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B. A. BatypuH "2, M. A. Ceaumos '3, A. A. boaraTumes !, B. B. Caaosoin 4 3,
P. O. Byakesud 3, M. B. batypuHa -2

1 CTaBponoAbCKHMIt rOCY AQPCTBEHHbIN MEAULIMHCKUIA YHUBEpPCUTET, Poccuickas Peaepaums
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Methods of computer chemistry were used to model the spatial structures of a-defensin-1 (human neutrophil
peptide-1, HNP-1) and peptidoglycan molecules. Geometric optimization has been carried out, quantum-chemical
characteristics and charge density distribution of the molecules have been studied, molecular docking has been car-
ried out. Using high-resolution atomic-force microscopy, the influence of HNP-1 on the character of morphological
changes in the cell wall of gram-positive microorganisms (Staphylococcus aureus) was studied. A pronounced dif-
ference in the morphological features of bacterial populations is shown by the nature of the response to the action of
HNP-1. Positively charged sites of HNP-1, binding to the negatively charged lipopolysaccharides (LPS) of the outer
bacterial membrane, either create cracks in the LPS layer, or bind to sites in LPS that are responsible for interaction
with the Ca2* and Mg?*, cations necessary for stabilizing the cell surface.

Keywords: defensin, HNP-1, antimicrobial peptide, antimicrobial resistance, molecular docking, atomic-force
microscopy, Staphylococcus aureus

MeTogamMmn KOMMNbIOTEPHOW XMMUKW BbINOJIHEHO MOAENMPOBAHME MPOCTPAHCTBEHHbIX CTPYKTYP o-AedeH3nHa-1
(human neutrophil peptide-1, HNP-1) u monekynbl nentugornvkaHa. OcylwecTsieHa reoMmeTpuyeckas onTuMmsaums,
M3y4€eHbl KBAHTOBO-XMMUNYECKNE XapPaKTEPUCTUKIN U pacnpeaenieHne nioTHOCTY 3apsaa NCCNeayeMbIX MONIEKYI, MPO-
BeOEH MOJNeKyNsApHbIA AokuHr (molecular docking). C noMoLbio BbiICOKOpaspeLlaoLeii aTOMHO-CUTI0BOM MUKPOCKO-
nun, n3y4eHo BamsgHne HNP-1 Ha xapakTtep MOpdON0Orniyecknx USBMEHEHNN KNETOYHOM CTEHKM FPaMmoIOKUTENbHbIX
MUKpoopraHu3amMoB (Staphylococcus aureus). NokazaHa BblpaXeHHas pa3HOCTb MOPdOIOrMyeckmx 0CobeHHOCTEN
6akTepuranbHbIX NONYNAUWIA MO XxapakTepy pearnpoBaHus Ha gencteme HNP-1. MonoxumtenbHO 3apsikeHHble y4acTKK
HNP-1, cBsi3bIBasiCb C OTpULATENIbHO 3apsiKeHHbIMU nunononucaxapugamu (JINMC) BHelwHen membpaHbl 6akTepuit,
nmbo co3patoT TpeLwmHbl B JINC-cnoe, nnbo cesa3biBaloTcs ¢ ydactkamu B JIMC, oTBevalowmMmMm 3a B3auMoaencTemne ¢
kaTmoHamm Ca?* n Mg?*, Heo6X0ANMbIMM A1 CTABUAM3ALUN MOBEPXHOCTM KIIETKMU.

KntoueBbie cnoBa: aegpeH3nH, HNP-1, aHTUMUKPOOHbIEe nentuabl, aHTUMUKPOOHasl PE3UCTEHTHOCTb, MOJIEKY-
JISIPHBIV JOKWHI, aTOMHO-CuI0Basi MUKpockonusi, Staphylococcus aureus

problems is the ubiquitous growth of the face great difficulties in the treatment of infections

Nowadays one of the most significant medical concluded that in the nearest future medicine is to
antimicrobial resistance [2, 13, 14]. It can be caused by resistant pathogens, which, in its turn,
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will result increased lethality, longer treatment
time. It is impossible to justify and standardize
a choice of an antibacterial agent for infectious
processes is possible without objective information
on the structures of pathogens and their sensitivity to
antimicrobial drugs [8].

Creating new antimicrobial agents and as improving
those ones already used requires a great variety of meth-
ods allowing to comprehensively complex the mecha-
nisms and consequences of their effects on bacterial
cells [4].

At present of great interest is one of such methods,
namely, atomic—force microscopy (AFM) [3], it is based
on estimating the interaction between a resilient probe
(cantilever) with a surface of the test sample under inves-
tigation. The surface side force effecting the probe [9]
leads to cantilever bending, and the latter registers the
surface relief while moving on it and reacting to the force
interaction. Earlier we have studied cefotaxime influence
on morphological changes of Staphylococcus aureus us-
ing this method [1].

To overcome the increasing antimicrobial resistance,
it is necessary to develop such antibacterial agents that
microorganisms can’t get resistant with time. These med-
icines should be very efficient and safe. In this respect,
the most promising idea is developing new antimicrobial
agents based on antimicrobial peptides (AMPs). AMPs
are peptides having from 5 to ~100 amino acid residues
with a wide range of killing activity against bacteria, fungi,
protozoa, and even viruses [12].

We think that human o-defensin-1, or human neu-
trophil peptide-1 (HNP-1), produced by neutrophils is of
special interest among AMPs [17].

HNP-1 (o-defensin-1) is a cationic peptide; it has
a wide range of antimicrobial activity regarding many
gram-positive and gram-negative bacteria including
MRSA. The mechanism of action of this antimicrobial
peptide (as well as all others) relates to its direct effect on
microbial membranes, i.e. pore formation, cell leakage
and successive bacteria lysis. It is considered that the
specific destruction of a microbial wall is due to the elec-
trostatic attraction of positively charged AMPs and nega-
tively charged membrane [5]. Besides, Erik de Leeuw et
al showed that HNP-1 could bind with the cell wall precur-
sor lipid Il thus inhibiting cell wall synthesis [6].

The aim of the work was to study the mechanism of
intermolecular interaction of a-defensin-1 (HNP-1) and
bacterial cell wall components (peptidoglycan molecule)
as well as to investigate morphological changes and their
nature in S. aureus microbe cells upon HNP-1 impact,
which was achieved by atomic-force microscopy.

Material and Methods. The main object under study
was S. aureus strains sensitive to beta-lactam antibiotics
(MSSA). The bacteria were grown on Becton Dickinson
mannitol-salt agar (18-24 h, 37 °C) in the bacteriological
laboratory of LLC «Center of Clinical Pharmacology and
Pharmacotherapy» (Stavropol, Russia).

Recombinant HNP-1 produced by Cloud-Clone Corp.,
USA was used to affect S. aureus. The preliminary mech-
anism of HNP-1 action on a microbe wall was described
above. HNP-1 was used in two concentrations: 2.5 ug/ml
and 5 ug/ml. These concentrations were empirically cho-
sen in accord with MIC (minimum inhibitory concentra-
tion) data for S. aureus (The Antimicrobial Peptide Data-
base http://aps.unmc.edu/AP/database/query output.
php?ID=00176).

Applying computer chemistry methods, space
structures of HNP-1 and peptidoglycan molecule were
simulated. The geometrical optimization was made,
quantum-chemical characteristics and charge density

distribution of the molecules under investigation were
studied.

The bacterial material was fixed on the surface of mica
plates with the adhesive treatment (glutaraldehyde). The
necessity of employing the given method was due to its
capability to fix cell morphology changes happening at its
interacting with antimicrobial peptide HNP-1. While the
main HNP-1 action is to destroy a cell membrane, bacterial
cells touching a substrate surface in a suspension drop are
firmly fixed without any further changes and any significant
influence on the microbe cell morphology [16].

Bacterial cells were washed from the culture medium
surface with the physiological solution, then the extinction
coefficient was led to its standard 10 ME of the turbidity
standard. At first the samples of the first (control, without
any HNP-1 action), second and third groups (HNP-1, its
concentration of 2.5 ug/ml and 5 ug/ml, respectively) were
kept at 37 °C for 20 minutes. After that a control drop (about
5 ul) of newly prepared suspension with bacterial cells as
well as a bacterial cell suspension with HNP-1 for experi-
mental samples were put onto the surface of a fresh mica
plate cleavage. The washout was performed with a small
amount of injection water, and then the samples were im-
mediately dried with a large flow of compressed air at room
temperature (20-22 °C). Their natural drying was made for
16-20 hours. The same sequence of samples, namely, the
reference group (without HNP-1 action - the first group),
second and third (HNP-1, its concentration of 2.5 ug/ml and
5 pg/ml, respectively) groups were put into the thermostat
(37 °C, 60 min), with their further fixation on the surface of
a fresh mica plate cleavage [10]. There were some copies
of all samples (there was a series of repetitions for each
experimental and reference sample). The measurement of
topological features was repeatedly performed both within
one sample (in its different parts) and a series of samples.

The atomic-force microscopy was made in the «<Nano-
biotechnology and biophysics» laboratory of the biotech-
nological engineering center (Stavropol, Russia) by AFM
NTegra Life (NT-MDT, Moscow) in a semi-contact mode.
HA_NC Etalon, Resonant frequency 151 kHz, Force con-
stant 3,520 N/m, Curvature radius <10 nm cantilevers
were employed in the scanning process. The optimal val-
ues of the main parameters at scanning were: the cantile-
ver oscillation amplitude — Resonance 11, its initial oscil-
lation — Phase 180°, scanning — Frequency 0.47-0.51 Hz,
feedback loop gain — FB Gain 0.15-0.17 and Set Point 5.6.
The images obtained were analyzed by applied programs
Nova Px 3.4. (NT-MDT, Russia), which allow editing AFM
images and presenting them in 2D and 3D formats.

Results and Discussion. At the first stage, the prin-
cipal quantum-chemical characteristics have been stud-
ied to predict and analyze the interaction of peptidogly-
can molecules (the basic component of a cell membrane)
and HNP-1 by computer chemistry methods as well as
the molecular docking has been made, which allows de-
termining the molecule orientation and forming a stable
complex compound.

The peculiarity of S. aureus cell wall as well as most
gram-positive bacteria is that it is presented by 5-6 pep-
tidoglycan chains comprising up to 90 % of the cellular
dry shell mass. To estimate the effect of HNP-1 and pep-
tidoglycan interaction the protein database was used,
the geometric optimization of molecules was done by
molecular mechanics method. This method takes atoms
as Newton’s particles interacting with one another at the
expense of empirically given potential fields. The optimi-
zation of molecule geometry implies searching for stable
molecule structure conditions where the system energy
is minimal. Molecular properties of peptidoglycan and
HNP-1 are summarized in Table 1.
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Table 1
Molecular properties of peptidoglycan and HNP-1
Indicators Pgel‘itc'gﬁ' (a-dnfensin-1)
Potential energy, kcal/mol -7838.5 -2873.2
Dipole moments, Debye 212.3 44.5
RMS gradient kcal/(Axmol) 0.088 0.10

The data obtained support the accuracy of the geo-
metric optimization of molecular models. The potential
energy values of peptidoglycan and HNP-1 are small
(-7838.5 and -2873.2 kcal/mol), which justifies the sta-
bility of both molecules. RMS gradient approaches zero
(0.088 and 0.10 kcal/(Axmol), which justifies the effi-
ciency of minimizing potential energy and energy balance
of system characteristics. Dipole moments characterize
the charge distribution irregularity on molecule surfaces
(212.3 for peptidoglycan and 44.5 Debye for HNP-1).

The efficiency of destroying S. aureus cell shell can be
analyzed by the molecular docking method, it allows deter-
mining the orientation among molecules to form a stable
complex compound. Peptidoglycan (receptor) and HNP-1
(ligand) complexes are the factor of transmitting a chemical
signal between two molecules (inhibiting or catalytic). The
results of molecular docking between peptidoglycan and
HNP-1 are presented in Figure 1 (A-D), they testify that both
molecules have hydrophobic zones Figure 1 (A), 1 (B); Fi-
gure 1 (C) the complex is formed through one of these zones
(Fig. 1 (D)). Figure 1 (C) clearly presents that a-defensin-1
molecule penetrates into peptidoglycan fragment. To es-
timate the space location of the complex compound the
structural model formed during docking was analyzed
Figure1 (E-F).

hydrophobic rog:‘oml .
) -

Fig. 1. Stages of molecular docking: A) molecule
of a-defensin-1 (HNP-1); B) a fragment of the peptidoglycan
molecule; C) intermediate stage of docking;
D) complex compound; E) structural model of complex
of peptidoglycan fragment with HNP-1 (frontal projection);
F) itis the same, projection from the side
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The complex compound model shows that HNP-1
deeply penetrates into the structure of peptidoglycan
molecule fragment. It is evident that there is a potential
energy decrease of intermolecular compound. However,
to state the final HNP-1 effect on S. aureus cell walls its
necessary to investigate the molecular properties of the
compound formed at docking (Table 2).

Table 2
Molecular properties of the complex compound
Indicators Research results
Potential energy (Epot), kcal/mol 549.3
Dipole moment, Debye 67.6
RMS gradient kcal/(Axmol) 0.093

Studying molecular properties of docked molecules
states that the sum Epot of two molecules willbe -10711.7
kcal/mol (-7838.5 + (-2873.2). The compound Epg
should be lower than the energy sum of two initial compo-
nents to form a stable complex. In our case, the potential
energy of the complex is a sufficiently high value of 549.3
kcal/mol. It means that the compound is unstable, and
the interaction of HNP-1 and peptidoglycan can lead to
the damage of cell walls or serious changes of functional
properties of the microorganism under study.

The next step was to evaluate the nature of
a-defensin-1 action on S. aureus cells by AFM.

As the aim has been to investigate morphological
changes and their nature in S. aureus microbe cells un-
der the action of antimicrobial agent HNP-1, the results
will be presented in images obtained without any numeric
values of morphometric characteristics.

S. aureus morphology without HNP-1 action (control
samples) are given in Figure 2 (A). The data obtained by
AFM show S. aureus to be coccoid objects of a spherical
shape adsorbed mainly like cell groups, sometimes like
small aggregates or they form classical «staphyline» ag-
gregates on the substrate surface.

Fig. 2. AFM image of S. aureus (A) without affecting HNP-1
(control, after 20 min.); (B) an example of bacterial damage
after exposure to HNP-1 (conc. 2.5 pg/ml, 20 min);

(C) after exposure to HNP-1 (conc. 5 pg/ml, 20 min).
The arrows indicate areas of the most pronounced damage
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Atomic-force microscopy of the experimental samples
Figure 2 (B-C) after HNP-1 (2,5 ug/ml) action showed that
bacterial cells were determined as spherical objects with
morphologically expressed damages on the surface.

The presence of positively charged zones in HNP-1 is
an important feature of antimicrobial peptides. It is these
zones where a-defensin-1 binds with negatively charged
lipopolysaccharides (LPS) of the outer bacteria mem-
brane. The structural changes appearing in the LPS-lay-
er at this moment form the so called «vertical self-reg-
ulating channel» facilitating a-defensin-1 penetration
into the plasmatic membrane of the pathogen. HNP-1 is
supposed to create cracks in the LPS-layer or bind with
LPS zones (Fig. 2 (B-C)) responsible for interacting with
divalent cations Ca?* and Mg2* necessary to stabilize the
cell surface and to perform cross-linking LPS negative
charges [11].

AFM studies of control and experimental samples after
HNP-1 action (5 mg/ml, 20 min) and incubation (60 min,
37 °C) are given in Figure 3 (A-C). The cell wall damag-
es are more expressed (than at 20 min incubation). The
control samples in Figure 3 (A) were determined as regu-
lar spherical objects without visible damages of their cell
walls. But experimental samples in Figure 3 (B-C) hardly
ever had any whole cells in the scanning field compared
with the samples after 20 min incubation.

Data from several studies indicate that many of the
AMPs are aggregated after penetration into the pathogen
membrane. HNP-1 molecule insertion in the lipid bilayer
surface cases tangential stress between inner and outer
lipid bilayer surface. Stress is compensated when a cer-
tain concentration of HNP-1 molecules is achieved on the
outer lipid bilayer surface, which leads to different conse-
quences: by redistribution of peptide molecules between
the outer and inner surfaces of the membrane, the for-
mation of pores of various structures or the destruction
of the lipid membrane [15, 7].

Conclusions. This study shows the process of inter-
action of antimicrobial peptide a-defensin-1 (HNP-1) and
peptidoglycan, the results are obtained through the com-
puter-generated simulation. Complex compound model
reveals that HNP-1 deeply penetrates the structure of
peptidoglycan molecule. The study of docking molecules
shows that potential energy of this aggregate equals to
549.3 kcal/mol, it means that interaction of HNP-1 and
peptidoglycan is unstable and may lead to cell walls de-
struction.

High-resolution atomic-force microscopy suits per-
fectly well for bacterial cells practical diagnostic mor-
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METOAWYECKUN NOAXOA K AHAAU3Y BELLLECTB,
COAEPXALLUX B CTPYKTYPE PEHOADbHbIE THAPOKCWUADI,
NMPU BUOAHAAUTUHECKUX NCCAEAOBAHUAX
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This article describes method of development approaches for bioassay of substances containing stable and
unstable phenolic hydroxyls using methyldopa and mycophenolic acid for example

Keywords: phenolic hydroxyls, bioassay, mycophenolic acid, methyldopa, stabilization

OnucaHbl Nnoaxoabl K pa3pa60TKe OroaHanUTUYECKMX MeToauK ONnga onpeneneHnda BewecTs, cogepXauwmnx cta-
OunbHble U HECTabubHbIE q)eHOﬂbele rMmapoKCcunbl, Ha NpuMepe MeTungonbl 1 MI/IKO(DGHOJ'IOBOVI KUCNOThbI.

Knto4eBble crioBa: ¢peHOJIbHbIE rMAPOKCUIIbI, 6uoaHannTuka, MUKOEeHOos10Bas Kucsora, MeTusgona, crabunusauusi

kinetic studies is a determination drug substance
of concentration in biological fluids, such as
plasma, serum and whole blood. Some substances are
able to significantly decompose during the storage of
samples. Are drugs, containing phenolic hydroxyls.
Examples of the substances. The oxidation ability of
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The main step of bioequivalence and pharmaco-

phenols directly depends from the amount of phenolic
hydroxyls in one benzene ring [2]. Mycophenolic acid
(MPA) (Fig. 1 A) and methyldopa (MD) (Fig. 1 B) which
contains one and two phenolic hydroxyls, respectively,
were selected to work out approaches development of
bioanalytical methods of the quantitative determina-
tion of drugs, containing phenolic hydroxyls.



