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Aim. The aim of the study is to reveal molecular mechanisms of possible activity modulation of antimicrobial bis-
quaternary ammonium compounds (BOQAC) and aspirin (ASP) through noncovalent competitive complexation
under their combined introduction into the model systems with membrane phospholipids. Methods. Binary and
triple systems containing either decamethoxinum or ethonium, or thionium and aspirin, as well as dipalmitoyl-
phosphatidylcholine (DPPC) have been investigated by electrospray ionization mass spectrometry. Results. Ba-
sing on the analysis of associates recorded in the mass spectra, the types of nonocovalent complexes formed in
the systems studied were determined and the supposed role of the complexation in the BOAC and ASP activity
modulation was discussed. The formation of associates of BOAC dications with ASP anion is considered as one of
the possible ways of deactivation of ionic forms of the medications. The formation of stable complexes of BOAC
with DPPC and ASP with DPPC in binary systems as well as the complexes distribution in triple-components
systems BOAC:ASP:DPPC point to the existence of competition between drugs of these two types for the binding
to DPPC. Conclusions. The results obtained point to the competitive complexation in the model molecular sys-
tems containing the BOAC, aspirin and membrane phospholipids. The observed phenomenon testifies to the pos-

sibility of modulating the activity of bisquaternary antimicrobial agents and aspirin under their combined usage,

due to the competition between the drugs for binding to the target membrane phospholipid molecules and also due
to the formation of stable noncovalent complexes between BOAC and ASP.

Keywords: competitive complexation, bisquaternary ammonium compounds, aspirin, membrane phospholi-
pids, mass spectrometry, electrospray ionization.

Introduction. Among urgent biomedical problems, the
elucidation of either increase or decrease of the biolo-
gical activity of several medicines at their combined
use is of practical importance in connection with a high
probability of mutual modulation of the medications ac-
tivity in multi-drug therapeutic schemes of the modern
medical practice. Along with tests on living organisms,
model studies of the mechanisms of action of biologi-
cally active compounds at the molecular level permit to
save time and resources prior to the experiments with
real biological objects. Soft ionization mass spectromet-

© Institute of Molecular Biology and Genetics, NAS of Ukraine, 2013

ry as an up-to-date method of molecular biophysics [1]
is an efficient tool for studies of biomolecules and their
intermolecular interactions [1—4]. Electrospray ioniza-
tion (ESI) mass spectrometric technique based on spray-
ing solutions of biomolecules in polar solvents is appli-
ed to modeling selective noncovalent intermolecular in-
teractions of biologically active agents, medicines in
particular, with their specific molecular targets [5—8].
In the framework of a problem of elucidation of mo-
lecular mechanisms of action of membranotropic anti-
microbial agents we are developing an integrated ap-
proach to study of interactions of bisquaternary ammo-
nium compounds (BQAC, Cat*-2CI") with phospholi-
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pid assemblies which mimic the membranes of bac-
terial cells [9-13].

In our previous studies on molecular mechanisms of
action of widely used antimicrobial BQACs decame-
thoxinum and ethonium, a combined application of ESI
mass spectrometry, differential scanning calorimetry
(DSC), and computer modelling [9] allowed us to reveal
the formation of stable supramolecular complexes of the
drugs with membrane phospholipids. The formation of
such complexes is a prerequisite for the drugs incorpo-
ration into membranes, which distorts functioning of
bacterial cell and thereby causes either bacteriostatic or
bactericidal effect [13].

The background for addressing the above stated prob-
lem of investigation of combined action of several memb-
ranotropic and biologically active agents by means of
mass spectrometry lies in an effect observed by us du-
ring characterization of BQACs by matrix-assisted laser
desorption/ionization mass spectrometry [14]: substitu-
tion of inorganic CI” counterion of BQAC salts by anions
of organic acids, 2,5-dihydrohybenzoic acid (a metabo-
lite of aspirin) in particular, took place in a mixture.
Since the formation of stable complexes of the com-
pounds of basic and acidic types can affect and modu-
late the membranotropic activity of individual drugs
[11], the above result stimulated us to expand the study
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Scheme. Structures of the ob-
jects of investigation: / — de-
camethoxinum (monoisoto-
pic molecular mass 692.5
Da); II — ethonium (584.4
Da); Il — thionium (644.5
Da); IV — acetylsalicylic acid
(180.0 Da); V — dipalmitoyl-
o CHs phosphatidylcholine (733.6
v Da)
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of noncovalent interactions of BQACs with biologi-
cally significant organic acids. Among the compounds
which can be administered together with BQAC anti-
microbial agents for treatment of microbial infections,
a popular anti-inflammatory remedy acetylsalicylic acid
(aspirin, ASP), which possesses membranotropic pro-
perties as well [15], was selected.

In the current investigation different scenarios of
possible activity modulation through noncovalent comp-
lexation of three antimicrobial BQACs decamethoxi-
num, ethonium, and thionium with aspirin under their
combined mixing with a membrane phospholipid dipal-
mitoylphosphatidylcholine (DPPC) were examined using
ESI mass spectrometry.

Materials and methods. Chemical structures of the
objects of investigation are presented in the Scheme.
Decamethoxinum (/), ethonium (//) and thionium (/1)
were synthesized in the Institute of Organic Chemistry
of the National Academy of Sciences of Ukraine. Pure
acetylsalicylic acid (aspirin) (/V) was obtained from
the State Scientific Centre of Medications (Ukraine).
Dipalmitoylphosphatidylcholine (V) was purchased from
ALSI (Ukraine). Methanol (Super grade), being used as
a solvent, was purchased from Reanal (Hungary).

Stock solutions of BQAC, ASP and DPPH (5 mM)
were prepared in a polar solvent methanol and used for
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binary (ASP:DPPH, ASP:BQAC) and triple (ASP:
BQAC:DPPC) model systems preparation. Correspon-
ding volumes of the stock solutions were mixed to reach
the molar ratio 1:10 of drugs to phospholipid. The mix-
tures were kept at room temperature for at least 10 min
before the ESI analysis. The spraying procedure requi-
red dilution of the solutions to be studied to provide
250 uM final concentration of the components. It was
proved in numerous studies [5—8] that utilization of me-
thanol as a solvent improves significantly the quality of
ESI mass spectra and does not disturb the composi-
tion of intermolecular complexes formed in the initial
solutions [16].

Mass spectral data were obtained in the positive ion
mode, using triple quadruple (QqQ) Micromass Quat-
tro Micro mass spectrometer («Waters», UK) which was
equipped with the electrospray ion source. This source
was operated in the standard ESI mode [5]. The poten-
tial of the spraying capillary was set at 3.5 kV. The cone
voltage value of 10 V was used. ESI spectra were recor-
ded in the mass range of 100-2000 Da. Data acquisi-
tion and processing were performed using MassLynx
4.1 software («Watersy).

Results and discussion. To reveal the formation of
intermolecular complexes of membranotropic drugs
and membrane phospholipid DPPH, binary and triple
mixtures of the compounds under study were examined
by ESI mass spectrometry.

At the initial stage of the study we have tested ASP:
DPPH binary mixture with 1:10 molar ratio of the com-
ponents, whose ESI mass spectrum is presented in Fig.
1. The spectrum contains peaks of the individual com-
ponents: ASP-Na' (m/z 203.1), 2ASP -Na' (m/z 383.2)
for ASP and DPPC - H' (m/z 734.6), DPPC - Na' (m/z
756.6), 2DPPC -Na' (m/z 1491) for DPPH. Note, that
cationization by sodium ion is characteristic of the ESI
procedure and correlates with ion-molecule interactions
under natural conditions. The presence of the peak of a
cationized noncovalent complex of aspirin with phos-
pholipid molecule, DPPC - ASP -Na' (m/z 936.5), pro-
ves the binding of aspirin to DPPH. It also testifies to
the possibility of competition between aspirin and
BQAC for the binding to the phospholipid molecular
target.

Note that aspirin binds with a single DPPH mole-
cule only. This contrasts with the features of binding
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Fig. 1. ESI mass spectrum of a binary mixture of aspirin (ASP) and
DPPH phospholipid in molar ratio 1:10

BQAC with DPPH in their binary mixtures, studied in
our previous works [10, 12]. It was found that the dic-
tion (Cat™) of BQAC can bind up to 9 DPPH molecu-
les. Such supramolecular complexes, nDPPH - Cat™, can
be considered as a sufficient model of complexes BQAC
with phospholipid membrane assemblies. Distinctions
in the types of the complexes formed by aspirin and
BQACs with DPPH are in correlation with the differen-
ces in mechanisms of their intermolecular interactions
with phospholipids. While the dications of surface acti-
ve BQAC:s are incorporated as components into phos-
pholipid assemblies, the aspirin molecule, as it was shown
in [15], interacts with the glycerol moiety of a separate
DPPH molecule.

At the next stage of the study, ESI mass spectra of
equimolar mixtures of BQACs and aspirin were exami-
ned (Fig. 2). The abundant peak of noncovalent associa-
te of a BQAC dication and acetylsalicylic acid anion —
Cat™ - (ASP-H) — was observed at m/z 801.6 for de-
camethoxinum (Fig. 2, 4), at m/z 693.5 for ethonium
(Fig. 2, B), and at m/z 753.6 for thionium, along with
the ions characteristic of individual components (Cat’*
and Cat™" C1 for BQACs, ASP-Na" and 2ASP -Na" for
ASP). This result pointed to one more possible mecha-
nism of the BQAC-based drugs action modulation by
aspirin, based on the formation of stable pair comple-
xes between the BQAC dication and the organic acid
anion, which deactivated the ionic forms of the medica-
tions. Note, that no definite information can be obtained
as to a possibility of the formation of triple complexes
Cat” - 2(ASP-H), since they are neutral and thus unde-
tectable by mass spectrometry.
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Fig. 2. ESI mass spectra of equimolar mixtures of decamethoxinum with aspirin (4) and ethonium with aspirin (B)

Finally, the triple systems BQAC:ASP:DPPC
(1:1:10 molar ratio) were probed (Fig. 3).

The intermolecular complexes recorded in the mass
spectra reflected the complexity of specific noncova-
lent interactions in the model systems. Firstly, the sup-
ramolecular complexes of the BQAC dication with up to
4 DPPC molecules were formed similarly to the drug-
phospholipid associates in their binary systems [10, 12].
Secondly, aspirin bound to a single DPPH molecule si-
milarly to its behaviour in the binary system (Fig. 1).
Thirdly, the dication-anion Cat’"-(ASP-H)  complexes
observed in the binary BQAC:ASP mixtures (Fig. 2)
are formed in the triple system as well. The peaks dist-
ribution in the mass spectra pointed to the existence of a
competition between BQACs and ASP for binding to
DPPC molecules in the three systems, since abundances
of the peaks of nDPPC - Cat®* complexes, Cat’"- (ASP-
H) and DPPC-ASP-Na' associates were of comparab-
le intensities. The competition for binding ionic forms
of the drugs to DPPH molecules and the formation of di-
cation-anion complexes, revealed on the basis of mass
spectrometric data, can be considered as molecular me-
chanisms of the possible drugs activity modulation.

The effects observed at the molecular level were
further verified at the level of model biomembranes. To
prove the incorporation of the membranotropic agents
into DPPC membranes and to evaluate their combined
effect, DSC measurements [13] were carried out along
with the mass spectrometric experiments. The results of
the DSC study of the binary BQAC:DPPC, ASP:DPPC
and triple BQAC:ASP:DPPC systems have shown that
doping of the hydrated DPPH bilayer by individual
BQAC, aspirin [13] or gentinsic acid [11, 17] decreased
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the temperature of phase transition in the membrane,
that evidenced the disordering effect in the membrane.
At the same time simultaneous addition of both BQAC
and acidic agents did not cause substantial membrane
disordering, which was interpreted as a confirmation of
deactivation (modulation) of the drugs action.

The effect of competitive intermolecular interac-
tions observed at the level of biomolecules and model
phospholipid biomembranes permits to formulate a task
for further tests of the biological activity modulation
for BQAC and acidic membranotropic agents as to their
combined use at the level of microbial cells.

Conclusions. The results of the ESI mass spectro-
metric study demonstrate the competitive complexa-
tion in the model systems containing the BQAC, as-
pirin and membrane DPPH phospholipids. The obser-
ved phenomenon testifies to the possibility of modula-
tion of the activity of membranotropic BQAC-based an-
timicrobial agents and aspirin under their combined usa-
ge via several scenarios: due to either the competition
between these two types of drugs for binding to the tar-
get phospholipid molecules, or the formation of stable
pair noncovalent complexes between BQAC and aspirin
ions. Owing to these competitive complexations, the ac-
tivity of the both agents at their combined use can be
much lower than the activity of each single agent. Thus,
the mechanisms of the possible drug activity modula-
tion are demonstrated experimentally on the model mo-
lecular level systems.

The supposed modulation effect should be further
inquired at the microbial cell level.
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MogaenbHe Mac-ClIeKTPOMETPUYHE IOCIIKEHHS KOHKYPEHTHOL
B32€MO/Ii1 MEMOPaHOTPOIHUX AHTUMIKPOOHUX OiCUETBEPTHHHHUX

aMOHI€BHX IPENaparis i acnipuHy 3 MeMOpanHuMHU (ocdorinizamu

Pesrome

Mema. Buguenns MoneKyiapHux Mexauizmie MONCIUBOL MOOYAAYIT
AKMUBHOCII AHMUMIKDOOHUX OiCUem8epMUHHUX AMOHIEGUX CNOLYK
(BYAC) ma acnipuny (ACII) enacniook ghopmyeanns Heko8areHmMHUX
KOMNIIEKCI8 Ni0 Yac ChilbHO20 86e0CHHS NPEnapamis 080X munia y mo-
OenvHi cucmemu 3 Mmemopannumu gocgoninioamu. Memoou. /[go- i
MPUKOMNOHEHMHI CUCheMU, SKi MICIMAMb 0eKaMemoKCUH, emoHii abo
mioniti, ACII i ounanemimoingocghamuounxonin (JI1DX), docriorcy-
8AIU MEeMOOOM MAC-CReKMpPoMempii 3 IOHI3aYi€l0 eieKmpOoCnpecEm.
Pesynomamu. I'pynmyrouucs Ha 0anux aumanizy acoyiamis, 3apeecm-
POBAHUX Y MAC-CNEKMPAXx, 6CIMAHOBIEHO MUNU HEKOBALEHNMHUX KOMI-
JeKcie, sAKi hopmyromebcs y 00CHIONHCY8AHUX cucmemax, ma 06206ope-
HO ixXHI0 MOdCAU8Y ponb y Mooyasyii akmuenocmi BYAC i ACII. Ymeo-
penns acoyiamis ouxamionie BYAC 3 anionom ACII € 00HuM 3 imo8sip-
HUx wasaxie oezaxmusayii ioHHUX ¢hopm npenapamie. DopmyeaHHs
cmabinvrux komniexcie BYAC 3 JIIDOX ma ACII 3 JIIDX y 06okom-
NOHEHMHUX CUCTNEMAX, d MAKOIC PO3NOOLT KOMIAEKCI8 ) MPUKOMNO-
neumuux cucmemax BYAC: ACIIL:JJIIDX exa3yrome Ha iCHYBAHHA KOH-
KypeHyii mioc npenapamamu 080X munie 3a 36 ’sizyeants 3 JJIIOX. Bu-
cnoeku. Ompumani pe3yibmamu ceiouams npo KOHKYpeHnHe Komn-
JEKCOYMBOPEHHSL Y MOOCNbHUX MONEKYIAPHUX CUCMEMAX, WO MICMANb
BYAC, ACII i membpanni pocchoniniou. Busignenuii paxm niomeepo-
2HCYE MOICIUBICHIL MOOYAAYIT AKMUBHOCMIT OICUEMBEPMUHHUX AMOHIE-
BUX NPOMUMIKPOOHUX a2eHmi6 | acnipuny npu CyMICHOMY GUKOpPU-
CMaHHi 3a605KU KOHKYPeHYIT Midic 1IKaMu 3a 36 S3Y6aHHs 3 MeMOPaH-
HUMU oconinioamu, a maxkoxtc 6HACTIOOK YOPMYBAHHS CMADITbHUX
nexosanenmuux komnaexcie misc BYAC i ACII.

Knrouoei cnosa: KonKypenmmue KOMRIEKCOYMEopenns, bicuemeep-
MUHHI AMOHIEBI CRONYKU, ACNIPpUH, MemOpanHi ¢hocghoniniou, mac-
CneKmpomempis, IOHI3ayis e1eKmpPOCnPEeEM.

B. A. Hawuncxasn, M. B. Kocesuu, A. 'omopu, K. Bexeiti

MonenpHOE Macc-CIIeKTPOMETPHIECKOE HCCIIE0BAaHHE
KOHKYPEHTHOT'O B3aUMOJICHCTBHSI aHTUMHUKPOOHBIX
OKCUeTBEPTHYHBIX AMMOHHEBBIX IIPENApaToOB U aCIUPUHA

¢ meMOpanHbIME (ochomunuIaMu

Pestome

Lenv. H3yuenue MOIEKYIAPHBIX MEXAHUIMOS B03MONCHOU MOOYAYUY
AKMUBHOCIU AHMUMUKPOOHBIX GUCYEMBEPMUYHBIX AMMOHUEEBIX COeOl-
nenuti (FYAC) u acnupuna (ACII) nocpedocmeom ¢hopmuposanus He-
KOBANEHMHbBIX KOMNIEKCO8 NPU COBMECTHOM 68e0€HUU NPENapamog
08YX MUNOB 8 MOOEbHbIE CUCEMbL C MEMOPAHHBLIMU (ochorunuda-
mu. Memoowt. J[8yx- u mpexKoMnOHeHmHble CUCTNEMbL, COOepIHCcalue
oexamemorxcun, smonuit unu muornutt u ACII, a maxoce ounanvmumo-
ungpochamuounxonun (AI1PX) uccredosaru memooom macc-cnekm-
pomempuu ¢ uonuzayueil snekmpocnpeem. Pesynemameur. Ha ocnosa-
HUU QHATIU3A ACCOYUAMO8, 3aPeSUCMPUPOBAHHbIX 8 MACC-CREKMmpax,
VCMAHOBNIEHbL MUNbL HEKOBANEHMHBIX KOMNIEKCO8, 00PA3YIOUUXCS 6
UCCIe00BAHHBIX CUCTNEMAX, A MAKIICE 0OCYIACOEHA UX npeonoiazaemas
ponw 6 modyaayuu akmugrocmu BYAC u ACII. @opmuposanue acco-
yuamos ouxamuonoé bYAC c anuonom ACII sensemcest 00HUM u3 603-
MOJNCHBIX nymell 0e3aKxmusayuu UOHHLIX popm npenapamos. Obpaszo-
sanue cmabunvrvix komniekcos bYAC ¢ JIIOX u ACII ¢ JIDX &
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08YXKOMNOHEHMHBIX CUCMEMAX, a makdice pacnpeoeienue KoMnie-
Kkcoe 8 mpexkomnonenmuuix cucmemax BYAC:ACIL:/JIIDX ykasviea-
10M HA CYWecmeo8anue KOHKYPeHYuU Mexcoy npenapamamu 08yx mu-
nos 3a ceazviganue c JIIOX. Boreoodwl. Ilonyuennvie pe3yromamsi ceu-
0emenbCcmayionm 0 KOHKYPEeHMHOM KOMNIEKCO0Opa308anuu 8 MoOelb-
HbIX MONEKYAAPHbIX cucmemax, cooeparcawux BYAC, ACI u membpan-
note ocghonunudvl. Obnapyscennviti paxm noomeepoicoaem 803-
MOACHOCMb MOOYIAYUU AKIMUSHOCU OUCHEeMBEePMUUHBIX AMMOHUE-
8bIX NPOMUBOMUKPOOHBIX A2EHIMO8 U ACNUPUHA NPU COBMECHHOM RPU-
MeHeHuu 6c1e0cmsue KOHKYPEeHYUU Medcoy 1eKapcmeami 3a Ces3bl6d-
Hue ¢ MeMOpaHubiMu pocgorunudamu, a maxsce baazooaps hopmu-
POBAHUIO HEKOBANeHMHbIX Komniekcos medxcoy BUYAC u ACII.

Kniouesvie cnosa: Konkypenmnoe Komniekcoobpaszosanue, oucuem-
6EpMUYHbIE AMMOHUCBbLE COCOUHEHUS, ACNUPUH, MeMOpanHble ocgho-
JURUOBL, MACC-CNEKMPOMEMPUs, UOHU3AYUSL INEKMPOCIPEEM.
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