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SUPPORTING METHODS

Choice of glycosylation and glycan modeling

The ACE2 receptor has 7 potential N-glycosylation sites (PNGS), N53, N90, N103, N322,

N432, N546, and N690. Of these, the first six glycans are present in the ACE2 residue range used

in our simulations (i.e. S19–D615). It remains to be seen exactly how different glycan types at

these sites affect ACE2 association with the viral RBD. It is known that post-translational gly-

can modifications are strongly dependent on expression cell lines and their glycosylation enzyme

repertoire [1, 2]. Unfortunately, all currently available ACE2 studies were done using recombinant

proteins expressed in non-native cells. This prevents a definite determination of native glycosyla-

tion pattern on the ACE2 receptor and their role in RBD binding. Literature suggests that DC-SIGN

and L-SIGN lectins act as enhancer factors that facilitate ACE2 mediated virus infection [3]. These

specifically recognize high-mannose glycans [4], indicating that at least those glycans on ACE2

interacting with these lectins occur in oligomannose form. On the other hand, Zhao et al. [5] had

previously applied sequential exo-glycosidase digestion to identify mainly biantennary N- linked

glycans with sialylation and core fucosylation. Recently, Shajahan et al. [6] performed site specific

mass spectrometry analysis of human ACE2 to indicate predominantly complex type glycosylation,

with 60% biantennary, 85% fucosylated, and about half of them as sialated structures. Moreover,

negatively charged sialic acids extensively found on complex glycans have been reported to play

critical roles in viral Spike interaction [7]. A thorough understanding of the effects of glycosylation

is thus necessary.

Since each PNGS can have a varying distribution of glycan occupancies [6], we modeled two

divergent forms of N-glycans on the different ACE2 sites, namely the unprocessed 9-mannose

(MAN9) oligomer and the enzymatically processed fucosylated 2-antennae type complex glycan

(FA2) with commonly expected 2–3 linked [6] sialic acid tips. Since FA2 glycan type has been

shown to be the major glycoform at the Spike glycosylation site 343 [8, 9], this was selected as the

glycan choice for RBD for all glycan-included simulations. 40 initial configurations were modeled

for the MAN9 and FA2 simulations (i.e. 20 for each simulation set; cf. main text Figure 1b,c).

These initial configurations were prepared based on different RBD-ACE2 configurations taken

from preliminary glycan-free trajectories. Glycan structures were built at the PNGS, with random

orientations, using the ALLOSMOD package [10] of MODELLER [11]. This was succeeded by
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short simulated annealing with the protein backbone restrained to relax the glycosylated systems

at different conformations, with the CHARMM36m forcefield [12], following the glycoprotein

modeling pipeline developed previously by our group [13, 14]. The CHARMM pdb and psf files

were converted to AMBER format using the CHAMBER command available in the PARMED

module of AMBERTOOLS 16 [15, 16]. Following the steps described, 20 different glycoprotein

configurations were obtained for each of the MAN9 and FA2 glycosylated ACE2 systems, which

were used for the 40 individual glycosylated trajectories of all-atom explicit-solvent simulations

performed with the AMBER 16 software [15].

MM-PBSA calculations

The binding energy between RBD and ACE2 was approximated using the Molecular Mechan-

ics Poisson-Boltzmann Surface Area (MM-PBSA) method [17, 18]. To apply this method, we used

the MMPBSA.py script [19] within AMBERTOOLS 16. MM-PBSA estimates the binding energy

(∆Gbind) from the molecular mechanical energy (∆EMM), solvation free energy (∆Gsol) and con-

formational entropy (∆S) as:

∆Gbind = ∆EMM + ∆Gsol − T∆S

with

∆EMM = ∆Eint + ∆Evdw + ∆Eele

∆Gsol = ∆GPB + ∆GSA

T is the temperature; ∆Eint is the internal energy from the sum of bond, angle, and dihedral terms;

∆Evdw is the van der Waals energy; ∆Eele is the electrostatic energy; ∆GPB is the electrostatic sol-

vation free energy computed by the Poisson-Boltzmann (PB) method [20]; and ∆GSA is nonpolar

solvation free energy proportional to solvent accessible surface area and cavitation terms. ∆GSA

implicitly includes the solvent entropy approximation by virtue of parameterization [21, 22]. Be-

cause the PB calculations are computationally very costly, 4 sets of randomly selected 200 snap-

shots were used from the complete ensembles for these calculations in order to obtain robust sam-

pling and standard errors.
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MM-PBSA has been shown to perform reasonably well for protein-glycan systems in order to

calculate relative affinity changes and their agreement with experimental values [23]. The con-

formational entropy change (∆S) is not included in the present MM-PBSA analysis since entropy

calculations are typically error-prone [24, 25] and have convergence difficulties [26, 27]. It has been

shown that the inclusion of entropic terms from quasi-harmonic approximation provided no mean-

ingful improvement in the agreement between the predicted and experimental energies, whereas

other methods of conformational entropy calculations such as harmonic approximation entropies

reduced the correlation [23]. Here, the quasi-harmonic conformational entropy was calculated from

the eigenvectors of complete covariance matrix in GROMACS v5.1.2 [28] (Figure S2a). Since the

relative changes in conformational entropy are similar between the MAN9 and FA2 simulations

(Figure S2a), we did not included them in our binding energy calculations. Electrostatic potential

calculation was performed using the Adaptive Poisson Boltzmann Solver [29].
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SUPPORTING FIGURES AND TABLES

FIGURE S1. Total probability of glycan-protein contact formation for each glycan. Of all the glycans
in ACE2, the one at position 90 contacts the RBD with distinctly higher probability (over 80%). The single
RBD glycan at position 343 forms contacts with ACE2 in 20% (30%) of the sampled configurations for
MAN9 (FA2). Standard deviations by bootstrapping over four sets from the total ensemble demonstrate
convergence of glycan sampling.
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FIGURE S2. Analysis of RBD-ACE2 binding energy. (a) Change in conformational entropy using a quasi-
harmonic approximation. (b) Same MM-PBSA analysis as in main Figure 5a, except that glycan Asn90 is
removed from the simulations with MAN9 (magenta), or FA2 glycans (blue) in ACE2. (c) Decomposition
of contributions to the MM-PBSA energy as shown in main Figure 5a into van der Waals, electrostatic, polar
solvation, and non-polar solvation energy components.
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FIGURE S3. Interactions and energetic effects associated with RBD-Asn343 glycan. (a) Contacts of
RBD-Asn343 glycan with ACE2 residues or ACE2 glycans. The RBD-Asn343 glycan forms more frequent
interactions (i.e. over 20%) with glycans 53 and 322 of ACE2 (both for MAN9 and FA2). The RBD-Asn343
glycan does not form frequent contacts with ACE2 residues. (b) Changes in RBD-ACE2 binding energy
relative to non-glycosylated RBD-ACE2. The bars of “no glycan” (white), “MAN9” (magenta), and “FA2”
(blue) represent the same data as main Figure 5a, except normalized to the “no glycan” value. Recall that
“MAN9” (magenta) and “FA2” (blue) correspond to the simulation sets where either MAN9, or FA2 gly-
cans are in ACE2, respectively. In both sets, a single FA2 glycan is bound at Asn343 in RBD. To identify
the energetic contribution of the RBD-Asn343 glycan, we removed this glycan and recalculated binding
energies (see pink and cyan bars, which are normalized to the “no glycan” value). Specifically, the pink bar
of “no 343 (MAN9)” shows RBD-ACE2 stability for the MAN9-in-ACE2 simulations, after removal of the
RBD-Asn343 glycan. The cyan bar of “no 343 (FA2)” shows RBD-ACE2 stability for the FA2-in-ACE2
simulations, after removal of the RBD-Asn343 glycan.
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TABLE S1: Quantitative evaluation of contacts previously im-

plicated by experimental structures. RBD-ACE2 contacts found

in PDB IDs: 6M0J [30], 6M17 [31], and 6VW1 [32] are listed.

For each pair, the contact probably was calculated using our all-

atom simulations. All persistent short-range contacts as captured

by the simulations (i.e. total of 25, highlighted in green) repre-

sent a subset of the experimentally-reported interactions. Persis-

tent short-range contacts are defined as those that form with at least

60% probability.

RBD residue ACE2 residue Contact Probability
417 LYS 30 ASP 0.71
446 GLY 42 GLN 0.05
449 TYR 38 ASP 0.07
449 TYR 42 GLN 0.14
453 TYR 34 HIS 0.93
455 LEU 34 HIS 0.74
456 PHE 27 THR 0.95
456 PHE 30 ASP 0.38
456 PHE 31 LYS 0.46
475 ALA 19 SER 0.17
475 ALA 24 GLN 0.76
475 ALA 27 THR 0.43
476 GLY 24 GLN 0.59
486 PHE 79 LEU 0.56
486 PHE 82 MET 0.78
486 PHE 83 TYR 0.85
487 ASN 24 GLN 0.86
487 ASN 83 TYR 0.93
489 TYR 27 THR 0.79
489 TYR 28 PHE 0.93
489 TYR 31 LYS 0.66
489 TYR 83 TYR 0.49
493 GLN 31 LYS 0.65
493 GLN 34 HIS 0.63
493 GLN 35 GLU 0.83
495 TYR 38 ASP 0.05
496 GLY 353 LYS 0.25
498 GLN 41 TYR 0.60
498 GLN 42 GLN 0.30
498 GLN 45 LEU 0.04
500 THR 41 TYR 0.85
500 THR 330 ASN 0.68
500 THR 355 ASP 0.87
500 THR 357 ARG 0.77
501 ASN 41 TYR 0.74
501 ASN 353 LYS 0.93
502 GLY 353 LYS 0.90

Continued on next page
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TABLE S1 – Continued from previous page
RBD residue ACE2 residue Contact Probability
502 GLY 354 GLY 0.80
505 TYR 37 GLU 0.58
505 TYR 353 LYS 0.95
505 TYR 354 GLY 0.44
505 TYR 393 ARG 0.45
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