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Thermodynamics of the DNA Repair
Process by Endonuclease VIl

O. A. Kladova, N. A. Kuznetsov, O. S. Fedorova

In the present work, a thermodynamic analysis of the interaction between
endonuclease VIII (Endo VIII) and model DNA substrates containing damaged
nucleotides was performed. The changes in the fluorescence intensity of the
1,3-diaza-2-oxophenoxazine (tC°) residue located in the complementary chain
opposite the specific site were recorded in the course of the enzyme-substrate
interaction. The kinetics of the enzyme-substrate interaction was analyzed by

the stopped-flow method at different temperatures. The comparison of the ki-
netic and thermodynamic data characterizing the conformational transitions of

enzyme and DNA in the course of their interaction made it possible to specify The structure of Endo VIl com-
the nature of the molecular processes occurring at the stages of substrate bind- plexed with DNA containing an
ing, recognition of the damaged base, and its removal from DNA. AP-site

Structure of the Anti-C, Fullerene Antibody Fab Fragment:
Structural Determinants of Fullerene Binding

Docking of C,; to the unmodified and
modified antigen-binding pockets of
FabC,,

E. M. Osipov, O. D. Hendrickson, T. V. Tikhonova, A. V. Zherdev,

O. N. Solopova, P. G. Sveshnikov, B. B. Dzantiev, V. O. Popov

The structure of the anti-C, fullerene antibody Fab fragment (FabC,)
was solved by X-ray crystallography. The computer-aided docking of C|
into the antigen-binding pocket of FabC, showed that binding of C, to
FabC,, is governed by the enthalpy and entropy; namely, by m-7 stack-
ing interactions with aromatic residues of the antigen-binding site and
reduction of the solvent-accessible area of the hydrophobic surface of C.
A fragment of the mobile CDR H3 loop located on the surface of FabC,
interferes with C, binding in the antigen-binding site, thereby resulting
in low antibody affinity for C,. The structure of apo-FabC, has been
deposited with pdbid 6H3H.

Adaptation of the Newcastle = :

Disease Virus to Cell Cultures for g ¢

Enhancing Its Oncolytic Properties . cpassge
K. S. Yurchenko, Yi. Jing, A. M. Shestopalov é :

This study focuses on the adaptation of natural Newcastle disease vi- i

rus strains isolated from wild birds to human tumor cells. This study HCT116 Hela AS49 McF7

demonstrates that serial passaging increases the viral infectious titer
in cancer cells. Moreover, the viability of tumor cells decreases post-

infection when Newecastle disease virus strains are adapted to these
cell cultures. The findings of this study complement the well-known

The increasing infectious fiters of Newcas-
tle disease virus strains during adaptation
to human tumor cell cultures

data on the adaptation of the Newcastle disease virus to human can-
cer cells. Hence, it is possible to obtain a NDV strain with a more
pronounced oncolytic potential during adaptation.
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ABSTRACT The proton-gated cationic channels belonging to the ASIC family are widely distributed in the
central nervous system of vertebrates and play an important role in several physiological and pathological
processes. ASIC1a are most sensitive to acidification of the external medium, which is the reason for the current
interest in their function and pharmacology. Recently, the list of ASIC1a ligands has been rapidly expanding. It
includes inorganic cations, a large number of synthetic and endogenous small molecules, and peptide toxins. The
information on the mechanisms of action and the binding sites of the ligands comes from electrophysiological,
mutational and structural studies. In the present review, we attempt to present a systematic view of the complex

pattern of interactions between ligands and ASICla.

KEYWORDS CNS, ASIC, potentiation, inhibition, mechanisms of ligand-receptor interactions, binding sites.

LOCALIZATION AND FUNCTION OF ASIC

IN THE CENTRAL NERVOUS SYSTEM

Proton-induced ionic currents were discovered in
1980 by Krishtal and Pidoplichko [1], who suggested
that reduced pH in an extracellular medium would
trigger a population of proton-gated ion channels.
Cloning of proton-gated ion channels in the mid-1990s
classified them as a new family (ASICs — acid-sensing
ion channels) belonging to the superfamily of degen-
erin/epithelial sodium channels (DEG/ENaC) [2]. The
genes encoding ASICs have been identified in many
vertebrate species, starting with cyclostomata. Four
mammalian accnl-4 genes encoding at least six dif-
ferent subunits (ASICla, ASIC1b, ASIC2a, ASIC2b,
ASIC3, and ASIC4) are currently known. These sub-
units can form both homo- and heterotrimeric com-
plexes.

Proton-induced currents can be found in almost all
types of neurons. The levels of expression of different
ASIC subunits differ markedly depending on locali-
zation. Thus, ASICla, ASIC2a, and ASIC2b subunits
are mainly found in the brain [3—5], while ASIC1b and
ASIC3 subunits are more common in sensory neurons
of the spinal cord and spinal ganglia [6, 7]. Ca*"-perme-
able ASICla, which are similar to the ASICla receptors
of hippocampal neurons in terms of their functional
and pharmacological properties, were found on the
surface of NG2 hippocampal glial cells at a high density
[8]. In the hippocampus, ASICs predominantly reside

4| ACTANATURAE| VOL.11 Nel (40) 2019

in interneurons, while the proton-induced currents in
CA1 pyramidal cells are negligible [9]. In the central
nervous system, ASICs are putatively involved in the
mechanisms of synaptic transmission and synaptic
plasticity, as well as many other systemic functions,
such as memory and learning [10], fear and depres-
sion [3]. Their role can be determined by analyzing the
mechanisms of drug addiction [11] and the pathogene-
sis of a number of mental disorders [12].

Taste, auditory, and photosensitive receptor cells
[13—15], as well as smooth muscle cells lining the vessel
walls [16], express ASICs on their surface, although to
a much lesser extent than neurons. In the peripheral
nervous system, ASICs are responsible for the percep-
tion of the pain stimuli accompanying inflammation,
fractures, tumors, hematomas and postoperative
wounds. Furthermore, they participate in mechan-
oreception [17]. Tumor growth also stimulates ASIC
expression [18].

Most of the data pertaining to the physiological
role of proton-gated ion channels are indirect, since
they are based on the experimental findings obtained
from knockout animals. Elimination of particular ASIC
subunits allowed researchers to trace their role in the
occurrence of certain behavioral phenotypes, as well as
the involvement of ASICs in the development of vari-
ous pathological processes in the nervous system [19].

It was not until recently that direct evidence of ASIC
involvement in synaptic transmission was obtained.
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The content of synaptic vesicles has pH ~ 5.2—5.7 [20].
Accordingly, as the vesicle content is released, pH of
the synaptic cleft may transiently decrease by 0.2—0.6
pH units and lead to activation of both pre- and post-
synaptic ASICs [21—23]. However, the contribution of
ASIC-mediated postsynaptic currents is 15—20 times
lower than that of glutamate-mediated postsynaptic
currents [11, 24, 25].

Among the proton-gated channels expressed in the
CNS, ASICl1a is the one most sensitive to acidification
of the medium [26]. In addition, PcTx1, a specific in-
hibitor of ASICla homomers, eliminates most of the
proton-induced currents in hippocampal and cerebral
cortex cell cultures [27, 28]. Thus, most proton-induced
currents in the brain are likely to be mediated by ASI-
Cla and ASICla-containing heteromers. These facts
explain the keen interest in the properties of ASICla
and their ligands.

The main challenge faced by neurophysiologists
studying ASICs consists in resolving the contradiction
between the obvious role of these channels in physio-
logical and pathological processes and the small values
of ASIC-mediated currents observed experimentally
upon synaptic transmission. Meanwhile, the in vitro
experiments involving CNS neurons demonstrate that
the currents caused by acidification of the extracellular
medium and application of glutamate, the major excit-
atory neurotransmitter, have similar amplitudes. The
second problem is that ASICs expressed in the cen-
tral nervous system desensitize (i.e., lose their ability
to conduct current) rapidly in response even to minor
acidification. Thus, acidification to pH 7.0 causes about
80% desensitization of ASICla and actually turns off
their function [26].

The existence of endogenous compounds that
modulate the function of ASICs under physiological
conditions could be a solution to these problems. The
NMDA-type ionotropic glutamate receptor is the clas-
sic example of such modulation. These channels can be
efficiently activated only in the presence of a co-ago-
nist, glycine [29]. That is why it is of great interest to
search and study new ASIC ligands (and potentiators
of ASICs in particular) in the context of both the fun-
damental problems of pharmacology and neurophysi-

ology.

ASIC1A LIGANDS

Studies focused on the relationship between the struc-
tures and molecular mechanisms of action of ASICla
modulators are important for determining the phys-
iological role of ASICs and designing a novel class of
medications. Among ASICla modulators, there are
synthetic compounds, endogenous organic substances
and ions, as well as a number of peptide toxins from the
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Fig. 1. The chemical structures of some ASIC1a ligands

components of natural venoms. The structures of some
low-molecular-weight ligands are shown in Fig. 1.

Amiloride

Amiloride, a diuretic prescribed to patients with hy-
pertension and heart failure, was the first discovered
blocker of proton-gated ion channels [30, 31]. Amiloride
acts as a nonselective ASIC blocker with low affini-
ty to the binding site (IC,;= 5—-100 uM), which is also
capable of blocking other ion channels and exchang-
ers [32]. Interestingly, at higher amiloride concentra-
tions its inhibitory effect is inverted to a potentiating
or even activating action. Application of amiloride
(EC,, = 560 pM) under neutral conditions (pH 7.4) ac-
tivates homomeric ASIC3 and heteromeric ASIC3/
ASIClb-channels and synergistically increases the cur-
rents through these channels in response to moderate
acidification of the extracellular medium [33]. Hence,
it is obvious that amiloride has a dual multidirectional
effect on proton-gated ion channels.

2-Guanidine-4-methylquinazoline (GMQ)

The discovery of the unusual effect of amiloride on
proton-gated ion channels has inspired researchers to
synthesize a number of its analogs carrying the guani-
dine moiety and a heterocyclic ring [34, 35]. Among all
these compounds, GMQ stands out for the specificity
of its activating effect. It was the first synthetic non-
proton activator of ASIC3; this fact suggests that there
can be other synthetic/endogenous ASIC activators.
At high concentrations (EC,, = 1 mM), GMQ can in-
duce a stationary non-desensitizing current through
the ASIC3 channels which is many times greater than
the nondesensitizing current evoked by saturating con-
centration of the natural agonists (protons). The action
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of GMQ depends on extracellular Ca**, being enhanced
as the Ca?" concentration in the medium decreases [36,
37]. In addition to its activating effect on ASIC3, GMQ
also specifically interacts with ASICla. The effect
involves a shift in the pH dependences of activation
and steady-state desensitization towards more acidic
values by approximately 0.2 pH units. Both effects have
a competitive-like nature; i.e., both steady-state desen-
sitization and activation develop completely, although
at lower pH values [38].

4-Aminopyridine (4AP)

The well-known potassium channel blocker 4AP is an-
other small molecule that can block ASICla homomers
(IC,, ~ 760 uM) and heteromers containing ASICla,
ASIC1b and ASIC2a subunits. As is the case for potas-
sium channels, the binding site of 4AP in ASICs and
other degenerin/epithelial channels resides within the
pore, since its effect is significantly voltage-gated [39].

Metal ions

ASICs are inhibited by various metal ions [40—42]. It
was shown that the affinity of protons to the channel
directly depends on calcium concentration in the me-
dium [43, 44]: the lower the Ca*" concentration, the
higher the affinity of protons is and, accordingly, the
greater the ASIC responses are.

Spermine

Spermine is an endogenous polyamine that ampli-
fies the proton-gated currents through ASICla and
ASICla/2a channels [45]. The mechanism of ASICla
channel potentiation consists of several components
and involves a slowdown of inactivation (in other
words, the activated channel remains open for a longer
time); reduction of proton affinity to the receptor and,
consequently, an increase in their responses at low
background pH; and quicker channel recovery under
repeated stimulation. All these effects enhance Ca?*
entry into the neuron through ASICla under ischem-
ic conditions and, eventually, lead to cell death. Both
blockade of endogenous spermine synthesis and block-
ade of the ASICla channels significantly increase neu-
ronal survival in the in vivo and in vitro mouse models
of ischemia [45].

FMRF amides

FMRF amides (Phe-Met-Arg-Phe-NH,), which prevail
in the nervous system of invertebrates, as well as relat-
ed peptides in the mammalian nervous system, activate
some degenerin/epithelial Na*-channels [46]. They are
unable to activate ASICs per se but can significantly
potentiate the responses of ASICla and ASIC3 chan-
nels to the acidification of the medium [47, 48]. These
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peptides have a direct impact on the channel and slow
down receptor desensitization, thus increasing the time
for which the channel remains open after activation
[49, 50]. These peptides also affect steady-state desen-
sitization by shifting it towards stronger acidification
[48]. Endogenous opioid neuropeptides, dynorphin and
big dynorphin, also shift the steady-state desensitiza-
tion and enhance the responses of ASICla upon weak
acidification [51].

Psalmotoxin-1 (PcTx1)

The polypeptide toxin isolated from the venom of the
South American tarantula Psalmopoeus cambridgei
was the first-described specific inhibitor of ASICla
channels (IC, ~ 1 nM) [52]. PcTx1 consists of 40 ami-
no acids and is formed by three antiparallel B-sheets
twisted into loops, with a compact nucleus containing
three disulfide bridges and residing in the center [53].
Psalmotoxin-1 inhibits ASICla channels by increasing
receptor sensitivity to protons and shifting desensiti-
zation towards less acidic pH values [54]. Since ASICla
are activated in response to a slight increase in proton
concentration, even a small rise in the affinity of H* to
proton-binding sites is sufficient to switch receptors to
the desensitized state. As a result, most of the ASICla
becomes inactive in the presence of PcTx1 at pH 7.4,
due to enhanced steady-state desensitization. The toxin
preferably binds to the desensitized channel and stabi-
lizes it in this state [55].

MitTx

MitTx was isolated from the venom of the Texas coral
snake Micrurus tener tener in 2011 [56]. This peptide
toxin resembles -bungarotoxin in terms of its struc-
ture and consists of two non-covalently bound subu-
nits. MitTx does not inhibit ASICs but activates both
homo- and heterotrimeric channels [56, 57]. ASICla
and ASIC1b homomers (EC, ~ 9 and 23 nm, respec-
tively) are the most sensitive ones to its action; ASIC3
channels are much less sensitive (EC_ ~ 830 nm). When
applied together with a neutral solution, MitTx has
virtually no effect on ASIC2a channels but strongly
potentiates proton-gated currents through these chan-
nels by shifting the activation curve towards less acidic
values.

Mambalgins

Mambalgins constitute a group of three toxins with a
length of 57 amino acids. Two of them, mambalgin-1
and -2, different by only one amino acid at position
4, were isolated from the venom of the black mamba
Dendroaspis polylepis polylepis in 2012 [58]. Mam-
balgin-3 was isolated from the venom of the green
Mamba and got its name because it differs from the
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aforementioned two toxins only by the amino acid at
position 23 [59]. All three peptides are structurally
related to the three-finger toxin family, have similar
pharmacological characteristics, and inhibit ASICla
[69]. Mambalgin-1 inhibits ASICla via the following
mechanism: it preferably binds to the closed channel
and strongly shifts the pH dependence of activation
to more acidic pH values. At the same time, the toxin
moderately shifts the inactivation curve towards the
alkaline region, thereby stabilizing the desensitized
state of the channel and increasing inhibition [58].

Hydrophobic monoamines

Recently, the staff of the Laboratory of Biophysics
of Synaptic Processes at the Sechenov Institute of
Evolutionary Physiology and Biochemistry (Russian
Academy of Sciences) has found that compounds with
a simple chemical structure containing the hydropho-
bic/aromatic core and an amino group (hydrophobic
monoamines) are modulators of native and recombi-
nant ASICs [60, 61]. Among the four compounds tested
in the first stage, only IEM-1921 exhibited no action
against homomeric ASICla channels even at a con-
centration of 1,000 pM. The other three compounds,
9-aminoacridine (9AA), IEM-2117 and memantine,
had a concentration-dependent inhibitory effect [60].
9AA was the most active inhibitor. At a concentra-
tion of 1,000 pM, this compound, being co-applied
with an activating solution with pH 6, caused 67 * 8%
(n = 6) inhibition. The action of 9-aminoacridine was
pH-dependent: this compound at a concentration of
300 pM induced 80% inhibition at pH 6.8 and only 12%
inhibition at pH 5.0. Therefore, the inhibitory effect of
9-aminoacridine is due to the shift in ASICla activation
towards stronger acidification. A characteristic feature
of memantine action was the abrupt acceleration of
response desensitization. A similar effect of meman-
tine on ASIC1b was demonstrated earlier [61]. A more
detailed study of the mechanism of memantine action
demonstrated that in this case the inhibitory effect is
due to the open channel block. This conclusion is based
on the fact that the effect of memantine was voltage-
rather than pH-dependent [62].

Further structural and functional analysis [63] has
identified potentiators of ASICla. We found that in-
corporation of a methylene group between the phenyl-
cyclohexyl ring and the amino group in IEM-1921 con-
ferred weak potentiation, while insertion of the second
group enhanced potentiation (compound IEM-2044).

The detection of potentiating activity for IEM-2044
has intensified further search for novel, potentially
active drugs. The chemical structure of this compound
is similar to that of histamine, a number of histamine
receptor ligands and other endogenous amines, such as
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Fig. 2. The mechanisms of action of ASIC1a ligands.

A — the effect of histamine on the recombinant ASIC1a
expressed in CHO cells. Histamine does not affect the
maximal response (caused by a pH decrease from 7.6 to
5.0) but potentiates the partial response (pH decrease
from 7.6 to 6.5), especially under conditions of partial
desensitization (pH decrease from 7.1 to 6.5). B — pH
dependences of ASIC1a activation and desensitization.
The arrows show the directions of the shifts caused by
ligands

tyramine and tryptamine. Histamine [64] and its deriv-
atives, alpha-methylhistamine and 1-methylhistamine
[65], were shown to be strong and selective potentiators
of ASICla. Potentiation takes place due to the shift in
the activation curve, since the response to extreme
acidification does not increase. Among the ligands of
histamine receptors, this effect has been demonstrated
for thioperamide and dimaprit. In contrast, compound
A943931 caused inhibition that was dependent on the
membrane voltage rather than on activating pH, which
is indicative of a pore-blocking mechanism of action
[65].

The initial study [64] did not reveal any effect of
histamine on ASICla desensitization. However, a more
detailed analysis showed that the effect of histamine
increases at initial pH = 7.1 (i.e., under partial desensi-
tization) (Fig. 2). A similar effect was also established
for tyramine and tryptamine, which did not shift the
activation curve [66]. Even memantine, an inhibitor of

VOL. 11 Ne1(40) 2019 | ACTA NATURAE |7
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open ASICla channels, exhibited potentiating activity
when applied between channel activations at pH 7.1
(i.e., in the case of interaction with closed and desen-
sitized channels only) [65]. Therefore, different mono-
amines shift the steady-state desensitization of ASICla
towards stronger acidification.

Summarized data on the mechanisms

of ASIC1la modulation

It is difficult to establish clear relationships for the va-
riety of data and hypotheses on the action of specific
ASICla ligands. However, the accumulated large body
of experimental data reveals some patterns.

According to a combination of features, some
compounds can be classified as ASICla pore block-
ers. Amiloride, memantine and 4-aminopyridine are
typical members of this group. Binding of these com-
pounds in the pore leads to inhibition of ion transport
independently of the degree of channel activation and
desensitization. Blockers of cation channel pores are
usually cations; in this case, their action depends on the
membrane potential.

The second common type of ligand action consists in
a shifting of the activation curve, which leads to either
inhibition or potentiation of currents (Fig. 2B). Pep-
tide toxin mambalgin and the low-molecular-weight
compounds GMQ and 9AA shift the curve towards
stronger acidification, while histamine ensures channel
activation at higher pH values. A feature of this mech-
anism is that the ligands are potent only at low acidi-
fication levels, when ASICla activation is rather low.
The activation curve can be shifted due to the allosteric
effect on receptor affinity to protons or due to direct
interaction with the proton-binding site. In the latter
case, ligands of this type act as agonists or competitive
antagonists, depending on the direction of action.

The third type of action is alteration of the steady-
state desensitization of ASICla (Fig. 2B). Psalmotoxin
is the best known example of compounds that enhance
desensitization. Spermine and monoamines reduce de-
sensitization, thus allowing ASICla to function under
long-term acidification of media. A number of ligands,
such as GMQ and histamine, simultaneously affect
activation and desensitization. There is no correlation
between these effects. Thus, GMQ shifts both curves
towards deeper acidification, while histamine shifts the
activation curve towards less significant acidification
(Fig. 24). Psalmotoxin, which is well-known as a de-
sensitization promoter, may cause channel activation
at alkaline pH values.

The question pertaining to the binding sites is even
more complicated. Site-directed mutagenesis of the
receptor is the method conventionally used to detect
the ligand binding site. However, this approach does
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not provide unambiguously interpretable results. Mu-
tations can either directly affect the ligand binding site
(if the mutated amino acids reside in it), or allosterically
modulate receptor affinity to the ligand by changing
receptor conformation. In addition, mutations can
significantly affect the functional properties of the
channel, its activation and desensitization, which may
further complicate data interpretation. In some cases,
mutations result in complete loss of channel function.
In this case, it becomes no longer possible to determine
the effect of mutation on ligand binding. Thus, despite
the high value of mutagenesis data, their structural
interpretation requires great care. Therefore, the
problem related to the ligand binding site can be solved
only with allowance for the data on the ASIC structure
and the molecular mechanisms of their activation and
desensitization.

ASIC STRUCTURE

The first X-ray crystallographic structure of chicken
ASICla reported in 2007 [67] has made it possible to
establish the main elements of its structure (Fig. 3).
The crystal structure of the functioning mutant with a
lacking C-terminal region but retained N-terminal re-
gion and the portion required for channel opening was
obtained later with a lower resolution (3 A) [68]. Both
proteins crystallize at low pH. Under such conditions,
the ASICla channels exist in a desensitized state. Later,
the ASICla structures were obtained in the open and
closed states [69], making it possible to determine the
activation and desensitization mechanisms.

ASICs are trimers whose subunits are symmetri-
cally arranged around the central channel pore. The
extracellular domain (ECD) of each subunit resembles
a clenched fist attached to the transmembrane seg-
ments by a movable “wrist” [67]. Given this similarity,
Jasti et al. [67] described the ECD in terms of a human
hand holding a ball. Subsequently, this terminology
has become commonly used as it turns out to be quite
convenient. ECD can be divided into five subdomains:
the palm, the finger, the thumb, the knuckle and the
B-ball domains (Fig. 3).

An important feature of the ECD structure is the so-
called acidic pocket, where several acidic amino-acid
residues occupy a small area. It is located at a distance
of 45 A from the transmembrane region and is formed
by interactions between the thumb-, 3-ball, and fin-
ger domains of one subunit and a portion of the palm
domain of the neighboring subunit. There are close-
ly located three pairs of acidic amino-acid residues
(Asp238-Asp350, Glu239-Asp346 and Glu220-Asp408)
inside this pocket. The electrostatic repulsion between
the negative charges of the side chains in these pairs
of amino-acid residues retains the expanded confor-
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Ball

Palm

Membrane

Fig. 3. The general structure of ASIC according to X-ray
crystallography. A — side view with the main parts in one
subunit highlighted: Finger, Knuckle, Ball, Thumb, and
Palm. B — the top view shows that ASIC is a trimer, in
which the subunits (shown with different colors) surround
the channel pore in the center

mation of the acidic pocket; so the channel is closed.
Binding of the protons between carboxyl pairs takes
place when the external medium is acidified, making
the pocket take a more compact conformation. This
causes conformational changes in the thumb domain,
which in turn alters the wrist and the transmembrane
domain. Hence, the acidic pocket is a site of the proton
binding required for channel activation [69].

However, in addition to the amino acids in the
“pocket,” there are several asparagine, glutamine
and histidine residues in the lower portion of the palm
domain (their pK_ value also lies within the pH range
that activates ASIC1la channels) [70]. In addition, com-
plete removal of all three pairs of amino acids from the
“pocket” dramatically reduces receptor sensitivity to
protons but does not eliminate its ability to be activated
in response to strong acidification of the extracellular
medium [71]. In this regard, it is believed that several
sites responsible for proton binding and further chan-
nel activation reside within one subunit.

The transmembrane segment of the ASIC domain is
formed by six a-helices: two (TM1 and TM2) from each
of the three subunits composing the functioning ASIC
channel pore. The transmembrane segments of each
subunit are involved in channel pore formation. TM2
directly lines the pore lumen, while TM1 plays a sup-
porting role: it is in contact with the lipid bilayer and
forms many bonds with TM2 of the same subunit, as
well as with TM2 and TM1 of the neighboring subunit.
Only a small C-terminal portion of TM1 directly lines
the channel pore [72].

Binding sites of ASIC modulators

The most accurate data on ligand binding sites are
obtained by X-ray crystallography and cryogenic elec-
tron microscopy. Several high-resolution ASIC struc-
tures in combination with such ligands as psalmotoxin,
MiTtx and amiloride have been obtained to date [73,
74].

A structure of ASICla in an open state was obtained
using the activating MitTx toxin. Each heterodimer of
the toxin binds to the channel subunit; i.e., three tox-
in molecules form multiple contacts along the entire
thumb domain, from the membrane surface to the
knuckle domain (Fig. 44). Although the toxin molecule
is revealed near the acidic pocket, MitTx does not pene-
trate directly into it. Therefore, the toxin mechanically
stabilizes the open state of the channel without directly
affecting the proton-binding center.

In addition to this peptide toxin, a complex formed
between ASICla and amiloride has been resolved
within the same structure. Three amiloride molecules
reside in the upper portion of the channel pore, at the
interfaces between subunits (Fig. 4C). Their charged
groups are exposed to the pore lumen. On the other
hand, mutagenesis data are indicative of deeper loca-
tion of the amiloride binding sites in the pore [75]. Kel-
lenberger et al. [75] put forward a hypothesis that the
binding sites found in the X-ray crystallographic struc-
ture represent the intermediate position of amiloride;
one molecule may go deeper, thus sterically blocking
the channel. The second binding site of amiloride is lo-
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Membrane

Amiloride

cated in the acidic pocket (Fig. 4D). Two molecules form
a dimer, which is stabilized by stacking interactions
between aromatic groups and the oppositely oriented
guanidine groups. The functional role of this binding
site is still unknown, but it seems likely that it is related
to the ability of amiloride to activate ASICs [33].

The binding site of psalmotoxin identified by Ba-
conguis et al. [73] significantly overlaps with the bind-
ing region of MitTx. However, the middle loop of a psal-
motoxin molecule enters the acidic pocket, where the
positively charged toxin residues directly interact with
the acidic residues of the receptor (Fig. 4B). In other
words, the stabilization mechanisms of the open state
mediated by MiTtx and the desensitized state mediat-
ed by psalmotoxin differ fundamentally: psalmotoxin
affects the proton receptor, whereas MiTtx affects the
executive mechanism of activation.

The putative binding sites of other ASIC ligands
can be derived from indirect evidence by analyzing
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Fig. 4. Binding sites
of ASIC 1aligands
according to structural
studies. A — MitTx
that activates the
channels and binds

to the palm domain;

B — psalmotoxin binds
to the upper portion
of the palm domain,
and the central loop
penetrates the acidic
pocket; C — three
amiloride molecules
bind at the interfaces
to membrane-spanning
helices; D — two
amiloride molecules
form a dimer, which
binds in the acidic
pocket

Psalmotoxin

the data on the mechanisms of action, the effect of
point mutations, and competition with ligands whose
binding sites are known. For example, the findings on
the common binding regions of MitTx and psalmotoxin
are consistent with the data on the mutually exclusive
effect of these toxins [56]. It has been reported most
recently [76] that mambalgins also bind near the acidic
pocket (like psalmotoxin does).

Binding of several other types of ligands can be re-
lated to psalmotoxin. Thus, Duan et al. [45] analyzed the
simultaneous action of spermine and psalmotoxin and
demonstrated that these two compounds can compete
for the common binding site, although they modulate
the ASICla function in opposite directions. There also
exists competition between psalmotoxin and calcium
[54]; furthermore, calcium is known to compete with
protons [43, 77]. Competition with palmotoxin was also
shown for dynorphin [51]. Based on these data, it is fair
to assume that the ligands affecting the pH depend-
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ence of activation and steady-state desensitization of
ASICla bind within the acidic pocket of the receptor
and have a direct impact on its functional components.
Since the acidic pocket contains several negatively
charged amino-acid residues, a specific mode of action
for each ligand can be determined by specific interac-
tions with this area.

However, some data is not entirely consistent with
this concept. First, as noted above, the acidic pocket is
not the only proton-binding site required for channel
activation [70, 71]. The substitution of amino-acid res-
idues in the palm domain affects desensitization and
activity of a number of ligands. In their recent paper
[78], Besson et al. systematically studied the mutual ef-
fects of GMQ, amiloride, psalmotoxin, and mambalgine.
They found that the impact of GMQ and mambalgine
on the ASICla activation is fully additive, suggesting
that their mechanisms of action are independent. On
the contrary, the effects of GMQ and psalmotoxin on
steady-state desensitization are not independent, since
there exists a negative cooperativity between them.
Hence, the question pertaining to the exact binding
sites of the ligands affecting the activation and desen-
sitization of ASICla remains open and requires further
research.

CONCLUSIONS

The data on the effect of various ligands on ASICla
suggest three main modes of action: blocking of the
channel pore, shifting of the dependence of activation
on pH, and shifting of the dependence of desensitiza-
tion on pH. Many ligands simultaneously affect the lat-
ter two characteristics. Effects of this type are probably

mediated by ligand binding to some extracellular site,
which controls the activation and desensitization char-
acteristics of ASICla. Although the ligand-induced
shifts in these curves usually do not exceed 0.2—0.5 pH
units, they have a substantial impact on the function
of the channel, since ASICla activation takes place
in a pH range between 7.0 and 5.0, while steady-state
desensitization develops at pH between 7.5 and 7.0.
Such characteristics significantly limit the possibility
of ASICla functioning under physiological conditions.
In particular, even insignificant acidification causes
desensitization and loss of channel function. From this
point of view, it seems promising to search for endog-
enous ligands that shift desensitization towards more
acidic pH values and, contrariwise, shift activation
towards smaller acidification. In the presence of such
ligands, ASICla could be activated by small acidifi-
cation of the external medium that occurs upon syn-
aptic transmission. In this case, moderate acidification
of the medium would not lead to desensitization, but
rather enhance the response and the contribution of
ASICla to neuronal excitability. If we take into account
the fact that elevated activation of ASICla can have a
beneficial impact on the course of many pathological
processes, detection of ligands that potentiate ASICla
acquires a clinical significance. ®
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ABSTRACT The high genetic variability of the human immunodeficiency virus (HIV-1) leads to a constant
emergence of new genetic variants, including the recombinant virus CRF63_02A1, which is widespread in the
Siberian Federal District of Russia. We studied HIV-1 CRF63_02A1 integrase (IN_CRF) catalyzing the incor-
poration of viral DNA into the genome of an infected cell. The consensus sequence was designed, recombinant
integrase was obtained, and its DNA-binding and catalytic activities were characterized. The stability of the
IN_CRF complex with the DNA substrate did not differ from the complex stability for subtype A and B integras-
es; however, the rate of complex formation was significantly higher. The rates and efficiencies of 3’-processing
and strand transfer reactions catalyzed by IN_CRF were found to be higher, too. Apparently, all these distinctive
features of IN_CRF may result from specific amino acid substitutions in its N-terminal domain, which plays an
important role in enzyme multimerization and binding to the DNA substrate. It was also found that the drug
resistance mutations Q148K /G140S and G118R/E138K significantly reduce the catalytic activity of IN_CRF
and its sensitivity to the strand transfer inhibitor raltegravir. Reduction in sensitivity to raltegravir was found
to be much stronger in the case of double-mutation Q148K /G140S.

KEYWORDS human immunodeficiency virus, CRF63_02A1 genetic variant, integrase, strand transfer inhibitor,
drug resistance mutations.

ABBREVIATIONS HIV-1 — human immunodeficiency virus type 1; IN — integrase; IN_CRF — integrase of the HIV-
1 genetic variant CRF63_02A1; IN_A — HIV-1 subtype A strain FSU-A integrase; IN_B — HIV-1 subtype B strain
HXB-2 integrase; CRF — circulating recombinant forms of HIV-1; URF — unique recombinant forms of HIV-1;
IC_, — inhibitor concentration suppressing enzyme activity by 50%; FC — change in the IC_, value for mutant
proteins compared to the wild type; RT-PCR — reverse transcription polymerase chain reaction; SDS — sodium
dodecyl sulfate; PAGE — polyacrylamide gel electrophoresis; DTT — dithiothreitol.

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) has
high genetic variability, resulting in the occurrence
of various subtypes, circulating recombinant forms
(CRFs), and unique recombinant forms (URFs) [1]. The
wide variety of HIV-1 genetic variants results from the
high replication rate, the tendency toward recombina-
tion and reverse transcriptase errors [2—4]. Different
HIV-1 subtypes have different geographical distri-
butions. Subtype A prevails within the former USSR
[5, 6], but there are also various CRFs [7—9]. Since
2010—2012, a new HIV-1 genetic variant, CRF63_02A1,
has been found to dominate in regions of the Russian
Federation characterized by the highest HIV epidemic
rates, such as the Kemerovo, Novosibirsk, Tomsk, and
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the Altai regions [10—12]. Because of its rapid spread,
this genetic variant requires in-depth research.

An important step in studying a new form of HIV-1
is the characterization of its enzymes, the integrase (IN)
that catalyzes the integration of viral DNA into the ge-
nome of the infected cell being one of them [13]. Three
IN inhibitors — raltegravir, elvitegravir and dolute-
gravir — are currently used as components of antiret-
roviral therapy [14]. However, the emergence of viral
resistance to these inhibitors has been identified [15,
16]. It is known that both mutations conferring drug
resistance and the mechanisms of their occurrence in
viruses of different subtypes may vary [17—22]. In this
regard, it is important to study the effect of the natural
polymorphism of IN on its properties.
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In this study, we have characterized IN of a new
HIV-1 genetic variant, CRF63_02A1 (IN_CRF), and
compared it to that of HIV-1 subtype A (IN_A), which
is also widespread in Russia. In particular, we have
studied the influence of the structural differences be-
tween the enzymes on their DNA-binding and catalytic
activities. The influence of drug resistance mutations
on the catalytic and DNA-binding activity of IN_CRF,
as well as its sensitivity to the strand transfer inhibitor
raltegravir, has also been analyzed.

MATERIALS AND METHODS

Designing the consensus sequence of IN_CRF

The HIV-1 subtype was determined using a phyloge-
netic and recombination analysis according to the pro-
cedure described earlier in [10, 11, 23]. The IN_CRF
consensus sequence was created using the BioEdit
software (Ibis Biosciences, Carlsbad, CA).

HIV-1 RNAs were isolated using a commercial Real-
best DeltaMag HBV/HCV /HIV kit (Vector-Best JSC,
Russia) from clinical blood plasma samples (250 ul)
from two treatment-naive patients infected with HIV-
1 variants that carried the IN genes most similar to the
calculated IN_CRF consensus sequence. DNA frag-
ments (878 bps) encoding IN_CRF were prepared by
RT-PCR from the isolated RNA samples using a com-
mercial LongRange 2Step RT-PCR kit (Qiagen, USA)
and primers containing restriction sites for subsequent
cloning.

Preparation of the vector encoding IN_CRF

DNA fragments encoding IN_CRF were ligated in the
plasmid pCR_2.1Topo using the commercial TOPO®
TA Cloning® Kit (pCR™2.1-TOPO®, Thermo Fisher
Scientific Inc.,, USA). Plasmid DNA was isolated from
60 pCR_2.1Topo_IN clones (30 clones for each HIV-
1 variant) using a commercial Plasmid Purification
Mini Kit (Qiagen, USA); all the DNA samples were se-
quenced. Plasmid pCR_2.1Topo_IN_CRF* containing
an IN sequence differing from the consensus one by
two amino acid substitutions was selected for further
sub-cloning in expressing vector pET_15b in frame
with the codons for the N-terminal His -tag (His-tag)
(Novagen, USA).

The vector pET_15b_IN_CRF with the consensus
IN_CRF sequence was obtained from the vector pET-
15b_IN_CRF* by sequential site-directed mutagen-
esis, resulting in the amino acid substitutions I32V and
1259V. The vectors encoding IN_CRF with substitu-
tions Q148K /G140S and G118R/E138K were prepared
by site-directed mutagenesis of the plasmid pET_15b_
IN_CRF using a QuikChange II Site-Directed muta-
genesis kit (Agilent Technologies, USA).

The prokaryotic expression vector pET_15b carrying
the gene of IN_A was a kind gift from M.G. Belikova-
Isaguliants (Ivanovsky Institute of Virology, Russia).

Preparation of recombinant proteins

Consensus IN_CRF and IN_A proteins and those with
the mutations Q148K /G140S and G118R/E138K were
expressed in Escherichia coli strain Rosetta (DE3) (No-
vagen) and purified according to [24, 25]. The proteins
were analyzed by 12% Laemmli PAGE, followed by
staining with SimplyBlue™ SafeStain (Invitrogen,
USA).

Oligodeoxyribonucleotides
Oligodeoxyribonucleotides U5B (5'-GTGTG-
GAAAATCTCTAGCAGT-3’), U5B with fluorescein
residue at 5’-end (5’-F1-U5B), U5B-2 (5’-GTGTG-
GAAAATCTCTAGCA-3’) and U5A (5’-ACTGCTA-
GAGATTTTCCACAC-3’), forming DNA substrates of
IN, and all primers were purchased from DNA synthe-
sis OJSC (Russia).

The radioactive **P-label was inserted at the 5’-end
of the U5B and U5B-2 oligonucleotides, and DNA sub-
strates were formed as described in [25].

Integrase DNA binding activity assays

The kinetics of DNA binding by IN was studied using a
fluorescence polarization assay on a Cary Eclipse Fluo-
rescence Spectrophotometer (Varian, USA) accord-
ing to [26]. The duplex 5’-F1-U5B/UbA (10 nM) was
incubated with 100 nM IN in 200 pl of buffer A (20 mm
HEPES (pH 7.2), 10 mm DTT, 7.5 mm MgCl,) at 25°C,
and the values of fluorescence polarization of fluoresce-
in (A =492nm, A =520 nm) were recorded at certain
time points. A curve corresponding to the time depen-
dence of changes in fluorescence polarization was con-
structed, and the binding rate constant (k_ ) was calcu-
lated using the equation [IN/DNA] = [DNA], x (1-e™"")
[27].

The dissociation constant (K,) of the IN/DNA com-
plex was determined using the DRaCALA method
(Differential Radial Capillary Action of Ligand Assay)
[28]. The U5B/U5A duplex (5 nM) with the **P-labeled
U5B-chain was incubated with IN at different concen-
trations (0—500 nM) in 10 pl of buffer A for 20 min at
25°C. Then, 5 pl aliquots of the mixture were applied
on the Amersham™ Hybond™-ECL nitrocellulose
membrane. A Typhoon FLA9500 Phosphorimager (GE
Healthcare, USA) was used for membrane analysis and
quantification.

Integrase catalytic activity assays

For the 3’-end processing reaction, 5 nM UbB/UbHA du-
plex (with **P-labeled UbB-chain) was incubated with
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Fig. 1. Amino

acid sequences of
IN_CRF, IN_A, and
IN_B. The amino
acids specific to
IN_CRF are high-
lighted in bold and
underlined; amino
acids specific to
other subtypes are
underlined; amino
acids whose muta-
tions lead to drug
resistance of the
virus are shown with
rectangles; amino
acids of the catalytic
domain are shown
in red

100 nM IN in buffer A as described in [25]. The reaction
products were precipitated and analyzed by electro-
phoresis in 20% polyacrylamide/7 M urea gel in TBE
buffer. Autoradiographic data analysis was performed
using a GE Typhoon FLA 9500 scanner (GE Healthcare,
USA). The efficiency of 3’-processing was determined
using the ImageQuantTM 5.0 software as the ratio be-
tween the intensities of the bands corresponding to the
U5B substrate and the reaction product U5B-2.

When analyzing the accumulation kinetics of the
3’-processing product, the reaction mixture was incu-
bated at 37°C. The incubation time was varied from
5 min to 7 h; the reaction efficiency versus time was
plotted. The initial reaction rate was determined from
the angle of inclination of the initial section of the ki-
netic curve (~60 min).

The dependence between the 3’-processing effi-
ciency and substrate concentration was determined by
varying the DNA concentration (0; 2.5; 4; 10; 20; 50; 100
nM). The graphs showing the reaction efficiency versus
substrate concentration were plotted; the maximum
reaction rate (V__ ) and the Michaelis constant (K )
were determined.

For the strand transfer reaction, 10 nM U5B-2/
UbHA duplex (with **P-labeled U5B-2) was incubated
with 100 nM IN in buffer A for 2 and 4 h at 37°C. The
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reaction products were separated and analyzed as de-
scribed above.

Inhibition of the strand transfer reaction

The strand transfer reaction was carried out as de-
scribed above for 2 h in the presence of increasing
inhibitor concentrations (raltegravir, Santa Cruz Bio-
technology Inc., USA). The IC value was determined
based on the results of three independent experiments.

RESULTS AND DISCUSSION

Designing the consensus IN_CRF

sequence and protein purification

IN genes from 324 HIV-1 isolates from HIV-infected
treatment-naive patients in the Siberian (n = 250) and
Ural (n = 74) federal districts of Russia were sequenced.
Phylogenetic analysis showed that genetic variants of
subtypes A (24.3%) and B (3.3%) were present, as well
as recombinant forms CRF63_02A1 (55.3%) and various
URF's formed as a result of secondary recombination of
HIV-1 CRF63_02A1 and subtype A (6.7%).

Multiple alignment of the identified nucleotide
sequences of CRF63_02A1 IN was performed, fol-
lowed by translation, construction of the consensus
amino acid IN sequence and its alignment with the
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Fig. 2. SDS-PAGE analysis of purified consensus IN_CRF
and its mutant forms G118R /E138K and Q148K /
G140S. Lane 1 —IN_CRF; lane 2 —IN_A; lane 3 —IN_CRF
(G118R /E138K); lane 4 — IN_CRF (Q148K /G140S);
MW — molecular weight marker

sequences of IN from HIV-1 subtypes A and B (Fig. 1).
Mutations typical of this HIV-1 genetic variant, e.g.
E11D (93.8%), K14R (81.3%), S24N (100%), and M501
(75%), were found. The mutation L741 specific to IN_A
was found only in 4% of the sequences of CRF63 02A1
IN.

Among all the studied HIV-1 IN sequences, we
selected one variant that was the closest to the con-
sensus IN_CRF. Preparation of the cDNA encoding
IN_CRF and its consecutive cloning allowed us to
obtain the pET-15b_IN CRF* vector, which was
then subjected to site-directed mutagenesis to intro-
duce the I32V and 1259V substitutions and to obtain
the pET-15b_IN_ CRF expression vector coding for
a consensus IN sequence. Genetic constructions with
the drug resistance mutations G118R/E138K and
Q148K /G140S were obtained by site-directed muta-
genesis of pET-15b_IN_CRF. The constructed vectors
were used for prokaryotic expression of recombinant
IN proteins and their subsequent purification on Ni-
NTA-agarose to a purity > 90% (Fig. 2).

Characterization of DNA-binding activity

During integration, retroviral integrases bind to the
ends of viral DNA and then interact with cellular DNA;
the latter interaction is not sequence-specific [29]. Re-
combinant HIV-1 IN protein usually has the same af-
finity for DNA duplexes of different structures [30]. We
evaluated the capacity of IN_CRF to bind the 21-mer
DNA substrate representing the terminal sequence of

U5 LTR of viral DNA. The corresponding experiments
with IN_A were carried out in parallel.

Stability of the IN/DNA complex was determined
using the DRaCALA method (Differential Radial Cap-
illary Action of Ligand Assay) [28] that had been used
earlier to study the complexes formed between IN_B
and DNA [31]. We found that the K values were simi-
lar for the complexes of DNA with both IN CRF and
IN_ A (Fig. 3A and Table 1), as well as IN_B [32].

The fluorescence polarization method was applied
to study the kinetics of IN binding to the fluorescein-
labelled duplex 5’-F1-U5B/Ub5A used as the DNA
substrate. Having compared DNA binding by IN_CRF
and IN_A, we found that the rate of DNA binding was
higher for IN_CRF;, the binding rate constants (k_ ) for
these enzymes differed 2.8-fold (Fig. 3B and Table 1).
The binding rate constant k  for IN_A (0.24 min™') was
close to the value determined earlier for IN_B
(0.18 min) [27].

The sequences of INs of HIV-1 subtypes A and B
differ by 16 amino acid substitutions, 11 of which re-
side in the catalytic core; two reside in the C-terminal,
and three, in the N-terminal domain. The latter three
substitutions are synonymous: D3E, R20K, and V311
(Fig. 1). IN_CRF differs from IN_A and IN_B by four
unique amino acid substitutions in the N-terminal do-
main: E11D, K14R, S24N, and M50I (Fig. 1). Keeping in
mind that the rates of DNA substrate binding to IN_A
and IN_B were comparable and differed significantly
from that for IN_CRF, we could assume that this rate is
mainly affected by the structure of the IN N-terminal
domain. It is responsible for the IN multimeric state,
which is crucial for its catalytic activity [33], and par-
ticipates in binding of IN to the DNA substrate (viral
DNA) [34—36]. There are two substitutions, S24N and
M50I, in the structure of IN_CRF, which seem to be
of greatest interest. The presence of an amide group
in Asn and a branched chain in Ile can affect the in-
termolecular interactions upon formation of the cata-
lytically active state of IN. In addition, Lys14 is in direct
contact with viral DNA and plays an important role in
IN multimerization [35, 37]. In IN_CRF, Lys14 is sub-
stituted with Arg. Although both these amino acids are
positively charged, the Arg residue is more bulky, less
hydrophobic and has a higher pKa value than Lys [38,
39]. Besides, Arg is characterized by positively charged
delocalization within the guanidine group and can form
multiple hydrogen bonds with different orientations
[40, 41], which can contribute to DNA substrate bind-
ing.

Thus, amino acid substitutions that are inherent to
IN CRF due to natural polymorphism did not affect
the stability of its complex with the DNA substrate but
significantly influenced the complex formation rate.
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Fig. 3. Characterization of the DNA-binding activity of
IN_CRF as compared to that of IN_A. The average values
of at least three independent measurements for which the
standard deviation did not exceed 15% are given. A —
The dependence between the IN/DNA-substrate com-
plex concentration and IN concentration. B — The kinetics
of DNA-substrate fluorescence polarization after DNA
binding to IN_CRF and IN_A

Characterization of the catalytic activity of IN_CRF
IN is involved in two successive reactions during viral
replication: 3’-end processing (in which it catalyzes the
cleavage of the GT dinucleotide from both 3’-ends of
viral DNA) and strand transfer (insertion of the pro-
cessed viral DNA into the cell DNA). Both of these re-
actions can be studied in vitro using standard protocols
[25]. We used a standard synthetic DNA duplex U5B/
Ub5A mimicking the U5 region of HIV-1 DNA LTR for
the 3’-processing reaction. The duplex contained a
[6’-%P]-labelled U5B strand, which was turned into a
product shortened by two nucleotides as a result of the
reaction. In the strand transfer reaction, the [5’-%P]-
U5B-2/U5A duplex with the already processed U5B-2
strand was used both as a substrate and a target.
Studying the kinetics of 3’-processing showed that
IN_CREF processes its substrate more efficiently and
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Table 1. DNA-binding and catalytic activities of IN_CRF
and IN_A

Characteristics IN_CRF IN_A
K, nM 236 25 %7
k , min™ 0.69 = 0.09 | 0.24 = 0.02
Rghedienaot | | o
V, (3’-processing), pmol/min’ 193+21 | 98=+23
V_ ., pM/min 26 % 1 16 % 1
K, nM' 26+0.3 | 46=+0.38
vV /K, x10% min™" 101 | 35%06
R g | w0 |
V, (strand transfer), pmol/min’ 114+32 | 65*28

Note. The average values of at least three independent
measurements (*+ standard deviation) are presented.

'P <0.05.

“Reaction efficiency after 300 min as compared to that for
the consensus IN_CRF taken as 100%.

faster than IN_A does (Fig. 4, Table 1). In order to
thoroughly clarify the reasons for the increased reac-
tion efficiency, we determined the kinetic parameters
of 3’-processing (K, and V__ ). It turned out that the
K, is 1.8 times lower and V__ is 1.6 times higher for
IN CRF than for IN_A (Table 1). Therefore, IN_CRF
is characterized by a higher 3’-processing rate, which
is achieved at lower substrate concentrations. Accord-
ingly, the catalytic efficiency (V. /K,) of IN_CRF was
almost three times higher than that of IN_A (Table 1).
Obviously, such a high activity of IN_CRF cannot be
attributed only to the higher rate of the DNA substrate
binding (Fig. 3), especially taking into account that the
dissociation constants for the complexes of both en-
zymes with DNA were similar. As mentioned above,
the N-terminal domain of IN is responsible for its
multimeric state, which changes when IN binds to its
DNA substrate [42, 43] to form the catalytically active
enzyme-substrate complex. It is possible that amino
acid substitutions located on the N-terminal domain of
IN_CRF contribute to the formation of such a complex,
thereby stimulating the more efficient reaction.

When studying the strand transfer reaction, we de-
termined the reaction efficiency and rate, as well as the
pattern of the reaction products, which demonstrates
on which site the substrate is inserted into the target
DNA. Strand transfer efficiency and rate were again
higher for IN_CRF, whereas the pattern of products
was the same (F'ig. 5). Of note, the profiles of the strand
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transfer products were different for IN_A and IN_B
[25]. The profiles of the integration products can vary if
the modes of complex formation between IN and target
DNA differ. The catalytic and especially C-terminal
domains of IN are known to be mainly involved in the
target DNA binding [36]; their structures are similar
for IN-CRF and IN_A and significantly differ from
that of IN_B (Fig. 1). Therefore, location of the target
DNA in its complexes with IN_CRF and IN_ A is similar
and differs from its location in the complex with IN_B.

The influence of drug resistance mutations on IN_
CRF activity and its sensitivity to raltegravir

Since no data are available about drug resistance mu-
tations in the genetic variant of the virus under study,
we introduced mutations known to confer resistance
to strand transfer inhibitors in other HIV-1 subtypes
in the IN_CRF gene. We chose the primary mutation
Q148K and the secondary compensatory mutation
G140S causing IN resistance to raltegravir and elvite-
gravir [44, 45]. The G118R and E138K substitutions
resulting in reduced IN sensitivity to dolutegravir
were also selected [46, 47]. Therefore, IN_CRF protein
variants containing Q148K /G140S and G118R/E138K
double substitutions were prepared (Fig. 2). We inves-
tigated their DNA binding activity and the depend-
ence of their 3’-end processing efficiency on the IN
concentration and reaction time. It turned out that the
introduced mutations did not affect the stability of the
enzyme-substrate complex but significantly reduced
the IN catalytic activity (Table 2). Interestingly, the
Q148K /G140S double substitution reduced the IN
CRF activity more significantly than G118R/E138K
did. The initial rate of 3’-processing for the mutant IN
proteins decreased 7.1- and 3.4-fold, respectively, as
compared to that for the initial consensus IN_CRF. We
had previously revealed a decline in the catalytic activ-
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Fig. 5. Characteristics of the strand transfer reaction cata-
lyzed by IN_CRF and IN_A. The average values of at least
three independent measurements for which the standard
deviation did not exceed 15% are given. A — Strand
transfer kinetics. B — The products of the strand transfer
reaction for IN_CRF and IN_A (electrophoretic analysis of
the reaction products after 300 and 360 min)

ity of IN_A in the 3’-processing reaction resulting from
the Q148K /G140S and G118R/E138K mutations, but
this decline was the same for both double mutations
(3.8-fold) [25].

Similarly to IN_A [25], the Q148K /G140S and
G118R/E138K substitutions significantly reduced the
efficiency of strand transfer catalyzed by IN_ CRF
(Table 2). The decrease was slightly stronger in the case
of G118R/E138K than for the Q148K /G140S muta-
tion: 4.6-fold versus 3.7-fold, respectively. Interest-
ingly, G118R/E138K substitutions in the case of IN_B
affected the strand transfer efficiency very slightly
[25]. The strong negative effect of these substitutions
in both IN_CRF and IN_A is obviously related to the
natural polymorphism S119P (Fig. 1), resulting in
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Table 2. DNA-binding and catalytic activities, as well as raltegravir resistance of IN_CRF, IN_A, and their mutant forms

Q148K /G140S, G118R/E138K

IN_CRF IN_A
Characteristics 148K G118R 148K G118R
CONSEnsus QG140S/ E138K/ consensus %140S( E138K*/
K, nM 23+6 28+ 9 25 =5 25 =7 ND ND
V, (3’-processing), pmol/min 19.3+21 2.7+04 56 +12 9.8 +2.3 2.6 0.1 2.6 =04
Relative efficiency of 3’-processing, % 100 22 31 100 25 24
Relative strand transfer efficiency, % 100 27 22 100 20 23
Raltegravir IC,,, nM 7= 500 = 50 50 =3 ) e= 400 = 150 73
FC 1 71 7 1 80 14

Note. The average values of at least three independent measurements (£ standard deviation) are presented. ND — the

values were not determined.
*According to [25].

the more rigid conformation of the active center and
the reduced ability of both integrases to adapt to the
G118R mutation. We assume that it is the rigid confor-
mation of the active center within IN_CRF and IN_A
bearing the G118R/E138K double mutation that limits
their ability to bind to the target DNA, thus resulting
in a sharp decrease in the number of strand transfer
products for the G118R/E138K mutants (Fig. 6 and
[25]). The Q148K /G140S substitutions did not change
the pattern of the reaction products when compared to
the initial IN_CRF (Fig. 6).

We also studied the sensitivity of IN_CRF and its
Q148K /G140S and G118R/E138K mutants to in-
hibition by raltegravir, the drug used for treatment
of HIV-infected patients in the Russian Federation.
IN CRF was efficiently inhibited by raltegravir (T'able
2); the IC, value was close to those obtained earlier
for IN_A and IN_B [25]. Introduction of Q148K /G140S
resistance mutations detected in other HIV-1 subtypes
also led to the emergence of IN_CRF resistance. We
observed a 70-fold increase in the IC_  value, which was
consistent with the data previously obtained for IN_A
[25]. The G118R/E138K mutations also reduced the
sensitivity of IN_CRF to raltegravir but not substan-
tially (FC = 7, Table 2). It should be noted that IN_A
bearing G118R/E138K mutations exhibited almost no
drop in sensitivity to raltegravir [25].

CONCLUSIONS

The recombinant IN protein from a new HIV-1 ge-
netic variant, CRF63_02A1, that is rapidly spreading
across Siberia has been identified and characterized
for the first time. IN_CRF was found to catalyze both
3’-processing and strand transfer reactions faster and
more efficiently than IN of HIV-1 subtype A does. The
high rates of these reactions are likely to be ensured
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Fig. 6. Electrophoretic analysis of the strand transfer reac-
tion products for IN_CRF (lane 2) and its mutants G118R /
E138K (lane 3) and Q148K /G140S (lane 4) (reaction time
300 min). Lane 1 — DNA control without IN added. The
reaction efficiency is shown above the gel

by faster binding of the substrate DNA and the higher
catalytic efficiency that were found for IN_CRF. Ap-
parently, all these changes could be attributed to the
E11D, K14R, S24N, and M50I amino acid substitutions
residing in the N-terminal domain of IN_CRF, which
plays an important role in IN multimerization and
binding to viral DNA. However, due to the lack of sig-
nificant differences in the catalytic and C-terminal do-
mains of IN_CRF and IN_A, the pattern of the strand
transfer products characterizing a mode of the target
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DNA positioning in the active site of the enzyme-sub-
strate complex was similar for both INs.

The results obtained allowed us to suggest that the
resistance of the HIV-1 genetic variant CRF63_02A1
to raltegravir may develop primarily due to the emer-
gence and fixation of Q148K /G140S mutations as it
was described for other HIV-1 subtypes [48]. The intro-
duction of these mutations in IN_CRF led to a 70-fold

increase in resistance to this inhibitor as compared to
the initial parental IN_CRF. The G118R/E138K muta-
tions resulted in only a seven-fold increase of the resis-
tance of IN_CRF to raltegravir. @

This work was supported by the Russian Science
Foundation (grant no. 16-15-10238).
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ABSTRACT L,D-transpeptidase 2 from Mycobacterium tuberculosis plays a key role in the formation of nonclas-
sical 3-3 peptidoglycan cross-links in a pathogen’s cell wall making it resistant to a broad range of penicillin
antibiotics. The conditions of cultivation, isolation, and purification of recombinant L,D-transpeptidase 2 from
M. tuberculosis have been optimized in this study. Oxidation of the free SH groups of catalytic cysteine Cys354 is
an important factor causing the inactivation of the enzyme, which occurs during both the expression and storage
of enzyme preparations. The biochemical characteristics of purified L,D-transpeptidase 2 and L,D-transpeptidase
2 lacking domain A were determined; the kinetic constants of enzyme-catalyzed nitrocefin transformation were
evaluated.

KEYWORDS L,D-transpeptidase, Mycobacterium tuberculosis, enzyme purification, recombinant enzyme, enzyme
reactivation.

ABBREVIATIONS Ac — acetyl; Ldt — L,D-transpeptidase; LdtMt1 and LdtMt2 — L,D-transpeptidases from Mycobac-
terium tuberculosis type 1 and 2; m-DAP — meso-diaminopimelic acid; IG —immunoglobulin; Amp — ampicillin;
IPTG - isopropyl--D-1-thiogalactopyranoside; LEW — lysis/equilibration /wash buffer; PAGE electrophore-

sis — polyacrylamide gel electrophoresis; DTT — dithiothreitol; DMSO — dimethyl sulfoxide.

INTRODUCTION

Tuberculosis is a dangerous infectious disease caused
by Mycobacterium tuberculosis. The number of cases
of multidrug-resistant tuberculosis is increasing with
every passing year [1]. Tuberculosis therapy consists in
a combined use of four major first-line drugs: rifampic-
in (an inhibitor of DNA-dependent RNA polymerase),
isoniazid and pyrazinamide (blockers of synthesis of
myecolic acids essential to cell wall formation in M. tu-
berculosis), and ethambutol (an inhibitor of arabinos-
yltransferase, the enzyme involved in arabinogalactan
synthesis). Treatment of patients in the active phase
of the disease can last up to 6 months. In some cases,
M. tuberculosis may persist in the lungs in the so-called
stationary phase, when bacterial growth slows down
and neither immune response nor resistance to various
antibiotics is observed [2]. In this regard, it is of great
interest to search for drugs specific to the previously
unknown molecular targets related to the features of
vital activity and the structural organization of the
causative agent of tuberculosis.

Recently, the peculiarities of cell wall formation in
numerous dangerous pathogens, including Mycobac-
terium tuberculosis, have been made clear. While the
penicillin-binding enzymes D,D-transpeptidases cata-
lyzing the transfer of the 3" residue of meso-diami-
nopimelic acid (m-DAP) or L-Lys to the 4™ D-Ala resi-
due (the so called 4—3 crosslinks) play the major role in
peptidoglycan crosslinking in most bacteria, most of the
peptidoglycan crosslinks in Mycobacterium tuberculo-
sts are formed by L,D-transpeptidases that catalyze
transfer of the 3™ m-DAP residue to the analogous
residue in another peptidoglycan chain (the so called
3—3 crosslinks [3, 4], whose content in the pathogen’s
cell wall can be as high as 80%).

Initially, L,D-transpeptidases were found in micro-
organisms such as Escherichia coli [5], Bacillus subtilis
[6], and Enterococcus faecium [7]. It was not until very
recently that the presence of these enzymes and their
exceptional role in cell wall formation in such patho-
gens as M. tuberculosis [8] and Helicobacter pylori [9]
were revealed. This discovery cast light on the reasons
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for the poor efficacy of B-lactam antibiotics against
tuberculosis and several other infectious diseases: un-
like D,D-transpeptidases, L,D transpeptidases are not
sensitive to the widely used penicillins and cephalo-
sporins [10, 11]. The important role of these enzymes in
mycobacteria functioning makes them one of the most
attractive targets in the search for inhibitors that could
help design novel antibiotics with anti-tuberculosis ac-
tivity.

L,D-transpeptidases belong to the class of amino-
acyl transferases [EC 2.3.2], the YkuD superfamily of
proteins whose name (YkuD enzyme) originates from
B. subtilis, the first enzyme with a known crystalline
structure [6]. The M. tuberculosis genome encodes five
proteins containing a domain with L,D-transpeptidase
activity (Rv0116c, Rv0192, Rv0483, Rv1433, and
Rv2518c regions) [11]. L,D-transpeptidase 2 (LdtMt2)
[8] is the most actively expressed one; its presence
in M. tuberculosis is associated with a high content
of non-classical 3—3 peptidoglycan crosslinks in the
pathogen’s cell wall. The amino acid sequences of L,D-
transpeptidases from M. tuberculosis were identified,
but their structures were established only for types
1 and 2 enzymes (LdtMtl and LdtMt2, respectively).
The LdtMt2 precursor consists of 408 amino acid resi-
dues that form the signal peptide (Metl-Ala34) and
the chain of the enzyme (Cys35-Ala408), which can be
divided into three domains: two non-catalytic Ig-like
domains A and B (residues Alab5-Ser147 and Prol48-
Gly250, respectively) and the catalytic domain C
(residues Asp251-Ala408) with transpeptidase activity
[8]. Cys3b4, His336, and Ser337, which constitute the
proton transfer chain, are the key residues involved in
catalysis [8]. The active center of LdtMt2 is not directly
exposed to solution and is located under the so-called
Tyr298-Trp324 “lid” [12] that forms three channels (A,
B and C). The substrate can be delivered to the active
center through two of these channels (B and C).

The structure of the LdtMt2 complex with the di-
peptide (N-y-D-glutamyl-m-DAP) fragment of pep-
tidoglycan in the active site of the enzyme PDB 3TUR
[11] was determined. The crystal structures of the
covalent LdtMt2—meropenem and LdtMtl—imipenem
complexes [12, 13] were also obtained. The inactivation
of LdtMtl by various carbapenems (e.g., meropenem,
imipenem, doripenem and ertapenem) was studied us-
ing the methods of pre-stationary kinetics [14]. Dhar
et al. [15] demonstrated that not only carbapenems,
but also faropenem (a B-lactam antibiotic belonging to
the penem family) can effectively inhibit LdtMt. Our
earlier molecular modeling study [16] focused on the
interaction between the enzyme and the tetrapeptide
fragment of cell wall peptidoglycan, as well as the
known B-lactam inhibitors, and identified the features
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Fig.1. Combined frames from molecular dynamic trajecto-
ries in which peptidoglycan fragments are connected to
the active site through different channels (B and C) [16]

of binding of the N- and C-terminal fragments of the
growing peptidoglycan chain with LdtMt2 upon forma-
tion of 3—3 crosslinks. We used these findings to build
an adequate full-atom model of LdtMt2 for screening
and optimization of the inhibitor structure (Fig. 1). A
specific feature of the catalysis by L,D-transpeptidases
is that these enzymes bind two substrate molecules at
their active center. One bound molecule acts as an acyl
donor that then forms the acyl-enzyme intermediate.
The other bound molecule acts as a nucleophile giving
rise to the 3—3 crosslink in the cell wall peptidoglycan
after the nucleophile binds to acyl-enzyme and the
acyl group of the L-center in the m-DAP residue of
one peptidoglycan chain is transferred to the amino
group of the D-center in the m-DAP residue of the
other chain. Molecular modeling showed that binding
of the N-terminal fragment of the growing peptidogly-
can chain (an acyl donor), as well as B-lactams capable
of inactivating the enzyme due to the formation of a
stable acyl-enzyme, takes place in channel C, while
the C-terminal (nucleophilic) fragment of the growing
chain binds in channel B.

The objective of this work was to isolate, purify,
and characterize LdtMt2 from M. tuberculosis to ob-
tain enzyme preparations for experimental studies of
the inhibitory activity of the compounds selected by
computer-aided screening.

EXPERIMENTAL

Expression of LdtMt2 and LdtMt2_cut

in E. coli, isolation and purification

When conducting this study, an enzyme preparation
lacking the domain A (referred to as the LdtMt2_cut
preparation) was obtained, along with full-length
LdtMt2. A comparative study of these two enzymes
(LdtMt2 and LdtMt2 cut) could help us understand
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the effect of domain A on the catalytic activity of the
enzyme. The pET-19b plasmid carrying either the
Rv2518c gene (LdtMt2) that lacks the region encod-
ing the signal peptide (Phe54-Ala408 residues) or the
Rv2518c_cut gene (LdtMt2_cut) lacking both the sig-
nal peptide and domain A (residues Pro148-Ala408)
was used for enzyme expression. In both cases, the
terminal peptide consisting of 24 amino acid residues
resided in the N-terminal portion of the protein:
MGHHHHHHHHHHSSGHIDDDDKHM with the
decahistidine terminal fragment (His-tag). E. coli BL.21
(DE3) colonies with the transformed pET-19b plasmid
were grown overnight in LB medium. Subsequently,
100 pl of the obtained culture was transferred to a
flask with the LB medium containing 100 pug/ml am-
picillin (Amp). The medium was incubated at 37°C and
180 rpm for 6—7 h until an optical density of 0.6—0.8 at
A =600 nm was reached.

Enzyme expression was started by decreasing the
temperature to 15°C and adding a CaCl, aqueous
solution (until a 2 mM concentration was reached),
isopropyl-p-D-1-thiogalactopyranoside (IPTG) (until
a 0.5 mM concentration), and glycerol (until a 2 vol.%
concentration). Expression was continued for 4, 24,
and 48 h. All enzyme isolation steps were performed
on ice; the samples were centrifuged at 4°C. Isolation
was carried out according to the standard procedure,
using Protino Ni-TED 1000 columns (MACHEREY-
NAGEL GmbH & Co) for purification of His-tagged
proteins [17]. Cells were precipitated from the medium
by centrifugation at 4,000 rpm for 15 min; the wet
cell mass was weighed, re-suspended in 3 ml of LEW
buffer (50 mM NaH,PO, pH 8.0, 0.3 M NaCl); lysozyme
was added until a 1 mg/ml concentration. The mixture
was incubated for 30 min and then disintegrated by
ultrasound in ice-cold water for 10 min. The resulting
mixture was centrifuged at 12,000 rpm for 30 min at
4°C. The supernatant was collected, filtered through
a 0.2 pm filter, and purified using the Protino Ni-TED
1000 column equilibrated with 2 ml of the LEW buffer.
Cellular proteins were washed off by adding two por-
tions (2 ml) of the LEW buffer. LdtMt2 was eluted from
the columns with three portions (1.5 ml each) of the
elution buffer (50 mM NaH,PO,, 0.3 M NaCl, 0.25 mM
imidazole, pH 8.0). The total protein concentration and
enzyme yield were controlled at all purification stages
using the microburet method [18].

Determination of the concentration of SH groups

Free SH groups were titrated with Ellman’s reagent
5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) using a
10 mM (4 mg/ml) solution in a denaturing buffer (0.1 M
Tris-HCI pH 8.0 containing 6 M guanidine chloride).
N-acetylcysteine (N-Ac-L-Cys) was used as a mod-

H
= N Y S
m " NO,
S o] No o =
o]
COOH

NOZ

Fig.2. Structural formula of nitrocefin, the substrate of L,D-
transpeptidase

el compound to construct the calibration plot: 7 pl of
the 10 mM solution of Ellman’s reagent (4 mg/ml) and
5—55 pl of a 0.2 mM N-Ac-L-Cys solution (2—22 pM)
were added to the denaturing buffer so that the total
volume of the mixture was 500 pl. The resulting mix-
ture was then incubated for 5 min, and absorbance was
measured at 412 nm. The concentration of SH groups
was calculated using the extinction coefficient of the
resulting 2-nitro-5-thiobenzoic acid at 412 nm and pH
8.0 (14150 M-'ecm™) [19].

Free SH groups in the LdtMt2 and LdtMt2_cut
preparations were titrated using the same procedure:
a 62—125 pl aliquot with the known enzyme concentra-
tion was added to the denaturing buffer supplemented
with 7 pl of Ellman’s reagent so that the final volume
of the mixture was 500 pl. The mixture was incubated
for 5 min, and the absorbance at 412 nm was measured.
The concentration of the SH groups in the enzyme was
calculated in a similar manner as it was done for N-Ac-
L-Cys.

Determination of the activity of LdtMt2

and LdtMt2_cut using nitrocefin

There currently exist no appropriate low-molecu-
lar-weight analogs of the cell wall fragment that could
be used as convenient substrates for determining en-
zyme activity. Therefore, the activity of LdtMt2 and
the reaction kinetics are studied using the chromogenic
substrate, nitrocefin (Fig. 2) [11]. The nitrocefin-hydro-
lyzing activity of enzyme preparations was determined
by measuring the absorption of the product of B-lactam
ring hydrolysis at 486 nm in 0.02 M HEPES buffer (pH
7.5) in the presence of 0.1 M KCL The extinction coef-
ficient of the product was taken as 20,500 M'cm™ [11].

Cultivation under reducing conditions

to prevent enzyme inactivation

Our experiments aimed at isolating and purifying Ldt-
Mt2 demonstrated that reducing conditions preventing
the oxidation of the catalytic cysteine residue are need-
ed to obtain active enzyme preparations. Therefore,
dithiothreitol (DTT) was added to the medium 3 h be-
fore expression termination until a total concentration
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Table 1. Results of cultivation, isolation, and purification of LdtMt2 and LdtMt2_cut

LdtMt2

of 6 mM. Enzyme isolation was also performed in the
presence of DTT.

RESULTS AND DISCUSSION

When obtaining the LdtMt2 and LdtMt2_cut samples,
we performed expression during different time peri-
ods (4, 24 and 48 hrs) to identify the conditions under
which the yield of the target enzyme would be optimal.
Table 1 summarizes the results of isolation and purifica-
tion of the LdtMt2 and LdtMt2_cut preparations. The
optimal cultivation time was 24 h: both gain in time
and higher yield of the purified enzyme were observed
compared to cultivation for 48 h.

PAGE demonstrated that extraneous proteins do
not bind to the Ni-TED column. The resulting enzyme
preparations were of high purity; their molecular
weights corresponded to LdtMt2 40.9 kDa (Ala55-
Ala408 + His-tag) and LdtMt2_cut 31.3 kDa (Pro148-
Ala408 + His-tag) (Fig. 3). Meanwhile, the nitrocefin-
hydrolyzing activity of the LdtMt2 preparation isolated
without addition of reducing agents was significantly
lower than expected. As shown earlier [11], the cata-
lytic cysteine residue Cys354 might be oxidized, which
may lead to irreversible inactivation of LdtMt2. When
cultivation of E. coli cells and isolation of the enzyme
were carried out under reducing conditions with di-
thiothreitol (DTT) added to the medium to prevent
oxidation of the catalytic cysteine residue, the protein
yield was not significantly changed and was equal to
approximately 1.8 = 0.2 mg per 50 ml of the culture
medium. However, the catalytic activity of the enzyme
was significantly higher. The degree of oxidation of
SH groups in the LdtMt2 and LdtMt2_cut samples
obtained upon cultivation and isolation of the enzyme
under nonreducing and reducing conditions was evalu-
ated by Ellman titration (see the Experimental section).
The results are presented in Table 2. Addition of DTT to
the culture medium and enzyme isolation under reduc-
ing conditions made it possible to prevent oxidation of
the catalytic Cys354 and obtain a LdtMt2 preparation
whose specific activity was almost twice as high.
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Fig.3. Denaturing protein electrophoresis of LdtMt2 40.9
KDa (Ala55-Ala408 + His-tag) and LdtMt2_cut 31.3 KDa
(Pro148-Alad408 + His-tag) preparations purified on a Pro-
tino Ni-TED 1000 packed column, as well as cell extracts
and fractions that failed o bind to the resin

Table 2. The proportion of free SH groups in LdtMt2 en-
zyme preparations obtained without and with addition of
DTT to the culture medium

It should be mentioned that the purified enzyme
samples were stable upon storage (4°C, pH 7.5, 20 mM
HEPES, 0.1 M KCl) and hardly lost their activity after
a month. This fact substantially speaks in favor of the
application of the obtained enzyme preparations in
studying their catalytic properties and testing potential
inhibitors.

An important aspect of this work was understanding
the effect of domain A on the catalytic activity of the
enzyme. Comparison of the activities of LdtMt2 and



RESEARCH ARTICLES

Table 3. Specific activity of the LdtMt2 and LdtMt2_cut
preparations in the nitrocefin conversion reaction per pro-
tein content in the enzyme preparation and the content of
active centers with allowance for the presence of free SH
groups

Specific activity
Sample Per protein Per concentration
content, of SH groups,
umol/min/mg | pmol/min/umol
LdtMt2
(Ala55-Ala408) 0.65 30.6
LdtMt2_cut
(Pro148—Ala408) 0.03 2.6

LdtMt2_cut showed that, after domain A is removed,
specific activity drops more than tenfold (see Table 3).
The K, and V__values of nitrocefin hydrolysis cata-
lyzed by LdtMt2 and LdtMt2_cut were determined by
analyzing the dependence of the initial rates on sub-
strate concentrations in the range of 5—160 uM (Fig.
4). The concentration of the free SH groups was taken
into account when determining the catalytic constants
of the enzymatic reaction and evaluating the active
site concentrations in the LdtMt2 and LdtMt2 cut
preparations. The drop in the activity of the full-length
enzyme after removal of the domain A was mainly due
to the decrease in the catalytic constant of nitrocefin
conversion, which went down from 0.98 = 0.05 s to
0.08 = 0.03 s' when proceeding from LdtMt2 to Ldt-
Mt2_cut, while the value of the Michaelis constant
worsened slightly: from 85 = 7 to 102 = 10 uM.

CONCLUSIONS

Optimization of the conditions of LdtMt2 expression
and purification has shown that the most produc-
tive way to obtain active enzyme preparations is to
cultivate E. coli cells for 24 h in a LB medium in the
presence of 0.2 mM IPTG, 2 mM CaCl, and timely add
reducing agents (DTT) to prevent the oxidation of cat-
alytic Cys354. The resulting highly purified LdtMt2

0.12

0.10

0.08 A

0.06

V, UM /s

0.04

0.02 1

0.00 T r r T : - T :
0 20 40 60 80 100 120 140 160 180

[Nitrocefin], pM

Fig.4. The initial reaction rate of nitrocefin B-lactam ring
hydrolysis catalyzed by LdtMt2 as a function of the ni-
trocefin concentration. The experimental data are shown
with dots. The regression curve was built using the kinetic
parameters presented in the text

preparation does not lose its activity after storage
in 20 mM HEPES buffer, pH 7.5, at 4°C for at least a
month and can be used for experimental studies of
potential enzyme inhibitors selected by computer-aid-
ed screening. The biochemical and kinetic properties
of a full-length LdtMt2 preparation and LdtMt2_cut
preparation lacking domain A were characterized. It
was shown that after domain A (which is not directly
attached to the catalytic domain C) is removed, the ac-
tivity of the full-length enzyme decreases significantly
(more than 10 times), mainly because of the drop in the
catalytic constant of nitrocefin hydrolysis. Interaction
between the domains and their role in the functioning
of the full-length enzyme need further investigation. ®

This work was supported by the Russian Science
Foundation (grant no. 15-14-00069).
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ABSTRACT In the present work, a thermodynamic analysis of the interaction between endonuclease VIII (Endo
VIII) and model DNA substrates containing damaged nucleotides, such as 5,6-dihydrouridine and 2-hydroxy-
methyl-3-hydroxytetrahydrofuran (F-site), was performed. The changes in the fluorescence intensity of the
1,3-diaza-2-oxophenoxazine (tC°) residue located in the complementary chain opposite to the specific site were
recorded in the course of the enzyme-substrate interaction. The kinetics was analyzed by the stopped-flow meth-
od at different temperatures. The changes of standard Gibbs free energy, enthalpy, and entropy of sequential
steps of DNA substrate binding, as well as activation enthalpy and entropy for the transition complex formation
of the catalytic stage, were calculated. The comparison of the kinetic and thermodynamic data characterizing
the conformational transitions of enzyme and DNA in the course of their interaction made it possible to specify
the nature of the molecular processes occurring at the stages of substrate binding, recognition of the damaged
base, and its removal from DNA.

KEYWORDS thermodynamics, pre-steady-state kinetics, kinetic mechanism, DNA glycosylase.

ABBREVIATIONS Endo VIII — endonuclease VIII; AP-site — apurinic/apyrimidinic site; F-site — (3-hydroxytetra-
hydrofuran-2-yl) methyl phosphate; DHU — 5,6-dihydrouridine.

INTRODUCTION GIn69, Leu70, and Tyr71 residues are positioned into

Endonuclease VIII (Endo VIII or Nei) is one of the key
DNA glycosylases in Escherichia coli responsible for
the elimination of a wide range of oxidized and reduced
pyrimidine bases [1, 2]. The products of oxidation/
reduction of pyrimidine bases in DNA are thymine
glycol, 5,6-dihydrothymine, 5,6-dihydrouracil, urea,
5-formyluracil, 5-hydroxymethyluracil, 5-hydroxy-
cytosine, 5-hydroxyuracil, uracil glycol, etc. Endo VIII
catalyzes the hydrolysis of the N-glycosidic bond of
a damaged base (N-glycosylase activity) with subse-
quent B-elimination of the 3’ and 5’ phosphate groups
of the apurinic/apyrimidinic site (AP lyase activity),
resulting in the formation of a single-strand break in
DNA (Fig. 1) [3, 4].

X-ray structural analysis of the free enzyme and
its complex with DNA showed that the interaction of
Endo VIII with DNA leads to conformational changes
both in the protein and substrate molecules [5, 6]. In
the enzyme-substrate complex, the ribose-phosphate
backbone of DNA is bent at approximately 45°, the
damaged base is extruded from the DNA helix and
inserted in the active center of the enzyme, while the

the resulting cavity (Fig. 2). Such changes in the struc-
ture of interacting molecules lead to the formation of
specific contacts, providing highly efficient recognition
and binding of damaged DNA nucleotides.
Previously, we performed the kinetic analysis of
conformational changes in Endo VIII and the DNA
substrate during their interaction using the stopped-
flow method with registration of the changes in the
fluorescence intensity of tryptophan residues in the
enzyme structure [7] and a number of fluorescent
analogues of heterocyclic bases in DNA [8] located on
the 3’ side or complementary to the damaged nucleo-
tide. Later [9], we used the strategy of site-directed

Fig. 1. Chemical steps in Endo VIl catalysis. Step 1, DHU
base removal; step 2, 3-elimination of the 3'-phosphate;
step 3, B-elimination of the 5'-phosphate.
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Fig. 2.The structure of Endo VIIl complexed with DNA con-
taining an AP-site (Protein Data Bank code 1K3W) [6]

mutagenesis to clarify the nature of the sequential
stages of DNA binding. All the kinetic data charac-
terizing conformational changes in the enzyme and
DNA substrates, as well as the results of the muta-
tional analysis, allowed us to propose a molecular
kinetic mechanism for the recognition of a damaged
nucleotide by the Endo VIII enzyme (Scheme 1). Stage
1 corresponds to a rapid initial binding of DNA and
formation of a non-specific enzyme-substrate com-
plex in which the N- and C-domains of the enzyme are
in a closed position. At this stage, the Leu70 residue is
wedged into the DNA duplex, which is the key stage
of recognition of the damaged DNA region. Stage 2
involves the bending of the double helix at the dam-
aged base site, the eversion of 5,6-dihydrouracil from
the duplex, and the incorporation of the Tyr71 residue
in the DNA helix, required for the stabilization of the
inverted conformation of the damaged base. In stage
3, the conformation of the active center is adjusted
in order to achieve a catalytically competent state.
The Tyr71 residue is also utilized in stage 3. In this
stage, contacts are formed between Phel2l and the
ribose-phosphate backbone of DNA. The formation of
the catalytic complex leads to the hydrolysis of the N-
glycosidic bond, followed by the B-elimination of the
3’ and 5’ phosphate groups (stage 4). The final stage of
the enzymatic cycle is the dissociation of the enzyme-
product complex (stage 5).
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Scheme 1. Kinetic mechanism of interaction between Endo
VIl and DHU substrate
1

2 3
k, k k
E + DHU = (E*DHU), =—— (E*DHU), T—>
k., k. k.,
4 5
k K

cat P

EP =—>E+P,

(E*DHU),

where E is EndoVIIl, DHU is DHU substrate, (E - DHU) are
enzyme-substrate complexes, E - P is a complex of the en-
zyme with the product P, and k and k_ are rate constants

for i step.

In order to confirm the kinetic mechanism proposed
(Scheme 1) and specify the nature of individual stages,
we determined the thermodynamic parameters of
the fast stages of the interaction between Endo VIII
and DNA and the specific recognition of a damaged
nucleotide based on the kinetic parameters obtained at
different temperatures.

EXPERIMENTAL

Oligodeoxyribonucleotides

Oligonucleotides were purified by HPLC on an ion
exchange column (PRP-X500 Hamilton Company
3.9%300 mm; particle size, 12—30 um), followed by re-
verse phase chromatography (Nucleoprep 100—20 C ,
10250 mm, Macherey-Nagel, Germany). The pu-
rity of the oligonucleotides was verified by denaturing
electrophoresis in a 20% polyacrylamide gel (PAAG).
The concentration of oligonucleotides was determined
based on the optical density of solutions at a wave-
length of 260 nm in electronic absorption spectra and
molar extinction coefficients calculated using the near-
est neighbor method [10].

DNA duplexes of 17 bp containing 1,3-diaza-2-oxo-
phenoxazine fluorophore (tC°), instead of a cytosine
residue in the complementary chain opposite the
specific site, were used as DNA substrates (Table 1).
The specific sites were the 5,6-dihydrouridine residue,
which served as the damaged base, and an F-site,
which is an analog of an intermediate product of the

Table 1. Structure of the DNA-duplexes used in this study

Name DNA-duplex

DHU-DNA, X = DHU
F-DNA, X = F-site
G-DNA, X =G

5'-TCTCTCTCXCCTTCCTT-3'
3'-AGAGAGAG(tC°)GGAAGGAA-5'
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enzymatic reaction; i.e., the apurinic/apyrimidinic site
(AP site). A duplex containing no modified nucleotides
was used as intact DNA.

Endonuclease VIII

Endo VIII was isolated from E. coli Rosetta IT (DE3)
cells transformed with a pET-24b plasmid carrying
the enzyme gene. The E. coli Rosetta II (DE3) cells
were cultivated in a LB medium (1 L) containing
50 pg/ml ampicillin at 37°C until it reached an opti-
cal density of 0.6—0.7 at a 600-nm wavelength. After
this, the temperature was decreased to 30°C and
transcription was induced by addition of isopropyl-
B-D-thiogalactopyranoside to a final concentration of
0.2 mM. After induction, the cell culture was incubated
for 8 h. Next, the cells were precipitated by centrifu-
gation (10 min, 12,000 rpm) and the cell suspension
was prepared in 30 ml of a buffer solution (20 mM
HEPES-NaOH, pH 7.8; 40 mM NaCl). The cells were
lysed using a French press (French Press Cell, Thermo
Fisher Scientific, USA). All subsequent procedures
were performed at 4°C. The cell lysate was centrifuged
(40 min at 30,000 rpm); the supernatant was loaded
onto column I (Q-Sepharose Fast Flow, Amersham
Biosciences, Sweden) and washed with the buffer so-
lution (20 mM HEPES-NaOH, pH 7.8; 40 mM NaCl).
Protein-containing fractions were collected and loaded
onto column II (HiTrap-Heparin™, Amersham Biosci-
ences, Sweden). Chromatography was performed in a
linear gradient of 40 = 1500 mM NaCl, and the optical
density of the solution was measured at 280 nm. The
degree of protein purity was determined by gel elec-
trophoresis. Fractions containing the Endo VIII protein
were dialyzed in 20 mM HEPES-NaOH buffer, pH
7.5, 1 mM EDTA, 1 mM dithiothreitol, 250 mM NaCl,
50% glycerol and stored at —20°C. Enzyme concentra-
tion was calculated based on the optical density of the
protein at 280 nm and a molar extinction coefficient of
32680 M'xcm™ [11].

Kinetic studies using the stopped-flow method
Kinetic curves were obtained based on the changes in
tCO fluorescence intensity on a stopped-flow spectro-
meter SX.20 (Applied Photophysics, Great Britain).
The tC° fluorescence excitation wavelength was
360 nm. Fluorescence was recorded at wavelengths
greater than 395 nm (Schott filter GG 395). The in-
strument dead time was 1.4 ms; the maximum signal
acquisition time was 500 s. All experiments were per-
formed in a buffer solution of 50 mM Tris-HCI, pH
7.5, 50 mM KCI, 1 mM dithiothreitol, 1 mM EDTA,
7% glycerol at a temperature range of 5 to 25°C. Each
kinetic curve was averaged over at least three exper-
imental curves.

Analysis of kinetic curves

In order to calculate the rate constants for conforma-
tional transitions, a set of kinetic curves was obtained
for different concentrations of the enzyme at different
temperatures. The fluorescence intensity of tC° was
recorded under conditions close to one enzyme turn-
over; i.e.,, at enzyme and substrate concentrations of
the same magnitude. To determine the minimum ki-
netic scheme describing the interaction of the enzyme
with a substrate and to calculate rate constants for all
elementary reactions corresponding to this scheme,
the DynaFit software (BioKin, USA) was used [12].
Quantitative processing of the results was performed
by optimization of the values of the parameters com-
prising the kinetic schemes as previously described
[13—16].

Using the values obtained for the rate constants of
direct and reverse reactions for individual reversible
stages, we calculated the equilibrium constants K, for
these stages (K, = k /k_, where i is the stage number)
at different temperatures. The standard thermody-
namic parameters of the '" equilibrium stage were
determined using the Van’t Hoff equation (1) [17, 18] as
previously described [19—23].

In(K) = -AG°/RT = -AH°/RT + AS?/R. (1)

Analysis of the temperature dependence of the k_,
rate constant using the Eyring equation (2) allowed us
to calculate the standard activation enthalpy (AH#)
and the standard activation entropy (AS°#) of the tran-
sition state [17].

In(k_,/T)=In(k,/h) + (AS>*/R) = (AH**/RT), (2)

cat
where k_ and h are the Boltzmann and Planck con-
stants, respectively; R is the universal gas constant; T
is the absolute temperature in Kelvin degrees; and k_,
is the rate constant for the irreversible catalytic stage.

RESULTS AND DISCUSSION

Interaction between Endo VIII and intact G-DNA

Figure 3A presents the kinetic curves for the interac-
tion between Endo VIII and the DNA duplex G-DNA
containing a guanine residue complementary to the
fluorophore group tC° obtained by registration of the
changes in the tC° fluorescence intensity during the
reaction. One phase of growth in the fluorescence in-
tensity, which reaches a plateau, can be noted on the
kinetic curves. When increasing the temperature, the
time necessary to reach the plateau shifts from ~30 ms
at 5°C to ~20 ms at 25°C (Fig. 3C). The kinetic curves
obtained are satisfactorily described by single-stage
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Fig. 3. Interaction of Endo VIl with intact G-DNA. A — Changes in the tC° fluorescence intensity. Jagged traces rep-
resent experimental data; smooth curves are the results of fitting to Scheme 2. [G-DNA] = 1.0 yM, concentrations
of Endo VIII (1.0—3.0 uM) are shown on the right side of the plot. B — Changes in the tC°fluorescence intensity of the
interaction of Endo VIl with G-DNA at different temperatures ([Endo VIII] = 3.0uM, [G-DNA] = 1.0uM)

Table 2. Rate and equilibrium constants of the interaction of Endo VIl with intact G-DNA

Constants Temperature, 'C
5) 10 15 20 25
k, Ms? (16=7)x10° (16=8)x10° (15%9)x10° (14+6)x10° (9£2)x10°
kst 50=+30 60=+40 50%+20 60=+40 40=+10
K, M’ (0.31%0.21)x 10° (0.26%0.21)x 10° (0.29+0.20)x 10° (0.25+0.18)x 10° (0.19%0.08)x 10°

equilibrium kinetic Scheme 2. The rate constants char-
acterizing this stage are presented in Table 2.

Scheme 2. Kinetic mechanism of interaction between Endo
VIl and intact DNA .
1

E+G=—— EG,

=1
where E is EndoVIll, G is intact DNA, E - G is the en-
zyme-DNA complex, and k, and k , are the rate constants.

Interaction of Endo VIII with AP site analog F-DNA

Interaction between Endo VIII and the AP site in
DNA has been studied using a DNA duplex contain-
ing a noncleavable analog of the AP site (tetrahydro-
furan F derivative) and the fluorophore group tC°
opposite a damaged nucleotide in the complementary
chain (Fig. 4). Two phases of tC° fluorescence intensi-
ty growth can be distinguished on the kinetic curves
presented in Fig. 4. The first phase of growth takes
place in the same time range (up to ~20 ms) as in the

32| ACTANATURAE| VOL.11 Nel (40) 2019

case of interaction with intact G-DNA. The same
conformational transformation caused by binding to
Endo VIII is likely to occur in the structure of DNA
duplexes containing both the G and F sites at the
initial time. However, there is a second stage of tC°
fluorescence intensity growth for the F ligand which
is completed by the 1st second at all temperatures
(Fig. 4). In addition, the changes in the kinetic curves
of the interaction between an F-containing DNA
and Endo VIII have a higher amplitude than in the
case of G-DNA, suggesting both greater efficiency
of complex formation between the enzyme and DNA
and more significant conformational rearrangements
in the structure of the DNA duplex containing the
F-site.

Processing of the data obtained resulted in the de-
termination of a minimal kinetic reaction scheme which
included two reversible stages of the formation of the
enzyme-substrate complex (Scheme 3). The reaction
rate constants and equilibrium constants calculated are
presented in Table 3.
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Fig. 4. Interaction of Endo VIl with F-DNA. A — Changes in the tC° fluorescence intensity. Jagged traces represent
experimental data; smooth curves are the results of fitting to Scheme 3. [F-DNA] = 1.0 yM, concentrations of Endo VIl
(1.0—3.0 pM) are shown on the right side of the plot. B — Changes in the tC°fluorescence intensity of the interaction of
Endo VIl with F-DNA at different temperatures ([Endo VIII] = 3.0uM, [F-DNA] = 1.0uM)

Table 3. Rate and equilibrium constants of the interaction of Endo VIIl with F-DNA

T Temperature, "C
5 10 15 20 25
k,, M5! (35+9)x10° (35+5)%x10° (37£5)%x10° (39£5)%x10° (40£8)x10°
kst 89+22 99=+18 109+28 129+43 144+46
K, M’ (0.4%0.1)x10° (0.35%0.08)x 10° (0.3+0.1)x 10° (0.3%0.1)x10° (0.3%0.1)x10°
k,, st 0.3=0.1 0.9%+0.3 1.4+0.2 3*1 3+1
k., st T+2 8=+1 101 11+1 12+1
K, 0.04+0.02 0.11+0.03 0.13%+0.02 0.24+0.09 0.26+0.08

Scheme 3. Kinetic mechanism of interaction between Endo
VIl and F-DNA

k, k,

E+F «—— (E°F); «—— (E°F),

i ks '
where E is EndoVIll, Fis F-DNA, (E - F)_ are enzyme-sub-
strate complexes, and ki and k; are the rate constants for

the i" step.

Interaction of Endo VIII with DHU-DNA
Figure 5A presents the kinetic curves obtained for the
interaction between Endo VIII and the DNA substrate
containing 5,6-dihydrouridine (DHU-DNA). The curves
are even more complicated than those obtained for G-
DNA and F-DNA. Similar changes in the tC° fluores-
cence intensity can be noted for all concentration series
at different temperatures (5—25°C) (Fig. 5B).

Analysis of the kinetic curves registered at 5—15°C
demonstrated a rapid growth in the tC® fluorescence
intensity at the initial region (up to 10 ms) (phase 1).

At increased temperatures, this change in the fluores-
cence intensity disappears almost completely. Follow-
ing the 1st growth phase, further increase in the fluo-
rescence signal can be identified at all temperatures.
The duration of the 2nd phase of growth decreased
with an increase in the temperature from ~300 ms at
5°C to ~80 ms at 25°C.

It is known that the changes in the DNA helix struc-
ture, the extrusion of the damaged nucleotide, and the
incorporation of a series of amino acid residues of the
enzyme into the DNA helix occur when Endo VII binds
to DNA [6]. Endo VIII forms an extensive network of
contacts with DNA. However, the contacts formed by
the amino acid residues of the triad Gln69—Leu70—
Tyr71 play the most important role in the recognition
of a damaged nucleotide.

For all the curves obtained, one can distinguish the
phase of drop in the tC° fluorescence intensity (phase
3). This phase has a pronounced temperature depen-
dence. For instance, the phase of drop in the tC° fluo-
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Fig. 5. Interaction of Endo VIl with DHU-DNA. A — Changes in the tC° fluorescence intensity. Jagged traces represent
experimental data; smooth curves are the results of fitting to Scheme 1. [DHU-DNA] = 1.0 pM, concentrations of Endo
VIII (1.0-3.0 uM) are shown on the right side of the plot. B — Changes in the 1C°fluorescence intensity of the interaction
of Endo VIl with DHU-DNA at different temperatures ([Endo VIII] = 3.0puM, [DHU-DNA] = 1.0uM)

Table 4. Rate and equilibrium constants of the interaction of Endo VIII with DHU-DNA

Temperature, 'C
Constants
5 10 15 20 25
k,, M's™ 357 40+6 457 614 80=+13
kst 230+30 270+40 320+10 440+70 580=%50
K, M! (0.149+0.038)%10° | (0.147%0.032)x10° | (0.140+0.023)x10° | (0.140+0.025)<10° | (0.138%0.027)*10°
k, st 1.0=0.2 1.7+0.1 2.6x0.4 3.6=0.6 4=+1
kst 0.34=+0.08 0.62%0.03 0.9%0.7 1L22= 1.3+0.3
K, 2.72%+0.94 2.76+0.24 2.83%+2 3.0+2.7 3.0%1
k,, s 6.5+1.4 8.1+0.6 12+2 18+4 29+3
k., s! 1.6+0.3 1.9%0.6 2.5%0.6 3*1 44+16
K, 4=+] 4314 46%1.3 5.3+1.9 6.6=2.5
a0 ST 0.06+0.02 0.09=+0.05 0.15%0.05 0.22+0.08 0.34%0.02
K, M! (0.06+0.03)*10° (0.047=0.019)%10° | (0.042%0.016)*10°¢ | (0.038+0.010)%10° | (0.034=+0.18)*10°

rescence intensity lasts up to 10 s at 5°C and only up to
1 sat 25°C. Such a change corresponds to another stage
occurring during the formation of the enzyme-sub-
strate complex. Since a decrease in the tC° fluorescence
intensity indicates a change in the microenvironment
of the fluorophore group, one can assume the adjust-
ment of the enzyme and DNA conformations to take
place at this moment to form a catalytically competent
enzyme-substrate complex.

An increase in the fluorescence signal (phase 4),
followed by the reaching of a plateau, (phase 5) is ob-
served immediately after a drop in tC° fluorescence in-
tensity. It is most likely that the fourth stage of change
in the fluorescence intensity reflects the catalytic
stages in the enzymatic process, while the fifth stage
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represents the dissociation of the enzyme complex from
the reaction product.

Thus, a total of five phases of changes in the tC°
fluorescence intensity have been identified in the
kinetic curves of interaction between endonuclease
VII and a DNA substrate containing 5,6-dihydrouri-
dine. A minimal kinetic scheme describing the kinetic
curves includes three reversible stages that lead to
the formation of an enzyme-substrate complex, one
irreversible stage, which can be attributed to the
catalytic reaction stage, and one reversible stage of
the enzyme-product complex dissociation (Scheme 1).
The calculated values of the rate constants for indi-
vidual stages and equilibrium constants are presented
in Table 4.
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Fig. 6. Van't Hoff analysis of the temperature dependence of Ki for G-DNA (A), F-DNA (B), and DHU-DNA (C). (D) Analy-
sis of the temperature dependence of In(k_, /T) characterizing the transition state of the catalytic step for DHU-DNA

Thermodynamic parameters of the interaction
between Endo VIII and DNA substrates
The rate constants for the individual stages of the in-
teraction between Endo VIII and all DNA substrates
at different temperatures were used to calculate equi-
librium constants for these stages (K)). The equilibrium
constants of individual stages were used for obtaining
the dependence of In(K)) on 1/T (van’t Hoff equation
(1)) (Fig. 6). The dependence of In(k_,/T) on 1/T (Ey-
ring equation (2)) that characterizes the irreversible
catalytic reaction in the case of the DHU substrate was
also obtained. All dependencies had a linear form and
allowed us to calculate the changes in enthalpy and
entropy for reversible stages (AH° 1 AS°) and the tran-
sition state of the catalytic stage (AH** u AS°#) (Table 5).
When analyzing the thermodynamic parameters
of the interaction between Endo VIII and DNA sub-
strates, we succeeded in identifying some common
features. For instance, primary binding of the enzyme
to all the DNA substrates used in the study is accom-
panied by a slight decrease in enthalpy and an increase

in entropy. It leads to a negative value of the change
in the Gibbs energy AG®, for the first stage of the for-
mation of the enzyme-substrate complex. It is worth
noting that the value of AG® ,, (ranging from -7.0 to
-7.4 kcal/mol) is similar for both damaged and intact
DNA, indicating that the interaction of the enzyme
with DNA is energetically favorable.

The thermodynamic parameters of the first stage
obtained for G-DNA, F-DNA, and DHU-DNA indi-
cate that the initial stage of interaction (up to 10 ms)
between Endo VIII and DNA is identical for all of the
DNA duplexes. No specific contacts with the damaged
nucleotide take place at the stage of primary binding.
The recognition of the damaged nucleotide occurs later,
upon its eversion from the DNA helix and incorpora-
tion of the GIn69—Leu70—Tyr71 triad into the helix.
Nevertheless, it has been established [9] that Endo VIII
utilizes Leu70 as a “sensor” of damaged nucleotides and
that its intercalation into the duplex structure takes
place at early stages of specific enzyme-substrate in-
teraction. Therefore, one can assume that an increase
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Table 5. Thermodynamic parameters of interaction of Endo VIl with DNA

LI Stage AHp, AS, AGS gy, Stage description®
substrate No kcal/mol | cal/(molxK)| kcal/mol
Primary binding, attempt at incorporation of Leu70 resi-
o - -
G/1C 1 36%09 123 72 due, increase in the polarity of the tC° environment
F/tCO 1 298403 16+ 1 74 Primary bmdmg,.mtercalatlo(r)l of Leu70, increase in the
polarity of the tC° environment
9 15+ 3 47+ 9 0.8 Bending of the double helix, increase in the polarity of the
B B ’ tC° environment
=2
12.2 £ 3.3 60 =10 -6.6
=1
- T X - o
DHU /tC° 1 07 %01 91.3 + 0.4 _70 Primary binding, l%ﬁjﬁ«iﬁéﬁf polarity of the tC
9 1.0 = 0.2 5.5 = 0.6 -0.65 Bending of the doublteC %e;;}i;i;réﬁ;isnetm the polarity of the
Formation of a catalytic complex, decrease in the polarity
3 3.9=07 17=2 -1 of the tC° environment
1=3
42 43.8 -8.75
i=1
4P 144 +=0.1 -124 £ 0.5 18 Catalysis, increase in the polarity of the tC° environment
Formation of a complex with the reaction product,
g =t 2= D= o increase in the polarity of the tC° environment

*According to [7-9].
b Parameters calculated using the Eyring equation (2).

in the tC° fluorescence intensity at the initial regions of
all kinetic curves reflects local conformational changes
in the DNA duplex upon wedging of the Leu70 residue
into the DNA helix.

The thermodynamic analysis of the second stage of
recruitment of Endo VIII to DNA duplexes observed in
the case of F- and DHU-containing duplexes revealed
a degree of difference. A positive AG?,,,.. value in the
case of F-DNA indicates that the process is unfavorable
and does not appear to take place at low temperatures.
In the case of the DHU-containing substrate, the sec-
ond stage of enzyme-substrate complex formation is
energetically neutral; the AG°,,,.. value is equal to -0.65
kcal/mol. This stage is accompanied by an increase
in AH° and AS° for both DNA duplexes. According to
previously obtained data, at this stage, duplex bending
occurs, which should be accompanied by the insertion
of the damaged nucleotide into the active center of the
enzyme and complete incorporation of all residues of
the GIn69—Leu70—Tyr71 triad into the DNA helix [8].

Final adjustment of the active center structure oc-
curs for the transition to the catalytic stage at the third
stage of interaction between Endo VIII and the DHU
substrate, which precedes the catalytic reaction. The
significant increase in entropy observed at this stage
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is most likely due to the dissolving of polar groups in
the region of the enzyme—DNA contact, as well as the
removal of water molecules from the grooves of the
DNA substrate. A positive change in the enthalpy AH®
indicates energy costs in obtaining a catalytically ac-
tive conformation. This is followed by the irreversible
catalytic stage (stage 4), which includes hydrolysis of
the N-glycosidic bond of the damaged nucleotide and
formation of a gap in the sugar-phosphate backbone of
the DNA at the 3’- and 5’-sides from the damaged nu-
cleotide. The catalytic stage is accompanied by a large
expenditure of energy, as indicated by the positive val-
ues of AG°*, . = 18.0 kcal/mol and AH* = 14.4 kcal /mol.
The final stage of interaction between Endo VIII and a
DHU-containing substrate is the dissociation of the en-
zyme complex from the product. It should be noted that
AG°, . (-6.2 kcal/mol) of this stage has a value similar to
that of AG®,,, for the primary DNA binding stage (-7.0
to -7.4 kcal/mol).

CONCLUSION

The changes in the fluorescence intensity of 1,3-diaza-
2-oxophenoxazine in the X:tC° pair (X = G, F, DHU)
were recorded for all of the Endo VIII DNA glycosylase
substrates used in the study. It has been shown that
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the first phase of tC° fluorescence intensity growth is
characteristic of the kinetic curves obtained for all of
the substrates. According to the thermodynamic pa-
rameters obtained, this stage reflects a similar stage
of the primary binding of Endo VIII to DNA. Accord-
ing to [7—9], this stage presents closure of the enzyme
domains and an attempt to incorporate Leu70 into the
DNA helix. The second phase of growth in fluorescence
intensity is recorded only for DNA duplexes carrying
the damaged nucleotide F or DHU. This change cor-
responds to the stage of second enzyme-substrate
complex formation. The insertion of the damaged
nucleotide into the active center of Endo VIII and in-
corporation of the amino acid residues of Endo VIII into
the DNA double helix is likely to occur at this stage.
For DHU-DNA, this stage lasts up to 1 s. It is worth
noting that both enthalpy and entropy increase in this
case. However, the change in the Gibbs energy AG’,
is close to zero (0.8 and -0.65 kcal/mol for F-DNA and
DHU-DNA, respectively) at this stage. Hence, the en-
ergy costs of changing the structure of the enzyme and
DNA substrate molecules are compensated by the in-
crease in the entropy of the system. The kinetic curves

(Fig. 5) obtained for the DHU-containing duplex show
that the two phases of growth in the tC® fluorescence
intensity are followed by a phase of decrease, reflecting
the formation of the third enzyme-substrate complex.
The final verification of the structure of the damaged
nucleotide and formation of a catalytically active com-
plex is carried out at this stage. In this case, the fluo-
rescence intensity of tC° is minimal, indicating the for-
mation of the most hydrophobic environment for the
fluorophore group. Also, this stage is accompanied by
an increase in entropy, probably indicating the removal
of water molecules from the enzyme-substrate contact
region and, consequently, compaction of the enzyme—
substrate complex. The thermodynamic parameter val-
ues of the fast stages of interaction between Endo VIII
and DNA are consistent with previously obtained data
on the mechanism of recognition and conversion of the
specific site by the enzyme [7—9]. The relative changes
in the thermodynamic parameters of individual fast
stages of the enzymatic process catalyzed by Endo VIII
DNA glycosylase are in agreement with the values
previously obtained by us for other DNA glycosylases,
such as Fpg [19], hOGG1 [20], and Nth [22]. @
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ABSTRACT The Middle East respiratory syndrome coronavirus (MERS-CoV) was identified in 2012 during the
first Middle East respiratory syndrome (MERS) outbreaks. MERS-CoV causes an acute lower-respiratory infec-
tion in humans, with a fatality rate of ~35.5%. Currently, there are no registered vaccines or means of therapeutic
protection against MERS in the world. The MERS-CoV S glycoprotein plays the most important role in the
viral life cycle (virus internalization). The S protein is an immunodominant antigen and the main target for
neutralizing antibodies. In the present study, the immunogenicities of five different forms of the MERS-CoV S
glycoprotein were compared: the full-length S glycoprotein, the full-length S glycoprotein with the transmem-
brane domain of the G glycoprotein of VSV (S-G), the receptor-binding domain (RBD) of the S glycoprotein, the
membrane-fused RBD (the RBD fused with the transmembrane domain of the VSV G glycoprotein (RBD-G)),
and the RBD fused with Fc of human IgG1 (RBD-Fc). Recombinant vectors based on human adenoviruses type
5 (rAd5) were used as delivery vehicles. Vaccination with all of the developed rAd5 vectors elicited a balanced
Th1/Th2 response in mice. The most robust humoral immune response was induced after the animal had been
vaccinated with the membrane-fused RBD (rAd5-RBD-G). Only immunization with membrane forms of the
glycoprotein (rAd5-S, rAd5-S-G, and rAd5-RBD-G) elicited neutralizing antibodies among all vaccinated
animals. The most significant cellular immune response was induced after vaccination of the animals with the
full-length S (rAd5-S). These investigations suggest that the full-length S and the membrane form of the RBD
(RBD-G) are the most promising vaccine candidates among all the studied forms of S glycoprotein.

KEYWORDS Middle East respiratory syndrome, MERS; MERS-CoV, glycoprotein; adenoviral vector, immunity.
ABBREVIATIONS 95% CI — 95% confidence interval; APC — allophycocyanin; DPP4 — dipeptidyl peptidase 4;
Fc — fragment crystallizable; FFU — focus-forming units; rAd5 — recombinant vector based on adenovirus
type 5; RBD — receptor-binding domain of MERS-CoV S glycoprotein; RBD-Fc — receptor-binding domain of
MERS-CoV S glycoprotein fused with Fc of human IgG1; RBD-G — receptor-binding domain of MERS-CoV S
glycoprotein fused with the transmembrane domain of the VSV G glycoprotein; S — MERS-CoV glycoprotein;
S1, S2 — domains of MERS-CoV S glycoprotein; S-G — full-length S glycoprotein with the transmembrane
domain of the G glycoprotein of VSV; Th — T helper; VSV — vesicular stomatitis virus; MERS — Middle East
respiratory syndrome; MERS-CoV — Middle East respiratory syndrome coronavirus; PFU — plaque-forming
unit; v.p. — viral particles; GMT — geometric mean titer; IFNy — interferon gamma; TM — transmembrane domain;
SARS —severe acute respiratory syndrome; SARS-CoV — severe acute respiratory syndrome coronavirus; PBS —
phosphate-buffered saline; PBST — PBS supplemented with 0.1% Tween 20; ER — endoplasmic reticulum.

INTRODUCTION agent of MERS was officially called the Middle East
The Middle East respiratory syndrome (MERS) is an respiratory syndrome coronavirus (MERS-CoV) in
acute inflammatory respiratory infection that was first 2013 [1, 2]. MERS-CoV is a single-stranded RNA virus
identified in Saudi Arabia in June 2012. The causative belonging to the Coronaviridae family, genus Betacoro-
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navirus. Dromedary camels are the natural reservoir of
MERS-CoV,; viral transmission to humans occurs dur-
ing consumption of unpasteurized camel milk; airborne
transmission is also possible [3—5].

To date, a total of 2,260 laboratory-confirmed cases
of MERS-CoV infection have been reported, includ-
ing 803 deaths [6—7]. Due to its high mortality rate
(~ 35.5%) [6], combined with a wide distribution of the
reservoir and absence of effective preventive drugs or
treatment, WHO experts classify MERS-CoV as a virus
with the potential to cause a pandemic [8]. Therefore,
vaccine development is necessary in order to stave off
such a pandemic.

The main protective MERS-CoV antigen is the S
glycoprotein presented as a trimer on the virus sur-
face. The S glycoprotein plays an important role in the
virus’ internalization into the cell [9]. The S glycopro-
tein is subdivided into two subunits: the S1 subunit
containing the receptor-binding domain (RBD), and
the S2 subunit responsible for the fusion of the virus
and cell membrane [10—13]. These features make the
S protein an important target for MERS-CoV vaccine
development [14—17]. The RBD of the MERS-CoV
S glycoprotein is a key target for the development
of preventive and therapeutic means against MERS
[18—20], because the RBD mediates the interaction
between MERS-CoV and the receptor DPP4 on the
cell surface.

In order to develop an effective MERS-CoV vaccine,
it is important to understand which form of the glyco-
protein to include in the vaccine to provide protection
against MERS. There are data that demonstrate the
immunogenicity of various forms of the MERS-CoV
glycoprotein [21-25]. However, the question of which
form is preferable for a vaccine remains open, since
an antigen panel has not been tested under the same
conditions. In order to address this knowledge gap, we
constructed five recombinant vectors based on human
adenovirus type 5 (rAd5) expressing different forms of
the MERS-CoV S glycoprotein:

— the full-length S glycoprotein localized in the en-
doplasmic reticulum (ER);

— two secreted variants of the receptor binding do-
main of the MERS-CoV S glycoprotein containing the
alkaline phosphatase leader peptide (the RBD and the
RBD fused with Fc of human IgG1 to increase stability
and immunogenicity [18,19]); and

— two transmembrane (TM) forms localized in the
plasma membrane of the cell: either the full-length
S or the RBD with the TM domain of the vesicular
stomatitis virus (VSV) G glycoprotein. Because the
full-length S glycoprotein is localized in the ER [26], we
constructed an S-G variant with a deleted ER localiza-
tion signal.

We chose a platform based on the recombinant viral
vectors rAdb for delivering the S glycoprotein, because
such vectors can efficiently deliver the transgene to
multiple cell types [27, 28], their genome has been fully
characterized, they are able to grow to high titers [29],
and they can induce a strong humoral and cellular im-
mune response [30, 31].

The present study compares the humoral and cel-
lular immune responses induced by vaccination of mice
with rAd5 carrying different forms of the MERS-CoV
S glycoprotein.

EXPERIMENTAL

Cell lines

The HEK293 and A549 cell lines were obtained from
the Russian collection of vertebrate cell lines (Russia).
The HEK293T and Vero E6 cells were obtained from
ATCC (USA). All cells were cultured in DMEM (Dul-
becco’s modified Eagle medium) supplemented with
10% fetal bovine serum at 37°C with 5% CO,,

Construction of recombinant adenoviral

particles expressing different forms of

the MERS-CoV S glycoprotein

The MERS-CoV S glycoprotein amino acid sequenc-
es of strains (2015—2017) were obtained from the
NCBI database [32]. The consensus sequence of the
MERS-CoV S glycoprotein was made on the basis
of amino acid sequences using the Geneious® 10.2.3
software. The nucleotide sequences of different gly-
coprotein forms were optimized for expression in
mammalian cell lines and synthesized by Evrogen JSC
(Russia). Five recombinant plasmids (pAd5-S, pAdb-
S-G, pAd5-RBD, pAd5-RBD-G, and pAd5-RBD-Fc)
were generated. rAd5 was obtained according to the
procedure described previously [33].

Generation of lentiviral particles pseudotyped

with MERS-CoV S glycoprotein (pseudoviruses)
HEK293T cells were seeded in 15-cm culture Pe-
tri dishes and co-transfected with three plasmids
(pCMVARS,2; pLV-CMV-EGFP; pCMV-MERS-CoV-S)
to obtain pseudoviruses. Seventy-two hours later, the
supernatants were collected, filtered, divided into ali-
quots, and stored at —80°C. Vero E6 cells were used for
titrating the pseudoviruses. The titer of the pseudo-
typed virus was determined in terms of focus-forming
units (FFUs).

Evaluating the expression of different forms of the
MERS-CoV S glycoprotein by western blotting
HEK293 cells were seeded in 35 mm Petri dishes and
incubated overnight to 70% confluence. Then, rAd5
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were added to the cells at 100 PFUs/cell. rAd5-null
was used as a control virus. After 24 h, the expression
of different forms of the MERS-CoV S glycoprotein
was evaluated by western blotting using S-specific
antibodies (40069-RP02, Sino Biological, China) and
antibodies specific to rabbit IgG (NA934V, GE, Great
Britain). Expression of the membrane-fused forms of
the glycoprotein (S, S-G, RBD-G) was detected in cell
lysates prepared using the Cell Culture Lysis Reagent
(Promega, USA). Expression of the secreted versions of
the glycoprotein (RBD, RBD-Fc) was evaluated in the
culture medium. Lysate samples were loaded onto wells
(10 pg of total protein in a volume of 10 pl/well). Sam-
ples of the medium were loaded in volume 10 pl/well.

Laboratory animals

All animal experiments were performed in strict
accordance with the recommendations of the Na-
tional Standard of the Russian Federation (GOST R
53434—2009; Principles of Good Laboratory Practice).
Six-week-old female C57/BL6 mice (18—20 g) were ob-
tained from the Pushchino Breeding Facility (Russia).
The mice had free access to water and food. The mice
were housed in an ISOcage system (Tecniplast, Italy).

Immunization and serum samples collection

The mice were randomly distributed into groups (n =5
per group for the analysis of the humoral immune re-
sponse and n = 9 per group for the analysis of the T-cell
response) and intramuscularly vaccinated with the
obtained recombinant adenoviral particles at a dose
of 10®v.p./mouse in a total volume of 0.1 mL. Serum
specimens were collected on day 21 post-vaccination
for detection of S-specific IgG antibodies.

Determination of antibody titers in

mouse serum samples using enzyme-

linked immunosorbent assay (ELISA)
Glycoprotein-specific antibody titers in mouse serum
samples were determined by enzyme-linked immuno-
sorbent assay (ELISA). The following recombinant pro-
teins were used for analysis: the S glycoprotein (40069-
V08B, Sino Biological) and the RBD (40071-V08B1,;
Sino Biological). Non-specific antibody binding sites
were blocked with PBS with 0.1% Tween 20 (PBST)
containing 5% fat-free milk (A0830; AppliChem, Spain).
The serum samples were titrated with two-fold serial
dilutions in PBST containing 3% fat-free milk. The fol-
lowing anti-mouse IgG horseradish peroxidase-conju-
gated secondary antibodies were used for detection: for
the total IgG titer, NXA931 (GE Healthcare, USA); for
IgG1, ab97240 (Abcam, UK); for IgG2a, ab97245 (Ab-
cam, UK); for IgG2b, ab97250 (Abcam, UK); and for
IgG3, ab97260 (Abcam, UK). A tetramethylbenzidine
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solution (Research Institute of Organic Semiproducts
and Dyes, Russia) was used as a visualizing reagent.
The reaction was stopped by adding 1M H,SO,, and the
optical density was measured at 450 nm (OD,, ) using a
Multiscan FC spectrophotometric plate reader (Thermo
Fisher Scientific). The IgG titer was determined as the
maximum serum dilution in which the OD,  value of
a serum sample from an immunized animal exceeded
that of the control animal serum sample more than
twofold.

Pseudovirion-based neutralization assay (PsVNA)

The pseudovirion-based neutralization assay (PsVNA)
was performed as described previously [34]. Briefly,
heat-inactivated serum samples were diluted 1:10,
1:40, 1:160, and 1:640. These samples were then
mixed with an equal volume of DMEM containing
10° FFUs/ml of the pseudovirions. The mixture was
incubated at 37°C for 1 h, then inoculated onto a Vero
E6 cell monolayer and incubated at 37°C for 42 h. The
number of EGFP fluorescent cell focuses was counted.
The pseudovirion neutralization titer of serum samples
from an immunized animal was determined as the
maximum dilution where 50% reduction of EGFP fluo-
rescent cell focuses compared with the serum samples
of intact (non-immunized) animals was determined.

Analysis of T-cell response (lymphocyte

proliferation assay)

Mice were euthanized on day 8 post-vaccination, and
their spleens were collected. The spleens were homoge-
nized by passage through a 100 pm sieve in sterile PBS.
Splenocytes were isolated by Ficoll (1.09 g/mL; PanEco,
Russia) density gradient centrifugation (800 g for
30 min). For T-cell proliferation assay, the splenocytes
were stained with carboxyfluorescein using a succin-
imidyl ester (CFSE) tracer kit (Invitrogen, USA) ac-
cording to the procedure described previously [35]. The
cells were seeded in 96-well plates (2 X 10° cells/well)
in a complete RPMI1640 medium re-stimulated with
the recombinant MERS-CoV S protein (40071-V08B1,
Sino Biological) at 1 pg/well. After 3 days, the cells
were harvested, washed with PBS, stained with anti-
bodies specific to CD3, CD4, and CD8: allophycocyanin
(APC)-labelled anti-CD3, APC—Cy7-labelled anti-CD8,
and phycoerythrin-labelled anti-CD4 (BD Biosciences,
USA), and fixed in 1% paraformaldehyde. Proliferat-
ing CD4+ and CD8+ T lymphocytes were determined
in the cell mixture using a BD FACS Aria III flow
cytometer (BD Biosciences). The resulting percentage
of proliferating cells (X) was determined using the
formula X = %st — %, where %st is the percentage of
proliferating cells after splenocyte re-stimulation with
the recombinant MERS-CoV S glycoprotein, and % is
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the percentage of proliferating cells in the absence of
splenocyte re-stimulation (intact cells).

Analysis of interferon gamma (IFN-vy) production
Splenocytes were isolated on day 15 post-vaccination
using the procedure described above. The cells were
seeded in 96-well plates (2 X 10° cells/well) in a
RPMI1640 medium, followed by re-stimulation with
recombinant MERS-CoV S (40071-V08B1; Sino Bio-
logical) at a concentration of 1 pg/well. Forty-eight h
post-treatment, the culture supernatants were col-
lected. The concentration of IFN-vy in the superna-
tants was measured by ELISA using a commercial kit
(mouse IFN-y ELISA kit; Invitrogen) according to the
manufacturer’s instructions. The increase in IFN-y
concentration was determined using the formula
X = Cst /Cint, where X is the fold increase in IFN-y
concentration, Cst is the IFN-y concentration in the
medium from the stimulated cells (pg/ml), and Cint
is the IFN-vy concentration in the medium from the
non-stimulated (intact) cells (pg/ml).

Statistical analysis

The statistical analysis was performed using the
GraphPad 7.0 software (GraphPad Software, USA).
When analysing data from unpaired samples, either
the Student’s t-test for independent samples or the
Mann—Whitney U-test was used depending on the
data distribution normality. Distribution normality was
determined using the generalized D’ Agostino—Pearson
test.

RESULTS

Generation of rAd5 vectors

In order to determine and compare the immunoge-
nicities of different forms of the MERS-CoV S protein,
we constructed five rAdb vectors: rAd5-S, rAd5-S-G,
rAd5-RBD, rAd5-RBD-G, and rAd5-RBD-Fc. The
schemes for the target transgenes in the rAdb5 ge-
nomes are shown in Fig. 1A. Expression levels of dif-
ferent forms of the MERS-CoV S glycoprotein were
evaluated by western blot analysis (Fig. 1B). In the
samples of the full-length glycoprotein (rAd5-S and
rAdb5-S-G), the S protein was detected as two poly-
peptides (Fig. 1B), with the upper band representing
the glycosylated form of the S protein (~230—250
kDa), and the lower band (~100 kDa) representing
the S1 subunit resulting from S-protein cleavage
by host-cell proteases. The molecular weights of the
bands were higher than those calculated according
to the nucleotide sequences, being indicative of ten-
tative protein glycosylation [14, 16, 36—38]. A single
polypeptide specifically recognized by the antibody

A AdS-S e SR

rAdS-5-G [ e ST ¢
rAdS-RBD [ e fur I
rAd5-RBD-G | Jem o I 6
rAd5-RBD-Fc
B
Dawl 2.3 4
250
150
100
75
50

Fig. 1. A — Schematic structures of target transgenes in
the rAd5-S, rAd5-S-G, rAd5-RBD, rAd5-RBD-G, and
rAd5-RBD-Fc genomes. Cmv — a promoter of the E1
region of human cytomegalovirus; G — the gene of the

G glycoprotein of the vesicular stomatitis virus; LP — the
leader-peptide sequence directing protein secretion;

pA — polyadenylation signal; RBD — the receptor-binding
domain of MERS-CoV S glycoprotein; Spike — MERS CoV
S glycoprotein. B — Western blot analysis of the MERS-
CoV S glycoprotein variants expressed by each rAd5.
Lane 1 — lysate from control Ad5-null cells; lane 2 — intact
cells; lane 3 — lysate from rAd5-S cells; lane 4 — lysate
from rAd5-S-G cells; lane 5 — the medium from the rAd5-
RBD cell culture; lane 6 — lysate from rAd5-RBD-G cells;
lane 7 — the medium from the rAd5-RBD-Fc cell culture

was detected in the RBD (RBD, RBD-G and RBD-Fc)
samples (Fig. 1B), its molecular weight being ~25 kDa,
~30 kDa, and ~55 kDa, respectively. The molecular
weights of the polypeptides based on the RBD corre-
sponded to the calculated weights.

rAd5 expressing different MERS-CoV S glycoprotein
variants induce a humoral immune response

Mice were intramuscularly immunized with single
doses of rAd5-S, rAd5-S-G, rAd5-RBD, rAd5-RBD-G,
and rAd5-RBD-Fc (108 v.p. per mouse). Serum samples
were collected three weeks after the immunization,
and the titers of antibodies specific to S protein and
RBD were analyzed (Fig. 2). No glycoprotein-specific
IgG was detected in the serum samples from mice in
the control groups (non-immunized mice and those
immunized with rAd5-null). The highest titer of IgG
specific to S glycoprotein was detected in the group
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Fig. 2. Glycoprotein-specific IgG titers in the blood serum of immunized animals. The figure shows IgG titers: (A) specific
to the MERS-CoV S glycoprotein and (B) specific to the RBD. Scatter plots show the geometric mean titer (GMT) and
95% confidence interval (Cl) for each group (n = 5 mice /group). Asterisks indicate significant intergroup differences

in IgG titers. * p < 0.05, rAd5-RBD-Fc is compared with other groups; ** p < 0.05, rAd5-RBD, and rAd5-RBD-G are
compared with other groups, except for rAd5-RBD and rAd5-RBD-G (the Mann—Whitney U test)

immunized with rAd5-RBD-G [geometric mean titer
(GMT) was 356,055; the 95% confidence interval (CI)
was 139,042—-911,772]. The lowest titer of IgG specific
to the S glycoprotein was observed in the group im-
munized with rAd5-RBD-Fc [GMT: 29,407; 95% CI:
11,455-75,492] (Fig. 2A). ELISA for RBD-specific IgG
antibodies showed that rAd5-RBD-G [GMT: 89,144,
95% CI: 60,665—130,994] and rAd5-RBD [GMT: 58,831;
95% CI: 40,024—86,424] were the constructs with the
highest immunogenicity, while rAd5-RBD-Fc [GMT:
6,400; 95% CI: 2,230—18,364] had the lowest immuno-
genicity. No significant differences in RBD-specific IgG
titers were detected between rAd5-RBD and rAd5-
RBD-G (Fig. 2B).

There are four IgG isotypes known in mice to be
responsible for identification and clearance of many
antigens: IgG1, IgG2a, IgG2b, and IgG3 [39]. Deter-
mination of the titers of IgG isotypes three weeks
post-immunization showed that all four IgG isotypes
were detected in all vaccinated animals (Fig. 3). For the
IgG1,IgG2a, and IgG2b isotypes in immunized animals,
titers were as follows for each group: rAd5-S (GMT:
409,600, 409,600, and 89,144, respectively); rAd5-S-G
(GMT: 54,0470, 470,506, and 155,209, respectively);
rAd5-RBD (GMT: 540,470,713,155, and 135,118, re-
spectively); and rAd5-RBD-G (GMT: 356,578, 713,155,
and 204,800, respectively). We observed no significant
intergroup difference in isotype titers. Following vac-
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cination with rAd5-RBD-Fc, IgG1, IgG2a, and IgG2Db,
the titers were significantly lower than those in the
other groups (GMT:102,400, 89,144, and 12,800, re-
spectively). The IgG3 titers did not differ significantly
between the groups (rAdb5-S, rAd5-S-G, rAd5-RBD,
rAd5-RBD-G, and rAd5-RBD-Fc; GMT: 33,779, 14,703,
51,200, 33,779, and 5572, respectively). Hence, accord-
ing to these findings, the IgG1l and IgG2a isotypes
make the greatest contribution to the total titer of
glycoprotein-specific IgG.

rAd5 expressing membrane forms of the

MERS-CoV S glycoprotein elicit the production

of neutralizing antibodies in mice

Determination of the titers of neutralizing antibod-
ies (in the pseudovirion-based neutralization assay)
showed that all mice immunized with rAd5-S, rAd5-
S-G, and rAd5-RBD-G generated neutralizing anti-
bodies (Fig. 4) with the GMT of 1:121, 1:160 and 1:70,
respectively; no significant differences in PsVNA titers
were observed (p > 0.05). In the rAd5-RBD group, neu-
tralizing antibodies were detected only in three mice
while no neutralizing antibodies were detected in the
rAd5-RBD-Fc group and in intact animals. Hence, the
results of the conducted experiment showed that only
immunization with rAdb expressing the membrane
forms of the glycoprotein (S, S-G, RBD-G) leads to the
generation of neutralizing antibodies.
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Fig. 3. Analysis of IgG antibody isotypes in mice after immunization with rAd5 expressing different forms of the
MERS-CoV S glycoprotein. The figure shows the titers of IgG1 (A), IgG2a (B), IgG2b (C), and IgG3 (D) specific to the
MERS-CoV S glycoprotein in the serum samples of immunized animals. Scatter plots show the geometric mean titer
(GMT) and 95% confidence interval (Cl) for each group (n = 5). Asterisks indicate significant intergroup differences in

IgG titers. * p < 0.05, Mann—Whitney U test

rAd5 expressing the MERS-CoV S protein

variants elicit the T-cell response

The post-vaccination cellular immune response was
evaluated using two methods: according to the num-
ber of proliferating T cells and according to IFN-vy
production by T cells in response to glycoprotein re-
stimulation. The full-length MERS-CoV S protein was
used for re-stimulation, since it contains the largest
number of epitopes and is present in MERS-CoV par-
ticles. The proliferation assay of CD4+ cells on day 8
post-vaccination (Fig. 5, left-side panel) showed that

the highest lymphoproliferative activity was observed
in the rAd5-S group (2.10%), while the lowest one was
detected in the rAd5-RBD-Fc group (0.25%). Signifi-
cant differences in the lymphoproliferative response
of CD4+ cells between the groups of immunized and
intact animals were observed in the rAd5-S (2.10%)
and rAd5-S-G (1.63%) groups. CD8+ cells prolifera-
tion assay (F'ig. 5, right-side panel) showed that the
highest lymphoproliferative response was observed in
the rAd5-S group (1.90%), while the lowest one was
detected in the rAd5-RBD-Fc group (0.35%). Signifi-
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cant differences in the lymphoproliferative response
of CD8+ cells between the groups of immunized and
intact animals were observed in the rAd5-S (1.90%),
rAd5-S-G (1.15%), and rAd5-RBD (0.55%) groups. An
analysis of IFN-y production by splenocytes after the
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Fig. 4. The titers of neutralizing antibodies in the blood
serum of immunized animals. The neutralization assay

was performed using lentiviral particles pseudotyped
with MERS-CoV S glycoprotein. Scatter plots show the
geometric mean titer (GMT) and 95% confidence interval
(Cl) for each group (n = 5). Asterisks indicate no signifi-
cant intergroup differences in the titers of neutralizing
antibodies. * p > 0.05, Mann—Whitney U test
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MERS-CoV S glycoprotein re-stimulation also showed
that the strongest cellular immune response devel-
oped in groups of animals immunized with rAd5-S
and rAd5-S-G (Fig. 6): IFN-v secretion increased as
compared to that for intact cells 15.12 = 0.43-fold and
10.14 = 0.97-fold, respectively.

DISCUSSION

Currently, there are no specific prophylactic or ther-
apeutic agents against the Middle East respiratory
syndrome in the world. Intensive research focusing
on the development of vaccines against this disease is
being conducted in the USA, Germany, South Korea,
and other countries [40—41]. Several candidate vac-
cines based on MERS-CoV glycoprotein are known:
recombinant viral vectors based on the recombinant
vaccinia virus, adenovirus, measles virus and others;
DNA vaccines; combined candidate vaccines based on
DNA and recombinant protein; and candidate vaccines
based on virus-like particles and recombinant proteins
[22, 38, 41—46].

The key in vaccine development is antigen selec-
tion. Most of the developed vaccines against MERS
are based on the application of different forms of the
MERS-CoV glycoprotein (the full-length S, the S1
subunit, and RBD) [14—16, 18, 22, 24, 47—55], which is
the main target for neutralizing antibodies. However,
the question that still remains open is which form to
choose for the development of an effective vaccine? It
is known that the full-length S glycoprotein ensures
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Fig. 5. The study of lymphoproliferative activity of splenocytes in immunized mice. The figure shows the levels (%) of
proliferating CD4+ and CD84T cells re-stimulated by the MERS-CoV S protein on day 8 post-vaccination. Scatter plots
show the median lymphoproliferative activity of re-stimulated cells (%) with 95% Cls for each group from one represent-
ative experiment (n = 6 mice /group). Asterisks indicate significant differences in the percentage of proliferating cells
between vaccinated and intact animals. * p < 0.05, Mann—Whitney U test
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100% protection against lethal infection caused by
MERS-CoV in animals [44]. However, some authors
have expressed concern about the use of full-length
MERS-CoV S in the vaccine. Thus, it has been report-
ed that a vaccine based on a full-length glycoprotein
of the severe acute respiratory syndrome (SARS)
coronavirus (which, like MERS-CoV, belongs to the
genus Betacoronavirus) induces immunopathology
in the lungs of a vaccinated organism because of the
strong antibody response to the SARS-CoV glycopro-
tein and weak T cell (Th2-skewed) immune response
[56, 57].

Glycoprotein modifications were for the most part
based on the fact that the receptor-binding domain
of the glycoprotein was included in the antigen. Vari-
ous studies showed immunogenicity of the S1 sub-
unit, the RBD or the RBD fused with Fc of human
IgG1l (RBD-Fc) [15, 18, 19, 49, 58]. Studies focused
on protection of drugs based on RBD (subunit vac-
cines) showed that RBD vaccination protected ~ 80%
of animals from MERS-CoV, despite the high titers of
neutralizing antibodies capable of blocking the inter-
action between the virus and the DPP4 receptor on
the cell surface [42, 59]. The lack of 100% protection
seems to be related to the need to develop a cellular
immune response, as well as the need to block fusion
of the viral and cell membranes, which is mediated by
the S2 subunit. Furthermore, application of subunit-
based vaccines, as well as inactivated ones, prevents
the emergence of a balanced Th1l/Th2 response and
often leads to the development of Th2-skewed im-
munity [22, 42]. In the case of MERS, its development
can lead to lung immunopathologies [48]. Therefore, it
is important to take into account the fact that the vac-
cine-induced immunity must be Thl/Th2-balanced
when developing an anti-MERS vaccine.

Numerous antigens based on the MERS-CoV S gly-
coprotein have been studied. However, these antigens,
under the same conditions (using the same antigen
delivery platform), have not been compared directly.
In the present study, direct comparison of the immu-
nogenicities of five different forms of the MERS-CoV
S glycoprotein under the same conditions was carried
out; rAd5 was used for delivery. Strong antibody
(mainly IgG1 and IgG2a) and T-cell immune responses
developed in animals vaccinated with rAd5 expressing
various forms of the MERS-CoV S glycoprotein. Each
of the rAdb variants allowed for the emergence of a
balanced Th1l/Th2 response, which is one of the key
aspects in the development of an anti-MERS vaccine.
In a study focused on the intensity of the humoral
immune response, the membrane form of the RBD
(rAd5-RBD-Q@) elicited a more powerful IgG response
than the other studied forms. It was also demonstrated
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Fig. 6. The increase in the concentration of IFN-y in the
media of splenocytes from immunized mice after re-stim-
ulation with the recombinant full-length MERS-CoV S
protein. Scatter plots show the median (95% ClI) increase
(fold change) in IFN-y production following re-stimulation
for each group from one representative experiment (n =
3 mice /group). Asterisks indicate significant differences
in IFN-y production between the cells taken from vacci-
nated and intact animals. * p < 0.05, Student's t-test for
independent samples

that only the membrane forms of the MERS-CoV
glycoprotein (rAdb5-S, rAd5-S-G, and rAd5-RBD-G)
stimulate the production of neutralizing antibodies. In
the investigation of cellular immune response intensity,
the forms of the full-length MERS-CoV glycoprotein
(rAd5-S and rAd5-S-G) were characterized by the
strongest immunogenicity.

To sum up, the findings obtained in our study sug-
gest that, among all the studied forms of the MERS-
CoV S glycoprotein, the full-length S glycoprotein and
the membrane form of RBD (RBD-G) are the most
promising candidates for inclusion in a vaccine.

CONCLUSIONS

The immunogenicities of five forms of MERS-CoV S
glycoprotein in mice were compared in this study. A
platform based on the recombinant adenoviral vectors
rAd5 was used for antigen delivery. The studies have
yielded the following results:

— The most powerful humoral immune response was
observed in animals immunized with the membrane-
bound form of the RBD (rAd5-RBD-G);

— Only the membrane forms of MERS-CoV glyco-
protein (rAd5-S, rAd5-S-G and rAd5-RBD-G) induced
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the generation of neutralizing antibodies in all vacci-
nated mice;

— The most significant cellular immune response
developed after immunization of animals with the full-
length glycoprotein (rAd5-S); and

— Vaccination of mice with all developed rAdb vec-
tors elicited a balanced Th1/Th2 response. ®
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ABSTRACT We investigated the cytoprotective effect of a novel low-molecular-weight NGF mimetic, GK-2
(hexamethylenediamide bis-N-monosuccinyl-L-glutamyl-L-lysine), on pancreatic f3-cells. The neuroprotective
effect of GK-2 had been previously shown to be associated with selective activation of the PI3K/Akt signaling
pathway. In this study, rats with streptozotocin (STZ)-induced type 2 diabetes mellitus were used. Metformin
was used as a reference drug. STZ was immunohistochemically demonstrated to reduce the number of 3-cells
and affect their morphological structure. Treatment of diabetic animals with GK-2 (at a dose of 0.5 mg/kg
intraperitoneally or 5 mg/kg orally) or metformin (300 mg /kg orally) for 28 days reduced the damaging effect
of STZ. The effect of GK-2 on manifestations of STZ-induced diabetes, such as hyperglycemia, weight loss,
polyphagia, and polydipsia, was comparable to that of metformin, while the cytoprotective activity of GK-2 was
slightly stronger than that of metformin. A strong positive correlation between morphometric parameters and
the blood glucose level was revealed. The GK-2 cytoprotective effect on f-cells is supposed to manifest through

the PI3K /AKkt signaling pathway.

KEYWORDS diabetes, GK-2, metformin, NGF, neurotrophins, PI3K /Akt pathway.
ABBREVIATIONS T2DM - type 2 diabetes mellitus; AD — Alzheimer’s disease; STZ — streptozotocin; NGF — nerve

growth factor; TrkA — tropomyosin receptor kinase A.

INTRODUCTION
In their search for new ways to treat diabetes mellitus,
the attention of researchers has focused on the similar-
ity between the neurochemical mechanisms regulating
the functions of neurons and pancreatic (3-cells. This
similarity includes common receptors (in particular,
GABA [1], serotonin [2], and glutamate [3] receptors), as
well as similar enzymes (e.g., glycogen synthase kinase
3 (GSK-3) [4]) and transcription factors (in particular,
HIF [5, 6]). An additional argument in favor of neuron
and P-cell similarity is the fact that p-cells, during their
development, effect neuron-like processes [7] and that
the neurons of the developing brain contain insulin
(a pancreatic B-cell hormone), glucagon (a pancreatic
a-cell hormone), and ghrelin (a hormone secreted by
gastrointestinal tract cells) [8].

The similarity between the mechanisms regulating
the functions of neurons and B-cells is supported by the
involvement of the neurotrophic factors NGF [7] and
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BDNF [9] in the growth and differentiation of these
cells. Along with the misfolding of proteins (f-amyloid
in neurons, amyloid polypeptide in pancreatic islets),
oxidative stress, and insulin resistance [10], neuro-
trophin dysfunctions [11] are common to Alzheimer’s
disease (AD) and type 2 diabetes mellitus (T2DM).

Pancreatic B-cells were found to secrete a biologi-
cally active NGF, with its secretion being enhanced by
glucose. Even short-term exposure to NGF dramati-
cally increases glucose-stimulated insulin secretion.
Insulin secretion drops in the presence of monoclonal
NGF antibodies [12]. Along with this, compound K252a,
a specific TrkA inhibitor [13], inhibits increased insulin
secretion. It is important to emphasize that TrkA re-
ceptors are found only in B-cells but not in the a-cells
of the pancreas [14].

By using a primary culture of human pancreatic is-
lets, Peerucci et al. [15] not only confirmed that human
B-cells, like rat ones, express the NGF but also showed
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that inhibition of this neurotrophin by monoclonal anti-
NGF antibodies enhances B-cell apoptosis. Increased
apoptosis of B-cells in the case of NGF deficiency was
found to be associated with a decreased activity of
PI3SK/Akt, one of the main TrkA signaling pathways
[15].

Attempts to create drugs that are effective, in
particular in neurodegenerative diseases, have been
underway since the discovery of NGF [16]. However,
pharmacokinetic limitations related to the properties
of a full-length NGF molecule, such as low biologi-
cal stability, inability to penetrate biological barriers
upon systemic administration, and side effects, have
prevented the use of NGF for replacement therapy.
Several companies and laboratories have searched for
neurotrophin mimetics [17], but there have been no
reports of NGF mimetics with satisfactory pharmaco-
kinetic properties.

A working hypothesis positing that certain neuro-
trophins interacting with the same receptor may ac-
tivate different signaling pathways, causing different
neurotrophins effects, was formulated at the Depart-
ment of Pharmaceutical Chemistry of the Zakusov
Research Institute of Pharmacology [18]. This hypoth-
esis provided a basis for a new direction in pharmaco-
logical research for the development of effective low-
molecular-weight neurotrophin mimetics free of side
effects. According to the proposed hypothesis, a B-turn
Asp”-Glu®-Lys®-GIn® of the 4th NGF loop, which is
the most exposed to the outside and, therefore, may
play a major role in the interaction between the NGF
and the receptor, was used to create a dipeptide mi-
metic called GK-2 (Patent of the Russian Federation
No. 2410392, 2010; Patent US 9,683,014 B2, 2017; Pat-
ent CN 102365294 B, 2016) [19]. The compound com-
prises a central dipeptide fragment Glu®-Lys® that,
according to stereochemical principles, may exhibit the
most deep penetration into the receptor-binding site
and be the most fully recognized by the receptor. The
peripheral Asp® residue was substituted by its bioiso-
stere, a succinic acid moiety, and the GIn% residue was
substituted by an amide group. The purpose of these
substitutions was to stabilize the B-turn conformation
and increase the resistance of the compound to pepti-
dases. The NGF is a homodimer; therefore, the linking
of two B-turn mimetics with a hexamethylenediamine
spacer provided a dimeric dipeptide, hexamethylenedi-
amine bis-(monosuccinyl-glutamyl-lysine).

The main activities of NGF are known to be effected
through its interaction with the TrkA receptor tyrosine
kinase; wherein, signal transduction associated with
TrkA activation mainly involves the phosphatidylinosi-
tol 3-kinase (PI3K/Akt) and mitogen-activated protein
kinase (MAPK/Erk) signaling pathways, with the first

being associated with the regulation of survival [20],
and the second being mainly associated with morpho-
logical differentiation.

The neuroprotective activity of GK-2 was studied
in vitro on both immortalized and primary cell cultures.
Micromolar and nanomolar GK-2 concentrations were
shown to increase the cell survival impaired by expo-
sure to hydrogen peroxide, glutamic acid, and 1-meth-
yl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [21].
Experiments on HT-22 cells using the Western blot
analysis with antibodies to phosphorylated and non-
phosphorylated Akt and Erk kinases demonstrated
that GK-2 activated Akt within the same time in-
tervals as full-length NGF did (after 15, 30, 60, and
180 min). Under similar conditions, GK-2, unlike NGF,
did not cause increased phosphorylation of Erk kinases.
The effects of the selective inhibitors of phosphati-
dylinositol 3-kinase and MAPK kinase LY294002 and
PD98059, respectively, was studied to clarify the role
played by various signaling pathways in the neuropro-
tective activity of GK-2. Incubation of HT-22 cells with
LY294002 (100 uM) or PD98059 (50 uM) demonstrated
that the neuroprotective effects of both NGF and GK-2
were completely inhibited by LY294002, but not by
PD98059. These data suggest that implementation of
the neuroprotective effects of GK-2 is associated with
activation of the PISK/Akt pathway, but not with the
MAPK/Erk signaling pathway [22].

In vivo experiments provided convincing evidence of
the GK-2 neuroprotective effects. The efficacy of GK-2
was demonstrated in various models of Alzheimer’s
disease (septo-hippocampal transection, cholinergic
deficiency caused by prolonged administration of sco-
polamine, and on a model induced by administration of
streptozotocin into the cerebral ventricles [23]), focal
and global cerebral ischemia [24], and hemorrhagic
stroke [25].

In recent years, we have developed the concept of a
potential antidiabetic effect of neuroprotective agents
[26, 27]. Based on this concept, we studied compound
GK-2 on a model of streptozotocin (STZ)-induced type
2 diabetes mellitus. We demonstrated that systemic
administration of GK-2 eliminates the hyperglycemic
effect of the diabetogenic toxin [Patent of the Russian
Federation 2613314, 2017] and reduces the behavioral
disorders associated with diabetes in mice [28].

This study was performed to determine whether
the NGF mimetic GK-2, which exhibits pronounced
neuroprotective activity, could also protect B-cells.
It was reasonable to compare the cytoprotective ef-
fect of GK-2 with that of metformin not only because
metformin is an antidiabetic drug of the first choice
[29], but also because metformin, like GK-2, activates
the PI3K/Akt signaling pathway [30]. The study’s ob-
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jective was also to compare the effects of GK-2 and
metformin on T2DM manifestations, such as hyper-
glycemia, weight loss, polydipsia, and polyphagia. It
was important to evaluate the extent to which the
cytoprotective and antihyperglycemic effects of these
compounds correlate with each other.

EXPERIMENTAL

Animals

The experiments were performed on adult Wistar
male rats with an initial body weight of 250—-270 g,
which were received from the Stolbovaya Central
Laboratory for Animal Breeding (Moscow Region,
Russia). The animals had free access to feed (except
for 16 hours before STZ administration) and to drink-
ing water. The animals were kept in accordance with
SP 2.2.1.3218-14 No. 51 of August 29, 2014. The ex-
periments were approved by the Committee for Bio-
medical Ethics of the Zakusov Research Institute of
Pharmacology.

Compounds

STZ (Sigma, USA) was used as a diabetogenic toxin.
The NGF mimetic GK-2 and metformin (Siofor, Ber-
lin-Chemie Menarini, Germany) dissolved in saline
solution (SS) were used.

Experiment design

T2DM was induced by a single intraperitoneal in-
jection of a freshly prepared STZ solution at a dose
of 45 mg/kg dissolved in cold citrate buffer (pH 4.5).
The choice of this dose for the induction of T2DM was
associated with a previously detected decrease in the
blood insulin level by 48% and preservation of 30% of
viable B-cells in the pancreas [27]. The glucose level
in blood sampled from the tail vein was determined
using a One Touch Ultra device (USA). The first
measurement was performed 72 h after administra-
tion of STZ. Only animals with a blood glucose level
of at least 15 mmol/L were included further in the
experiment. The experiment included two series. In
the first series, rats (n = 48) were randomly divided
into four groups: 1) rats of the passive control group
(n = 12) received a single intraperitoneal injection of
citrate buffer on day 1 of the experiment and then 2
mL/kg of SS for the next 28 days; 2) rats of the active
control group (n = 12) were administered 45 mg/kg of
STZ on day 1 of the experiment, followed by admin-
istration of SS for the next 28 days; 3) rats of the first
experimental group (n = 12) received a single intra-
peritoneal injection of 45 mg/kg STZ, followed by in-
traperitoneal injections of GK-2 at a dose of 0.5 mg/kg
for the next 28 day; 4) rats of the second experimental
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group (n = 12) received a STZ injection, followed by
oral administration of GK-2 at a dose of 5 mg/kg for
28 days (a tenfold increase in the dose when switching
from intraperitoneal to oral administration is used for
most dipeptide drugs) [31, 32]. In the second series of
the experiment (n = 36), rats were divided into three
groups: the passive control group (n = 12); the active
control group (n = 12) (with a design similar to that of
the first series); the experimental group (n = 12) that
received a single injection of STZ at a dose of 45 mg/
kg, followed by oral administration of metformin at a
dose of 300 mg/kg (the most common dose used in the
experiment) for the next 28 days. The glucose level in
all groups of both series was determined at 1, 7, 14, 21,
and 28 days of drug administration. Food and water
consumption were measured daily; the animals were
weighed every 3 days. The animals were euthanized
by decapitation, and then the pancreatic islet was im-
munohistochemically analyzed.

Sample preparation

The extracted pancreases of rats from the experimen-
tal groups were fixed in 10% neutral formalin (pH 7.4)
(Sigma, USA). The samples were dehydrated in an
ascending series of alcohols and xylene and immersed
in paraffin blocks. Sections 5 um thick were prepared
using a microtome (Jung RM2035, Germany). Slides
(4 to 5 sections per glass) were kept in a dry bath at
40°C for 60 min. Before treatment with antibodies, the
slides were washed out twice in xylene, hydrated in
a descending series of alcohols, and washed in phos-
phate buffer (PBS, Sigma, USA) for 10 min. The slides
were treated with a 3% hydrogen peroxide solution for
10 min to neutralize endogenous peroxidases.

Immunohistochemical reaction

The slides were incubated with a 10% solution of nor-
mal goat serum (Abcam, UK) at room temperature for
1 h to prevent nonspecific staining due to binding of
primary antibodies to tissue components. Sections were
treated with primary monoclonal anti-insulin antibod-
ies (anti-insulin GP 1:500, Abcam, UK) in phosphate
buffer. The treated slides were left in a wet chamber at
temperatures of 2—4°C for 24 h.

To visualize the immunohistochemical reaction re-
sults, the slides were incubated with secondary mono-
clonal peroxidase-labeled antibodies (anti-GP Rabbit
1:500, Abcam, UK) at room temperature for 1 h, fol-
lowed by treatment with a reagent kit (DAB Vector
Peroxidase, USA). The ready slides were again dehy-
drated in an ascending series of alcohols and xylene
and immersed in a Eukitt medium (Panreac, Spain).
The reliability of the study results was achieved using
negative antigen and antibody controls.
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Microscopic analysis

A morphometric analysis was performed using an
Aristoplan microscope (Leitz, Germany) equipped
with a DCM-800 digital camera (Micromed, Russia), a
personal computer, and the ScopePhoto software, at a
magnification of X400 (to calculate the total area of the
slides) and X1,600 (to calculate the area of islets and
B-cells). The proportion of B-cells in the total slide area,
the number of pancreatic islets, and the mean islet size
were calculated.

Given the published data on a heterogeneous re-
sponse of pancreatic islets of various sizes to the dam-
aging effects of STZ [33], we performed a differential
analysis of the islet area and calculated the percent-
age of islets of each size range (less than 500 um?,
501—-2,500 pm? 2,501—10,000 pm?, and more than
10,001 pm?).

Statistical analysis

Statistical data processing was performed using the
Biostat software. The distribution of data was charac-
terized using the Shapiro-Wilk test. Due to the normal
data distribution, the statistical significance of differ-
ences among groups was assessed by the ANOVA test.
The mean value M and the standard error of the mean
SEM were calculated. The difference of means was
considered statistically significant at p < 0.05.

To comparatively characterize the dynamics and
strength of the drug effect, a relative antihypergly-
cemic activity indicator (A ) was calculated using the
formula:

A, =|[glc (act. contr.) — glc (comp.)] X
X 100% / [glc (act. contr.) — glc (pass. contr.)],

where glc (act. contr.) is the plasma glucose level in
the STZ/SS group; glc (comp.) is the glucose level in
the STZ/GK-2 or STZ/metformin groups; and glc
(pass. contr.) is the glucose level in animals injected
with SS.

To compare the cytoprotective activity of GK-2 and
metformin, a relative indicator (Cp,) was calculated
using the formula:

Cp, =[Cp (act. contr.) — Cp (comp.)] X
X 100% / [Cp (act. contr.) — Cp (pass. contr.)],

where Cp (act. contr.) is the percentage of f-cells in
the cross section of the pancreases of rats from the
STZ/SS group; Cp (comp.) is the percentage of 3-cells
in the cross section of the pancreases of rats from the
STZ/GK-2 or STZ/metformin group; and Cp (pass.
contr.) is the percentage of (-cells in the cross section
of the pancreases of rats injected with SS.

RESULTS

As follows from the data presented in Table 1, the blood
glucose level in the animals of the passive control group
was 5—6 mmol/L during the entire observation period,
while in rats with DM it increased more than 3-fold
on day 7 of the experiment. At days 14, 21, and 28, the
glucose level in the active control animals remained
consistently high (more than 20 mmol/L). Pronounced
decompensation of DM in the active control group
was also evidenced by weight loss, polyphagia, and
polydipsia. Pronounced antidiabetic activity of GK-2
was revealed. By the end of the first week of GK-21i/p
administration, a significant decrease in the glycemic
level was observed. Orally administered GK-2 retained
its activity. Metformin also reduced the glycemic level
(Table 2). According to the relative indicator A (Ta-
ble 3), the effect of metformin developed later than that
of GK-2; however, on the 3rd and 4th weeks, the A,
indicator of metformin was slightly higher than that
of GK-2.

A favorable effect of both drugs was also confirmed
by changes in body weight. While healthy rats gained
weight over the experimental period (+16.2% of the
baseline value), STZ caused a significant decrease
in the body weight (—10.3%). GK-2 and metformin
therapy attenuated the STZ-induced weight loss (the
difference between the initial and final values was 1.6
and —0.7% for i/p and oral GK-2 administration, re-
spectively, and —1.3% for metformin) (differences from
active control animals were statistically significant,
p <0.01).

The antidiabetic activity of GK-2 is confirmed by
a decrease in polydipsia, which is the important DM
indicator. While the animals from the active control
group had a marked thirst (daily water consumption
in untreated diabetic rats was 450% higher than that
in healthy rats), diabetic animals treated with GK-2
consumed 62% and 27% less water in the case of i/p and
oral administration, respectively, while metformin-
treated rats consumed 33% less water than animals of
the active control group (differences from active con-
trol values were significant, p < 0.01) (Fig. 1).

GK-2 and metformin also affected polyphagia.
While, by the end of the experiment, animals of
the active control group consumed 18.3% more feed
than healthy rats, this difference in the GK-2 group
amounted to 2.0 and 8.5% (i/p and oral administration,
respectively) (differences from active control indicators
were statistically significant, p < 0.01). For metformin,
this difference was less pronounced and amounted to
15.0%.

The cytoprotective activity of both compounds was
evaluated by immunohistochemical analysis, which is
highly specific for Langerhans B-cells. The results of a
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Table 1. The effect of GK-2 on the basal glucose level in rats of series 1

Active control 21.0%15" 30.0=1.2" 23.6%19" 234%2.1" 245%19"

4 Oral GK-2 21.9+24

25.2+2.4"

13.5%+1.5 13.2+2.1 12.2+14"

" — Statistical significance of differences between the experimental group and active control, p < 0.05.
" — Statistical significance between passive control and active control, p < 0.05.
# — Statistical significance between experimental groups, p < 0.05.

Table 2. The effect of metformin on the basal glucose level in rats of series 2

17.6=0.9" 20.5+18" 22.2+12" 25.6+2.0" 29.3%1.7"

" — Statistical significance of differences between the experimental group and active control, p < 0.05.
" — Statistical significance of differences between passive control and active control, p < 0.05.

Table 3. Relative indicators of antihyperglycemic activity (A ) of GK-2 and metformin

morphometric analysis of pancreatic sections are given
in Tables 4 and 5.

The obtained data indicate a decrease in the num-
ber of islets, as well as in the absolute and relative
numbers of B-cells in the group of untreated diabetic
animals. The islets of rats in this group are character-
ized by changed shapes and the presence of dystrophic
elements (Fig. 2B). Treatment of diabetic rats with
GK-2 and metformin for 28 days leads to noticeable
restoration in the proportion of -cells and their mor-
phological characteristics (Fig. 2C, D, E). The relative
cytoprotective activity of GK-2 is slightly higher than
that of metformin: C; is 49.5 and 43.4 for GK-2 upon
i/p and oral administration, respectively, and 30.3 for
metformin.

The results of a differential assessment of the [-cell
islet area are of particular interest (Fig. 3). Large islets
(2,501—10,000 um? and more than 10,001 um?) prevailed
in the group of healthy animals; in untreated diabetic
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animals, the number of large islets sharply decreased
and the number of small ones (501—2,500 um? and
2,501-10,000 pum?) increased. The use of GK-2 and
metformin led to an increase in the proportion of large
islets.

The area of (-cells (percentage of the total pan-
creatic islet area), which characterizes the degree
of pancreas damage upon treatment with GK-2 and
metformin, correlates with the blood glucose level (the
correlation coefficients were 0.7256 and 0.6629, respec-
tively) (Fig. 4).

DISCUSSION

An important trend in modern diabetology is the search
for ways to protect (3-cells from the damaging effects of
metabolic changes characteristic of T2DM: lipoglucot-
oxicity, oxidative stress, DNA alkylation, ATP deficien-
cy, and reduced levels of mature neurotrophins [34, 35].
In the review Regulating the beta cell mass as a strategy
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Table 4. The effect of GK-2 on the morphometric parameters of rat pancreatic islets

Fig. 1. The influence of
GK-2 and metformin
on water consump-
tion in Wistar rats.

A - GK-2; B— met-
formin. " — Statistical
significance of differ-
ences between the
experimental group
and active control,

p < 0.05. " — Statis-
tical significance of
differences between
passive control and
active control, p <
0.05. # — Statistical
significance of dif-
ferences between
experimental groups,
p <0.05

4 Oral GK-2 175,907+31,357

14.0=2.0°

15,167+1,895°

12+2

" — Statistical significance of differences between the experimental group and active control, p < 0.05.
" — Statistical significance of differences between passive and active control, p < 0.05.

Table 5. The effect of metformin on the morphometric parameters of rat pancreatic islets

Active control 70,181+20,313" 5.8+2.1" 7,646%1,654"

" — Statistical significance of differences between the experimental group and active control, p < 0.05.
" — Statistical significance of differences between passive and active control, p < 0.05.

for type-2 diabetes treatment [36], L. Song and co-au-
thors indicate that modern antidiabetic therapy, which
is mainly aimed at increasing the secretion and efficacy
of insulin as well as at glucose uptake, is symptomatic.

It is emphasized that etiotropic (disease-modifying)
therapy should be based on the use of substances that
prevent the loss of B-cells, increasing their survival rate
without toxic effects on other organs.
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Fig. 2. Pancreatic islets of animals from different groups. Magnification X620 (upper panel) and x 1,600 (bottom panel).
A, A’ — passive control animals; B, B’ — active control animals; C, C’ — diabetic rats treated with intraperitoneal GK-2;
D, D' — diabetic rats treated with oral GK-2; E, E’ — diabetic rats treated with metformin

B C D
80% 63% 66%
O,
0% 21% 5q, 4% 323% 2% 4590
mtill 500 = 501-2500 @ 2501-10000

These substances could include a wide group of
antioxidant compounds that neutralize free radicals,
thereby protecting pancreatic f-cells from death. How-
ever, a number of researchers indicate the risk of over-
estimating the efficacy of antioxidants in DM, which
are able only to absorb existing radicals but are not able
to prevent the generation of new ones [37]. Compounds
of other classes, such as histone deacetylase and GSK-
3 inhibitors, may be used. However, these molecules
are involved in the regulation of a variety of processes;
therefore, there is a risk of undesirable reactions, in-
cluding a pro-oncogenic effect. The most convincing
evidence of this effect was obtained for dipeptidyl pep-
tidase-4 (DPP-4) inhibitors [38].

Neurotrophins that are able to increase survival by
reducing apoptosis not only in neuronal, but also in
nonneuronal systems might be promising agents for
T2DM, but they possess unfavorable pharmacokinetic
properties. An original approach to the development
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E
j ; ®52%
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Fig. 3. Percentage (%) of
B-cell islets of different areas
(um?). A — passive control
animals; B — active control
animals; C — diabetic rats
treated with intraperitoneal
GK-2; D — diabetic rats
treated with oral GK-2;

E — diabetic rats treated with
metformin

52%

omore 10001

of systemically active low-molecular-weight NGF
and BDNF mimetics free of the disadvantages of a
full-length molecule, which was developed at the Za-
kusov Research Institute of Pharmacology, has led to
the creation of a series of compounds (Patent RF No.
2410392, 2010; Patent US 9,683,014 B2, 2017; Patent
CN 102365294 B, 2016). One of them is compound GK-
2, a NGF loop 4 mimetic with a wide spectrum of in
vivo and in vitro neuroprotective activities.

By using a highly sensitive and selective immunohis-
tochemical analysis, we revealed for the first time the
cytoprotective effect of compound GK-2 on pancreatic
B-cells. While STZ at a diabetogenic dose reduces the
number of Langerhans islets, reduces the absolute
and relative numbers of (-cells, changes their shape,
and induces the emergence of dystrophic elements,
administration of the original dimeric dipeptide NGF
mimetic, compound GK-2, to animals with developed
diabetes (glycemia above 20 mmol/L) significantly
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reduces the severity of these morphological changes.
A differential analysis of the islet size showed large
islets (with an area of 2,501—-10,000 um? and more than
10,001 pm?) predominant in healthy animals, small
islets (up to 500 um?) prevailing in the untreated STZ
group, while the use of GK-2 increased the number of
large islets in diabetic rats. It is interesting to correlate
this fact with the ideas [33] that this increase indicates
an attenuation of apoptosis. The degree of morphologi-
cal changes, which is evaluated based on the ratio of
the (3-cell area to the total pancreatic islet area, clearly
correlates with the antihyperglycemic effect of GK-2.

The glucose transporter GLUT2 has been repeatedly
reported to enable selective accumulation of STZ in
-cells, which causes their apoptosis [39, 40]. STZ-in-
duced apoptosis is associated with oxidative stress and
a shift in the ratio of the NGF precursor and mature
NGF towards a predominance of the precursor with a
characteristic pro-apoptotic effect [41]. Earlier, GK-2,
like the full-length NGF molecule, was shown to in-
crease the survival of neuronal cells exposed to hydro-
gen peroxide, glutamic acid, and MPTP [21]. Also, the
effect of neurotrophin mimetics, which affect different
translational pathways, on manifestations of STZ-in-
duced diabetes was studied. Only mimetics activating
the PI3K/Akt pathway (the NGF loop 4 mimetic GK-2
and the BDNF loop 1 mimetic GSB-214) exhibited an
antihyperglycemic effect, while the BDNF loop 2 mi-
metic activating the MAPK /Erk pathway (GTS-201)
lacked antihyperglycemic activity [42].

Dysfunction of f-cells in T2DM is known to be re-
lated to a decreased activity of the PI3K/Akt pathway
[43], whose role as a factor controlling maintenance
of the B-cell volume and function has been shown
in vivo and in vitro [44]. Genetically modified mice with
PISK/Akt pathway deficiency develop severe diabetes
in the setting of enhanced B-cell apoptosis [45, 46]. The
PI3K/Akt pathway deficiency characteristic of diabe-
tesis reproduced in a STZ-induced diabetes model [47].

10 20 30 40
Area of 3-cells per section, %

It is important to emphasize that transgenic mice
overexpressing a constitutively active form of this
pathway are characterized by an increased size and
number of pancreatic B-cells, as well as by elevated
tolerance to a glucose load [48].

The data on the role of PISK/Akt pathway defi-
ciency in the development of -cell apoptosis in DM,
along with the data on the involvement of this pathway
in the implementation of the antihyperglycemic effect
of GK-2[42], suggest that the protective effect of GK-2
is also associated with the ability of this NGF mimetic
to activate the abovementioned pathway. The fact
that GK-2 exerts a cytoprotective effect not only on
neurons, as shown earlier [49], but also on [B-cells is an
important argument in favor of the idea of a similarity
between the mechanisms underlying the protection of
neurons and PB-cells. This is the fundamental aspect of
our work. The ability of this systemically active NGF
mimetic to protect pancreatic 3-cells is of practical
importance, because this compound is currently being
investigated as a treatment for strokes, and the “coex-
istence” of stroke and diabetes is well established [50].
The use of GK-2 for combined vascular and diabetic
pathology may be associated with long-term adminis-
tration of the drug; therefore, it is important that both
the neuroprotective and cytoprotective GK-2 activities
towards pancreatic 3-cells are retained upon long-term
oral administration.

Metformin is a first-line drug for T2DM and has
been successfully used by millions of people worldwide
for over 50 years [51]. The mechanism of antidiabetic
action of metformin is multicomponent [52]. The most
important component of this mechanism is obviously
the activation of 5’-AMP-activated protein kinase
(AMPK) [53], which leads to the suppression of key
gluconeogenesis enzymes in the liver. Metformin in-
creases glucose utilization by the muscles and enhances
anaerobic glycolysis in the small intestine. Also, met-
formin was shown to enhance the expression of NGF
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and BDNF in a culture of Schwann cells [54]. The effect
of metformin was found to be inhibited by a selective
inhibitor of the translational PISK/Akt pathway [30].
The similarity between one of the mechanisms under-
lying the metformin and GK-2 action, whose effects
depend on PI3K/Akt, was the reason for our com-
parative study of their effects in a STZ-induced T2DM
model. High activity of GK-2, which is comparable to
that of metformin, defines the practical value of this
study.

CONCLUSION

In this study, the antidiabetic effect of an original
systemically active NGF mimetic, GK-2 (hexameth-
ylenediamine-bis-(N-monosuccinyl-L-glutamyl-L-ly-
sine)), previously detected in mice, was reproduced in
experiments on rats [28]. Direct evidence of the cyto-
protective effect of GK-2 on pancreatic f-cells was, for
the first time, obtained in a STZ-induced T2DM model.
Cytoprotection of B-cells is a new actual direction at-
tracting the attention of diabetes researchers. Because
the protective effect of GK-2 on neurons subjected to

different damaging factors was described earlier, the
present findings on the attenuation of STZ-induced
apoptosis of B-cells during GK-2 therapy represent
additional confirmation of the similarity between the
neurochemical mechanisms regulating the functions of
neurons and pancreatic 3-cells and their mechanisms of
protection. An important scientific and practical result
of this work is the comparability of the effects of GK-2
and metformin, a first-choice standard antidiabetic
drug, on the functional manifestations of T2DM (hy-
perglycemia, weight loss, polyphagia, polydipsia); the
cytoprotective effect of GK-2 slightly exceeds that of
metformin. @

This study was performed within the framework
of the government contract for 2019—2021, theme
No. 0521-2019-0003 “Searching for pharmacological
methods to selectively activate pathways for signal
transduction of tyrosine kinase neurotrophin receptors
as a basis for creating drugs free of the side effects of
native neurotrophins.”
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ABSTRACT The structure of the anti-C  fullerene antibody Fab fragment (FabC,) was solved by X-ray crystal-
lography. The computer-aided docking of C  into the antigen-binding pocket of FabC_ showed that binding
of C,, to FabC, is governed by the enthalpy and entropy; namely, by n-n stacking interactions with aromatic
residues of the antigen-binding site and reduction of the solvent-accessible area of the hydrophobic surface of
C,, A fragment of the mobile CDR H3 loop located on the surface of FabC  interferes with C , binding in the
antigen-binding site, thereby resulting in low antibody affinity for C . The structure of apo-FabC,, has been
deposited with pdbid 6H3H.

KEYWORDS antibodies, fullerene, molecular modeling, X-ray analysis.

ABBREVIATIONS STI — soybean trypsin inhibitor; TG — thyroglobulin; TMB — 3,3’,5,5'-tetramethylbenzidine;
PBS — phosphate buffered saline; PBST — phosphate buffered saline supplemented with 0.05% Triton X-100;
CDR - complementarity-determining region; FabC, — Fab-fragment of anti-fullerene C , antibody; K, — dis-
sociation constant; r.m.s.d. — root mean square deviation; SolC , — fullerene aminocaproic acid.

INTRODUCTION

The problem of immune recognition is one of the main
challenges of modern biochemistry, important both for
understanding biological processes and for designing
new drugs and vaccines. A considerable body of the-
oretical and experimental data accumulated in recent
years provides deeper understanding of the structural
and functional patterns of immune interactions [1—5].
X-ray crystallography is among the most powerful
methods used to study the three-dimensional struc-
tures of specific antibody—antigen complexes and
gather detailed insights into the interactions of anti-
bodies with various high-molecular-weight antigens
(proteins, polysaccharides, lipids, etc.) and water-solu-
ble low-molecular-weight haptens [6—9].

In recent years, there has been a significant ex-
pansion of the range of potential targets for immune
recognition, in particular due to particles with a struc-
turally degenerate surface. This class includes engi-
neered nanoparticles (ENPs) that are characterized
by a growing production and applications in various
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fields of science and technology [10]. The opportu-
nity to manipulate the physicochemical parameters of
nanoparticles opens new prospects for the synthesis of
nanoparticles with desired properties for application
in targeted drug delivery, disease diagnosis, imaging
of organs and tissues, etc. [11—13]. The use of ENPs in
medicine and biotechnology raises the question of their
immunogenic properties.

Antigens that do not fit into the standard patterns of
the immune reaction include fullerenes: nanoparticles
consisting exclusively of carbon atoms and character-
ized by a unique geometry and properties [14]. A num-
ber of studies provide evidence of the possible forma-
tion of fullerene-specific antibodies [15—18].

The structure of the fullerene-binding site of an-
tibodies was considered in the only study [15]. Using
X-ray crystallography and computer simulation, the
specific fullerene-binding site was shown to be a spher-
ical cavity 7 A in diameter that is formed by a cluster
of hydrophobic amino acids. However, in the structural
model of the fullerene-Fab complex [15], hydrophobic



RESEARCH ARTICLES

residues outside the CDR are included in the interac-
tion with fullerene.

The aim of this investigation is to study the struc-
tural parameters of epitopes that specifically recognize
insoluble antigens and elucidate the characteristic
features of the formation of appropriate immune com-
plexes by X-ray analysis and molecular modeling of
the Fab-fullerene complex. We used the Fab fragment
(FabC, ) of the previously obtained monoclonal anti-
body to C,, fullerene [18].

EXPERIMENTAL

Materials
The soluble form of C, fullerene aminocaproic acid
(Cyo(H),(NH(CH,),COONa), x 10 H,0) (SolC,, 98%
purity), was purchased from Intelfarm (Russia). Per-
oxidase-labeled goat anti-mouse lambda light chain
antibodies were purchased from Bethyl Laboratories,
Inc. (USA). 3,3,5,5 -Tetramethylbenzidine (TMB) and
Triton X-100 were purchased from Sigma-Aldrich
(USA). Other reactants and buffer components were of
analytical grade.

For the ELISA, Costar 9018 microplates (Corning,
USA) were used.

Production of mouse monoclonal Fab fragments

In this study, we used the Fab fragment of clone B1 of
mouse monoclonal antibody (Ful B1, IgG2a lambda) ob-
tained in our previous work [18]. The antibody Ful B1
was purified from ascitic fluid using one-step protein
G—Sepharose affinity chromatography and dialyzed
overnight against 200 mM sodium phosphate buffer,
pH 7.4, containing 2 mM EDTA and 10 mM cysteine.
To obtain Fab fragments of Ful B1 (FabC,,), papain
(2x crystallized from Papaya Latex, Sigma, USA) was
dissolved in the same buffer, mixed with the antibody
solution ata 1 : 100 ratio, and incubated for 4 h at 37 °C
with gentle shaking. The digestion was stopped by add-
ing iodoacetic acid to a final concentration of 10 mM.
To remove the Fc fragments, the reaction mixture was
applied onto a Protein A Sepharose column and the
flow-through was collected and dialyzed against PBS.
The FabC,, fragment concentration was determined by
spectrophotometry at 280 nm using E (1 mg/ml) = 1.4.
The purity of the samples was assessed using 12 %
SDS-PAGE.

Characterization of mouse monoclonal Fab fragments

Indirect ELISA. The C,,—TG immunoconjugate (5 ug/
mL) in PBS was added to microplate wells and incu-
bated for 16 h at 4°C. The plate was washed four times
with PBS supplemented with 0.05% Triton X-100

(PBST). Then, a series of dilutions of the Ful Bl an-
tibody and its FabC, fragment in PBST were added
to the microplate wells and incubated for 1 h at 37°C.
After washing the microplate, peroxidase-labeled
goat anti-mouse lambda light chain antibodies were
added to the wells (1:10,000 dilution of the commercial
preparation) and incubated for 1 h at 37°C. After the
final washing, the peroxidase activity of the resulting
complexes was measured. For this purpose, a substrate
solution containing 0.42 mM TMB and 1.8 mM hydro-
gen peroxide in 0.1 M sodium citrate buffer, pH 4.0, was
added to each microplate well and the incubation was
carried out for 15 min at room temperature. The enzy-
matic reaction was terminated by adding 50 pL of 1 M
H,SO, to each well. The optical density of the oxidation
product was measured at 450 nm using a Zenyth 3100
microplate photometer (Anthos Labtec Instruments,
Austria).

Competitive ELISA of SolC,, using Fab fragments. To
detect SolC, the C,,—STI conjugate (1 pg/mL) in PBS
was added to microplate wells and incubated for 16 h
at 4°C. The plate was washed four times with PBST.
After that, a series of dilutions of SolC, (from 5 ug/mL
to 0.1 ng/mL) and FabC, at a concentration of 5 ug/mL
were added to the microplate wells and the microplate
was incubated for 90 min at 37°C. After washing, per-
oxidase-labeled goat anti-mouse lambda light chain
antibodies were added to the wells (1:10,000 dilution
of the commercial preparation) and the microplate
was incubated for 1 h at 37°C. After the final washing,
the peroxidase activity of the resulting complexes was
measured as described above.

The plots of optical density (y) versus antigen con-
centration in the sample (x) were fitted to a four-pa-
rameter logistic function using the Origin 7.5 software
(OriginLab, USA): A4,

y=A2+—1 +(i)/’ ,

Xo

where A, is the maximum signal, A, is the minimum
signal, p is the slope of the calibration curve, and x,
is the antigen concentration causing 50% inhibition of
antibody binding (IC,).
Crystallization
Two protein solutions were used for crystallization:
a solution of FabC, (7 mg/ml) in 50 mM HEPES, pH
7.0, and a solution of the FabC, complex with SolC,.
The complex was prepared by mixing 100 pL of the
0.16 mM (7 mg/ml) FabC, solution with 20 uL of a
1 mM SolC,; solution in water.

For both protein solutions, crystallization conditions
were screened and optimized using the hanging-drop
vapor-diffusion technique at 298 K. Screening was per-
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formed using crystallization screens Index HR2-134
and Crystal Screen HR2-110/112 (Hampton Research,
USA). The drops were composed of equal volumes
(1 pL) of the protein and reservoir solutions. FabC,,
crystals suitable for the diffraction experiments were
obtained using the following conditions: 25 % w/v PEG
3350, 0.2 M (NH,),SO,, 0.1 M Bis-Tris, pH 6.5. The crys-
tals appeared on the third day and grew to a maximum
size of 200x200%50 pm within a week.

X-ray data collection and structure determination
The X-ray data set was collected from a FabC, crystal
on the K4.4e beamline at the Belok station for protein
crystallography at the Kurchatov synchrotron-radia-
tion source (Moscow, Russia) at a wavelength of 0.98 A
equipped with a Rayonix SX165 CCD detector at 100 K
under nitrogen flow. Prior to data collection, the crys-
tal was soaked in the reservoir solution supplemented
with 20 % v/v glycerol and then flash-cooled in liquid
nitrogen. The X-ray data were processed and merged
with XDS [19]. The crystallographic calculations were
performed using the CCP4 suite of programs [20].
The FabC,, structure was solved by the molecular
replacement method with the BALBES pipeline [21].
The structure with the PDB ID 1MFB [22] was the best
scoring search model. The structure was refined with
REFMACSH [23]. Visual inspection and manual rebuild-
ing of the model were performed with COOT [24]. Data
collection and structure solution statistics are summa-
rized in Table. The figures were prepared using PyMOL
[25]. The structure was deposited with the Protein Data
Bank (PDB entry 6H3H).

Small-molecule docking

Docking and preparation of the receptor/ligand struc-
tures were performed in Autodock Vina [26] imple-
mented in Pymol-Script-repo (https://github.com/
Pymol-Scripts/Pymol-script-repo). The coordinates
for C,, were derived from ChemSpider (http://www.
chemspider.com). The receptor grid for docking in
FabC,, was defined as a box with a side of 22.5 A, the
center at (13.95; -9.51; 38.74), and 60 grid points in each
dimension.

RESULTS AND DISCUSSION

Characterization of mouse monoclonal Fab fragments
FabC,, used in the present work were produced by pa-
pain digestion of the full-size anti-C fullerene mouse
monoclonal antibody Ful Bl and purified to a homoge-
neous state, which was confirmed by 12% SDS-PAGE
under non-reducing conditions (Fig. 14).

The immune reactivity of the obtained FabC, was
assessed by indirect ELISA using immobilized C,—TG
immunoconjugate (Fig. 1B). Indirect ELISA showed
that the immunoreactivity of FabC,, was ~ 80 times
lower than that of the full-size antibody.

The antigen-binding capacity of FabC, was char-
acterized by competitive ELISA. In this assay, the
C,,~protein conjugate adsorbed on the solid phase and
the water-soluble fullerene derivative, SolC, com-
petitively interacted with FabC, . The Fab fragment of
monoclonal antibody to another antigen (potato virus
X), as well as a protein conjugate with another hapten
(pesticide atrazine) immobilized on the solid phase, was

A B C
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97 ] 1 : 1
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— 20 001 : : ‘ 0.0l —3 ; ;
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[SolC, 1, ng/mL

Fig. 1. A—12% SDS-PAGE of FabCéo; lane 1, FabCéo; lane 2, molecular weight markers (phosphorylase B, 97 kDa;
bovine serum albumin, 66 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 30 kDa; trypsin inhibitor, 20 kDa). B — Titration
curves for Ful B1 monoclonal antibody (1) and FabC, (2) in the indirect ELISA. C — Competitive ELISA curves for SolC,
obtained using immobilized C, —STl and FabC,; (1), immobilized C, —STl and Fab fragment of monoclonal antibody
against potato virus X (2), and immobilized atrazine—STl and FabC, (3)
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used as control to confirm the specificity of interac-
tion (Fig. 1C). As can be seen in Fig. 1C, FabC, does not
interact with the adsorbed atrazine—protein conjugate
(curve 3). In addition, the immobilized C,,—STI showed
no binding to non-specific antibodies (curve 2 in Fig.
1C). Curve 1 in Fig. 1C demonstrates the competition
between free SolC, in solution and the adsorbed C, —
STI conjugate for the binding sites of the antibody. All
these effects confirm the specific nature of the immune
interaction.

FabC structure

Crystallization of the FabC, complex with SolC, yield-
ed crystals of the free form of FabC, . Since the struc-
tures of FabC obtained in the presence and absence of
SolC,, were identical, hereinafter we will consider only
the data set collected from the crystals of the free form
of FabC, .

The FabC, structure was solved by X-ray crys-
tallography at a 1.9 A resolution. Data collection and
refinement are summarized in Table. There are two
FabC,, molecules per asymmetric unit. The RMSD be-
tween 2,717 equivalent atoms upon superposition of
these FabC, molecules is 1.0 A. When superimposed
by C_atoms of the variable domain, RMSD was 0.4 A
Two crystallographically independent molecules differ
in the conformation of the C-terminus and in intermo-
lecular contacts (see below).

FabC,, has a two-domain structure typical of Fab
fragments, consists of heavy (H) and light (L) A chains,
and has the dimensions 45x50x100 A (Fig. 2A). The
variable domain of the heavy chain (V) includes resi-
dues 1-119, and the variable domain of the light chain
(V,) includes residues 1—108. The constant C,; domain
includes residues 123—222, and the C, domain includes
residues 115—215. All the amino acid residues of the
light chains are seen on electron density maps. The
residues 135—139 located in the loop between the V

Fig. 2. A—FabC,; structure. The
H chain and its CDR are shown

in gray and violet, respectively;
the L chain and its CDR, in orange
and green, respectively. B — The
surface of the antigen-binding
pocket in FabC,  viewed approx-
imately along the largest dimen-
sion of the FabC, molecule. The
surfaces of the H and L chains are
shown in black and gray, respec-
tively. The surfaces of the H and L
CDRs are depicted by shades of
purple and green, respectively

and C, domains are disordered and are not visible on
electron density maps.

The complementarity-determining regions
(CDRs) are defined as follows: L1 (Arg23—Asn36),
L2 (Gly51—Ala57), L3 (Ala91-Val99), H1 (Gly26—
His35), H2 (Tyr50—Glub9), and H3 (Gly99-Trp109)
[27, 28] (Fig. 2B). The residues in these regions form
an antigen-binding pocket with the sizes 9x7 A and a
depth of 5 A (the diameter of Ceis 7 A). Taking into
account the presence of the 1—m conjugated system in
fullerene, we expected the CDR to contain aromatic
residues prone to n—n stacking interactions. Indeed,
the surface of the antigen-binding pocket is partially
formed by aromatic residues located in CDR — Tyr50
(H2), Tyr101 (H3), Tyr34 (L1), Trp93 (L3), and Trp98
(L3). The side chain of Tyr101 of the Asp100—Tyr101
loop in CDR H3 is poorly seen on electron density maps,
and the B-factors of the side-chain atoms of Tyr101
B,_...= %4 A2) are higher than those of the main-chain
atoms of Tyr101 (B = 28 AZ). This difference in the
B-factors indicates the mobility of the side chain of
Tyrl01 and may be associated with the location of
Tyrl01 on the protein surface. The mobile Tyr101 can
act as a lid of the pocket, thereby hindering the access
of C,, to the antigen-binding pocket and reducing the
affinity of the antibody-antigen interaction (Fig. 2B).

The residues Thr33 and His35 of CDR H1 on the
surface of the antigen-binding site can form hydro-
gen bonds that can be involved in fullerene binding
[15]. However, in the FabC, free-form structure, the
residues Thr33 and His35 of the FabC, molecules
formed hydrogen bonds with the C-termini of the H
or L chain of the symmetry-related FabC, (Fig. 3A,B).
In one crystallographically independent FabC, mol-
ecule, the antigen-binding pocket was occupied by the
C-terminal peptide Ala219—Ser222 of the H chain of
the symmetry-related molecule, the carboxyl group of
Ser222 forming hydrogen bonds with Thr33 and His35.
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FabC,;

H-chain

Symmetry related
FabC,,

Fig. 3. A — Crystal packing of FabC, in space group P2,. The C-terminus of the H chain (green) of FabC_ protrudes into
the antigen-binding site of the symmetry-related FabC, . B — The contact region (the orientation and coloring differ from
those in Fig. 3a). Binding of C-terminal Ser222' of the H chain of the symmetry-related molecule in the antigen-binding
pocket of FabC, . The CDRs of the H and L chains are shown in purple and green, respectively. The hydrogen bonds of
the carboxyl group of C-terminal Ser222' (carbon atoms being shown in black) are indicated by black dashed lines

The antigen-binding pocket of the second crystallo-
graphically independent FabC, molecule was occupied
by the C-terminal peptide Asp213—Ser215 of the L
chain of another symmetry-related FabC, molecule.
In this case, the hydrogen bonds of C-terminal Ser215
with the residues Thr33 and His35 of the H chain oc-
cured via a water molecule. Most likely, the binding of
the C-terminus of one FabC, molecule in the antigen-
binding pocket of another molecule was an artifact of
the crystal packing and is unrelated to the biological
role of FabC, . However, this crystal packing stabilized
by additional intermolecular hydrogen bonds with
CDR apparently hinders the antigen binding, which
may be responsible for the unsuccessful attempts to
crystallize FabC in complex with SolC, .

The degree of homology between the primary
structures of the FabC, and Fab fragments of anti-
fullerene antibodies that had been structurally char-
acterized earlier [15] was rather high and amounted
to 76% and 40% for the H and L chains, respectively.
FabC,, contains the A-chain, while Fab fragments of
anti-fullerene antibodies contained the ®-chain. How-
ever, the structures of antibodies are dissimilar due
to the different mutual arrangements of the V- and
C-domains (RMSD > 3 A). Therefore, it is difficult to
perform a comparative analysis of these two structures.
When superimposed by the V,, domains, RMSD is 0.4 A
(Fig. 4A). The antigen-binding pockets of these two an-
tibodies also differ in their composition and structure;
the maximum difference is observed in CDR H3 and
the L-chain fold (Fig. 4B). The H3 loop of the Fab frag-
ment described by Braden et al. [15] is seven residues
shorter (four residues) than that in FabC, (11 residues).
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Table. Statistics of data collection and structure refinement

Data collection

Space group P2,
Unit cell parameters a, b, c(A), 40.18;137.58;83.15
B(© 91.9
Resolution 28.83-1.91 (2.02-1.91)
I/0 17.5(3.2)
Completeness (%) 99.5(97.3)
Total reflections 349716 (52972)
Unique reflections 69665 (10963)
Multiplicity 5.0 (4.8)
"R, (%) 8.4(2.3)
CcC,, 99.9 (83.0)
Wilson plot B-factor 29.7
Refinement
R, () 19.3 (27.9)
R,..(%) 23.5(34.3)
Bond rm.s.d. from ideal values:
Length (A) 0.02
Angle (°) 1.9
Torsion angle (°) 7.2
Number of atoms
Protein 6535
Water 456
Average B-factors (A2)
Protein 30.1
Water 32.5
Statistics of Ramachandran plot
Allowed region(%) 97.4
Disallowed region(%) 0.2

*For R .. the value in parentheses is given for the inner shell.
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A Antigen binding

B Fig. 4. A — Structures
of FabC,; (cyan) and

anti-C_ Fab (orange)
[15] superimposed on
the V, domains. The
antigen-binding pock-
et is highlighted by

a black box. B —The
zoomed antigen-bind-
ing pockets of FabC,
(cyan) and anti-C, |
Fab (orange) super-
imposed on the V,
domains. The CDRs of
the H and L chains are
shown in purple and
green for FabC, . Note

Docking of C  into FabC  and analysis

of C,, binding to FabC

Since we failed to obtain a structure of FabC, in
complex with C,, we performed rigid body docking
of C,, into the antigen-binding pocket of FabC, [26]
in order to elucidate the structural features of the
antigen-binding site of anti-fullerene antibodies. The
antigen binding is known to be accompanied by con-
formational changes within CDRs [29, 30]. The largest
structural rearrangements are observed in the most
mobile CDR H3 loop, which is the one most difficult
to simulate as compared to all other loops of the anti-
gen-binding region [31]. To gain insight into the pos-
sible influence of the CDR H3 loop on C,  binding, we
compared two models of the complex of C,| with the
native form of FabC, (Complex I) and with a modified
model of FabC, containing the CDR H3 with deleted
Aspl00 and Tyrl101 residues (Complex II) (Fig. 5).

In Complex I, the C,; molecule binds to the surface
of the antigen-binding site and forms ni—m stacking
interactions with residues Tyr50 (H2), Tyr101 (H3),
and Trp93 (L3). C,, binding leads to a 40% decrease in
the solvent-accessible area of the C, hydrophobic sur-
face. The AutoDock Vina-generated binding energy
is -7 kcal mol?!, which corresponds to a dissociation
constant (K,) of the complex equal to 7.4X10"® M. The
K, constant experimentally determined earlier for the
C,, complex with full-length anti-fullerene antibody
was 1.1 X 10" M [18]. Taking into account the 80-fold

the difference in the
length of CDR H3

decrease in the affinity of interaction between C and
FabC,, K, for the complex of C,, with FabC, can be
estimated at 9xX10°% M, which correlates well with the
value of K calculated for the docking-simulated model
of C,, in a complex with the native form of FabC .

The removal of the Asp100 and Tyr101 residues al-
lows the C,, molecule in Complex II to penetrate deeper
into the antigen-binding cavity and bind at a distance
of about 4 A from the position of C,, in Complex I
(Fig. 5). The AutoDock Vina-generated binding energy
increases from -7 to -12 kcal mol™!, which corresponds
to a decrease in K, of the complex from 7.4 X 107 to
1.6 x 10 M. The increase in affinity in the absence of
Aspl00 and Tyrl01 can be attributed to the forma-
tion of additional (apart from those mentioned above)
ni—7 interactions with His35 (H1) and Tyr34 (L1) and
also to a 40% decrease in the solvent-accessible area
of the C60 hydrophobic surface. Thus, the Asp100 and
Tyrl01 residues of the CDR H3 can play a key role in
the reduction of the affinity of interaction between C
fullerene and the corresponding antibodies.

Earlier attempts to obtain a complex between the
antibody and fullerene were unsuccessfull [15]. The
complex was simulated with INSIGHT 2 by a proce-
dure different from that used in our work: the C, mol-
ecule was manually placed into the cavity of the vari-
able domain between the H and L chains, followed by
minimization of the energy of the system [15]. Binding
of C,, to anti-C60 Fab was ensured by interactions with
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Fig. 5. Docking of C | (represented by the stick model)

to the unmodified (orange C, ) and modified (cyan C,))
antigen-binding pockets of FabC, . The residues Asp100—
Tyr101 that are absent in the modified structure are
represented by the blue stick model. The surfaces of the H
and L chains of the modified antigen-binding pocket used
to generate the receptor in Autogrid are shown in purple
and green, respectively

the Tyr36, GIn89, Phe96, and Phe98 residues of the L
chain and the Asn35, Trp47, and Trpl06 residues of the
H chain. Binding was accompanied by 90% reduction in
the solvent-accessible area of the fullerene hydropho-
bic surface. At the present time, the structures of the
complex of C,  with a synthetic protein (pdbid 5hkn,
5hkr, 5et3) [32] are the only experimentally established
structures that can be used to verify the validity of our
conclusions about the driving forces for the formation
of the antibody—fullerene complex. In these complexes,

C,, fullerene was bound in the hydrophobic pocket. C
binding led to a ~90% decrease in the solvent-accessible
area of the C,  hydrophobic surface and formation of a
ni—mn interaction with the Tyr9 residue. The analysis of
the structures performed in the present study revealed
a 7i-7 interaction between C, and the Leul9-Ala20
peptide bond that was not mentioned in [32].

CONCLUSION

In summary, the docking simulation data obtained in
this study are in agreement with the experimental
results [32]. Thus, n—n stacking interactions between
fullerene and aromatic residues of the antigen-binding
site and reduction in the solvent-accessible area of C
make the defining contribution to the formation energy
of the fullerene—antibody complex. A fragment of the
mobile CDR H3 loop located on the surface of FabC
that hinders the access of C, to the antigen-binding
site is the key structural factor responsible for the low
affinity of the antibodies under consideration for C
(K, is about 107" M).

The Thr33 and His35 residues of the antigen-binding
pocket, which are probably involved in fullerene bind-
ing in the solution, formed hydrogen bonds with the
C-terminal residues of the symmetry-related FabC
molecule under the crystallization conditions used,
thereby stabilizing the crystal packing of the free form
of FabC,, and interfering with the crystallization of the
complex formed by C, and FabC, . ®
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ABSTRACT This study focuses on the adaptation of natural Newcastle disease virus (NDV) strains isolated from
wild birds to human tumor cells. Many candidates for virotherapy are viruses pathogenic for human. During
recombination of genetic material, there always exists a risk of getting a virus with an unstable genome. This
problem can be solved by using natural apathogenic viruses as oncolytic agents. The Newcastle disease virus is
the causative agent of contagious avian diseases. Its natural strains exhibit an antitumor effect and are consid-
ered safe for humans. As shown in earlier studies, the oncolytic properties of natural strains can be enhanced
during adaptation to cell cultures, without interference in the virus genome. This study demonstrates that serial
passaging increases the viral infectious titer in cancer cells. Moreover, the viability of tumor cells decreases
post-infection when Newcastle disease virus strains are adapted to these cell cultures. The findings of this study
complement the well-known data on the adaptation of the Newcastle disease virus to human cancer cells. Hence,
it is possible to obtain a NDV strain with a more pronounced oncolytic potential during adaptation. This should
be taken into account when choosing a strategy for designing anticancer drugs based on this virus.

KEYWORDS adaptation, Newcastle disease virus, oncolytic properties, tumor cells, cytotoxic effect.
ABBREVIATIONS NDV — Newecastle disease virus; DMSO — dimethyl sulfoxide; IFN — interferon; ECE — embryo-
nated chicken eggs; TCID50 — 50% tissue culture infective dose; FBS — fetal bovine serum; CTE — cytotoxic effect;

VCL - virus-containing liquid.

INTRODUCTION

Virotherapy is an experimental method of targeted
therapy of malignant diseases that employs oncolytic
viruses, including the Newcastle disease virus (NDV)
(family Paramyxoviridae, genus Avulavirus), for se-
lective destruction of tumor cells [1]. Oncolytic viruses
selectively infect tumor cells and use their activated
synthetic apparatus for replication, which causes a cy-
totoxic effect (CTE) and leads to cell death [2]. Normal
healthy cells remain unharmed due to the develop-
ment of an early antiviral interferon response, which
prevents viral genome replication [3]. The Newcastle
disease virus drew researchers’ attention as a potential
oncolytic agent in the mid-20"™ century and has proved
to be a safe and effective antitumor agent [4].

NDV strains for virotherapy studies are divided into
lytic and non-lytic ones based on the properties of the
F protein [5]. Both lytic and non-lytic strains can act as
powerful anticancer agents. Lytic strains are advanta-
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geous, as infectious viral progeny is produced by mul-
tiple replication cycles and the cytotoxic effect spreads
in tumor tissue. Non-lytic strains have only one replica-
tion cycle. The new virions of non-lytic strains contain
inactive variants of the F protein, and the antitumor
effects are mainly associated with the stimulation of
the immune response [6].

A significant part of virotherapy research focuses on
the creation of recombinant strains to enhance the anti-
tumor properties of viruses. However, the development
of viral constructs is associated with the need to regulate
the biological properties of the recombinant virus, its
cancer tropism, and the elimination of possible inertial
mutagenesis and recombinations related to the restora-
tion of the properties of viruses that initially were patho-
genic for humans [7, 8]. The natural oncolytic potential of
NDV strains isolated from wild birds can be used for
virotherapy without any complicated modifications of
the genome. Different lentogenic (low-pathogenic) and
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mesogenic (medium-pathogenic) NDV strains have been
studied since the 1960s in vitro, in vivo, and in clinical
studies involving cancer patients [9].

Despite the popularity of the genetic engineering
methods used to design viruses for virotherapy, natural
unmodified strains also can be a powerful antitumor
agent. Wild-type NDV strains exhibit a high oncolytic
activity. The best studied and clinically tested strains
are 73-T, MTH-68, PV701, and NDV-HUJ [10]. These
strains belong to the lytic type of virus, which directly
kill tumor cells. In addition, virulent mesogenic strains
induce a more powerful apoptotic response in tumor
cells, in contrast to apatogenic and low-virulent ones
[11,12].

The natural attenuated nonrecombinant strain PV701
obtained from the mesogenic strain MK107 (Gaithers-
burg, USA) [13] exhibits an antitumor activity against
a broad range of tumors of epithelial, neuroectodermal,
and mesenchymal origin [10]. Another lytic strain, MTH-
68/H, derived from the natural strain Hertfordshire
(Herts’33), exhibits a cytotoxic effect on various human
tumor cells [10]. Systemic or locoregional administration
of this virus leads to partial or complete regression of
primary and metastatic tumors [14, 15]. The adapted
natural strain 73-T causes syncytia formation and death
of a wide range of malignant cells, both in vitro and in
vivo [16, 17]. Meanwhile, natural mesogenic strains ex-
hibiting a cytotoxic effect on malignant cells are safe for
normal human cells [12, 16—18].

Investigation of the mechanism of viral antitumor
cytotoxic action allowed researchers to put forward a
hypothesis that a strain with more pronounced lytic
properties can be obtained during viral adaptation to
a cell culture [19]. During adaptation, variants of the
wild-type virus with more effective reproduction in
host cells may emerge. On the one hand, there is a risk
that the increased infectious potency of the natural
virus against adapted cells can reduce its virulence [20,
21]. This may have a negative effect on its oncolytic
properties. On the other hand, adaptation of the virus
to a specific cell line can increase the cytotoxic potential
of the adapted virus against these cells [22].

Thus, the strain based on natural MD20Z (USA,
1945) was obtained by serial (n = 38) passaging in Eh-
rlich ascites carcinoma cells and was tested on an in
vivo model. The overall weekly survival rate of mice
with ascites tumors after treatment with the late-
passage virus increased from 0 to 63.6%. Moreover, the
virus actively replicated in tumor cells and exhibited
a cytotoxic effect faster than the wild-type strain [23].
Cassel W.A. and Garrett R.E. [24] confirmed that the
oncolytic effect is enhanced after adaptation of NDV
379-SI from a natural MD20Z strain by the method of
serial (n = 73) passages in Ehrlich ascites carcinoma in

vitro followed by 13 passages in vivo. Later, a number
of successful clinical trials of allogeneic and autologous
vaccines based on the NDV 73-T strain against meta-
static melanoma were conducted in the USA [25].

Therefore, taking into account the data confirming
successful adaptation of wild-type strains with an en-
hanced antitumor effect during sequential passaging,
we studied the adaptation of wild-type strains of vari-
ous pathotypes on lines of human tumor cells in order
to verify the effectiveness of the cytotoxic properties
acquired after passaging of the strains.

EXPERIMENTAL

Cell lines

We studied transplantable cell lines: Vero — kidney
epithelial cells extracted from the African green mon-
key; HCT116 — human colon carcinoma cell line (State
Research Center of Virology and Biotechnology Vector,
Novosibirsk region, Russia); Hela — human epithelioid
cervix carcinoma (Institute of Clinical and Experimen-
tal Lymphology, Novosibirsk, Russia); MCF7 — human
breast adenocarcinoma cell line (Institute of Cytology
of the Russian Academy of Sciences, St. Petersburg,
Russia); and A549 — human non-small lung carcinoma
cell line (Research Institute of Fundamental and Clini-
cal Immunology, Novosibirsk, Russia).

Vero and tumor cell lines were grown in Dulbecco’s
modified Eagle’s media (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS) and 50
mg/ml gentamicin. Cells were maintained in cultural
flasks (25 cm?) at 37°C in an incubator with 5% CO,.

Newcastle disease virus strains

Our study was performed using four NDV strains: two
virulent mesogenic NDV strains isolated from rock
doves in Russia (NDV /Altai/pigeon/770/2011 [26] and
NDV/Altai/pigeon/777/2010 [27]) and two lentogenic
strains (NDV /mallard/Amur/264/2009 and NDV/
teal/Novosibirsk region/320/2010) isolated from a
mallard and a teal, respectively.

Preparation of Newcastle disease virus strains

The viral strains were amplified in the allantoic fluid
of 10-day-old embryonated eggs. The presence of the
virus was determined by hemagglutination assay (HA)
with rooster erythrocytes. The hemagglutinin titers
of each viral strain were determined according to the
standard procedure recommended by the WHO [28].

Titration of the Newcastle disease

virus on Vero cell line (TCID50)

Titration of the Newcastle disease virus on the Vero
cell line, which is sensitive to the cytopathic effect of
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NDV, was performed according to the procedure de-
scribed in [29]. The cell suspension was cultured in the
growth medium on 96-well plates at a concentration of
30,000 cells per well under standard conditions.

The next day, the cell monolayer was washed with
Hanks’ solution and 10-fold viral dilutions per well
were added. The dilutions were prepared using MEM
maintenance medium supplemented with 1% heat-
inactivated FBS. The plates were incubated under
standard conditions for 1 h to adsorb the virus; the
virus-containing liquid (VCL) was then replaced with
the maintenance medium. Every day, the cell mono-
layer was inspected under a microscope to detect the
presence of CTE. The final titration was carried out
on day 4. The infectious titers of the virus on the Vero
cell line were calculated according to the Cerberus
method in the Ashmarin’s modification and presented
as 1gTCID50/ml [30].

Serial passages of NDV strains in transplantable

Vero cell line and tumor human cell lines
Preparation of the cells and infection with 10-fold
dilutions of the virus were performed using the same
procedure as the one described in the titration method.
On day 4 post-infection, the infectious titer was count-
ed and VCL of the extreme dilutions was collected. The
next passage was carried out with infection of Vero
cells with the virus collected in extreme dilution using
the same method. Hence, we conducted a total of elev-
en passages and calculated the infectious titer of each
passage.

Colorimetric analysis of cell viability after

infection with NDV strains (the MTT assay)

The viability of human tumor cell lines was analyzed
using the MTT assay 4 days post-infection with viral
strains. The one-day-old monolayer of tumor cells on
the 96-well plate was washed with Hanks’ solution and
incubated with viruses (titer 8 HAU per 10,000 cells)
for 1 h under standard conditions. The cells were then
washed with Hanks’ solution and incubated in 200 pl
of the maintenance medium for 4 days under standard
conditions. Control tumor cells without the virus were
incubated in MEM maintenance medium.

On day 4, the cells were washed with Hanks’ solu-
tion. The MTT working solution at a concentration of
5 mg/ml was prepared using the MEM maintenance
medium. The MTT solution (100 pl) was added to each
well. The plate was incubated for 4 h under standard
conditions. The MTT solution was then replaced with
DMSO (150 pl per well), and the cells were incubated
for 1 h in the dark at room temperature. The optical
density was measured at wavelengths of 540 nm and
630 nm on a LonzaBiotek ELX808 absorbance micro-
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plate reader (USA). Cell viability was evaluated ac-
cording to the ratio between the relative percentage of
living and control uninfected cells using the formula:
(V.0 Viao) /(K- K,) X 100%, where V and K denote
the values for virus-infected and control wells, respec-
tively.

Infection of human tumor cell lines with

mesogenic NDV strains to assess the replicative
activity of the virus in different tumor cells

The replicative activity of NDV strains in different
tumor cell lines was assessed by titration on HCT116,
HeLa, A549, and MCF7 cells after infection with NDV
strains.

Human tumor cell lines and control Vero cells were
cultured in a growth medium in culture flasks (25
cm?) under standard conditions. The one-day-old cell
monolayer was washed twice with Hanks’ solution
and incubated with viruses in a 1-ml volume (titer 8
HAU per 10,000 cells) with adsorption for 45 min under
standard conditions. The cells were then washed twice
with Hanks’ solution, and a fresh 10 ml of the MEM
maintenance medium was added. The flasks were
incubated under standard conditions. The infectious
titer of the culture medium was determined 3, 6, 24, 48,
and 72 h post-infection with NDV strains by titration
on the respective tumor and model cell lines using the
conventional method.

Statistical analysis

Statistical data were obtained using the Statistica 6.0
software. The Student’s t-test was used to determine
the statistical significance for comparing the individual
data points.

RESULTS AND DISCUSSION

Newcastle disease virus strains were propagated in the
allantoic fluid of 10-day-old embryonated eggs. The
presence of the virus in allantoic fluid was confirmed
by hemagglutination assay with rooster erythrocytes;
infectious viral titer was determined in the Vero cell
line (Table 1). A high titer of the mesogenic strains iso-
lated from rock doves was shown in hemagglutination
assay and during titration on Vero cells.

Two possible systems for enhancing the antitumor
properties of the Newecastle disease virus were used
in the next step. The first system consisted in passag-
ing NDV strains in transplantable sensitive Vero cells
with viral adaptation to this line, followed by testing of
the viability of tumor cells after infection with adapted
NDYV strains. Vero cells do not synthesize IFNa and
IFNf, which allows the Newcastle disease virus to re-
produce freely, release new viral progeny, and form
CTE.
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Table 1. Titers of wild-type Newcastle disease virus
strains

Strain HA assay/50 ul | IgTCID50/ml
NDV/Altai/
pigeon,/770/2011 512 6.7
NDV/Altai/
pigeon,/777/2010 2 93
NDV /mallard/
Amur/264 /2009 64 3.0
NDV /teal/Novosibirsk 64 3.0
region/320/2010 )

The second system consisted in the adaptation of
strains to tumor cell lines with assessment of the dy-
namics of changes in the viability of tumor cells after
infection with adapted strains in late passages.

According to the first scheme, the viral titers of the
mesogenic strains NDV /Altai/pigeon/770/2011 and
NDV/Altai/pigeon/777/2010 increased to 7.5 and 7.7
lgTCID50/ml, respectively (Table 2, Fig. 1) after 11
passages in the Vero cell line. The titer of these strains
was initially higher than those of lentogenic strains
and was 6.7 1gTCID50/ml after the first passage. We
failed to reach values as high as the titers of the len-
togenic strains NDV /mallard/Amur/264/2009 and
NDV /teal/Novosibirsk region/320/2010 for meso-
genic strains in late passages, despite the fact that the
titers increased from 3.6 to 5.0 IgTCID50/ml and from
3.6 to 4.3 1gTCID50/ml, respectively. The presence of
a “virulent” sequence at the F protein cleavage site is
probably affected not only by the virus’ ability to ef-
ficiently replicate in cells with the formation of CTE. It
is quite possible that belonging to a certain pathotype,
which is directly associated with the cytolytic capacity,
also plays a role, since all the studied strains contained
a “virulent” sequence at the cleavage site, but only

*
*

=passage 1
=passage 11

N W NN U1 8 N o VO

NDV /Altai/
NDV /Altai/
pigeon /777 /2010

pigeon /770/2011

Infectious titer, IgTCID50 /ml
o -
NDV /mallard / I:ﬂ;
Amur/ 2647200 | —
- L

region/320/2010

NDV /teal /Novosibirsk

Fig. 1. The increasing infectious titers of Newcastle dis-
ease virus strains during the adaptation to the Vero cell
culture. * p=0.05; ** p=0.01; #p=0.001 (Student's
t-test)

the NDV /Altai/pigeon/770/2011 and NDV /Altai/pi-
geon/777/2010 belonged to the mesogenic type [26, 27].

During adaptation to the Vero cell line, the titer of
all studied viral strains increased and remained un-
changed after seven or eight passages. In addition to
the increase in infectious titer in the TCID50 assay, the
morphological changes in the cell monolayer became
more pronounced. After infection with mesogenic
strains, a cytotoxic effect was observed in the 15—3™
passages in Vero cells on day 2 or 3 of cultivation. Ar-
eas of rounded dead cells formed in the culture: they
were detached from the plate surface and spread in
the monolayer by day 4. In the next 5—11 passages,
bundles consisting of cell agglomerates formed in the

Table 2. The dynamics of titer changes for Newcastle disease virus strains during adaptation to the Vero cell line: mean

relative value = standard deviation

Passage
NDV strains

1 2 4 5 6 7 8 9 0 | 1
o 6.7 | 6.8+ | 6.7+ | 6.9= | 6.9% | 6.9+ | 7.0+ | 75+ | 7.5% | 75+ | 75+
NDV/Altai/pigeon/770/2011 021 | 052 | 0.39 | 0.15 | 0.18 | 0.23 | 025 | 0.31 | 0.14 | 0.34 | 0.24
. 6.7 | 6.7+ | 69+ | 6.9% | 7.0 | 7.0+ | 72+ | 7.0 | 7% | 70+ | 7.7+
NDV/Altai/pigeon/777/2010 026 | 028 | 031 | 021 | 019 | 023 | 033 | 023 | 021 | 040 | 0.14
36+ | 36+ | 3.8+ | 3.8+ | 45+ | 47+ | 47+ | 50+ | 51% | 50+ | 50+
NDV/mallard /Amur/264/2009 018 | 019 | 022 | 025 | 024 | 036 | 0.33 | 040 | 036 | 0.22 | 028
. . 3.6% | 3.6+ | 3.8+ | 3.7% | 43% | 42+ | 43+ | 43+ | 43% | 44+ | 43+
NDV/teal/Novosibirsk_region/320/2010| e | 551 | 018 | 019 | 031 | 014 | 029 | 018 | 026 | 0.33 | 020
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Fig. 2. The cytotoxic effect of the NDV / Altai /pigeon /770 /2011 strain on a Vero cell culture, 7" passage on cells. A
— cells infected on day 3 after incubation with the virus; B — cells infected on day 4 after incubation with the virus; C —
syncytium formation in the infected cell culture on day 2 after incubation with the virus

100 Fig. 3. Compar-
90 ative assessment
of the viability of
N 80 human tumor cell
b cultures depend-
2 70 ing on infection
- 60 with NDV strains
éfé of the 15 (1 p) and
i § 50 10" (10 p) pas-
£ o 40 sagesin a Vero
QF cellline. MTT
s> Q0 30 assay, * p=0.05;
= po0.01;
© 20 #p=0.001 (Stu-
10 dent’s t-test)
0 'p
Virus HCT116 HeLa A549 MCF7
NDV /Altai/pigeon/770,/2011 |  42.00 37.50 32.81 32.90 34.40 34.30 83.80 80.40
NDV /Altai/pigeon /777 /2010 |  89.00 79.90 19.22 21.70 72.90 67.80 83.90 88.20
NDV /mallard / Amur /264,/2009 | 62.45 60.30 42.14 44.12 49.20 50.30 83.00 91.50

monolayer on days 3—4, in addition to the dead rounded
cells (the standard manifestation of the cytotoxic ef-
fect). Syncytia-like structures appeared by the 7t"—10t"
passages (on days 2—3), which are characteristic of CTE
upon infection with paramyxoviruses (Fig. 2). Despite
the difference in CTE in different passages, the maxi-
mum lesion of the monolayer amounted to about 90%,
regardless of passage; the destructive changes were
usually most pronounced on day 4 post-infection.
Syncytia formation, which is typical in cultivation
of different paramyxoviruses, took place only in a few
cases: the NDV /Altai/pigeon/770/2011 strain in the 7t
passage in Vero cells (Fig. 2B) and the NDV /mallard/
Amur/264/2009 strain in the 10" passage on days 2 and
3, respectively. Syncytia formation was not observed
during primary passaging of these viruses in Vero cells.
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No morphological changes in the monolayer were
observed during passaging of the NDV /mallard/
Amur/264/2009 and NDV /teal/Novosibirsk re-
gion/320/2010 strains, except for a single case of syn-
cytium formation in the monolayer.

The adapted mesogenic strains NDV /Altai/pi-
geon/770/2011, NDV /Altai/pigeon/777/2010, and
lentogenic strain NDV /mallard/Amur/264/2009 in
the 10" passage were used to perform a comparative
evaluation of their anticancer properties against tumor
cell lines (HCT116, HeLa, A549, and MCEF7).

The multiplicity of infection of tumor cell lines was
8 HAU /10,000 cells. Cell survival after infection was
assessed by MTT assay on day 4 (Fig. 3).

A comparison of the viability of tumor cell lines in-
fected with viral strains of the 1% and 10" passages in
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Fig. 4. The dynamics of the replicative activity of Newcastle disease virus strains in a Vero cell culture and human tumor

cell cultures, h pi — hours post-infection

Table 3. The dynamics of titer changes for the NDV / Altai /pigeon /770 /2011 strain during adaptation to tumor cell

lines: mean relative value = standard deviation

Passage
Tumor cell lines
1 2 3 4 ) 6 7 8 9 10 11

HCT116 45+ 4.6+ 4.6+ 4.6+ 5.0+ 5.4+ 5.2+ 5.6+ 6.0+ 6.4+ 6.4+
0.33 0.32 0.47 0.40 0.60 0.28 0.39 041 0.14 0.63 0.56

HeLa 6.0 5.8% 5.6=+ 5.8% 5.8+ 5.4= 6.0+ 6.0= 6.2+ 6.8=+ 6.6%
0.54 0.44 0.61 0.56 0.36 0.42 0.55 0.61 0.21 0.61 0.78

A549 5.1+ 5.4+ 5.2+ 5.6+ 5.8+ 5.8+ 5.8+ 5.8+ 6.2+ 6.0 6.0+
0.58 041 0.37 0.26 0.33 0.29 0.34 0.36 0.36 0.52 0.45

MCF7 5.2+ 5.2% 5.2+ 5.0% 5.6+ 5.8% 5.8+ 5.8% 5.8+ 5.8%+ 5.8+
043 0.43 0.51 0.44 0.49 0.52 0.55 0.32 0.26 0.48 0.36

Vero cells did not reveal any significant increase in the
antitumor activity of NDV. The HCT116 cell line was an
exception: infection with NDV /Altai/pigeon/770/2011
and NDV /Altai/pigeon/777/2010 of the 10" passage
in Vero cells reduced the viability of this cell line by 5.0
and 9.9%, respectively.

In the next step of this study, the strains were adapt-
ed to each tumor cell line in order to check whether
their antitumor potential increases upon adaptation to
a specific tumor cell line or not.

The dynamics of the replication activity of mesogen-
ic strains was determined for all tumor cell lines and
for the Vero cell line as a positive control (Fig. 4). Titra-
tion of VCL of NDV /Altai/pigeon/770/2011 collected
after 3, 6, 24, 48 and 72 h showed the dynamics of viral
titer growth. The highest titer on day 3 was observed
for Vero cells; the lowest titer, for the HCT116 cell
line. Similar data were obtained for the NDV /Altai/
pigeon/777/2010 strain. The lowest titer was obtained
on the HCT116 and MCF 7 cell lines.

The NDV/Altai/pigeon/770/2011 and NDV /Altai/
pigeon/777/2010 strains are similar in their charac-

teristics and replication activity, so one strain, NDV/
Altai/pigeon/770/2011, was selected for further study
focused on virus adaptation to tumor cell lines with a
view to increasing the oncolytic potential. This strain
was cultured on tumor cell lines until the 11'** passage
as described above (Table 3, Fig. 5).

The titer increased after virus passage (passages
1—-11) in the cell lines: in HCT116, by 1.9 1gTCID50/
ml; in HeLa, by 0.6 1lgTCID50/ml; in A549, by 0.9 1gT-
CID50/ml; and in MCF7, by 0.6 lgTCID50/ml. How-
ever, an increase in viral titer by almost two orders
of magnitude was observed only in viral adaptation
to HCT116 cells. The viability of tumor cell lines after
infection with 10" passage strains decreased by 1.6, 4.1,
and 6.0% in HCT116 HeLa, and A549 cells, respectively,
and increased by 0.8% in MCF7 cells (F'ig. 6).

A different technique might be required for the ad-
aptation to tumor cells, which would include culturing
in higher passages or passaging in the allantoic fluid of
ECE and in its combination with ECE in vitro.

Therefore, there probably is no direct correlation
between the dynamics of virus development in tumor
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Fig. 5. The increasing infectious titers of Newcastle dis-
ease virus strains during adaptation to human tumor cell
cultures, * p=0.05; ¥ p=0.001 (Student's t-test)

cell lines and the effectiveness of antitumor action via
direct oncolysis of these cells. This fact can be used
to confirm the differences in the sensitivity of each
specific cell line to the oncolytic activity of the virus.
Thus, we managed to reduce the viability of HCT116
cells by 5 and 10% after they had been infected with
the NDV /Altai/pigeon/770/2011 and NDV /Altai/pi-
geon/777/2010 strains, which were passaged in trans-
plantable Vero cells. The HCT116 cell line is perhaps
more sensitive to infection with adapted strains. We
assume that this effect can be enhanced by longer pas-
saging of strains (probably, in combination with pas-
saging in the allantoic fluid of ECE).

CONCLUSION

Virus adaptation can be employed as a method to
increase the infectious titer in order to subsequently
use the virus as an antitumor agent exhibiting more
pronounced oncolytic properties. The sensitive Vero
cell line can be used to develop wild-type NDV strains.
Adaptation of NDV strains to Vero cells (11 passages)

100
S
0
£2
TE
>
=0
B8.<c
© -
29
o]
O
HCT116 Hela A549 MCF7
1 p Vero 42.00 32.81 34.40 83.80
10p TC 40.40 28.80 28.40 84.60

Fig. 6. Comparative assessment of the viability of human
tumor cell cultures depending on infection with NDV /
Altai /pigeon /770 /2011 strain of the 1 passage (1 p)
in Vero cells and 10" passage (10 p) in tumor cells (TC),
MTT assay. ** p=0.01; #p =0.001 (Student’s t-test)

statistically significantly increases the viral titer re-
gardless of virulence and initial titer: the average in-
fectious titer was increased by 0.8 and 1.1 1gTCID50/ml
for mesogenic strains and by 0.7 and 1.4 1gTCID50/ml
for lentogenic strains.

The viability of tumor cells sensitive to NDV in the
1%t passage decreased after infection with the adapted
strain NDV /Altai/pigeon/770/2011 in the 11*" passage.
MCFT7 cells remained insusceptible to both NDV in the
1stand 11'*® passages. This result indicates that it is pos-
sible to enhance oncolytic properties by strains adapta-
tion and optimization of the passaging procedure. ®

The reported study was funded by RFBR according to
the research project No 18-34-00139.
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ABSTRACT In recent years, the phenomenon of allostery has witnessed growing attention driven by a funda-
mental interest in new ways to regulate the functional properties of proteins, as well as the prospects of using
allosteric sites as targets to design novel drugs with lower toxicity due to a higher selectivity of binding and
specificity of the mechanism of action. The currently available bioinformatic methods can sometimes correctly
detect previously unknown ligand binding sites in protein structures. However, the development of universal
and more efficient approaches requires a deeper understanding of the common and distinctive features of the
structural organization of both functional (catalytic) and allosteric sites, the evolution of their amino acid
sequences in respective protein families, and allosteric communication pathways. The CASBench benchmark set
contains 91 entries related to enzymes with both catalytic and allosteric sites within their structures annotated
based on the experimental information from the Allosteric Database, Catalytic Site Atlas, and Protein Data
Bank. The obtained dataset can be used to benchmark the performance of existing computational approaches
and develop/train perspective algorithms to search for new catalytic and regulatory sites, as well as to study
the mechanisms of protein regulation on a large collection of allosteric enzymes. Establishing a relationship
between the structure, function, and regulation is expected to improve our understanding of the mechanisms
of action of enzymes and open up new prospects for discovering new drugs and designing more efficient biocat-
alysts. The CASBench can be operated offline on a local computer or online using built-in interactive tools at
https://biokinet.belozersky.msu.ru/casbench.

KEYWORDS ligand binding sites, catalytic site; allosteric site, benchmarking set, protein function and regulation,
structure-function relationship, bioinformatics, web server.

ABBREVIATIONS ASD — Allosteric Database; CASBench — Catalytic and Allosteric Sites Benchmark set; CSA —
Catalytic Site Atlas; HTML5 — HyperText Markup Language version 5; PDB — Protein Data Bank; PSE — Pymol
Session (binary file format).

INTRODUCTION rather a widespread phenomenon that plays a key role

Allostery is a mechanism by which the activity of
proteins is regulated due to binding of a ligand or
other protein in a special site on the surface [1]. Fifty
years ago, when the classical models for cooperativity
binding were proposed based on the first known cases
of allostery, this phenomenon was considered an ex-
clusive feature of multi-subunit proteins functioning
at the level of the quaternary structure [2, 3]. Recent
studies have provided a large body of evidence for
allostery in proteins having different structures and
functions, including small monomeric proteins. It has
become clear that allostery is not an exclusive prop-
erty of sophisticated multi-subunit complexes, but
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in the regulation of many biological processes [4—8].
Computational biology methods were applied to study
allostery in an attempt to understand the relationship
between function and regulation [6, 9]. Bioinformatic
analysis showed that the amino acid sequence of reg-
ulatory sites is less conserved and more variable com-
pared to that in catalytic sites [10]. The catalytic and
allosteric sites are saturated by the so-called specific
positions that are conserved only within functional
subfamilies but differ between them and can define
the functional diversity of homologs within one super-
family (e.g., they can be responsible for varying spec-
ificity to substrates and regulatory ligands) [11—13].
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Analysis of correlated substitutions in the amino acid
sequences of topologically independent but function-
ally coupled sites on the surface of evolutionary relat-
ed proteins is increasingly being used to study the mo-
lecular mechanisms of allostery [9, 14]. It was shown
that such correlating/co-evolving positions can form
a network of interacting residues located between the
catalytic and regulatory sites in a protein structure,
which provides communication between them due to
the sequential conformational changes initiated by the
binding of a regulatory agent [15, 16]. Co-evolution
between positions located in different binding sites at
a considerable distance from each other was described
(e.g., in the bacterial transcription factors belonging to
the Lacl family [17]). Spatially proximal co-evolving
residue pairs, as well as long-range correlations, can
potentially be used to annotate new binding sites and
study the molecular mechanisms of allosteric commu-
nication [18].

The current understanding is that the protein
structure exists in equilibrium between a set of con-
formers, and this balance can change as a result of
the binding of almost any substance to the surface
of the globule; the question is only how efficient this
shift is and how it affects the protein function [19—22].
This effectively means that allostery can present a
universal phenomenon that applies to the majority
of existing proteins. The anticipation of the discovery
of a new regulatory mechanism in proteins currently
considered as non-allosteric has generated intense
attention to the field, driven by a fundamental inter-
est in establishing new ways of regulating proteins/
enzymes, and the prospects for creating novel alloste-
ric drugs having a lower toxicity due to higher bind-
ing selectivity [4, 23—26]. In recent years, a number
of computational methods have been developed to
search for new regulatory sites in protein structures,
as well as complementary selective ligands that can
influence the functional activity upon binding to the
biopolymer [9]: using geometric [27—30], energy-based
[31, 32] or bioinformatic criteria [13, 33—35], training
sets of experimentally annotated sites [36, 37], and
high-throughput virtual screening procedures [38,
39]. The currently available computer programs
usually predict multiple sites in the structure of a
selected protein (tens or even hundreds, depending
on the globule size and the selected parameters). The
functional importance of the detected pockets is then
estimated by ranking them according to a chosen
evaluation function (e.g., according to the occurrence
of statistically significant conserved [34, 35] or specific
positions [13]). The currently available bioinformatic
methods can sometimes correctly detect previously
unknown ligand binding sites in protein structures,

but it is clear that the efficiency of the available
software for allosteric site prediction remains very
limited and that new universal computational ap-
proaches are needed to proceed from individual case
studies towards a wider solution to this problem. We
can also note the common limitation of the known
search algorithms: they do not take into account the
differences between the functional (catalytic) and
regulatory (allosteric) sites and, therefore, are unable
to discriminate between sites of different types. To
elaborate more efficient strategies, it is necessary to
systematically study the common patterns, as well
as the distinctive features of structural organization
of sites of different types and the evolution of their
amino acid sequences in families of homologous pro-
teins.

The first attempt to summarize the accumulated
experimental information on allosteric sites was the
ASD database, which contains almost two thousand
entries [40]. The ASD database is an important re-
source on allosteric proteins but contains redundant
(duplicated) data and low-quality annotations; so,
only a small part of this collection can be used in
practice to study allostery and train/evaluate new
algorithms (235 entries [41]). In addition, annotation
of functional (catalytic) sites is not provided in the
ASD database: this information is presented in the
separate CSA database [42]. The CSA database relies
on experimental findings for one thousand enzymes.
The bioinformatics methods are used to annotate
conserved catalytic residues in the closest homologs
with a known structure, thus expanding the database
to dozens of thousands of entries. The combined use
of experimental information on known catalytic and
allosteric sites in the structures of proteins/enzymes
can help in the study of the relationship between the
structure, function, and regulation, but certain issues
regarding data management and the format of entries
in the ASD and CSA databases make their joint use a
challenging task.

Here, we report on the CASBench set of enzymes
with catalytic and allosteric binding sites, with their
structures annotated according to the experimental
data in the ASD, CSA, and PDB public databases.
The CASBench can be used as a benchmarking set
to evaluate the efficiency of existing methods and
to develop new, promising algorithms to search for
functional and regulatory sites in protein structures.
The availability of annotations for both sites in each
protein provides an opportunity to study the organi-
zation of sites of different types and to train computer
algorithms to recognize them. The CASBench can be
operated offline on a local computer or online using
built-in interactive tools.
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METHODS

Collection of the CASBench set

The latest versions of three public databases (anno-
tations of allosteric sites in the ASD, annotations of
catalytic sites in the CSA, and structural information
contained in the PDB database) were analyzed by the
original Python 3 software using the BioPython pack-
age [43], as well as the numpy and ProDy libraries. The
protocol employed to collect the CASBench dataset
contained four key steps: (1) numbering of allosteric
site residues in the ASD was synchronized with the
numbering of amino acid residues in the corresponding
representative PDB structures; (2) for each protein in
the ASD, all its structures in the PDB were retrieved,
(3) the ASD entries were compared to the CSA entries
to identify proteins deposited in both databases; and
(4) annotations of catalytic and allosteric sites in the
ASD and CSA databases were refined using informa-
tion about the presence of ligands in all collected PDB
structures of crystallographic complexes and taking
into account the quaternary structure of each protein
(when available).

At the first step, annotations of allosteric sites in
the ASD were synchronized with the corresponding
PDB entries regarding the numbering of amino acid
residues. The primary difficulty in working with the
ASD is the ambiguous numbering of amino acid resi-
dues that are part of a regulatory site; i.e., it may fail
to match the numbering in the PDB and/or Uniprot,
and can even be represented by only a keyword (e.g.,
DFG motif), which in some cases prevents conclusive
identification of the site in a protein structure. If the
numbering of amino acid residues in the ASD anno-
tation failed to match the numbering in the PDB or
UniProt, it was automatically corrected by consider-
ing all possible locations of the amino acid residues
of the site in question in the sequence of each cor-
responding PDB chain, with allowance for potential
substitutions, deletions, or insertions. All entries in
the ASD whose automatic synchronization had failed
(i.e., it was not possible to conclusively identify the
allosteric site in the PDB structure given the ASD
numbering) were removed from analysis. At the sec-
ond step, for each protein in the ASD, all of its struc-
tures currently available in the PDB were collected.
The amino acid sequences of all proteins presented
in the PDB were clustered at a 95% sequence simi-
larity level using the CD-HIT program [44] (i.e,, the
PDBY95 set). All members of a cluster that contained
a representative PDB-structure were included in the
corresponding ASD entry for further analysis. The
quaternary structure of each protein (if any) was
restored according to the corresponding BIOMT re-
cords. At the third stage, the ASD and CSA databases
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were compared. Annotations of catalytic sites in CSA
for the proteins with at least 95% sequence similarity
were merged into one entry. Proteins that were pres-
ent in the ASD but not in the CSA (i.e., none of the
PDB structures retrieved at the previous stage was
annotated in the CSA) were excluded from further
consideration. At the final step of the protocol, the
primary annotations of catalytic and allosteric sites
in proteins were refined as follows: Sites in the ASD
and CSA databases can be represented by only a few
residues whose role in function or regulation has been
confirmed experimentally (e.g., the key catalytically
important amino acids studied by site-directed mu-
tagenesis), which gives no information about the di-
mensions and boundaries of the corresponding bind-
ing sites. All the available experimental information
from the crystallographic complexes of proteins with
ligands was used to refine these primary annotations.
For each protein present in both the ASD and CSA
databases, the collected information on all its struc-
tures in the PDB was used to select ligands bound
to corresponding sites within 5 A of any amino acid
residue included in the primary annotation. Then,
this primary annotation of catalytic and allosteric
sites from the ASD and CSA databases was supple-
mented with the secondary annotation obtained by
analyzing the available crystallographic complexes.
In each structure, all residues located within 5 A of
the selected ligand were considered and the resulting
secondary annotations of each site were merged for
all the PDB structures of the protein. The collected
CASBench set contained 91 enzymes.

Construction of multiple alignments

of protein families

Unique chains of each protein in the CASBench were
used as queries to construct multiple alignments of the
corresponding families using the Mustguseal method
[45]. For each query, protein sequence similarity search
versus the UniProtKB database was used to collect
at most 5,000 homologs for further analysis [46]. The
resulting sets were filtered to exclude the too similar
and too distant proteins. Sequences were dismissed
if their length differed by more than 20% from the
query to exclude incomplete entries and prevent the
formation of columns with an excess of gaps in the final
alignment. The CD-HIT algorithm [44] was then used
to cluster proteins at a sequence similarity threshold of
95%. One representative sequence was automatically
selected from each cluster, and the remaining proteins
were dismissed from further consideration. Finally,
proteins that differed significantly in their amino acid
sequence from the query (shared less than 0.25 bits
per column) and, therefore, could have caused align-
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Fig. 1. Distributions of the six major enzyme classes ac-
cording to the EC classification in the BRENDA database,
95%-non-redundant set of proteins in the PDB (PDB95),
the ENZYME database, and the CASBench benchmarking
set. Information from the BRENDA database was obtained
using the SOAP web service (https: / /www.brenda-en-
zymes.org/soap.php). The protocol for preparing the
PDB95 set is described in Methods. Clusters within the
PDB95, which included different chains of the same pro-
tein, were combined, and all the major EC classes pro-
vided in the PDB annotations were counted once for each
obtained cluster. Information on the representation of
enzymes in the ENZYME database was taken from [10]

ment errors were removed [47, 48]. Multiple sequence
alignments of the obtained representative collections of
each family were finally constructed using the MAFFT
algorithm [49].

RESULTS AND DISCUSSION

The CASBench benchmarking set contains 91 entries
of enzymes with annotated catalytic and allosteric
binding sites based on the information retrieved from
the ASD and CSA databases and the results of the
analysis of all crystallographic complexes with lig-
ands in the respective sites. The CASBench includes
enzymes of all major functional EC classes, which are
presented in proportion to their occurrence in other
databases (Fig. 1). Topological analysis showed that the
CASBench contains proteins with different three-di-
mensional organizations; the catalytic and allosteric
sites can be arranged in a variety of ways relative to
each other (Fig. 2). In 70% of cases, the annotations de-
scribe monomeric proteins consisting of only one chain,
and 30% of the entries correspond to multi-chain pro-

36 27 13
5 3
2 2
2 1

Fig. 2. Topological classification of catalytic (yellow) and
allosteric (blue) sites in the structures of enzymes present-
ed in CASBench. The number of entries in the CASBench
with each topology is shown. Identical chains of multimeric
proteins are shown as squares; different chains, as squares
and circles

teins consisting of several identical or unique subunits.
In 5% of entries, both sites are formed within the inter-
subunit contact; in 22% of cases, only one site is located
between the subunits and 73% of entries correspond to
both sites being formed within the subunits. In all the
CASBench annotations, different sites are topologically
independent from each other (i.e., they are represented
by separate cavities in the enzyme structure). In 30%
of cases, the catalytic and allosteric sites either overlap
or share a common border; in 70% of entries, both sites
reside at a considerable distance from each other and
do not overlap within the structure.

A CASBench entry for each listed protein has an
identifier written as CAS0001 (CAS0002, CAS0003,
etc.) and contains annotation of all sites, as well as
associated ligands in all available crystallographic
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structures from the PDB database. The information
is available as binary files in the PSE format for the
PyMOL Molecular Graphics System (which can be
used for visual expert analysis) and text files intended
for automated processing. It should be noted that the
original annotations of catalytic and allosteric sites in
the ASD and CSA databases can consist of only several
residues whose role in the protein function and regula-
tion was verified experimentally. An important feature
of the CASBench dataset is that the annotations of sites
from the ASD and CSA databases are refined using
the information from the crystallographic complexes
of proteins with ligands. All residues directly inter-
acting with ligands are shown in the benchmark set,
which seems more convenient for further analysis and
provides clear understanding of the size and bound-
aries of the binding sites (Fig. 3). For each CASBench
entry, multiple alignments of a representative set of
a corresponding protein family are also available in
the FASTA format, which can be useful when test-
ing algorithms that employ bioinformatic analysis to
search for and/or rank ligand binding sites in protein
structures (e.g., pocketZebra [13] and the like). All the
data available in the CASBench can be operated offline
on a local computer or online using built-in interactive
tools. The web version of CASBench can be browsed
via a single list of all available entries, or by searching
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Fig. 3. An example of a
CASBench annotation.
The catalytic (yellow) and
allosteric (blue) sites are
annotated in the structure
of epoxide hydrolase from
Spodoptera frugiperda;
all the amino acid residues
directly involved in the
accommodation of ligands
in the corresponding crys-
tallographic complexes
are shown. The crystallo-
graphic ligands are shown
in green. The illustration
was prepared using the
structural annotation file

in PSE format included in
the CASBench distribution
for entry CAS0002 (PDB
code 5ALU)

by the protein PDB ID or keywords contained in the
PDB annotation. Each CASBench entry is presented
on a separate web page that contains information on all
available PDB structures of the corresponding protein,
annotated sites, and associated ligands. The annotated
catalytic and allosteric sites can be visualized on the
3D structure or amino acid sequence of the selected
protein using the built-in interactive tools (JSMol [50]
and Strap [51], respectively). Online interactivity is
implemented in HTML5 and requires neither plug-ins
nor Java on the user’s computer.

CONCLUSIONS

The trend in recent years has been increasing attention
to allosteric regulation of the functional properties of
proteins/enzymes and the search for complementary
modulators as prototypes of novel drugs with lower
toxicity thanks to a higher binding selectivity. Despite
the growing interest in studying the relationship be-
tween the structure, function, and regulation, and in
elaborating methods to search for new regulatory sites
in protein structures, many questions are still to be an-
swered. Therefore, further research into the field is re-
quired. In this paper, the CASBench benchmarking set
was proposed, containing all enzymes with the catalytic
and allosteric sites in their structures experimentally
annotated based on the ASD, CSA, and PDB databases.
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The obtained set can be used to evaluate the efficiency
of the existing methods and to develop/train prospec-
tive algorithms to search for new sites in protein struc-
tures, as well as to study the mechanisms of allosteric
communication between topologically independent
sites in a large collection of enzyme families. Estab-
lishing a relationship between structure, function, and
regulation is expected to improve our understanding of
the mechanisms of action of enzymes and open up new

prospects for creating new drugs and designing more
efficient biocatalysts. ®
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ABSTRACT Terrestrial plants have contributed massively to the development of modern oncologic drugs. Despite
the wide acceptance of Mauritian endemic flowering plants in traditional medicine, scientific evidence of their
chemotherapeutic potential is lacking. This study aimed to evaluate the in vitro tumor cytotoxicity of leaf
extracts from five Mauritian endemic medicinal plants, namely Acalypha integrifolia Willd (Euphorbiaceae),
Labourdonnaisia glauca Bojer (Sapotaceae), Dombeya acutangula Cav. subsp. rosea Friedmann (Malvaceae),
Gaertnera psychotrioides (DC.) Baker (Rubiaceae), and Eugenia tinifolia Lam (Myrtaceae). The cytotoxicities of
the extracts were determined against six human cancer cell lines, including cervical adenocarcinoma, colorectal
carcinoma, oesophageal adenocarcinoma, and oesophageal squamous cell carcinoma. The potent extracts were
further investigated using cell cycle analysis and reverse phase protein array (RPPA) analysis. The antioxidant
properties and polyphenolic profile of the potent extracts were also evaluated. Gas chromatography mass spec-
trometry (GC-MS) analyses revealed the presence of (+)-catechin and gallocatechin in E. tinifolia and L. glauca,
while gallic acid was detected in A. integrifolia. L. glauca, A. integrifolia, and E. tinifolia were highly selective
towards human oesophageal squamous cell carcinoma (KYSE-30) cells. L. glauca and E. tinifolia arrested KYSE-
30 cells in the G2 /M phase, in a concentration-dependent manner. RPPA analysis indicated that the extracts may
partly exert their tumor growth-inhibitory activity by upregulating the intracellular level of 5’AMP-activated
kinase (AMPK). The findings highlight the potent antiproliferative activity of three Mauritian endemic leaf
extracts against oesophageal squamous cell carcinoma and calls for further investigation into their chemother-
apeutic application.

KEYWORDS Mauritian endemic, medicinal plant, oesophageal carcinoma, tumor cytotoxicity, AMPK,
ABBREVIATIONS AMPK — 5'AMP-activated kinase; CCE — cyanidin chloride equivalent; DPPH — 2-2 diphe-
nyl-1-picrylhydrazyl; EDTA — ethylenediaminetetraacetic acid; FRAP — ferric reducing antioxidant power;
GAE — gallic acid equivalent; GC-MS — gas chromatography coupled to mass spectrometry; HPLC — high-perfor-
mance liquid chromatography; LW — lyophilized weight; mTORC1 — mammalian target of rapamycin complex
1; OC — oesophageal cancer; QE — quercetin equivalent; RFI — relative fluorescence intensity; RPPA — reverse
phase protein array; TFC — total flavonoid content; TMSi — trimethylsilylimidazole; TPC — total phenolic content;
TPrC — total proanthocyanidin content.
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Fig. 1. The Mauritian endemic medicinal plants under
study. The Mauritius herbarium voucher specimen bar-
code number is given in brackets (). A— A. integrifolia
(MAU 0016402); B— L. glauca (MAU 0016430);

C — D. acutangula (MAU 0016638); D — G. psychotri-
oides (MAU 0009450); — E. finifolia (MAU 0016540)

INTRODUCTION

Oesophageal cancer (OC) is of increasing global concern
due to poor prognosis, aggressive disease course, and
a lack of efficient selective therapeutics. Oesophageal
squamous cell carcinoma and oesophageal adenocarci-
noma represent the sixth leading cause of cancer death
worldwide and are associated with a 5-year survival of
less than 15% and a median overall survival of less than
a year [1]. Current treatment options rely primarily on
broad-spectrum cytotoxic chemotherapeutics such as
cisplatin, fluorouracil, and paclitaxel, which are asso-
ciated with toxic side effects and limited efficacy, in
addition to resistance [2]. Therefore, there is a dire need
for searching for novel agents targeted against oesoph-
ageal cancer cells.

Plant-sourced bioactive molecules have provided
architectural scaffolds for numerous lifesaving clinical
agents, including 27% of the approved natural antican-
cer drugs, since 1980 [3]. Furthermore, over 3,000 glob-
al plant taxa have documented ethno-medicinal uses in
the treatment of cancer [4].

82| ACTANATURAE| VOL.11 Nel (40) 2019

Mauritius is a biodiversity hotspot located off the
southeast coast of the African continent in the Indian
Ocean. To date, the ethno-medicinal uses of about
32% of Mauritian endemic plants are documented
with limited insight into their anticancer potential [5].
Therefore, this untapped unique resource represents a
fertile ground for the bioprospecting of novel oncologic
agents.

Thus, the present work evaluated the in vitro an-
tioxidant and tumor cytotoxicity of A. integrifolia,
D. acutangula, E. tinifolia, G. psychotrioides, and
L. glauca Bojer (Fig. 1), in relation to their polyphenolic
content. The effect of the three most potent extracts on
cell cycle progression, mode of induced cell death, and
their ability to modulate AMPK in oesophageal adeno-
carcinoma cells was also studied.

METHODS

Plant material and preparation of extracts

Fresh leaves of L. glauca, A. integrifolia, and G. psy-
chotrioides were collected at Gaulette serré, near
Camp Thorel (coordinates 20° 12" 09™ S, 57° 25" 11" E;
20°12°43" S, 57 38297 Eand 20° 1243 S, 57° 38" 29"
E, respectively), while leaves of E. tinifolia and D. acu-
tangula were collected at lower gorges national park,
‘Morne Sec’ (coordinates 20° 23 35" S, 57° 38" 05" E)
and Réduit (coordinates 20° 14 05 S, 57° 29 45" E), re-
spectively. Dried leaves were exhaustively extracted
with aqueous methanol (80 %, v/v) and freeze-dried
as described [6].

Estimation of polyphenolic contents

The Folin-Ciocalteu assay, aluminum chloride assay,
and HCl/Butan-1-ol assay were used to estimate the
phenolic, flavonoid, and proanthocyanidin contents, re-
spectively [6]. The results were expressed as mg of gal-
lic acid equivalent (GAE)/g lyophilized weight (LW),
quercetin equivalent (QE)/gLW, and cyanidin chloride
equivalent (CCE)/gLW, respectively.

Chromatographic determination of phenolic com-
pounds

The GC-MS analysis of trimethylsilylimidazole derivat-
ized extracts of L. glauca, E. tinifolia and A. integrifolia
was carried out using an Agilent 7890A gas chromatog-
raphy system (Agilent Technologies, USA) as described
in [7]. The analysis began with the initial oven tempera-
ture set at 150°C, which increased at the rate of 10°C/min
to 300°C, and was maintained for another 4—5 min to
yield a total run of 20 min under constant helium pres-
sure (10 psi). The chromatogram was analyzed by match-
ing the MS spectra of the peaks with those stored in the
NIST 2011 Mass Spectral Library.
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In vitro antioxidant capacities of extracts
The in vitro antioxidant activities of the extracts were
evaluated using ferric reducing antioxidant power
(FRAP) assay; iron chelating assay; superoxide anion
radical scavenging assay; and nitric oxide radical inhi-
bition assay, as described in [6]. The modified method
proposed by Chu et al. [8] was employed for the DPPH
(2-2 diphenyl-1-picrylhydrazyl) radical scavenging ac-
tivity. Briefly, 100 pl of a methanolic extract (of var-
ying concentration) and 200 pl of 100 uM DPPH dis-
solved in methanol were incubated for 30 min at room
temperature and the absorbance was read at 492 nm.
The negative and positive controls contained ex-
tract vehicle and gallic acid (or otherwise stated), re-
spectively, instead of the extract. The percentage of
metal chelating and free radical scavenging activity
of the extracts were calculated with reference to the
negative control according to equation 1. A concentra-
tion response curve was generated, and the IC, value
was determined using the GraphPad Prism 6 software
(GraphPad Inc., USA). All the experiments were per-
formed in triplicates in three independent assays.

Equation 1

% Chelating/ Scavenging/ cytotoxic activity =
(Absorbance negative control — Absorbance extract) «
(Absorbance negative control)
x 100

Human cell cultures

Human cancer cell lines purchased from American
Type Culture Collection included cervical adenocarci-
noma (HeLa), colorectal carcinoma (HCT 116), oesoph-
ageal adenocarcinoma (OE 33, FLO-1, OE 19 (platinum
resistant)), and oesophageal squamous cell carcinoma
(KYSE-30), while non-malignant ones included reti-
nal pigment (RPE-1) and fibroblast (FIBR) cell lines.
HeLa, HCT 116, FLO-1, RPE-1, and FIBR were grown
in DMEM, while OE 33, OE 19, and KYSE-30 were cul-
tured in RPMI-1640, both media supplemented with
10% (v/v) fetal calf serum (FCS), 2 mM L-glutamine,
1% Penicillin-Streptomycin solution with the medium
for RPE-1 having an additional supplementation of 20%
sodium carbonate. The cells were grown under stand-
ard culture conditions.

Cell proliferation analysis using the metabolic assay

The HeLa, HCT 116, FLO-1, OE 33, OE 19, KYSE-30,
RPE-1, and FIBR cell lines were plated at 1 % 10* cells
per well in a 96-well plate and incubated for 24 h be-
fore treatment. The medium was replaced with a fresh
medium containing the test extracts (0.78, 1.56, 3.13,
6.25, 12.5, 25 and 50 pg/ml). The experimental nega-
tive and positive controls included 0.1% (v /v, final con-
centration) dimethyl sulfoxide (DMSO) and etoposide

(0.78, 1.56, 3.13, 6.25, 12.5 and 25 pug/ml), respectively.
After 24 h, 10 pl of Alamar blue reagent (10% (v/v))
was added and the plates were incubated at 37°C for
4 h. Fluorescence was measured using an excitation
wavelength of 544 nm and an emission wavelength of
590nm in a Synergy H4 Hybrid Multi-Mode Microplate
Reader (BioTek, USA). Cell viability of the treated cells
was calculated as a percentage of the number of viable
cells in the negative control (equation 1) and the IC,,
value determined. The results were expressed as the
mean IC, = SD pg/ml (n=3). The selectivity index (SI)
values for the test extracts were calculated as the ratio
of IC, values of RPE-1 cells to cancer cells.

Cell death assay and cell cycle analysis

FLO-1 and KYSE-30 cells were seeded (2.6 X 10* and
1.8 X 10%, respectively) in 384-well Greiner, black, tis-
sue culture plates. The plates were incubated for 24 h
under standard culture conditions before test extracts
(L. glauca, E. tinifolia and A. integrifolia) were added
using a Biomek FX liquid handler (Beckman Coulter
Inc., USA), to give 6-point dose responses with final as-
say concentrations of 30, 10, 3, 1, 0.3, 0.1 ug/ml with four
replicates. DMSO and Staurosporine (3, 1, 0.3, 0.1, 0.03,
0.01 uM) were added as controls. The cells were further
incubated for 48 h before staining. The media were aspi-
rated from the plate wells and replaced with the stain-
ing mixture (Hoechst 33342 (2 ug/ml, Invitrogen) and
MitoTracker Deep Red FM (500 nM, Invitrogen)). The
plates were incubated in the dark (30 min), before wash-
ing three times with PBS. The staining solution was re-
placed with normal media, and the plates were imaged
on an ImageXpress system (Molecular Devices, UK),
taking four images per well. The percentage of cells in
each cell cycle phase was determined using the cell cy-
cle application module within the MetaXpress software
(Molecular Devices, UK)

Reverse phase protein array (RPPA)

Samples were analyzed by Zeptosens RPPA as de-
scribed previously [9]. Briefly, tumor lysates were nor-
malized to 2 mg/ml with CLB1 lysis buffer and diluted
1:10 in CSBL1 spotting buffer (Zeptosens-Bayer) prior
to preparing a final 4-fold concentration series of 0.2,
0.15, 0.1, and 0.75 mg/ml. The diluted concentration
series of each sample was printed onto Zeptosens pro-
tein microarray chips (ZeptoChip™, Zeptosens-Bayer)
under environmentally controlled conditions (constant
50% humidity and 14°C) using a non-contact printer
(Nanoplotter 2.1e, Gesim). A single 400 picoliter drop-
let of each lysate concentration was deposited onto the
Zeptosens chip (thus representing four spots per single
biological replicate). A reference grid of AlexaFluor647
conjugate BSA consisting of four column X 22 rows was
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spotted onto each subarray; each sample concentration
series was spotted in between the reference columns.
After array printing, the arrays were blocked with
an aerosol of a BSA solution using a custom-designed
nebulizer device (ZeptoFOG™, Zeptosen-Bayer) for 1
h. The protein array chips were subsequently washed
in double-distilled water and dried prior to performing
the dual antibody immunoassay comprising 24-hour
incubation of primary antibody, followed by 2.5-hour
incubation with the secondary Alexa-Fluor conjugated
antibody detection reagent (anti-rabbit A647 Fab).

A selected panel of antibodies, pre-validated for
RPPA application, was used. Following secondary an-
tibody incubation and final wash step in the BSA solu-
tion, the immune stained arrays were imaged using
the ZeptoREADER™ instrument (Zeptosens-Bayer,
Germany). For each subarray, five separate images
were acquired using different exposure times rang-
ing from 0.5-10 s. Microarray images representing the
longest exposure without saturation of fluorescent sig-
nal detection were automatically selected for analysis
using the ZeptoView™ 3.1 software (Zeptosens-Bayer,
Germany). An error weighted least squares linear fit
through the fourfold concentration series was used to
calculate the median relative fluorescence intensity
(RFTI) value for each sample replicate. Local normali-
zation of the sample signal to the reference BSA grid
was used to compensate for any intra- inter-array/chip
variation. Local normalized RFI values were used for
the subsequent analysis, and the data are presented as
a fold change over DMSO control samples.

Statistical analysis

Statistical analysis was carried out using the GraphPad
Prism 6 software. The mean values were compared us-
ing One-Way ANOVA. Student’s t-test and /or Tukey’s
multiple comparisons as the Post Hoc test was used to
determine the significances of the mean cytotoxic ac-
tivities of phytochemicals and antioxidants among dif-
ferent extracts and the positive control. All charts were
generated using the Microsoft Excel software (version
2010).

RESULTS

Phytochemical analysis

The TPC varied significantly between the investigat-
ed leaf extracts (p <0.05), with the highest level meas-
ured in L. glauca (Fig. 2). The TPC in terms of gallic
acid equivalent ranged from 298.9 = 9.4 to 110.4 =13.7
mg GAE/gLW. G. psychotrioides had the most abun-
dant TPrC in terms of the cyanidin chloride equivalent,
while a negligible amount was measured in the A. inte-
grifolia leaf extract. The total flavonoid levels ranged
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Fig. 2. Total phenolic, flavonoid, and proanthocyanidin
contents in the investigated extracts. LW — Lyophilized
weight; CCE — cyanidin chloride equivalent; GAE — gallic
acid equivalent; QE — quercetin equivalent; TPC — total
phenolic content; TFC — total flavonoid content; TPrC —
total proanthocyanidin content. The different superscripts
between the columns represent a significant difference
between the extracts (p < 0.05). The data are expressed
as the mean * standard deviation (n = 3)

between 7.6 mg + 0.3 and 0.4 = 0.1 mg QE/gLW, with
D. acutangula having the most prominent flavonoid
level followed by L. glauca. GC-MS analysis revealed
the presence of (+)-catechin and gallocatechin in E. ti-
nifolia and L. glauca, while gallic acid was detected
only in A. integrifolia (Fig. 3).

Antioxidant activities of extracts in in vitro models

The trend in antioxidant potential between the ex-
tracts differed in each of the investigated assays (Table
1). The FRAP value of L. glauca was significantly
higher than that of other endemic plant extracts (p<
0.05), and 2.4-fold lower compared to the positive con-
trol gallic acid (24.9 mmol Fe?"). All the extracts under
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Fig. 3. GC Chromatogram of TMSi derivatives of crude
extracts

study showed dose-dependent metal chelating and free
radical scavenging activity; the IC, values are shown
in Table 1. L. glauca had the most potent radical scav-
enging activity against DPPH and NO radicals. While
G. psychotriodes had the highest O, radical scavenging
activity, the metal ion chelating activities of A. inte-
grifolia and E. tinifolia were notable compared to those
of other investigated extracts.

Cytotoxicity of herbal extracts

The A. integrifolia and E. tinifolia extracts exhibited
dose-dependent growth inhibition of the tested cancer
cell lines. Both extracts were strongly cytotoxic towards
KYSE-30 cells and were 6.9- and 5.6-fold, respective-
ly, less toxic with respect to the immortalized normal
RPE-1 cell line. The chemotherapeutic agent etoposide
exhibited greater cytotoxicity toward all the tested
cancer cell lines, relative to the extracts. However, it
is worth noting that etoposide was more cytotoxic to-

wards RPE-1 (SI = 2.3) and fibroblast (SI = 1.5) cells
compared to KYSE-30 cells. The calculated IC, value
for each extract against the tested cell lines is shown
in Table 2.

Cell cycle analysis

The cell cycle stage of cells determined using the Cell
Cycle Application Module within the MetaXpress soft-
ware (Molecular Devices, UK) revealed that the extracts
affected oesophageal squamous cell carcinoma (KYSE-
30) selectively, showing no changes in the oesophageal
adenocarcinoma (FLO-1) cell line. Both the E. tinifolia
and L. glauca extracts exhibited a concentration-de-
pendent effect on the cell cycle (Fig. 4), causing signif-
icant G2/M arrest of KYSE-30 cells, down to 3 pg/ml
(p< 0.05). Even though the A. integrifolia extract also
caused cell cycle arrest at G2/M, the effect was less con-
centration-dependent. None of the extracts caused any
changes in the cell cycle of FLO-1 cells (Fig. 4).

Interestingly, a similar selectivity pattern was ob-
served in the cell death assays. The number of nuclei
per image was determined using the MetaXpress soft-
ware. Extracts of E. tinifolia and L. glauca induced cell
death in KYSE-30 cells in a concentration-depend-
ent manner. However, both extracts had no effect on
FLO-1 cells. The calculated IC,, for E. tinifolia against
KYSE-30 was 1.37 pg/ml; IC,, for L. glauca was 1.77
ug/ml E. tinifolia at a concentration of 1 pg/ml signif-
icantly decreased the KYSE-30 cell number relative
to the negative control (p < 0.05), while for L. glauca a
significant reduction in the cell number was observed
at 3 pg/ml (p < 0.05) (Fig. 5).

The selective effect on KYSE-30 was based on the
effects of the extracts on cell morphology (Fig. 6). The
three extracts had a marked effect on the cell number,
cell and nuclear morphology, being indicative of cy-
totoxic and cytokinesis defects. However, there were

Table 1. Antioxidant potential of the investigated medicinal plants leaf extracts

E Ferric reducing Iron chelating DPPH Scavenging Superoxide Nitric oxide
xtracts d q o N 5 T e . NP
antioxidant power activity activity scavenging activity’ | scavenging activity
A. integrifolia 5.8 = 0.6 655.7 £ 50.4>"" 9.4 % 0.9 9.4 = 2.6~ 528.4 = 18.0>""
L. glauca 121 = 0.5 6783.0 = 1562.0% 2.2 +0.1>" 7.6 = 0.3"" 10.5 = 1.0*
G. psychotrioides 9.9 £0.7>" 2189.0 +483.3>"" 28 +0.3*" 6.4 + 0.6° 21.7 £ 6.4°
E. tinifolia 8.4 = 05" 674.1 = 87.7%"" 44 04> 8.9 = 1.1°>™ 15.6 = 2.0*
D. acutangula 3.9 =048 1289.0 = 44.62>"" 9.9 1.3 23.2 £ 1.6 43.9 = 14.0*
+ + + +
Crlliiz aate] et == (ig%2£ 1.012(32) (3.5) . o.(? ﬁM) (32.51'1 1.(:)’{%11\/[) (58.f i 20:.3i4p1\/[)

'Values are expressed in mmol Fe?*; ?IC, values are expressed in ug/ml; *IC, values are expressed in pg/ml; Data rep-
resent a mean * standard deviation (n = 3). Different letters between rows in each column represent significant differ-

ences between the extracts (p < 0.05). Asterisks represent significant differences between the extracts and gallic acid
(positive control), * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Fig. 4. Cell cycle dis-
tribution after extract

KYSE-30

DMSO E. tinifolia L. glauca

A. infegrifolia
100 treatment in the KYSE-30

°\°_ % and FLO-1 cell lines. Cell
£ 5 cycle distribution was
3 50 analyzed by high-content
e ;‘8 microscopy (ImageX-
S fg press-Micro). E. tinifolia
0 and L. glauca caused
1 03 0.1 1 03 01 1 03 01 1 03 0.1 significant G2/M arrest
down to 3 ug/ml (Stu-
FLO-1 dent’s f-test, p < 0.05),
DMSO E. tinifolia L. glauca A. integrifolia and the effect caused
o el by A. intergrifolia was
°\_ 80 significant at all concen-
= trations
>
o 50
O 4
= 3
20
© 10
0
1 03 0.1 1 03 01 103 01 1 03 0.1
Concenfrahon pg/ml
Cycle Stage LM/ EMEG2ES EGI
Table 2: Cytotoxicity (IC,, pgLW /ml) of extracts against Human cell lines
Extracts Flo-1 OE 33 OE 19 KYSE-30 HeLa HCT 116 Fibroblast RPE1
A. integrifoli 1043 =210 | 28.03 £4.21 | 39.28 £7.52 | 642+ 221 | 7.67 =158 | 1451 £1.23 |36.93 +6.41|43.99 +4.76
S INLegryoltd | o1 =42) | [SI=16" | [SI=11F | [SI=69]F | [SI=5.7F |[SI=3.0]><" b apr
45.72 =793 1427 =297 | 1413 = 2.62 | 45.30 =4.33 | 37.47 =4.50
D. acutangula [SI = 0.8 ND ND ND [SI = 2.6]"" | [SI= 2.7 . -
E. tinifolia 48.62 =3.24 | 45.72 £ 7.93 | 44.65 +8.87 | 6.99 =0.38 | 35.26 =£5.01 | 1954 £5.16 | 27.04 =1.84 | 38.94 +4.10
: [SI=08]" | [SI=09]"" | [SI=09] | [SI=5.6] |[SI=11]""|[SI=20]"" e
L. alauca 11.19 = 2.53 ND ND 922 +1.16 | 41.53 =£3.28 | 31.58 £5.25 | 26.74 = 1.64 | 48.49 = 6.12
-9 [SI=43] [SI=52]"" | [SI=1.2]""" | [SI= 1.5}
. 523+0.56 | 6.74 +=0.66 7.05+0.89 | 547+0.66 | 493+0.35
Etoposide [ST=31] | [SI=24] ND (ST—23] | [SI=30] | [SI=33] |1024*277| 1617393

Data represent mean IC, values = standard deviation (n = 3). Selectivity index determined as a ratio of the IC, immor-
talized RPE-1 normal cell to the IC, of cancer cell lines is indicated. ND = at 50 and 25 ug/ml the extracts and etopo-
side, respectively, failed to induce 50% growth; hence, no IC,, value was determined. Different letters between the
rows in each column represent significant differences between the extracts (p< 0.05). Asterisks represent significant

differences between the extracts and etoposide (positive control), *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

no apparent morphological changes in the FLO-1 cells dose-dependent manner, peaking at 3 ug/ml (Fig. 7),

(Fig. 6). suggesting the AMPK pathway of activation in cancer
cells.

RPPA results

A selected panel of antibodies, pre-validated for RPPA  DISCUSSION

application, was used to compare the individual levels
of the corresponding proteins in cancer cells treated
with each of the extracts (at different concentrations)
with the mock-treated cells. The comparison of the
RPPA analysis revealed that, at the 3-h time point,
all three extracts upregulated the level of Thr-172
phosphorylation of the alpha subunit of AMPK in a

The role played by the chemical scaffolds provided
by terrestrial plants for lifesaving drugs is immense
[3]- To date, only about 15% of the global plant species
have been appraised for their curative potential [10].
In Mauritius, about 32% of the endemic flora have eth-
nomedicinal uses, although there has been limited sci-
entific validation of their efficacies [5]. The majority
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of the untapped endemic species, both medicinal and
non-medicinal, continue to represent a valuable source
of novel chemotypes that await discovery. The thera-
peutic benefits of plants are ascribed to their secondary
metabolites, which are broadly grouped into alkaloids,
terpenoids, and phenolics, of which the latter represent
an interesting class [11].

A high level of phenolics was estimated in L. glau-
ca, G. psychotriodes, E. tinifolia, and A. integrifolia.
D. acutangula had the highest flavonoid level, al-

Fig. 6. Fluores-
cence microsco-
py images show-
ing cell number
and morpho-
logical changes
in the KYSE-30
and FLO-1 cells.
The cells were
treated with

the extracts

(3 pg/ml) and
Staurosporine
(0.3 uM) for 48 h

A. integrifolia L. glauca

though a low total phenolic content was measured,
closely followed by L. glauca. The polyphenolic rich-
ness of Mauritian plant extracts has been extensively
reported on and may be attributed to the high sunlight
conditions of the island [12]. Furthermore, a number
of reports have delineated the phenolic composition of
selected Mauritian endemic plant leaf extracts [13—17].
Consistent with the current findings, previous reports
by Neergheen and co-workers demonstrated the rel-
atively higher abundance of total proanthocyanidin

VOL. 11 Ne1 (40) 2019 | ACTA NATURAE |87



RESEARCH ARTICLES

compared to total flavonoid components in a G. psy-
chotriodes leaf extract [15, 18]. Moreover, the occur-
rence of flavan-3-ols, namely, (+)-catechin and (-)-ep-
igallocatechin, detected in the E. tinifolia leaf extract
(Fig. 3) is concordant with findings in the literature [18].
Polyphenolic compounds, inclusive of flavan-3-ols de-
rivatives, are extensively documented with regard to
their antioxidant capacities [11, 19].

The pivotal role of plant polyphenols in modulating
intracellular redox homeostasis and mitigating oxi-
dative stress-induced pathologies is well established
[19]. Mechanistically, antioxidants may neutralize free
radicals either by single electron or hydrogen atom
transfer [20]. The antioxidant capacity of phenolic
compounds emanates from the presence and degree of
an electron-donating hydroxyl group on the aromatic
ring [21]. Polyphenols, for instance flavonoids, are mul-
tifunctional in their antioxidative ability and prevent
oxidative damage in multiple ways, including free rad-
ical scavenging through direct donation of hydrogen
atoms, inactivating enzymes due to hydrogen bonding
of hydroxyl groups to proteins and chelating of the
metal iron involved in free radical generation, among
others [22]. Given the diverse mode of action of phenol-
ic antioxidants, the present study employed a battery
of five independent in vitro models to determine the
antioxidant potential of the extracts. L. glauca exhibit-
ed the most effective antioxidant capacity in terms of
ferric-reducing potential and scavenging of DPPH and
nitric oxide free radicals. The antioxidant capacity of
the endemic leaf extracts correlated significantly with
the total phenolic content r = -0.887 (p< 0.05) for DPPH
free radical scavenging activity and r = 0.970 (p < 0.01)
for FRAP. The strong correlation between TPC and
FRAP may be partly attributed to the fact that both
assays share a similar redox mechanism [23]. Similar
linear correlation between the TPC and FRAP values
of Mauritian endemic leaf extracts was previously re-
ported [17]. The positive association between the phe-
nolics and antioxidant activity is not restricted only to
Mauritian endemic plants, as comparable relationships
have also been reported for Mauritian citrus fruits [24]
and Mauritian tea infusate extracts [14].

Given the involvement of oxidative stress in the
multistage carcinogenic process [25], polyphenol-rich
extracts are expected to prevent or halt the progres-
sion of cancerous cell growth. Polyphenolics are re-
ported to attenuate in vitro cancerous cell growth via
diverse mechanisms [26]. The in vitro antiproliferative
potential of selected Mauritian endemic Eugenia and
Syzygium species against breast cancer cells (MDA-MB
and MCF-7) has been described earlier [27]. However,
this study reports for the first time on the growth in-
hibitory activity of Mauritian endemic leaf extracts

88| ACTANATURAE| VOL.11 Ne 1 (40) 2019

against cervical adenocarcinoma, colorectal carcinoma,
and oesophageal squamous cell carcinoma. The leaf ex-
tracts of A. integrifolia, L. glauca, and E. tinifolia ex-
hibited dose-dependent growth inhibition against the
selected cancer cell lines (Table 2). However, oesopha-
geal squamous cell carcinoma KYSE-30 cells were the
most sensitive to the extracts’ treatment. As per the
United States National Cancer Institute cytotoxicity
guidelines, crude extracts having an IC,, value below
20 pg/ml are considered active against tested cell lines
[28]. In the present study, the calculated IC,, values
ranged between 6.42 and 9.89 pg/ml when KYSE-30
cells were co-cultured with A. integrifolia, L. glauca,
and E. tinifolia extracts for 24 h. Furthermore, the se-
lective cytotoxicity of the extracts toward KYSE-30
cells was fivefold or greater compared to immortalized
non-malignant normal cells.

Guided by the AlamarBlue™ assay results, the ef-
fects of the three extracts on cell death and cell cycle
stages of KYSE-30 and FLO-1 cells were further in-
vestigated across a concentration dilution series using
fluorescence staining and high-content image analy-
sis. The findings indicated that extract treatment for
48 h induces considerable dose-dependent cell death
in KYSE-30 cells but not in FLO-1 cells (Figs. 3, 6). A
similar trend was also observed in cell cycle analysis,
as extracts treatment induced accumulation of KYSE-
30 cells in the G2/M phase, but no effect on the FLO-1
cell cycle was apparent (Fig. 4). The blockade of KYSE-
30 cells through G2/M was concentration-dependent
for both E. tinifolia and L. glauca, while in the case of
A.integrifolia the effect was less influenced by the ex-
tract dose.

In cancerous cells, signaling components of different
cellular pathways are often mutated [29]. In this vein,
activation of AMPK and subsequent inhibition of the
mTOR pathway is an area of active research [30]. It was
previously suggested that activators of AMPK, which
include plant polyphenols, can interfere with tumor
growth via cell cycle arrest [31] and apoptosis [32, 33]
in cancerous cells. The RPPA analysis of the canonical
signaling pathways that regulate the cell cycle progres-
sion and survival pathways, which in turn regulate cell
cycle progression and survival, revealed that all three
extracts increase the level of Thr-172 phosphorylation
of the alpha subunit of AMPK in KYSE-30 cells (Fig.
7), suggesting its activation. This study showed for the
first time that the antiproliferative effect of Mauritian
endemic medicinal plant leaf extracts is related to their
influence on the AMPK pathway modulation.

CONCLUSIONS
In conclusion, the specific selectivity of A. integrifolia,
E. tinifolia, and L. glauca to KYSE-30 oesophageal
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Fig. 7. Graphs showing the changes in the activated phos-
phorylated AMPK level in the FLO-1 and KYSE-30 cell
lines. The cells were treated for 3 h at different concentra-
tions. The results represent the ratio of phosphorylated

to total AMPK levels and are expressed as a fold change
over DMSO control for each cell type

squamous cell carcinoma relative to oesophageal
adenocarcinoma (FLO-1) calls for further investigation
into the anticancer effect of these medicinal plants.
This is further substantiated by the G2/M phase cell
cycle arrest, leading to cell death. AMPK pathway
modulation following the exposure of KYSE-30
cells to the extracts provides novel insight into the

mechanism of action of these leaf extracts as a potential
chemotherapeutic treatment. This is particularly
important since esophageal cancer is among the leading
causes of cancer mortality worldwide as treatment
is limited due to adverse systemic effects, limited
efficacy, and emergence of drug resistance. Clinical
studies with molecularly targeted therapies have so far
been disappointing, with little improvement in patient
outcomes. Hence, there is an urgent need to search
for new effective treatments for oesophageal cancer.
Although preliminary characterization indicated the
presence of (+)-catechin and gallocatechin, in-depth
phytochemical identification is warranted in order to
identify the AMPK modulator.
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- Periods should be used after footnotes (including
those in tables), table comments, abstracts, and
abbreviations (mon. — months, y. — years, m. temp.
— melting temperature); however, they should not
be used in subscripted indexes (T — melting tem-
perature; Tpt — temperature of phase transition).
One exception is mln — million, which should be used
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+ Decimal numbers should always contain a period and
not a comma (0.25 and not 0,25).
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while the “minus,” “interval,” or “chemical bond”
symbols do not require a space.

+ The only symbol used for multiplication is “X”; the
“x” symbol can only be used if it has a number to its
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right. The “-” symbol is used for denoting complex
compounds in chemical formulas and also noncovalent
complexes (such as DNA-RNA, etc.).

+ Formulas must use the letter of the Latin and Greek
alphabets.

- Latin genera and species' names should be in italics,
while the taxa of higher orders should be in regular
font.

- Gene names (except for yeast genes) should be ital-
icized, while names of proteins should be in regular
font.

- Names of nucleotides (A, T, G, C, U), amino acids
(Arg, Ile, Val, etc.), and phosphonucleotides (ATP,
AMP, etc.) should be written with Latin letters in
regular font.

* Numeration of bases in nucleic acids and amino acid
residues should not be hyphenated (T34, Ala89).

+ When choosing units of measurement, SI units are to
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- Molecular mass should be in Daltons (Da, KDa, MDa).

- The number of nucleotide pairs should be abbreviat-
ed (bp, kbp).

+ The number of amino acids should be abbreviated to
aa.

- Biochemical terms, such as the names of enzymes,
should conform to IUPAC standards.

+ The number of term and name abbreviations in the
text should be kept to a minimum.

- Repeating the same data in the text, tables, and
graphs is not allowed.
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- Figures should be supplied in separate files. Only
TIFF is accepted.

- Figures should have a resolution of no less than 300
dpi for color and half-tone images and no less than
500 dpi.

- Files should not have any additional layers.
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MANUSCRIPT FOR PRINT AND PUBLICATION

Articles are published on a first-come, first-served ba-
sis. The members of the editorial board have the right
to recommend the expedited publishing of articles
which are deemed to be a priority and have received
good reviews.

Articles which have been received by the editorial
board are assessed by the board members and then
sent for external review, if needed. The choice of re-
viewers is up to the editorial board. The manuscript
is sent on to reviewers who are experts in this field of
research, and the editorial board makes its decisions
based on the reviews of these experts. The article may
be accepted as is, sent back for improvements, or re-
jected.

The editorial board can decide to reject an article if it
does not conform to the guidelines set above.

The return of an article to the authors for improve-
ment does not mean that the article has been accepted
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lisher a week after the authors have received the com-
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address that they list in the article and inform the pub-
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figures, or tables are not allowed at the final review
stage. If this is necessary, the issue is resolved by the
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Fluerescence of cells after staining with various prefeins.
The mean values for the three experiments £ mean error
are given

Unstained cells 3700 + 400 3700 + 900
+ p-LG-FITC 5700 + 600 3300 + 400
+ 4DGscFv-FITC 27H10' £ T X 1| 3200 + 500

F 4DGscFv-miniSOG 23X100 £ 3% 10¢ 4600 £ 400

+ DARPIn-miniSOG | L71%10'+ 1.6 x 10° [ 3000 + 400

Henee, it has been demonstrated that the targeted
recombinant proteins 4D3scFv-miniSOG and DAR-
Pin-miniSOG are capable of highly specific binding
to the HER2/neu receptor on the surface of human
breast adenocarcinoma SK-BR-3 cells.

It was revealed that receptor-mediated inter-
nalization of proteins did not take place after the
DARPin-miniSOG and 4D3scFv-miniSOG proteins
were bound to the receptor on the surface of SK-BR-3
cells at +4°C. However, the receptor—protein complex
undergoes internalization at +37°C, as evidenced by
the reduction in the fluoreseence intensity AMFI
(the difference between the average fluorescence
intensities of stained and unstained cells) (Fig. 1). The
DARPin-miniSOG recombinant protein as part of its
complex with the receptor is internalized faster than
4D5seFv-miniSOG, since AMFI for DARPin-miniSOG
decreases twofold as compared to its baseline during
the first 10 min, while AMFI for 4 D5scFv-miniSOG is
40 min. These findings are consistent with the pub-
lished data: 4D5seFv-miniSOG has a higher eytotoxice-
ity than DARPin-miniSOG [5, 6], because 4DascFv-
miniSOG resides on the membrane for a longer time.
Since neerosis is the predominant death meehanism of

cells irradiated in the presence of these phototoxins,
membrane damage makes a crucial contribution to
the toxicity of targeted proteins. However, the de-
cline in the fluorescence intensity of miniSOG can be

indicative of reactions involving chromophaore, which
is also expected to affect its efficiency as a phototoxin.

In order to elucidate the reasons for the decline in
the fluorescence intensity and toxicity of miniSOG-
based proteins observed during their internalization,
we evaluated the effect of various factors on the fluo-
rescent properties of miniSOG. A hypothesis has been
put forward that quenching of DARPin-miniSOG
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