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Abstract. Protein assembly is the mechanism of combining two or more protein
chains. Living organisms to trigger biological activity often uses this mechanism. The
cholera toxin B subunit pentamer (CtxBs), the binding moiety of CtxABs, a member of
the ABs toxin family, is presented here as a model for studying protein assembly.
Experimental results showed the importance of histidine residues in CtxBs assembly.
Nevertheless, the histidines are located outside the pentamer interfaces suggesting an
indirect role. Gemini and Spectral-Pro, two network-based models developped in our
team, were used in combination with in silico mutations produced with Fold X to
investigate this question. All the residues of the pentamer interfaces, so-called
hotspots, were identified and some appeared to be chemical neighbors of the His 94,
making possible a propagation path of conformational changes from the His 94 to the
interface to regulate the pentamer assembly. Mutations of the residues along intra-to-
inter amino acid paths produce non additive mutational perturbations of the interface
energy, indicating influences of His 94 on its hotspot neighbors to regulate the
interface. The role of intra-to-inter amino acid paths in regulating the pentamer
interface was confirmed by applying similar approach to the heat labile toxin B
pentamer (LTBs), which share 84% sequence identity, structural and functional
similarity with CtxBs. Different intra-to-inter amino acid paths were identified for
LTBs consistently with the different assembly mechanisms followed by both toxin
pentamers. These results open up avenues for understanding why these two toxins
follow different assembly mechanisms.
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1 Introduction

Computational and mathematical modeling of complex physical and biological phenomena
is a real challenge for computer scientists and mathematicians. Faced with the increase of
biological data, it becomes important to provide models and tools to exploit them and help
investigating biological questions.

The function of a large majority of proteins depends on their capacity for self-assembly,
either transiently or permanently, into oligomers2. Understanding protein assembly
mechanisms is also important due to the involvement of oligomers in pathologies, from
bacterial infection to conformational diseases (e.g. Alzheimer's disease or Parkinson's
disease)®® .

Cholera toxin is the most important virulence factor produced by Vibrio cholerae. This toxin
is composed of two subunits A and B. The B subunit is a pentamer mainly involved in the
transport of the A subunit to its target in cells via its binding to GM1 on the cell surface®’.
The B subunit can be produced by bacteria, in the absence or presence of the A subunit,
which means the pentamer folds and assembles alone®.

Heat-labile enterotoxin (LTBs) like cholera toxin (CtxBs) is a hetero-hexameric ABs
complex®. CtxBs and LTBs share 82% sequence identity. The crystallographic structures of
LTBs and CtxBs are almost superimposable, circular in shape and each B subunit interacts
extensively with its adjacent subunits®®. Therefore, pentamers are very stable, and
dissociate only at pH values below 2.0*%%2, In vitro human LTBs reassembly is inhibited by
pH with a pKa around 7.0 while in vitro CtxBs reassembly is inhibited at a pKa around
6.01314 The deprotonation of the LTBs N-terminals regulates the folding of the toxin
monomer, subsequently allowing association of folded monomers and toxin assembly. The
alanine residue in position 1 is one hot spots of the LTBs, namely it is at the pentamer
interface, in good agreement with the N-terminal involvement in the toxin assembly. For
CtxBs, deprotonation of histidines is necessary for interface formation and assembly. CtxBs
has four histidines, His 13, His 18, His 57 and His 94 while human LTBs has only His 13
and His 57, which argues on the specific role of His 18 and/or His 94 in CtxB assembly
(Fig. 1A). This possibility is supported by the position of His 18 upstream the f strand 23 to
31 and the position of His 94 upstream the  strand 96 to 103, both [ strands making up the
main toxin interface (Figure 1B).

Nevertheless, none is located at the CtxBs interface, which makes their direct involvement
in the interface formation and the assembly unlikely and suggests an indirect role through
the propagation of large-scale conformational changes from their position to the interface, as
in allosteric mechanisms.

Such a propagation mechanism is difficult to determine experimentally because of the
use of macroscopic measures when amino acid to amino acid motions are at play. Instead,
we propose to use computational tools with the objective to establish a link between
histidine residues and the interface of CtxBs that would explain the histisine involvement in
the pentamer assembly.
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Figure 1. A. Positions of histidines in the two toxins CtxBs (PDB 1EEI) and LTBs. (PDB 1LTR). B.
Zoom on histidines 18 and 94, The strands in “strands” representation correspond to the two strands of
the main interface, strand 3 23-31 and strand 3 96-103.

The results highlight influences of the His 94 on some hotspots of CtxBs interfaces
supporting the presence of propagation paths regulating the assembly from the His 94
position. To confirm the results, the same approach was applied on LTBs and different paths
were identified in good agreement with experimental results on both toxin assembly. The
results showed that the influences are not only due to the position of a residue but also to its
type at a given position, and to the type of its amino acid neighbors.

2 Method
21  Fold-X

Fold-X is an software that can provide a rapid and quantitative estimate of the significance
of protein interactions®. The various energy terms considered in Fold-X are weighted using
empirical data obtained from protein engineering experiments.

The energy function uses minimal computational resources and can therefore easily be used
in protein design algorithms, in the field of protein structure and where fast and accurate
calculations are needed.

Fold-X employs an empirical force field that was developed for the rapid assessment of the



effect of mutations on the stability, folding, and dynamics of proteins and nucleic acids®s.
The core functionality of Fold-X is the calculation of the free energy of a macromolecule
based on high resolution 3D images of its structure.

Generation of mutant structures

Mutant structures were generated using Fold-X's <PositionScan> or <BuildModel> position
function. During this design procedure, Fold-X tests different rotamers and allows
neighboring side chain atoms to move. The program first introduces a mutation in alanine,
then mutates in the desired residue (while displacing neighboring residues).

Optimization of models using the Fold-X repair function

The WT 3D structure of CtxBs was taken from the Protein Data Bank (PDB 1EEI), and
subjected to an optimization procedure using the Fold-X repair function. During this
procedure, Fold-X identifies residues that have low torsion angles, Van Der Waals
exposure, or clashing total energies. Fold-X works as follows: first, it mutates the selected
position to an alanine residue and annotates the side chain energies of neighboring residues.
Then it mutates the alanine to the selected amino acid, and recalculates the side chain
energies of the same neighboring residues. These residues which present an energy
difference are then mutated by themselves, in order to identify the most favorable energy
rotamer. This procedure contains an additional function, where Fold-X quickly eliminates
small local clashes, and saves the calculation time.

Energy calculations

Fold-X aims to describe energetic contributions to protein stability in simple empirical
terms that allow easy interpretation by non-specialists. It is therefore suitable for high-
throughput structural bioinformatics tasks. it will be used to calculate the energy of the
stability of a protein, the energy of the interactions at the interface of an oligomer (eg the
pentamer of the cholera toxin) and in wild-type or mutated versions. Energy calculations for
mutant proteins were performed with the Fold-X energy function which includes terms
considered important for protein stability and the energy of the interactions at the interface.
The values of the energies obtained by Fold-X are then converted into more realistic values
through the use of a normalization function obtained by fitting the experimental and
calculated data.

2.2 Gemini

This program creates a graphical representation of interface regions and their amino acid
interactions in the style of graph theory®. Here, the vertices of the graph are the amino acids;
those which are selected as participants to the interface via weak chemical bonds are
symbolized by crosses "X" (Hots spots), the others which do not contribute to an interface
are symbolized by dots "." (Figure 2).
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Figure 2. Example of Gemini graph: Graph shows the hots pots that are in intermolecular interactions
in the cholera toxin based on the PDB 1EEI of CtxBs.

Gemini proposes a skeleton of the intermolecular interactions between the amino acids of an
interface. The details on Gemini can be found here?,

2.3 Spectral-Pro

This algorithm, also developed on graph theory, is based on adjacency matrices and the
spectral properties of networks to model interfaces in the form of a network of interacting
amino acids. The properties of interfaces are inferred from the properties of their networks.
Spectral-Pro uses the graph between the atoms of the protein to produce several other
graphs. A first graph, which we will call unweighted, connects two amino acids if at least
one atom of each amino acid is connected in the initial graph. A second graph, which is
called weighted, adds to the preceding graph a weight on each bond representing the exact
number of bonds between atoms of each amino acid. The spectral analysis is reproduced on
each of these graphs making it possible to group the amino acids of a protein into groups of
acids strongly interconnected inside the group and weakly connected with amino acids
outside the group. The details of Spectral-Pro can be found here!’.

3 Results

A complete picture of protein assembly, involves intermolecular amino acid interactions
(between chains) for the interface formation and intramolecular amino acid interactions
(within chains) for the chain folding. The challenge is to understand how both are
coordinated'*'®-20, To address this question, we use approaches and tools derived from
computer science and mathematics, interpretated from experimental data on protein
assembly. Our case study is the cholera toxin B subunit pentamer (CtxBs).

In the laboratory, it was shown experimentally and by simulations that the assembly of the
cholera toxin CtxBs (1EEI) was inhibited at acidic pH with a pKa around 6.0 suggesting the
involvement of histidine residues in the regulation of assembly*. However, none of the four
histidine present in CtxBs (His 13, His 18, His 57 and His 94), is located at the interface
and accordingly the Gemini program does not identify them as hotspots (Figure 3). This
makes their direct involvement in the interface formation and the pentamer assembly
unlikely and suggests an indirect role through the propagation of large-scale conformational



changes from their position to the interface. In order to verify that histidines had no direct
effect on the interface, the histidine residues were mutated to asparagine and the effect of
the mutations was assessed by comparing the interaction energy of the interface calculated
with Fold X for the wild type (WT) and the mutants (Table 1).
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Figure 3. Histidines in CtxBs. A. Representation by Rasmol of two chains out of the five of the
pentamer, designated by different colors (PDB 1EEI). Histidines are in red. B. Gemini graph of the
CtxBs interface. Histidines are not identified as hotspots and their positions are indicated by red
arrows.

The Fold-X program is used to generate the mutations and perform the calculations of the
interaction energies'®. The individual histidine mutation has no effect on the interaction
energy. Double, triple and quadruple mutations of histidines were also tested and none led to
a change in the interaction energy (Table 1).

Table 1. Interaction energy of single, double, triple and quadruple mutations of histidines

Mutant Energie d’interaction (Kcal/mol)
WT -10,9
H13N -10,9
H18N -10,8
H57N -10,2
H94N -10,8
H13N+H18N -10,8
H57N+H94N -10,6
H13N+H57N -10,5
H13N+H94N -10,7
H18N+H57N -10,9
H18N+H94N -10,7
H13N+H18N+H57N -10,5
H13N+H57N+H94N -10,0
H18N+H57N+H94N -10,6
H13N+H18N+H57N+H94N -10,5

The individual or combined mutations of the histidines have no effect on the interaction
energy of the interface supporting our hypothesis that histidines regulate assembly
indirectly. The objective now is to find evidences of an indirect mechanism involving the
propagation of atomic motions from the histidine positions to amino acids at the interface.
We are looking for the presence of "intermediate” residues close to histidines, i.e. having
intramolecular interactions with histidines that are hotspots, i.e. that have intermolecular
interactions with adjacent chains.

This hypothesis is based on the possibility of having local perturbations on a histidine



propagating beyond the histidine chemical neighbors to hotspots on adjacent chains. Such a
phenomenon is involved in allostery. The notion of network is very relevant to understand
the mechanisms of communication from a local scale to a global scale?*?,

Half of His 94 chemical intramolecular neighbors interact with amino acids on adjacent
chains, i.e. half of His 94 chemical neighbors are hotspots (Table 2). In addition, His 94
hotspot neighbors are involved in two different interface regions located on two different
chains. The His 94 on chain E has its neighbors 47, 49, 92 and 93, which interact
intermolecularly with residues 1 to 3 on chain D and its neighbors 88 and 96, which interact
intermolecularly with residues 23 to 31 on chain F (Figure 4). The residue His 94 is
therefore at a strategic position connecting three chains. Moreover, His 94 interacts
intramolecularly with His 18, also presents only in CtxBs, and located upstream the (-
strand 23-31which participates to the main p-interface with the B-strand 96 to 103 on the
adjacent chain'®. This makes His 94 a key position to coordinate the formation of the N-
terminal interface (residues 1 to 3 with residues 88 and 96) and the main B-interface. In
comparison, His 13 on chain E has only a fourth of its intramolecular neighbors which are
hotspots (residues 11, 12 and 88) interacting intermolecularly with residues 31 to 35 on
chain F. His 57 on chain E has a third of its intramolecular neighbors which are hotspots
(residues 61, 58, 53 and 65) interacting intermolecularly with residues 31 to 36 on chain F
and residue 63 on chain D. Histidine 18 has no intramolecular neighbor hot spots.
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Figure 4. Neighborhood of histidine 94 (Rasmol). Histidine 94 of the E chain (turquoise color) is
indicated in red, these intramolecular neighbors located at a distance of 5 A are indicated in ball and
stick representation. Their intermolecular neighbors are shown in skeleton representation in blue for
the interface on the D chain and in green for the interface on the F chain.

LTBs also has His 13 and His 57 and hence based on the histidine neighborhoods’ analysis,
His 94 is the most likely histidine to coordinate CtxB assembly indirectly through
intermediate residues 47, 49, 92, 93, 88 and 96. The neighborhood analysis highlights intra-
to-inter amino acid interaction paths going from the His 94 to the intermediate residues at
the interface and from them to the interface residues on the adjacent chain (Table 2 and
Appendix).

To test the role of the intra-to-inter amino acid interaction paths in regulating the toxin
pentamer assembly, all the residues along the paths were mutated to asparagine, individually
and in combination, using Fold X', The interaction energy of the interface was calculated
with Fold-X as well and the effect of the mutations was established by comparing the



interaction energy of the interface of the WT and the mutants. Non-additive effects on the
interaction energy suggest dependent positions and support the presence of an interaction
path between positions.

Table 2. Hotspot intermediate amino acids in intramolecular interaction with histidine 94 (in bold).

Intramoléculaire Intermoléculaire
GIn 16 Fhx
His 18 Fhx
Thr 47 GIn3
Phe 48 Fhx
GlIn 49 Thr 1
His 94 Val 87 wx
Trp 88 Leu 31, Ala 32
Asn 89 il
Lys 91 il
Thr 92 Thr1, GIn3
Pro 93 Thr1,Pro2,GIn3
Ile 96 Leu 31

Two examples are given on Table 3 to illustrate on one hand, an intra-to-inter amino acid
interaction path identified by non-additive effects of combined mutations (His 94, Gln 49,
Thr 1) and on the other a non interaction path, identified by additive effects of combined
mutations (His 94, lle 96 and Leu 31).

Tables 3. Single, double and triple mutations of two communication pathways in cholera toxin
(CtxBs)

CtxBs CtxBs
Energie Energie
Mutants d’interaction Mutants d’interaction
(Kcal/mol) (Kcal/mol)

WT -10,9 WT -10,9
H94N -10,9 H94N -10,9
Q49N -11,3 196N -10,8
H94N+Q49N -11,4 H94N+196N -10,9
TIN -11,0 L31N -8,4
H94N+T1N -11,1 H94N+L31N -8,8
Q49N+TIN -13,1 196N+L31N -8,8
H94N+Q49N+T1N -11,7 H94AN+196N+L31N -8,9

The notion of additivity is a property of measurable quantities used to evaluate mixtures.
Interactions or influences between compounds of a mixture are revealed when the effect of a
mixture is different from the sum of the effect of the individual compounds, namely when
the effects are non-additive. In biology, the influence of amino acids on one another is
called epistasis and it occurs when the effect of a mutation changes with the presence of one
or more mutation(s) elsewhere.

In our situation, the triple multiple mutations of the His 94, the lle 96 intermediate hotspot
and the Leu 31 hotspot on the adjacent chain (Table 3, right, grey rows) give an energy
equal to the energy of the double mutations (without the His 94 mutation), indicating that
the His 94 has no influence on the effect of the double mutation. The mutations of the two



hotspots Ile 96 and Leu 31 disturb the energy of interactions of the interface while the
mutation of His 94 has not effect on the interface energy. The triple mutation has the same
effect than the double showing the independence of the effect of the His 94 mutation and of
the double mutations. This indicates that there is no communication between the His 94 and
the two positions 196 and L31 and no intra-to-inter amino acid interaction paths from the
His 94 to the interface.

On the contrary, the triple multiple mutations of the His 94, the GIn 49 intermediate hotspot
and the Thr 1 hotspot on the adjacent chain (Table 4, left, grey rows) has an energy of
interactions of the interface different from the energy of interactions of the interface of the
double mutations (without the His 94 mutation), indicating that the His 94 mutation
influences the effect of the mutations at positions 49 and 1. This establishes an intra-to-inter
amino acid interaction path from the His 94 to the intermediate residue 49 and the interface
residue 31 on the adjacent chain.

An intra-to-inter amino acid interaction path between His 94 and the main B-interface which
involves the B-strand 23 to 31 and the B-strand 96 to 103 on the adjacent chain exists
through the intermediate hotspot Trp 88 and Leu 31 as shown by the difference in the
energy of interactions of the interface in the triple mutant and the double mutant (without
the His 94 mutation) (Appendix and Table 4, grey rows).

Tables 4. Single, double and triple mutations of residues H94, L31 and W88 in the communication
pathway in cholera toxin (CtxBs)

CtXBs
Mutants Energie d’interaction (Kcal/mol)

H94N -10,9

W88N -10,8

L31IN -8,4
H94N+L31N -8,8
H94N+W88N -10,8
W88N+L31N -9,1
HI94N+W88N+L31N -10,8

In conclusion, the results suggest that there are privileged intra-to-inter amino acid
interaction paths that allow His 94 to regulate the formation of the N-terminal interface and
the main B-interfaces.

Another interesting question is to determine whether the position of residue 94 is strategic or
the type at the position matters as well. To answer this question, we could test the mutation
of residue 94 by the other 18 amino acid types and do double and triple mutations, but that
would be tedious. Instead, we choose to consider the LTBs case which has an asparagine
residue at position 94. Moreover CtxBs and LTBs have different assembly mechanisms
despite having superimposable 3D structures, so finding different intra-to-inter amino acid
interaction paths would provide some understanding on why the two pentamers assemble
differently. We applied the same procedure on LTBs to determine if the same paths exist
and whether the amino acid-to-amino acid influences are due to the position or to the type of
residue at this position. The intramolecular neighboring residues of the Asn_94 residue and
their intermolecular neighbors are shown in Table 5.



Table 5. Intramolecular intermediate residues of Asn 94 (in bold) and their intermolecular
neighborhood in the LTBs toxin (PDB 1LTR)

Intramoléculaire Intermoléculaire
Tyr 18 ool
Thr 47 GIn 3
Phe 48 faleil
GIn 49 Alal
Trp 88 Met 31, Ala 32
Asn 94 Asn 89 e
Asn 90 *hx
Lys 91 ool
Thr 92 Alal, GIn3
Pro 93 Ala, Pro 2, GIn 3
Ser 95 ol
lle 96 Met 31

Table 6 shows that an intra-to-inter amino acid interaction path between Asn 94, Gln 49 and
Ala 1 exist as well in LTBs but the difference in interaction energy between the triple and
the double mutants (Table 6, left, grey rows) is smaller than for CtxBs, suggesting a less
privileged path and lesser influence of position 94 on the position 49 and 1. In contrast to
what is observed for CtxBs, there is an interaction path between Asn 94, lle 96 and Met 31
(Table 6, right, grey rows).

The results show that the position of residue 94 alone does not explain the influences
between positions and that the type of amino acid at the position 94 is also important.
Moreover, the results provide some explanation on why the two toxin pentamers assemble
by different mechanisms because they do not involve the same intra-to-inter amino acid
paths (Fig. 5). In addition, we notice that the neighbors of the position 94 differs between
the two toxin pentamers, for example position 31 is a leucine in CtxBs but a methionine in
LTBs, or position 18 is an histidine in CtxBs but a tyrosine in LTBs. This indicates that the
type of the neighbors also matter to establish influences between residues.

Tables 6. Single, double and triple mutations of two communication pathways in LTBs

LTBs LTBs
Energie Energie
Mutants d’interaction Mutants d’interaction
(Kcal/mol) (Kcal/mol)
WT -6,0 WT -6,0
N94H -6,0 N94H -6,0
Q49N -55 196N -5,2
Q49N+N94 -6,0 N94H+I196N -6,1
H
AIN -7,5 M31N -3,9
AIN+N94H -7,3 M31N+N94H -6,8
Q49N+AI1IN -7,1 196N+M31N -6,3
Q49N+A1N -7,9 N94H+196N+M -8,4
+N94H 31N
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CtxB; LTB,

Figure 5. Representation of the difference between the two toxins CtxBs and LTBs at the level of the
communication pathways. The phenomenon of amino acid to amino acid influence is indicated by the
red arrows.

4 Conclusion

Overall, the results show that the influences between residues that are coordinating protein
assembly are not only due to the position of a residue but also to its type at a given position,
and to the type of its neighbors. Combining network-based models and in silico mutations
appear to be a good approach to investigate protein assembly and the impact of mutations on
such mechanism.

Appendix

CtxBs communication paths

H94+T47+Q3 H94+W88+A32
Mutants intermolecular Mutants intermolecular
H94N -10,9 H94N -10,9
T47N -10,6 W88N -10,8
Q3N -11,1 A32N 9,8
H94N+Q3N -11,0 H94N+W88N -10,8
H94N+T47N -10,6 H94N+A32N -10,0
T47N+Q3N -10,8 W88N+A32N -9,9
H94N+T47N+Q3N -10,7 H94N+W88N+A32N -10,2
H94+W88+L 31 H94+T92+T1
Mutants ‘ intermolecular Mutants intermolecular
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H94N -10,9 H94N -10,9
W88N -10,8 T92N -11,1
L31N -8,4 TIN -11,0
H94N+L31N -8,8 H94N+T92N -11,7
H94N+W88N -10,8 H94N+T1N -11,1
W88N+L31N -9,1 T92N+T1IN -13,3
H94N+W88N+L31N -10,8 H94N+T92N+T1N -14,0
H94+P93+P2 H94+T92+Q3
Mutants intermolecular Mutants intermolecular
H94N -10,9 H94N -10,9
P93N -8,3 T92N -11,1
P2N -11,8 Q3N -11,1
H94N+P2N -12.4 H94N+Q3N -11,0
H94N+P93N -9,0 H94N+T92N -11,7
P93N+P2N -10,0 T92N+Q3N -11,0
H94N+P93N+P2N -10,2 H94N+T92N+Q3N -11,1
H94+Q3+P93 H94+P93+T1
Mutants intermolecular Mutants intermolecular
H94N -10,9 H94N -10,9
Q3N -11,1 P93N -8,3
PI93N -8,3 TIN -11,0
H94N+Q3N -11,0 H94N+T1IN -11,1
H94N+P93N -9,0 H94N+P93N -9,0
P93N+Q3N -8,3 P93N+TI1N -10,0
H94N+P93N+Q3N -8,4 H94N+P93N+T1N -13,7
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