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Zwitterionic materials have shown their ability to improve the circulation time and stability of proteins.
Zwitterionic peptides present unique potential because genetic technology can fuse them to any wild-
type protein. One critical question is the effect of the fusing zwitterionic peptides on the conformation
and dynamics of the original protein domain. To shed light on this question, we investigate the
conformation and dynamics of six artificial proteins composed of two small therapeutic polypeptide and
protein (glucan-like peptide-1 and insulin) and a zwitterionic (glutamic acid-lysine);o peptide in an
explicit solvent using molecular dynamics simulations. The zwitterionic peptide is fused to the N- and
C-terminal of the glucan-like peptide-1 and the chain A and B of the insulin. We analyze the
conformation and dynamics variation of the polypeptide and protein domain using root mean square
deviation, root mean square fluctuation, solvent accessible surface area, and secondary structure
distributions. The simulation results show that the zwitterlation induces substantial changes in the
conformation of the glucan-like peptide-1 and a moderate change in the conformation of the insulin,
while the two polypeptide and protein remain folded. The glucan-like peptide-1 presents a full a-helix
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conformation when zwitterlated at the C-terminal. The zwitterionic location also plays a role in the
conformational change. These zwitterlation-induced conformation variations indicate a comprehensive
relationship between zwitterlation and protein stability and activity.
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1. Introduction

Zwitterionic (ZW) materials emerge for their ability to stabilize
proteins.'”” Zwitterionic materials consist of motifs possessing
both cationic and anionic groups.”* " This particular structure
provides strong hydration that can be leveraged to enhance the
stability of a protein."™” Among various zwitterionic materials,
peptides stand out as a promising candidate to protect protein
because they can connect to a specific location on the protein
using genetic technology and the final products have the
potential to be manufactured at a large scale.*®>* Thus, zwit-
terionic peptides open a gate to design and fabricate novel
artificial proteins by fusing the peptide with a targeted protein.
However, the design of such artificial proteins needs a funda-
mental understanding of the effect of ZW peptides on the
structural and dynamic properties.

One open question is the effect of zwitterionic peptides on
small proteins’ structural and dynamic properties. Here we
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refer small proteins to those with <50 amino acid residues.
Small proteins have their unique role in therapeutics because
they are generally easier to transport across the cell membranes
than big proteins. Small proteins are also a great ingredient
when designing artificial proteins. The small proteins may be
more vulnerable than big ones because they have less non-
bonded interactions to hold the structure and a fast pace to
unfold. Even though the small proteins may remain folded,>*
the fusing zwitterionic peptide may still affect their conforma-
tion and dynamics due to a lower thermodynamic barrier for
the conformation variation. Thus, we must investigate the
effect of zwitterionic peptides on the structural and dynamic
properties of small proteins. The harvested knowledge can be
used to develop principles for designing artificial proteins
based on zwitterionic peptides and small proteins.

The studies of zwitterionic peptides are much less compared
to those for synthetic zwitterionic polymers. These efforts
illustrate the potential of zwitterionic peptides in protecting
protein stability. For instance, Liu et al.>® investigated the effect
of poly(glutamic acid-lysine) (ploy(EK)) peptides on the stability
of a native f-lactamase and its destabilized TEM-19 mutant by
fusing the peptides on the C-terminal of the proteins. They
found that the attached poly(EK) peptides could maintain the

This journal is © The Royal Society of Chemistry 2022
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biological activity of the proteins and significantly increase
their stability at harsh conditions, including high temperature
and high-salt solutions. Banskot et al.>* designed a zwitterionic
peptide with (VPX;X,G), motif, where X; and X, represent
different pairs of cationic and anionic amino acids. They
investigated the performance of their design by fusing the
peptide with different pairs of X; and X, on with glucan-like
peptide-1 (GLP-1). They found that (VPKEG),-modified GLP-1
shows the best performance in a mouse model. Some experi-
mental work focuses on the anti-biofouling performance of
zwitterionic peptides.””®>>° They showed that zwitterionic
peptide surface coatings could resist the adsorption of
proteins.’**> Many anti-biofouling materials have shown their
ability to protect proteins, ranging from polyethylene glycol®***
to synthetic zwitterionic polymers.>”® Thus, these studies also
imply the potential of zwitterionic peptides in protecting pro-
tein stability.

The simulations of zwitterionic peptides are even less com-
pared to experimental studies. Our previous molecular
simulation® shows that the (EK),, peptides could maintain
the stability of the ubiquitin protein and resist the denaturing
effect of high temperature. Teng et al.>® investigated the inter-
action of GLP-1 with unconnected zwitterionic peptides
(VPX1X,G), using MD simulation. They found that the
(VPX,X,G), could stabilize GLP-1 by forming a packing shell
around it.

This paper aims to investigate the impact of a zwitterionic
peptide on small therapeutic polypeptide and protein’s struc-
tural and dynamic properties. This work selects GLP-1 (30
amino acid residues) and insulin (51 amino acid residues) as
the small polypeptide and protein models. These two are
important protein therapeutics for diabetes. We will investigate
the structural and dynamic properties of the two wild-type GLP-
1, insulin and the six GLP-1-Zwitterion and insulin-Zwitterion
fusions. The six fusions include the two for GLP-1 and four for
insulin. The two GLP-1-Zwitterion fusions are prepared by
fusing a zwitterionic (EK),, peptide to the N- and C-terminal.
The four insulin-Zwitterion fusions are prepared by fusing a
zwitterionic peptide on the N- and C-terminal of Chain A and B.
It is worth noting that the tertiary structure obtained after
cleaved C peptide will assist the insulin fold into the original
native structure. Therefore, it is impossible to get the fusion at
C terminal of Chain A or N terminal at Chain B in experiments.
We included these two models in our simulations in order to
study the insulin-peptide fusions systematically. The rest of
this paper is organized as follows. Section 2 is the molecular
model and simulation detail. Section 3 is the results and
discussion, and Section 4 is the conclusion.

2. Molecular model and
simulation detail
2.1. Molecular model

The all-atom models are used to describe the wild-type GLP-1,
insulin, GLP-1-peptide and insulin-peptide fusions, water
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molecules and ions. The initial configuration of wild-type
insulin is obtained from the Protein Databank (PDB ID: 3140
Human insulin). The initial configuration of the wild-type GLP-
1 is predicted by Rosetta online server** using its sequences®?
(Table S1, ESIY). Fig. 1 shows the initial configurations of wild-
type GLP-1 and insulin. The GLP-1-Zwitterion and insulin-
Zwitterion fusions are created by adding (EK);, to the
C-terminal or N-terminal of the wild-type GLP-1 and insulin.
The initial configurations of the GLP-1-Zwitterion and insulin-
Zwitterion fusions are predicted by Rosetta using their
sequences. Fig. S1 (ESIf) shows the initial configurations of
the six GLP-1-Zwitterion and insulin-Zwitterion fusions. Table 1
lists the label of the eight GLP-1, insulin, GLP-1-Zwitterion and
insulin-Zwitterion fusions.

The simulation systems are created by placing the GLP-1-wt,
insulin-wt or their zwitterlated fusions in a cubic box and filling
the box with 0.15 M NaCl solution and extra counter-ions to
neutralize the system. The 0.15 M NaCl solution simulates the
real human body environment. The initial size of the simula-
tion box is 5.0 x 8.2 x 5.8 nm? for wild-type GLP-1 and 6.5 x
6.5 x 6.5 nm’ for wild-type insulin. These sizes of the boxes
prevent the GLP-1, insulin, or their zwitterlated fusions from
interacting with their mirrors and allow enough bulk water
molecules. Fig. 2 shows the snapshot of an insulin B-C-(EK);,
fusion in a 0.15 M NacCl solution box. The systems in this work
were simulated using the AMBER 14 force field.** The non-
bonded interactions are a sum of short-range Lennard-Jones
12-6 potential and long-range coulombic potential, as shown in
eqn (1). The bonded interactions are a sum of the bond, angle,
and dihedral potentials, as described in the force field. The
classical TIP3P water model was used in this work.

Ay By | 4qiq;
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(1)

where E is the potential energy due to the nonbonded interac-
tions, A; and Bj; are the parameters of the force field, g; and g;
are the partial charges of atom i and j, R; is the distance
between atoms 7 and j.

2.2. Simulation detail

The molecular dynamics (MD) simulation includes three steps.
First, the energy minimization was conducted to remove any
too-close contacts between atoms. The minimization was

SR
LYY

(a) (b)

Fig. 1 Initial configuration of wild-type (a) GLP-1, and (b) insulin. The
GLP-1 and insulin: new-cartoon model, colored based on the residue
name.
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Table 1 List of eight GLP-1, insulin, GLP-1-Zwitterion and insulin-Zwitterion fusions systems

System

Description

GLP-1-wt
(EK),,-N-GLP-1
GLP-1-C-(EK)40
Insulin-wt
(EK),o-N-A
A-C-(EK)y0
(EK),o-N-B
B-C-(EK)10

Fig. 2 The snapshot of a simulation system containing insulin B-C-(EK);o
fusion. The water box is shown in blue. The insulin: VDW model, colored
based on the atom name. The water molecules: quickSurf model, colored
based on the atom name.

carried out using the steepest descent algorithm (force toler-
ance = 10.0 kJ (mol *-nm ")) with a maximal step of 500 000.
Second, a 300 ns isobaric-isothermal (NPT, 7= 310 K, P=1 bar)
ensembled MD simulation with a 2 fs integral step was run to
reach a thermodynamic equilibrium of the system. The Berend-
sen method™’ is used to control the temperature and pressure
in this step. Third, a 200 ns canonical ensembled MD simula-
tion (NPT, T = 310 K, P = 1 bar, and 2 fs integral step) was
conducted for data collection at a frequency of 100 ps. The
velocity-rescaling method*® is used to control the temperature.
The Parrinello-Rahman method*” is used for pressure coupling
in this step. The short-range van der Waals interactions use a
1.2 nm cut-off and the long-range electrostatic interactions
were calculated using particle mesh Ewald (PME) sum.”® All
bonds involving H atoms were constrained during the
simulations.

3. Results and discussion
3.1. Root mean square deviation

We first analyzed the effect of the fusing ZW peptide on the
conformation of the GLP-1 using root mean square deviation
(RMSD) of C, atoms. Fig. 3a shows the Rosetta-predicted
structure (pink) and the MD simulation derived structure
(orange) for a wild-type GLP-1. The Rosetta predicted structure
is similar to those reported in receptor-protein complexes,
while the MD derived structure is consistent with that in the
literature.>® Such a difference of the GLP-1 structures could be
due to the factor that Rosetta and MD simulations deploy
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Wild-type GLP-1

(EK);0 peptide attached to N-terminal of the GLP-1

(EK)y0 peptide attached to N-terminal of the GLP-1
Wild-type insulin

(EK);0 peptide attached to N-terminal of the insulin A-chain
(EK);0 peptide attached to C-terminal of the insulin A-chain
(EK),0 peptide attached to N-terminal of the insulin B-chain
(EK);0 peptide attached to C-terminal of the insulin B-chain
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Fig. 3 (a) The configuration of wild-type GLP-1 that predicted by Rosetta
(pink) and a 300 ns NPT MD simulation (orange) and (b) RMSD of C,, atoms
of amino acid residues on wild-type GLP-1 and its zwitterlated fusions.

distinct prediction approaches. Rosetta uses the similar PDB
templates from the Protein Databank as the initial configu-
ration. The Protein Databank contains many GLP-1 structures
binding to the other proteins. Thus, Rosetta may likely predict
the conformation of a GLP-1 chain when binding to the other
proteins. On the other hand, MD simulations predict the GLP-1
conformation based on the balance between the bonded and
non-bonded molecular interactions. The MD simulations tend
to predict the conformation of GLP-1 when just presenting by
itself. Thus, we use the structure in orange in Fig. 3a as the
reference in the RMSD analysis.

The fusing (EK);, peptide changes the conformation of
GLP-1. Fig. 3b shows the RMSD of C, atoms of amino acid
residues on the wild-type GLP-1 and the GLP-1 domain on the
two zwitterlated fusions. The RMSD for the wild-type GLP-1
ranges from 0.04 to 0.2 nm, mostly around 0.1 nm. This RMSD
range indicates that the wild-type GLP-1 fluctuates around the
reference configuration. The two zwitterlated GLP-1 fusions
present an RMSD larger than 0.5 nm. Such a large RMSD
indicates that the GLP-1 possesses a distinct conformation
from the reference.

The zwitterlation also affects the conformation of insulin in
a moderate manner. Fig. 4 shows the RMSD curves for Chain A
and B on the wild-type insulin and the insulin domain in the
four artificial proteins. The structure of PDB ID: 3140 is used as
the reference. As shown in Fig. 4a, the RMSD for Chain A in the
four artificial proteins ranges from 0.1 to 0.3 nm, similar to the
wild-type one. This similarity in the RMSD scope indicates that
Chain A in the four zwitterlated insulin fusions may present
conformations close to those for the wild-type one. These
conformations fluctuate around the reference. The Chain B in
the four zwitterlated insulins could also possess conformations

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 RMSD of C, atoms of amino acid residues on (a) Chain A and
(b) Chain B of wild-type insulin and its zwitterlated fusions.

similar to the wild-type one. As shown in Fig. 4b, the scopes of
the RMSD curves for the zwitterlated fusions overlap with that
for the wild-type one. The one exception could be the Chain B
in the (EK),,-N-B fusion. Its RMSD curve shows a value around
0.5 nm during 100 to 200 ns. This high RMSD value indicates
that the insulin domain may present conformations that devi-
ate from the reference.

3.2. Root mean square fluctuation

We investigate the zwitterlation-induced variation in polypep-
tide and protein dynamics based on the root mean square
fluctuation (RMSF) of C, atoms on the wild-type GLP-1 and the
corresponding polypeptide and protein domain on the zwitter-
lated GLP-1 fusions. The value of ARMSF; is calculated as
RMSF; (fusion) - RMSF; (wild-type), where i refers to the Co
atom on amino acid residue i. A positive ARMSF value means
that the zwitterlation increases polypeptide and protein
dynamics, while a negative ARMSF indicates that the zwitterla-
tion decreases polypeptide and protein dynamics.

The C- and N-terminal zwitterlation induces distinct effects
on the dynamics of the GLP-1. As shown in Fig. 5, many
residues of GLP-1-C-(EK);, present ARMSF close to zero. The
near-zero ARMSF indicates that the major of the GLP-1 domain
remains the dynamics of the wild-type one after being zwitter-
lated on the C-terminal. On the other hand, many residues of
(EK)19-N-GLP-1 present positive ARMSF ranging from 0.1 to
0.3 nm. The majority of the GLP-1 domain becomes more
dynamic after being zwitterlated on the N-terminal.

The zwitterlation also shows the distinct effects on the
dynamics of the insulin protein when fusing the (EK),, peptide
on the different locations. Fig. 6 shows the values of ARMSF for
the residues on chains A and B of the insulin protein. As shown
in Fig. 6a, the value of ARMSF keeps close to zero for all four
insulin-peptide fusions. Chain A remains its dynamics regard-
less of the zwitterlation location. The majority of Chain B also
remain the dynamics of a wild-type one when the zwitterlation
occurs on the two terminals of Chain A and the C-terminal of
chain B. However, the whole chain B becomes more dynamic
when the zwitterlation occurs on the N-terminal of Chain B.

The distinct zwitterlation-induced dynamics variations for
the GLP-1 and insulin indicate a comprehensive effect of the
(EK)10 peptide on molecular interactions and conformation of
the proteins. The dynamics of individual residues should be a
synergistic consequence of the geometric constrain and non-
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Fig. 5 ARMSF of C, atoms on GLP-1 and its zwitterlated fusions. Fig. S2
(ESIT) shows the original RMSF of GLP-1 and its fusions.
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Fig. 6 ARMSF of C, atoms on insulin (a) chain A and (b) chain B and its
zwitterlated fusions. Fig. S3 (ESIt) shows the original RMSF of insulin and its
fusions.
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bond molecular interactions. Thus, a change in the protein
dynamics may indicate a variation of the conformation or
molecular interactions. The distinct ARMSF curves in Fig. 6
suggest that zwitterlation could be used as a method to regulate
the properties of a protein.

3.3. Solvent accessible surface area

Fusing peptides could cover the specific polypeptide and pro-
tein domain. We analyzed the impact of zwitterlation on the
exposure area of the polypeptide and protein surface using the
solvent accessible surface area (SASA) on the polypeptide and
protein domain. The whole polypeptide and protein domain is
divided into the hydrophobic and hydrophilic domains. The
hydrophobic domain consists of ALA, ILE, LEU, MET, PHE,
VAL, PRO, and GLY residues, and the hydrophilic domain
consists of the rest amino acid residues. Fig. 7 shows SASA of
the hydrophobic and hydrophilic domains and the whole
polypeptide and protein for the six zwitterlated fusions and
the two wild-type GLP-1 and insulin.

Zwitterlation only induces a small change in the surface area
of the GLP-1 and insulin. Fig. 7a shows the SASA of the
hydrophobic and hydrophilic domains and their sum for the
GLP-1 with and without zwitterlation. The little difference
between the SASAs illustrates that the hydrophobic and hydro-
philic domains of the GLP-1 remain their surface area upon
zwitterlation. Fig. 7b shows the SASA of the hydrophobic and
hydrophilic domains, and their sum for the insulin protein
with and without zwitterlation. Three zwitterlation cases show a
decrease of SASA compared to that of the wild-type insulin:
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Fig. 7 SASA of (a) GLP-1 and (b) insulin and their zwitterlated fusions.

Hydrophilic Hydrophobic

(EK);0-N-A, A-C-(EK);, and B-C-(EK);,. The decrease is moderate
and occurs in both hydrophobic and hydrophilic domains. The
(EK)10-N-B case presents SASAs similar to those of the wild-type
protein. The analysis of SASA indicates that zwitterionic peptide
would not cover the surface of the wild-type GLP-1 and insulin.
The zwitterlation may not induce any conformational changes
leading to a significant variation in surface area. This consis-
tency in SASA may help the polypeptide and protein keep its
activity upon zwitterlation.

3.4. Secondary structure

At last, we analyzed the secondary structure of the GLP-1 and
insulin with and without zwitterlation. Fig. 8 shows the number
of amino acid residues in the five secondary structure cate-
gories for the GLP-1 and insulin domains in the six polypeptide
and protein fusions and the two wild-type GLP-1 and insulin.
The secondary structure is determined based on the hydrogen
bond topology using the DSSP algorithm.*’

Zwitterlation induces a significant change in the secondary
structure of the GLP-1. Fig. 8a shows that the number of a-helix
increases to around 20 when fusing an (EK),, peptide to the
C-terminal of the GLP-1, about twice as compared with the wild-
type GLP-1. Meanwhile, the numbers of 3-helix and Bend
decrease to almost zero and Coil slightly decreases to 4. The
number of the Turn structure remains unchanged. The N-
terminal fusing (EK);, peptide shows an opposite effect on
the number of amino acid residues taking the o-helix structure.
As shown in Fig. 8a, the number of a-helix residues decreases to
4 for (EK);o-GLP-1. Meanwhile, the number of the Turn struc-
ture increase from 4 to 9 and the other secondary structures
remain at the same level as the wild-type GLP-1 for the (EK);o-
GLP-1 fusion.

25
. GLP-1-wt 40 insulin-wt (EK)10-N-B
$20 GLP-1-C-(EK)10 o . (EK);o-N-A B-C-(EK)10
3 me (EK)10-N-GLP-1 2 A-C-(EK)10
‘« % 30
215 8 ||
by
5 °20 | |
510 5 i
a o
By | o
25
25l 1oy } 2 o
0 Iy M
Coil Bend Turn a-helix 3-helix Coil Bend Turn a-helix 3-helix

(a) (b)

Fig. 8 Percentage of secondary structure on (a) GLP-1 and (b) insulin and
their zwitterlated fusions.
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Zwitterlation induces a moderate change in the secondary
structure of the insulin. Fig. 8b shows that fusing an (EK),
peptide to the N terminal of the insulin protein induces the
number of the a-helix structure to decrease from 21 to 17 and
the 3-helix increases from 2 to 5. The other three fusions
present a small change in secondary structure distribution.

We then investigated the detailed secondary structure
changes of individual residues during the final 200 ns. Fig. 9
shows the secondary structure of individual amino acid resi-
dues as a function of time for the GLP-1-wt and the two
zwitterlated fusions. Indeed, the (EK);, changes most of the
secondary structure on the GLP-1 domain to the a-helix struc-
ture when attached to the C-terminal of the GLP-1. For
instance, the GLP-1-C-(EK);, fusion presents two major o-
helix domains: RES5-19 and RES24-29, while the wild-type
GLP-1 only presents one major o-helix domain: RES10-19. The
C-terminal zwitterlation expands the original o-helix domain
and induces the formation of a new a-helix domain.

The N-terminal zwitterlation decreases the number of resi-
dues with the a-helix structures and alters the position of the a-
helix domain. As shown in Fig. 9, the (EK);,-N-GLP-1 possess an
a-helix domain range in RES19-26, different from the location
of the a-helix domain on the wild-type GLP-1 (RES10-19). The
RES10-19 domain mostly shows the Turn structure. Only a few
a-helix structures are observed during the simulation.

Zwitterlation shows a moderate effect on the secondary
structure of individual residues on the insulin protein. Fig. 10
shows the secondary structure of individual amino acid resi-
dues as a function of time for the insulin-wt and the two (EK), -
N-A and B-C-(EK),, zwitterlated fusions in the final 200 ns. The
data for the other two fusions are shown in Fig. S4 (ESIt). As
shown in Fig. 10, the N-terminal zwitterlation on Chain A shifts
RES1-9 from a-helix dominating to Turn dominating. The rest
of the residues of (EK);o-N-A retain their main secondary
structures during the simulation. Such a conformational
change may be due to the direct effect of the zwitterionic
peptide because the zwitterlation location is close to these
residues. However, some zwitterlation induced conformational
change may be distant from its location. For instance, the B-C-
(EK)1o case shows more Bend/Turn around RES9-10 compared
with the wild-type protein. The other amino acids maintain
similar secondary structures compared with the wild-type
insulin.

[ Coil @ Bend [] Turn [l A-Helix [ 3-Helix

wt

E]
EK)N 3
o

S
C-(EK)yo ;

Time (ns)

Fig. 9 The secondary structure of individual residues as a function of time
for the wild-type GLP-1 and its zwitterlated fusions.
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Fig. 10 The secondary structure of individual residues as a function of
time for the wild-type insulin and the (EK);0-N-A and B-C-(EK), protein-
peptide fusions.

The distinct zwitterlation-induced secondary structure var-
iations imply a comprehensive relationship between zwitterla-
tion, polypeptide and protein stability and functions. The above
simulation data have shown that the GLP-1 and insulin remain
their folded structure upon zwitterlation. The folded structures
are characterized by the number of amino acid residues in the
ordered secondary structure and the surface area. However,
zwitterlation could shift the preference of the secondary struc-
ture for individual residues. The most significant example is
the C-terminal zwitterlation induce a full o-helix structure for
the GLP-1. Such shift in secondary structure could affect the
biological fate of the polypeptide and proteins in multiple
aspects: such as stability, binding affinity and reactivity. Thus,
the ability of zwitterlation to induce the variation in secondary
structure suggests that it can be used as a more profound
technology than just improving the protein stability.

4. Conclusion

This work investigates the effect of fusing a zwitterionic peptide
on the structural and dynamic properties of two small polypep-
tide and protein, GLP-1 and insulin using MD simulations. We
analyzed the root mean square deviation and root mean square
fluctuation of C, atoms, solvent accessible surface area of the
polypeptide and protein surface and secondary structure of
individual residues of the wild-type GLP-1 and insulin and their
six zwitterlated fusions. The simulation results show that
zwitterlation induces a significant change in the conformation
of GLP-1. Fusing an (EK),, peptide to the C-terminal causes the
GLP-1 to take a full a-helix structure. The insulin also presents
some moderate changes in conformation when fused with the
zwitterionic peptide. These simulation results imply that zwit-
terlation may enhance the stability of a protein but alter its
preferred conformation. Such a comprehensive zwitterlation-
conformation relationship would challenge the design of zwit-
terionic peptides suitable to protect specific proteins but also
open a gate for designing zwitterionic peptides that can reg-
ulate the activity of proteins in a complex environment.

This journal is © The Royal Society of Chemistry 2022
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