
 
 

1 
 

 
 
 
 
 
 
Supplementary Information for 
 
Dual nature of human ACE2 glycosylation in binding to SARS-CoV-2 spike 
 
Ahmad Reza Mehdipoura,* and Gerhard Hummera,b* 
a Department of Theoretical Biophysics, Max Planck Institute of Biophysics, Max-von-Laue Str. 3, 
60438 Frankfurt am Main, Germany 
b Institute for Biophysics, Goethe University Frankfurt, 60438 Frankfurt am Main, Germany 
 
 
*To whom correspondence should be addressed.  
 (Email: Ahmadreza.Mehdipour@biophys.mpg.de and Gerhard.Hummer@biophys.mpg.de) 
 
 
This PDF file includes: 
 

Figures S1 to S15 
Tables S1 to S3 
  

 
 
 
 
 
 
 

 

 

 

 
 

 



F

Y N TN I T E EN VQN
Y N TN I T E EN AQ K
Y N TN I T E EN AQ K
Y N TN I T E EN VQN
Y N TN I ND EN VQ K
I N TN I TD EN I Q K
Y N TN I TD EN VQ K

N TN I T E EN VQN
Y N TN I TD EN A KN
Y N TN I TD EN I Q K
Y N TN I TD EN VQ K

50 61
61
61
61
61
61
61
61
61
61
61

50
50
50
50
50
50
50
50
50
50

Y

Human
Mouse

Rat
Macaque

Horseshoe Bat
Pig

Pangolin
Marmoset

Civet
Ferret
Coala

AQMY P L Q E I QN L T V K L Q L Q A L QQNG S S V L S
Q S F S L Q E I Q T P I I K RQ L Q A L QQ SG S S A L S
QN F S L Q E I QN A T I K RQ L K A L QQ SG S S A L S

AQMY P L Q E I QN L T V K L Q L Q A L QQNG S S V L S
A KN Y S L EQ I QN V T V K L Q L Q I L QQ SG S P V L S
A K T Y P L D E I Q T L I L K RQ L Q A L QQ SG T SG L S
A KN Y Q L QN I QND T I K RQ L Q A L Q L SG S S A L S

Q T Y P L Q E I QN L T V K L Q L Q A L QQNG S S V L S
Q T Y P L A E I QD A K I K RQ L Q A L QQ SG S S V L S

A K T Y P L E E I QD P I I K RQ L R A L QQ SG S S V L S
R T F P L N E I SD P Q I K L Q L K S L Q E KG T A V L

80
80
80
80
80
80
80
80
80
80
80

A
A

A
A

S

109
109
109
109
109
109
109
109
109
109
109S

S VG L P NM TQG F WEN SML T
S VG L P HM TQG F WAN SML T
S VG L P QM T P G F WTN SML T
S VG L P NM TQG F WEN SML T
S VG L P NM T EG F WNN SML T
S I G L P NM TQG F WNN SML T
S VG L P KM TQ T F WEN SML T
S VG L P NM TQG F WEN SML T
S VG L P NM TQG F WEN SML T
S VG L P NM T EG F WQN SML T
S VG L Y NM T EG F WKN SML T

317
317
317
317
317
317
317
317
317
317
317

334
334
334
334
334
334
334
334
334
334
334

F Q EDN E T E I N F L L K
F Q ED S E T E I N F L L K
F Q EDN E T E I N F L L K
F Q EDN E T E I N F L L K
F R EDN E T E I N F L L K
F Y ED S E T E I N F L L K
F Y EDN E T E I N F L L K
F Q ED S E T E I N F L L K
F S EDN E T E I N F L L K
F S ED S E TD I N F L L K
F Q ED P D T E I N F L F K

428
428
428
428
428
428
428
428
428
428
428

441
441
441
441
441
441
441
441
441
441
441

Human
Mouse

Rat
Macaque

Horseshoe Bat
Pig

Pangolin
Marmoset

Civet
Ferret
Coala

KC D I SN S T E
L H KC D I SN S T E
L H KC D I SN S T E
L H KC D I SN S T E
L H KC D I SN S TD
L Y KC D I SN S T E
L H KC D I SN S A E
L H KC D I S S S T E
L H KC D I SN S T E

Y KC D I SN S S E
H KC D I TN S T A

549
549
549
549
549
549
549
549
549
549
549

L H539
539
539
539
539
539
539
539
539
539
539

L
L

T A P KN V SD I I P R T
T S P QN V SD V I P R S
T S P KN V SD I I P R S
T A P KN V SD I I P R T
T S P GN L SD I I P R P
T S P ANMSD I I P R S
T L P KN V S A V I P R A
T A P QN V SD I I P R I
T F SNN V SD V I P R S
T S P ENMSD I I P R A
T A P P DG - T Y V S R

686
686
686
686
686
686
686
686
686
686
686 E

698
698
698
698
698
698
698
698
698
698
698

L G I Q P T L G
F L G I H P T L E
F L G I Y P T L K
F L G I Q T T L A

L G I Q P T L G
L G I Q P T L G
L G I Q P T L Q
L G I Q P T L E
L G I E P T L S
L G I Q P T L E

F VG I S S T L A

732
732
732
732
732
732
732
732
732
732
731

F

F

FF
F

F
F

F

724
724
724
724
724
724
724
724
724
724
724

N53 N90 N103 N322

N432 N546 N690 T730

Figure S1. Amino acid sequence alignment of the ACE2 receptor (glycosylation sites) in human and selected species. The red arrows indicate the glycosylation 
sites in human ACE2 and the homologous positions in other species.
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Figure S2. Structural and conformational stability of the ACE2 complex. A) The distribution of the fraction of native 

contacts (Q) for the binding interface between ACE2 and the RBD in different simulation setups. Boxes and 

whiskers indicate the interquartile range and the range of the data, respectively. The orange line is the median of 

the data. B) The time trace of the C� RMSD of the ACE2 and RBD complex (the peptidase domain of ACE2 

residues 21-710 and the whole RBD). The complex was first superimposed into the cryo-EM structure using the C� 

atoms and then the RMSD was calculated. 
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Figure S3. Conformational stability of the ACE2 dimerization interfaces. The distribution of the fraction of native 

contacts (Q) is shown between two ACE2 monomers at the lower (residues 610-725) and upper (residues 110-195) 

interfaces during in different simulation setups (A and B panels respectively). Boxes and whiskers indicate the 

interquartile range and the range of the data, respectively. The orange line is the median of the data. 
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Figure S4. Conformational dynamics of ACE2 complexes with spike RBD and B0AT1. Left column panels show the distance between the centers of mass of the 
peptidase domains (residues 21-610) in different simulation setups. Right column panels show the tilting angle of the ACE2 receptor with respect to the membrane 
normal. The green line shows the values for the cryo-EM structure. The lines are the representations of a kernel-density estimate of the probability density function 
(PDF) of each data set.
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Figure S5. Protection of the ACE2 cleavage site by B0AT1. A) shows the coverage of the cleavage site by B0AT1 in different simulations runs. B) shows 
the contribution of protein and glycan in covering the cleavage site. Boxes and whiskers indicate the interquartile range and the range of the data, 
respectively. The orange line is the median of the data.
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Figure S6. Interaction energy between ACE2 and RBD and the contribution of protein and glycans for each 
glycosylation pattern. Boxes and whiskers indicate the interquartile range and the range of the data, respectively. 
The orange line is the median of the data.
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Figure S7. Interaction between the ACE2 glycans and the RBD. A) Number of residue-residue contacts is shown 
for four glycosylation sites near the RBD binding site for different glycosylation patterns. The other three 
glycosylation sites had no contact with the RBD. Boxes and whiskers indicate the interquartile range and the range 
of the data, respectively. The orange line is the median of the data. B) The distribution of number of residue-residue 
contacts for the N322 glycan for different glycosylation patterns. C) The distribution of number of residue-residue 
contacts for the N90 glycan for different glycosylation patterns. The lines in Panels B and C are the representations 
of a kernel-density estimate of the probability density function (PDF) of each data set.    
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Figure S8. Inter-glycan interaction in ACE2-RBD complex. A) Average number of sugar-sugar contacts is shown for 
all glycan pairs in ACE2 for different glycosylation patterns (See Table S2) for those simulations performed in the 
presence of the RBD. B) Interaction between the ACE2 glycans and the N343CoV2 glycan. The number of sugar-
sugar contacts is shown between 4 glycosylation sites in ACE2 near the RBD and the N343CoV2 glycan for different 
glycosylation patterns. Boxes and whiskers indicate the interquartile range and the range of the data, respectively. 
The orange line is the median of the data.
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Figure S9.  Electrostatic potential mapped onto the surface of the RBD. The binding site of the N322 glycan and interaction interface of ACE2 are marked 
by dark green and light green, respectively. 



N53

N90

N103

N322

N432

N546

N690

0.0 0.01 0.0 0.09 0.0 0.06 0.0

0.01 0.0 0.0 0.21 0.0 0.02 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.09 0.21 0.0 0.0 0.0 2.62 0.0

0.0 0.0 0.0 0.0 0.0 0.09 0.0

0.06 0.02 0.0 2.62 0.09 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 1.13 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 1.13 0.0 0.0 0.0 0.49 0.0

0.0 0.0 0.0 0.0 0.0 0.31 0.0

0.0 0.0 0.0 0.49 0.31 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

N53 N90
N10

3
N32

2
N43

2
N54

6
N69

0

N53

N90

N103

N322

N432

N546

N690

0.0 0.0 0.0 0.01 0.0 0.0 0.0

0.0 0.0 0.0 1.09 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.01 1.09 0.0 0.0 0.0 0.31 0.0

0.0 0.0 0.0 0.0 0.0 0.1 0.0

0.0 0.0 0.0 0.31 0.1 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

N53 N90
N10

3
N32

2
N43

2
N54

6
N69

0

0.0 0.0 0.0 0.02 0.0 0.01 0.0

0.0 0.0 0.0 1.22 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.02 1.22 0.0 0.0 0.01 2.09 0.0

0.0 0.0 0.0 0.01 0.0 0.04 0.0

0.01 0.0 0.0 2.09 0.04 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

N53 N90
N10

3
N32

2
N43

2
N54

6
N69

0

0.0 0.0 0.0 0.06 0.0 0.08 0.0

0.0 0.0 0.0 1.94 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.06 1.94 0.0 0.0 0.01 1.66 0.0

0.0 0.0 0.0 0.01 0.0 0.12 0.0

0.08 0.0 0.0 1.66 0.12 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

 HMC  HMHM

 HT1  HT2  HTHS

A

B

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

C
on

ta
ct

s

2

3

0

1

4

5

 N53            N90             N103           N322

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

Figure S10. N90 glycan interaction in ACE2 complex. A) The number of sugar-residue contacts is shown for the N53, 
N90, N103, and N322 glycans in ACE2 with the RBD binding site for different glycosylation patterns (see Table S2) in
simulations performed without bound RBD. Boxes and whiskers indicate the interquartile range and the range of the 
data, respectively. The orange line is the median of the data. B) The average number of sugar-sugar contacts is
shown for all glycan pairs in ACE2 for different glycosylation patterns (See Table S2) for those simulations performed 
in the absence of the RBD.



H
M
C

H
M
H
M

H
T1

H
T2

H
TH
S

0

20

40

60

80

100
Probe 5 Å

H
M

C

H
M

H
M

H
T1

H
T2

H
TH

S

0

10

20

30

40

C
ov

er
ed

 s
ur

fa
ce

 (%
)

Probe 1.4 Å

H
M
C

H
M
H
M

H
T1

H
T2

H
TH
S

0

20

40

60

80

100
Probe 10 Å

0

10

20

30

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

 N53            N90            N103          N322

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

C
ov

er
ed

 s
ur

fa
ce

 (%
)

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

 N53            N90           N103         N322

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

H
M

C

H
M
H
M

H
T1

H
T2

H
TH
S

C
ov

er
ed

 s
ur

fa
ce

 (%
)

0

20

80

100

60

40

Probe 1.4 Å Probe 10 Å

A

B

Figure S11. Coverage of the RBD binding site by ACE2 glycans. A) The coverage of the RBD binding site by ACE2 glycans in different simulation runs measured by three 
probes (1.4, 5, and 10 Å). B) The contribution of each glycan in covering the RBD binding site measured by two probes (1.4 and 10 Å). Boxes and whiskers indicate the 
interquartile range and the range of the data, respectively. The orange line is the median of the data.
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Figure S13. Effect of glycosylation pattern on the coverage of the RBD binding site by the N90 glycan is measured by probes 1.4, 5, and 10 Å. The lines are the 
representations of a kernel-density estimate of the probability density function (PDF) of each data set. 
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Figure S14. Effect of RBD conformation in spike on the interaction with ACE2 glycans. 



N322 glycan

Figure S15.  Interaction between the ACE2 and spike glycans. ACE2 and spike are marked by green and purple, respectively. 
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Table S1.  Description of the different simulations performed in this study. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

System name Protein components System size Glycosylation Length (ns) 

ACE B0AT1 RBD 

HMC_WBAT_WRBD + + + 210×210×255 Homogeneous 

complex N-

glycan 

1×1000  

2×480 

HMC_WBAT_WoRBD + + 

 

- 210×210×240 Homogeneous 

complex N-

glycan 

1×1000  

2×480 

HMC_WoBAT_WRBD + - + 210×210×255 Homogeneous 

complex N-

glycan 

1×1000  

2×480 

HMHM_WoBAT_WRBD + - + 210×210×255 Homogeneous 

high mannose 

N-glycan 

1×1000  

2×480  

HMHM_WoBAT_WoRBD + - - 210×210×240 Homogeneous 

high mannose 

N-glycan 

1×1000  

2×480 

HT1_WoBAT_WRBD + - + 210×210×255 Heterogeneous 

N-glycan 1 

1×1000  

2×480 

HT1_WoBAT_WoRBD + - - 210×210×240 Heterogeneous 

N-glycan 1 

1×1000  

2×480 

HT2_WoBAT_WRBD + - + 210×210×255 Heterogeneous 

N-glycan 2 

1×1000  

2×480 

HT2_WoBAT_WoRBD + - - 210×210×240 Heterogeneous 

N-glycan 2 

1×1000  

2×480 

HTHS_WoBAT_WRBD + - + 210×210×255 Heterogeneous 

N-glycan high 

sialic acid 

1×1000  

2×480 

HTHS_WoBAT_WoRBD + - - 210×210×240 Heterogeneous 

N-glycan high 

sialic acid 

1×1000  

2×480 

HMC_RBD - - + 125×125×125 Homogeneous 

complex N-

glycan 

1×1000 



Table S2.  Number and type of interactions between the N322 glycan with the putative binding 

site in the RBD.   
 

Glycosylation pattern Hydrogen bonds
 

Weak hydrogen 

bonds
 

Hydrophobic 

interactions
 

HMC
 

3.4 (2.3a) 4.2 (4.3) 3.0 (3.5) 

HMHM
 

3.4 (2.0) 8.5 (5.0) 3.4 (2.7) 

HT1
 

3.1 (2.2) 6.3 (5.4) 3.3 (3.1) 

HT2
 

3.0 (2.0) 7.4 (4.9) 3.9 (3.7) 

HTHS
 

2.4 (2.9) 4.5 (3.2) 2.5 (3.1) 

a 
standard deviation.  

 

 

 

 

 

Table S3. The lipid composition used in this study for the membrane bilayer 

 

 CHOL POPC POPE POPS PSM 
Upper leaflet 33 33 - - 33 
Lower leaflet 20 35 25 20 - 

 

. 

 


