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ABSTRACT In this article, we investigate the binding processes of a fragment of the coronavirus spike protein receptor binding
domain (RBD), the hexapeptide YKYRYL on the angiotensin-converting enzyme 2 (ACE2) receptor, and its inhibitory effect on
the binding and activation of the coronavirus-2 spike protein CoV-2 RBD at ACE2. In agreement with an experimental study, we
find a high affinity of the hexapeptide to the binding interface between CoV-2 RBD and ACE2, which we investigate using 20
independent equilibrium molecular dynamics (MD) simulations over a total of 1 ms and a 200-ns enhanced correlation guided
MD simulation. We then evaluate the effect of the hexapeptide on the assembly process of the CoV-2 RBD to ACE2 in long-
time enhanced correlation guided MD simulations. In that set of simulations, we find that CoV-2 RBD does not bind to ACE2
with the binding motif shown in experiments, but it rotates because of an electrostatic repulsion and forms a hydrophobic inter-
face with ACE2. Surprisingly, we observe that the hexapeptide binds to CoV-2 RBD, which has the effect that this protein only
weakly attaches to ACE2 so that the activation of CoV-2 RBD might be inhibited in this case. Our results indicate that the hex-
apeptide might be a possible treatment option that prevents the viral activation through the inhibition of the interaction between
ACE2 and CoV-2 RBD.
SIGNIFICANCE A novel coronavirus, CoV-19, and a later phenotype, CoV-2, were identified as the primary cause for a
severe acute respiratory syndrome (SARS CoV-2). The spike (S) protein of CoV-2 is one target for the development of a
vaccine to prevent the viral entry into human cells. The inhibition of the direct interaction between angiotensin-converting
enzyme 2 and the S-protein could provide a suitable strategy to prevent the membrane fusion of CoV-2 and the viral entry
into target cells. Using molecular dynamics simulations, we investigate the assembly process of a coronavirus spike
protein fragment, the hexapeptide YKYRYL on the angiotensin-converting enzyme 2 receptor, and its inhibitory effect on
the aggregation and activation of the CoV-2 spike receptor protein at the same receptor protein.
INTRODUCTION

In December 2019, a novel respiratory disease appeared in
Wuhan, Hubei, China. Although it is still under debate, there
are strong indications that a first cluster of infections
occurred at the Huanan seafood market (1–3). A novel coro-
navirus, CoV-19, and a later phenotype, CoV-2, were iden-
tified as the primary cause for a severe acute respiratory
syndrome (SARS) (4,5). Within a few days, the viral disease
spread over all of China, and within the following weeks,
the local epidemic grew to a global pandemic with an expo-
nentially growing infection rate. At present, the number of
infected humans reached 3,855,788 with a number of
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265,862 deaths associated with SARS CoV-19 and CoV-2
(6). This global pandemic will have an unprecedented eco-
nomic, sociological, and political impact, in contrast to prior
outbreaks of CoV-related SARS epidemics (7). Although a
huge number of trials are still ongoing to develop a success-
ful vaccination strategy against CoV-2, a direct medication
of infected patients can have the potential to save lives
and to stabilize the situation. The spike (S) protein of
CoV-2 is the major target for the development of a vaccine
or a potential strategy to tackle the viral entry into human
cells (8–10). The S-protein forms trimers at the protrusions
of the virus and comprises two functional subunits: S1 and
S2. In the cascade of the viral entry, the S1 unit of the spike
(S) protein facilitates the attachment of the virus at the sur-
face of the cell (11). The S2 subunit, responsible for mem-
brane fusion, employs TMPRSS2 for the S-protein priming,
whereas it uses angiotensin-converting enzyme 2 (ACE2) as
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an entry receptor for membrane fusion (12–17). One of the
key factors for its infectious potential for humans is the high
conservation of ACE2 in different mammalian organisms
(18), which allows its transmission from animals to humans.
The receptor binding domain (RBD) of the S1 subunit con-
tains five antiparallel b-strands, whereas a-helical and loop
motifs form the connecting entities between the b-sheets.
Between two b-sheets, an extended insertion forms the re-
ceptor binding motif, which binds to ACE2 at its N-terminal
helix (19–21). Among a large number of potential targets,
the inhibition of the direct interaction between ACE2 and
the S-protein (SARS CoV-S) provides a suitable strategy
to prevent the membrane fusion of CoV-2 and the viral entry
into human cells (22,23). In a combined experimental and
theoretical study, a hexapeptide ((438)YKYRYL (443)) of
the receptor domain of SARS CoV S has been identified
as an efficient inhibitor of the interaction between the S-pro-
tein and ACE2 (24). In vitro infection of Vero E6 cells by
SARS coronavirus (SARS CoV) was blocked by the hexa-
peptide. It also has been shown that the peptide inhibits
the proliferation of CoV-NL63. Interestingly, the fragment
(438)YKYRYL (443) carries the dominant binding epitope
and binds to ACE2 with a high affinity of KD ¼ 46 mM.
Its binding mode was further characterized by saturation
transfer difference, NMR spectroscopy, and molecular dy-
namics (MD) simulations. Based on this information, the
peptide can be used as lead structure to design potential en-
try inhibitors against SARS CoV and related viruses.

In this article, we present MD simulations to investigate
the effect of the hexapeptide on the binding of the spike pro-
tein RBD of SARS CoV-2 (CoV-2 RBD) with ACE2 and
quantify its affinity to the binding site shown by Struck
et al. (24). Second, we applied enhanced correlation guided
MD (CORE-MD) simulations to measure the free energy of
binding of the hexapeptide to its preferential binding site at
ACE2. In the third stage of the study, we investigated the ef-
fect of the hexapeptide on the interaction of CoV-2 RBD
with ACE2. In our simulations, we observe that the hexa-
peptide binds to the N-terminal region of ACE2 with a
high affinity to three clusters that are located at the interface
at which CoV-2 RBD binds to the receptor as revealed in x-
ray structures (19,20). In the enhanced MD simulations, we
observe that CoV-2 RBD relaxes into an energy minimum
that differs fundamentally from the x-ray structure; we
find that CoV-2 RBD rotates and binds to ACE2 at the N-ter-
minal region by a hydrophobic patch, which is between res-
idues Thr351 and Leu535. Our simulations reveal that the
energetic minimum does not favor a hydrophilic interaction
as shown in x-ray crystallography. In the simulations of
binding of CoV-2 RBD to ACE2 in the presence of the hex-
apeptide, the hexapeptide binds preferentially to CoV-2
RBD in the vicinity to the ACE2 binding segment. Surpris-
ingly, we find that the binding of the hexapeptide changes
the assembly process of CoV-2 RBD such that the activation
of ACE2 is inhibited by the hexapeptide. Our simulations
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are in agreement with the experimental study and demon-
strate the potential of the hexapeptide YKYRYL as a
possible ‘‘new modality’’ treatment option (25), which pre-
vents the viral entry into human cells. Because of a damping
effect by the cleavage of the peptide by proteases, a chem-
ical modification that hinders that cellular process might in-
crease the therapeutic potential of this peptide (25–27).
METHODS

CORE-MD

CORE-MD uses the path along the reduced action Li as function of the

momenta pi and coordinates qi for an atom with the index i (28–32):

Li ¼ #pidqi; (1)

where a finite time summation is applied over the path over momenta and

displacements along the trajectory. For the calculation of the momentum

pi ¼ mivi, we use a uniform atomic mass. A path-dependent correlation

function Ci(t) is calculated as follows:

CiðtÞ ¼ 1

t

X
t%t

�
Li

0 � hLii
�ðLi � hLiiÞ��Li

0 � hLii
�� jLi � hLii j

; (2)

where h.i denotes the time average, and Li
0 is determined at a time t0 with a

probability P iðt0Þ:

P iðt0Þ ¼ 1

1þ e�Ciðt0Þ; (3)

at each time step. To define a correlation-dependent probability density, the

space of the correlation function is discretized into a histogram ranging

from �1 to þ1, and a probability density ri(t) is defined at the time t for

the history-dependent number of states NCiðtÞ and the total number of states

in this state of the correlation function Ci(t):

riðtÞ ¼
NCiðtÞP
iNCiðtÞ

: (4)

That definition allows for the discretization of the path-dependent corre-

lation and the definition of a log likelihood function (see below). The cor-

relation-dependent density ri(t) as a function of the correlation function

Ci(t) for an atom with index i is then defined by:
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; (5)

where s defines the width of the Gaussian function (because of the fact that

we apply a histogram over 102 bins, we apply s¼ 2� 10�2). Subsequently,

a log pseudolikelihood function l of the correlation-dependent density is

defined, which describes a form of a correlation-dependent potential:

liðtÞ ¼ � logðriðtÞÞ; (6)

which leads to the corresponding bias Ai with an additional parameter a

with the units of an energy:

Ai ¼ aVliðtÞ; (7)



FIGURE 1 (a) Crystal structure of the SARS CoV-2

spike protein CoV-2 RBD bound with ACE2

(PDB: 6M0J (19)). ACE2 is shown in blue, cyan,

yellow, and green, and CoV-2 RBD is shown in

orange. (b) 20 different hexapeptide (YKYRYL) con-

formations are used as initial starting models of

independent 50-ns equilibrium MD simulations in

explicit solvent. (c) Shown is the starting structure

of the enhanced CORE-MD simulation of

CoV-2 RBD to ACE2. (d) Shown is the starting

structure of the enhanced CORE-MD simulation of the same system in the presence of the hexapeptide. The distances d1 and d2 used in the free

energy projections (see Fig. 4) are indicated in (c) and (d). To see this figure in color, go online.
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as the derivative along a unit vector with a unit length because of the dimen-

sionality of the correlation function. As a consequence, the bias gradient

evolves as the gradient of the potential of the history-dependent probability

density ri(t), which is described by the log functional in Eq. 6. That way, the

correlation-dependent likelihood is maximized in analogy to the principle

of maximal entropy (33).

As a second element of the CORE-MD algorithm, a factorization of the

total gradient by a factor ri is introduced. The application of the bias

gradient using only the bias derived from the path-dependent correlation re-

quires the sufficient sampling of the correlation space. The correlation

space of the path correlation is sampled along a first-order rate equation:

_CiðtÞ ¼ � ki1t; (8)

where k1 stands for the first-order rate constant. To reach a sufficient sam-

pling efficiency of the correlation space, the resulting gradient is scaled by a

correlation-dependent factor r to enhance the decay of the autocorrelation

and to achieve a faster access of the conformation space. As a consequence

of the factorization, the time-dependent behavior of the correlation function

is then described by a second-order rate equation:

_CiðtÞ ¼ � ðki1 þ ki2Þt; (9)

We define the factor ri(t) as:

riðtÞ ¼ e�bCiðtÞð1þ bCiðtÞÞ; (10)

where b stands for a second dimensionless constant. In the global picture,

the log likelihood function converges to the global log likelihood of the total

correlation-dependent density X:

lim
t/N

liðtÞ ¼ � logðXiÞ; (11)

where Xi is approximated as the probability function Pi of the path-depen-

dent correlation:

PizXi: (12)
TABLE 1 MD and CORE-MD enhanced sampling simulations that w

hexapeptide on the binding process of CoV2-RBD with ACE2

Simulation Length

20 independent simulations, NPT-MD 50 ns

1 CORE-MD enhanced sampling 200 ns

1 CORE-MD enhanced sampling 200 ns

1 CORE-MD enhanced sampling 200 ns
The last expression shows that the CORE-MD algorithm samples the

global free energy in the infinite time limit because of the definition of

DFi ¼ �kBTlog(Pi).
Simulation parameters and system setup

For all simulations, we used the structures of the CoV-2 RBD-ACE2 com-

plex from the Protein Data Bank (PDB) structure PDB: 6M0J (chain A:

ACE2, chain E: CoV-2 RBD) (19). For the first set of 20 independent

NPT-MD simulations over 50 ns in explicit solvent, we centered the PDB

structure of ACE2 (PDB: 6M0J, chain A) in a triclinic box with dimensions

7.419 � 8.361 � 8.614 nm3 and filled the box with 17.026 SPC/E waters.

For the preparation of 20 starting structures, we placed the hexapeptide

YKYRYL at 20 different initial positions in the vicinity to the potential

binding site of ACE2 (see Fig. 1 b). In parts, we reduced the accessible

conformation space by the placement of the 20 peptide conformations in

the vicinity of the CoV-2 RBD-ACE2 interface in the PDB structure. For

the selection of random orientations, larger simulation times and a larger

number of starting structures would have to be applied. For the enhanced

sampling simulation of the hexapeptide-ACE2 system in implicit solvent

using CORE-MD enhanced sampling, we modeled one hexapeptide-

ACE2 conformation to and simulated the system over 200 ns using the pa-

rameters a¼ 5.0 and b¼ 0.5 (Table 1). For a third and a fourth CORE-MD

enhanced sampling simulation with and without the presence of the hexa-

peptide, we modeled a separated CoV-2 RBD-ACE2 system with an

increased contact distance of �2.2 nm by which the two domains are sepa-

rated from each other. For the separated ACE2-CoV2 RBD complex with

the hexapeptide, we inserted the hexapeptide 1 nm away from ACE2.

Both systems were centered in a triclinic box with dimensions 7.41900 �
9.13930 � 16.23050 nm3 (see Fig. 1, c and d).

We used the AMBER99SB force field to describe the interactions (34).

For the 20 independent MD simulations over a total of 1 ms, we used the

stochastic velocity rescaling algorithm in combination with the Berendsen

barostat to simulate the system at NPT conditions at 300 K and 1 bar using a

time step of 1 fs (35). The enhanced sampling simulations of the hexapep-

tide-ACE2 complex and the separated CoV-2 RBD-ACE2 system with and

without the hexapeptide have been performed in implicit solvent using the

standard GBSA AMBER99SB parameters. We measured the affinity to a

specific binding site using the number of counts N in which the hexapeptide

resides below a contact threshold of the Ca atoms of 0.65 nm in relation to
ere performed in this study to investigate the effect of the

System

Hexapeptide-ACE2, explicit solvent (different starting positions)

Hexapeptide-ACE2, implicit solvent

CoV-2 RBD-ACE2, implicit solvent

CoV-2 RBD-ACE2, hexapeptide, implicit solvent
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the total number of frames in the trajectory Nt. We define the relative affin-

ity by the fraction of the affinity h divided by the maximal affinity hmax
measured for the specific system. The total affinity 3is given by the loga-

rithm of the relative affinity:

ε ¼ log

�
h

hmax

�
: (13)

We define the free energy DF by the probability P along two order pa-

rameters (i.e., the distances d1 and d2 between pairs of atoms):

DF ¼ kBTlog

�
P

Pmin

�
; (14)

where Pmin stands for the minimal probability by which the histogram is

populated. We assessed the convergence of the 20 NPT-MD simulations

and CORE-MD simulation of the hexapeptide-ACE2 system using the

average root mean-square deviation of the individual distances dij and the

final value:

D
dij � dijfinal

E
¼ 1

N

X
i < j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dij � dijfinal

	2
r

; (15)

over N distances. We used the GROMACS version 4.6 package for the equi-

librium MD simulations and a modified GROMACS version 4.5.5 for the

CORE-MD simulations (36). We identified the preferential binding site

of the hexapeptide at ACE2 through a distance-based clustering. We then

used the conformation of the hexapeptide at ACE2 for the calculation of

protein interaction energies using the PRODIGY program (37). We

modeled the individual hexapeptide conformers using the PyMOL

modeling program (38).
RESULTS AND DISCUSSION

Simulations of hexapeptide binding to ACE2

We tested the affinity of the hexapeptide to the ACE2 pro-
tein in 20 independent equilibrium MD simulations over a
total simulation time of 50 ns. For this first set of simula-
tions, we modeled 20 different starting conformations of
the hexapeptide at an approximate distance of 1 nm away
from the potential binding site between ACE2 and CoV-2
RBD. To examine the specific affinity of the hexapeptide
for binding sites at ACE2, we determined the complete
Ca-Ca distance matrix and averaged over all 20 trajectories.
We find that the hexapeptide binds with 55% of the total af-
finity to the interface between the N-terminal helix and a b-
sheet located at Glu329 and a lowered contact propensity of
43–50% to the residues Asn330 and Trp328 (see region (4)
in Fig. 2, a and c). We observe another contact cluster at
Asp382 and Met383, in which the affinity reaches values
of 13 and 15%. A third contact cluster is located at Thr55,
in which the affinity of the hexapeptide to ACE2 reaches
a value of 21% (see Fig. 2, a and c).

In an enhanced MD simulation, we simulated the binding
of the hexapeptide to ACE2 in implicit solvent. We used this
simulation to cross-validate our equilibrium MD simula-
tions. In the enhanced MD simulation over 200 ns, we
1004 Biophysical Journal 119, 1001–1010, March 16, 2021
observe approximately identical binding patterns of the hex-
apeptide to the surface of ACE2. We observe a first cluster
of contacts at Gly354 with an affinity of 27%. We find that a
second contact cluster with a propensity ranging from 80 to
100% is located at Trp328 and Glu329 (see region (4) in
Fig. 2, b and d). We observe another contact pattern at
Gln325 with a propensity of 96%. A fourth contact cluster
is located at Leu132 with a relative propensity equal to
56%. Finally, we observe a last cluster of contacts at the
N-terminus of ACE2 between the residues Ser124 and
Gly130 with affinities ranging from 1 to 71% (see regions
(2) and (3) in Fig. 2, b and d). An additional minor contact
formation with a propensity of 2% resides at Glu57 (see re-
gion (1) in Fig. 2, b and d). To assess the convergence of the
simulations, we measured the average root mean-square de-
viation of the distances from their final value (see Fig. 2, e
and f). In the set of 20 NPT-MD simulations, we observe
that the average root mean-square deviation decreases to a
value below 0.5 nm at �30 ns, which shows that the simu-
lation length of 50 ns is sufficient for a convergent sampling
(see Fig. 2 e). The CORE-MD simulation over 200 ns in im-
plicit solvent shows that the hexapeptide accesses five
different states (see Fig. 2 f).

Our set of 20 equilibrium MD simulations agrees with the
enhanced MD simulation on the general contact patterns of
the hexapeptide at ACE2. In both sets of simulations, we
find a major binding pattern in the vicinity of the N-terminal
region of ACE2, where specifically Arg4 binds to Asn322,
which is in agreement with the experimental study (24).
The residues Tyr3 and Tyr5 are interacting with Ala387 in
a hydrophobic binding mode (see Fig. 3, a and b). We
conclude that the hexapeptide binds preferentially to the
N-terminal helix and the helical interface close to the N-ter-
minus, which indeed blocks the binding interface between
CoV-2 RBD and ACE2 (19,20). Based on our findings, the
hexapeptide shows a high affinity for the ACE2 binding re-
gion, which has the potential to inhibit CoV-2 RBD activa-
tion, membrane fusion, and the viral entry into the human
cell (24). Subsequently, we used the conformation of the
hexapeptide at ACE2 to model five further peptide variants
and used a protein binding energy predictor (37) to deter-
mine the interaction strength of the models with ACE2
(see Fig. 3, c and d). We find that the hexapeptide YKYRYL
binds with �7.4 kcal/mol and Kd ¼ 3.4 � 10�6 M. A modi-
fication of the C-terminal residue to arginine and a hydro-
phobic modification at the position 4 to Leu leads to a
lower interaction energy as we find for the models YNYLYL
and YNYLYR (DG¼�6.8 and�7.1 kcal/mol). A mutation
at the position two to Leu has only a moderate effect and
leads to an interaction energy equal to �7.3 kcal/mol. In
contrast to the other variants, we found that Lys at position
two should remain conserved, whereas a replacement of Arg
at the position 4 with Asn increases the affinity of the hex-
apeptide to energies equal to �7.6 kcal/mol. The conforma-
tion with the lowest dissociation constant Kd is the variant



FIGURE 2 (a and b) Result from 20 equilibrium

MD simulations over 50 ns of the hexapeptide in

the vicinity of ACE2. (a) Color-assigned structure

of ACE2 with the affinity of the hexapeptide for re-

gions at ACE2 was indexed with a color gradient

ranging from 0 (blue) to 100% (red), corresponding

to the highest affinity. (c) Shown is the log plot of

the relative affinity 3averaged over the set of 20

MD simulations. The affinity expresses the propen-

sity of finding the hexapeptide as a function of the

residue number and the distance. (b and d) Shown

is the result from the enhanced CORE-MD simula-

tion over 200 ns of the hexapeptide in the vicinity

of ACE2. (b) B-factor assigned structure of ACE2

with the affinity of the hexapeptide for regions at

ACE2 was indexed with a color gradient ranging

from 0 (blue) to 100% (red). (d) Shown is a log

plot of the relative affinity 3of finding the hexapep-

tide as a function of the residue number and the dis-

tance averaged over the CORE-MD simulation. (e)

Shown is the average root mean-square deviation of

all measured distances (nm) of the hexapeptide and

ACE2 as a function of time taken from the set of

20 independent NPT simulations. (f) Shown is the

average root mean-square deviation of all pairwise

distances (nm) in the CORE-MD simulation as a

function of time. To see this figure in color, go online.
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YKYNYI, in which the C-terminal Ile stabilizes the interac-
tion, leading to a value of Kd ¼ 2.8 � 10�6 M. Finally, we
state that the hexapeptide variants YKYNYI and YKYNYL
contain potential alternative sequences for the binding to
ACE2 and the inhibition of CoV-2 RBD activation.
Simulations of CoV-2 RBD ACE2 assembly
formation

We tested the effect of the hexapeptide on the binding pro-
cess of CoV-2 RBD on ACE2 (see Figs. 4 and 5). Therefore,
we used a starting structure in which CoV-2 RBD is sepa-
rated by a distance of 2.2 nm away from the surface of
ACE2 (see Fig. 1, c and d). We simulated the system in
and without the presence of the hexapeptide using CORE-
MD enhanced sampling. In the simulation of binding of
CoV-2 RBD to ACE2, the hydrophilic interface formed by
the loop region between the b-sheets of CoV-2 RBD rotates
away from the surface of ACE2, mainly because of an elec-
trostatic repulsion. In a comparatively fast translatory pro-
cess, CoV-2 RBD binds to the N-terminal helix (blue) of
ACE2 (see Fig. 4, a and c). The interface between CoV-2
RBD and ACE2 is mainly stabilized by hydrophobic inter-
actions between residues in the range between Leu535
and Thr351 (CoV-2 RBD) and Gln60 to Glu75. A hydropho-
bic interaction between Leu63 and His537 plays a major
role in the stabilization of CoV-2 RBD at ACE2 (see
Fig. 4 e). The relaxed final conformation of CoV-2 RBD
at ACE2 is rotated by �90� in its attached orientation
when we compare the structure in an overlay with the exper-
imental x-ray structure (PDB: 6M0J (19)) (see Fig. 5 a).
Additionally, the global contact pattern changed from a hy-
drophilic interface to a hydrophobic interaction at a different
region of CoV-2 RBD, which is initialized by a rotatory mo-
tion in the beginning of the simulation that is induced by an
electrostatic driving force.
Biophysical Journal 119, 1001–1010, March 16, 2021 1005



FIGURE 3 (a) Main conformation of the hexa-

peptide in complex with the N-terminal helical

interface of ACE2 as revealed from equilibrium

MD and enhanced sampling MD simulations. (b)

Shown is the molecular view on the binding site

of the hexapeptide at the interface with ACE2. (c)

Shown are results from protein binding energy cal-

culations DG (37) on the hexapeptide YKYRYL

and five further variant models in the binding site

at ACE2. The relative error to the experiment lies

at 1.89 kcal/mol (37), as indicated by the error

bars. (d) Shown is the dissociation constant from

the protein binding energy calculations on the six

peptide variants. To see this figure in color, go

online.
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In the simulation of CoV-2 RBD binding to ACE2 in the
presence of the hexapeptide, we observe a fast binding pro-
cess of the hexapeptide to CoV-2 RBD at Glu465 (CoV-2
RBD) and Lys2 (hexapeptide). We find a secondary contact
between the hexapeptide and CoV-2 RBD between Ser349
(CoV-2 RBD) and Arg4 (hexapeptide) in the initial stage
of the simulation. The hexapeptide then diffuses along the
surface of CoV-2 RBD until it binds strongly to Glu465
(see Fig. 4, d and f). An initial rotatory process of CoV-2
RBD is highly analogous to the simulation without the hex-
apeptide, in which the binding motif of CoV-2 RBD rotates
away from the surface of ACE2 because of an electrostatic
driving force. In the implicit solvent environment, the for-
mation of the contact interface is driven by the surface
charge of CoV-2 RBD and ACE2. Therefore, the formation
of a contact interface between polar residues as shown in the
PDB structure is less probable. This behavior can potentially
change at high salt concentrations. In contrast to the simula-
tion without the hexapeptide, we find that CoV-2 RBD at-
taches only weakly at the peripheral region of the
N-terminal helix 4 nm away from the conformation without
the hexapeptide (see Figs. 4, b and d and 5 b). In this case,
we again emphasize that the hexapeptide changes the elec-
trostatic patterns, leading to a change in the structure of the
assembly. The hexapeptide binds to CoV-2 RBD, leading to
the weak attachment of CoV-2 RBD to ACE2. We anticipate
that this conformation corresponds to an inhibited state, in
which CoV-2 RBD does not become activated, and the pro-
cess of membrane fusion might get inhibited because of the
1006 Biophysical Journal 119, 1001–1010, March 16, 2021
low affinity of CoV-2 RBD for ACE2. Because of thermal
fluctuations and longer timescales, CoV-2 RBDmight disso-
ciate away from ACE2, which would inhibit CoV-2
activation.

We were surprised by the high specificity with which the
hexapeptide bound to ACE2 and CoV-2 RBD. Because we
observed that the hexapeptide inhibits the binding process
of CoV-2 RBD, we performed a BLAST search over all or-
ganisms that contain the specific fragment in their protein
sequences (39,40). Surprisingly, we found that 47 out of
50 hits in the sequence search returned SARS CoV organ-
isms, whereas only three hits were contained in bacteria,
which shows that the hexapeptide pattern preferentially oc-
curs for SARS CoV but not in human proteins (see Fig. 5 c).
That result shows that an a priori affinity for another func-
tion in the human organism can be excluded, which makes
the hexapeptide a suitable candidate as a potential drug.
When we analyzed the sequence of CoV-2 RBD, we find
a hexapeptide sequence YNYLYR, which contains the
same Tyr repeat at the positions 1, 3, and 5 but different res-
idues at the positions 2, 4, and 6, which might be an indica-
tor that Tyr at the positions 1, 3, and 5 is imminent for the
specificity of CoV-2 RBD (see Fig. 5 d). However, we found
that this hexapeptide sequence leads to the lowest interac-
tion energy DG ¼ �6.8 kcal/mol as we found in a modeling
approach using the preferential hexapeptide ACE2 binding
site as a structural model (see Fig. 3, c and d). We only
can speculate that the amino acids at the positions 2, 4,
and 6 are affecting the relative affinity of the fragment for



FIGURE 4 Results from enhanced sampling MD sim-

ulations of the binding process of CoV-2 RBD with

ACE2 with and without the presence of the hexapeptide.

(a) Free energy landscape is averaged over the trajectory

of the CoV-2 RBD-ACE2 complex without the hexapep-

tide as function of the order parameters d1 and d2, given

by the distances between the residues Ile21 CB (ACE2)-

Val524 CB (CoV-2 RBD) (d1) and Ala65 CB (ACE2)-

Leu390 CB (CoV-2 RBD) (d2). (b) Free energy landscape

is averaged over the trajectory of CoV-2 RBD-ACE2 sys-

tem in the presence of the hexapeptide as a function of the

order parameters d1 and d2, given by the distances be-

tween the residues Ile21 CB (ACE2)-Val524 CB (CoV-

2 RBD) (d1) and Ala65 CB (ACE2)-Leu390 CB (CoV-

2 RBD) (d2) (see Fig. 1 c, where the distances d1 and

d2 are depicted). (c) Shown is the final converged state

of CoV-2 RBD in complex with the N-terminus of

ACE2 in the simulation without the hexapeptide. (d)

Shown is the final converged state of CoV-2 RBD in

the presence of the hexapeptide. (e) Shown is a molecular

view of the interface of CoV-2 RBD at ACE2. (f) Shown

is the free energy landscape as function of the order pa-

rameters d1 and d2, given by the distances between the

residues Lys2 NZ (hexapeptide)-Glu465 OE1 (CoV-2

RBD) (d1) and Lys2 NZ (hexapeptide)-Lys335 (ACE2)

(d2). The units in the color bar are given in kBT (see

Fig. 1 d, where the distances d1 and d2 are depicted).

To see this figure in color, go online.

Inhibition spike protein binding to ACE2
the ACE2 receptor, whereas we find that Tyr at the positions
1, 3, and 5 is essential for the binding. We assume that Tyr at
the positions 1, 3, and 5 has to be conserved for the design of
a peptide mimetic used as a potential drug against SARS
CoV-2, whereas the hexapeptide sequence YKYRYL in-
hibits the viral interaction with ACE2, as we have shown
in this work. Finally, we conclude that binding of CoV-2
RBD to ACE2 is unexpectedly highly heterogeneous, which
is also the case for the interaction of the hexapeptide with
ACE2. We anticipate that the CoV-2 RBD-ACE2 interaction
(as well as the hexapeptide-ACE2 complex) depends on the
ionic strength. At high ionic strengths, a polar CoV-2 RBD-
ACE2 binding interface as given in the experimental struc-
ture might be stabilized in a strong field of surrounding ions
and water (19,41).
CONCLUSIONS

In this article, we investigated the binding process of a
fragment of the SARS CoV spike protein receptor domain
(CoV RBD), the hexapeptide YKYRYL on the ACE2 re-
ceptor, and its effect on the assembly formation and acti-
vation of CoV-2 RBD at ACE2. In agreement with an
experimental study, we find a high affinity of the hexapep-
tide to the binding interface between CoV-2 RBD and
ACE2, which we investigated using 20 independent equi-
librium MD simulations over a total of 1 ms and a 200-ns
enhanced MD simulation. We then evaluated the effect of
the hexapeptide on the binding process of CoV-2 RBD to
ACE2 in long-time enhanced MD simulations. In that set
of simulations, we found that CoV-2 RBD does not bind
Biophysical Journal 119, 1001–1010, March 16, 2021 1007



FIGURE 5 Structural overlays of the PDB structure (PDB: 6M0J) of CoV-2 RBD in complex with ACE2 (green) and the two final structures from the

enhanced MD simulations without (a) and in the presence of the hexapeptide (b) (cyan). (c) Shown is a list of SARS CoV viruses as a result from a Basic

Local Alignment Search Tool search over the protein sequence space of all organisms. Surprisingly, the hexapeptide fragment preferentially occurs in SARS

CoV viruses, which makes it suitable as a potential drug because of its dissimilarity with human proteins. (d) Shown is a hexapeptide fragment YNYLYR in

SARS CoV-2 RBD (PDB: 6M0J, chain E), indicating that the tyrosine repeat at the positions 1, 3, and 5 might be important for the design strategy of a

potential peptide mimetic for the treatment of SARS CoV-2 infections. To see this figure in color, go online.
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Inhibition spike protein binding to ACE2
to ACE2 with the binding motif shown in experiments,
but it rotates because of an electrostatic repulsion and
forms a hydrophobic interface with ACE2. Surprisingly,
we observed that the hexapeptide binds to CoV-2 RBD,
which has the effect that this protein only weakly attaches
to ACE2 so that the activation of CoV-2 RBD might be
inhibited in this case. Our results indicate that the hexa-
peptide might be a possible treatment option that prevents
the viral activation through the inhibition of the interac-
tion between ACE2 and CoV-2 RBD.
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cell entry depends on ACE2 and TMPRSS2 and is blocked by a clini-
cally proven protease inhibitor. Cell. 181:271–280.e8.

15. Ge, X. Y., J. L. Li,., Z. L. Shi. 2013. Isolation and characterization of
a bat SARS-like coronavirus that uses the ACE2 receptor. Nature.
503:535–538.
16. Glowacka, I., S. Bertram, ., S. Pölmann. 2011. Evidence that
TMPRSS2 activates the severe acute respiratory syndrome coronavirus
spike protein for membrane fusion and reduces viral control by the hu-
moral immune response. J. Virol. 85:4122–4134.

17. Kuba, K., Y. Imai, ., J. M. Penninger. 2005. A crucial role of angio-
tensin converting enzyme 2 (ACE2) in SARS coronavirus-induced lung
injury. Nat. Med. 11:875–879.

18. Holmes, K. V. 2005. Structural biology. Adaptation of SARS coronavi-
rus to humans. Science. 309:1822–1823.

19. Lan, J., J. Ge, ., X. Wang. 2020. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature.
581:215–220.

20. Li, F., W. Li, ., S. C. Harrison. 2005. Structure of SARS coronavirus
spike receptor-binding domain complexed with receptor. Science.
309:1864–1868.

21. Brielle, E. S., D. Schneidmann-Duhovny, and M. Linial. 2020. The
SARS-CoV-2 exerts a distinctive strategy for interacting with the
ACE2 human receptor. Viruses. 12:497.

22. Kilianski, A., and S. C. Baker. 2014. Cell-based antiviral screening
against coronaviruses: developing virus-specific and broad-spectrum
inhibitors. Antiviral Res. 101:105–112.

23. Adedeji, A. O., and S. G. Sarafianos. 2014. Antiviral drugs specific
for coronaviruses in preclinical development. Curr. Opin. Virol.
8:45–53.

24. Struck, A.-W., M. Axmann, ., B. Meyer. 2012. A hexapeptide of the
receptor-binding domain of SARS corona virus spike protein blocks
viral entry into host cells via the human receptor ACE2. Antiviral
Res. 94:288–296.

25. Valeur, E., S. M. Gu�eret,., A. T. Plowright. 2017. New modalities for
challenging targets in drug discovery. Angew. Chem. Int.Engl.
56:10294–10323.

26. Axmann, M. 2007. Protein-ligand-wechselwirkungen im wirkstoffde-
sign: ligandbindung an membranst€andige proteine in lebenden zellen
und die identifizierung einer leitstruktur als entry-inhibitor der
SARS-CoV infektion. PhD thesis (University of Hamburg).

27. V. Srivastava, ed 2019. Peptide Therapeutics: Drug Discovery The
Royal Society of Chemistry, London, UK.

28. Kleinert, H. 2009. Path Integrals in Quantum Mechanics, Statistics,
Polymer Physics, and Financial Markets, Fifth Edition. World Scienti-
fic, Singapore.

29. Feynman, R., A. R. Hibbs, and D. F. Styer. 2010. Quantum mechanics
and path integrals. Emended Edition, Courier Corporation.

30. Peter, E. K., and J.-E. Shea. 2017. An adaptive bias - hybrid MD/kMC
algorithm for protein folding and aggregation. Phys. Chem. Chem.
Phys. 19:17373–17382.

31. Peter, E. K. 2017. Adaptive enhanced sampling with a path-variable for
the simulation of protein folding and aggregation. J. Chem. Phys.
147:214902.
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