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Abstract

We present a molecular simulation study of five peptides, CBS-5, CBS-9, KKKDDD,
DKDKDK and GAD-1, in aqueous nanodroplets. The simulation is performed through
the GROMACS/2021.4 package, employing the OPLS-AA force field. Hydrophobic
and amphipathic peptides prefer to reside near the surface while the extremely hy-
drophilic DK peptides are kept deep inside the droplet at higher temperatures. At low
temperature, the nanodroplet preserves a shell-like structure with higher density in the
subsurface region as previously observed for pure water nanodroplets. Peptides con-
fined in such heterogeneous nanodroplets show a temperature-dependent transition in
conformation and spatial distribution. Together with the nanodroplet environment, a
few counter ions (Nat or C17) added to electrically neutralize the peptide significantly
affect the unfolding process of GAD-1 at 300 K.
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Chapter 1

Introduction

Water is an indispensable element in the origin of life. Every characteristic of water
allows for the existence of all diverse, vigorous, and fragile living creatures on Earth.
The immense heat capacity of water regulates a stable temperature for our earth;
the density anomaly prevents rivers and oceans from freezing in cold winter; and
the polarity propels organic compounds to array against the entropy. The cell is
considered the basic structural and functional unit of life. With crowded cell organelles
inside, 70% mass of a cell is constituted by water. Koga et al. [1] redefined the assembly
of a peptide and nucleotide-containing microdroplet as a membrane-free protocell
model in 2011. They discovered through experiments that the assembly is stable
under changes in temperature and promotes a-helical structure. Furthermore, recent
work has revealed that a heterogeneous structure in water nanodroplets emerges at low
temperatures with a relatively tetrahedrally well-ordered core and a more disordered
subsurface [2]. Subsequent work showed that specific ions are expelled from the core at
low temperature [3]. All the previous research shows a potential correlation between

water confinement and biomolecular activities. To explore the interactions between



water and proteins, we performed molecular dynamics simulations for five peptide-
nanodroplet systems and the corresponding bulk peptide-water systems under a wide
range of temperatures. We anticipate that the temperature-dependent structure of
water nanodroplets may significantly affect the structure and location of peptides
within nanodroplets. Our work may serve in the rational design of drugs if new
mechanisms to control peptide folding are confirmed, which include changing the

temperature or the size of water droplets.

1.1 Protein Secondary Structure

Peptides are chains of amino acids connected by trans peptide bonds -CO-NH-. The
resonance between C=0 and C-N, which brings rigidity between two amino acids,
is the reason why proteins have relatively stable structures. In nature, most organic
compounds coexist with their corresponding stereoisomers, but this is not true with
amino acids. Most native proteins are composed of L-amino acids. Without the
complexity of chirality and random rotation around peptide bonds, the structure of
a protein is chiefly determined by its 1-D sequence of amino acids. The secondary
structures of the protein are promoted by hydrogen bonds between C=0 and H-N,
while the right-hand a-helix is the most prevalent form of the secondary structure. In
a-helices, the i-th H-N group forms a hydrogen bond with the O=C group 4 residues
earlier. This repeated ¢ +4 — ¢ hydrogen bonding is the most crucial characteristic
shared by proteins. [-sheets are multiple strands of peptides that are connected
laterally by the hydrogen bonds between backbone C=O0O and H-N. The connection
can be antiparallel (the N-terminus of one strand is adjacent to the C-terminus of the

next) or parallel (all the N-terminus of successive strands are oriented in the same



direction). In antiparallel structures, the hydrogen bonds form between i-th and j-
th amino acids in adjacent strands. In parallel structures, the hydrogen bonds form

between i-th and (j+1)-th or i-th and (j-1)-th amino acids in adjacent strands.

1.2 Recent Relevant Research

Nanoscale water droplets in the real world are applied in electrospray ionization (ESI)
and membrane vesicle trafficking. FElectrospray ionization is a mass spectrometry
technique for macromolecules (e.g. proteins). Vesicles are containers of enzymes or
organelle secretions, which help giant molecules pass through the membrane by merg-
ing with the lipid membrane. The water droplet size in ESI ranges from 100 nm to
10 pm, and vesicles are cytoplasm enclosed by a lipid bilayer with a diameter ranging

from 30 nm to 1 pm.

El-Baba et al. [4] stated that ubiquitin within electrosprayed nanodroplets displays
a temperature or laser-induced unfolding transition similar to bulk water. Their
experiments discovered a general dependence on temperature and droplet sizes. The
ratio of compact conformers decreases upon increasing the temperature of the solution
or the laser power. The trans-conformers are greatly diminished in 0.05 pm droplets

compared to 1 pm at high temperature (96 °C ) and high laser power (13 W).

Kim et al. [5] simulated the dehydration process of charged nanodroplets with a
peptide inside. The hydronium and CI~ ions present in the nanodroplets were ejected
when the solvent evaporated. As droplet evaporated and decreased in size, the peptide
adapted it through conformational changes before being kinetically trapped in a com-
pact conformation. The authors suggested that intramolecular interactions involving

the glutamines and charged sites, as well as the droplet volume, were responsible for



the formation of the compact conformer.

Zhong et al. [6] simulated the -NH2 (amino radical) in a nanodroplet composed
of 191 water molecules. The -NH2 was always driven to the surface after 200 ps
regardless of its initial location. The authors studied the orientation and probability
of typical hydrogen-bonding complexes between -NHy; and HyO, and concluded that
the HOH---NHy hydrogen bond dominates over HNH---OHy and the N atom forms
a loose hydrogen-bonding network with the surrounding water. Due to the weak
hydrogen bond, the -NH2 in the outer-layer of the droplet has a very small radial

diffusion coefficient compared to the angular diffusion coefficient.

1.3 Peptides Studied

The peptides in our research are CBS-5 and CBS-9 [7], GAD-1 [§], KKKDDD and
DKDKDK; all are small enough to be loaded into a water droplet of 776 or 2880

molecules.

The CBS peptides disrupt calmodulin from binding to Cyclin E during phase G1 of
the cell cycle, thereby blocking cancer cells or smooth muscle cells from proliferation.
Their high selectivity to Cyclin E and low toxicity to other cells make CBS peptides

potential therapeutic agents for cancers [9].

Peptide 1 4 7 10 13 16 19

CBS-5 VTV  FL

CBS-9 ANV  TVF  LQD

KKKDDD KKK DDD

DKDKDK DKD KDK

GAD-1 FIH HII GWI  SHG VRA IHR ATH-NH2

Table 1.1: Amino acids sequence of our peptides



The two KD peptides are constructed for this thesis to study the interaction be-
tween the water nanodroplet and charged sites on the peptides. KKKDDD is the
most polar sequence of peptides consisting of three positively charged lysines (K) and
three negatively charged aspartates (D). DKDKDXK has the same composition, but the
charge distribution is less blocky. They are both charge-rich and perfectly hydrophilic

peptides (which never crossed the subsurface region).

Gaduscidin-1, or GAD-1, is an antimicrobial peptide (AMP) from the cod’s im-
mune system, containing multiple histidine residues that trigger sensitive responses
towards electrical perturbation and pH variation. It is also considered a therapeutic
candidate for tumours in the skin-like acidic pH environment. A previous simulation
study illustrated that its regions, including sequential histidine residues, prefer to in-
teract closely with bilayer pores. It shows structural variability when placed within a

lipid bilayer membrane, and is the most helical when in close proximity to water.



Chapter 2

Methods

2.1 Molecular Dylamics Simulation

MD simulations were performed through the GROMACS/2021.4 package [10] [11] [12]
[13] [14] [15] [16] [I7], within the OPLS-AA all-atom force field. Initial structures of
peptides were introduced from PDB files generated through SWISS-MODEL. SWISS-
MODEL is a modelling program from Swiss Pdb-Viewer that automatically generates
a reliable stationary model based on the sequence information of peptides [I8]. Next,
we created basic geometric configurations of peptides through a GROMACS built-in
function pdb2gmx and placed water molecules (2880 for GAD-1 and 776 for all other
peptides) with solvate using the TIP4P /2005 water model [19]. Peptides with net
charges were neutralized by replacing Na®™ or Cl~ ions at random positions. The
simulation protocol started with an energy minimization using the steepest descent
algorithm. Following the first stage of NPT equilibration (2 ns) in a small cubic box
(5nm for GAD-1 and 4nm otherwise) at 300K, we relocated the peptide to the box

center using GROMACS trjconv. Then the box containing water-peptide bulk was



expanded (20 nm for GAD-1 and 15 nm otherwise) in order to allow the system to
form a droplet during a short NVT equilibration (2 ns). A random cluster of water
molecules forms a sphere naturally in the canonical ensemble. This is because the box
is big enough so that periodic boundary condition cannot connect clusters in adjacent
units to form bulk water. Lastly, we copied the droplet system to seven temperatures
ranging from 180 K to 300 K and performed a long NVT production run (~ 330 ns),

during which peptides can make significant conformational changes.

For a comparison between the nanodroplets and the bulk water, we carried out a
long NPT equilibration (2000 ns) corresponding to each of the NVT runs. The time
step was set to 0.002 ps for all NVT and NPT simulations. The pressure in NPT
simulations was controlled with the Parrinello-Rahman method, and the temperature
in both NVT and NPT simulations was constrained with the Nosé-Hoover thermostat.

Covalent bonds connected with hydrogen atoms were treated as constraints using the

LINCS algorithm [20].

We visualized and monitored the simulation process using the visualization pro-
gram VMD [2I]. In what follows, we describe the water model used and the various

quantities we use to characterize the system.

2.2 The TIP4P and TIP4P /2005 Models of Water

Molecular dynamics simulations use classical forces and Newton’s Laws to propagate
atomic positions and velocities in time. An atom is represented by a single point mass

interacting through the Lennard-Jones potential:

o (7)- () e



where n is the number of interacting particles, r; is the distance between the assigned
atom and the i*" interacting particle, ¢; is the well depth and a measure of how
strongly the assigned two particles attract each other, and o is the distance at which
the particle-particle potential energy Vs is zero. Energy minimization is a necessary
process responsible for excluding the singularity at » = 0. Unlike what we learned
from quantum molecular orbitals, the electrons are not modelled as a cloud around the
nucleus. Instead, the partial charges with a rigid geometry are calculated for atoms to
exhibit an average electrical polarization. Coulomb’s law calculates the electrostatic

potential of a point charge:

n—1
1 Qi
Up = = 2.2
E req ; q e (2.2)

where n is the number of interacting particles, €; is the permittivity of free space, r; is
the distance between the point charges q and @);, q is the assigned point charge, and
Q; is the i'" interacting charge. To generate a fixed temperature at the start of the
simulation, the kinetic energy is randomly allocated to satisfy the Maxwell-Boltzmann

distribution.

Figure 2.1: TIP4P /2005 Model. Carl McBride, via SklogWiki, 2009

The TIP4P /2005 model of water is an updated version of the TIP4P model. The
density anomaly of the TIP4P model under a pressure of 1 bar occurred at 253 K,
while TIP4P /2005 gives a much more accurate value of ~270 K under 1 bar [19]. A



schematic of TIP4P /2005 is shown in ﬁgure Both models employ a fourth massless
site M for better tetrahedral liquid water hydrogen bonding network structures. Site M
is located at the bisector of the two H atoms, coplanar with the oxygen and hydrogen
atoms. The oxygen is chargeless and interacts via the Lennard-Jones force, while

positive hydrogens and the negative M interact via electrostatic forces.

2.3 Energy

The energy time series illustrates the result of calculating the sum of kinetic and

potential energy at every output step in the simulation,
E=K+PE=K+V,;+Ug (2.3)

where K is the kinetic energy and PE is the potential energy. For clarity of figures,

-1.55¢+05 : : -1.52¢405 :
— 100 skipped 100 skipped
— 100 averaged and 10 skipped 4 L — 100 averaged and 10 skipped | |
-1.56e+05 — -1.53e+05 [ —
3 12 1
E E
2 2
M -1.57e+05 — M -1.54e+05 —
-1.58e+05 — -1.55e+05 — —
| | | | |
0 100 200 300 400 0 100 200 300 400
Time (ns) Time (ns)
(a) Unequilibrated (b) Equilibrated

Figure 2.2: Examples of potential energy time series. Plotted are the instantaneous
energy every 100 ps and the running average of the energy using 100 points that we
sampled every 100 ps.
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instantaneous values of the energy are reported every 100 ps for the droplets and 500
ps for bulk. To determine whether the temperature is stabilized, we plotted every
energy curve separately as shown in figure Panel (a) shows an example of an
unequilibrated system with a significant portion of the time series clearly trending
down. Panel (b) shows an equilibrated system with the energy fluctuating about the
mean. The energy curves not showing repeated fluctuations about the mean were

determined as unequilibrated.

2.4 Radius of Gyration

When all particles in a system are equal in mass, the radius of gyration is the calcu-
lated root mean square distance from the center of mass. For systems with different

particles, R, is calculated from:
no 2\ 3
R, = (—Zii} i > (2.4)

where r; is the i*® particle’s distance from the center of mass. It is often a measurement
of the compactness of mass distribution. A higher radius of gyration suggests an

extended conformer of a protein.

2.5 Alpha Carbon

Amino acids share a standard structure where the so called alpha carbon, C,, is con-
nected to amino and carboxylic acid functional groups and the side chain residue, see
figure 2.3 To facilitate the calculation of distances from the coordinates in GRO-

MACS output files, we wrote a centering code to place the droplet’s center of mass
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at the origin. This removes technical difficulties associated with periodic boundary
conditions. Frequencies of C,, radial distance from the center of mass in the last 2/3

frames were plotted in a histogram and then normalized.

H R O
\ I //
N—C—C
/ | \

H H OH

Figure 2.3: General structure of an alpha amino acid. Benjah-bmm?27, Public domain,
via Wikimedia Commons

2.6 Radial Distribution of Charged Sites

We are interested in the location of charges within droplets. For peptides in this
research, positive charges are carried by -NHj , and negative charges are brought by
-COO~ either from the first/last amino acid or the R groups. The R group is a side
chain connected with C,. We selected the N atoms from -NH; for locating positive
charges because of the tetrahedral structure of protonated amino groups and the
relatively small radius of H atoms. The two oxygen atoms in carboxylate share the
same electronegativity, so we averaged their coordinates for assigning the location of

a negative charge.

2.7 Secondary Structure

We used VMD for secondary structure calculations. VMD takes a simulation trajec-

tory to calculate distances between possible hydrogen bonding groups and determines
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the type of secondary structure. The last 2/3 of output data were averaged to show

the probability of helical structures (a-helix, m-helix, and 31 helix) for all amino acids.

2.8 Density Profile

Our code to calculate the density profile divides the sphere into 0.05 nm thick shells
and counts the number of water molecules in the shell. The density is then calculated

by leldlng Myater by ‘/shell-



Chapter 3

Results

We first simulate the CBS peptides from the droplet center at T'= 300 K and P =1
bar for a trajectory of 2 ns. CBS-5’s (VI'VFL) both termini and the N-terminus
of CBS-9 (ANVTVFLQD) were almost immediately pushed to the surface of the
droplet, corresponding to the fact that valine (V), leucine (L) and alanine (A) are
hydrophobic amino acids. In order to study the phenomenon that CBS peptides are
absent from the droplet center, we constructed two charge-rich peptides, KKKDDD
and DKDKDK, with positive lysine (K) and negative aspartate (D) under a neu-
tral pH. Consequently, they remained deep inside the droplet during this short 2 ns
simulation. The comparison between CBS peptides and DK peptides indicates the
hydrophobicity of amino acids may lead a peptide to the droplet surface. A natu-
ral peptide, GAD-1 (FIHHIIGWISHGVRAIHRAIH-NH,), was introduced for further
comparison. During the 2-ns trajectory, the hydrophobic N-terminus (F) along with
other hydrophobic amino acids were pushed to the vapour phase, and the polar ter-

minus (H) remained inside the droplet. This is consistent with our judgement on
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the hydrophobicity despite GAD-1’s relatively complex structure. Therefore, we con-
clude that the hydrophobicity of amino acids plays a leading role in a peptide’s initial

absence from the droplet center.

After this short 2-ns simulation, we attempted to equilibrate all systems in bulk
and nanodroplets and we succeeded at most temperatures during the NPT or NVT

production runs. The following results are analyzed from production runs.

3.1 Energy

Our nanodroplet systems are simulated for a shorter trajectory than the bulk system
due to the faster NPT simulations compared to NVT. The water molecules in smaller
(776 water molecules) droplet-peptide systems are equilibrated within ~600 ns except
at T'= 180 K for KKKDDD system. The equilibration process of the peptide itself
is relatively slow because the positive lysine residues are observed to approach the
arginine. GAD-1, the longest peptide in our research, is held in a bigger nanodroplet
with 2880 water molecules. The GAD-1 system is equilibrated at most temperatures
despite having more molecules. However, the droplet system is not equilibrated at
180 K and the bulk is not equilibrated at 180 K and 200 K correspondingly. De-
tailed lengths of simulation for nanodroplet and bulk systems are listed separately in

table 3.1l and 3.2

Peptide 180 K 200 K 220 K 240 K 260 K 280 K 300 K

CBS-5 374.4 377.7 380.6 372.5 374.9 331.1 378.7
CBS-9 575.5 559.2 540.3 961.3 531.4 935.6 538.7
KKKDDD || 603.0* | 603.9 580.9 582.6 607.2 603.0 572.3
DKDKDK || 487.8 466.3 468.3 459.4 485.7 476.9 205.7
GAD-1 345.2*% | 335.2 346.0 343.9 333.7 352.2 357.2

Table 3.1: Length of simulation for nanodroplet-peptide systems (ns). The asterisked
state points are not equilibrated.
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Peptide 180 K 200 K 220 K 240 K 260 K 280 K 300 K

CBS-5 2000 2000 2000 2000 2000 2000 2000
CBS-9 2000 2000 2000 2000 2000 2000 2000
KKKDDD || 2000 2000 2000 2000 2000 2000 2000
DKDKDK || 2000 2000 2000 2000 2000 2000 2000
GAD-1 2000* 2000* 2000 2000 2000 2000 2000

Table 3.2: Length of simulation for bulk-peptide systems (ns). The asterisked state
points are not equilibrated.

Figure|3.1| and illustrate that the average energy per water molecule decreases
nearly linearly when cooling nanodroplet systems from 300 K to 200 K or from 300 K
to 260 K for bulk systems, before the rate of descending reduces. The heat capacity

can be estimated from the slope of energy curves by:

0E

Cvzﬁ

= slope (3.1)

where 0F and 67 are the difference in energy and in temperature. As shown in the
figures, 0 £ barely depend on the peptide, such that the heat capacity is able to char-
acterize water molecules. Molecules being in a liquid state can explore anharmonicity
in their vibrations and many different bonding configurations, leading to a larger heat
capacity compared to a solid. The inflection in E(T") near 240 K for the bulk systems
indicates the presence of a maximum heat capacity, one of the anomalies of water.
However, the inflection temperature of nanodroplet systems is much lower than in bulk
systems, since the nanodroplets interior is at a higher pressure (due to the Laplace
pressure). Furthermore, the energy of nanodroplet-peptide assemblies are higher than
for bulk. This is because water molecules at the surface cannot form open, low energy

structures as they seek to maximize hydrogen bonding.

Energy ranking for systems with different peptides is as follows: CBS-5 > GAD-1
> CBS-9 > KKKDDD = DKDKDK. In the 776-molecule nanodroplet, CBS-5 only has
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Figure 3.1: Average potential energy per water molecule for nanodroplet-peptide
systems.
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Figure 3.2: Average potential energy per water molecule for bulk-peptide systems.
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3 hydrophilic residues; CBS-9 has 6 hydrophilic residues along with the chloride ion;
and both DK peptides have 8 hydrophilic residues. In the 2880-molecule nanodroplet,
GAD-1 carries 10 hydrophilic residues along with 3 chloride ions. The number of
hydrophilic sites from peptides and ions divided by the number of water molecules
determines their energy rankings to a great extent. This ratio for CBS-5 is 0.0039;
for CBS-9 is 0.0090; and is 0.0045 for GAD-1. However, the bulk-peptide assembly of
GAD-1 displays relatively higher energy than the corresponding nanodroplet-peptide
assembly compared to other peptides. For example, the energy of CBS-5, the ex-
tremely short and neutral peptide that has the minimal secondary structure, is about
the same in the bulk system as GAD-1 and clearly lower in the nanodroplet. Therefore,
GAD-1 may be more stabilized in nanodroplets after building secondary structures

through intrapeptide bonding.

3.2 Mean Square Displacement

Mean square displacement (MSD) is a measure of diffusive random motion. The
linearity between MSD and time t of equation allows for graphical methods to
determine the diffusion coefficient D. Equilibrated water molecules in bulk have a

temperature-dependent diffusion coefficient, obtained from:
((z(t) — x9)*) = 2D, (3.2)

where 1z is the reference position, x(t) is the position at time ¢, and the average is
taken over all water molecules. Previously, we showed the energy time series and
determined that water molecules in the CBS-5 bulk system at 180 K are equilibrated

while the GAD-1 droplet system at 180 K and 200 K is not, within the limited
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Figure 3.3: Mean square displacement with a time origin at 1000 ns as a function of
time for CBS-5 in bulk at 180 K (left), GAD-1 in bulk at 180 K (middle), and GAD-1
in bulk at 200 K (right).

length of simulation (see table . Therefore, we inspect how far they are from the
equilibrium by comparing the MSD of water in the other two systems with CBS-5.
Figure 3.3 shows MSD plots of water molecules in the CBS-5 bulk system at 180
K and GAD-1 bulk systems at 180 K and 200 K. The plot of CBS-5 illustrates a
linear relation between MSD and time, indicating a clearly equilibrated system. Both
GAD-1 systems are fairly linear, but the 180 K displays very slow diffusion. The 200
K shows a slope ten times greater in the last 250 ns, but the simulation is not long

enough to complete a significant number of fluctuations.
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3.3 Density Profile

Here we report on the density profiles, i.e. the local density as a function of radial
distance from the center of mass of the water molecules in the nanodroplet. From
the density profiles in figure , we see a spherical nanodroplet composed of 776 (or
2880) water molecules has a radius of ~2 (or 3) nm before the density decreases to
zero. Moreover, a shell-like structure of nanodroplets in both sizes is revealed by the
density profile, in which the density is higher than 1 g/cm? in the subsurface region
from 180 K to 240 K. In contrast, the interior region shares the typical density of bulk
water. Compared with pure water density plots in figures and [3.6, we see that
all peptides hardly affect the occurrence of density anomaly in the subsurface region
below 260 K. However, the heterogeneous environment of nanodroplets may influence

a peptide’s equilibrated conformation and location.

An extremely low water density in the nanodroplet core shown for both DK-
peptide systems results from both peptides residing near the droplet core. Technically,
peptides are not counted as water molecules, and the core region has a relatively small

shell volume, dV = 4mr?dr, when r is small. The difference in density of DK systems

Am

T2, 18 greater than for systems for

compared to pure water nanodroplets, Ap =
which the peptide resides on the surface, where Am is the mass of water that is
displaced by the peptide in the shell volume. The greater slope of curves at small
radii at higher temperatures indicates that the DK peptides are deep inside the droplet
but then move toward the surface on cooling. The lack of smoothness in curves of low

temperatures (180 K and 200 K) is also a result of poor sampling due to slow water

diffusion.
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—= CBS-9

—— KKKDDD

~— DKDKDK
CBS-5

Figure 3.4: Water density profiles for GAD-1, CBS-9, KKKDDD, DKDKDK and
CBS-5 nanodroplet systems. Each panel illustrates density profile for all systems at

the same temperature.
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3.4 Alpha Carbon
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The alpha carbon (C,) probability density is a measure of the radial distribution

of each amino acid. For CBS-5, CBS-9 and GAD-1, a series of similar distributions

observed at temperatures ranging from 180 to 240 K is followed by an abrupt transition

at 260 K. Due to this transition, the widest probability distribution appears in peptide

systems at 260 K. However, the width of thermodynamic distributions should typically

grow since molecules gain mobility as the temperature increases.

67180 K

2.0

Figure 3.7: Radial distribution function of C, for CBS5 in droplets.
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CBS-5 is a highly hydrophobic peptide residing on the droplet surface. The only

hydrophilic residue, Thr 2, is at an outermost radius (see figure below 260 K.

While for 260 K, it attempts to transit toward the core. Threonine finally leaves the
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surface (r = 1.8 nm) and gets merged into the subsurface (r = 1.5 nm) at 280 K,

where the subsurface region spans r = 1.4 — 1.6 nm.

CBS-9 is an amphipathic peptide with a negatively charged aspartate residue at

the C-terminus. The sodium ion sometimes stays closely to the C-terminus on account

of the double charges. C,s are tightly grouped across the subsurface region at low

temperatures, see figure On heating to 260 K, Asp 9 and Ala 1 attempt to move

toward the surface and Thr 4 goes to the opposite direction, which leads CBS-9 to

alternate between a compact and an extended conformer. The overlapped distribution

of the two conformers is responsible for the abnormally large width at 260 K.
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Figure 3.8: Radial distribution function of C, for CBS9 in droplets.
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KKKDDD and DKDKDK (see figure and figure are composed of charge-
rich and hydrophilic lysine and aspartate, which would tend to keep them deep inside
the nanodroplet. On cooling from 300 to 240 K, they moved outward slightly without
reaching the subsurface region. We notice that the doubly charged N-terminal lysine
from KKKDDD (at high temperature) and the neutral N-terminal aspartate from
DKDKDK are located at a greater radius than any other residues. The N-terminus

shows a strong tendency to leave the droplet center.
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Figure 3.9: Radial distribution function of C, for KKKDDD in droplets.

GAD-1 is an amphipathic peptide consisting of eight hydrophilic and thirteen
hydrophobic amino acids. For reference, GAD-1’s 2880 nanodroplet subsurface region

is around r = 2.2 — 2.7 nm. At high temperatures, the peptide (see figure |3.11])
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Figure 3.10: Radial distribution function of C, for DKDKDK in droplets.

resides across the subsurface region around 2.0-3.0 nm from the droplet center before
the distributions dramatically shift to the center around r = 1.0 — 3.0 nm at 240 K,
with some hydrophobic amino acids moving to the innermost radius, around 1.0 nm
from the center. Specifically, the Alal5, Alal9 and Ile16 near the C-terminus move

into the interior region, while the Ile2, Ile5 and Ile6 near the N-terminus moved toward

the surface.
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Figure 3.11: Radial distribution function of C, for GAD-1 in droplets.
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3.5 Charged Sites

The charged sites we study include the N-terminus, the C-terminus, residues of
charged amino acids and the sodium or chloride ions, all of which carry one unit

of positive or negative charge (-e or +e).
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Figure 3.12: Charged groups distribution function of CBS-5 simulated in droplets.

CBS-5 (figure[3.12)) displays an orientation in which the N-terminus points outward
and the C-terminus points inward. CBS-9 (figure and GAD-1 (figure
share the same orientation. KKKDDD and DKDKDK in figure and figure [3.16
did not display such an explicit orientation, but all charged sites share about the
same distribution. The probability of charged lysine and aspartate residues occurring

at a small radius increases at higher temperatures, corresponding to the previously
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studied sodium and fluoride ions [3]. For example, the probability density for residues

to appear at 0.5 nm grows with temperature. Approximately, P(r = 0.5) is 0.5 at 220

K, 0.6 at 260 K and 0.75 at 300 K. This is consistent with the peptide being more

centrally located at higher temperatures. A deviation between the positive (K) and

negative (D) sites of DKDKDK is observed at low temperatures, revealing

a negative

outer shell and a positive interior region of the nanodroplet itself which arises from a

preferred orientation of water molecules.
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3.6 Radius of Gyration

The radius of gyration (R,) characterizes the compactness of peptides, which should
have an increasing trend on heating because the thermodynamic force may dominate
electrical forces which maintain the folded state. For CBS-5, DKDKDK and GAD-1,
R, in bulk differs from the nanodroplet counterpart at lower temperatures. At T'
higher than the transition temperature of 240 K, the R, of peptides in nanodroplets

tends towards the bulk value.

The R, of CBS peptides in bulk water shares common features upon increasing
the temperature. Both CBS-5 and CBS-9 remain in a compact shape for 7" < 200 K,
while for 7' > 200 K, they start to unfold, see figures [A.1] in the appendix for
R, time series and for the average R,. CBS-5 reaches and stays at the maximal
radius of gyration after 220 K, and CBS-9 continues to increase until reaching its
maximum at 240 K, after which a slight fluctuation was observed. They would both
transit from an unfolded state (high R,) to a folded state (low R,) on cooling from
above 240 K, with CBS-5 folding at a lower temperature (200 K) than CBS-9 (220 K).
In the nanodroplet, the folding transition is higher (280 K) than in bulk. This is an

indication that the two ionized termini come together more efficiently at the surface.

In bulk water, the R, of KKKDDD is approximately constant at all temperatures.
For KKKDDD in the nanodroplet, the high-temperature (T > 240 K) state has a lower
R, when the peptide is in the centre of the nanodroplet. R, increases as temperature
decreases, and the peptide moves toward the surface. It is worth exploring more why
R, for bulk and droplet are different even when the peptide is inside the droplet where
it might be bulk-like. For DKDKDK at low temperatures ranging from 180 K to 260
K, when the peptide is more at the droplet’s surface, R, is systematically higher in
droplet than bulk. In contrast to the hydrophobic CBS peptides, DKDKDK has a
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(a) Low T1=180K (b) Low T2=240K (c) High T1=300K (d) High T1=300K

Figure 3.18: Snapshots of GAD-1 in nanodroplet

larger R, when closer to the surface. The two DK peptides need further study.

At higher temperatures, the R, of GAD-1 is roughly the same for bulk and droplet.
When GAD-1 starts probing the droplet interior below 260K (see figure 3.18(b)), R,
decreases in the droplet and increases in the bulk. We observed a significant phe-
nomenon when watching the visualized trajectory of the 300 K GAD-1 system. As
a snapshot from the simulation, Figure m(c) shows a curly GAD-1 residing on the
droplet surface in the first half trajectory. This compact conformation unexpect-
edly unfolds into a linearly helical conformer with hydrophilic histidine and arginine
residues stretching straight toward the approaching ions, see figure [3.18(d). The R,
time series in figure confirms the story by showing a stably low R, before an
instantaneous opening-up appears at ~190 ns, which strongly suggests that ions play
a vital role in the unfolding process of GAD-1. The R, time series of GAD-1 sinks to
the bottom when ions move away from the peptide. We think that ions again regulate

the folding process.
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3.7 Secondary Structure

The nanodroplet environment promotes a-helical structure of the antimicrobial pep-
tide GAD-1. GAD-1 is quite helical in the nanodroplet, see figure [3.19, except for
260 K when a chloride ion is close to the peptide. In bulk, it is not helical; when
T > 260 K, there is roughly zero helicity in every residue in figure [3.20} Besides, the
180 and 200 K systems are not counted into the comparison because they are not
equilibrated, and likely stuck at the initial configuration. The helicity (G, H and I,
see table for reference), in the droplet decreases on the N-terminal side on cooling
but partially reemerges (see figure as ions get away from the surface and parts
of GAD-1 probe the interior of the droplet, shielding the N-terminus from chloride
ions, see figure [3.18|a).

Histidine in both bulk and droplet systems breaks helicity. The amino acids which
lead the peptide to move outside the droplet at an increasing temperature, Alalb,
Alal9 and Ilel6, maintain their helicity in the droplet but lose it in the bulk water.
E and B, the only two secondary structures concerning the [-sheet, never emerge in
the droplet. In bulk water, the isoleucine near both N and C terminus and the middle
residues (tryptophan, isoleucine, serine, glycine, and valine) show a tendency for the

development of -sheet structures at high temperature, see figure |3.20]

Structures Description

Hydrogen bonded turn (3, 4 or 5 turn).

Extended strand in parallel and/or anti-parallel S-sheet conformation.
Residue in isolated S-bridge.

4-turn helix (a helix). Minimum length 4 residues

3-turn helix (39 helix). Minimum length 3 residues.

5-turn helix (7 helix). Minimum length 5 residues.

Coil (residues which are not in any of the above conformations).

QT aom-mHEA4

Table 3.3: Description of protein secondary structure
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Chapter 4

Discussion, Conclusions and Future

Work

In contrast to bulk water, the simulated peptides displayed different conformations
and behaviours when interacting with the nanodroplet. Previous research suggested
that the nanodroplet is under immense surface tension and forms a loose hydrogen
bonding network. In this research, we discovered hydrophobic and amphipathic pep-
tides would be expelled to the surface during the early stage of the droplet-forming
process in a canonical ensemble. During a following lengthy equilibration, peptides
adjust conformations and locations with the assistance of a unique nanodroplet en-
vironment and counter ions, surprisingly. CBS-5 and CBS-9 more easily adopted a
folded state on the droplet surface; KKKDDD and DKDKDK were tucked inside the
droplet at high temperatures; GAD-1 was folded near the surface at low temperatures
and adopted a more helical structure at high temperatures. In general, peptides are
more compact under the confinement of a nanodroplet. The counter ions we initially

added to neutralize the system may actually boost an extended conformation. The
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role of ions in this regard warrants further study. Another surprising discovery in our
research is a strange transition of peptide structures and locations between 240 K and
260 K observed from C,, distributions. Some hydrophilic residues (Thr from CBS-5)
could migrate towards the vapour phase, and some hydrophobic residues (Ala and
Ile from GAD-1) might dwell in the droplet interior on cooling from 260 K, below
which the density anomaly intrinsic to the water nanodroplet emerges. The orienta-
tion of peptides was highly uniform, with the N-terminus residing at a larger radius
than the C-terminus. This is probably the consequence of an electrostatic force from
the negative outer shell (and a positive interior). Analyzing the secondary structure
of GAD-1, we see that the nanodroplet environment promotes helicity. The reasons

behind the outcomes need further characterization.

The ideally amphipathic peptide LKy (Dns-KLLKLLLKLLKLLLKLLLKLLK)
would be a great comparison to GAD-1 because of their similar length and function.
GAD-1 is an antimicrobial peptide composed of 21 amino acids, while LKy, is an
artificial cytotoxic peptide 5-10 times more hemolytic than melittin [22]. It consists
of repetitive three or four lysine and leucine residues and exhibits a perfect a-helical
structure at the air/water interfaces [23]. If the environment promotes helical struc-
tures for a less helical peptide GAD-1, what will it do to LKs, with a perfect a-helical

structure? We will know the answer after simulating LKy, in nanodroplet.

In the nanodroplets, the N-terminus was the preferred side going out in CBS-9
and GAD-1 systems and the outermost charged residue in CBS-5, CBS-9 and GAD-1.
Meanwhile, the C-terminus might be the particular residue attracted by the center.
However, the mechanics of dragging the N-terminus toward the surface is left unex-
plored. To verify whether the N-terminus indeed leads peptides outward, we must

find direct evidence to exclude the influence from side chains and electrostatic forces.
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Appendix A

R4, Time Series and Snapshots
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Figure A.1: 100 steps averaged Rg time series of CBS-5 in bulk water
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Figure A.2: Snapshots of CBS-5 in bulk
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Figure A.3: 100 steps averaged Rg time series of CBS-5 in nanodroplets
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Figure A.4: Snapshots of CBS-5 in nanodroplet
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Figure A.5: 100 steps averaged Rg time series of CBS-9 in bulk water
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Figure A.6: Snapshots of CBS-9 in bulk
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Figure A.7: 100 steps averaged Rg time series of CBS-9 in nanodroplets
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Figure A.8: Snapshots of CBS-9 in nanodroplet
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Figure A.9: 100 steps averaged Rg time series of KKKDDD in bulk water
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Figure A.10: Snapshots of KKKDDD in bulk
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Figure A.11: 100 steps averaged Rg time series of KKKDDD in nanodroplets
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Figure A.12: Snapshots of KKKDDD in nanodroplet
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Figure A.13: 100 steps averaged Rg time series of DKDKDK in bulk water
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Figure A.14: Snapshots of DKDKDK in bulk
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Figure A.15: 100 steps averaged Rg time series of DKDKDK in nanodroplets
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(a) T =180 K (b) T =240 K (c) T =280 K

Figure A.16: Snapshots of DKDKDK in nanodroplet
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Figure A.17: 100 steps averaged Rg time series of GAD-1 in bulk water
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Figure A.18: Snapshots of GAD-1 in bulk
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Figure A.19: 100 steps averaged Rg time series of GAD-1 in nanodroplets
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Appendix B

The N-terminus
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Figure B.1: N-terminus of GAD-1 emerging out of the droplet
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Figure B.2: Other hydrophobic residues followed the N-terminus
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