Elucidating Interactions Between SARS-CoV-2 Trimeric Spike Protein and ACE2 Using Homology
Modeling and Molecular Dynamics Simulations
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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes a respiratory illness known as COVID-19. As of 263t August 2020, more than 24 million confirmed cases and more than 8 lakhs of

deaths are reported around the world. SARS-CoV-2 spike protein presents on the outer surface of the virion and binds human ACE2 protein on the host cell, playing a key role in the virus infection.
Therefore, understanding interactions between the spike protein and ACE2 protein would facilitate development of drugs for the treatment of COVID-19. Many crystal structures have been
experimentally determined for various regions of the spike protein. Recent studies uncovered that ACE2 protein binds the trimeric spike protein through multiple conformational poses, for which
experimentally determined structure is not available. Hence, we generated a trimeric form of spike bound with ACE using homology modeling. The best modeled spike-ACE2 complex was subjected to
MD simulations to elucidate the dynamic interaction between the spike protein and ACE2 protein. Clustering analysis was used to select distinct conformation of the trimeric spike protein complex with
ACE2. Our results provide valuable structural details that could facilitate development of drugs to combat covid-19.

/

Introduction Structural Details of Spike Protein | PDB Details — SBike Protein |

_/

» COVID-19 pandemic is caused by SARS-CoV-2 ) fusi . £ th
> As of 26" August 2020, more than 24 million confirmed cases and more than Receptor binding CT?1KCTD2 Pre- to post-tusion tran5|t|on. of the SARS- l l
8 lakhs of deaths are reported around the world W~ domain 512 3{ Ikers CoV S glycoprotein | | |
» Like other corona virus, SARS-CoV-2 is composed of 4 structural proteins, 16 & B e |
non-structural proteins and 9 accessory proteins 309, > /_f/ / P Eﬁ ﬁ 1 l 1 1 | 1
. . . - . /523 40 4 4 | ?
» Spike protein presents in the outer surface of the virion and plays a major / | S 5 // P ﬁz} g gg w ' . ' ) :  No
> q Cpp . . b . .
> Spike protein binds with ACE2 receptor of the host cells for the RNA to enter /A ‘ﬁ %ﬁ’& 2~ ACE2 >- trimer with antibody  3- trimer with antibody
h I 'CTD3 1 - ACE2/BOAT1 7-1Up (7c2l; 6xcn, 6xcm)
ost cells ACE2-bound | 1 — Chimeric-ACE?2 1 -2 down 1 —one up (6vyb)
» Understanding interactions between the trimeric form of the spike protein conformation S1 domain ? l | o 9 2-2up 1 —three down (6vxx)
and ACE2 could facilitate discovery of drugs that inhibit the binding of SARS- 51 fragment has four domains, including NTD, RBD, CTD1 CTO1QNTD. @CT0Z D3 ff SZ-subunit. @8 Fusion peptide PACE? g froe S1-ACEZ 3~ closed . .
and CTD2 -- which all wrap around the three-fold axis, 1 — Intermediate conformation
CoV-2 to ACE2 covering the S2 fragment underneath

Homology Modeling Molecular Dynamics Simulations

Sequence Alignment — Clustal Omega Modelled Trimeric Spike bound with ACE2 40 ns molecular dynamics simulation was carried out for the trimeric form of spike protein with ACE2 using Amber 18
PODTC2 MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFS P@DTC2 GTNTSNQVAVLYQDVNCTEVPVAIHADQL TPTWRVYSTGSNVFQTRAGCLIGAEHVNNSY . R -
X ackage used for cluster analysis: hclust and wardD . . . . .
T —— AYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFS 6VYB_B GTNTSNEVAVLYQDVNCTEV- - -~ - == === ===~ NVFQTRAGCLIGAEHVNNSY GMOJ M OdElEd Trlmerlc Splke -ACE2 packag Y Hydrogen bond interaction between the full length and RBD spike protein with ACE2
o AYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFS 6VYB_A GTNTSNEVAVLYQDVNCTEV === === === ---- NVFQTRAGCLIGAEHVNNSY A RMSD g
6B C ----mmmmmmmmmmmmmeeeee- AYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFS 6VYB_C GTNTSNEVAVLYQDVNCTEV- - === - - - == === === --- NVFQTRAGCLIGAEHVNNSY 10 3 ¢ o ' - N
- - . AT . . INC T . 8 % © \

PODTC2 NVTWFHATHVSGTNGTKRFDNPVLPENDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLTY PODTC2 ECDIPIGAGICASYQTQTNSPRRARSVASQSLIAYTHSLGAENSVAYSNNS IAIPTNFTL < E .5 As 4\
6VYB_B NVTWFH--N- - - - === -=-- PVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIV OVYB_B ECDIPIGAGICASYQT------------ SQSIIAYTMSLGAENSVAYSNNSIAIPTNFTL 24 2 % - ’.ﬁ |
6VYB_A NVTWFHATH- - === ---~-- PVLPFNDGVYFASTEKSNIIRGWIFGTTLDSK--SLLIV OVYB_A ECDIPIGAGICASYQT------------- QSLIAYTHSLGAENSVAYSNNSIAIPTNFTL Cyan — Trimeric Spike : s B
6VYB C NVTWFH-~N-- - === --~- PVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIV OVYB_C ECDIPIGAGICASYQT------------- QSIIAYTMSLGAENSVAYSNNSIAIPTNFTI Red — ACE2 o 100 200 200 w £ S o—

I ITK N \ 3! A ( - ime in x s s 8 l : : :
PODTC2 NNATNVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPF LMDLE 23%[; Zﬂg:imE?Jggﬁigggigﬁ:tf%géngﬂﬁiggﬁEQgthE ﬂ € THRSTRHOOR = o2 3 a
6VYB_B NNATNVVIKVCEFQFCNDPFN- - - - - == - === === === =~ NCTFEYV--------- - LLPVSHIT ! LLLQUGSFC TQLNRAL TGIAVEQDENTQ s e < ¢
VYB A ANATNVVIKVCEFQFCNDPFLGY -~ -~~~ TRV 6VYB_A SVTTEILPVSMTKTSVDCTMYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQE ! -
SUYB C ANATNVVIKVCEF QF CNDPFLGY -~~~ CTEEYVetas oenas 6VYB_C SVTTEILPVSMTKTSVDCTMYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQE Hbond | ) Spik d ACE2 g m— leu35l D) GIn493
PODTC2 GKQGNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQT PODTC2 VFAQVKQIYKTPPIKDFGGFNFSQILPDPSKPSKRSFIEDL LFNKVTLADAGFIKQYGDC ond Interaction - 5pike an 5 & A
6VYB_B - ---SFKNLREFVFKN- - -YFKIYSKHTPIN- - -DLPQGF SALEPLVDLPIGINITRFQT 6VYB_B VFAQUKQIYKTPPIKDFGGFNFSQILPDPSK-SKRSFIEDLLFNKVT------------- Crystal - < 3 \f{
6VYB A - - --SFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQT OVYE_A VFAQVKQIYKTPPIKDFGGFNFSQLLPDPSK-SKROFIEOLLENRY-- === =- == === HBond Structure Structurel| Structure2 | Structure3 D Asn501 «
6VYB_C ----SFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQT 6VYB_C VFAQVKQIYKTPPIKDFGGFNFSQILPDPSK-SKRSFIEDLLENKV------n-ommm - ) ‘gg\ Gly502 N ¢ \

A/ TCAOKEL MT / ALl / , ACA AM Y505:E37 X \ 1 \
PODTC2 LLALHRSYLTPGDSSSGHTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETK PODTC2 MEDEARRDLICAR L  VLEF LI JDEREARS TSALLAG L 1SS FaRSAALAFFAN \,‘/ \
6VYB_B |L--mmmmmmmmmmmmmm AAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETK 6VwWBB - ----eeeeee-e- KFNGLTVLPPLLTDEMIAQYTSALLAGTITSGWTFGAGAALQIPFAM DOPE Y489:Y83 X 5 —
6VYB_A R AAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETK OVYBLA  ---mmmmmmmmee TFNGLTVLPPLLTDEMIAQYTSALLAGTITSGWTFGAGAALQIPFAM score Y449:D38 X Full Trimeric spike-ACE2 — Structure 1

_______________ N A 1l / AN AM
6VYB_C | AYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETK OVYB_C T-NGLTVLPPLLTDEMIAQYTSALLAGTITSGHTFGAGAALQIPFAM Y449:Q42 X —
PODTC2 CTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISN POPTC2 QUAYRFNGIGVTQNVLYENQKLIANQFNSAIGKIQDSLSSTASALGKLQDVVNQNAGALN T500:Y41 X ® E ) &
6VYB_B CTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISN 6VYB_B QUAYRFNGIGVTQNVLYENQKL IANQFNSATGKIQDSLSSTASALGKLQDVVNQNAQALN _ -453061.62500 N q
6VYB_A CTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISN OVYB_A QUAYRFNGIGVTQNVLYENQKL IANQFNSAIGKIQDSLSSTASALGKLQDVVNQNAQALN SE S494:N33 X X Ay Vv |
6VYB_C CTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISN ©VYB_C QMAYRFNGIGVTQNVLYENQKLIANQFNSAIGKIQDSLSSTASALGKLQDVVNQNAQALN Mode 2pdb -452078.12500 Q493:L29 X X X W v
PODTC2 CVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIAD PODTC2 TLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRA » Q493:E35 X ‘AN 9
6VYB_B CVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIAD ©6VYB_B TLVKQLSSNFGAISSVLNDILSRLOPPEAEVQIDRLITGRLOSLATYVIQQLIRAAEIRA Mode 3pdb -452595.93750 N501:L351 X X \ , R N/ \ st s
6VYB_A CVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIAD 6VYB_A TLVKQLSSNFGAISSVLNDILSRLDPPEAEVQIORLITGRLQSLOTYVTQQLIRAAETRA Model4.odb -453871.81250 : = \ N Glv3s2
6VYB_C CVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIAD 6VYB_C TLVKQLSSNFGAISSVLNDILSRLDPPEAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRA P . N501:Y41 X dose y
PODTC2 YNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPC PODTC2 SANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPA _ N487:Q24 X ’ - 51 _J ‘ | \ o > P
6VYB_B YNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYR - - - - - - KPFE--------mmmmmm- 6VYB_B SANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVF LHVTYVPAQEKNFTTAPA Mode S'pdb 453290.15625 NAR7YE3 % ) ) i A8 \ | | _
6VYB_A YNYKLPDDF TGCVIAWNSNNLD- - - - -NYNYLYRLFRKSNLKPFERDIST - - - - - - - -~ - 6VYB_A SANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVF LHVTYVPAQEKNFTTAPA Model6 pdb -452068.90625 ' L) \ |
6VYB_C YNYKLPDDFTGCVIAWNSNNLD- - - - -SKNYNYLY- - - - -RKPFERDIS - - - - - - - - - - - 6VYB_C SANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVF LHVTYVPAQEKNFTTAPA ¥ y K417:D30 X g \ Asnsol” | \ | | % [
PeDTC2 NGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCYN - popT(2 TCHDGKAHFPREGVFVSNGTHWFVTQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDP Mode 7pdb -453414.09375 G502:G352 X X X ~\ ,\\x aivso2 S N\ Vv Leos
6VYB_B RPLQSYGFQPTNGVGYQPYRVVVLSF ATVCGPKKSTNLVKNKCVN & \, @ Yy, Oheef
B e RPLQSYGFQ QPYRVWLSF------ A L 6VYB_B ICHDGKAHFPREGVFVSNGTHWFVTQRNFYEPQIITTDNTFVSGNCDVVIGIVNNTVYDP G502:K353 X W 4 i " | y
6BVWWB_LA - FPLQSYGFQPTN-VGYQPYRVWLSFELLHAPATVCGPKKSTNLVKNKCVN  g\vg A ICHDGKAHFPREGVFVSNGTHWFVTQRNFYEPQIITTDONTFVSGNCDVVIGIVNNTVYDP MOde 8pdb ‘45284259375 G446:Q42 X &« - ‘
6WB C  --------- TPLQSYGFQPTNGVGYQPYRVWVLSFELLHAPATVCGPKKSTNLVKNKCVN ( (CTHUEVTOR) . . S
- QSYGFQ QPYRV 6VYB_C ICHDGKAHFPREGVFVSNGTHWFVTQRNFYEPQI I TTDNTFVSGNCDVVIGIVNNTVYDP Model9.odb _452185.50000 Full Trimeric spike-ACE2 — Structure 2 Full Trimeric spike-ACE2 — Structure 3
PODTC2 FNFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITP PQDTC2 LOPELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIOKE IDRLNEVAKNLNESLIDL P . F490:D30 X X X X
s : Superimposition — Mod’eled full length trimeric
6VYB_B FNFNGLTGTGVLTESNKKF LPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITP 6VYB_B LQPELDS - - - === == === == === 452439 75000
6VYB_A FNFNGLTGTGVLTESNKKF LPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITP 6VYB_A LQPELDS - - - == === === == == === Spike:ACE2 with X-rav trimeric spike. RBD-ACE2 . . .
6VYB_C FNFNGLTGTGVLTESNKKFLPFQOFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITP GVYB € LOPELDS -~ - === === === = mm o m oo P y PIKE, Yellow and Cyan — Spike RBD and Full length && Magenta and green ACE2
y__ A

Conclusions References

1) We constructed the structure of trimeric full length SARA-CoV-2 spike protein bound with ACE2 using homology modeling and 1. Walls et. al. Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell. 2020, 181 (2):281-292.e6

molecular dynamics simulations; 2) The interactions between the spike protein and ACE2 identified in our structure are different 2. Lan et. al. Structure of the SARS-CoV?2 spike receptor-binding domain bound to the ACE2 receptor. Nature. 2020, 581 (7807):215-220

_fI'OI_n those reported in the crystal structure of monomeric receptor binding QOmaln (RBD) of the spike protein bound Wlth ACE2, 3. Song et. al. Cryo-EM structure of the SARS coronavirus spike glycoprotein in complex with its host cell receptor ACE2. PLoS Pathog. 2020, 14
indicating the RBD monomer may not represent the trimer of full length spike protein in the body; 3) Our findings shed lights on (8):€1007236

understanding the mechanism on entrance of the virus into the host and could assist development of drugs to treat COVID-19. 4. Daniel et. al. PTRAJ and CPPTRAJ: Software for processing and analysis of molecular dynamics data. J. Chem. Theory Comput. 2013, 9 (7) 3084-3095




