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The advanced biocatalysts based on hexahistidine-tagged organophosphorus hydrolase (His,-OPH) were
recently developed for the detoxification of various organophosphorus compounds and degradation of
N-acyl homoserine lactones. Due to enzyme immobilization, some of obtained biocatalysts are quite
stable, easy to use and very effective/active (e.g. tens of millions of substrate solution volumes appeared
to be treated with column cartridges containing immobilized His -OPH). Recently, the possible
bioengineering of different stabilized nanocomplexes of His-OPH due to its non-covalent binding
with different compounds (polymers, antioxidants, antimicrobials, etc.) was demonstrated. Firstly, it
was realized by computer modeling via molecular docking. Polymers of amino acids (polyglutamic and
polyasparctic acids) were established to be the most effective stabilizers of the enzyme that enabled effective
preservation of the enzyme activity. Up to 100 %-retention of initial catalytic characteristics of the enzyme
was reached in obtained enzymatic complexes. Such nanobiocatalysts were stabilized against inactivating
effects of solvents, temperatures and were able to circulate in vivo for at least 25 hours. It appeared that
different antioxidants can be applied as partners of the enzyme in the nanocomplexing. Thus, a new set
of original enzymatic antidotes were developed possessing dual action: both hydrolytic activity against
organophosphorus neurotoxins and improved antioxidant activity. Additionally, it was shown that different
organophosphorus compounds and N-acyl homoserine lactones could be molecularly docked directly to
the active centers of His -OPH dimer, thus allowing to theoretically clarify some new prospective substrates
for the enzymatic hydrolysis. It appeared that new type of nanocomplexes of the enzyme with antibiotics
also can be prepared. In this case the combination of antibiotics with enzyme quenching the quorum
of the pathogenic gram-negative bacteria was performed. The enzyme being stabilized by the various
antibiotics (especially those containing p-lactame ring) played the role of a carrier for the antimicrobial
compounds significantly improving their efficiency of the action. Such biocatalysts and/or method of their
design have a great potential and can be very useful for both chemical and biological defense.

Keywords: antibiotics; antioxidants; hydrolysis; N-acyl homoserine lactones; nanocomplexes;
organophosphorous hydrolase; organophosphorus compounds.
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In the modern world, the possible effective
decomposition of neurotoxic organophosphorus
compounds (OPCs) is of great importance. OPCs include

To decompose various OPCs, several biocatalytic
technologies based on organophosphorus hydrolase
(OPH) and its genetically modified analogues [1] have
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chemical warfare agents (CWAs) such as Sarin, Soman,
Vx, which were destroyed in the Russian Federation (but
are still in the process elsewhere), as well as agricultural
pesticides (Coumaphos, Methylparathion, Malathion,
Chlorpyrifos, Diazinon, etc.). The need for storing,
transporting and disposing of OPCs, and in the case
of pesticides, their use in hundreds of thousands tons
annually, requires to develop and apply modern safe and
environmentally friendly technologies.
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been developed. In terms of activity, some of these
enzyme derivatives, e.g. hexahistidine containing OPH
(His -OPH), appeared to be catalytically better in orders
of magnitude and can be expediently used as a basis for
development of multiple biocatalysts.

The technology for enzyme application has
been developed for decomposition of CWAs in the
form of pure substances [2], as well as in the reaction
masses after chemical destruction of CWAs by
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different formulations [3]. This technology is quite
simple (just mixing and exposing) and effective.
When it was combined with microbial destruction
of enzymatic decomposition products, in particular,
methylphosphonic acid [4], wastewater acceptable for
dumping into the city sewage system could be obtained.
This design still has no analogues in the world.

Immobilization of His -OPH on various
carriers allowed to produce a wide range of
preparations for OPCs detoxification. So, when
His -OPH was immobilized on a polyacrylamide
cryogel modified with iminodiacetic acid and
charged with divalent metal ions, biocatalytically
active column cartridges were obtained to totally
degrade various OPCs in flow systems [5]. This
technology is also simple and reliable. The enzyme
binds strongly to the carrier and can be regenerated
in a controllable manner though it is quite effective.
For example, 1 ml of biocatalyst can detoxify up to
10.8 m’ of wastewater contaminated with 10 uM
Paraoxon for a half-life period.

His -OPH was immobilized on environmentally
friendly carriers being agricultural scraps to clean
up soil contaminated by OPCs [6]. Thus, on the one
hand, the important problem of soil decontamination
is simply solved, and on the other hand, these carriers
act as soil structurizers, as well as additional organic
fertilizers. The maximum efficiency was observed
with wheat straw resulting in complete degradation
of 630 mg/kg of Paraoxon for 7 days by 300 U/kg of
biocatalyst.

OPH was immobilized within a fabric-based
chitosan gel in another interesting work to detoxify
various surfaces contaminated by OPCs [7]. Due to
covalent coupling to carrier by glutaraldehyde, such
biocatalysts have been stable for at least 6 months.

Several biocatalytic technologies have been
developed to be used as protective materials. E.g.,
a multilayer protective material can contain the

following layers: 1) polyamide cotton fabric with a
polyfluoroolefin or polyurethane membrane having
oleophilic properties; 2) the middle layer for sorption
and self-degassing with His-OPH immobilized
within a polyacrylate gel; 3) bottom (hygienic)
layer of woven or non-woven cellulose material [8].
Such material effectively prevents penetration of
toxic substances like VX for a long time and is very
promising.

Recently, completely different biocatalytic systems
have been developed for in vivo protection against
poisoning by OPCs [9]. The use of self-assembly of
nanosized complexes of enzyme with a block copolymer
is expected for this purpose, and the procedure of their
production is extremely simple. Such nanobiocatalysts
are stabilized against inactivating effects of solvents,
temperatures, etc. and are able to circulate in vivo for
at least 25 hours. These preparations have high activity
towards various OPCs in vitro and in vivo, and can be
improved even further [10, 11].

Several representative examples of enzyme
nanocomplexes [12-14] and their catalytic characteristics
are listed in Table 1.

Such nanocomplexes can be formed with a number
of charged polymers [9-14] and have high enough
catalytic activity. Moreover, interaction of His -OPH
with antioxidants [15, 16], antimicrobial agents [14,
17-19] and other chemicals can be computationally
simulated (Figure 1) and predicted to choose the best one
for activity preservation.

Recently it has been shown, that His -OPH
can be used to eliminate biological threats also.
Namely, N-acyl homoserine lactones (AHLs)
are known as inducers of Quorum Sensing, and
synthesized by most gram-negative pathogenic
bacteria. Quorum Sensing improves resistance
of microorganisms to the action of various
antimicrobials. His -OPH was shown to possess
the lactonase activity towards various AHLs

Table 1 - Catalytic characteristics of free His ,-OPH and its nanosized complexes with various “partners”
(determination was done in 0.1 M carbonate buffer (pH 10.5) towards Paraoxon)

Block copolymer K (uM) Vv /e (s?) Vial/ (€K, ) Ref.
m max’ ©o (106 M-s?)

- 10.0+0.5 5100 * 100 510+ 30 [12]

PEG,,,PLE,, 16.7+0.9 5005 + 60 300+ 20 [13]

PLD,, 121+1.0 5240 + 140 434 + 46 [12]

PLD, ,/Ampicillin 14.6+1.2 4450 + 120 305+ 33 [14]

PEG,,PLE,, 9.8+0.3 4550 + 50 466 +22 [12]

PLE,,PEG,,,PLE,, 10.8+0.8 4840+ 110 450 + 42 [12]
Note. PEG - polyethylene glycol, PLE - polyglutamic acid, PLD - polyaspartic acid

K —Michaelis constant,V__ /e - catalytic constant
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Figure 1 - Front view of His6-OPH homodimer (in center). General approach has been used to simulate enzyme interaction
with antioxidants (A) [16], antimicrobials (B) [14, 19], polymers (C) [12] and possible substrates (D) [22] by molecular docking
(two subunits of enzyme are colored by grey and dark grey. The enzyme atoms located within 4 A of any atom of docked
ligand and the corresponding molecular surface, are colored red. The entrances to the active sites of His ~-OPH dimer are
marked with black arrows. Binding of two OPCs within active center of His -OPH is zoomed (D), and catalytically important
amino acid residues are shown with magenta sticks. The most crucial interactions between Co?" ions (purple spheres) of
enzyme and substrates’ phosphorous (orange sphere) and oxygen (red sphere) atoms are highlighted)
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and could be used for Quorum Quenching [20].
Nanocomplexes of the enzyme can be obtained
with various antibiotics so as a number of enzyme
forms (complexes with other compounds) can be
applied [14, 17-19].

Moreover, an improvement of both catalytic
activity and enzyme stability was revealed for the
complexes of His-OPH with antibiotics. That
resulted in improving the antibiotics’ efficiency
action and significant decrease of minimal inhibiting
concentrations of the complexes containing both
enzyme and antibiotics towards gram-negative
bacteria [19].
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Besides, interactions of various chemicals
with His -OPH can be simulated by the same way
to reveal possible enzyme substrates [21, 22]. It
allows preliminary predicting not only possible
decontamination, but its efficiency also.
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All biocatalysts on the basis of His -OPH are
characterized by simplicity of obtaining and application
and by their environmental friendliness, whereas all
of them are highly active towards wide range of OPCs.
Therefore they may be interesting to both civilian
consumers and specialized services.
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CoBpeMeHHble 6uoKaTaIM3aTopbl HA OCHOBE
rekcarucTmamHcogepxawein opraHopocdartrugponasol
D1 XMMUYECKOM U BMOI0rMY4eCKOM 3aLUThl

E.H. EppemeHko, U.B. JIarnu

Mockoeckul 2zocydapcmeeHHbili yHUgepcumem umeHu M.B. JlomoHocoea,
xumuyeckuli pakynemem, 199991, Pocculickas ®edepayus,

2. Mockea, JleHuHcKue 2opwl, 0. 1, cmp. 3

IMocrymmma 20.05.2019 . [Tpuasra K my6mukanmu 17.06.2019 ¢

P: aSpa60TaHbI 6I/IOKaTaTII/ISaTOpI)I Ha  OCHOBE

opranodocdarruaponass, MoAMGUIIMPOBaH-

HOJt  TIOMUTUCTHUMHOBOI  nocnenoBatenbHocTbio  (His -OPH), mpennashHadeHHble Ui eTOK-
cukatmu  Qocdopopranmuecknx  coepuueHnit  (POC) wu  pasnmoxeHnusa  N-al[UnaroMocepyH-
MaKTOHOB. VIX co3faHme CTano BO3MOXHBIM Omarofjapsa crocobHoctu depmenta His -OPH x
HEKOBAJICHTHOMY CBA3BIBAHUIO C Pa3/IMYHBIMMU BellleCTBaMy (IIO/MIMepaMy, aHTHOKCUIAaHTaMH, aHTH-
MMKPOOHBIMM CPEZICTBAMM 1 JIp.). ITO ke cBolicTBO depmenTa His -OPH nossomno nomyuuts pas-
JIMYHBIE CTaOMIN3VPOBAHHbIE HAHOKOMITTEKCHI. IoKasaHo, YTo MOJIeKy/IApHBII JOKMHT pasHbix POC 1
N-arnuiroMoceprHIaKTOHOB MOKET ObITh IIPOBETIEH C MCIO/Ib30BAHIEM KOMITBIOTEPHOTO MOZIE/IMPOBa-
HISL HETIOCPENICTBEHHO K aKTMBHBIM IeHTpaM mMepa His -OPH, 4To mosBomseT TeopeTnaeckn ycra-
HOBUTD HOBbIE CyOCTpaThI A7 hepMEHTATMBHOTO IMapory3a. IlomydeHHbIe O pa3pabOTaHHOI TeXHO-
7IorMM 6MOKaTaIM3aTopbl 06/1afa0T OOMBIION CTAOMIBHOCTBIO B PA3INYHBIX YCIOBIUAX OKPY>KAoILelt
cpefnbl. YCTaHOBJICHO, YTO ITO/IMMePDI aMUHOKUCIOT (TIO/IMITy TAMUHOBASA U IIO/IMACTIAPTMHOBAA KUC/IO-
TbI) ABNAIOTCA Hambomnee s pexTHbIMY cTabummsaTopamu depmenta His -OPH, obecnieunsaromm-
MM MaKCYMaJIbHOE COXpaHeHMe aKTYBHOCTY (epMeHTa. B 1oy yeHHbIX (epMeHTaTVBHBIX KOMIITEKCaX
IOCTUTHYTO COXPaHEHNe IIepBOHAYa/IbHBIX KaTaIMTUYECKIUX XapaKTepUCTUK pepMeHTa 10 100%. Dep-
meHT His -OPH 6b11 mMMOGW/TM30BaH Ha TIONMAKPUIAMITHOM KpYoTesne, MOfiM(UIIMPOBAHHOM OCTaT-

y

INSIHOHYHA1 TVDIWIHD LSNIVDY NOILD310Hd ANV ALIIND3S TVIIWIHD
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KaMJ MIMMHOJMYKCYCHOJI KUC/IOTOJ U 3apsyKEHHOM VIOHAMI [IBYXBaJIEHTHBIX METaJI/IOB, YTO IIO3BO/IUIIO
HOTYIUTb OMOKATA/INMTUYECKN aKTUBHbIE KOJIOHOYHbIE KAPTPUKI IS TIOJIHOM Aerpafaliuy pasind-
HbIXx ®OC B npoTOYHBIX cucTeMax. Pa3paboTaHa TeXHONOTVA IPUMeHeHU MMMOOIM3MPOBAaHHOTO
dbepmenta His -OPH nsa pasnosxenns @OC B Bujie YNCTBIX BEIECTB, & TAKKE B COCTAaBE PEAKIMOHHbIX
Macc, MOMyYaeMbIX ITOCTIe XMIMITIECKOTO PaspyLIeHs OTPAB/LAIOLINX BelllecTB. Taxoke MIMMOOUIN3NPO-
BanHyto His,-OPH MOXHO MCIIONb30BaTh /I CO3IaHM MHOTOCTIOMHBIX 3IMTHBIX MaTePUaoB, 3¢-
(beKTMBHO IpeOTBpALIAIONIIX IPOHMKHOBEHNE Yepe3 HIX TOKCUYHBIX BellleCTB, TaKUX Kak VX, B Teve-
HII€ JUTUTEbHOTO BPEMEHI. YCTaHOB/IEHO, YTO HAaHOOMOKaTa/mM3aTopbl Ha ocHoBe depmenta His -OPH
006/1aaloT aHTUJOTHBIMU CBOJICTBAMM U CIOCOOHBI I[MPKYIMPOBAaTb B KPOBMU SKCIIEPUMEHTAIbHbIX
JKVBOTHBIX TI0 MeHbIlIell Mepe B TedeHye 25 4. [To/yueHbl HAHOKOMIUIEKCH (pepMeHTa C COeMHEHNS-
M C aHTHOKCUIAHTHO aKTUMBHOCTBIO, a Takke ¢ aHTubmnoTrkamu. Hanbornee addexkrusHO uaet dop-
MupoBanue Komiiekca ¢pepmenta His -OPH ¢ antnbuotkamu, conepkarymu {3-1akraMHOE KOJbIIO.
BsaumopeiicTByE pasIMYHbIX XMMUYECKNX BEILECTB C HisG-OPH MOXeT OBITb KOMITBIOTEPHO CMOJENN-
POBaHO TaKuM 06pa3oM, 4TOObI BbISBITh HOBbIE BOSMOXKHbIE KATA/IMTUYECK! aKTHBHbIE KOMOVMHAIINY
Wi depMeHTa. ITO IO3BOJIACT IIPEABAPUTEIBHO IPOTHO3UPOBATh BO3MOXKHOCTD 1 3(p(heKTUBHOCTD
VICTIONb30BaHYA (PePMEHTHBIX 610KaTaM3aToOPOB Kak aHTHIOTOB VI JIeTasUPYIOIVX CPEICTB B OTHO-
mreHyu pasmaHbix POC.

Kniouesvie cnosa: aHmubuomuxy; aHmuokcuOaHmol; 2u0ponus; 1axmonsl N-ayunzomocepunnax-
MOHbI; HAHOKOMNIEKCYL; Opeanodochameudponasa; gocgopopeanuneckue coeOUuHeHUA.

Bubnuozpaduuecioe onucanue: Epppemenxo E.H., /laeun VI.B. Cospemennuie 6uokamanuzamoput
HA 0CHOBE 2eKcazucmuduncodepuauieis pocopopearnuueckoti eudponasvl 0751 XUMUHECKOU U 6U0T0-
euyeckoii saugumut // Becmuuxk eotick PXb sauumuot. 2019. T. 3. Ne 2. C. 111-116.
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