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Analysis of amino acid variations of major proteins from severe acute respiratory syndrome coronavirus 2
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[Abstract] Objective To identify key amino acid variations of major proteins from severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) by biophysical methods. Methods Through amino acid sequence alignment, classification
of variant amino acid residues, three-dimensional structure reconstruction of proteins, and electrostatic interaction analysis
of amino acid residues, the key amino acid variations of major proteins from SARS-CoV-2 was analyzed with RaTG13,
the bat coronavirus with the highest homology, as the reference. Results At least ten amino acid variations that affect the
possible electrostatic interactions were identified in RNA-dependent RNA polymerase (RdRp), exoribonuclease (ExoN),
uridylate-specific endoribonuclease (NendoU), and spike (S) protein from SARS-CoV-2. These variations may affect the
spatial conformation and biological functions of the proteins. Conclusion The key amino acid variations of the major

proteins from SARS-CoV-2 have been preliminarily identified, providing clues for understanding the genetic, pathogenic and

epidemiological characteristics of the virus.
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Fig 1 Analysis of amino acid variations of major proteins from SARS-CoV, bat CoV and SARS-CoV-2
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The numbers are percentage of the amino acid variations. SARS-CoV: Severe acute respiratory syndrome coronavirus; SARS-CoV-2:

Severe acute respiratory syndrome coronavirus 2; bat CoV: Bat coronavirus; Orf: Open reading frame; S: Spike protein; E: Envelope

protein; M: Membrane protein; N: Nucleocapsid protein
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Fig2 Amino acid variation map of major proteins from SARS-CoV-2 and bat CoV RaTG13

Annotations of predicted proteins are mainly from the server of CD search in National Center for Biotechnology Information (NCBI).

The red numbers are percentage of the amino acid variations. SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; bat

CoV: Bat coronavirus; Orf: Open reading frame; S: Spike protein; E: Envelope protein; M: Membrane protein; N: Nucleocapsid

protein; Nsp: Non-structural protein; DUF: Protein of unknown function; SSPB: Single-stranded poly(A)-binding domain; PL™:

Papain-like protease; NAR: Nucleic acid-binding domain; 3CL": 3C-like protease; RdRp: RNA-dependent RNA polymerase; DNA2:
Superfamily I DNA and/or RNA helicase; DEXXQ: DEXXQ-box helicase domain of Upfl-like helicase; ExoN: Exoribonuclease;

NendoU: Uridylate-specific endoribonuclease; RMtase: Cap-0 specific (nucleoside-2’-O-)-methyltransferase
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Fig 3 Analysis of non-paralogous amino acid variations of major proteins from SARS-CoV-2 and bat CoV RaTG13
The numbers are percentage of the non-paralogous amino acid variations. SARS-CoV-2: Severe acute respiratory syndrome
coronavirus 2; bat CoV: Bat coronavirus; Orf: Open reading frame; Nsp: Non-structural protein; DUF: Protein of unknown
function; SSPB: Single-stranded poly(A)-binding domain; PL™: Papain-like protease; NAR: Nucleic acid-binding domain; 3CL™:
3C-like protease; RdRp: RNA-dependent RNA polymerase; DEXXQ: DEXXQ-box helicase domain of Upfl-like helicase; DNA2:
Superfamily I DNA and/or RNA helicase; ExoN: Exoribonuclease; NendoU: Uridylate-specific endoribonuclease; S: Spike protein; E:

Envelope protein; M: Membrane protein; N: Nucleocapsid protein

®1 BEEZHLHK SARS-CoV-2 l bat CoV RaTG13 HEEEARSF
Tab 1 Major proteins with three-dimensional structure reconstruction from SARS-CoV-2 and bat CoV RaTG13

Protein Template GMQE" QMEAN’ Oligo state Ligand
SARS-CoV-2
PL™ 5t16.1.A 0.95 —0.14 Monomer 1XZn*"
Nsp3 2acf.1.A 0.87 —0.43 Monomer
RdRp 6nur.1.A 0.83 —0.72 Monomer 1XZn*"
ExoN 5nfy.l.A 0.86 —3.15 Monomer 2XzZn*t
NendoU 2h85.1.A 0.98 0.13 Homo-hexamer
S 6acc.1.A 0.73 —3.63 Homo-trimer
bat CoV RaTG13
PL™ 5t16.1.A 0.95 0.01 Monomer 1XZn*"
Nsp3 2acf.1.A 0.84 —0.78 Monomer
RdRp 6nur.1.A 0.83 —0.70 Monomer 1X2Zn*"
ExoN Snfy.1.A 0.85 —3.17 Monomer 2XZn*"
NendoU 2h85.1.A 0.98 —0.06 Homo-hexamer
S 6acc.1.A 0.73 —3.65 Homo-trimer

* Confidence value is 0-1; *: Confidence value is approximately 0"'°). SARS-CoV-2: Severe acute respiratory syndrome
coronavirus 2; bat CoV: Bat coronavirus; PL™: Papain-like protease; Nsp3: Non-structural protein 3; RdRp: RNA-dependent RNA
polymerase; ExoN: Exoribonuclease; NendoU: Uridylate-specific endoribonuclease; S: Spike protein; GMQE: Global model quality
estimation: QMEAN: Qualitative model energy analysis
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D198 ( %} i bat CoV RaTG13 H' () D185) 5 R197

SARS-CoV-2 156 PDILRVYANLGERVRQALLKTVQFCDAMRNAGIVGVLTLDNQDLNGNWYDFGDFIQTTPGSGVPVVDSYYSLLMPILTLT 235
bat CoV RaTG13 156 PDILRVYANLGERVRQALLKTVQFCDAMRDAGIVGVLTLDNQDLNGNWYDFGDFIQTTPGSGVPIVDSYYSLLMPILTLT 235
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Y C281) 5 R272 i i 1F L HE & B HE 3T B265, M
1M JE 1%, K268-E265 5if: £k 4 ( %] i SARS-CoV H' [
E278-R285 55 4R 4 ) o Pk, 5 SARS-CoV A Lt,
SARS-CoV-2 RdRp & [ 1 T2 LR AL S 7E & L
bR T —A iRk, PR T — A amEbs. ot W,
SARS-CoV-2 RdRp & [ WA St (o7 () Eh 8 & A= T B
WAL, TT RS A R AV ARG
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= S CE——

SARSYCoV:2 >\ barcoy RaTa13/ | sARglCoys
Rpol-N \ \ (B) Rpol-N N\ (C] Rpol-C (] Rpol-C

4 SARS-CoV-2 1 bat CoV RaTG13 RdRp EH P X B AERTR K BTHEER
Fig4 Key amino acid variations and electrostatic interactions in RARp from SARS-CoV-2 and bat CoV RaTG13
A, D: Amino acid sequences shown in the three-dimensional structure. The variant amino acid residues are in red. Green lines, yellow
arrows and red bars indicate loops, B-folds and o-helixes, respectively. B, C, E, F: Partial three-dimensional structure of RdRp. N185,
D185, Y719 and H719 are the variant amino acid residues. SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; bat CoV: Bat

coronavirus; RdARp: RNA-dependent RNA polymerase; Rpol-N: N-terminus of RdRp; Rpol-C: C-terminus of RdRp
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At 5 E202 JE R B, S243 A RE B 58 I 1L 11
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CoV RaTG13 1, ZIX B HA E202, ToiEIE R H
J& J1¥R) 3 K266 5 D241 JE o $h 4 (/£ SARS-
CoV-2 fll bat CoV RaTG13 1, X i i) E264. E266
5D267 M —A- R 13 ) o I, 5 SARS-
CoV # I, SARS-CoV-2 NendoU %5 [ 1 Ha, fij #H H.
YERL & A T Bl AR, AT RERZ M A A A )
2l N

fAi M 75 2, 5 bat CoV RaTG13 #H I, SARS-
CoV-2 () RdRp. ExoN H1 NendoU 3 45 11 Ay 7
WbEIERR KRS (F2) , ATRERZIN 11X 48 RNA
B WA SC B AN T fE, DT AR 5 7 RNA &
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SARS-CoV-2 249  GNLQSNHDLYCQVHGNAHVASCDAIMTRCLAVHECF 284
bat CoVRaTG13 249  GNLQSNHDRYCQVHGNAHVASCDAIMTRCLAVHECF 284

® | bat CoV RaTG I3 EXON

SARS-CoV-2 E!xo‘N'"
5 SARS-CoV-2 #ll bat CoV RaTG13 ExoN EHH
XERERTRKEEEEER
Fig5 Key amino acid variations and electrostatic

interactions in ExoN from SARS-CoV-2 and bat CoV RaTG13

A: Amino acid sequences shown in the three-dimensional
structure. The variant amino acid residues are in red. Green
lines and red bars indicate loops and a-helixes, respectively. B,
C: Partial three-dimensional structure of ExoN. L1257 and R257
are the variant amino acid residues. SARS-CoV-2: Severe acute
respiratory syndrome coronavirus 2; bat CoV: Bat coronavirus;

ExoN: Exoribonuclease
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FES1/S2 YIEI S AR E661 F1 D663 2 1] ) 1 2
40050 6.8~7.0 ACTE 34 BRI 435104 6,79 .6.81
698 A) , UEHAIX 2 N2 SRR ER L1 19 1 FL s )
B S, DTS X B 26 A 42, HEDIAR v]
REZRZMA S1 R S2 WL YT . ACE2 Z iR A
SEA RS

SARS-CoV-2 128  NGQVDLFRNARN( EG ) KQASLNG VKTQ DGVVQQLPE ISRNLQ]
bat CoV RaTG13 128  DGOVI ARNC EGSVKGLQPSVGPKQ X

—

SARS-CoV-2 208 L ] FEHIVYGI SQLGGLH (

bat CoV RaTG13 208 QVEIDFLELAMDEFIERYKLEGYAFEHIVYGDFSHRQLGGLHLLIGLAKRSKESPLELEDFIPMDSTVKNYFITDAQTC 287
— =

SARS'COV‘2 D183 \}

NendoU ~

'S

K181

bat CoV RaTG13 NI83
NendoU

6 SARS-CoV-2 #l bat CoV RaTG13 NendoU EH
XESERTRKEEEEEA
Fig6 Key amino acid variations and electrostatic interactions
in NendoU from SARS-CoV-2 and bat CoV RaTG13
A: Amino acid sequences shown in the three-dimensional
structure. The variant amino acid residues are in blue. Green
lines, yellow arrows and red bars indicate loops, B-folds and
a-helixes, respectively. B, C: Partial three-dimensional structure
of NendoU. S243, Q201, D183, D128, R243, K201, N183
and N128 are variant amino acid residues. SARS-CoV-2:

Severe acute respiratory syndrome coronavirus 2; bat CoV: Bat

coronavirus; NendoU: Uridylate-specific endoribonuclease
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Tab 2 Amino acid variation sites of Nsp from SARS-CoV-2
Protein SARS-CoV-2 bat CoV RaTG13 SARS-CoV
RdRp N185 D185-R184 D198-R197
Y719 H719-D717 Y719
K268-R272-E265 K268-R272-E265 C281-R285-E278
ExoN L257-H281-E282 R257-H281-E282 H260-H283-E284
NendoU Q21 Q21 H21-D18
D128-D124-R126 N128-D124-R126 E130-D126-R128
D183-R138 N183 D185
Q201 K201-E202 D201-E203-D204
S243 R243-H242-D239 S241
E264-E266-D267 E264-E266-D267 K266-D241
PL™ K232-E203-R183 Q232-E203-R183 Q232-E203-R183
Nsp3 D66-E63-H85/H93 H66-E63-H85/H93 D73-E70-H100

H90-K89

N90-K89 K95-K96

Bold letters indicate amino acid residues that may have electrostatic interactions with the first residue. SARS-CoV-2: Severe

acute respiratory syndrome coronavirus 2; bat CoV: Bat coronavirus; SARS-CoV: Severe acute respiratory syndrome coronavirus;

RdRp: RNA-dependent RNA polymerase; ExoN: Exoribonuclease; NendoU: Uridylate-specific endoribonuclease; PL™: Papain-like

protease; Nsp: Non-structural protein

#t — £ X SARS-CoV-2 Fll bat CoV RaTG13
oS B B E SRR T AT L b, R
fRBD LA 19 A~ & H iR 5k 3 & A A %, Hop
A 9N IETRRIEW K far AR b, X BE S L R AR
A VLT Z ARG G AL R A, HoAth YL
TATO . AR — 4 235 A v ) e 5 1A 2R 4R ) 1
#H B ) 7. bat CoV RaTG13 S H I RBD & A1
3 4o iR i (D451-R453 . D510- i 74k H514
D414-R417) , HIZ X IR & A 5 2 0 5l 1 2= 2 R
BBk, DRI 26 6 B %V ] 0 52 1 L s AR TN
W4 5%, T SARS-CoV-2 S % 119 RBD, H 3% fk
SEA RSN BRI T 2 S omEh s (R403-E406
D405-R408 ) , i H i1 T & A 1Y fi P 22 Jk iR 7k 2t
A, ER B I L HE R B SR AN I 5SSy Ak, H
LEMTE B T — A4 i Eh 8 (ES16- it T 1L
H519) . kAl W, 5 bat CoV RaTG13 #H [,
SARS-CoV-2 S & [ 52 MR Z5 407 s, WM ) b e % A=
THIRAME, XRS5 Z kNS ARe ). &
£ WF5EHE, 5 SARS-CoV H [, SARS-CoV-2 S
HEAZIARGE G AL 2N AR B R A 57E,
HRZAARLE S = e G s ™ . i —
TR 7%, SARS-CoV-2 S 7K 15 ACE2 SZ 1K iy 4%
4 fiE 713 75 T bat CoV RaTG13 (#8310 %) 1,
FATHY 237 25 Bl 3 ER B A R, R

SARS-CoV-2 S F [ 3 b A () IL R AR 57 vl RS
M) Y29 B S A2 AR A AR

T, A WEGEHR 12 L SRR 3 5 SARS-
CoV-2 [ S & i [RIR (LR35 — Btk 5
97% ), HEWI SARS-CoV-2 HJ fEJ& %k 2 111 H jef ik
P95 75 5 bat CoV RaTG13 K [H 20 T 2H (i 45 S '
H S22 L el bR s 2 9 S1/S2 X T 6 ik Ay
PRRA F KA A, 173X A48 AT 51 5085 76 3 B 75
F Z IR 25 S AR R EE ( Middle East respiratory
syndrome coronavirus, MERS-CoV ) '} I)"L',[g’m s
%75 SARS-CoV-2 S & [ #E b Al BB T 42 2%,
VFEA T A IE— R E A
223 EUEmWNELRE T EERNGEE PL°
J& SARS-CoV K HAh SR N% 7E Orflab 24 Hvmw 3 4
Nsp (Nspl, Nsp2, Nsp3) 594 s 2T 26 75 19 &
FK iR . % SARS-CoV-2 il bat CoV RaTG13
o LY B AT A SR T 5 Hex oA, BB
ZIAA T A E IR A R, Hrh O — A R AL T
55 232 [ A LFRAR L . ARYE PLP = 4E 454
H % 32 P 20 S T P T, 9278 S A
IR E203 5 R183 AT LUE WL — M Emny #hit . 78
SARS-CoV-2 1, K232 Jlij3f £ 1F HL J§ 7 34 58 R183
5 E203 ] /Y £ 4 7F bat CoV RaTG13 1, Q232
Weka e R, A, ShEsRss Atk (HEM
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5 PL™ 3R (IR H G 10 T AR 5 ) IR &
M 5 1 Pl A A O 2 R PR R S A A . PR,
SARS-CoV-2 PL™ & Y24 FE MR8 S50 2] 1 Mt 5
SAEA DD RE R E A A] BET NI

3CL™ f&%F SARS-CoV & H Al 5 1R 355 75 Y Nsp
HEAT AT EN 1) 2 E M, 7E Orflab |2/ F
VLAY B 1 o DT 0 ST 1 2K TR
= Y 45 M ok &, SARS-CoV-2 5 bat CoV RaTG13
th 3CL™ 8 1 Z [ A 2 A2 SE R A2 7 (P6’T Al
NI152T) , ‘EAIAS S A 24 KL R 5l 5 22 1] 1) i 7 AH .
YEH, WASEMmER RS PG, BRI, X 24
AR S 5 A BEAN SR 3CL™ 2B BRI S RITHRE

M2z, AW E 3 o 5 B SARS-CoV-2 Fl bat
CoV RaTG13 Z[a] £ 24 H i or+ 1 2 AR 72 5,
& B SARS-CoV-2 % % 1Y RdRp. ExoN. NendoU
MSEH EEDLAET 10 kb LR & IR L F,
XA S AR R DG 2 SRR SR B 2 TR A A EAE
FH, T RESE M 1] AH N 35 1 Y25 (ARG G B 2 st 1%
FA (A9 EE RNA B HIAEDIRE . BURTE. 54
MISZ AR BTN T BAG YT )
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