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Abstract

Amyloid fibrils, dubbed SEVI (semen-derived enhancer of virus infection), contribute to
the spread of HIV infection. The main components of SEVI are the fragments of prostatic
acid phosphatase (PAP): PAP248-286 and PAP85-120. SEVI captures the viral particles and
further stimulates their attachment to the target cells, thereby boosting viral fusion and infec-
tion. To study the oligomers of SEVI-forming peptides, we used molecular modeling, which
is a powerful tool that has been applied in a great variety of studies on SEVI, and an advanced
accelerated sampling method of metadynamics. Based on the obtained molecular dynamics
data, it was shown that PAP248-286 has a horseshoe shape with bends in the regions of amino
acid residues A274 and N269 in the dimeric state. It was suggested that the horseshoe shape
might lead in the fibrillation process to the steric zipper model formation, which is typical of
amyloids. It was confirmed that the process of fibril formation of PAP248-286 starts with
a pairwise parallel arrangement of the peptide helical regions.
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Introduction

Amyloid fibrils are ordered aggregates of soluble proteins and peptides that are re-
lated to more than 20 human disorders, including Alzheimer’s, Parkinson’s, and Hun-
tington’s diseases, as well as HIV infection [1-4]. The pathological manifestation of
an amyloid condition results from the association of certain proteins, which is the main
driving force for the fibril structure formation [5-7]. The effectiveness of treatment
depends, in many ways, on our better understanding of the physicochemical parameters
of amyloid fibrils. Several comprehensive studies of self-assembly mechanisms of
functional and pathogenic polypeptides have been performed in the last three decades
[8-11]. Many experimental studies of structural rearrangements in amyloidogenic
polypeptides have been hampered by the presence of intrinsically disordered frag-
ments with both high flexibility and ability to bind with a large number of partner
proteins [12, 13].

This article focuses on the initial stage of fibril formation of the C-terminal region
of prostatic acid phosphatase (PAP), which is termed as a semen-derived enhancer of
viral infection (SEVI). The peptide PAP248-286 is a proteolytic cleavage product of
PAP, a protein found in abundant quantities in semen. In [11, 15], it was shown that
soluble PAP248-286 had no effect on HIV infectivity, whereas SEVI augmented HIV
infection by ~10° fold. These fibrils normally possess a high net positive charge
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at neutral pH [16-18] and form a cationic bridge precipitating the virus on the cell
surface and reducing electrostatic repulsion between the negatively charged surfaces
of the virus and the host cell [17-20]. SEVI binds to both HIV virions and target
cells, thereby increasing viral attachment, fusion, and infection. Due to its stable
structure and high concentration in semen, SEVI is an attractive drug target for pre-
venting HIV infection [21-23].

The secondary structure of PAP248-286 is highly disordered in solution, whereas
amyloidogenic peptides can undergo reversible structural transformations into more
ordered states, such as helices and B-chains upon amyloid fibrils formation [14, 15].
The kinetics of fibril formation process has been widely analyzed and exhibits the fol-
lowing three characteristic stages on a macroscopic level: a lag phase, a growth phase,
and a final plateau regime (Fig. 1) [24, 25]. The lag phase is of particular interest be-
cause it provides important information about the factors regulating the fibrillation pro-
cess. The formation of small oligomers precedes ordered nucleus formation and subse-
quent rapid fibril growth. A major practical and research problem is to identify the mo-
lecular mechanisms that underlie the lag phase in fibril formation [26].

In this study, we have carried out a systematic molecular dynamic (MD) simula-
tion to analyze PAP248-286 oligomerization during the lag phase. The MD approach
is a suitable tool to observe the molecular processes that are not experimentally detect-
able [27]. However, its applicability is limited by the computation time. Accelerated
sampling methods, such as metadynamics [28, 29] and thermodynamics [30] modeling
and umbrella sampling [31], have been proposed to reduce this limitation and to
monitor the polypeptide oligomerization. Metadynamics procedures show definite
promise for restoring the free-energy surface and for accelerating rare events in sys-
tems described by Hamiltonians (H) on the classical or quantum levels, they introduce
a bias potential (Uyi,s) that lowers energy barriers between conformational states, thus
accelerating the system passage of the conformational space by avoiding the already
passed states:

H:T+U+Ubia51

where U is the potential energy of a system, T is its kinetics energy, and Uy is the func-
tion of the reaction coordinates known as collective variables (CV).

The distance between the centers of mass R and the number of specific monomer-
monomer contacts N measured using the Plumed plugin [32] are deemed as CV.

MD represents a suitable approach for the design of point mutations that affect
the aggregation process of the PAP248-286 peptide. Modeling of the PAP248-286
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peptide oligomers can help to identify amyloidogenic regions in peptide. In this work,
we performed a systematic MD analysis of all atoms of two, three, four, six, and seven
PAP248-286 molecules using the metadynamics method.

1. Methods

Initial conformations of PAP248-286 peptide were obtained from the monomeric
nuclear magnetic resonance structure (PDB ID 2L3H). All of the simulations were
done with the help of the GROMACS 2020 MD code [33] and the PLUMED plugin
[32]. The Charmm36 [34] and TIP3P [35] models were used for protein and water
molecules, respectively. To create conditions close to physiological, Cl” and Na* ions
were added to the system (150 mM). The solvent was equilibrated around the protein
in two phases: (1) NVT (constant number of particles, volume, and temperature) for
100 ps to stabilize the temperature (300 K) by applying Berendsen thermostat algo-
rithm; (2) system equilibration for pressure (1 bar) in the NPT step (constant number
of particles, pressure, and temperature) for 100 ps using Nose-Hoover thermostat.
After the system equilibration, the final run was performed for 100 ns for each sys-
tem using same pressure, temperature, and integrator. To accelerate sampling, the
metadynamics method was used in all steps of the oligomerization process modeling.
Metadynamics modeling was implemented in the GROMACS software package with
the PLUMED plugin to construct the free-energy profiles of oligomers. The bias poten-
tial Uyias, collective variables (CV), and additional forces were calculated. The metady-
namics bias was applied to both configurational CVs — the distance between the cen-
ters of mass of the monomers (R) and the number of specific monomer-monomer con-
tacts (Ncv). For the metadynamics setup, Gaussian functions of height w = 0.25 klJ/mol
were added every 2 ps, and Up;,s exchanges were attempted every 20 ps. Then, based
on the total values of energy and forces, the atomic coordinates were updated using
the GROMACS software package for the next step — molecular dynamics modeling.
The duration of trajectories was 100 ns; the metadynamics frames were saved every
10 ps. The UCSF Chimera program was used for the visualization of structures [36].

2. Results and Discussion

Our results concern the amyloidogenic peptide PAP248-286 oligomers (dimer,
trimer, tetramer, hexamer, and heptamer). Let us first consider the process of peptide
dimerization modeling. The monomer structure of PAP248-286 peptide (PDB data-
base, PDB ID 2L3H) was equilibrated using molecular modeling. Then, a PDB file
was created with two PAP248-286 molecules for subsequent MD simulations with
metadynamics. The bias potential U, has been included in calculation by metadyna-
mics. Upiss Was regarded as a function of the collective variables (R, Ncv). Ney was de-
fined by the distance between molecules less than 0.3 nm calculated using the PLUMED
plugin.

With the help of molecular modeling, a map of free energy AF as a function of
the CV R and Ncy was obtained (Fig. 2). The map exhibits a wide global minimum in
the region of R = 1.9 nm. This is also illustrated in the plot of free energy AF vs R
(Fig. 3). For verification of the stability of the dimer structure, the minimum free-energy
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Fig. 2. Free-energy surface of the PAP248-286 dimerization process as a function of R and N¢y
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Fig. 3. The plot of the free energy AF vs R for the process of PAP248-286 dimerization

simulations were carried out without the use of metadynamics. For MD simulations,
the backbone chain RMSD (Fig. 4, a) and the radius of gyration (Fig. 4, b) of the dimer
were obtained by the analysis of the coordinate trajectory. The changes in RMSD
and the gyration radius values indicate the stability of the PAP248-286 dimer during
the simulation time. In Fig. 5, the final dimer structure with the minimum of free energy
is shown.

Higher-order PAP248-286 oligomers were modeled in a similar manner. The
polypeptide trimer was simulated by adding a monomer to the dimer in a cubic cell
using the algorithm described above. The tetramer was simulated as two dimers ini-
tially located at opposite ends of the cubic cell. The hexamer was composed as a tet-
ramer and a dimer initially located at opposite ends of the cell. The heptamer was ob-
tained by adding a monomer polypeptide to the previous one. The free energy maps and
the final structures of PAP248-286 oligomers corresponding to the global free energy
minimum are shown in Figs. 6 and 7, respectively.
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Fig. 4. Backbone chain RMSD (a) and radius of gyration (b) of the PAP248-286 dimer
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Fig. 5. Structure of the PAP248-286 dimer corresponding to the global minimum of free-
energy surface
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Fig. 6. Free-energy surface of PAP248-286: a) trimer, b) tetramer, c) hexamer, and d) heptamer
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Fig. 7. Structure of PAP248-286: a) trimer, b) tetramer, ¢) hexamer, and d) heptamer. The struc-
tures correspond to the global minimum of free-energy surfaces. Key: molecule 1 — red, mole-
cule 2 — orange, molecule 3 — yellow, molecule 4 — green, molecule 5 — cyan, molecule 6 —
blue, molecule 7 — magenta

The spatial structure of the monomer peptide PAP248-286 (PDB ID: 2L3H) has
two ordered helical fragments: V262-L268 and K281-1284. Through molecular mode-
ling, we showed that PAP248-286 molecules have a horseshoe shape with bends in
the regions of amino acid residues A274 and N269 in the dimeric state. PAP248-286
dimers contain a-helices V262-H270 and 1277-L283. The positions of the helical re-
gions (PDB ID 2L3H) in the polypeptide monomer and dimer coincide, but their
length and proximity are higher for the dimer state than for the monomer state. Similar
structural changes were observed for higher-order oligomers of PAP248-286 (Fig. 7).
Thus, the increase in the length of the helical regions and their parallel arrangement are
consistent with the mechanism of amyloid formation proposed by G. Liu et al. [37].
We can suggest that the horseshoe shape of the backbone chain may cause further
transformation of a-helices into B-sheets and the formation of a steric zipper model
typical of amyloids [38].

In Fig. 7, you can see that for all PAP248-286 oligomers there is a parallel arrange-
ment of the helical regions for two molecules, as observed for the dimer form. For all
oligomer forms of PAP248-286, a pairwise parallel arrangement of helical regions
was observed, which supports the assumption about the second stage in the lag phase
of fibril formation [37]. There is a deviation from the parallel arrangement of the un-
paired molecule for the odd order of the PAP248-286 oligomer. The third molecule
does not have a parallel helical region to ones of the dimeric pair in the polypeptide
trimmer (Fig. 7, b). The helical region of the seventh molecule in the heptamer aligns
in parallel to the helical regions of the first molecule breaking the parallelism within
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the pair of molecules 1 and 2 (Fig. 7, d). Based on the data obtained, it can be con-
cluded that the beginning of the PAP248-286 fibril formation process is characterized
by a pairwise parallel arrangement of the helical regions of the polypeptide molecules
that occur in all oligomers.

Conclusions

In this article, we shed light on some problematic issues concerning oligomers of
the amyloidogenic peptide PAP248-286 obtained by MD modeling based on the metady-
namics approach. The amyloidogenic peptide PAP248-286 oligomers (dimer, trimer,
tetramer, hexamer, and heptamer) structures were investigated. It was shown that the
structures of polypeptide oligomers under consideration correspond to the global energy
minimum on the free energy map. The backbone chain of PAP248-286 oligomer con-
tains bends in the regions of amino acid residues A274 and N269. This backbone chain
has the horseshoe shape that could favor the steric zipper amyloid formation model at
the next stages of fibrillation. The increase in the length of the helical regions and
their parallel arrangement caused by the oligomerization process was consistent with
the mechanism of amyloid formation proposed by G. Liu et al. [37]. The data ob-
tained can be used to develop an approach to point mutations design with reference
to the PAP248-286 fibrillation process. Point mutations in the amino acid residues A274
and N269 (for example, proline insertions) could hinder the backbone bending and pre-
vent the formation of steric zipper. This may create difficulties during the process of
PAP248-286 fibrillation.
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ATOMHUCTHYECKOE MO/IETHPOBaHHE
osmmromepusanuu nenruaa PAP248-286

A.O. Huxumuna, A.P. IOnomemos, A.M. Kycosa, B.B. Knouxos, JI.C. Broxun

Kasanckuii (Ipusonsicckuii) ¢pedepanviuiii ynueepcumem, 2. Kazanw, 420008, Poccust

AHHOTAIIUA

AmunoniHble GUOPHUILIBL, B COCTAaB KOTOPBIX BXOAAT GparmeHTsl PAP248-286 n PAP85-120 npo-
cratnueckoii kucnoit ¢ocdarassr (PAP), ussects kak SEVI (semen-derived enhancer of virus
infection — ycunuTenu BUpycHO# MH(EKINH, MONyYEHHBIE U3 CEMEHHOM XKHUIKOCTH). VX MpHUCYTCTBHE
CBSI3BIBAIOT C ITOBBIIIEHHBIM PUCKOM HMH(OuIMpoBanus BUY: 3axBareiBas BUpHOHBI, Guopruisl SEVI
MIOMOTAIOT BUPYCY HPUKPEIUIATHCS K KIETKaM-MHIIECHSIM U TaKUM 00pa30M MHOTOKPATHO yBEJINIUBAIOT
€ro matoreHHocTh. HacTosmee nccnenoBanne MOCBANICHO HM3Y4eHUI0 ocoOeHHOCTel ommuromepos SEVI-
00pa3yIomuXx MEeNTUIOB ITyTeM MOCTPOSHUSI UX MOJIEKYISIPHBIX MOJIENEH, TOKa3aBIINX CBOIO 3()(EKTHB-
HOCTh B m3ydeHnn SEVI, a Takke ¢ MCIOIB30BaHMEM TaKOTO METOJa YCKOPEHHOH BBHIOOPKH KaK MeTa-
JuHampKka. Ha OCHOBE TOITydeHHBIX JaHHBIX MOJICKYISIPHON JWHAMHUKH OBUIO MOKAa3aHO, 9TO B JHMEp-
HOM coctosiHnu enTtug PAP248-286 nmeer moaxoBooOpasHyo GopMy ¢ H3THOaMH B aMHHOKHCIIOTHBIX
ocratkax A274 u N269, uto Ha cTaguu o0pa3oBaHus GUOPUIUIAPHON CTPYKTYPHI MOKET CIIOCOOCTBO-
BaTh pealn3alliil MOJAENH «CTEPHUECKON 3aCTEXKHU-MOIHHUNY, CBOMCTBEHHON aMHUIONIaM. Y CTAHOBJIEHO,
uTo GuOpHILIBI MenTuaa 00pa3yroTCs, KOra ero CIUpalbHble 001acTH CTAaHOBSITCS HMapajuIeibHbl APYT
Apyry.

Kawuessie ciioBa: BUY, npoctatndeckas xucnas ¢ocdarasza, SEVI, MonekynsapHas quHaAMHKA,
MeTaJlHaMHKa
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BaarogapHocru. Pabora BeimonHeHa HpH mojnepikke Poccuiickoro naydHoro ¢ouga (Ipoekt
Ne 20-73-10034). Uccnenoanus J.C. broxuna npoBogwiuch B pamkax rpanta Ilpesumenta PD
10 TOCY/IapCTBEHHON MOAEPIKKE MOJOABIX POCCHHCKUX YUEHBIX — KaHAMAATOB HayK (mpoekT Ne MK-
938.2020.4).
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