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PAP248-286 peptides, which are highly abundant in human semen, aggregate and form amyloid fibrils
that enhance HIV infection. Previous experimental studies have shown that the infection-promoting
activity of PAP248-286 begins to increase well before amyloid formation takes place and that pH plays
a key role in the enhancement of PAP248-286-related infection. Hence, understanding the early stages
of misfolding of the PAP2482-86 peptide is crucial. To this end, we have performed 60 independent
MD simulations for a total of 24 ls at two different pH values (4.2 and 7.2). Our data shows that early
stages of misfolding of the PAP248-286 peptide is a multistage process and that the first step of the pro-
cess is a transition from an ‘‘I-shaped” structure to a ‘‘U-shaped” structure. We further observed that the
structure of PAP248-286 at the two different pH values shows significantly different features. At pH 4.2,
the peptide has less intra-molecular H-bonds and a reduced a-helical content than at pH 7.2. Moreover,
differences in intra-peptide residues contacts are also observed at the two pH values. Finally, free energy
landscape analysis shows that there are more local minima in the energy surface of the peptide at pH 7.2
than at pH 4.2. Overall, the present study elucidates the early stages of misfolding of the PAP248-286
peptide at the atomic level, thus possibly opening new avenues in structure-based drug discovery against
HIV infection.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

HIV has infected more than 75 million people since its inception
and, so far, has claimed the lives of more than 36 million people
worldwide [1,2]. Human semen is one of the most important vec-
tors for HIV transmission and women are at high risk of HIV
through unprotected vaginal intercourse [3–5]. The one very cru-
cial natural factor that has been identified to play a key role in
HIV transmission is fragments of the prostatic acidic phosphatase
(PAP) protein [6]. The region of PAP from amino acid residue num-
ber 248 to 286 (PAP248-286) is naturally present in high quantity
in the human semen. Studies have reported that the PAP248-286
peptide could be responsible for an increase in the rate of infection
of HIV by up to 400,000-fold [7,8]. PAP248-286 peptides aggregate
and form amyloid fibrils termed Semen-derived enhancers of viral
infection (SEVI). The highly cationic nature of the SEVI fibrils facil-
itates their binding to the anionic membranes of HIV virions and
cells, which leads to an increase in virion cell attachment and
fusion [9–11]. In the recent times, several different approaches
have been taken to reduce the PAP248-286-mediated rate of HIV
infection [12]. These include (i) inhibition of the transformation
of PAP248-286 monomers into amyloids, iii) hindering of the
cleavage of the PAP248-286 peptide from the PAP protein, iii) per-
turbation of the structure of the SEVI fibrils, and iv) neutralization
of the overall charge of the SEVI fibrils. Out of the above-mentioned
approaches, inhibition of early stages of misfolding of PAP248-286
monomers could be very promising, as it has been reported to sim-
ilar amyloidogenic peptides that are related to Alzheimer’s and
Parkinson’s diseases [13,14]. While the biological activity of
PAP248-286 is mostly reported to its aggregated amyloid form,
studies have shown that the monomeric form of PAP248-286 is
also biologically active [6,15].

Previous studies using in vitro and in vivo experiments reported
that PAP248-286 shows HIV viral enhancement activity mainly at
the acidic vaginal environment (pH �4.2) [7,16]. Brender et al.
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Fig. 1. A) PAP248-286 structure with both histidine residues protonated (pH 4.2),
b) PAP248-286 NMR structure (PDB id = 2L77) at pH 7.2, with both histidine
residues deprotonated. The helical portion of the peptide is shown in blue color,
while the unstructured portions of the peptide are shown in red color. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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[16] suggested that the high activity of PAP248-286 in the acidic
vaginal environment may be due to its two histidine residues,
which are likely to be charged at the acidic pH �4.2, but not at
the neutral pH �7.2. Interestingly, other than showing HIV infec-
tion enhancement at acidic pH, the PAP248-286 peptide has also
been reported to display antimicrobial activity through bacterial
agglutination at neutral pH [15,17].

Several experimental studies, mostly using the NMR technique,
have been performed to understand the monomeric structure of
the full-length PAP248-286 peptide or short regions thereof in dif-
ferent environments. It has been reported that in aqueous and SDS
micelles environments the structure of the PAP248-286 peptide is
highly disordered and can be divided into three parts: i) a N-
terminal disordered region, ii) a stable central part, which forms
an a-helix, iii) a C-terminal flexible region, which adopts a 310/a-
helix conformation [18–23]. In trifluoroethanol (TFE), PAP248-
286 features a largely a-helical conformation. Indeed, in 30 %
TFE, almost all the central part of the peptide adopts a helical con-
formation while in 50 % TEF the whole peptide, with the exception
of its C-terminal end, displays a a-helical conformation. The con-
formation of PAP248-286 in 50 % TEF solution is similar to the
PAP248-286 conformation in the crystal structure of the full-
length PAP protein (PDB id: 1CVI) [18].

Misfolding and aggregation of proteins to form amyloids is a
well-known phenomenon, particularly but not exclusively in the
context of neurodegenerative diseases such as Alzheimer’s disease
(AD) [24–26] and Parkinson’s disease (PD) [27]. In fact, there are
almost 50 other human diseases that are related to the formation
of amyloid [28]. Understanding the early stages of misfolding of
amyloid-forming proteins may help identify amino acid residues
that play a key role in the process, and aid the design of potential
aggregation inhibitors [29]. Molecular dynamics (MD) simulations
are widely used to investigate the misfolding and aggregation pro-
cess of amyloid proteins. MD simulations provide an atomic-level
insight into the transformation of a-helix-rich structures into a
disordered or b-rich structures that is currently not attainable by
experimental techniques [30]. In recent times, several MD simula-
tions studies have been conducted on the PAP248-286 peptide;
however, all these studies were done to investigate the binding
of small molecules to PAP248-286 [31,32] or its interaction with
biological membrane lipid [15]. To the best of our knowledge, no
MD simulation study has been conducted so far to investigate
the early stages of misfolding of PAP248-286 at the acidic pH char-
acteristic of the vaginal environment and at neutral pH. The overall
aim of the present study is to investigate and compare the mecha-
nism of the early stages of misfolding of PAP248-286 at two differ-
ent pH values. To this end, we have performed 60 independent all-
atoms MD simulations of PAP248-286 at pH 4.2 and at pH 7.2 in
explicit water environment.
2. Methods

In the present study, we used the NMR structure of PAP248-286
(PDB id: 2L77 and BMRB id: 17346) [18,19] for our molecular
dynamics simulations. This PAP248-286 peptide structure closely
resembles the conformation of the same amino acid residue por-
tion in the crystal structure of the full-length PAP (PDB id: 1CVI)
[33]. Residue numbering of PDB id: 2L77 starts from 1 and ends
at 39. At pH 4.2, His3 and His23 of PAP248-286 are protonated,
leading to an overall charge of +8 on the peptide, compared to
a +6 charge at pH 7.2 (Fig. 1A and B). We used the H++ server
[34] to add hydrogen atoms to PAP248-286 at pH 4.2 to account
for the acidic vaginal environment and at pH 7.2 to represent the
physiological environment. Supplementary Table 1 shows pre-
dicted pka value by H++ server. In the present study, we used the
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charmm36m force field [35], which is an updated version of the
charmm36 force field [36]. The charmm36m force field has shown
improved accuracy in generating conformational ensembles for
intrinsically disordered peptides and proteins [35,37]. Our simula-
tion system contains a total of 12,031 water molecules at pH 4.2
and 12,039 water molecules at pH 7.2. To neutralize the overall
charge, 8Cl� ions were added in the pH 4.2 system and 6Cl� ions
were added in the pH 7.2 system. Both systems were energy min-
imized using the steepest descent algorithm, followed by two
sequential 500 picoseconds (ps) equilibration simulations using
the canonical (NVT) and isobaric � isothermic (NPT) ensemble,
and production simulations were performed using the NPT ensem-
ble. During energy minimization and the first equilibration step,
restraints of 400 and 40 kJ mol�1 nm�2 were employed on back-
bone and sidechain atoms of PAP248-286, respectively. In the sec-
ond equilibration step, restraints were maintained only on
backbone atoms. In the production runs, no restraints were
employed on protein atoms. The LINCS algorithmwas used for con-
straining the bond lengths from heavy atoms to hydrogen and the
SETTLE algorithm was employed for water molecule bond length
constraints. The Particle mesh Ewald (PME) algorithm was used
for long-range electrostatic interactions, while for short-range
van der Waals (vdW) and columbic interactions a cut-off of 12 Å
was used. The Nose-Hoover algorithm was used for temperature
coupling and the Parrinello � Rahman algorithm was employed
for pressure coupling. A 1 ps time constant was used for both tem-
perature and pressure coupling. All production simulations were
performed at a pressure of 1 bar and at a temperature of
310.15 K. A leap-frog algorithm was used for integrating Newton’s
equations of motion. A total of 60 simulations were performed (30
simulations at each pH value) using different initial velocities ran-
domly generated by the GROMACS package. Simulations were per-
formed using GROMACS version 2020.1.
3. Analysis details

Time evolution of backbone RMSD of PAP248-286 was calcu-
lated with respect to the NMR structure. Hydrogen (H) bonds anal-
ysis was performed using the GROMACS [38] hbond program and
employing the default parameters (donor and acceptor atoms dis-
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tance cut-off 3.5 Å, and hydrogen- donor-acceptor angle cut-off
30�). The transition of PAP248-286 from an ‘‘I-shaped” structure
to a ‘‘U-Shaped” structure was calculated using the GROMACS
[38] angle program and the Ca atoms of Val15, Thr28 and Leu36
were used for angle calculation. Residue contact maps, total inter-
action time, interaction types, and native contacts were calculated
with the CONtact ANalysis (CONAN) tool [39] using backbone
atoms and rcut was set at 10 Å, rinter and rhigh-inter were set at
5 Å as used in the reference paper of CONAN tool [39]. Above the
rcut value, any pair of residues that does not have at least one atom
in this range is not considered. Contact is formed between a pair of
residues under rinter and interactions break above rhigh-inter cut-
off value [40]. The interaction type lifetime cut-off was set to 0.50
(representing only interactions that are physically relevant and last
at least 50 % of the trajectory, i.e. 6 ls or above). Free energy land-
scape (FEL) was constructed with the GROMACS [38] sham pro-
gram using RMSD (backbone atoms) and the fraction of native
contacts (Q) as two order parameters. The initial NMR structure
of PAP248-286 was used as reference for RMSD and Q calculation.
BitClust program [41] was used for the clustering of PAP248-286
structures with a RMSD cut-off of 5 Å. Secondary structure analysis
of PAP248-286 was performed using the Dictionary of Secondary
Structure of Proteins program (DSSP) [42]. GROMACS rmsf pro-
gram was used for root mean square fluctuation (RMSF) calcula-
tion. For analysis of RMSD boxplot, ROG boxplot H-Bonds length
distribution, H-Bonds angle distribution, residue contact maps,
total interaction time, interaction types, native contacts, FEL and
Fig. 2. A) Time evolution of the backbone RMSD of PAP248-286 at pH 4.2. B) Time evolut
RMSD value. C) Backbone RMSD boxplots at pH 4.2 and pH 7.2. D) Radius of gyration box
legend, the reader is referred to the web version of this article.)
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cluster analyses all 30 trajectories were combined to make a single
trajectory (12 ls) at both pH values.

4. Results and discussion

4.1. Effect of pH on conformation transition of PAP248-286

RMSD is the most used method to provide a quantitative mea-
sure of the similarity between two superimposed atomic coordi-
nates [43]. To investigate the effect of pH on the change in
conformation of the PAP248-286 peptide we have plotted the time
evolution of its backbone RMSD for all trajectories with respect to
its initial structure, whereas to visualize the distribution of RMSD
values we have used boxplots (Fig. 2). Time evolution of backbone
RMSD shows that large conformational changes take place in
PAP248-286 at both pH values. However, at pH 4.2 we observe a
lager and a faster conformational change in the structure of the
peptide compared to pH 7.2. (Fig. 2A and B).

Fig. 2C provides a further insight into the RMSD distribution,
showing that at pH 4.2 the majority of the RMSD values are within
the range �8.8 Å to �11.8 Å while at pH 7.2 they are mostly com-
prised between �7.8 Å and �10.8 Å. Finally, to assess PAP248-286
change in compactness, we calculated the radius of gyration (ROG)
of the peptide (Fig. 2D). ROG values at pH 4.2 are mainly dis-
tributed between �11 Å to �14.8 Å, while at pH 7.2 they are
between �10 Å to �13.8 Å. We calculated average RMSF of each
residue at both pH values (Fig. S1): for each residue, RMSF value
ion of the backbone RMSD of PAP248-286 at pH 7.2. More blue color represents high
plot at pH 4.2 and pH 7.2. (For interpretation of the references to color in this figure



Fig. 3. A) Time evolution of the number of hydrogen bonds at pH 4.2. B) Time evolution of the number of hydrogen bonds at pH 7.2. Blue color indicates a higher number of
hydrogen bonds while yellow color indicates a lower number of hydrogen bonds. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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was slightly higher at pH 4.2 than at pH7.2. Overall, this quantita-
tive data suggests that, relative to its initial conformation, there are
more conformational changes in the PAP248-286 peptide at pH 4.2
than at pH 7.2.
4.2. Intra-peptide hydrogen bonding

Hydrogen bonds play a key role in protein/peptide stability as
they provide the majority of directional interactions and help pro-
tein/peptide to adopt stable secondary structures such as a-helices
and b-sheets [44]. Loss of hydrogen bonds often leads to enhanced
flexibility in protein/peptide and may promote transition to
unfolded/misfolded state [45]. To evaluate the effect of pH on the
change of intra-molecular hydrogen bonds in PAP248-286, we
have calculated time evolution H-bonds at the two pH values
(Fig. 3). Interestingly, while we see a loss of intra-molecular hydro-
gen bonds at both pH values, we observe that more H-bonds are
lost at pH 4.2 and that this occurs in more trajectories (Fig. 3A).
To quantify the total number of hydrogen bonds, we have calcu-
lated an average number of hydrogen bonds per timeframe for
the last 100 ns for each trajectory and then we have calculated
its average value and standard deviation over the whole set of runs.
At pH 4.2, there are �14.01 ± 3.47 hydrogen bonds per frame in the
last 100 ns, while at pH 7.2 their number changes to �16.32 ± 3.32.
Fig. 4. A) Distribution of hydrogen bond length at pH 4.2 and pH 7.2, B)
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Hence, on average in the last 100 ns there are �2.31 more hydro-
gen bonds per timeframe of trajectory at pH 7.2 than at pH 4.2. To
observe the effect of pH on the lengths and the bond angles of the
hydrogen bonds, we have plotted the distribution of these two
parameters for all the trajectories combined at both pH values.
Fig. 4 shows that there are noticeable differences in the distribu-
tion of hydrogen bond lengths and relative frequency of bond
angle. At pH 7.2, distribution frequency of bond length at around
bond length value �2.95 to 3.0 Å is higher than at pH 4.2. Addition-
ally, relative frequencies of hydrogen bond angles >10� is also
higher at pH 7.2. Taken together, this data suggests that at pH
4.2 the peptide is more flexible and unstable than at pH 7.2.
4.3. Transition of PAP248-286 towards a ‘‘U-shaped” conformation at
pH 4.2 and pH 7.2.

The literature has reported that the first step in the multistage
process of amyloid fibril formation is the misfolding of the mono-
meric peptide and that, in some amylodogenic species, misfolded
monomers may induce conformational changes in other mono-
meric peptides [46,47]. Previous MD simulations studies have sug-
gested that misfolding in an amyloid monomer starts with the
formation of a turn, such as for instance in the a-Synuclein (aS)
peptide, where turn formation takes place in the four-residue
Relative frequency of hydrogen bond angles at pH 4.2 and pH 7.2.



Fig. 6. Model structures of PAP248-286 from one of the representative simulations
at three different time points A) at pH = 4.2 and B) at pH = 7.2.
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region Thr44-Gly47 [48], and in the Ab peptide, where the most
prevalent region for turn formation is between Val24 and Lys28
[29]. In amyloid monomer peptides, turn formation causes a
change in conformation from an ‘‘I-shaped” structure to a ‘‘U-
shaped” structure. To investigate the transition of the PAP248-
286 peptide structure from ‘‘I-Shaped” to ‘‘U-shaped” (Fig. 5) and
to understand the effect of pH on this transition, we have calcu-
lated an angle of bending (see the method section for more details)
for all simulation trajectories. Bending angle � 90o corresponds to
a ‘‘U-shaped” topology. We observed that, at pH 4.2, turn formation
takes place in all 30 trajectories and that in 27 of them (bending
angle � 90o, green color in Fig. 5A) it remains until the end of
the simulation time. At pH 7.2, turn formation also takes place in
all 30 trajectories, remaining until the end of the simulation time
in 23 of them (Fig. 5B). The model of the PAP248-286 structure
at different time points from one of the representative simulations
at both pH values is shown in Fig. 6.

To analyze the region involved in turn formation, we performed
a visual inspection of all trajectories at the two different pH values.
At both pH values, turn formation is most prevalent in the residue
region 26RATQ29, albeit with a significantly different frequency. At
pH 4.2 and at pH 7.2, turn formation takes place in this region in 21
and in 15 runs, respectively. Turn formation is also observed in the
region 29QIP31 at both pH values. Other regions are specific to pH
4.2 (24MK25, 24MKR26, 23HMKR26, 30IPS32, and 23DMK25) or to
pH 7.2 (28TQ29, 27ATQ29, 30IPS32, 30IP31, 24MKRA27, 25KRA27,
28TQI30). Overall, this data suggests that there is more variability
in turn formation region at pH 7.2 than at pH 4.2. C-terminal resi-
dues between 24 and 32 (MKRATQIPS) are likely to be involved in
turn formation at both pH values (Supplementary Table 2).
4.4. Changes in secondary structure in PAP248-286

Previous studies have shown that the secondary structure of a
protein/peptide is affected by external factors such as temperature,
pressure and pH [49,50]. To see the effect of pH on the secondary
structure of the PAP248-286 peptide, we have calculated the aver-
age secondary structure propensity for each residue at both pH val-
ues (Fig. S2). This analysis showed there is higher a-helix
propensity at pH 7.2 than at pH 4.2. To see a distribution of a-
helix and coil content in all trajectories we have plotted boxplots
of the percentage of a-helix and coil content for the last 100 ns
(300–400 ns) at both pH values. (Fig. 7). The plot shows that that
a-helix content in PAP248-286 is mostly in the range
Fig. 5. Time evolution of turn formation in the PA
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between �22 % and �28 % at pH 4.2 (Fig. 7A, red color), and in
the range between �27 % and �38 % at pH 7.2 (Fig. 7A, blue color).
On the other hand, coil content is in the range�42 % to�54 % at pH
4.2 (Fig. 7B, red color) and between �33 % and 47 % at pH 7.2
(Fig. 7B blue color). Moreover, we also noticed that in two simula-
tions at pH 4.2 the percentage of a-helix is �2.0 % and �0.05 %
respectively, and at pH 7.2–3.0 and �12 %, respectively. Overall,
these boxplots show that PAP248-286 has more coil and less a-
helical content at pH 4.2 compared to pH 7.2.
4.5. Residue contact maps

To identify those residues that make favorable contacts, we
computed the residue-residue average contact map and interaction
time (see method section for more details). Interestingly, we
observed a significant difference in intra-peptide contacts at the
two pH values (Fig. 8A and B). At pH 4.2, Arg10 and Leu11 in the
N-terminal region, Ile20 and Leu21 in the central region, and
Met24 in the C-terminal region form contacts with the residues
Lys35-Tyr39 for at least 10 % of the simulation time (Fig. 8C and
D). At pH 7.2, only Ile20 and Met24 form contacts with residues
Lys35-Tyr39 for 10 % or more of the simulation time. Another sig-
P248-286 peptide at A) pH 4.2 and B) pH 7.2.



Fig. 7. A) Percentage of a-helix content in PAP248-286 at pH 4.2 and pH 7.2, B) Percentage of coil content in PAP248-286 at pH 4.2 and pH 7.2.

Fig. 8. A) Average contact map of PAP248-286 at pH 4.2. B) Average contact map of PAP248-286 at pH 7.2. C) Total interaction time between residues of PAP248-286 at pH
4.2. D) Total interaction time between residues of PAP248-286 at pH 7.2.
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nificant difference in contacts at the two pH values can be observed
in the middle region residues Leu16-Ile20 and in the N-terminal
residues. At pH 7.2 Leu16 forms contacts with Gln5 and Ser9;
Val17 forms contacts with Ile2, Lys6, Ser9, and Arg10; Asn18 inter-
acts with Leu11, while Ile20 forms contacts with residues Ile2,
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Gln5, Leu11 for 10 % or more of the simulation time. However,
these contacts are absent at pH 4.2. Moreover, at pH 7.2 the N-
terminal residues Gly1 and Gln5 form contacts with each other
for � 20 % of the simulation time, while at pH 4.2 their interaction
time is below 10 %. Overall, these data suggest that at pH 7.2 more
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residues remain within a rcut cut-off range. Additionally, interac-
tions are also formed between the residues for longer periods at
pH 7.2 compared to pH 4.2.

4.6. Interaction type

To assess the nature of the interactions that take place between
the residues of the PAP248-286 peptide at the two different pH val-
ues, we have plotted interaction types between the residues (see
methods section for more details) (Fig. 9). In the N-terminal region
of the peptide there are hydrogen bonding interactions and two
salt bridges at both pH values. The first salt bridge is between
Lys6 and Glu7, while the second one is between Lys8 and Glu7.
In the middle region and in the C-terminal region of PAP248-286,
multiple hydrogen bonding and hydrophobic interactions are
formed at both pH values. However, we observe no major differ-
ence in the interaction pattern between the two pH values, except
the presence of a single hydrophobic interaction between Tyr33
and Leu36 at pH 4.2, which is absent at pH 7.2. On the other hand,
at pH 7.2 Ala27 and Ile30 form a hydrophobic interaction that is
absent at pH 4.2. Overall, hydrogen bonding and hydrophobic
interactions are largely prevalent at both pH values (Fig. 9).
Fig. 9. PAP248-286 interaction types A

Fig. 10. Free energy landscape of PAP248
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4.7. Free energy landscape of PAP248-286

The energy landscape of a protein is the mapping of the differ-
ent energy levels corresponding to all its possible conformations
[51]. To identify the misfolding pathway and the different confor-
mational states adopted by PAP248-286 at pH 4.2 and 7.2, we con-
structed a two-dimensional free energy landscape (FEL) contour
map using fraction of native contacts (Q) and RMSD (Å) as reaction
coordinates (Fig. 10). The free energy landscape of PAP248-286 fea-
tures three energy basins at pH 4.2 and four energy basins at pH
7.2. At pH 4.2 (Table 1), basin A is in the Q range (�0.869–0.892)
and in the RMSD range (�7.16–8.19 Å). In basin A, PAP248-286
contains a long helical region while part of the N- and C-terminal
regions of the peptide contain random coil structures. The second
basin (B), which is the lowest energy basin (Fig. 10A) of PAP248-
286, is in the Q range (�0.7389–0.7946) and in the RMSD range
(�11.3 to 11.84 Å). In basin B, the N- and C-terminal regions of
PAP248-286 are completely unstructured and the central region
of the peptide forms a helix. The third energy basin (C) is in the
Q range (�0.6079–0.6257) and in the RMSD range (�12.74 to
14.14 Å). In basin C, the structure of PAP248-286 does not contain
any helical motif and most of the peptide forms a random coil,
) at pH = 4.2, and B) at pH = 7.2.

-286 at A) pH = 4.2 and B) pH = 7.2.



Table 1
Values of native contacts and RMSD and respective structures for each basin at both pH values.
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while the C-terminal residues Leu36, Ile37, Met38 and the central
region residues Val15, Leu16, Val17 form a small b-sheet with an
antiparallel arrangement. It is worth noting that the energy barrier
between basin B and C is significantly higher than the energy bar-
rier between basin A and B. At pH 7.2, basin A is at Q (0.9151) and
RMSD (6.88 Å). The basin A structure features a ‘‘U-shaped” topol-
ogy in a predominantly helical form. Basin B, which is the lowest
energy basin at this pH value, is in the Q range (�0.7769–0.7885)
and in the RMSD range (�9.86–10.41 Å). Hence, it is highly
restricted compared to the lowest energy basin (B) at pH 4.2. In
Fig. 11. RMSD-based clusters of PAP248-
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basin B at pH 7.2, the structure of PAP248-286 features an N-
terminal random coil region and a long helical portion formed by
the central region of the peptide and 6 residues of the C-terminal
region. In basin C, which is at Q (0.6756) and RMSD (10.56 Å),
the structure of PAP248-286 features N- and C-terminal random
coils while part of the central region maintains a helical structure.
Basin D is at Q (0.6044) and RMSD (14.12 Å). In this basin, PAP248-
286 adopts a random coil and antiparallel b-sheet-rich structure.
The antiparallel b-sheet in the structure is formed by the N-
terminal residues Arg10, Leu11 and Gln12 and by the C-terminal
286 at A) pH = 4.2 and B) pH = 7.2.
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residues Ser32, Tyr33 and Lys34. The energy barrier between basin
C and D is lower than the energy barrier between basin B and C,
indicating that the conversion between the C and the D state could
be more rapid than the conversion between the B and the C state.
Overall, FEL analysis shows that i) there are more local minima at
pH 7.2 than at pH 4.2 and ii) basin C at pH 7.2 and the lowest
energy structure at pH 4.2 (basin B) are almost identical to the
structure of PAP248-286 determined by NMR in membrane envi-
ronment (PDB id: 2L3H) [19]. iii) PAP248-286 forms antiparallel
b-sheet structures at both pH values.
4.8. Clustering of structures

Clustering of protein conformations from multiple simulation
trajectories help to divide protein structures into different groups
that share similar topological features [52]. To assess the effect of
pH, we have performed RMSD-based clustering using 0.6 million
structures at both pH 4.2 and pH 7.2 (Fig. 11). At both pH values,
the top five conformational pools show that PAP248-286 adopts
different conformations. At pH 4.2, we observe that cluster-3
(CL3) and cluster-4 (CL4) feature the least a-helical content, while
cluster-5 has the most. At pH 7.2, cluster-4 (CL4) and cluster-5
(CL5) show the least a-helical content, while cluster-1 (CL1) dis-
plays the most. Interestingly, at both pH values most of the struc-
tures adopt a ‘‘U-shaped” conformation, which suggests that the
PAP248-286 peptide adopts prevalently a ‘‘U-shaped” topology.
Overall, clustering data suggests that the PAP248-286 peptide
adopts significantly different conformations at the two pH values.
5. Discussion & conclusions

Our MD simulations of the PAP248-286 peptide at two different
pH values have shown that more conformational changes take
place at pH 4.2 than at pH 7.2. At the acidic pH, less hydrogen
bonds and less intra-molecular contacts are formed than at pH
7.2. In addition, we identified a clear difference in the formation
of a hydrophobic interaction between a pair of residues at the
two pH values, which could be extremely relevant considering
that, typically, native and non-native hydrophobic interactions
are a crucial driving force for protein secondary structure folding
and misfolding processes [53,54]. Furthermore, we also observed
significant differences in the free energy landscape of the peptide
at the two pH values, featuring more local minima at pH 7.2 than
at pH 4.2. Finally, clustering analysis showed that at pH 7.2 the
PAP248-286 peptide has more helical content in different clusters
than at pH 4.2. Overall, these data suggest that PAP248-286 adopts
significantly different conformations at the two physiological pH
values. In previous experimental studies, Ramamoorthy & co-
workers [7,16] showed that the PAP248-286 peptide enhances
viral infection in vivo in the acidic vaginal environment (pH
�4.2), where it also promotes interaction with lipid bilayers, but
not at neutral pH (�7.2). In general, membrane-active peptides
are positively charged, amphiphilic in nature and short in length.
Moreover, they are commonly unstructured in solution [55]. Based
on previous studies and on the data that is provided herein, we
suggest that the larger extent at which secondary structure con-
tent, especially a-helical, and hydrogen bonds are lost at pH 4.2
renders the peptide more flexible. Furthermore, the higher net pos-
itive charge of PAP248-286 at pH 4.2 than at pH 7.2 could drive the
PAP248-286 peptide to form more interactions with lipid mem-
branes and enhance HIV infection at pH 4.2. We also observed that
PAP248-286 adopts a ‘‘U”-shaped conformation, which is in line
with a previous study by Agrawal et al. [29] on Ab peptide, where
early stage misfolding of Ab peptide was shown to feature the for-
mation of a ‘‘U-shaped” structure.
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In summary, this study provides atomic-level insight into struc-
ture dynamics of PAP248-286 at two different pH values and helps
unravel the physiological factors that may play an important role
in enhancing HIV infection at the acidic vaginal pH value.
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