Concerns Raisedn Blood GroupDeterminants in Plasma
Membranelnteraction of the SARSCo\¢2

Klaus Fiedler
Fribourg, Switzerland

contact@klausfiedler.ch

The SARE0V2 pandemic has resulted in the generation of evolutionamlated variants. The S
protein of the B.1.1.7 variant(deletion N-terminal domain (NTD)His69Val70Tyrl44)may
contribute to altered infectivity. These mutationgnay have been presaged byanimal mutationsin
minks housed in minkfarms that according tothe presentanalysis by modelling of proteiligand
docking altered a high affinity binding site in the@otein NTD.These mutants likely occurred only
sporadically in humansTissueadaptationsand the size of the mink relative to the infected human
population size back themmay have comparatively increasethe relative mutation rate. Smple,
multi-threaded automated dockingthat is widely available assignsncreased bindingof the blood
type Il A antigento the SARSCov2 Sprotein NTD of B.1.1.7 with an overall increased docking
interaction of blood group A harbouring glycolipids relative to group B or H (H, p=0.T4 top
scoring glycan is ideniiéd as aDSGG (also clafied assialosytMSGG odisialosytGbh5)that may
compete with heparinwhich is similar to heparan sulfate linked tproteinaceous receptors on the
tissue surfaceOther glycolipids are found to interact with lower affinity, except long ligands that
havesuitable ligand binding poses to match thaurvedbinding pocket.

Introduction

The cellular entry ofiiridae is shown tofrequently include surface determinants of glygmtls and
glycoproteins, whereasomeviridae bind exclusively to proteinaceous egutors (1). Since genetic
analyses have previously indicated, that surface loops of cetodae determine tissuetropism in
the animal(2), asimminent to simpler comparison in tissteglture (3), the question of blood group
glycolipid or glycoproteindeterminant interaction has to be poseRarvovirus, as anexample of a
DNAwvirus Erythrovirus) binds to the-Bntigen (Globoside (Gb) 4) and can caaigmnsientaplastic
anemia due to the abundance of Gb4 in red blood gélisPolyfucosylated Ninked glycopeptides
and multiple glycolipidshad previously been identified in the human intestiaed have moreover,
suggested a high variability of individualgycomes which may indicate individual differences in
virusreceptor expressioi, 5, 6). Althoughthe glycosphingolipid (GSL) and lipid variety in mamma
lian organisms and humams particularis very hgh, succinctinformation on individual susceptibility
to disease is still scard¢€). Transmission of SARV2, a singlestrandedRNA virusin mink farms
has been recently studie@), anthropozoonotic infection of humans has been proposed in-epdt
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from minks back to the original host in this infectious cyél®reover,it has been proposed, that
mutations that arose in the mingropagtion of SARE0V2 had introduced novel mutants into the
human population9, 10). Since the multorgan tropism of SARSoM2 had been demonstrated, it is
possible that prolonged anthropozoonotic amplification of host infections could alter the host and/or
organrange and tropisms that may increase disease lethdlity 12). The association of blood
groups with the SARSo\/2 disease (COWI®) has recently been established in metaalyses and
suggests the likely inease in prevalence in blood group A individuals as well as linked elevated mor
tality (13, 14). A multitude of explanations for a mlof determinants of individual blood groups has
been put forward and it has been theorized that an indirect effect of blood group associated expres
sion of clotting factors could contribute to the severity of COV¥15, 16). Surface determinants
alone, as shown in platelet clotting in vitro would provide the other line of thoughts to explain the
ABO blood groufslependent aetiology, just athe above mentioned direct interaction of the virus
with the cell surface of SAR®V and SARS0V2 target cells could include a-teceptor next to the
ACE2 proteirf17, 18).

In the current work, a drugockinglike approach is tested to analyse interaction of carbohydrates of
a library of GSL headgroups with the SARS2 Nterminal domairs (NT¥) of the SARE0V2
wildtype virus(MN908947, NC0455)andthe British mutant B.1.1.8, 19, 20). The B.1.1.7 variant
has recently been estimated to be associated with a 61 % increased hazard fo(zigath

Material and Methods

The computational screen of carbohydrates involved analysis with the preparation of glycans from
Woods athttp:/www.ccrc.uga.eduwith multiple conformers) or preparation from pexising frag

ments from larger structures if not available as such. The PyRx modelling queue Version 0.8 was used
with Intel processors on Windows 7, 8 or 10 operating systems. The MarvinView Dreiding force field
utilized in some previous work was not utilizadthe present experimental series, yet, files were
processed by Chimera 1.14 (sg&)) and saved as mol2 file for import to PyRx docking. The-Auto
dock VINA23) implementation of PyRx from S. Dallakyatif(:/pyrx.scripps.ed) was utilized with

the grid size as indicated in single experiments. The algorithm installs OpeliBgtaeid a uff (unit

ed force field) for energy minimization, conjugate gradients with 200 steps and-affdiar energy
minimization of 0.1. Partial charges were added to receptors using PyBabel (MGL Tools;
http://mgltools.scripps.edi. Authors mention the difference of this procedure to using OpenBabel
for adding partial charges, and care should be taken especially for novel ligands that may net be rec
ognized. No limits to torsions were aled in the computational run. Single CPU time was up to 16
hours for longest/branched ligands in exhaustiveness 8. The analysed data were judged for surface
binding in PyRx or in Chimera by the ViewDock import function. Sqglite data were analysed using
SQLle (Hipp, D. R.and DB Browser for SQLite froimtp://sqlitebrowser.org Autodock/Vina re
docking of ligands without torsional degrees of freedom was carried out to judge thectmng
screen (exhaustiveness 3 @rwith bloodgroup ligands). Rdock of the top scoring ligand was also
followed-up with the rotating sidechain function in Vina that allowed to validate the top scores in
dependantly and with slightly altereghoses. For this step of the project, AutolR@ools Version 1.5.6
(http://mgltools.scripps.ed) was utilized to generate separate files of flexible and fixed aracid
residues of the mode(25). Further stepwse addition ofposes was obtained with the flexdistance

and autobox implemented in the SMINA prograivttgs://sourceforge.net/projects/smina/filels
Spreadsheet use and calculations were caraatlin Microsoft Office 2013 Professional Plus. Further
computational docking focused on the putative binding site was utilized to generate a high resolution
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dure. Therein the exhaustiveness was increased to 12ordling was determined with ViewDock

and with tolerances 0.4 A, 2(®6) or 0.8 A, 30° similar to calculations previously app{&d. Anno

tation of carbohydrates was fromittp://www.lipidmaps.organd fom literature sources cited in the
Results. Chimera 1.14 was used for further calculations and Coulombic surface charge presentations
using default values. Structure files were scored as likely binding site liganutrare from
http://www. glycosciences.dt test for structural intactness if not visually controlled.
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Figure 1:.SAR0\/2 Sprotein interaction with heparin. Protein domains NTD (amino acids-241) and RBD (amino acids 3324) were

submited for molecular ligand docking and results overlaid on the complegpeofgin structure. The side view lacking the membrane
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presented with the pose that was obtained from ClusPro docking with lowest energy indicated. The current number of arsiino acid

SwissModel queue prediction is indicated (green) and more SEBRE highresolution structures are expected to validate laejp inter-

action in the future. Monomers are indicated with the chain A, B or C, separate colouring is shown in RBD and NTD babkihene wi
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Structures were downloaded from RCSB https://www.rcsb.org or PDBe
(https://lwww.ebi.ac.uk/pdbg. The Swisdlodel Server orttp://www.sib.swisswas applied to pre

dict structures of the SARSV2 Sprotein including several version$ the modelling: Either the
automatic queue was utilized or direct selection of templates was applied in obtaining best fit of
structure and template(28). BLAST29) and HHBIitg30) were used for the homology modelling.
Templates that matched the primary sequence model query (amino aei®l )l excluding the 13
residues of sigalsequence were used for modelling. These were represented by 7a25 A/B/C and
328 other templates for a general approach of ligand bindirfge top templates corresponded to
these 7a25 chains, chain A of 7cab and three chains ofNices.amineacids wee subjected to loop
modelling although the structures of theBotein was nearly completé1). Previous models were

not utilized, since the 6vxx and 6vsb structures were not completing the NdRantained some
gaps(32, 33). TheSwissModel7C_2@datched preferentially the C chain of 7a25 with RMSD of 0.129
A and a QMear2.07. Speific models matching 7a25 A, B or C were generated to compare the ligand
binding characteristics of each conform&wissModel7A, 7B and 7C of QMeéarv2,-1.64 and-

2.22 Evaluation of similarity included 1705 template®$Ds and further characteristiésund for
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the NTD and RBD are listed in the graphical description of mdgleésgy minimization of structures
was carried through with a minimum of 100 steps of conjugate gradients applying the amber ff14SB
force field(34) and further AMBCC charges. Molecular dynamics to generate random conformers in
the first step was utilized with equilibration of 5000 steps and a production phase of further 5000
steps, and was visually controlled by the newutput. A Nosé thermostat with 298 K was applied
(relaxation time 0.2). For the mutants generated in Modeller Version @3,236) with a single strue

tural template (and for the wildtype protein) the last third of the output was clustered and judged in
frequent occurrence, the top scoring clusters with a maximal member number were selected. Auto
model was applied in the Modeller suiterfthis procedure and full length NTD sequence2®4 or
69Del70Del144Del of 3291 (20) was used as input tthe structural matchof above described self
generated template (SwissModel7C_26J). The potential energy for the wildtype protein 7@itMod
reached-15544.9 and for the mutant 7C_Megt1-1-7 -14974.6 following the heating in the malg

lar dynamics, and16429.9 and15663.3 after the production procedure, respectively. Automodel
(Modeller) and Swisklodel (WWW)resultswere judged differently in energy and could not be com
paratively analysedTheyare indicated with RMSD values: Sstlodel7C_26J7C_Modwt 0.190 A,
7C_Modwt - 7C_ModB-1-1-7 0.341 A and molecular dynamics clusters (high population number)
7C_Modwt-MD - 7C_ModB-1-1-7-MD 2.403 A. The SwissModel7C_26J models themselves differed
by 0.084 A RMSD from energynimised ad 1.741 A RMSD from molecular dynamics simulated
form used for some experiments. Following the described model generation, ClusPro was used for
further docking of heparin with rotating sieghains and generatedest scoring ligandbound poses

with the SwssModel7A, 7B and 7C input fil€¥7). Lowest energies are indicated in $:ig. and2.
Some genetic and epidemiological data were gleaned fromvw.datamonkey.org and
www.nextstrain.orgto confirm the spread of the wildtype and mutant SARS/2 substrains or
clades.

NTD amino acid 14-291 RBD amino acid 334-524
HIS 69 HIS 69 ILE 68 SER 375 GLU 340 THR 345
GLY 72 SER71 HIS 63 THR 376 VAL 341 ARG 346
THR 73 GLY 72 VALT0 LYS 378 PHE 342 PHE 347
LYS 77 LYS 77 SER 71 TYR 380 ALA 344 ALA 348
SER 98 LYS 97 GLY 72 GLY 404 ARG 346 SER 349
TVR 145 SER 98 L5 77 ASP 405 PHE 347 ALA 352
L¥5 147 ILE 100 L¥s 97 VAL 407 ALA 348 TRP 353
LYS 150 TYR 144 TYR 145 ARG 408 SER 349 ASN 354
TRP 152 TYR 145 L¥S 147 GLN 409 TYR 351 ARG 355
GLY 181 LYS 147 TRP 152 ALA 411 ALA 352 LYS 356
LYS 182 L¥5 150 GLY 181 GLY 413 TRP 353 ARG 357
GLN 183 TRP 152 LYS 182 GLN 414 ASN 354 TYR 451
GLY 124 GLU 180 GLN 183 THR 415 ARG 355 ARG 466
HIS 245 GLY 181 GLY 184 GLY 416 LYS 356 ILE 468
ARG 246 L¥s 182 ASN 185 ALA 435 ARG 357
SER 247 GLN 183 HIS 245 TRP 436 SER 399
LEU 245 HIS 245 ARG 246 ASN 437 ARG 466
THR 250 ARG 246 SER 247 VAL503 ASP 467
TRP 258 SER 247 LEU 249 GLY 504 ILE 468
THR 255 TYR 248 THR 250 TYR 508 SER 469
ALA 260 LEU 249 SER 256
GLY 261 THR 250 GLY 257
ALA 262 PRO 251 TRP 258

GLY 252 THR 259

ASP 253 ALA 262

SER 256
GLY 257
TRP 258
THR 259
ALA 260
GLY 261
ALA 262

Table 1:Original poses of ClusPro high affinity interactions and residues in the proxaitygprotein domains NTD (amino acids-291)
and RBD (amino acids 33824) were analysed for proximity to residues id 5chains are denoted with A, B, C and coloured as shown in
the molecular overview (Fig..2)
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Results

In a first approach, the SARBV-2 Sprotein was subjected to molecular docking atetrasaccha

ride heparinusing the ClusPro quei@7) to confirm the results on the-Brotein RBO38, 39, 40)(see
SARS and protective role of lactofer(i)). The trimer of the $rotein is shown in Fig. 1 to demon
strate the different binding sites within-@otein RBDs and NTDs that can be described by docking
each of chain A, B and C conformers of the SwissModel 7a25 (SwissModel7derkrégd by the
gqueueon 11 February 2028, 31).
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Autodock re-dock -15.5 keal/mol Autodock re-dock -14.3 keal/mol Residues 245-252 Autodock re-dock -15.2 kcal/mol
Cover Ligand

B RBD: Down C RBD: Down
-717.6 west Energy -708.6 Lowest Energy -725.7
Autodock re-dock -15.8 kcal/mol Autodock re-dock -14.4 kcal/mol Autodock re-dock -13.5 kcal/mol
¢
AT
£ i ket
= ﬁ_‘\-ﬁ‘ Y/ WJ v
/e
-
"'3.‘
Heparin

S

Figure 2:Lowest energy interactions analysed in Autodoeldock. Only partial overlapf low energy poses obtained were confirmed in
local redocking and some amiracids did not coincide with the lowest energy ligand conformer and/or energy ofckigie rotamers.
Autodock energies in refinement are indicated and comparable to energiegsimathe rest of the work. A, B, C NTDs and A, B, C RBDs are
displayed.

ClusPro delivers several high scoring docking solutions some of which largely correspond te the pre
viously described ligand binding simulatigi#sg. 2, B RBD and C RBDe Autoack redock ener

gies corresponded to thel4.4 kcal/mol (B RBD) antl3.5 kcal/mol (C RBD) which could not be di
rectly compared to the entropic energy evaluations used in the original ClusPro dockinghosels.

to this docking analysis is the pose bétheparin bound to the A conformer of the SwissModel here
F2dzy R AYUSNI OGAy3I g A 0K -pidtairs whickzs Bight® glishRddvditsa-A 2y 2 F
helix 304308 of the RBD ,Avith an increased Autodock affinity ef5.8 kcal/mol Although elongat

ed heparin molecules or antennae of proteoglycans could span and connect the RBD with the NTD
the data do not provide an indication for the proximitythe tetrasaccharide to both, each RBD and
neighbouring NTDsThe described bridging of RBD and ACE2 wherein the hexasaccharide heparan
sulfate (GICA(2SEBICNS(6S)suggestedo interact with the RBDPwould connect to ACE2ould not

be demonstratedsinceother binding sites showed highly increds#finity relative to the proposed
interaction. A summary of potentially interacting residues (proximit)5s shown in Table (Swiss

Model of residues 33424 of Sprotein). With vastly increased ClusPro rify, a further binding site
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in the NTD of each SARS®\2 Sprotein protomer could be demonstrated and is shown with lowest
energies in Fig.

The lowest energy 0944.4corresponded to the Autodode-dock energy 0f14.3 kcal/mol for the B

NTD, the ANTD had a relock affinity of-14.3 kcal/mol and the C chain €f5.2 kcal/mol.As com

pared by ClusPro energies, the binding to theeNninal domain would be highly likely, more preva

lent or of higher affinity than the interaction previously described, the binding to the RBThe
conformer of SwissModel NTD C docked to heparin was studied in the later analysis with docked
CARB115 library residues to demonstrate the influencedgfchain rotamers (Suppl. Fig) and/or
sufficiency of the procedureResidues within R distance of docked heparin for the SwissModel
NTDSA, B, Gresidues 1491) of the Srotein areshown in Table 1Evident fromanalysinghe pre-
liminary datawith regard to natural heparan sulfate interactiois the slightly diffeent pose of the B

NTD ligandwhichis fully covered by the Brotein loop 245251 Thisterminal interaction does not
correspond to the interaction of the nitrouacid depolymerizedsolate of heparirand may consti

tute the reducingend of heparinproducedin an enzymatic digest (s€é¢2)). As a note of caution, it
should be stated, that only the interaction of heparin with the RBDs is currently validated by the full
structure of the 7a25 trimer, fnereas several of the NTD residues indicated in Fig. 1 that were intro
duced by the protein modelling show heparin interaction (5 of 9 for NTD A, 7 of 9 for NTD B, 6 of 9
for NTD C).

Sphingolipid
Blood Group Category
Orl=O®
1 IA  A-D-GalpNAc-(1-3}-[A-L-Fucp-(1-2)]-B-D-Galp-{1-3)-B-D-GlepNAc-{1-3)-B-D-Galp-{1-4)-B-D-Glcp-OH N
OO0+ @ L t
2 1B A-D-Galp-(1-3)-[A-L-Fucp-(1-2)]-B-D-Galp-(1-3)-B-D-GlcpNAc-(1-3)-B-D-Galp-{1-4)-B-D-Glcp-OH ) acto
O 0@
3 IH  A-LFuep-{1-2)-B-D-Galp-{1-3)-B-D-GlcpNAc-(1-3)-B-D-Galp-(1-4)-B-D-Glcp-OH A
FReE e ]
4 A B-D-GalpNAc-(1-3)-[A-L-Fucp-(1-2)]-B-D-Galp-(1-4)-B-D-GlcpNAc-(1-3)-B-D-Galp-(1-4)-B-D-Glcp-OH .
OO ®
5 A A-D-GalpNAc-(1-3}{A-L-Fucp-(1-2)]-B-D-Galp-{1-4}-B-D-GlepNAc{1-3)-B-D-Galp-{1-4)-B-D-GlcpNAc-(1-3)-B-D-Galp-(1-4}-B-D-Glcp-OH k
(o5t Feest 3
6 A A-D-GalpNAc-(1-3)-[A-L-Fucp-(1-2)]-B-D-Galp-(1-4)-B-D-GlcpNAc-(1-3)-B-D-Galp-(1-4)-B-D-Glcp-OH i Neolacto
Ol O®
7 1B A-D-Galp-{1-3)-[A-L-Fucp-(1-2)]-B-D-Galp-(1-4)-B-D-GlcpNAc-{1-3)-B-D-Galp-(1-4)-B-D-Glcp-OH i
e e e ]
8 1B A-D-Galp-(1-3)-[A-L-Fucp-(1-2)]-B-D-Galp-(1-4)-B-D-GlcpNAc-(1-3)-B-D-Galp-(1-4)-B-D-GlcpNAc-(1-3)-B-D-Galp-(1-4)-B-D-Glcp-OH i
O L _mea
9 IlH  A-L-Fucp-{1-2)-B-D-Galp-{1-4)-B-D-GlcpNAC-(1-3)-B-D-Galp-(1-4)-B-D-GlcpNAc-(1-3)-B-D-Galp-(1-4)-B-D-Glcp-OH i
10 A A-D-GalpNAc-(1-3)[A-L-Fucp-(1-2)]-B-D-Galp-{1-3)-A-D-GalpNAc-{1-3)[A-L-Fucp-(1-2)]-B-D-Galp-(1-4)-B-D-GlcpNAc-(1-3)-B-D-Galp-OH K : ‘ =
o o W Neolacto
11 B A-D-Galp{1-3)[A-L-Fucp(1-2)]-B-D-Galp-(1-3}-A-D-GalpNAc-{1-3)[A-L-Fucp-(1-2)]-B-D-Galp-{1-4)-B-D-GlcpNAc-({1-3)-B-D-Galp-OH IF
12 MH  ALFucp{12}-B-DGalp{1-3)]-AD-GalpNAc-{1-3}-[A-L Fucp-(1-2)}-B-D-Galp-{1-4)-B-D-GlcpNAc-(1-3)-B-D-Galp-(1-4)-B-D-Glep-OH Al il
A A
13 IVA  A-D-GalpNAc-(1-3)-[A-L-Fucp-(1-2)]-B-D-Galp-(1-3)-B-D-GalpNAc-(1-3)-A-D-Galp-(1-4)-B-D-Galp-(1-4)-B-D-Glcp-OH i e
A
14 IVB  A-D-Galp-(1-3)-[A-L-Fucp-(1-2)]-B-D-Galp-(1-3)-B-D-GalpNAc-(1-3)-A-D-Galp-(1-4)-B-D-Galp-(1-4)-B-D-Glcp-OH 0=Qr10=0r0 Globo
A
15 IVH  A-L-Fucp-{1-2)-B-D-Galp-(1-3)-B-D-GalpNAc-(1-3)-A-D-Galp-(1-4)-B-D-Galp-{1-4)-B-D-Glcp-OH P00
A

Other blood groups or tissular determinants have not been tested if not otherwise indicated, units of gfycans were limited to & (10, 11 do not correspond
to complete glyeolipids). O-glycans may present the Type Il B determinant exclusively / the entry is currently not listed in LipidMaps.

Table 2:Blood group type antigens presented on glycolipids. Varosd type antigens terminally linked in glycosidic bonding on sphin
golipids are shown and grouped as defined. Type-D-{Balp(1-3)-B-D-GlcpNA«], type Il [BD-Galp(1-4)-B-D-GlcpNA«], type Il [BD-
Galp(1-3)-A-D-GalpNAga] and type IV [BD-Galp(1-3)-B-D-GalpNAa] are indicated and denoted with the respective categories. Listed
blood type antigens and the numbering is used throughout the work. The glycan 11 determinant is presented oHipke@i®glycans,

in biosynthesis the same transferagieely uses the ligand-&Fucp(1-2)-B-D-Galpr for transfer of AD-GalpNAc (blood type Il A, number
10) or AD-Galp (blood type Il B) in structural isoform (transferases A and B), the enzymatic interaction with ligands hinges Bgin the
Galp interacton, water may be displaced if type Il ligands are converted instead, for example, in a reaction with structurally cbedacteri
transfer to BD-Galp(1-4)-B-D-GlcpNAer (type Il ligand).
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The blood group antigens or elongated glycolipids (with Glbat¢ducing end) were tested for-in
teraction in the next step. The glycolipids displaying antigenic determinants (Table 2) can be grouped
into lacto (type ), neolacto (type Il and type 1ll) and globo (type V) series of glycosphingolipids (GSL).
A variey of different linkages generates at least 15 different G&kdgroups that could be receg

nized by antblood group antibodies. For this approach, Autodock Vina was used with the localized
binding pocket scrutinized in the Figs5 ith the Sprotein NT3. The model used for heparin dock

ing was further modified by the Modeller routin€35, 43) to mutate the wildtype to the
His69ValdTyr144 deletion mutant B.1.1(Buppl. Tablshows the additional genetic changes of the
variant virus) Highenergy conformers were produced by molecular dynamics in Chimera (298 K)
that could likely mimic one major binding mode of thg@rdtein NTD to b used for the interaction
analyseslLocalized docking shows, that the elongated blood type determinants have interaction en
ergies (Autodock relock) of-15.0to -21 .6 kcal/mol (Fig. 3 A)Overall, a significantly stronger interac

tion of A versus H (0)ldiod group determinants could be determined with these procedures for the
B.1.1.7 mutantSprotein NTDs which is shown tine comparison of blood type averages in Fig. 3 B.
Although the result coultbe considered preliminary, one of the blood type Ipresenting glycolipids

(No. 5) shows clearly increased affinitieste B.1.1.7 binding pockeRegardless of whether the
minimized energy model only (not shown) or the molecular dynamics (cluster) model was subjected
to docking, a highly increased interamiiwas simulated.

NTD

13 12 3 45 6 6 7 891011121314 15

14
A B H
-15
T —= =[lA B -13
Q -
7] £ 16 D2 VA K] 16 I
.E ~ -17 'H 1B WH f: - [
Y— T A nA = 19
[T} il 1l A WB =
2o 1A £ p=0.04
o i wH - \ms »
-19
-20
LIy @=0.05 (CI)
21
22 * Duplicatas
Model Mod. Most populated cluster

(Modeller)

Figure 3:The molecular dynamics conformer of SAR®2 Sprotein and blood group type interactionsh)(Hypothetical interactions are

demonstrated by drug docking using a multithreaded procedure that is only partially availabligdan glocking: Small glycan residues

have previously been tested, the procedure is here used for glycans, that may be exceeding the computational capafigidfadjast

ments of AutodocK23) with difficult binding sites. The NTD was subjected to Autodock dockirdpaleng in refinement with the model

generated by Modeller of the SAR®\2 (wildtype, B.1.1.7 mutant)-&otein NTD. The molecular dynamics conformer was obtained by a

standard run in Gmera with a thermostat of 298 K and clustering with conformers in the equilibrated phase. The graph shows the binding
energyofreR2 01 Ay3 2F SIOK AYRAGARdzZt 3JteO02f ALAR aof22R (&Ll¢éftypssA (K dzyRS
IV). The British-Brotein NTD (lineage B.1.1.7 in orange) mutant and wildtypeo&in NTD (blue) are indicated. Numbering and structural

(IUPAC) formulae are shown in the accompanying taB)eA (significant difference is found with the BritiSiprotein NTD (lineage B.1.1.7

in orange) mutant for interaction of type A and H (0) (p=0.04 Méfhitney test). The wildtype-Srotein NTD results are shown in blue.

4! GG OKSRé Y2f80dzA I NJ Réeyl YAO& oA GK TrdbiSdihg pedeiahdirfeimolBelilat dyyianics of £ 2 6 (i
the full length trimer of SARGS0V2 S were not yet available fronovid.molssi.orgError bars are indicated with the confidence interval

(ClI) presented with aa=005. The significant difference of type A and H (0) was also obtained when glycolipid 11 was left out in (B), one of

the duplicates 6 incorporated for testing exhaustiveness (A) was deleted from results for the graph (B) and-sciyespvere retained.
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Carbohydrate Screen (us)
#h

ucosyliactose Gaibs

iy
Asialo GM1 GTiba
Asialo GM2 GT1c VI 2GalNAca-1V EkiadolcOsed
o) VI3{Galb 1-4GIcNACh)-Lc#
Heparin VI

Isoglobatrighycosy! 3 ganglioside

IV 3-nlcOsed X3 ganglioside

KDN X4 ganglioside

KDN-GD12 X-hapten, SSEA-L, Lex-5

Forssman-like iGb4
Fuc-Gal-GD1b KDN-GM2
Fue-GM1

GalNA:GD1a

GalNAC-GM1b
Gb3

Ley-A-5
602 LM, iso-Lh1
Man

GD3 *NeuSGcaD OHL

Type Il A antigen
GQ1b6 Type Il B antizen
# notin humans or rarely exprassed in genstic variants

Table 3:Carbohydratenteraction screen of the SARDV2 Sprotein NTD. Carbohydrate ligands utilized in Vina are indicated and listed
with their common names. Ligands not expressed or metabolically produced in humans, or only found in very arescaiid as human
polymorphisms are indicated (*). Formulae (IUPAC sbflsgoring glycanare provided in Tablé.

Previous analyses have suggested that therdgein NTD may interact with ganglioside GM1- alt
hough the structure of the SAR®\2 Sprotein available was then including large gaps in loops and
in particular at the Nerminal region(44). In determining the different binding sites of the entire N
terminal domain, which is subjetd algorithmic hindrance due to a multitude of possible interaction
sites, the half molecule (NTD) exposed to the viral exterior was here used with Autodock Vina (Fig. 4).
Both, the elongated binding site demonstrated in Fig. 1, 2 and 5 and-gmninal site could be
shown In Fig. 4 the top score of the carbohydrate screes@losyl Galactosyl Globoside (DSGG) or
di-sialosytGh5 (45) which interacted wth the affinity of7.8 kcal/mol isdisplayed inviolet andresk
dues within 3A proximity areindicated.Table 3 lists the carbohydrates used in this scrdéwe top
score GalINAGM1b that was found to interact at the-fdrminus with relatively high affinity 06.6
kcal/molwas discarded aew affinity ligand In previous screens with th&milarprocedure interae
tions of identicalaffinity were considered to be falggositives omearlyunreliable(46, 47). This was
proposedin cognateor non-cognate docking posdsut would be exceeded in tetrasaccharides that
serially interacted with larger binding pockePreviouslidentified residues(44) are shown, yet, did
only partially overlap with the here identified novel binding site which apparently includes the N
terminal GIn14 itsel{H-bonded) Residues overlapping with the GM1 binding site are signified in grey
(Fig. 4)Also here three mino acids are within A distance that were included from the modelling
queue, and the result should thus not be considered as final.

In the final analysis of refinement of interactio®yissModel7C_26J was used to generate docking in
local binding modeThis included the area surrounding His69 which has a deepened, curved shape
surface morphology. Table 4 lists the teporing glycans of the CARB115 library that could be visual
ized and placed ligands at appropriate distance within the binding pockptsdaring isDiSialosyl
Galactosyl Globoside (DSGG) osidlosylGb5, a globoside, which showed a high affinity-25.4
kcal/mol (refined). Although the blood group I H (0) antigen scored \Btb kcal/mol (refined), the
ganglioside GalNAGM1b inteacted in this place with the refined affinity e21.3 kcal/mol {7.6
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kcal/mol original score) exceeding the interaction energy defined in the approach above (Fig. 4).
Ganglioside GM1b was found to interact with the affinity-58.2 kcal/mol, several neatto and

lacto series GSLs scored with the affinity-1f.2 kcal/mol to-25.6 kcal/mol, and globo series GSL

Don 6YyFYSR t IydA3aSy «k o0St2y3aAay3a G2 | y2iKSNI aof 2
scoring DSGG, was defined in Autodock Vina thighre-dock affinity of-14.3 kcal/mol. Overall,

when analysed with the hexameric heparin (gathered from 3ina), the increased ener@Q.of

kcal/mol could imply competitive interactions in the binding site of gangliosides, globosides etc. and
heparins hat may aid to deter the virus from cell binding.

)SGG Thr20, 1le68, His69, Lys77, Lys97,
Ser98, Gly184, Phel86, Arg214, His245,
Leu249, Thr250, Ser256, Trp258, Thr259,
Ala262

GIn14 (N-ter), Asn122,
Glul54, Ser155, Glu156, Phel57, Arg158,
Arg246, Ser247, Gly252, Ser254, Gly257

Previously identified residues in the absence of
the modelled N-terminus may include:
Aspl11, Ser112, Lys113, GIn134, Phe135,
016 keal/mio] Cys136, Asn137, Phe140, Gly142
GalNAc-GM1b ! K 4 4

, Tyrl60, Ser161, Ser162

7.8 keal/mol -~
DSGG

next 3 A residues indicated

Figure 4:Docking to SARSoV2 Nterminal domain (NTD) residues. Autodock Vina was utilized for interaction screen (box Aixe=in
45.5, y = 31.1, z = 53.4) of carbohydrates shown in the accompatayites. The DSGG (sialeB{8GG, also called-sialosyGb5, di
sialosyiGab1-3-Gb4) and GalNAd-4-GM1b are shown for comparison. Sites and amino acids within the proximibh afélisted. Previ
ously identified residues are shown for comparison and printed in grey if found in proximity with GaMHBz

The docking queue seilts are presented for the tepcore DSGG in Fig. 5 with the Coulombic surface
presentation of the $rotein NTD. The side chain locations of charged residues are hamed and indi
cated(left) and demonstrate the likely large binding area tls&formed in-between Very demanding

in computational task of docking is the large number of rotational degrees of freedom in particular
with these positively charged residues and binding poses can only be approximated in the panel to
the right (Fig. 5)For this taskserial docking was applied where rigid receptofiexible ligand and
flexible receptor ¢ rigid ligand dockingvasalternated to obtain the final posdt was seen that the
ligandwas movingwithin the pocket from the left to right (Fig. 5, right paneltiwside chains adapt

ing to the new pose of similar energynderlined) Moreover, terminal two saccharides were rotat

ing with respect to the five residues at the reducing, ceramide end. If interaction with the globoside
would prevail for a longer timeeriod, it could be envisioned, that conformational changes within
the backbone of the SAR®V2 NTD would be generated. These could be transmitted to another
binding site otto the rest of the moleculeThe interaction with ligands in this binding sitesigected

to tolerate few changes, the His69 is found in tyrosine His69Tysgalns or as the discussed dele

tion B.1.1.7 mutan{in combination with the Val70 deletion since 2/26at wasstudiedwith blood
groups in detail above (Table 2). More wakiecessary to elucidate the full panel of carbohydrates
and glycolipieheadgroups that vastly exceeds computational capacities of even dluster
computations or supercomputing, since even several thousand ligands that harbour the very high
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torsional degree®f freedom would have to be docked to the entire surface. The first glimpse pro
vided here and the data from datamonkey.org as well as the nextstrain.org list of mutants suggests
that the loop with the Tyr145 and Trp152 indicated in the binding siigand interactionsis poly-
morph; it includes deletions of Vall43 and Vall43Phe replacements as well as the insertidb of 2
amino acidswhich makes ihighly unlikely that a quick computational solution to the binding task
will be installed.

GSL-
Headgroup SWModel 7a25 5X45 IUPAC Name Category No.
A-D-NeuSAc-(2-3}-8-D-Galp-{1-2)-[A-D-NeuSAc-{2-6)]- B-D-GalpNAc-{1-2)-A-
DSGG ¢ 7.7 -6.2 T o s o p e et o Globo 1
IH an‘tigen 7.6 -7 -15.4 A-L-Fucp-{1-2)-8-D-Gzlp-(1-3}-B-D-GlcpMAC-(1-3}-B-D-Galp-{ 1-4]-B-D-Glep-0H Lacto 2
GalNAc-GM1b 7.6 6.8 10,0 g o AT B DG LSO G Ganglio 3
VI3(Galb 1- B-D-Galp-{1-3)-B-D-GlcpNAc-{1-3}-B-D-Galp-{1-3)-B-D-GlepNAC-(1-3)-B-D-

4GIcNACh) Lcd 7.4 7.4 -18.8  GoSELALes Lacto 4

X-hapten, SSEA-1,

e 73 6.7 14.9 z:—Ga\p-{l-ﬂ]-[A—L—Fu:p-{i-B)]B—D—GI:pNAc—i1-3J-E-D-Gal|>tL-4]-E-D-GI(p Neolacto 5
A-L-Fucp-{1-2)-8-D-Galp-(1-4)-[A-L-Fucp-{1-3]18-D-GicpNAC-(1-3}-B-D-Galp-

Le¥-8 -7.3 -7 -20.4 (1.4} 5.0 GicphiAc- (1-3)-B-D-Gelp{1-4)-B-D-Glep-OH Neolacto 6

IV 3-nLcOse4 73 75 104 e e s DG LA SO MY Neolacto 7
A-D-BIcpNS036503{1-4)-A-L-IopA2303-(1-4)-AD-GIephSO3ISOEI0-(1-  Haparan

Heparin (3ina 7) 7.3 55 272 4 ALidopA2S03-{1-4)-A-D-GlpNSOIESO-(1-4}-A-L-IdopAZSO3-(1-4]-A-D- 8
GlcpNSO36503-(1-4)-A-L-IdopA2503 sulfate

GM1b 72 74 187 gfp-_pga:snc-(z—s}u—nfam—(l—s]-s—uaalpNA;-114:a-u-Ga|p-:H}-n4J- Ganglio 9

Lactosialyl- - {231 3 {138 -

teuaose\" 70 6.8 172 g‘fp:’g;pm (2-3}-B-D-Galp-{1-3)-B-D-GicpNAc-{1-3)-8-0-Galp-(1-4}-8-D. Lacto 10

d A-D-GalpNAc{1-3)-B-D-Galp-{1-4)-B-D-GlcpNAc-{1-3}-[3-D-Galp-{1-4}-8-D-

ledg;daaollzgiaeév 7.0 -6.9 -23.6  GlcpNAc{1-5)]-B-D-Galp-{1-4)-B-D-GlcpNAc-{1-3}-B-D-Galp-(1-4}-B-D-Glc-  Newolacto 11
oH

Gb4 (P antigen) -7.0 5.8 -11.8  B-D-GalpNA{1-3}-A-D-Galp-{1-4)-8-D-Galp-{1-4)-B-D-Glcp-OH Globo 12
A-D-NeuSAC-{2-3}-8-D-Galp-(1-4]-B-D-GlcpNAC{ 1-3)-B-D-Galp-{ 1-4}-{A-L-

VIM-II -7.0 -6.8 -22.0  yep(13)]B D GlepNAC.2]-8-D-Galp-{1-4]-8-D-Glcp-OH Neolacto 13

Lacto-N- B-D-Galp-{1-4)-B-D-GlcpNAc-{1-6)-[8-D-Galp-{ 1-4)-B-D-GicpNA=-{1-2/]-8-D-

neohexaose -7.0 -6.4 164 ap(1-48-0-6IcOH Neolacto 14

LM1, iso-LM1 -7.0 -7.7 -15.6  B-D-Galp-{1-3}-B-D-GlcpNAc-{1-3-8-D-Galp-{1-4)-B-D-Gicp-OH Lacto 15
B-D-Galp-{1-4)-{A-L-Fucp{1-2)]B-D-GlcpNAc-(1-3)-B-D-Galp-{ 19} [A-L-Fucp-

Polymeric Le* ! -7.0 -6.6 -24.5  (1-3)1B-D-GicpNAC-(1-3)-B-D-Galp-{1-4)-[A-L-Fucp-{13)]B-D-GlepMAc{1-3}8-  Neolacto 16

D-Galp-{1-4)-B-D-Glcp-OH
Affinity in keal/mol
# Found as Di-Sialosyl Galactosyl Globoside or Sialosyl-Monosialosyl Galactosyl Globoside (Sialosyl-MSGG) and classifiable as Di-Sialosyl-Gb5 or Di-sialosyl-
Galbl-3-Gb4
* Type Il isomer of Le®

T charge correction pending
|l Also named , Trimeric Le*”

refined/redocked (exhaustiveness 4}

Table 4:Carbohydrate screen for the local docking to the identified binding site, list e§¢opes. The box size x = 39.2, y = 26.5, z = 28.9
was used for the Autodock Vina screen, screen energies are listed (black) and refined local autodocking enerdieataceiingreen.
These correspond to local energies obtained in SMINA. The shared terminal epitope of DSSGMSi@iBsgl Disialos@b5) found in
GDZX was bound in grossly similar configuration to therStein NTD with Nacetylated residue GalNAc Wwih the central binding pocket

and with Autodock Vina affinity 66.8/-18.4 kcal/mol. In this binding, the reducing end was likely not available and only partial low affinity
binding to GDa& would be expected. Categories of glycolipids are denoted wiles@ame and IUPAC formulae are indicated.

In the next analysis, the tegcoring ligands of th8wissModel7C_26J (Table 4) were tested for inter
action with the surface pocket of the SAB8V1 S (48). The structure nearly corresponded to the
energy minimized conformer with little change (RMSD 0A98nd onlyLys142, Glu174nd Asp204

in the putative binding site subject to minimal sidleain rotation when energy minimizeAlthough

the 5X4S structércontained gaps and some amino acids had not been resolved, the ligands docked
to the structurally resolved surface area withthe neighbourhood of these fouresidues.In the
Autodock approachhte distinctly lower binding affinities of both, heparin @) and DSGGare
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shown (Fig. 6)In comparison, te Gb4 (FAntigen) and GalINAGM1b interacted also stronger with

the SwissModel7C_26J than with the SARS1 Sprotein. Other ligands showed mostly compara
ble affinities.

Finally, the recently publishezbnvalescent sera study was used to comparatively analyze the glycan
binding site(49) (Suppl. Fig. )2 It appears, that the major antigenic site in the NTPr(&ein) would
extend from Tyrl44, His®4to Vall43 and Leul41 that has now been defined. Only the first two res
idues are exposed, the residual amiacids that grossly alter antigenicity are located to the interior
of the domain and none of the amino acids in the binding site within directiprity in rotamers of
sidechains or sidehains themselves alter the antigenicity.

Figure 5:Surface presentation of the SARSV2 NTD with halside view onto putative binding sites of glycans. The surface is coloured by
Coulombic electrostatic surfa charges, the ligand is coloured by the indicated IUPAC code and majohaidegotations in refinement

are: Asn74, Trp152, Lys182, GIn183, Asn185, Arg214 and Arg246 (undetiireedies gathered in the refined poses were increased from
7.7 kcal/motto -10.2 kcal/mol and corresponded to th26.1 kcal/mol and26.0 kcal/mol obtained in the local or frealgtating sidechain
poses, respectively. Computational resources for the overall approach of no restriction to backbone movements and/ootagety r
sidechains in ligands docked without restricted torsional degrees of freedom were not available. Charged six Lys and on® Awgjdamin
in the binding site are denoted. The likely location of ceramide is indicated. Annotations of residues, raathfitst occurrence is pro
vided bywww.datamonkey.orgGlycans are coloureid [IUPAC style yellow Gal and GalNAc, blue Glic and purple NeuAc.

Discussion

Based on two recent analyses, | would like to suggest, ttiatputative glycan binding site estab

f AAKSR gAGK (GKAA ¢2N)] 2y !dziz2R201 IYyR OF-Nb2K&RN
SaolLSé¢d ¢KAA GKS2NEB K2f Rasz GKIG adNFFOS -NBaARdA
tation and structurathangeand surface patches may also be indirectly affected by altering internal
residues. Two most recent studies have mapped the immune epitopes recognized by the antibodies

in humans. These are consistent with the assumption that monoclonal antibodéesanvalescent

sera against the SARK®V2 Wuhan isolate bind to a surface area distinctly different from the sur

face patch surroundinglis69 of the SARSoV2 Sprotein (49, 50), the putativeglycanbinding pock

et.

Previous analyses in genetics have supported the role of glycans in the susceptibility of the human
population to SARS0V1 and-2 infection and/or severity of disease (COMHE). Although different

models have been suggested that could explain the relative or absolute protection of individuals with
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