S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Journal of Structural Biology 214 (2022) 107879

e >

FI. SEVIER

Contents lists available at ScienceDirect Biology
Journal of Structural Biology

journal homepage: www.elsevier.com/locate/yjsbi

Jouralof
Structural =

Check for

Structural basis for SARS-CoV-2 nucleocapsid (N) protein recognition by e

14-3-3 proteins

Andrea Eisenreichova, Evzen Boura

Institute of Organic Chemistry and Biochemistry AS CR, v.v.i., Flemingovo nam. 2, 166 10 Prague 6, Czech Republic

ARTICLE INFO ABSTRACT

Edited by ‘Andreas H Engel’

14-3-3 proteins are important dimeric scaffolds that regulate the function of hundreds of proteins in a
phosphorylation-dependent manner. The SARS-CoV-2 nucleocapsid (N) protein forms a complex with human 14-

3-3 proteins upon phosphorylation, which has also been described for other coronaviruses. Here, we report a
high-resolution crystal structure of 14-3-3 bound to an N phosphopeptide bearing the phosphoserine 197 in the
middle. The structure revealed two copies of the N phosphopeptide bound, each in the central binding groove of
each 14-3-3 monomer. A complex network of hydrogen bonds and water bridges between the peptide and 14-3-3
was observed explaining the high affinity of the N protein for 14-3-3 proteins.

14-3-3 proteins are a class of universal molecular scaffolds that are
known to have more than 300 binding partners and are conserved from
yeast to human (Eisenreichova et al., 2016). Humans have seven iso-
forms (B, &, , v, 7, ¢, 6) that form homo- and heterodimers and recognize
their binding partners almost exclusively in a phosphorylation-
dependent manner (Obsilova et al., 2008; Sluchanko, 2020). Upon
phosphorylation of the client protein, a complex between the client and
the 14-3-3 protein is formed, and the function of the client protein is
altered. Alterations include inhibition or activation of enzymatic activity
(Alblova et al., 2017; Obsilova and Obsil, 2020), modified subcellular
localization (often nuclear import is blocked) (Obsilova et al., 2005) or
transformed accessibility of post-translational modification sites (Hor-
vath et al., 2021). Further, a change in the stability of the client protein
(Chalupska et al., 2017) or in the interaction with 14-3-3 putatively
influences the ability of the client protein to form other protein:protein
complexes (Rezabkova et al., 2010).

The SARS-CoV-2 nucleocapsid (N) protein consists of two RNA
binding domains, termed NTD and CTD (N- and C-terminal domain) and
three intrinsically disordered regions (IDR1-3), and it is heavily phos-
phorylated (Bai et al., 2021; Carlson et al., 2020; Gao et al., 2021;
Rozycki and Boura, 2022; Tung and Limtung, 2020). Within the IDRs,
several motifs resemble the two optimal 14-3-3 binding motifs: RSX(pS/
pT)XP and RX(Y/F)X(pS/pT)XP. Indeed, it was described that the N
forms a protein complex with 14-3-3 proteins upon its phosphorylation
with a 2:2 stoichiometry (one N dimer binds one 14-3-3 dimer), and
pS197 was identified as the key phosphorylated residue of the N protein
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(Tugaeva et al., 2021).

We aimed to understand the formation of the 14-3-3:N protein
complex at the atomic level; therefore, we decided to solve the crystal
structure of a phosphorylated N peptide (residues 194-SRNpSTPG-200)
bound to 14-3-3. We expressed and purified the 14-3-3 (¢ isoform) as
described before (Eisenreichova et al., 2016) (detailed in SI) and mixed
it with the 194-SRNpSTPG-200 phosphopeptide in a 1:1 molar ratio. We
screened for crystals using the sitting drop approach where 200 nl of the
protein mixture was mixed with 200 nl of the well solution from JCSG I-
IV commercial screens (QIAGEN). The initial crystals ruptured during
cryo-protection, hence a second round of screening in the same way was
performed using screens supplemented with glycerol (20% v/v). Even-
tually we obtained well diffracting crystals that belonged to the ortho-
rhombic P2;2;2; spacegroup and diffracted to 1.9 A resolution. The
structure was solved by molecular replacement and refined to Ryork =
18.38% and Rgree = 20.34% and good geometry (SI Table 1) using the
Phenix crystallographic package (Afonine et al., 2018; Liebschner et al.,
2019) and deposited in the PDB under the accession code 7ZIT.

The electron density for the whole N peptide was clearly visible
immediately after molecular replacement (Fig. 1A and B). Two copies of
the peptide were found, each in the central binding groove of both 14-3-
3 monomers that is formed by helices a3, a5, a7 and a9 (Fig. 1A). Close
inspection of the N binding mode revealed a complex web of hydrogen
bonds and water bridges (Fig. 1C and D) that explain the recently re-
ported high affinity of this site for 14-3-3 proteins (Tugaeva et al., 2021).
The phospho-head group of pS197(N) is directly recognized by residues
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Fig. 1. The crystal structure of the SARS-CoV-2N protein-derived phosphopeptide bound to human 14-3-3¢. (A) The overall fold. The 14-3-3 dimer can accommodate
two N phosphopeptide molecules. 14-3-3 is coloured green and is depicted in both the cartoon and the semi-transparent surface representation. (B) Electron density
of N-protein phosphopeptide (white sticks) is shown in the Fo-Fc omit map contoured at 3¢ and coloured in green. (C) Detailed view of the phosphorylated N peptide
in the 14-3-3( binding groove. The N peptide is shown in the white in stick representation. 14-3-3 is coloured green and the peptide-interacting 14-3-3 residues are
represented as sticks. Polar interactions are depicted as black dotted lines. Water molecules engaged in the interaction are shown as red spheres. (D) Detailed view of
the N-peptide phosphoserine (pS197) and its polar interactions (black dotted lines). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

A

Nipah virus W

Fig. 2. Superposition of 14-3-3 bound viral peptides. (A) Structural alignment of the SARS-CoV-2N-protein phosphopeptide (white sticks) with phosphopeptide from
Nipah virus W protein (PDB ID:6WOL, pink sticks). Polar interactions common to both peptides are depicted as black dotted lines. (B) SARS-CoV-2N protein-
phosphopeptide (white sticks) superimposed to peptide derived from the PBM domain of the E6 protein of HPV type 18 (PDB ID 6ZFD, orange sticks). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

R56, R127 and Y128. Interestingly, the observed conformation of the N
phosphoprotein is stabilized by an intramolecular hydrogen bond be-
tween the phospho-head group and adjacent sidechain or R195(N). This
arginine residue is also held in place by two hydrogen bonds with E180.
Further, the sidechains of N196(N) and T198(N) are directly recognized
by the 14-3-3 protein: N196(N) forms a water bridge with D233, and
T198(N) forms hydrogen bonds with K49 and N173. In addition, the
backbone of the N phosphopeptide forms numerous hydrogen bonds
with the 14-3-3 protein (Fig. 1C).

14-3-3 was also reported to interact with many viral proteins (Boon
and Banks, 2013; Nathan and Lal, 2020). For example, the Zika virus
NS3 protein was reported to interact with the 14-3-3 protein to evade
innate immunity (Riedl et al., 2019), and the Nipah virus W protein
hijacks 14-3-3 proteins to inhibit the proinflamatory response (Enchery
et al., 2021); this phenomenon has also been described for the Hendra
virus W protein (Edwards et al., 2020). Superposition of the SARS-CoV-

2N peptide bound to 14-3-3 with from Nipah virus W protein (PDB
ID:6WOL (Edwards et al., 2020)) (Fig. 2A) and bound to the E6 protein of
HPV type 18 (PDB ID 6ZFD, (Gogl et al., 2021)) (Fig. 2B) reveals sig-
nificant differences except for the very conserved central phosphoserine
and the arginine residue in the —2 position.

It is not yet clear why SARS-CoV-2 harnesses 14-3-3 proteins. In the
case of SARS-CoV, it was proposed that 14-3-3 proteins mediate the
translocation of the phosphorylated N protein to cytoplasm (Surjit et al.,
2005). For SARS-CoV-2, it was proposed that sequestration by 14-3-3
proteins is a cellular response mechanism to inhibit the virus (Tung
and Limtung, 2020). Nevertheless, crystal structures are a necessary
prerequisite for structure-based inhibitor design (Mejdrova et al., 2017;
Otava et al., 2021; Rosas-Lemus et al., 2020). The structure of the SARS-
CoV-2N phosphopeptide bound to 14-3-3 could service inhibitor design,
albeit it remains to be seen if the SARS-CoV-2 N protein interaction with
14-3-3 is a viable druggable target.
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