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Background: While antibiotic cycloserine (CYS) is widely applied in the treatment of tuberculosis, our
knowledge of the drug intermolecular interactions with targeting biomolecules and other drugs remains
incomplete. It is believed that the CYS antibacterial activity is related to inhibiting the bacterial cell wall
biosynthesis. On the other hand, intermolecular interactions of CYS with ascorbic acid (ASC) molecules
is worth of studying taking into account that ASC can be used as supporting vitamin preparation or can be
affiliated with the patients nutrition.

Objectives: The purpose of the current model study are to examine biologically significant
intermolecular interactions of CY'S with N-acetyl-D-glucosamine (NAG) as one of the main component
of peptidoglycan of bacterial cell wall and to verify the possibility of noncovalent complexes formation
between CYS and ASC molecules using electrospray ionization mass spectrometry (ESI MS) technique.
Materials and methods: The objects of the study are model systems composed of CYS and NAG or
CYS and ASC prepared in a polar methanol solvent for the ESI MS probing. ESI mass spectra are
obtained using the approach earlier developed by us for investigation of the noncovalent complexation of
drugs with targeting biomolecules.

Results: The experiments reveal that the ESI mass spectrum of (CYS-NAG) model system contains
peaks of protonated molecular clusters of CYS with NAG: [CYS*NAG+*H]" and [CYS*2NAG+H]".
Existing of such peaks in the spectrum testifies to formation of stable noncovalent complexes between
CYS and NAG in the studied solution. ESI MS examining of (CYS—ASC) system reveals the noncovalent
pair complexation of CYS and ASC molecules confirmed by the recording of intensive peak of
[CYS+ASC+H]" cluster in the spectrum.

Conclusions: The ESI MS findings point to the possibility of noncovalent complexation of CYS with
NAG in the polar media including biological systems. Such complexation between the antibiotic and
NAG as component of peptidoglycan of bacterial cell wall is considered to be biologically significant for
the process of the cell wall biosynthesis inhibiting by CYS. Stable noncovalent complexes formation
between the CYS and ASC molecules is suggested as a potential molecular mechanism of the drugs
activity modulation under their joint usage.

KEY WORDS: cycloserine; N-acetyl-D-glucosamine; ascorbic acid; noncovalent complexes;
electrospray ionization mass spectrometry.
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AxTyanabHicTb. AHTHOIOTHK IHKIOcepuH (CY'S) akTHBHO 3aCTOCOBYETHCS TPH JTIKYBaHHI TyOEpKyIH03Y,
NpOTe HAIll 3HAHHSA LIOJO MDKMOJIEKYJIIPHOI B3a€MOAIi MOJIEKY)I LbOTO Ipenapary 3 0ioMoleKysiaMu-
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MIIIICHSMH Ta 3 MOJIGKYJIaMH {HIIUX JIKiB Hapa3i € oOMekeHUMH. BBaxxaeThCsl, 0 aHTHOAKTepialbHa s
CYS moB’s13aHa 3 MPUTHIYEHASM TIPOLiecy 0i0CHHTE3Y KIITHHHOI CTiHKH Oaktepii. [lopsa 3 num neBHUA
iHTepeC CTAaHOBUTH BUBYCHHS MIKMOJEKYJIpHUX B3aemoxiin CYS 3 MosekynaMu acKOpOiHOBOI KHCIIOTH
(ASC), ockinpKu BOHa MOK€ BHKOPHCTOBYBATHCS SIK JTOTIOMDKHHUI BiTaMiHHHMH TIpemapar IpH JIiKyBaHHI
TyOepKyIbp03y a00 3HAXOAUTHCS y 1K1 MAIli€HTIB.

Merta po6oTu. 3amayaMy JAHOTO MOJEIBHOTO IOCHIHKEHHS CTaJd BHUBYCHHS OI0JIOTIYHO Ba)KJIMBUX
MDKMOJIEKYJISIDHUX B3aeMoaiid nuknocepuny 3 N-anerwi-D-riarokozaminom (NAG), mo € ogHuMm 3
TOJIOBHUX KOMITOHEHTIB MOJIIMEPHOTO MENTUAOIIIKAHY KIITHHHOI CTiHKH OaKTepii, Ta mepeBipka
MOXJIMBOCTI (pOpMyBaHHSI HEKOBAJIEHTHUX KOMIUIEKCiB MK Moiekynamu CYS ta ASC 3a nonomororo
METOJly Mac-CIIeKTpoMeTpii 3 ioHizarieto enekrpoposnmieHHsM (MCIEP).

Marepianm it MeToau. O6’exTaMu JOCIIHKEHHS 00paHO MOJENBHI cucTeMH, ckianoBumu sikux € CYS
ta NAG a6o CYS ta ASC, po3unHeHi y moiasipHOMY po3unHHUKY MetaHoli st MCIEP excniepuMeHTiB.
Mac-cnexTpu Oysi0 OTPHIMAaHO 3 BUKOPUCTAHHSAM pO3pOOJICHOT0 HAMH PaHille MiAXOMy OO0 JOCIiIKEHHS
HEKOBAJICHTHOTO KOMIUIEKCOYTBOPEHHS MK MOJEKYJIaMH JIKapChKUX areHTiB Ta O0i0JOTiYHIMH
MOJIEKYJIaMH-MILICHSIMH.

PesyabTaTn. Ilokazano, mo wmac-cnektp IEP wmogmenmsHOi cucremun (CYS-NAG) wMicTuTh miKH
poTOHOBaHKMX Moneky sipHux knactepis CYS ta NAG: [CYS*NAG+H]', [CYS*2NAG-H]". HasBHicTh
LUX MIKIB y CHEKTpi CBIMYMTH NMpo (hOpMyBaHHS CTAOIIBPHUX HEKOBaJEHTHUX KomiuiekciB Mk CYS Ta
NAG y nocuimkeHomy posuuHi. MCIEP nocnimxennst cucremun (CYS—ASC) BUSBHWIO yTBOPEHHS
HEKOBAJIEHTHHUX MapHUX KoMmruiekciB Mosekys CYS ta ASC, mio miaTBepaKy€EThCsl HAsIBHICTIO Y CHEKTPI
inTencuBHuX TikiB Knactepis [CYS*ASCeH]".

BucnoBkn. Pesynpratm  MCIEP  excriepuMeHTIB  BKa3ylOThb Ha MOXIIHMBICTh HEKOBAaJICHTHOTO
KOMIUTEKCOyTBOpeHHsT Mik MonekynamMu CYS T1a NAG y TONSIpPHOMY CEpElOBHIN, BKIIOYAIOUH
OiororiuHi cuctemu. Mu BBa)XaeMo, IO Take 3B’ A3yBaHHS MOJIEKYJI IIPOTUTYOEPKYIHO3HOTO aHTHOI0THKA
CYS 3 NAG-KOMOOHEHTaMH TENTHAOTIIKaHy KIITHHHOI CTIHKH OakTepiii Moxke OyTH O0ioJOTidHO
Ba)XJIMBUM JUIS [IPOLIECY HPUTHIUEHHS! 010CHHTE3y KIIITHHHOI CTiHKU. BusiBieHe GpopMyBaHHS CTaOUILHUX
HeKoBaJleHTHHX KomiuiekciB Monekyl CYS T1a ASC B po3uMHI NPOMOHYETHCS SK MOTECHIIHHUI
MOJICKYJISIPHUH MEXaHi3M MOAYJALIi aKTUBHOCTI IMX JIKAPCHKUX 3acO0iB HpH iX OJHOYACHOMY
3aCTOCYBaHHI.

KJFOUOBI CJIOBA: 1umkinocepun; N-ameTuii-D-riioko3amMiH; ackopOiHOBa KHCJIOTAa; HEKOBAJICHTHI
KOMIUIEKCH; Mac-CIIEKTPOMETPIsl 3 10HI3aLIEI0 EIEKTPOPO3IHICHHSIM.
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AxTyanabHocTh. AHTHOMOTHK mukiocepuH (CYS) MIMPOKO HCMONB3YyeTCs NpPHU JICYCHUU TyOepKyJiesa,
OJIHAKO HAaIIM 3HAHUS O MEXMOJEKYJSPHBIX B3aUMOJEHCTBUSAX 3TOrO JIEKAPCTBEHHOI'O IIpernapara c
OMOMOJIEKYTaMU-MHUILICHIMH W MOJICKYJIaMH JPYTHX JIKApCTB OCTAIOTCsI HETOJMHBIMH. [Ipenmonaraercs,
4yro aHTHOakTepuanbHoe neiictBrue CYS cBsi3aHO ¢ MHrHOMpOBaHMEM OWMOCHHTE3a KIIETOYHOH CTEHKH
Oakrepuii. Hapsity ¢ 3TMM onpenesieHHBIH HMHTEpeC NPEICTABISET H3yUCHHE MEXMOJIEKYIIPHBIX
B3aumoneiicteuit CYS ¢ wmomekymamu ackopOmHOBoW KHCIOTH (ASC), TOCKONBKY OHa MOXKET
MPUMEHATHCSA KaK BCIIOMOTATENFHBI BUTAMUHHBIN TIpenapar Ipu JeUeHUH TyOepKyIie3a WId HaXOTUThCS
B TTHUIIE TTALINCHTA.

Heas paborbl. 3amadaMy HACTOSIIETO MOJEIBHOTO HCCICIOBAHUS CTAIM HM3YYEHHE OHOIOTHYECKH
3HAYMMBIX MEXMONEKYIApHbIX B3ammoxaehcTeuii CYS ¢ N-anerun-D-riaroko3amuaom (NAG), KOTOpEIit
SIBIISICTCSI OCHOBHBIM COCTAaBHBIM KOMITOHEHTOM IIETITHIOTIIMKAHA KJIETOYHON CTEHKH OakTepHil, a Takxke
OIICHKAa BO3MOYXHOCTHA (POPMHPOBAHHUSI HEKOBAJICHTHBIX KOMIUICKCOB Mexay moisekyinamu CYS u ASC
METOJIOM Macc-CIIEKTPOMETPHH ¢ MOHH3aIMel aekTpopacnbuienneM (MCHUIP).

Marepuansl n Metoabl. OObeKTaMH HCCIIEIOBaHUS OBbUIM BHIOpPAaHBI MOJIENIBHBIE JABYXKOMIIOHEHTHBIE
cucremsl, cocroamme u3 CYS u NAG wmu CYS u ASC, npuroToBl€HHBIE HAa OCHOBE MOJISIPHOIO
pactBopuTens MeraHona uii MCUOP anannza. Macc-cnekTpbl NMOJTydalld, MCIOIb3ysl pa3paboTaHHBIN
HAMH paHee ITOAXOJ IJISl MCCICAOBAaHUKA HEKOBAJIIEHTHOTO KOMILIEKCOOOPa30BaHHUS MEXKAY MOJEKYJIaMH
JIEKapCTBEHHBIX areHTOB M OMOMOJIEKYTaMH-MHUIIICHSIMH.
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PesyasTatsl. [Tokazano, uro macc-cnektp MDP monensHON cructembl (CYS-NAG) comepKUT MHKHA
IIPOTOHMPOBAHHBIX MOJIEKyIspHbIX KiactepoB CYS um NAG: [CYS*NAGe-H]", [CYS*2NAG+H]".
Hanuume 3THX NHKOB B CIEKTPE CBHIETENBCTBYET O (OPMHUPOBAHMM CTAaOMIBHBIX HEKOBAJIECHTHBIX
kommuiekcoB CYS u NAG. MCUDP wuccnenoanue cuctembl (CYS—ASC) BbIIBHIO (OPMHUPOBAHHE
MApHBIX HEKOBAJEHTHHIX KoMmIulekcoB Mojekyd CYS m ASC, 4ro moaTBep:KIaercs MPUCYTCTBHEM B
CIeKTpe HHTEHCHBHBIX ITHKOB Kinactepos [CYS*ASC-H]".

BoiBoabl. Pesynerarei MCUOP 3KCHEpUMEHTOB YKa3bIBAalOT Ha BO3MOXKHOCTh HEKOBAJICHTHOTO
KoMmIutekcooOpazoBanust Mmexny MonekynamMu CYS u NAG B MOMSPHOM OKPYXKEHHH, BKJIFOYas
O6uocucrembl. CuntaeM, 4TO TaKO€ CBSI3BIBAHME MOJIEKYJ IIPOTHUBOTYOEpKyie3Horo anTnonoruka CYS c
NAG-KOMIIOHEHTaMH TENTHIOTIINKaHa KJIETOYHOW CTEHKH OaKTepuil MOXeT OBITh OHOJIOTHYECKH
3HAQUUMBIM JUIsl TIpollecca HMHIHOMpOBaHMS OWMOCHHTE3a KJIeTOYHOW creHKH. OOHapykeHHoe
(dopMHEpoBaHHE CTAaOMIBHBIX HEKOBaJICHTHBHIX KoMmIiuiekcoB Moiekyn CYS um ASC B pactBope
npeanaraeTcss Kak IOTCHIWAIbHBIA MOJICKYJISIPHBIM MEXaHW3M MOIYJSIIMM aKTHBHOCTH 3THX
JIEKapCTBEHHBIX ar€HTOB IIPHU MX COBMECTHOM IIPUMEHEHHUH.

KJIFOYEBBIE CJIOBA: 1wmkiocepun;  N-ameTtwi-D-rioko3amMuH;  acCKOpOMHOBAas — KHUCJIOTA,
HEKOBAJICHTHBIE KOMITJIEKCBI; MacC-CIIEKTPOMETPHS C MOHU3ALUEN 3JIEKTPOPACTIBIIICHUEM.

Antibiotic cycloserine (CYS) is widely used in medical practice to treat a number of
infection diseases, foremost tuberculosis and its drug resistant forms [1, 2]. At the same time
our knowledge on molecular mechanisms of CYS antimicrobial and, in particular anti-
tuberculosis activity remains incomplete and requires further advancement anticipating the
demand in overcoming of drug resistance of the pathogens [3—6].

It is believed that CYS reveals its antibacterial effect by inhibiting the biosynthesis of
bacteria cell wall peptidoglycan and this inhibition may result from multi-targeting action of
D-cycloserine in the bacteria cell [3—6], e.g. reaction with enzyme alanine racemase [6] or
binding to another enzyme involved in peptidoglycan biosynthesis — D-alanine:D-alanine
ligase [3,4]. Moreover recently it was shown that the inhibition of D-alanine:D-alanine ligase
by D-cycloserine can be proceeded via a distinct phosphorylated form of the drug [4]. Taking
into account the continued studies of the mentioned enzymatic mechanisms of CYS
antimicrobial activity and sharing the idea that the antibacterial agents can target multiple
activities in the bacterial cells metabolism [7, 8], we think that from biophysical point of view
it would be interesting to investigate the intermolecular interactions of CYS not just with the
enzymes of the peptidoglycan biosynthesis, but also with the reagents participated in this
crucial for bacteria biosynthetical process.

A purpose of the current model study is to examine the biologically significant
intermolecular interactions of CYS with one of the main sugar component of peptidoglycan of
bacterial cell wall — N-acetyl-D-glucosamine (NAG) applying electrospray ionization mass
spectrometry (ESI MS) technique.

Furthermore, the multi-drugs schemes of therapy of infection diseases are commonly
applied presently. A number of supporting preparations, such as anti-inflammatory agents,
vitamin preparations, etc, may be used by patients jointly with antibiotic preparations; in this
connection the effects of the drugs activity modulation on the molecular level is considered as
an important subject to be investigated. In this light another task of the current work is to
investigate possible complexation of the CYS molecules with ascorbic acid (ASC), known as
vitamin C, which can be used in anti-tuberculosis therapy as supporting vitamin medication or
could be affiliated with the patient’s food.

To examine the problems stated above and to investigate the intermolecular interactions
of CYS with its possible targeting molecule of NAG and with ascorbic acid we used ESI MS
approach which was developed and successfully applied by us in our previous investigations
of the drugs molecules interactions with biomolecules and other biologically active agents
[9-12].
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MATERIALS AND METHODS

Materials
In our experiments we used cycloserine produced by company “Enamine” (Ukraine);
N-acetyl-D-glucosamine and L-ascorbic acid (99% of purity) were provided by “Sigma-Aldrich”
international company. Structures of the compounds under study are presented in Scheme 1.

0] HO HO |,
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Scheme 1. Structures of compounds under study: a) cycloserine (CYS);
b) N-acetyl-D-glucosamine (NAG); ¢) L-ascorbic acid (ASC).

The 5 mM stock solutions of CYS, NAG and ASC were prepared in polar solvent
methanol and model systems containing CYS and NAG (1:5 molar ratio) or CYS and ASC
(1:1 molar ratio) were obtained by mixing on the appropriate volume parts of the stock
solutions.

The mixtures were kept at the room temperature for at least 10 minutes before the ESI
mass spectrometric analysis. For spraying procedure in the ESI MS experiments the primary
CYS solution to be examined and the model systems (CYS-NAG) and (CYS-ASC) were
diluted by methanol to the final 250 uM concentration of CYS in each solution.

Note that methanol as the most appropriate solvent is recommended for standard ESI
probing of biomolecules and their intermolecular interactions basing on a number of
authoritative studies [13—17]. As to noncovalent intermolecular complexes of bioactive
molecules, it was shown that their composition in water and methanol-based solutions is
similar [17].

Electrospray ionization mass spectrometry
ESI mass spectra of the model systems under study were obtained in the positive ion
mode using triple quadrupole (QqQ) Micromass Quattro Micro mass spectrometer (Waters,
Manchester, UK) equipped with the electrospray ion source. This source was operated in the
standard ESI mode. The ESI source temperature was set to 120°C and the desolvation
temperature was 200°C. The spraying capillary was operated at 3.5 kV. The cone voltage
value of 10 V was applied. The analyzed solutions (20 uL) were injected into the mass
spectrometer at a constant flow rate of 0.2 mL-min" of methanol solvent. The ESI spectra
were recorded in the mass range of 100-2000 Da. Data acquisition and processing were

performed using MassLynx 4.1 software (Waters, Manchester, UK).

RESULTS AND DISCUSSION
Electrospray mass spectrometry probing of neat cycloserine solution

At the first stage of the experimental study the solution of the antibiotic CYS in
methanol was investigated by ESI MS. It was established that characteristic ESI mass
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spectrum of the preparation (Fig. 1) contained intensive peaks of the protonated molecule
of CYS [Cys*H]" at m/z 103.2, cationized molecule [Cys*Na]" at m/z 125.2 and less
intense peak of the protonated CYS dimer [2Cys*H]" at m/z 205.4.

High quality of the obtained mass spectrum of the drug, characterized by a high signal
to noise ratio, confirms the applicability of the ESI MS method for investigation of CYS
containing model systems, including the systems generated for study of intermolecular
interactions of CYS with biologically active molecules, as well as the effectiveness of the
ESI MS for CYS identification in different biological and pharmacological samples in any
clinical or technological investigations.

100 - Cys'H+
103.2
80
60 -
1,% A
40 -
Cys*Na’
125.2
20 2CyseH’
205.4
0 I.llil.lnlll.l,alllll . |
100 200 m/z 300 400 500

Fig. 1. ESI mass spectrum of CYS solution in methanol.

Electrospray mass spectrometric study of cycloserine-N-acetyl-D-glucosamine
model system

At the next stage, the model system of CYS with NAG (1:5 molar ratio) in methanol was
probed with the purpose to examine the possibility of noncovalent complexes formation
between the molecules of the system components. In the obtained ESI mass spectrum (Fig. 2)
the ions characteristic of the individual components of the mixture such as:[Cys*H]" at m/z
103.2, [Cys*Na]" at m/z 125.2, [2Cys*H]" at m/z 205.4 for CYS and [NAG<H]" at m/z 222.2,
[NAG<Na]" at m/z 244.2, [2NAG+H]" at m/z 443.4, [2NAG+Na]" at m/z 465.4 for NAG; were
accompanied by the peaks of protonated molecular clusters of CYS with NAG:
[Cys*NAG+H]" at m/z 324.4 and [Cys*2NAG+H]" at m/z 545.6.

Such molecular clusters recorded in the ESI mass spectrum testifies to the formation of
stable noncovalent complexes between CYS and NAG in the studied model system and these
complexes stability is sufficient to provide the clusters surveillance under the electrospray
ionization processes. The ESI MS findings point to the possibility of noncovalent
complexation of CYS with NAG in the polar media, including solutions in polar solvents like
methanol or water, that model the media in biological systems. Such intermolecular
interaction between the molecules of antibiotic CYS and the NAG components of bacteria
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cell wall peptidoglycan is considered to be biologically significant for the process of the
bacterial wall biosynthesis inhibition induced by CYS as well as can affect the drug
penetration into the bacterial cell.

100 7 NAG+H’
| 2222
80 -
Cys*H’
604103.2
1,% 1 "
0 “yss 2NAG+Na’
40 205.4 i *Na
2NAGH, 465.4
NAG+Na'
244.2 2
201 | cysNa i CyS*2NAG+H'
]| 1252 ' 545.6
0 o ]L JIL Jlu.ll JL T 1 ' J. L T ..1'“ ]l ‘ & A i " N 1
100 200 300 q/z 400 500 600

Fig. 2. ESI mass spectrum of (CYS—-NAG) model system.

Electrospray mass spectrometry study of cycloserine-ascorbic acid model system
As the second task of this study we investigated the model system containing CYS and
ASC. The obtained ESI mass spectrum of the studied system can be seen in Fig. 3.
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Fig. 3. ESI mass spectrum of (CYS—-ASC) model system.
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Similarly to the described above model system of (CYS-NAG), in the spectrum of
(CYS-ASC) mixture the characteristic peaks of the system components are present: [Cys*H]"
at m/z 103.2 for CYS and [ASC+H]" at m/z 177.1 and [ASC+Na]" at m/z 199.1 for ASC. At
the same time, neither cationized CYS — [Cys*Na] nor CYS dimer — [2Cys*H]" peaks can
be found in the spectrum of (CYS—ASC) system (Fig. 3), in contrast to the spectra of the neat
CYS (Fig. 1) and (CYS-NAG) mixture (Fig. 2). Absence of the [Cys*Na]" ion in the presence
of [ASC+Na]" ion points to the competition for the metal cation binding in favour of more
acidic ascorbic acid, while the absence of CYS dimer peak in the spectrum can be connected
with the change of the conditions for CYS dimerization reaction caused in the presence of
ascorbic acid in the model system.

The most interesting from the biophysical point of view result is recording in the
spectrum of high intensive peak of a cluster of CYS with ASC — [Cys*ASC<H]", m/z 279.3,
1=75% (Fig. 3). This peak points to the intensive process of formation of stable noncovalent
complexes of CYS with ASC molecules in the polar solvent methanol.

Noncovalent complexation revealed between the molecules of cycloserine and ascorbic
acid in solvents can modulate the drugs activity under their joint usage.

CONCLUSIONS

Realization of biologically significant noncovalent complexation of antibiotic cycloserine
molecules with the components of bacterial cell wall and with ascorbic acid in polar solvent is
proved as the main result of the present model study by means of ESI MS.

The possibility of noncovalent clusters formation between the molecules of CYS and the
main sugar component of peptidoglycan of the bacterial cell wall, N-acetyl-D-glucosamine, in
polar medium is demonstrated. The intermolecular complexes formation between CYS and
peptidoglycan components can play an important role in molecular mechanisms of the
bacteria cell wall biosynthesis inhibiting induced by the CY'S antimicrobial action.

ESI MS examining of the model system containing CYS and ASC points to the intensive
process of formation of the pair noncovalent clusters of the different drugs molecules in the
polar solution. Such complexation between the molecules of CYS and ASC under joint usage
of the drugs by patients can modulate the individual drugs activity and should be taken into
account in medical practice.

The performed mass spectrometry study also confirms the effectiveness of the ESI MS
method for investigation of intermolecular interactions in cycloserine containing systems and
for the drug identification in the biological and technological solutions in clinical and
industrial applications.
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