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A B S T R A C T

The crystal structures of truncated forms of cholinesterases provide good models for assessing the role of non-
covalent interactions in dimer assembly in the absence of cross-linking disulfide bonds. These structures identify
the four-helix bundle that serves as the interface for formation of acetylcholinesterase and butyrylcholinesterase
dimers. Here we performed a theoretical comparison of the structural and energetic factors governing dimer-
ization. This included identification of inter-subunit and intra-subunit hydrogen bonds and hydrophobic inter-
actions, evaluation of solvent-accessible surfaces, and estimation of electrostatic contributions to dimerization.
To reveal the contribution to dimerization of individual amino acids within the contact area, free energy per-
turbation alanine screening was performed. Markov state modelling shows that the loop between the α13 and
α14 helices in BChE is unstable, and occupies 4 macro-states. The order of magnitude of mean first passage times
between these macrostates is ~10−8 s. Replica exchange molecular dynamics umbrella sampling calculations
revealed that the free energy of human BChE dimerization is −15.5 kcal/mol, while that for human AChE is
−26.4 kcal/mol. Thus, the C-terminally truncated human butyrylcholinesterase dimer is substantially less stable
than that of human acetylcholinesterase. An animated Interactive 3D Complement (I3DC) is available in
Proteopedia at http://proteopedia.org/w/Journal:CHEMBIOINT:1.

1. Introduction

Investigation of protein oligomerization and characterization of the
interactions between protein subunits is of great importance because
physiologically active forms of many proteins are oligomers. Both
cholinesterases (ChEs) - acetylcholinesterase (AChE) and butyr-
ylcholinesterase (BChE) - naturally occur as repertoires of molecular
forms that contain different numbers of catalytic subunits, viz., mono-
mers, dimers, tetramers, and larger collagen-tailed species [1]. Qua-
ternary assembly of anchored and soluble forms of ChEs has been in-
vestigated for over 50 years [2,3]. In an applied context, stabilization of
recombinant forms in the bloodstream is of pharmacokinetic sig-
nificances [4]. In vivo, disulfide bonds are formed between individual
monomers and/or between the monomers and the anchoring polypep-
tides [5–7], ColQ and PRiMA [8]. Various truncated forms of ChE,

obtained from TcAChE [9], mAChE [10], hAChE [11], DmAChE [12]
and hBChE [13], are devoid of the amino acid sequence at their C-
termini that contains the Cys residue involved in formation of disulfide-
bonded dimers. Such truncated forms have been used to obtain crystal
structures in which the monomers are bound to each other only via non-
covalent interactions. In particular, partial interconversion between
monomeric and dimeric forms of hBChE was observed by non-dena-
turing gel electrophoresis [14].

All crystal structures of AChE deposited in the PDB (https://www.
rcsb.org [15]) display dimers in which the monomers associate through
an antiparallel four-helix bundle. With respect to BChE, crystal struc-
tures have been obtained only for monomeric forms of hBChE. In the
first hBChE crystal structure obtained (PDB ID 1P0I [16]), of partially
glycosylated enzyme expressed in CHO cells, dimers assembling via a
four-helix bundle were not observed (Fig. 1B) [17]. Subsequently,
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however, a crystal structure in which the dimers did assemble via a
four-helix bundle (PDB ID 4AQD) was obtained for fully glycosylated
hBChE expressed in Drosophila S2 cells (Fig. 1A) [18]. This dissimilarity
of the two crystal structures reveals the high sensitivity of hBChE di-
merization to the expression system and crystallization conditions.

The four-helix bundle motif occurs in oligomers of many proteins. In
the ChEs, the dimer is a well-packed structure arranged in an up-down
topology, with the bundle involving two helices, α13 and α18-19, from
each monomer.

Organization of ChEs’ tryptophan amphiphilic tetramerization do-
mains around core proline-rich peptides is described by X-ray crystal-
lography for AChE [19], and by cryo-EM structures of BChE tetramers
in recent publications [20,21]. In the following, we describe a com-
parative analysis of hAChE and hBChE dimers assembly, considering
only the truncated forms devoid of the tetramerization domains. To
identify the most important amino acids involved in interactions be-
tween subunits via the four-helix bundles free energy perturbation
(FEP) computational alanine screening was performed [22,23]. Mole-
cular dynamics (MD) simulations with Markov chain analysis were used
to describe the dynamics of subunits in solution, and to locate me-
tastable conformations of sequence segments involved in dimerization.
Potential of mean force (PMF) calculations [24,25] were used to esti-
mate the free energy of dimerization for both hAChE and hBChE.

2. Methods

2.1. Sequence alignment

To compare the primary structure of cholinesterases, sequences
were aligned using UniProt Align [26].

2.2. Preliminary structure preparation

Among crystallographic structures of cholinesterases available in
the PDB database, we selected several structures with high resolution
and a low number of missing residues: hAChE (PDB ID 4EY4 [27]),
mAChE (PDB ID 1J06 [28]), TcAChE (PDB ID 1W76 [29]), hBChE (PDB
ID 4AQD [18]). The missing residues were added by means of the
Modeller 9.14 program [30], and histidine protonation states were es-
timated using Reduce [31]. For MD simulations, systems were prepared
with tools of the VMD program [32]. Proteins were solvated with TIP3P
water molecules to produce rectangular solvent shells with boundaries
not less than 10 Å from the protein. Na+ and Cl− were added to electro-
neutralize the systems at a final concentration of 0.15M.

2.3. Molecular dynamics simulations

MD simulations utilized NAMD 2.12 [33] with the CHARMM36
force field [34], under a pressure of 1 bar and temperature off 298 K,
with the Langevin thermostat and barostat, and 1 fs time steps, on the
Lomonosov-2 supercomputer [35]. The prepared structures were first
minimized during 2000 steps with coordinates of the heavy atoms of
the proteins fixed as in the crystal structures, and the solvation shells
were then equilibrated during 500 ps with all protein coordinates re-
maining fixed. Structures prepared in this manner were used for all
subsequent constrained and unconstrained simulations. For each
system, 3 parallel unconstrained runs of 100 ns were performed, and
the trajectories were used for analysis of interactions in the dimers.
Constrained simulations are described below.

2.4. Hydrophobic interactions

To estimate apolar interactions, the number of hydrophobic con-
tacts between monomers was counted. Hydrophobic elements were
amino acids whose side chains lacked charged and hydroxyl groups (i.e.
Ala, Val, Ile, Leu, Cys, Met, Phe and Trp). Hydrophobic contacts were
considered for pairs of side chains of these residues within a distance of
5 Å.

A second approach was also used to estimate apolar interactions via
the measurement of the reduction in solvent-accessible surface area
(SASA) of subunits upon dimerization, excluding charged amino acids
(Asp, Glu, Lys, Arg), using a 1.4 Å probe radius [36].

2.5. Electrostatic energy of dimerization

Electrostatic energy of dimerization was calculated with the
Adaptive Poisson-Boltzmann Solver (APBS) program [37] as described
in [38].

The Coulomb energy of binding was calculated on the i-th atom as a
product of potential induced from another monomer to the place in
space of the i-th atom and charge of the i-th atom (atomic charges from
force fields PARSE [39], CHARMM [34], AMBER [40] assigned by the
PDB2PQR program [41]):

=
=

E qCoul
i

n

i i
1 (1)

Where ϕi is the potential, and qi is the charge of each ion.
The electrostatic dimerization energy is the sum of the desolvation

energy and the Coulomb energy of binding [42]:

Fig. 1. (A) Aligned crystal structures of AChEs from different species: pink,
hAChE (PDB ID 4EY4); gray, mAChE (PDB ID 1J06); blue, TcAChE (PDB ID
1W76); green, DmAChE (PDB ID 1QO9). (B) Crystal structure of hBChE dis-
playing a dimer assembled via an antiparallel four-helix bundle (PDB ID 4AQD);
(C) Crystal structure of hBChE devoid of a four-helix bundle (PDB ID 1P0I).
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Where EA is the energy of monomer A, EB that of monomer B, EnoA —
energy of dimer with zero charges on A monomer. EnoB — energy of
dimer with zero charges on B monomer, ECoul is the Coulomb energy of
binding and Edesolv is desolvation energy.

It is possible to summarize Coulomb contributions for different
groups of atoms and to identify the most contributing atoms and amino
acid residues. To address this, we analyzed interactions in dimerization
domains for all atoms of the helices and adjacent loops.

2.6. Markov chain analysis of molecular dynamics trajectories

To analyze conformational changes in protein subunits along un-
constrained MD trajectories, the Markov chain approach [43] was used.
In this study, Markov state models were constructed using PyEMMA
software [44]. As features of the protein backbone dihedrals of residues
374–382 (BChE numeration) were selected. This is because among the
segments that contribute significantly to Coulombic attraction, this loop
is the most flexible. The time-lagged independent component analysis
(TICA) algorithm was used to reduce dimensions [45], and the k-means
clustering method was used to construct 100 microstates. The lag time
was chosen as 1 ns. Microstates were clustered into 4 metastable macro-
states by means of PCCA+ [46]. The transition pathways were com-
puted by discrete transition path theory in its Мarkov state model
(MSM) formulation [47]. To validate our results, the Chapman-Kol-
mogorov test [48] was implemented.

2.7. Replica exchange molecular dynamics

The replica exchange molecular dynamics method umbrella sam-
pling (REMD-US) [24,25] was used to compute the free energy of
hAChE and BChE oligomerization. As a collective variable, the distance
between the centers of mass of monomers (COM, reaction coordinate)
was chosen. To generate an initial path of dimer dissociation, a har-
monic potential was applied along the reaction coordinate. Paths ob-
tained for hAChE and BChE were divided into 124 windows for initial
coordinates of the replicas. All replicas were simulated concurrently
having Hamiltonians with different biasing potentials. A harmonic re-
strain force of 25 kcal/mol·Å2 was applied. Every 100 steps replicas of
the system underwent exchange performed using the Metropolis Monte
Carlo criterion. Simulations were performed until full convergence
during 15 ns for each replica. To construct PMF the weighted histogram
analysis method (WHAM) [49,50] in the A. Grossfield implementation
(v. 2.0.9, http://membrane.urmc.rochester.edu/content/wham) was
used. Binding free energies were calculated from obtained PMFs ac-
cording to [51,52].

2.8. In silico alanine screening

For residues within the dimerization interfaces, computational ala-
nine scanning was performed by the FEP method, using the VMD
AlaScan plugin [53] in Host-Guest mode. Side chains of selected re-
sidues were gradually transformed to –CH3 groups with 20 intermediate
λ-states, 1 ns MD run per state, Forward and backward runs were
performed to ensure convergency.

3. Results and discussion

The least computationally demanding way to assess protein-protein
binding is docking. Among the most popular programs and web-ser-
vices are PyDock, Rosetta and ClusPro. All these programs use scoring
functions, which can be used only to compare the stability of complexes
built from the same monomers, not to compare the binding energies of
homo-dimers of different proteins. The HADDOCK program was used to
describe quantitatively energy of binding, but obtained dimerization
energies for different AChEs, and between hAChE and hBChE were
practically indistinguishable. Therefore, for quantitative comparison,
more accurate and time-demanding calculations were implemented,
which could describe the protein dynamics during oligomerization.

Before providing a detailed comparison of the dimerization of ChE
monomers, and of the organization of the four-helix bundle, for AChE
and BChE, we provide in Table 1 a brief summary of the published data
and of our results.

3.1. Comparison of sequences

hAChE shares 88% identity with mAChE, 57% identity with
TcAChE, and 50% identity with hBChE. The residues involved in the
interactions forming the four-helix bundle are largely conserved be-
tween different AChEs, whereas comparing BChE with AChEs, there are
more differences (Table 2). In BChE there are more aromatic residues,
and in the middle of the bundle there are some hydrophilic amino acids
not seen in AChE. The four-helix bundles are bound together with a
long “zip-lock” hydrophobic interface between each pair of 2-α-helix
units and with electrostatic interactions in the adjacent loops. Thus, this
difference in the BChE amino acid sequence should destabilize dimers.
The most dramatic examples of these destabilizing changes in hBChE
helices compared to hAChE, are replacements: Ala375Lys, Ala377Ser,
Leu386Val, Ala530Arg. In addition, there are some important replace-
ments in the adjacent loops: His387Asp, Pro388Asp, Gly523Lys.

3.2. The crossing angle between neighboring helices

If the crossing angle between principle axes of neighboring helices is
less than 20°, it permits pairs of helices to form tight contacts [55]. We
measured the crossing angle between neighboring helices α13 of one
monomer and α18-19 of another monomer in crystal structures and

Table 1
Comparison of structural features of hBChE and hAChE.

hBChE hAChE

Number of glycosylation sites 9/5a [17] 3 [54]
Presence of structure without antiparallel bundle yes no
Angle between helices in antiparallel bundle (average, crystal structures/MD simulations) 14°/11° 9°/9°
Number of hydrophobic interactions at dimerization interface, including π-cation and π-π interactions 5 12
ΔSASA, Å2 (crystal structures/MD simulations) −751/[-650;-800] −1211/[-1150;-1300]
Number of stabilizing residues in loops (from FEP calculations) 4 9
Number of stabilizing residues in helices (from FEP calculations) 8 7
Number of macro-states of the α13-α18 loop 4 1
Free energy of oligomerization, kcal/mol (from REMD–US calculations) −15.5 −26.4

a Native hBChE has 9 glycosylation sites, but the construct of hBChE used to obtain PDB ID 1P0I crystal structure is partially deglycosylated, and has only 5
glycosylation sites [17].
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over MD trajectories (Table 3).
Results shown in Table 3 indicate that there is no difference in the

angles between helices within dimers in crystal structures compared to
angles obtained from MD simulations. From the Kolmogorov-Smirnov
test with p > 0.05, the angle between helices in hAChE and mAChE
corresponds to the normal distribution, whereas the angle between
helices in TcAChE and hBChE is not significantly differs from that of a
normally distributed population.

3.3. Hydrophobic interactions in crystal structures and during molecular
dynamics simulations

In AChE, there are 12 pairs of amino acids involved in hydrophobic
contacts (hAChE numbering): Leu373-Ala542, Ala377-Phe535, Leu380-
Ala530, Leu380-Phe535, Trp385-Ala530, Leu386-Ala526. In BChE, due
to replacements of amino acids at equivalent positions by charged or
polar ones, some of these pairs are abscent (Table 4).

There is significantly less surface available for solvent in the di-
merization interface (ΔSASA— difference between SASA values of

dimer and two monomers) in BChE, compared to AChE crystal struc-
tures. Calculation of ΔSASA values along MD trajectories follow similar
patterns. ΔSASA values for crystal structures are within the range, ob-
served in MD trajectories. This suggests that during MD simulations in
water solution, the structure of the dimer interface is not significantly
perturbed compared to the dimer interface in the X-ray structure. (Fig.
SI1).

3.4. Electrostatic energy of dimerization

The polar binding energies, calculated for fixed crystal structures of
ChEs, span a wide range of values (Table SI1). Polar binding energies
for different crystal structures of hAChE (Table SI2) also show sig-
nificant variance.

Energy of desolvation was found to be sufficiently stable. This re-
flects stability of the contact region between dimers. Contribution of
electrostatic attraction between dimers varied widely, leading to dif-
ferent values of finite polar energy of binding. Calculated polar con-
tributions to binding energy were either negative or positive, i.e. their
contribution could be either stabilizing or destabilizing for different
conformations of the same protein.

To isolate the protein regions that affect the formation of dimers, we
calculated the contributions from various regions of the monomers to
the electrostatic attraction (Table SI3, Table SI4). The contribution from
the α-helices forming the bundle itself differs greatly depending on the
protein structure, even being weakly positive in a number of cases.
However, the contribution from the loops around the formed bundle is
always negative and stable enough for different structures of the same
protein.

In the case of hAChE, the value of the electrostatic binding energy

Table 2
Amino acid sequence of helices involved in the four-helix bundle in AChEs and in hBChE.

Shaded are the positions where amino acids in BChE differ from AChE amino acids by polarity and/or aromaticity.
Colors correspond to the FEP calculation (see below): green — residues, stabilizing dimer (their replacement with Ala is
unfavorable, ΔΔG > 0), red — destabilizing residues, their replacement with Ala increases stability (ΔΔG < 0).
Residues numbering:
hAChE: α13(372–382), loop1(383–388), loop2(522–525), α18(526–543).
mAChE: α13(372–382), loop1(383–388), loop2(522–525), α18(526–543).
TcAChE: α13(365–375), loop1(376–381), loop2(514–517), α18(518–535).
hBChE: α13(363–373), loop1(374–379), loop2(512–515), α18(516–529).

Table 3
Angle between helices in bundle in crystal structures and during MD simulations.

Protein Angle between α-helices α13 of monomer A and α18 of
monomer B, crystal structures

Angle between α-helices α13 of monomer A and α18 of
monomer B, MD trajectories

hAChE (PDB IDs 4EY4, 5FPQ, 4EY5, 4M0F,4M0E,
1B41)

9 ± 2° 9 ± 4° (normal distribution with p > 0.05)°

mAChE(PDB IDs 1MAA, 1KU6, 5DTI, 1J06) 6 ± 4° 9 ± 3°(normal distribution with p > 0.05)°
TcAChE(PDB IDs 1W75, 6G1U, 1EA5, 2J3D, 1FSS,

1W75)
15 ± 4° 14 ± 4°

hBChE (glycosylated)(PDB IDs 4AQD, 5K5E, 4XII,
5DYT, 4TPK)

14 ± 3° 11 ± 4°

Table 4
Number of hydrophobic interactions in crystal structures (including π-cation
and π-π) in hAChE (from 7 crystal structures), mAChE, TcAChE, hBChE.

Protein (PDB ID) Number of hydrophobic interactions ΔSASA, Å2

hAChE (4EY4) 12 −1211
mAChE (1J06) 12 −1243
TcAChE (1W75) 12 −1261
hBChE (4AQD) 5* −751

*2 of them are π-cation interactions.
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depends in particular on the formation of a salt bridge between α-he-
lices (Glu376-Lys538). This bridge, however, is not stable during MD
trajectories in solution: one salt bridge is formed in 53% of snapshots,
two symmetrical salt bridges in 35%. Presence of this salt bridge
strongly affects the overall polar energy of dimerization for the con-
tribution of α-helices to the electrostatic attraction, but does not affect
the contribution from the loops (Table SI5, Table SI6).

For BChE conformations obtained from MD trajectories, the pre-
sence of salt bridge Asp367-Lys513 affects the electrostatic energy of
dimerization induced by helices, but contribution of the loops is un-
stable, unlike what is seen for AChEs. Salt bridge Asp367-Lys513 is not
stable during the MD trajectory (one bridge is formed in 60% of
snapshots, two symmetrical bridges in 4%) and has a major effect on
the contribution of helices to electrostatic binding energy.

The preliminary conclusion of this analysis is that the nature of
dimer stabilization in AChEs and hBChE is different:

1) in AChEs, interaction between loops are stable, in BChE contribution
of loops to the polar energy of dimerization is not. However, it is
hard to identify individual amino acids that are responsible for this
difference;

2) apolar interactions play a great role in the AChE dimers. The surface
of intermonomer contact in BChE is less hydrophobic.

The following sections clarify the difference between dimers in both
enzymes.

3.5. Free energy alanine screening of cholinesterases’ dimerization interface

To elucidate the role of individual amino acids in the dimerization
of ChEs, we performed alanine screening using the free energy per-
turbation alchemical transformation method.

Fig. 2 shows that in the case of hAChE, stabilization occurs with
both hydrophobic residues of helices, and salt bridge, and electrostatic
interactions between helices.

Mutations of His381 and Phe531 to alanine are advantageous. These
two residues are located in close proximity to each other (Fig. 3), and
their interactions appear to be stabilizing. However, this statement is
not supported by FEP calculations.

The close proximity of His381 and Phe531 residues suggests that
when His381 is protonated, π-cation interaction is possible between
their rings. Additional MD simulations and FEP calculations were per-
formed, with His381 protonated in one monomer, and then in both of
them. In both cases, protonation of His381 did not lead to dimer sta-
bilization. On the contrary, in both cases, mutation of these residues to
alanine was seen to be even more energetically advantageous. In ad-
dition, during a 100 ns unconstrained MD simulation, His381 and
Phe531 remained close, but did not form π-cation interactions: while
these rings occasionally were parallel, they were too far apart to form
stable interactions with each other. In the neutral dimer, where one or
both His381 is/are protonated, the presence of His381 leads to leakage
of water molecules into a highly hydrophobic environment. This may
explain the destabilizing role of this residue.

For comparison, in TcAChE, instead of His381, Gln374 is present at
the same location. Thus, a destabilizing contact does not exist, and
Phe523 (analog of Phe531 in hAChE) contributes to stabilization (Fig.
SI2).

BChE has less stabilizing amino acids in loops compared to hAChE
(Fig. 4). Amino acids unfavorable for BChE dimerization are 1) polar
ones (i.e., serine) instead of hydrophobic in helices; 2) not exposed to
the contact interface (Leu370); 3) Asp375 and Asp378, which repel
each other and destabilize the loop. His372 in BChE (analog of His381
in hAChE) forms a hydrogen bond with Gln518, and is more buried;
thus, it does not have the destabilizing effect observed in hAChE.

Replacement of some of the hydrophobic residues at the dimeriza-
tion interface with polar residues, in particular with serine residues,

Fig. 2. In silico alanine screening, (FEP method), for hAChE. (A) ΔΔG values. (B)
Top view of the dimerization interface of dimer; amino acids, which substitu-
tion by alanine led to |ΔΔG|> 1 kcal/mol are shown and colored as in panel A;
(C) Side view of the dimerization interface of one of the monomers, amino acids
side chains are shown as in panel B.

Fig. 3. Contact of His381 in the hAChE dimer, sterically stabilized by Phe531.
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results in inflow of water molecules into the dimerization interface. MD
simulations of the BChE dimer show more water molecules in contact
with hydrophobic amino acids of helices, compared to the AChE di-
mers. During MD simulations of the BChE dimer, water molecules
constantly pass through the space between helices, reducing stability of
the dimer.

Generally, in silico alanine screening shows that hAChE has less
amino acid residues with high contribution to both stabilization and
destabilization of the dimer, relative to BChE. Apart from a few residues
on helices of BChE, extrahelical loops contribute to destabilization of
the dimer.

3.6. Markov chain analysis of molecular dynamics trajectories

To separate the most significant contributions to the overall dimers’
dynamics, we used time-lagged independent component analysis
(TICA). This method allows selection of coordinates corresponding to
the slowest transitions from the general MD data array, combining in-
formation from the covariance matrix and a time-lagged covariance
matrix of the data. TICA analysis and following analysis of free energy
landscape (computed by taking Fi=−ln zi, where zi is the number of
bin counts with corresponding values of TICAs) for hAChE and mAChE
shows that there is only one macrostate (Fig. 5A). This means that the
α13-α14 loop configuration is stable. For TcAChE (Fig. SI3), two close

macrostates were observed. There is no significant difference in forming
contacts with the loop from the second monomer.

For BChE, the resulting MSM contains 100 microstates and is
Markovian at 0.1 ns lag time as we saw from the plot of timescale
curves. The Chapman-Kolmogorov test for 4 macrostates indicates that
our model is Markovian, too. We combined 100 microstates into 4
macrostates using the PCCA + algorithm to predict the conformation
dynamics of the loop (Fig. 5B). Fig. 5C and D show conformations of the
loop corresponding to the four macrostates. In addition, Fig. 5E shows
that the forth (yellow) conformation is closer to the second dimer than
the first (red) one, so the transition between these states corresponds to
transition between the more and less stabilized dimers. The red state is
the stabilized state, with the hydrogen bond between Arg381 and
Asp378 (which partly explains why alanine is more preferable then
Asp378) and yellow is the state that is stabilized by an hydrogen bond
between Trp376 and Gln380.

Dimers from the yellow cluster have an angle between α-helices
from different monomers ~6.5 ± 3°, whereas dimers from the red
cluster have angle between α-helices from different monomers
~14 ± 2°. This suggests that the interactions between monomers in
the yellow cluster stabilize monomers in dimers in the best position for
hydrophobic interactions.

In crystal structures of BChE, α13-α14 loops are not resolved with
an appropriate accuracy; average B-factors of atoms in the loops differ
from the average B-factors of all atoms in the protein by more than 2 SD
(Table SI8).

3.7. The free energy of hAChE and BChE oligomerization by REMD-US

The free energies of dimerization of human ChEs were calculated
from PMF profiles, obtained using the US-REMD protocol (Fig. 6), ac-
cording to the scheme suggested in [51,52]. ΔG°bind for hAChE was
−26.4 kcal/mol, and far less for hBChE, −15.5 kcal/mol, reflecting
reduced stability of the four-helix bundle observed in X-ray crystal-
lography.

During dissociation of the hAChE dimer, the helices tend to be
parallel. This maintains continuous hydrophobic contacts as long as
possible and keeps loops close to each other. For BChE, as opposite
situation is observed, i.e. contacts between loops are lost at the begin-
ning of the dissociation process, while π-π and π-cation contacts in the
middle of the helices are maintained.

This supports our suggestion that replacement of hydrophobic
amino acids of the dimerization interface of hAChE by polar residues in
BChE lowers the stability of the dimer. Thus, electrostatic interactions
do not contribute significantly to dimerization. This is in agreement
with early experimental observations, that the ionic strength (in the
range μ= 0.001 to 1) does not affect interconversion between mono-
meric and disulfide-free dimeric forms of hBChE [56].

4. Conclusions

Both AChE and BChE form dimers via a four-helix bundle contact.
For both enzymes, forces keeping monomers together include both
apolar and polar contacts. Because of differences in primary and ter-
tiary structure, the free energy of dimerization for BChE is less than that
for AChE, and the contribution to the free energy of the different
binding forces varies. We can distinguish two determinants for the less
stable interaction contacts in BChE:

1) an unstable loop between the α 13 and α 14 helices
2) less hydrophobic surface of contact.

In crystal structures, BChE dimers with antiparallel four-helix
bundle are formed less often than in hAChE. Most BChE crystal struc-
tures (76% of those in the PDB) contain dimers in which angle between
the axes of the helices in the bundle are around 60°. The first dimer with

Fig. 4. In silico alanine screening (FEP method) for BChE. (A) ΔΔG values. (B)
Top view of the dimerization interface of the dimer; the amino acids, whose
substitution by alanine led to |ΔΔG|>1 kcal/mol are shown and colored as in
panel A; (C) Side view of the dimerization interface of one monomer; the amino
acids side chains are shown as in panel A.
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an antiparallel four-helix bundle was obtained in 2012 [18] for fully
glycosylated hBChE, with one glycan chain directly involved in stabi-
lizing crystal structure. AChE dimers form an antiparallel type of con-
tact without any involvement of glycan chains. This is additional

evidence that the quaternary structures of AChE and BChE are very
different, even though these enzymes are sisters within the cholines-
terase family.

In spite of its distinctive secondary structure configuration, the four-

Fig. 5. (A) Free energy landscape for hAChE — only one
macrostate. Stars correspond to the crystal structures
(5HQ3, 4EY5, 4EY6, 4M0E, 4M0F, 5HF5), see Table SI7
for TICA 1 and TICA2 coordinates of these structures. (B)
Clusters colored corresponding to macrostates on the free
energy landscape for BChE. (C,D) BChE dimer, top and
side view. Red loop — first macrostate, blue loop —
second macrostate, green loop — third macrostate, yellow
loop — forth macrostate. (E) Pathways between macro-
states of the BChE 374–382 loop with the percentage of
the individual paths. The gray boxes display mean first
passage times. The more populated the macrostate, the
larger the size of the circle.
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helix bundle is not a conserved motif, with an uniform type of orga-
nization of the dimerization interface; rather, the strength and nature of
interactions between the monomers can be different. Stabilization of a
four-helix bundle type of contact is achieved not only through inter-
actions between the helices themselves, but also through interactions in
vicinal segments; e.g. adjacent unstructured loops, may pay a significant
role in stabilizing or destabilizing the dimer. It would not be surprising
if this significant difference in the orientation of the dimers, as de-
scribed in this study, between AChE and BChE played a key role in the
functional difference between these two closely related enzymes, with
such similar tertiary structures.
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