binding of N protein to 14-3-3
is beneficial for the virus and supports the hypothesis that either
the virus uses 14-3-3 proteins to complete its life cycle, or it arrests
them to impede their normal functions in the host cell. In any case,
targeting this N protein-14-3-3 viral-host protein-protein interac-
tion seems an attractive approach for exploring antiviral strategies.
Future studies should be oriented in that direction.
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