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Abstract

Molecular dynamics simulations were used to investigate the hydration and structure of the 
tripeptide GPG-NH2, and the effect of substituting a fluorine or hydroxyl gorup onto one of the 
Cα positions in the glycinamide portion of the molecule. The fluorinated and hydroxylated 
peptides both display a slight dehydration of the proline and glycinamide residues and a differ-
ent conformation of the glycinamide residue backbone than the GPG peptide. These two effects 
result in a significant decrease in the water-mediated interactions between the Gly1 and glyci-
namide residues, which had previously been shown to nucleate beta turns in GPG-NH2.

Keywords: molecular dynamics simulations, peptide hydration, fluorinated peptide, 
hydroxylated peptide, water-mediated folding

1. Introduction

How a protein folds from a given linear sequence into its three-dimensional biologically 
active structure in solution has yet to be determined. That this phenomenon occurs in aqueous 
solutions, while not in other liquids, necessitates that water must contribute in some way to the 
folding process. There are a variety of theories as to the role of water in the folding process, 
some which favor the ’hydrophobic effect’ [1, 2] and some of which favor the dominance of 
electrostatic interactions as the driving force behind the process of folding [3, 4]. The hydration 
of a peptide is linked to the amino acid sequence, yet the details of the hydrophobic/hydrophilic 
balance within a protein and how this affects the hydration structure (or vice versa) in order to 
allow for folding remains unclear.

For many proteins, slight changes in their amino acid sequence leads to a collapse of protein 
structure and thereby function, and can lead to a variety of diseases [5, 6]. For instance, in the 
protein haemoglobin, misfolding is caused by the mutation of a single amino acid from glutamic
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acid to valine [7] that leads to the collapse of the protein structure in sickle-cell anemia. Cystic 
fibrosis is another disease that results from only a slight change to the structure of a protein, as 
the deletion of a single phenyalanine from the CFTR protien leads to an inability for the proper 
cytosis of Cl− ions [8]. How these minor changes lead to a disruption of the native structure and 
subsequent loss of function of the protein in solution is not well understood, particularly with 
respect to how the altered hydration changes the folding process.

Previous investigations on small peptides in solution have yielded insights into the role water 
might have on the folding process [4, 9], suggesting it may act as an aide in the formation of β-
turns in the peptide GPG (glycyl-L-prolyl-glycine-NH2) [4]. It is of great interest to determine 
how a small chemical change to this structure might lead to the disruption of the macromolecular 
protein structure in solution. In this study, the structure of GPG-NH2 in aqueous solution has 
been simulated using molecular dynamics (MD). Previous MD simulations on this peptide in 
more concentrated solutions have been shown to relatively accurately reproduce the hydration 
structure, as measured by neutron diffraction[4, 10]. In addition, two derivatives of GPG-NH2 
were also simulated using MD. Specifically, GPG-NH -F and GPG-NH -OH, where a -F atom 
and an -OH group have been substituted for one of the H-Cα positions on the glycinamide 
portion of the GPG-NH2 molecule (Fig. 1).

Of the two modifications that are investigated, fluorination of peptides has been studied 
much more thoroughly in the past. The addition of fluorinated amino acids to peptides and 
proteins has been shown to confer stability to their structures [11–21]. A particular focus has 
been placed on the increased stability of coiled-coil and helix-bundle proteins when using 
fluorinated pro-teins [15–21], which has been attributed to the hyper-hydrophobic and 
fluorophilic character of fluorinated amino acid side chains. While there has been a significant 
amount of work on the effect of fluorinated amino acids on the structure, stability and dynamics 
of a protein, little work has been done in investigating the effect that fluorinating amino acids has 
on the hydration of a peptide/protein. Kwon et al. investigated the hydration dynamics at 
fluorinated protein surfaces with time-dependent fluorescence Stokes shifts, and their results 
show that the hydrating water molecules move slower when around fluorinated residues than 
around non-fluorinated residues. It was suggested that these slow water dynamics were caused 
by the strong dipole induced at the protein surface by the introduction of the fluorinated residues 
[22].

The majority of the research on the effect of hydroxylation of peptides is focused on the 
hydration and structure of two common extracellular matrix proteins: collagen and elastin. In 
collagen, post-translational modifications result in the formation of 3− and 4−hydroxproline 
(HyP) as well as 5−hydroxylysine (HyK), which are thought to each play key structural roles in 
stabilizing the triple-helix structure of collagen [23–30]. In elastin, the function of the HyP has 
yet to be identified. However, the hydroxylation of prolines within elastin has been shown to 
increase the temperature at which coacervation of elastin fibres occurs [31, 32] and the presence 
of HyP has also been shown to significantly change the supramolecular structures formed by 
elastin proteins [31]. It is presumed that the presence of HyP in the polypeptide chains of elastin 
alters the clathrate formation of water molecules around the hydrophobic residues, by enhancing 
the hydrophilic hydration which results in less aligned water molecules around the hydropho-bic 
residues within the peptide. This modification of the hydration around proteins results in a 
reduced propensity of coacervation of the proteins and results in a higher temperature being 
required to induce coacervation because more energy is required to disrupt the hydrophilic 
hydra-tion shell [32]. This disruption of the calthrate-like water shells around the hydrophobic 
residues also seems to play a role in the more polymorphic supramolecular assemblies observed 
in elastin proteins with HyP as the fibrils seem to be stabilized by the long-range order of 
clathrate-like
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Figure 1: GPG-NH2 (left) and its derivatives, GPG-NH2-OH (middle) and GPG-NH2-F (right).

water molecules [31].
In this manuscript, the effect of the fluorination and hydroxylation of the 3GLY residue in the 

GPG-NH2 peptide on the structure and hydration of the peptide has been investigated in detail. 
The results show that the hydration and peptide structure are quite similar for the fluorinated and 
hydroxlated peptides, and highlights some interesting differences in these properties as compared 
to those of the GPG-NH2 peptide.

In this study, we used fixed point charge classical forcefields (TIP3P [33] for water and 
CHARMM [34, 35] for the peptides and ions) to investigate these systems, which we have used 
in several previous studies [4, 9, 10, 36] and shown good agreement with experimental results. 
However, the continual development of polarisable forcefields (e.g. [37–40]) provides further 
ability to investigate these systems using forcefields which may capture physics that is not cap-
tured in these simulations. We have used the AMOEBA polarisable forcefield [39] to investigate 
the hydration properties of highly concentrated solutions of proline and seen that it provides a 
better representation of the experimental data than classical fixed charged forcefields [41].

2. Methods

Molecular dynamics simulations

Molecular dynamics simulations have been performed on GPG-NH2 (GPG) in aqueous solu-
tion as well as for two analogs of the GPG-NH2 molecule, GPG-NH2-OH (GPG-OH) and GPG-
NH2-F (GPG-F) which are shown in Fig. 1. Each system contains 125 GPG/GPG-OH/GPG-F 
molecules, 125 Cl− counter ions, and 7250 water molecules. The GPG molecules, their deriva-
tives and the Cl− ions were modelled using the CHARMM forcefield [34, 35], which is the same 
forcefield t hat we have previously used t o i nvestigate GPG and GPG-containing peptides and 
their interactions with water, ions and urea [4, 9, 10, 36]. The water molecules were modeled 
using TIP3P [33] modified for the CHARMM forcefield and all of  the bonds and angles of  the 
water molecules were constrained using the SHAKE algorithm.

All of the simulations were conducted using GROMACS 4 [42]. For each system, position 
restraints were placed on the backbone of the peptides in the simulated systems while an energy 
minimisation simulation was conducted in order to eliminate any clashes between atoms that 
resulted from the building of the initial configurations without a rtifically di sturbing the initial 
structure of the peptides. Then the temperature was equilibrated by using the NVT ensemble to 
run a 2 ns simulation at 300 K. Finally, the pressure was allowed to equilibrate within the system 
by carrying out a simulation using the NPT ensemble at a temperature of 300 K and a pressure 
of 1 atm, which is 2 ns in duration. Finally, the production simulations were carried out using
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the NPT ensemble, where the temperature was 300 K and the pressure was 1 atm, which were 
run for 40 ns using a 2 fs timestep. In all simulations, the temperature was controlled using the 
Nose-Hoover thermostat [43, 44] and the pressure was controlled using the Martyna-
Tuckerman-Tobias-Klein (MTTK) barostat [45]. The van der Waals interaction cutoff was at 14 
Å, while the particle mesh Ewald (PME) algorithm [46, 47] was used to compute the long-range 
Coulomb interactions.

ANGULA

The ANGULA analysis suite was used for analyzing the dihedral angles, and identifying the 
different representative conformations of the peptides in solution as well as the whole molecule 
analysis spatial density maps (WMAs), which give the most probable location of water 
molecules around in the peptide molecules in three dimensional space [9, 48, 49]. To generate 
the WMAs, the peptide molecules were first separated into the different conformers based on 
selection of the dihedral angle in question (vide infra) and then subsequently the first nearest 
neighbor water molecules (within a distance range up to 2.2 Å) to each atomic site were 
identified for each peptide in the solution. This information was used to create a cloud of most 
probable density of water molecules around the peptides in question. For each derivative 5000 
frames of the trajectory were used in the analysis where each frame contained 125 molecules. A 
more detailed description of this analysis is proved in the SI.

3. Results

Interaction of water molecules with the peptide backbone

The interaction of water molecules with the peptide backbone has been characterised by first 
determining the radial distribution functions (g(r); RDFs) for nitrogens and oxygens in the GPG, 
GPG-OH and GPG-F peptides and the Ow and Hw atoms in the surrounding water molecules. 
The g(r)s for the C-terminal Ncap N4 atoms and 2PRO-3GLY O2 and 3GLY-Ncap O3 are shown 
in the Supplementary Information, while the g(r)s for the other oxygen and nitrogen atoms in 
the peptide backbone are not shown as there is no appreciable difference for the three different 
peptides. The coordination numbers for all of these g(r)s are also provided in the Supplementary 
Information.

Fig. 2a shows the probability distribution of a N4 atom being hydrated by a given number of 
water molecules, which was generated by determining the number of water molecules whose Ow 
atom is within rmax for the N4-Ow (see SI) of the N4 atom of a peptide in each configuration of the 
trajectory. The probability histograms show that the most probable number of water molecules 
around the N4 is 5, 4 and 4 for the GPG, GPG-OH and GPG-F peptides, respectively, signifying 
that the N4 in GPG is relatively more hydrated than the GPG-OH and GPG-F peptides. It appears 
that the different functional groups on the Cα of the 3GLY residue has only a small affect on the 
location of the water molecules around the N4 atoms.

The interaction of water molecules with the oxygen atoms in the peptide backbone also play 
a significant role in the hydration structure of these peptides. The coordination numbers for all of 
the peptide oxygen g(r)s are included in the Supplementary Information. Figures 2b and 2c show 
the probability distributions of finding a certain number of hydrating water molecules around the 
O2 and O3 atoms within the backbones of the GPG, GPG-OH and GPG-F peptides, respectively.

Both the O2 and O3 atoms are dehydrated in the GPG-OH and GPG-F peptides as compared 
to the GPG peptide. The g(r)s in the SI show that for the O2 atoms the magnitude of the first
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(a) N4 — Ow (b) O2 — Ow

(c) O3 — Ow

Figure 2: Histograms of the number of hydrating water molecules around the (a) N4, (b) O2 and (c) O3 atoms of the
GPG, GPG-OH and GPG-F peptides.

peak for the GPG-OH and GPG-F peptides is smaller than that for the GPG peptide. The RDFs
of the water interactions with the O3 atoms of the different peptides show that once again the
first neighbor peak of the O3-Ow g(r) has a slightly smaller magnitude for the GPG-OH and
GPG-F peptides than the GPG peptide. However, the more significant difference is that the
corresponding minimum in the g(r) occurs at smaller magnitude in the GPG-OH peptides. The
g(r)s for the O3-Ow and the O3-Hw interactions show that the second neighbor shell in the GPG-
OH and GPG-F peptides is significantly dehydrated as compared to the GPG peptides.

The distributions of hydrating waters around the O2 atoms show that the most probable num-
ber of water molecules in the first hydration shell is 1 for all three peptides. However, the proba-
bility of having 1 or less water molecules hydrating the O2 in the GPG-OH and GPG-F peptides is
greater than that for the GPG peptides and the probability of 2 or more hydrating water molceules
is larger for the GPG peptides than that for the GPG-OH and GPG-F peptides.

Meanwhile, the most probable number of water molecules in the first hydration shell around
the O3 atoms is 2 for all three peptides, as shown in Fig. 2c. However the probability of having
1 or fewer water molecules in the first hydration shell of an O3 atom in the GPG-OH and GPG-F
peptides is greater than that for the GPG peptides. While the GPG peptides are more likely to
have 2 or more water molecules in the first hydration shell around an O3 atom than for GPG-OH
and GPG-F peptides.

Interaction of water molecules with 3GLY Cα

The Cα of the 3GLY residue in GPG is the site of modification in the derivative peptides
where a -H was replaced by a -OH in the GPG-OH peptide and a -F in the GPG-F peptide. As
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a result, it is of interest to understand how the hydration of this group is modified by the change 
to a functional group. The salient g(r)s for these functions are shown in the Supplementary 
Information and the coordination numbers for these functions are in Table 1. The HA-Ow RDF 
for the three GPG derivatives, perhaps unsurprisingly, show significant differences. For the GPG-
OH and GPG-F peptides, there are well defined peaks at r  =  2 .78 Å  and 2 .72 Å, respectively, 
which indicate that there are strongly bound water molecules within the first h ydration shell. 
Whereas, the HA-Ow RDF for the GPG peptide has a first peak which is similar in magnitude to 
that for GPG-OH and GPG-F but the peak is comparatively more broad signifying a larger radius 
for the first hydration shell ( r =  3.92 Å) than either the GPG-OH (3.68 Å) or GPG-F (3.56 Å) 
peptides. Further the RDFs for both GPG-OH and GPG-F (see SI) also show more prominent 
second nearest neighbor peaks for the hydration around this groups. This is suggestive of a radial 
charge effect where introducing the -OH or -F atom would change the dipole around this portion 
of the peptide which leads to a closer interaction with the water molecules hydrating 3GLY and 
a more structured second coordination sphere.

In Table 1, the coordination numbers of Ow around HA for the GPG-OH and the GPG-F 
peptides are shown to be significantly lower than for the GPG peptide. The g(r)s of the 
interaction between the Ow atoms in water molecules and the OH and HO atoms in the GPG-OH 
and the F atoms in the GPG-F peptides are shown in the SI. In all cases, there is a first neighbor 
peak indicating that the water molecules form an ordered hydration shell around the -OH and -F 
groups in the GPG-OH and GPG-F peptides, respectively. From the values of the coordination 
numbers in Table 1, the GPG-OH and GPG-F peptides have approximately 4 more water 
molecules in their hydration shell around the 3GLY Cα than the GPG peptides, as both the HO 
and F atoms have coordination numbers of approximately 8 water molecules, whereas the 
coordination number of water around a HA atom is approximately 4.

The second nearest neighbor peaks observed in the RDFs for the HA-Ow interaction are also 
different for the three different GPG derivatives. While the locations of the peak and correspond-
ing minimum occur at nearly identical values of r, the magnitudes of the peaks for the GPG-OH 
and GPG-F peptides are nearly equal and both are larger than that for the GPG peptides.

Table 1: Coordination numbers ni
j and nearest neighbor distances rmax (Å) of the solvent atoms around the atoms attached 

to the Cα of the 3GLY residue in the GPG, GPG-OH and GPG-F peptides.

GPG GPG-OH GPG-F
Type i Type j n j

i rmax n j
i rmax n j

i rmax

HA Ow 4.0 3.92 2.7 3.68 2.4 3.56
OH Ow — — 10.0 4.92 — —
HO Ow — — 8.6 4.66 — —
F Ow — — — — 8.1 4.64

Intrapeptide interactions
From the RDFs and the coordination numbers, three different parts of the peptide back-

bone have showed significantly different hydration when comparing GPG, GPG-OH and GPG-F.
These differences may be the result of changes to the intra-peptide structure within the backbone
of a given peptide. In order to investigate this, the distances between the various Nx and Ox
atoms on the peptides were calculated for each peptide in each configuration of the production
trajectories and the probability distributions of a given N and O atom being a certain distance
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(a) N2 — O3 (b) N4 — O1

(c) N4 — O2

Figure 3: Probability distributions of the (a) N2 and O3, (b) N4 and O1 and (c) N4 and O2 atoms on the same peptide 
being within a given distance from one another.

apart were generated for the GPG, GPG-OH and GPG-F peptides. The three interactions that 
were significantly different (N2-O3, N 4-O1 & N4-O2) include the three atoms which showed sig-
nificant d ifferences i n t he hydration properties d iscussed previously ( O2, O 3 &  N 4), and have 
been plotted in Figure 3.

The coordination numbers of water molecules around the O2, O3 and N4 atoms (which are 
shown in SI) show a slight yet significant dehydration of these atoms in the GPG-OH and GPG-
F peptides when compared to the GPG peptides. The distribution for the N2-O3 interactions 
in the GPG-OH peptides displayed in Fig. 3 shows a shoulder from r = 4 Å to 4.95 Å and 
then the distribution increases until it reaches a peak at r = 5.6 Å, which represents the most 
probable distance between the two atoms, as well as a further peak which is significantly smaller 
in magnitude at r = 6.8 Å. The N2-O3 distribution for the GPG-F peptides shows a similar 
shoulder as observed with the GPG-OH peptides and a similar in the distribution until reaching 
a peak at r = 6 Å, and the GPG-F distribution decreases to zero without going through any other 
maximums. Conversely, the distribution for the GPG peptides is significantly different, it does 
not have the shoulder at small distances and instead constantly increases until reaching a first 
peak at r = 6.3 Å and a second, slightly larger peak at r = 6.9 Å. From these distributions, it 
appears that the shorter range interactions between N2 and O3, which are more probable in the 
GPG-OH and GPG-F peptides than in the GPG peptides, are correlated with the dehydration of 
the O3 atoms in the peptide backbone in the two derivatives of GPG.

The distributions of the distances between the N4 and O1 atoms in the peptide backbone 
show that the most probable distance (r = 6.6 Å) is the same for the GPG, GPG-OH and GPG-F
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peptides. The only significant difference observed in these distributions is that the GPG peptides
are most likely to be found in configurations such that the distance between the N4 and O1 is less
than 5.8 Å. However, as the most probable distance is the same for the three peptides and there is
no significant difference in the hydration of the O1 atoms in the three different peptides, it appears
that this interaction does not contribute to the dehydration of the N4 atoms in the GPG-OH and
GPG-F peptides.

The interactions within the GPG-OH and GPG-F peptides results in the distribution of dis-
tances between the N4 and O2 atoms in the peptide backbones being shifted to smaller distances
as compared to the GPG peptides. The most probable configurations of the GPG-OH and GPG-
F peptides are such that the distance between the N4 and O2 atoms is ∼ 4.1 Å while within the
GPG peptides it is ∼ 5 Å. There is a slight difference in the distribution of N4-O2 distances for
the GPG-OH and GPG-F peptides, in that the GPG-OH peptides are more likely to have N4-O2
distances of less than ∼ 4.3 Å. N4 and O2 are both dehydrated in the derivatives, unlike the N2-O3
and N4-O1 distances, where only one of the atoms is dehydrated upon OH/F substitution. This
might explain why the change in intramolecular distance is most pronounced here.

(a) (b) (c)

Figure 4: Peptide backbone dihedrals. (a) Depiction of the two dihedrals of interest, φ6 and ψ7, in the GPG, GPG-F and
GPG-OH peptides. (b) Representative structures of the GPG (grey & blue), GPG-F (green) and GPG-OH (red) at the
different ranges of values of the ψ7 dihedral. (c) Probability distribution of the ψ7 dihedral being within a certain range
of values for the three different GPG peptides.

The dihedral angles along the GPG, GPG-OH and GPG-F peptide backbones have also been
calculated. There are only two backbone dihedral angles that show any significant difference
between the three peptides, φ6 and ψ7, which are defined in Fig. 4a. The distributions of these
two dihedrals that were observed during the simulations is shown in the SI. In the case of φ6,
the distribution for the GPG peptide show a broad range in values from −180◦ to −45◦ and then
also from 45◦ to 180◦, with three peaks within the distribution, the largest at 180◦ (−180◦) and
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two smaller peaks at −90◦ and 90◦. The distributions of φ6 for the GPG-F and GPG-OH peptides
show a much more narrow range from −175◦ to −45◦ for GPG-F and from −105◦ to −45◦ for
GPG-OH, where each has a peak at approximately −85◦.

The distributions of the ψ7 dihedral are unique for each of the three different peptides. This
ψ7-distribution for the GPG peptide shows three significant peaks, where one is found at ψ7 ∼

−75◦, another at ∼ 55◦ and the last at ∼ 180◦. Meanwhile, the distribution of the ψ7 angles for the 
GPG-OH peptides shows peaks at almost identical values of the dihedral, with largest peak at ∼ 
180◦, and the distribution for the GPG-F peptides shows peaks only at ψ7 ∼ 60◦ and ∼ 180◦. In 
order to quantify the different conformations of these peptides, we have divided the con-
formational space into three different ranges of ψ7 which are each centered around one of the 
peaks observed: ψ7 = −125◦ - 0◦; 0◦ - 125◦; and −125◦ - 125◦. In Fig. 4b, conformations of the 
GPG, GPG-F and GPG-OH peptides with values of ψ7 which represent the minimum, maximum 
and average values of the distributions of this dihedral for each peptide (as shown in the SI) are 
shown. These conformations show that in each range of ψ7 the GPG-OH and GPG-F peptides 
have quite similar structures, while the GPG structure is quite similar until reaching the location 
of the φ6 dihedral along the backbone chain which results in the NH2 (N4) capping group on the 
C-terminal end of the peptide being rotated into a different region of space than the other two 
peptides. This is because the φ6 angle is ∼ 180◦ for GPG and ∼ −85◦ for the derivatives. As a 
result of this difference, the GPG-OH and GPG-F peptides take conformations where the N4 
atom is near the O2 atom in the peptide backbones when φ7 = −125◦ - 0◦ and φ7 = 0◦ - 125◦. A 
principal component analysis of these peptides has also shown that the GPG-F and GPG-OH 
show two distinct clusters of configurations, which are quite similar (see ESI). Meanwhile, when 
φ7 = 125◦ - −125◦, all three peptides take significantly extended conformations. In Fig. 4c, the 
probability distributions for each of the three peptides existing in a conformation with a certain
ψ7 angle are reported. From this plot, it is observed that the GPG and GPG-F peptides are most 
commonly found in conformations with ψ7 between −125◦ and 0◦, although as discussed already 
this does mean they have very similar structures. The GPG-OH peptides are most commonly 
found with ψ7 between 125◦ and −125◦.

Therefore, the stronger interactions between N4 and O2 observed in both the intramolecular 
distance distributions and the distributions of the φ6 and ψ7 dihedral angles in the GPG-OH and 
GPG-F peptides seemingly result in the dehydration of the two atoms in the peptide backbone 
(as shown in Fig. 2) as compared to that found in the GPG peptides.

Effect of water-mediated interactions
Water-mediated interactions within peptides can be measured from the trajectories of the 

MD simulations. The first neighbor distances of water molecules with the various oxygen and 
nitrogen atoms found from the g(r)s (shown in the SI) are used to determine the water molecules 
that are bound to each atom on the peptide. Then the first neigbor distance between a pair of 
water molecules is found from the radial distribution function of water molecules. Then in a 
given configuration, two atoms on the peptide are said to have a water-mediated interaction via a 
single water molecule if the same water molecule is found to be bound to each of the two atoms. 
Likewise, if water molecule x is bound to one atom i on the peptide and another water molecule y 
is bound to another atom j on the peptide, and the two water molecules x and y are first neighbors 
to one another then atoms i and j of the peptide are said to have water-mediated interactions via 
a two water molecule chain. Finally, a similar search is done for chains of three water molecules.

Figure 5 shows the probability that the N2 & O3, N4 & O1, and N4 & O2 atoms within the 
same peptide are either directly bonded, or interacting via a hydrogen bonded chain of 1, 2 or
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(a) GPG: N2 - O3 (b) GPG: N4 - O1 (c) GPG: N4 - O2

(d) GPG-OH: N2 - O3 (e) GPG-OH: N4 - O1 (f) GPG-OH: N4 - O2

(g) GPG-F: N2 - O3 (h) GPG-F: N4 - O1 (i) GPG-F: N4 - O2

Figure 5: Probability distributions of the (a) N2 and O3, (b) N4 and O1 and (c) N4 and O2 atoms on the same peptide
being directly bound (blue), or having 1 (green), 2 (orange) or 3 (maroon) water molecules form a hydrogen bonded
chain between the two atoms.
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3 water molecules as a function of distance between the two atoms. The distributions for the 
interactions between the N2 & O3 atoms on the GPG, GPG-OH and GPG-F (Figs. 5a, 5d, 5g, 
respectively) are very similar.

In the case of the interactions between the N4 & O1 atoms, the most significant difference 
when comparing the behavior of the GPG peptides (Fig. 5b) with that of the GPG-OH (Fig. 5e) 
and GPG-F (Fig. 5h) peptides is that there is a significant population of peptides in which the 
two atoms are seperated by 3 - 6 Å, whose interactions are mediated by a single water molecule. 
While, in the GPG-OH and GPG-F peptides, there are almost no peptides in which the config-
urations are mediated by a single water molecule. There are small populations of peptides for all 
three of the derivatives which are directly bound, and larger populations which are bound by two 
and three water molecules within the same distance ranges. However, in all cases the water-
mediated populations of the GPG-OH and GPG-F peptides are smaller than in the GPG peptides.

When considering the interactions between the N4 & O2 atoms on the three peptides, there is 
a significant difference in the nature of the interactions observed. While 1.9% and 2.2% of the 
GPG (Fig. 5c) and GPG-F (Fig. 5i) peptides, respectively, are configured such that the two atoms 
are directly bound to one another, the GPG-OH peptides (Fig. 5f) have significantly larger 
populations of their configurations in which the two atoms are directly bound (7.3%). The GPG-
OH and GPG-F peptides have significantly larger populations of their configurations (40.1% & 
31.0%, respectively) in which the N4 - O2 interactions are mediated by a single water molecule 
than are found within the configurations of the GPG peptide (20.1%). Meanwhile the GPG 
peptide shows that 45% of the peptide configurations are mediated by 2 or 3 water molecules at 
distances larger than 4.5 Å, whereas for the GPG-F and GPG-OH peptides only 15% and 8%, 
respectively, are found to have such large N4 - O2 distances. Therefore, the close (directly bound 
and single water-mediated) interactions of the N4 and O2 atoms in the GPG-OH and GPG-F 
peptides appear to lead to the relative dehydration of the N4 and O2 atoms that is observed in the 
hydration numbers of these two atoms within the peptide as compared to that for the GPG 
peptides.

While the investigation of the role that water plays in the interactions that seemingly differ-
entiate the structures that the three peptides take in solution provides useful insight, it is also 
interesting to see how the overall hydration of the peptides are affected by such slight changes in 
their chemistry. Therefore, spatial distribution functions for the whole molecule (WMA[48]) 
have been calculated around each atom of the peptide and these WMAs have been used to pro-
vide a three dimensional image of where the nearest (and therefore most tightly bound) water 
molecules between 0 and 2.2 Å are in relation to the various atoms within the peptide (Fig. 6). In 
Fig. 6a, the WMAs have been plotted for each of the three peptides when ψ7 is between 125◦ and 
−125◦. From these three figures, it is clear that the water molecules which are tightly bound are 
found in the same relative positions in each of the three peptides, with the only significant 
difference being observed in the size of the population of water molecules around the N3 atom in 
which there seems to be similar amounts in the GPG-F and GPG-OH peptides and signifi-cantly 
less in the GPG peptide. Fig. 6b once again shows the hydration of the three different peptides, 
but this time a set of characteristic structures of GPG with ψ7 between 0◦ and 125◦ are shown, 
while the structures for GPG-F and GPG-OH are when ψ7 is between −125◦ and 0◦. These 
figures show very similar hydration patterns for the three different peptides, where there is 
significant hydration around the NH3 and NH2 groups on the terminal ends of the peptides and 
then a large population of water molecules which seemingly could mediate the interaction 
between N2 and N3.
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(a) (b)

Figure 6: Whole molecule analysis for water between 0-2.2 Å around the peptides (a) where ψ7 is between 125◦and
−125◦and (b) where the hydration patterns are similar but the value of ψ7 is different. The isocountour levels shown in
each figure represent the top 40% of the surrounding water molecules.
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4. Discussion & Conclusions

The analysis that has been presented in this manuscript shows that the average conforma-tion 
and hydration of the GPG-F and GPG-OH peptides are different from that of the GPG peptide. 
However, the conformation and hydration structures observed in the GPG-F and GPG-OH 
peptides are quite similar to one another. Interestingly, while most of the dihedrals along the 
backbone of the GPG molecules remain unchanged, the dihedrals around 3GLY are signifi-
cantly different in GPG-F and GPG-OH compared with GPG, and lead to different 
intramolecular structures for these two derivatives compared with GPG. This likely results in a 
change of the electronic structure around the C-terminus of the peptide, which leads to a change 
in not only the hydration, but also the mechanism of conformational change and possibly folding 
nucleation in the GPG derivatives. Both the location and distribution of water molecules around 
these tripep-tides are affected by the modifications to the 3GLY residue. The oxygen atoms in the 
peptide backbone of both 2PRO and 3GLY as well as the nitrogen in the -NH2 cap on the C-
termini are somewhat dehydrated for GPG-F and GPG-OH as compared to that observed in 
GPG, where the degree of dehydration around these three atoms is quite similar for GPG-F and 
GPG-OH. Further, the dehydration that is observed around these appears to encourage the direct 
and water-mediated intramolecular binding between the peptide bond oxygen in the 2PRO 
residue and the N4 in the NH2 cap for the GPG-F and GPG-OH, which is not nearly as 
pronounced in GPG.

This change in conformation and hydration of the two derivatives suggests a change in their 
possible folding initiation mechanisms compared with GPG. The similarity between the results 
for GPG-F and GPG-OH suggest a similar folding mechanism via two different routes. In the 
case of the GPG-OH, the backbone oxygen in the 3GLY residue (O3) is dehydrated by the -OH 
group on the Cα which is likely the result of a competition between these to groups for nearest 
neighbor water molecules. This possibly instigates a fold within the peptide which occurs such 
that the backbone oxygen in the 2PRO residue (O2) and the nitrogen atom in the NH2 cap (N4) 
are placed within closer proximity of one another. Whereas in GPG-F, the polarity of F, perhaps, 
acts to reduce the electronegativity of the backbone oxygen in the 3GLY residue (O3) atom, 
which therefore reduces its ability to form hydrogen bonds with neighboring water molecules, 
leading to a reduction in nearest neighbor hydration around it. Subsequently, the GPG-F 
molecule would be able to fold in a similar way to GPG-OH in solution.

The water-mediated interactions between the oxygen (O1) in the 1GLY and the nitrogen atom 
in the NH2 capping group (N4) that are observed in the GPG-NH2 peptide, and previously have 
been suggested to be a mechanism by which β-turns nucleate[4], are disrupted by the modifica-
tions made in the GPG-F and GPG-OH derivatives. This disruption serves to shunt the folding 
frame for the peptides and induce a comparatively tighter turn in the GPG derivatives, namely 
between O2 and the N4 atoms where the surrounding water molecules still mediate this inter-
action. This suggests that it is the interplay between both the electron density distribution of the 
peptides and its hydrophobic/hydrophilic balance and the surrounding water solvent which 
nucleates the folding process. The results here suggest that it is the charge distribution of the 
peptide that guides water into the appropriate location to initiate the folding process and that very 
minor disruptions to the electron density structure of peptides, can result in large changes to a 
folding site. These observations also provide further support for the assumption that the slower 
hydration dynamics observed near fluorinated residues within proteins will change the nature of 
the water-mediated interactions within the protein [22]. Likewise, the hydroxylation of elastin 
and elastin-like peptides has shown that there is a reduction of coacervation and the aggregates 
that do form have a reduction in fibril structure, which is probably due to difference in the struc-

13



ture that is taken by the individual peptides [31, 32]. Therefore this work provides further insight
into how modifying a peptide surface can change its hydration and therefore structure, which is
a key step in exploiting these type of modifications of peptides/proteins in biological systems.
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