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We use a dissipative particle dynamic simulation to investigate the effects of shape complementarity on the
protein-protein interactions. By monitoring different kinds of protein shape-complementarity modes, we
gave a clear mechanism to reveal the role of the shape complementarity in the protein-protein interactions,
i.e., when the two proteins with shape complementarity approach each other, the conformation of lipid
chains between two proteins would be restricted significantly. The lipid molecules tend to leave the gap
formed by two proteins to maximize the configuration entropy, and therefore yield an effective
entropy-induced protein-protein attraction, which enhances the protein aggregation. In short, this work
provides an insight into understanding the importance of the shape complementarity in the protein-protein
interactions especially for protein aggregation and antibody-antigen complexes. Definitely, the shape
complementarity is the third key factor affecting protein aggregation and complex, besides the
electrostatic-complementarity and hydrophobic complementarity.

heliving cell is an extremely complicated system and comprises hundreds of thousands of types of biological

macromolecules, which constantly interact with each other to maintain the function of the cell, reflecting the

dynamic of cellular networks'?. The cluster formation of membrane proteins is also a crucial issue, because it
can regulate the protein activity and achieve signal transduction. So it is very significant to research the mech-
anism of the protein aggregation.

Previous research results revealed that the electrostatic-complementarity, hydrophobic- complementarity and
shape-complementarity have a very important effect on the protein aggregation. In many cases, it is unclear how
these clusters are formed by specific chemical bonds, or how the assembled structure is driven by unspecific
interactions. Some studies suggested that the protein-protein interactions may be electrostatically guided. By
calculating the electrostatic potential of protein-protein complexes, McCoy et al. confirmed the general assertion
that the protein-protein interfaces display “electrostatic complementarity”. Sternberg and Gabb also verified that
potential complexes are scored on the basis of shape complementartity and favorable electrostatic interaction
using Fourier correlation theory*. By performing structural and mutational analyse, Honig et al. have revealed the
central role of electrostatic interactions in the protein-protein association®. In another work, Honig et al. also used
continuum electrostatics methods to investigate the contribution of electrostatic interaction to the binding of four
protein-protein complexes, and found that the electrostatic provides a significant driving force for binding®. In
addition, the effects of the salt concentration and pH of the water phase on the protein-protein binding free energy
were demonstrated by Alexov et al. They found that the increase of the salt concentration weakens the binding,
which is caused by the charge-charge interactions in the interface’. Those studies confirmed the fact that the
protein-protein interactions are electrostatically guided or by a long-range force bringing the interacting partners
together® ™.

Besides the electrostatic complementarity, the hydrophobic mismatch also plays a very important role in the
protein aggregation. The “hydrophobic mismatch” denotes the length difference between the hydrophobic
domains of the transmembrane protein and the host lipid bilayer. The protein clustering due to hydrophobic
mismatch was predicted by both experiments'™** and simulations**®. In experiment, Matsuzaki and Yano
observed the dimerization in a thicker membrane, which is a response to hydrophobic mismatch'>. The asso-
ciation of rhodopsin promoted by a reduction in membrane thickness (hydrophobic mismatch) was found by
Brown et al.”®. Through calculating the potential of mean force between transmembrane proteins, Smit et al.
found that the hydrophobic force drives the long-range protein-protein interactions'. Schmid et al. used Monte
Carlo simulations to research the mechanisms of membrane-mediated protein-protein interactions by hydro-
phobic mismatch interactions. The results show that the lipid-mediated interactions are governed by five com-
peting factors: direct interaction; lipid-induced depletion interaction; lipid bridging; lipid packing and a smooth
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Figure 1 | Models of different proteins and the correct binding modes of
proteins. L denotes lipid molecule, A: protein A, Ay protein Ay, (the groove
smaller than the radius of protein B), A.: protein A.q (the groove equal to
the radius of protein B), A,: protein Ay (the groove larger than the radius
of protein B), B: protein B.

long-range contribution'®. Zhang and Yue also used molecular simu-
lation to find that the aggregation of the proteins anchored in differ-
ent leaflets was caused by the hydrophobic mismatch'.

Although the formation of protein cluster has been extensively
investigated, it still remains unclear for the mechanism in most cases.
In particular, the role of shape complementarity in the protein-pro-
tein interactions is still very poorly understood for the case with-
out the electrostatic-complementarity and hydrophobic mismatch.
Computer simulation methods have become increasingly valuable to
extract information about structural and dynamical properties at a
molecular level, and a lot of simulation studies have been performed
to explore the interactions of proteins with the membrane'*'*~>°.
However, to our knowledge, only few studies were focused on the
protein shape-complementarity caused by non-specific interac-
tions®*”. For instance, Guigas et al. found that the shape of the
hydrophobic domain of the proteins can mediate interactions
between proteins. However, the hydrophobic mismatch effect was
not eliminated”. So, in this work, we used dissipative particle
dynamic (DPD) simulations to investigate the role of protein shape
complementarity in the protein aggregation. Two main protein mod-
els were designed in this work. One is typically cylindrical protein,
and the other is “bowknot” protein with a groove body. Through
regulating the size of the groove, we design three kinds of “bowknot”
proteins which are larger, equal and smaller than the cylindrical
protein radius, as shown in Figure 1.

Results

In order to investigate the effect of the shape complementarity on the
protein-protein interaction and protein aggregations, we selected the
specie of proteins, whose hydrophobic thickness are approximately
equal to that of the membrane, in order to eliminate the effect of
hydrophobic mismatch between protein and the host lipid mem-
brane. In this work, the hydrophobic domain of the transmembrane
protein is constituted by six beads with the space of 0.7.

The shape complementarity is a geometric descriptor, stemming
from the practical observation that protein surfaces are complement-
ary to each other at the binding interface. Generally speaking, the
shape complementarity can be defined as the match of the convex
surface and concave surface of the proteins. First of all, to explore
whether the shape complementarity can promote the protein
aggregation or not, we investigate four types of protein-protein inter-
action systems. System 1: protein A (D = 4.5 nm) (D is diameter)
and protein B (D = 3.23 nm); system 2: protein Ay (D = 4.5 nm)
and protein B (D = 3.23 nm); system 3: protein A.q (D = 5.81 nm)

and protein B (D = 3.23 nm); system 4: protein Ag (D = 7.1 nm)
and protein B (D = 3.23 nm). Ay, Aeq, and A, stands for different
types of protein A, but the curvatures of their groove are the smaller,
equal and larger than the one of protein B, respectively. In the four
systems, the different types of proteins A have the similar volume,
aiming at decreasing the excluded volume effect.

After simulating 3840 ns (see Figure 2a), we observed six different
protein shape complementarity modes, as shown in Figure 1. Mode
1: the protein B enters the groove of protein A; Mode 2: one protein B
and one protein A constitute a concave surface to match the convex
surface of the other protein A; Mode 3: two proteins B match the
sharp angle of protein A; Mode 4: one protein B is located in the
groove formed by two neighboring proteins A; Model 5: one protein
A in the groove of another protein A; Model 6: one protein B is
located in the groove of protein A and another protein A also
matches with them. In this work, the shape complementarity can
be judged by the aggregation of the proteins with a convex surface
and concave surface match way. We defined the protein binding in
the shape complementarity way as “correct binding”. Whereas, the
six shape complementarity modes can be devided into two kinds.
One is two-body aggregation, and the other is three-body aggrega-
tion. The concave surface can come from the protein A itself. At the
same time, the concave surface also can be constituted by two protein
aggregation. When a protein with a convex surface can enter to the
concave the concave of protein A, it is a two-body aggregation such as
mode 1 and mode 5. Besides, the protein A with a convex surface also
can enter the concave constituted by two proteins to form a three-
body aggregation such as mode 2, mode 3, mode 4, and mode 6.
These three-body aggregation modes such as mode 2, 3, 4 and 6
can be considered as the especial shape complementarity. The mode
5 and mode 6 are rarely observed in our simulation. So, here we only
study the first four kinds of shape complementarity modes.

By simulating the four protein systems, we found that both the
aggregation degree of the proteins and average size of protein clusters
increase from system 1 to system 4, as shown in Figure 2a and 2b,
indicating that an enhanced driving force appears for the protein
aggregation from system 1 to system 4. Correspondingly, the fraction
of unclustered proteins (i.e. free monomer) decreases (see Figure 2b).
To demonstrate the “correct binding” is caused by the enhanced
driving force, we show in Figure 2¢ the number of protein “correct
binding” averaged over ten independent runs for the four systems. It
is found that the increase of the “correct binding” corresponds to the
enhancement of protein aggregation, suggesting that the shape com-
plementarity definitely promotes the protein aggregation. Simul-
taneously, we also found that the mode 1 and mode 3 only exist in
the two cases where the groove of protein A is equal or larger than the
radius of protein B, while mode 2 and mode 4 appear for all four
systems. On the whole, in the system 4, the number of the protein
correct binding caused by the shape complementarity is largest,
which is in agreement with the protein aggregation. This observation
indicates that the shape complementarity is another key factor affect-
ing protein aggregation, besides the electrostatic interactions, and the
hydrophobic mismatch.

To further explore the stabilities of the “correct binding” of dif-
ferent modes, we monitored the trajectories of a probe protein (pro-
tein B marked by red ring) in the presence of its counterpart (protein
A), which is fixed in the xy plane of the membrane. For different
binding modes, the initial positions of the probe protein were exactly
set to bind with its counterpart. At first, all the binding modes were
equilibrated for 6.4 ns. The results of the probe protein stability were
collected from 100 independent simulation runs of 1600 ns. Then we
show the extent of the probe protein stability of different modes in
Figure 3a. It is found that all the “correct binding” modes are abso-
lutely stable in which no probe protein is away from its binding site,
except for the model 1 (see Figure 3a). However, when we extend the
equilibration time of the binding modes to 1600 ns, we found that all
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Figure 2 | Protein aggregate for the four systems after 3840 ns. System 1: protein A (D = 4.5 nm) and protein B (D = 3.23 nm); System 2: protein Ay (D
= 4.5 nm) and protein B (D = 3.23 nm); System 3: protein A.q (D = 5.81 nm) and protein B (D = 3.23 nm); System 4: protein A, (D = 7.1 nm) and
protein B (D = 3.23 nm) (Protein hydrophobic length: the number of bead is 6. Beads space is 0.7.). (a) Typical top view snapshots of proteins
aggregation, where protein A is shown in yellow, protein B in blue, lipid membrane in red. (b) The number of discrete protein and the average size of
protein cluster. (c) The number of four “correct binding” modes for the different protein systems.

the “correct binding” modes are absolutely stable (see Figure 3b).
This observation confirms that all the four “correct binding” modes
are stable, whereas the mode 1 needs a longer time to reach stable
state.

Sequentially, we further investigated the stability of the “correct
binding” in mode 1 but the protein A has different grooves. All the
binding modes were equilibrated for 1600 ns. The results of the
probe protein stability were collected from 100 independent simu-
lation runs of another 1600 ns. As shown in Figure 3c, for the system
containing protein Ay and protein B, the results show that 75 per-
centage probe proteins are away from its initial site after a simulation
run. However, for the system containing protein A.q and protein B,
no probe protein departs from the groove of protein A.q in one
hundred simulations. For the system containing protein A, and
protein B, it shows the same result. This means that the shape com-
plementarity can increase the stability of the protein aggregation.
However, when the initial system of the protein A.q and protein B,
and the system of the protein Ag and protein B were equilibrated for
6.4 ns, only the system containing protein A, and protein B is abso-
lutely stable. That is to say, compared with the binding mode of
protein Aq and protein B, the binding mode of protein A, and
protein B easilier reaches stablility in a short time.

In order to research the kinetics of mode 1 with different grooves,
we put the protein A.q (D = 4.5 nm) (or protein Ay (D = 4.5 nm))
and protein B (D = 3.23 nm) randomly in the membrane. By mon-
itoring the kinetics of mode 1 for different grooves, it is found that the
probe protein B is easier to eneter the large groove (protein A, (D =
4.5 nm)), as shown in Figure 3d. This is consistent with the above
observation.

Besides, in order to further confirm the effect of protein shape
complementarity on protein aggregation, we used the initial config-
urations in the first panel of Figure 3e to investigate the protein
aggregation. For the system of Ay vs B, the protein B cannot enter
the groove of protein Ay,. After 4800 ns, we found that all proteins B

surround proteins Ay to match the curvature of proteins A that form
the mode 2 (see the second panel of the Figure 3e). For the systems of
Acq Vs Band Ag vs B (see the third and forth panels of the Figure 3e),
the proteins B in the groove of protein A.q or protein A, are still in
the groove after simulating 4800 ns, which confirms the system
stability. However, the protein B at the bulge of the protein A, or
protein A in the initial state tends to enter into the groove. All the
observations indicate that protein aggregation with a shape comple-
mentarity is stable. This stable configuration can restrict further
movement of protein, and obviously promote protein aggregation.
The mechanism of the enhanced protein aggregations caused by
the protein shape complementarity can be interpreted as follows.
Since there is no attractive interaction between neighboring proteins
in this work, the membrane deformation caused by the protein inter-
action is minimized. So, the clustering of different proteins does not
caused by the protein-protein attraction. When the two proteins with
the shape complementarity approach each other, the conformation
of lipid chains confined in two proteins would be restricted signifi-
cantly. Thus, the lipids inside the gap between the proteins would
lose their configuration entropy owing to the constraint, compared
to their counterparts in an unperturbed bilayer. As a result, the lipid
molecules tend to leave the gap to gain more configuration entropy,
and yield an effective entropy-induced attraction between the pro-
teins with the shape complementarity, which thus enhances the pro-
tein aggregation, similarly to the generation of depletion force in
colloid systems. The shape complementarity can be considered as a
sub-category of depletion force. However, when the two proteins
aggregate with a shape complementarily way, it can increase the
contact area of the two proteins. In this case, the number of the lipids
inside the gap between the two proteins would increase greatly. So the
shape complemetarity between the proteins can enlarge the depletion
force between the proteins and promote the protein aggregation. In
Figure 2, we can see that with the increase the shape complementar-
ity, the aggregation degree of the system 4 increases compared to
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Figure 3| (a) The stability for different “correct binding” modes after balance 6.4 ns (protein A (D = 5.8 nm)), protein B (D = 3.23 nm)).

(b) The stability for different “correct binding” modes after balance 1600 ns (protein A (D = 5.8 nm)), protein B (D = 3.23 nm))
= 5.8 nm)), protein B (D = 3.23 nm)). Mode _It: protein A;; and protein B,

different “correct binding” modes after balance 1600 ns (protein A (D

(c) The stability for

Mode 1_eq: protein A.q and protein B, Mode 1_gt: protein Ay and protein B. (d) The fraction of mode 1 as the function of time. (Protein A (D =

4.5 nm)), protein B (D = 3.23 nm)) (e) Initial state and typical top view snapshots of protein aggregation, where protein A (D

yellow, protein B (D = 3.23 nm) in blue, lipid membrane in red.

system 1. This means that the shape complemetarity promotes the
aggregation of the proteins. Besides, the shape complementarity also
increases the selective aggregation. Therefore, the shape complemen-
tarity may be a special depletion force of proteins with shape
matching.

It is not surprising that under driving force toward the minimum
of free energy, the misbinding also often occurs. If the aggregation of
the protein does not with a shape complementarily way, we call it as
an “incorrect binding”. The configurations with “incorrect binding”
can be also stabilized, because the high clustering rate leads to the
misbinded subunits to be trapped in a growing cluster by further
addition of subunits. Therefore, the transformation from a misbind-
ing to a completed “correct binding” becomes extremely slow since
the breakage of many misbindings is required. A lot of the assembly
pathways leading to incorrect binding are available at these para-
meter values, so the configuration with minimum free energy of
complete “correct binding” is seldom realized.

We also study the influence of protein size on protein aggregation.
Three different size protein systems are designed. System 5: protein
Aq (D = 4.5 nm) and protein B (D = 3.23 nm); System 6: protein
Acq (D = 5.8 nm) and protein B (D = 3.23 nm); System 7: protein

= 4.5 nm) is shown in

Acq (D = 7.1 nm) and protein B (D = 4.5 nm). The snapshots from
simulation were shown in Figure 4a, where the larger protein exhibits
more apparent aggregation. For the three systems studied, the com-
plementarity mode is also different. As shown in Figure 4b, from
system 5 to system 7, i.e. with the increase of protein size, the number
of “correct binding” from mode 1 and mode 3 decreases, while the
number of “correct binding” from mode 2 and mode 4 increases. We
also further explored the dependence of the correcting binding on
protein size, and investigated the kinetics of mode 1 in the three
systems. It is found that the correct binding of larger protein by mode
1 is much slower, i.e. the thermal motion of small proteins is larger,
which would gain more chances for the correct binding. However, on
the whole, the larger protein is easier to self-assemble into aggrega-
tions, as seen in Figure 4a, because the larger protein can optimize
four modes together to form dendritic aggregation. It can also be
found from Figure 4b that the total number of the correct binding of
larger protein by all four modes is highest.

In addition, we also explored the effects of protein density on the
aggregations, as shown in Figure 5, where the protein density
increases from system 8 to system 10. As seen in the snapshots from
Figure 5a, the increase of the protein density promotes the protein
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Figure 4 | Protein aggregate with different sizes after 3840 ns. System 5: protein A,q (D = 4.5 nm) and protein B (D = 3.23 nm), System 6:

protein A,y (D = 5.8 nm) and protein B (D = 3.23 nm), System 7: protein A.q (D = 7.1 nm) and protein B (D = 4.5 nm). (a) Typical top view snapshots
of protein aggregation, where protein Ay is shown in yellow, protein B in blue, lipid membrane in red. (b) The number of different “correct binding”
modes in the three systems. (c) The fraction of mode 1 in different systems as a function of time.

aggregation apparently, because the increase in density produces
more chances for the protein shape complementarity. This obser-
vation is also confirmed by the total number of the correct binding of
proteins by all four modes shown in Figure 5b. Moreover, with the
increase of the protein density, the dynamic process for protein B
into the groove of protein A.q is also accelerated, as shown in
Figure 5c.

Discussion

We have systematically investigated the role of the shape comple-
mentarity on the protein-protein interaction and the protein
aggregation under the condition without the electrostatic-comple-
mentarity and hydrophobic complementarity. Results indicate that
the shape complementarity significantly promotes the protein
aggregation. Importantly, by exploring the shape complementarity
of different proteins, we found when the two proteins with shape
complementarity approach each other, the conformation of lipid
chains between two proteins would be restricted significantly, and
the lipid molecules tend to leave from the gap formed by two proteins
to maximize the configuration entropy, which yields an effective
entropy-induced attraction between the proteins with shape com-
plementarity and thus enhances the protein aggregation. In addition,
we also explored the influences of the size and density of proteins
with shape complementarity on the aggregation. It is found that the
larger protein is easier to self-assemble into the aggregation, because
the larger protein can optimize four modes together to form the
aggregations. In short, it is expected that this work can trigger scien-
tists’ interests in the role of the shape complementarity in the pro-
tein-protein interactions especially for protein aggregation and
antibody-antigen complexes, besides electrostatic-complementarity
and hydrophobic complementarity.

Methods

The dissipative particle dynamics (DPD) method has been extensively used to
simulate the hydrodynamic behavior of complex fluids****, in which the dynamics of
DPD beads are governed by Newton’s equation of motion, in a similar way as
molecular dynamics (MD) method. DPD is one of the most commonly used com-
puter simulation techniques in the studies of biomembrane systems'>**>>*-% Tt can
reproduce accurately the dynamic behavior of the lipid bilayer, and also was used to
explore the interactions between the biomembranes and proteins'**.

In this work, a coarse grained model was used to represent the protein, and the
protein models were given in Figure 1. To represent dimyristoylphosphatidylcholine
(DMPC), a model lipid molecule'® was built by connecting a headgroup with three
hydrophilic beads (H) to two hydrophobic tails where each contains five hydrophobic
beads (T) (see Figure 1). Although it is slightly different from the DMPC lipid model
proposed by Grafmuller et al.*>*, this model can show the typical phase behavior of
lipid bilayers*"*.

We have designed two types of transmembrane protein models. One is typical
cylindrical protein (B) which have a hydrophobic domain with a length of six layers
(PT) and two hydrophilic domains consisting of three layers (PH) distributed at top
and bottom of this cylinder. The other is the cylinder (A) and “bowknot” proteins
with a groove (i.e. Ay, Aeq and Ag). The groove curvature in Ay, A.q and Ag proteins
is smaller, equal and larger than the one of protein B, respectively (see Figure 1). The
protein is a rigid structure constituted by the single beads. The solvent molecule
(denoted as W) is also molded as single beads.

The interaction force exerted on beads is composed of conservative, dissipative and
random forces. The conservative force between beads i and j, which is soft and
repulsive, is determined by

Fif:a,j?,»j max{lfrij/rc,o}, (1)
where a;; is the maximum repulsive force between particles i and j, r;; = r; — r; (r; and
rj are the positions of particle i and particle j), r;; = |ry], ;; = ry/|r;|, and . is the cutoff
radius. In this system, the interaction parameters between the same type beads were
setto agy = arr = Aww = apppy = dprpr = 25, and those between the different types
of beads were ayr = arw = apypr = aprw = 50, dgw = apyw = 25. The interaction
parameter “25” means that there exists no effective attraction between the beads.
When the interaction parameter is above than 25, there exists an effectively repulsive
interaction between the beads. If it is less than 25, there is an effectively attractive
interaction.
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Figure 5 | Protein aggregate with different densities after 3840 ns. Protein A, (D = 4.5 nm) and protein B (D = 3.23 nm). The total number of protein
A.q and protein B from system 8 to system 10 is 25, 36 and 64. (a) Typical top view snapshots of protein self-assembly with different densities, where
protein A.q is shown in yellow, protein B in blue, lipid membrane in red. (b) The number of different “correct binding” modes in the three systems.

(c) The fraction of mode 1 in different systems as a function of time.

For the lipid molecules, the interaction between the neighboring beads is described
by a harmonic spring force,

Fs=Ks(rj—req) Ty )
where the spring constant K was set to 128 kzT and the equilibrium bond length r,,
was set to 0.7r.. The force constraining the variation of bond angle is given by

F,=—VU, and Uy =K;(1— cos(¢ —¢,)) (3)
where @ was set to 7 and Ky is the bond bending constant and here K} is 10.0.

Without loss of generality, we set the cutoff radius r,, the bead mass m, and the
thermostat temperature k5T to unity for simplifying the calculation. To relate r. to its
actual physical size, we used the formula proposed by Groot and Rabone®, r. =
3.107(pN,,)*[A]. Here N, was set to 3, p was set to 3.0 and a water molecule has
approximately a volume of 30 cubic Angstroms. Accordingly, we obtained that r, =
6.46 Angstroms.

In this work, we used an N-varied DPD method, a particular variant of DPD
method in which the targeted membrane tension is maintained by monitoring the
number of lipids per area (LNPA) in a boundary region'****, to simulate internali-
zation processes. In this method, the boundary region, which surrounds the central
square region of the membrane, plays an important role as a reservoir of lipids, and
the value of LNPA in the boundary region (denoted as p2X ., ) is kept constant by
deletion/addition moves. Simultaneously, the corresponding number of water beads
are randomly deleted or added to keep the whole density of the simulation box
constant.

Since the membrane tension is directly related to pPX,,,, we specified the
value of p2R . hereafter. To keep the membrane flat and to rule out the effect of the
membrane curvature on the protein aggregation, we choose a positive surface
tension 1.2.
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