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Antibiotic cycloserine (CyS) is a highly efficient and widely used anti-tuberculosis
drug, which is canonically formulated with such excipients as calcium stearate (CaSt) or
magnesium stearate (MgSt). This makes interactions of CyS with CaSt, MgSt and structurally
related stearic acid (StA), with eventual formation of intermolecular complexes in biological
media, an important physico-chemical factor affecting pharmacological action of such drugs.
A set of theoretical and experimental methods was applied to trace the complexes formation
in vacuum and solvent media, as well as in model membranes of L-0-dipalmitoylphosphatidyl-
choline (DPPC). By means of quantum chemistry methods, a possibility of CyS complex
formation with all the excipients has been shown. CyS-CaSt and CyS—-MgSt complexes ap-
peared to be much more stable than CyS—StA, both in vacuum and in water media due to
involvement of the metal cations in the intermolecular interactions. The non-covalent com-
plexes CyS—StA in polar solvent was experimentally observed by means of electrospray ioniza-
tion mass spectrometry, which confirms the quantum chemical results on stability of CyS—StA
complexes in different media. Meanwhile no evidence of CyS—StA clusters was observed in
DPPC membranes. More stable complexes CyS—CaSt and CyS—MgSt were detectable in DPPC
membranes via non-linearity of interlamellar repeat distance obtained in small-angle X-ray
scattering (SAXS) experiments. A set of hydration parameters of the excipients elucidates
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important discrimination between CaSt and MgSt. A possible implication of our findings
might be related to competing interactions of CyS with the excipients and with its
molecular targets in organism, which could influence both its cytotoxic and neurotoxic
effects.

Keywords: cycloserine, magnesium stearate, non-covalent complexes, quantum chemis-
try modeling, model lipid membranes, SAXS.

Anrubuorur nuriaocepur (CyS) — BrICOK09(DMEKTUBHBIA NPOTUBOTYGEPKYIE3HBIN IIpe-
mapar, B COCTAE KOTOPOrO B KaueCTBe BCIOMOIATE/JbHBIX BEIIeCTB OOLIYHO BXOIAT CTEapaTh
ranpnusa (CaSt) unum marmua (MgSt). Bsaumopgeitctsusi CyS ¢ CaSt m MgSt, a raxme co
CXOMHOW ¢ HUMHM TI0 CTPYKTYype cTeapuHoBO#W Kmcjotoir (StA), BO3MOMKHO, TPUBOAAIIHAE K
00pa30BAHUI0 MEKMOJEKYJIAPHBIX KOMIIJIEKCOB B OMOJIOTMYECKUX CPeNax, MPeACTABJSIIOTCS
BKHBIM (PUBNKO-XUMHUUYECKUM (DAKTOPOM BIUAHUA Ha (PAPMaKOJOTHUECKYI0 AKTUBHOCTL
CyS. Kommercoobpasopanue CyS co BCIOMOrareJbHBIMU BELIECTBAMU KCCJIEJ0BAHO ¢ IIOMO-
mweio Habopa TeopeTHYeCKUX M HKCIEPUMEHTAJbHBIX METONOB B BaKyyMe, BOLHON cpene,
OpPraHUvYecKOM PAaCTBOPHUTEJNE, a TaKiKe B MOIesbHOI MemOpame L-O-gummanemutomiicocdaTu-
aunxoanua (JAIIPX). KBaHTOBO-XMMUUECKUMU MeTOJAMHU IMOKA3aHA BO3MOMKHOCTL 06pasoBa-
Hus KoMmiuiekcoB CyS co BceMu paccMaTpUBaeMbIMM BCIIOMOTATEIbHBIMU BellecrBaMu. IIpu
asrom kKomiuiekcel CyS—CaSt u CyS—-MgSt oxasanucs namuoro Gosee CTaGUIBHBIMU, YeM
rommiexkcsl CyS—StA, B BakyyMe U BOZHOM OKPYMKEHUM, OUEBHUIHO, 3a CUET BOBJEUEHUSA B
MeMONEeKYJIAPHOe B3aUMOJEHCTBIE KATUOHOB MeTasnoB. O6pasoBaHme CTAOUIBLHBIX KOM-
nrexkcoB CyS—StA B MeTanoJsie 9KCIIEPUMEHTANILHO TTOKA3AHO METOJOM MACC-CTIEKTPOMETPHUH €
noumnsanueil smexkTpopacusiienem (UOP), torga xak B memOpame [OIIDX moxkasaTelbCTB UX
obpasoBanus o0Hapys:KeHo He ObL10. Bmecre ¢ Tem, Gosnee crabuibHble KOMILIEKCH CyS—
CaSt u CyS—-MgSt merexruposanbl B memGpane IIIPX MeTog0oM MAJIOYIIOBOrO PEHTIE€HOB-
CKOT0O paccesHUs KK HEJMHEHHOCTb MepPUOJa IIOBTOPAEMOCTU OHCJI0EB II0 KOHIEHTPAIUL
CyS B cucrteme. BLIABIEHEI CYIeCTBEHHLIE PABIUUYNA B PALe TMapaMeTpoB ruapatamuu CyS—
CaSt u CyS—-MgSt, koTopsie MoryT uMerh 3HAUeHMe [JIsi UX KOMILIeKcooOpasoBanusa. Iloay-
YeHHbLIE Pe3yJAbTATHl YKABLIBAIOT HA BOSMOMKHOCTL CYIIECTBOBAHUSA KOHKYPEHTHLIX B3aWMO-
neticreuit CyS co BCIOMOraTeJIbHBIMU BEIECTBAMU U CO CBOMMU MOJIEKYJSAPHBIMUA MUIIEHS -
MU B OPraHU3Me, 4YTO MOMKET MMEeThb 3HAUEHHE KAK AJd LUTOTOKCHUYECKOro, TaK W IJsd
Heiiporoxkcuueckoro sdhderros CyS.

YTBOPEeHHS KOMILIEKCIiB aHTHOIOTHEKA IMKJIOCEPHHY 3i CTEADHHOBOIO KHCJIOTOKI Ta CTe-
apaTaMHy KAaJbllil0 i MarHiro: BiJ KBAHTOBO-MEeXaHiYHOI0 MOJEJIOBAHHA X0 BHBUCHHS MeEM-
opanorponnoi aktusHocti. O.B.Bawenro, C.B.MTuwrxina, H.O.Kacan, JI.B.Bydaucvka,
JI.A.Bynaein, [[.B.Conosiios, BA.ITawuncvka, A.I'omopi, JI.M . Jluceyvruil.

Aunrubiotur uurgocepun (CyS) € BUCOKOEDEKTUBHUM NPOTUTYOEPKYJILO3HUM IIpernapa-
TOM, [0 CKJAAY SKOTO Yy AKOCTi JOTMOMIiKHUX PEeUOBUH 3a3BUUA BXOAATH CTEAPATH KAJNBITIiIO
(CaSt) yu marmito (MgSt). Bsaemoxis CyS 3 CaSt ra MgSt, a Takom 8i crpyxTrypHOiO,
GIM3BKOI0 10 HHUX, CTCAPHMHOBOK KHCIOTOK (StA), MOMJINBO, 3 YTBOPEHHAM MIMKMOJEKYJISP-
HUX KOMILIEKCiB y O0ilosoriuHmX cepefoBHINAX, YABJSETBCA BAKJIUBUM (isuKo-XimMiunum
darTopom BrIuBY Ha apmakoioriuny aktusHicts CyS. B po6ori xommiexcoyrsopenus CyS
3 JONOMIKHMMM PEUYOBHMHAMM OOCJIIKEHO 3a AOIIOMOIOI HaGOpy TEOPeTHUYHHX Ta e€KCIIepPU-
MEHTAJbHIX METOLIB Y BAKYYMHOMY Ta BOJHOMY OTOUYEHHSX, OPraHiYHOMY POSUYMHHUKY, a
TAKOMK y MoOmenabHi#n memOpani L-o-gunanpmiToindocharuaunxonainy (AIIPX). Kpauropo-
XiMiUHEMUE METOJAMU IIOKA3aHO MOMKJIMUBicTh yrBopeHHs KoMmiuiekcie CyS 3 ycima posrismy-
TUMH JOTMOMiKHUMM pedyoBmHamu. IIpm npomy rommiaercu CyS—CaSt ra CyS-MgSt susasu-
aucsi Habararo crabuapHimumu 3a Kommieken CyS—StA ax y BakyymHOMY, Tak 1 y BogHOMY
OTOYEHHAX, TEBHO, 38 PAXYHOK YYaCTI y MIKMOJEKYJAAPHUX B3a€eMOJIAX KaTioHIB MeTasiB.
VYreopernus crabinpaux romiexcie CyS—StA y mMeraHoni eKcIepMMEHTAJIBLHO IIOKA3aHO Me-
TOAOM Mac-cHeKTpomerpii 8 ioHisamieio emekrpoposnuieHHAM, Toai Ak y MemOpaui AIIDPX
oOKasiB ix icHyBanHs He BusABJeHO. Pasom i3 Tum, 6inbwmr crabinbui xommuexcu CyS—CaSt
ta CyS—MgSt merexrtoBamo y memOpami JIIDPX MeTOZOM MAJOKYTOBOTO PEHTTEHIBCHKOTO
poscitoBanusa (MKPP) ak wmeminmifimicTs mepiogy moBTOpioBaHocTi OimapiB 3a KOHIeHTpaIrii
CyS y cucremi. Beranosierno cyTTeBi Bigminnoceri y mmsni napamerpis rigparanii CyS—CaSt
u CyS—-MgSt, axi MoKyTh MaTH SHAUYEHHS JJIsS KOMILIEKCOyTBopeHHs. OTpuMaHi pesyibTaTn
BKAsyIOTh HA MOKJIWBICTH iCHYBaHHA KOHKypeHTHuX B3aeMmoxiii CyS 3 momomisKkHUMU pedo-
BUHAMH TA 31 CBOIMU MOJIEKYJIAPHUMH MillleHAMHN B OPraHiami, 1o MoKe MAaTU 3HAUEHHS SK
I IUTOTOKCUYHOTO, TaK 1 Aas meiiporokcuunoro ederris CyS.

674 Functional materials, 26, 4, 2019



O.V.Vashchenko et al. /| Formation of antibiotic ...

1. Introduction

In recent decades special emphasis is
made on drugs interactions with artificial
lipid membranes because pharmacological
action of drugs is believed to be of a large
extent depending upon drug-phospholipid in-
teractions [1-4]. In particular, antibiotic in-
teractions with cell membrane play a crucial
role in understanding the bioavailability of
drugs, their entry into the cellular compart-
ments and drug induced toxicity [1, 2, 5, 6].

In this respect anti-tuberculosis drugs at-
tire focused attention [7-10] due to their
poor drug biocavailability and dose-related
adverse effects [1, 3]. Antibiotic cycloserine
(CyS) is a high-effective and widely used
anti-tuberculosis drug with heavy neuro-
toxic adverse effects [11-14]. In pharma-
ceutical products, CyS is canonically formu-
lated with calcium stearate (CaSt) or mag-
nesium stearate (MgSt). Generally, it is
postulated that excipients have to be chemi-
cally inert with regard to an active pharma-
ceutical ingredient; nevertheless, physical in-
teractions (such as sorption, non-covalent
complex formation, etc.) are possible anyway,
particularly, with MgSt [15-18]. Therewith, a
number of works demonstrate that complexes
formation by drug molecules can affect their
action at various levels, including their inter-
actions with lipid membranes [19-21].

Formation of intermolecular complexes
CyS—-CaSt and CyS—MgSt was assumed in
[22], where these substances were studied in
model membranes of hydrated L-o-dipalmi-
toylphosphatidylcholine (DPPC). In these
systems, excessive increase of the tempera-
ture of "gel to liquid crystal” phase transi-
tion of DPPC membrane (T,) was estab-
lished, i.e. synergism of membranotropic ef-
fects of CyS and the stearates, which was
more pronounced for MgSt. However, such
effect was not observed for another excipi-
ent, stearic acid (StA), which is a structural
part of stearate molecules.

A natural question arises on the relation
between chemical structure of the excipient
and the effects observed. In accordance to
their amphiphilic chemical structure, CaSt,
MgSt and StA interact both with hydrophilic
surface and hydrophobic interior of lipid
membrane. Among the main membranotropic
effects of amphiphilic substances there are
changes in bilayer organization (effect on
membrane permeability and functioning), for-
mation of new lipid phases and disruption
(solubilization) of membrane [23]. It was es-
tablished that, in the order of their effect
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on T, increasing, the excipients are ranged
as CaSt < MgSt < StA [22].

Discrimination between the effects of CaSt
and MgSt is obviously specified by the nature
of the metal cation in their structure, which
presets a number of its properties. In particu-
lar, Ca?* ions were shown to have certain
advantages as compared to Mg2* due to their
higher binding ability to phosphate and car-
boxyl lipid groups [24, 25] (though being
parts of organic compounds the ions could
change their specificity). Besides, specificity
of Ca?* and Mg?* to lipid membrane is related
in literature to membrane hydration [24].
Taking into account the location of am-
phiphilic substances in lipid membrane, with
its metal moieties exposed to water interior,
their hydration properties are considered to
be of key importance.

In order to gain greater understanding,
it seemed instructive to elucidate such is-
sues as:

— the possibility of non-covalent com-
plexes formation between CyS, StA and the
stearates;

— experimental verification of complexes
formation effects in various media;

— comparison of hydration properties of
the stearates.

2. Materials and methods

Materials and membrane preparation.
Calcium and magnesium stearates (CaSt and
MgSt) were obtained from Magnesia GmbH,
Germany. Stearic acid (StA) was obtained
from NIOPIK, Russia, and cycloserine (CyS)
— from Enamine, Ukraine.

Model lipid membranes (lipidmultibilay-
ers with water content 65 % w/w) were pre-
pared as desrcribed in [26] using L-o-di-
palmitoylphoshpatidylcholine produced by
Avanti Polar Lipids, USA. CaSt, MgSt and
StA were introduced into the membrane dur-
ing preparation in the form of chloroform
solutions; chloroform was then evaporated
carefully using a concentrator "Concentra-
tor plus” (Eppendorf, USA). Then, CyS was
added as a compound of water subphase.
The membranes examined contained CaSt,
MgSt or StA, either individually (2 % w/w)
or coupled with CyS (1 % w/w of each com-
pound). For SAXS experiments, DPPC mem-
branes were used containing 93 % w/w of
water with the same amount of the sub-
stances studied.

Small-angle X-ray scattering (SAXS ) ex-
periments were performed on Rigaku in-
strument with high-intensity microfocus ro-
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tating Cu anode X-ray generator in the
Laboratory for advanced studies of mem-
brane proteins (Moscow Institute of Physics
and Technology, Dolgoprudniy, Russia),
using a standard transmission configura-
tion. We used X-ray wavelength A = 1.54 A,
resulting a momentum transfer @ in the
range of 0.007-0.2 A~l, where Q@ is the
scattering angle. The samples were placed
in borosilicate capillaries of 1.5 mm diame-
ter and 0.01 mm wall thickness (W.Muller,
Berlin, Germany). Water was used as a
buffer sample. We used homemade tempera-
ture sample holder for changing tempera-
ture of lipid mixtures. Centering of beam
line and conversation channel to the value
of module @Q-vector was done using silver
behenate [27]. Experimental error remained
within data points.

Electrospray ionization mass spectrome-
try (ESI MS). CyS and StA were used for
preparation of the model systems for elec-
trospray ionization (ESI) mass spectrometry
(MS) investigations. Initial solutions of CyS
and StA (5 mM) were prepared in methanol
(polar solvent) and used for preparation the
diluted solutions of CyS and StA and binary
CyS:StA (1:10 molar ratio) model system for
ESI MS probing. The mixture was kept at
the room temperature for at least 10 min.
before the ESI MS analysis. The spraying
procedure requires dilution of the studied
solutions to the final 250 mM or less con-
centration of the diluted components of the
model systems in each solution. It was
shown in a number of studies [28—81] that
the use of methanol as a solvent signifi-
cantly improves the quality of the ESI mass
spectra while the composition of the inter-
molecular complexes formed in methanol is
similar to those formed in the water solu-
tion [32].

Mass spectral data were obtained in the
positive ion mode using triple quadruple
(QqQ) Micromass Quattro Micro mass spec-
trometer (Waters, Manchester, UK) which
was equipped with the electrospray ion
source. This source was operated in the
standard ESI mode. The ESI source tem-
perature was set to 120°C and the desolva-
tion temperature was 200°C. The capillary
was operated at 3.5 kV. The cone voltage
(CV) value of 10 V was used. The analyzed
solution of the model systems under study
(20 mL) was injected into the mass spec-
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trometer at a constant flow rate of
0.2 mL/min of the methanol solvent. ESI
spectra were recorded in the mass range of
m/z 100-2000. Data acquisition and proc-
essing were performed using MassLynx 4.1
software (Waters, Manchester, UK).
Differential scanning calorimetry (DSC ).
In DSC measurements thermal scans were
performed in heating mode for CaSt and
MgSt in the range from 30 to 100°C at scan-
ning rate 5 K/min (0.08 K/s). In such re-
gime, dehydation of MgSt [11] and CaSt pre-
cedes their melting by a dozen of degrees,
allowing one to obtain thermodynamic pa-
rameters of dehydration. The enthalpy of
dehydration, AH;, was obtained as the area
of the normalized DSC peak. The dehydra-
tion entropy was calculated as ASy, =
AH 4, /T 4, where T, is the absolute tem-
perature of the DSC peak maximum.
Thermogravimetry analysis (TGA). TGA
measurements were performed for CaSt and
MgSt in the temperature range 30 to 100°C
at several scanning rates (from 0.008 to
0.17 K/s). Basing on TGA-scans, the dehy-
dration temperature was obtained, as well
as the amount of crystalline water. Activa-
tion energy of dehydration, Ea, was deter-
mined using Kissinger plot approach [33, 34]:

E
ln% = —ﬁ + const,
p p

where h is the scanning rate (in K/s), Tp is
the temperature of dehydration, R is the
universal gas constant.

The enthalpy of hygroscopic water sorp-
tion was obtained according to [35].

Isothermal sorption technique (IST ). The
method of isothermal water sorption is
widely used (with certain variations) to hy-
groscopy determination in pharmaceutical
substances [386]. In our experiments, dry
samples of CaSt, MgSt and StA (approx.
4 mg) were placed in aluminum oxide pans
without during lids and then were kept till
equilibrium (20 to 40 h) under various tem-
peratures in saturated water wvapor. The
maximal hygroscopic water amount was ob-
tained as a function of temperature or cor-
responding water vapor pressure. The value
of hygroscopic water was taken as equilib-
rium water uptake under water vapor pres-
sure 2.8 kPa. The average values from 5
independent experiments are presented.

Functional materials, 26, 4, 2019



O.V.Vashchenko et al. /| Formation of antibiotic ...

Cys StA StA
2 4 !
e, x’“’%‘%‘ s ® B
J Y )
2 p ‘9. ? “d}

Fig. 1. The molecular structures of the most stable complexes of CyS—StA. Color labels of elements:
H — white, C — light grey, O — dark grey; other elements are indicated.
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Fig. 2. The molecular structures of the most stable complexes of CyS—CaSt. Color labels of ele-

ments: H — white, C — light grey, O — dark grey; other elements are indicated.

3. Modeling of intermolecular
interactions in pairs of
cycloserine with stearic acid or
its Ca/Mg salts by means of
quantum chemisiry methods.

The first step of the modeling of the
possible complexes of cycloserine with
stearic acid or its Ca/Mg salts was obtaining
of the initial geometries of two-component
complexes using molecular docking procedure
within AutoDock Vina program [37]. For each
system (CyS—StA, CyS—-CaSt, CyS—MgSt), 20
structures with lowest energy were selected.
The two-component complexes were opti-
mized using m06-2x/cc-pvdz method [38,
39] in vacuo and taking into account polar-
izing effect of environment using PCM
model (solvent is water) [40]. The interac-
tion energy for each of these complexes was
calculated and corrected for basis set super-
position error using standard counterpoise
procedure [41]. These calculations were per-
formed using GAUSSIANO09 program [42].

The cycloserine molecule contains the
proton donor groups as well as proton ac-
ceptor fragments. It creates the pre-condi-
tions for hydrogen bonds formation with
hydrophilic part of amphiphilic molecules.
In addition, the interaction energy between
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molecules depends essentially on different
types of non-specific interactions where the
total dispersion is considered to be the strong-
est. As a result we should expect that the most
stable complexes must be formed due to spe-
cific interactions between cycloserine with hy-
drophilic part and dispersive interactions with
hydrophobic part simultaneously.

The comparison of the optimized com-
plexes has shown that the most stable com-
plexes are formed by intermolecular interac-
tions of both types (Fig.1-3). The interac-
tion energies for all optimized complexes
have been calculated and their average mag-
nitudes for each type of studied two-compo-
nent complexes are shown in Table 1. It
should be noted that the smallest average
interaction energy corresponds to the
CyS—StA complexes. The salt with bivalent
metal contains two stearate anions what
causes significant increasing of the interac-
tion energies with CyS (Table 1). The differ-
ence in the average interaction energy be-
tween calcium and magnesium salts may be
explained by the nature of cations.

To take into account the polarizing influ-
ence of environment we applied PCM ap-
proach with water as solvent. The modeling
of the non-specific influence on the com-
plexes results in some reducing of the aver-
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Fig. 3. The molecular structures of the most stable complexes of CyS—-MgSt. Color labels of ele-
ments: H — white, C — light grey, O — dark grey; other elements are indicated.

age interaction energies and difference between
them. But the total tendency keeps.

For each pair of substances, 20 most fa-
vorable complexes were calculated and char-
acterized. Basing on these results, one can
observe wide variety of possibilities of com-
plex formation for CyS, which involves 4 dif-
ferent functional groups. Detailed analysis
of the results allows one to conclude that
proton-acceptor groups of CyS much more
often participate in intermolecular interac-
tions, than proton-donor ones. Meanwhile
the most stable complexes are formed under
participation of both types of groups.

4. Experimental

ESI mass spectrometry probing of inter-
molecular interactions of cycloserine and
stearic acid

Soft-ionization mass spectrometry is a
method that is widely used in molecular bi-
ology and pharmacology related investiga-
tions [43], and it is one of the most effi-
cient tools to study intermolecular interac-
tions in model systems in the gas phase as
well as in solvents [28, 44, 45]. The elec-
trospray ionization (ESI) mass spectrometry
(MS) technique based on spraying solutions
in polar solvents was successfully applied in
our previous studies to investigate non-co-
valent intermolecular interactions in some
mechanistic model studies of the interac-

Table 1. The average (<E;,,>) and maximal (E
closerine with stearic acid or its Ca/Mg salts

int

tions of biologically active compounds and
medicines with potential targeting bio-
molecules [20, 21, 46, 47], including inter-
actions of membranothropic antimicrobial
bisquaternary agents with membrane phos-
pholipid molecules [48, 49].

In the current study we applied the ESI
MS approach developed in the previous in-
vestigations to examine the intermolecular
interactions of CyS with StA in the model
systems. ESI MS investigation of model sys-
tems contained MgSt and CaSt could not be
performed, because of low solubility of these
stearates in the polar solvents (methanol,
ethanol, etc.) commonly used in ESI MS.

At the first stage of the experimental
study the solution of CyS in methanol was
investigated by ESI MS and characteristic
mass spectrum of the preparation was ob-
tained (Fig. 4) with intensive peaks of pro-
tonated molecules of CyS[CyS-H]" at m/z
108.2 and cationized molecules [CyS-Na]' at
m/z 125.2 and peak of the CyS dimers
[2CyS-H]" at m/z 205.4. Such a high quality
characteristic mass spectrum of the cy-
closerine drug with the low level of noise
peaks and peaks of any admixtures confirms
the applicability of the ESI MS method for
CyS identification in different samples in-
cluding biological and technological solu-
tions.

maxy interaction energies of complexes of cy-

System in vacuo PCM, water
<E, >, kd/mol E, ™%, kJ/mol <E, >, kJ/mol E. ™% kJ/mol
CyS-StA -51.9 -81.7 -49.0 -74.8
CyS-CaSt -110.1 -239.3 -77.5 -188.8
CyS—MgSt -134.4 -276.2 -98.0 -220.9
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Fig. 4. ESI MS spectrum of CyS solution in
methanol.

At the next stage, the model system of
cycloserine with stearic acid (1:10 molar
ratio) was examined. Along with the ions
characteristic of the individual components
of the mixture ([CyS-H]* at m/z 103.2,
[CyS-Na]t at m/z 125.2, [2CyS-H]" at m/z
205.4 — for CyS and [StA-Na]® at m/z
307.5, [StA-KF255]* at m/z 323.5 — for StA),
the peak of protonated molecular clusters of
cycloserine with stearic acid [CyS-StA-H]" at
m/z 387.7 was observed in the mass spec-
trum (Fig. 5). Such clusters registration in
the ESI mass spectra indicates the forma-
tion of stable complexes between CyS and
StA in the studied model system and testi-
fies to the effect that the complexes stabil-
ity is sufficient to provide the clusters sur-
veillance under the electrospray ionization
processes. The results of the current ESI
probing can be considered as experimental
confirmations of the results of the described
above quantum chemical modeling of the
CyS—StA complexation.

The ESI MS findings point to the possibil-
ity of non-covalent complexation of CyS with
StA and some its derivatives in the polar sol-
vents. Such possibility to form the stable non-
covalent complexes of CyS with the excipient
should be taken into account under study of
the drug behavior in different media, includ-
ing model phospholipid membranes.

SAXS studies of model lipid membranes
containing cycloserine, stearic acid and its
Ca/Mg salts, both individually and in pairs

Amphiphilic molecules, with their hydro-
phobic moieties incorporated into lipid core
and hydrophilic parts exposed to lipid/water
interface, exert an effect on both the polar
and non-polar lipid moieties, so their mem-
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Fig. 5. ESI MS spectrum of the model system
CyS:StA (1:10 molar ration) in methanol.

branotropic action could be represented as a
superposition of their interactions with
polar and non-polar regions of the lipid
membrane.

SAXS technique provides valuable and
unambiguous information to lamellar repeat
distance d;. Representative SAXS diagrams
are shown in Fig. 6. The most outstanding
feature here is the anomalous broadening of
diffraction peak for pair CyS—CaSt (the
same pattern takes place for CyS—MgSt). To
our mind, it probably reflects coexistence of
a number membrane structures with similar
values of d; which could result from collid-
ing with membrane a set of intermolecular
complexes CaSt—CyS or MgSt—CyS with close
values of E; ;. In the temperature region
examined (20 to 50°C) DPPC membranes un-
dergo two mesomorphous phase transitions,
namely, gel to ripple phase (at Tp ~ 87°C)
and ripple to liquid crystalline phase (at T,
~ 42°C) [50, 51]. Each of these phases has
characteristic d; value, which is the highest
in the ripple phase (~ 72 A), and slightly
lower in the gel phase than in the liquid
crystalline phase (~ 65 and 64 A, corre-
spondingly), in line with literature data [52,
53]. Temperature dependences of d; for
DPPC membranes containing CyS and StA
are represented in Fig. 7. As one can see,
individual effect of CyS is minor in all ther-
modynamic phases. Close inspection of Fig.
7 shows additivity of d; for CyS—StA within
experimental error (0,04 A).

As it follows from the data collected in
Table 2, StA and the stearates increase the
value of d; in the low-temperature gel
phase of DPPC in the order StA > MgSt >
CaSt, which is the same for T, increasing
[22]. However, in high-temperature liquid
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Fig. 6. SAXS profiles for DPPC membranes
containing CyS and CaSt: neat DPPC mem-
brane (I1); with CaSt (2); with CyS (3); with
CyS-CaSt (4).

crystalline phase the stearates decrease dj
value under individual application and in-
crease it in pairs with CyS, which is a clear
marker of non-additivity effects.

Half-width of diffraction peak, ¢/,
which reflects structure non-homogeneity,
sufficiently growths under joint StA and
CyS application. It is in line with previous
DSC data as to lowering of cooperativity
and elevating of T, hysteresis in this sys-
tem [22] and apparently reflects coexistence
of membrane regions which are bound with
each of these substances. Similar cases are
described in literature [54, 55].

Thus, SAXS data confirm complex for-
mation in membrane interior for CyS—MgSt
and CyS—CaSt, as distinct from CyS—StA.

Hydration properties of the CalMg-
stearates — TGA, ISC and DSC studies

Water functioning in living systems is
uniquely complex, but it is commonly ac-
cepted that it plays a key role in cell struc-

74
72

70

25 30 35 40 45 50

Fig. 7. Temperature dependences of d; in the
region of phase transitions of DPPC mem-
brane with CyS and StA: neat DPPC mem-
brane (O), with CyS (A), with StA (O) CyS-—
StA (V).

ture and function and provides the driving
force in the formation of the basic lipid
bilayer structure of the cell membrane [56].
In particular, a strong correlation was es-
tablished between the standard enthalpy of
hydration of an electrolyte and the modifi-
cation of the surface tension by that elec-
trolyte [567 and refs. therein] and between
interchain hydration and acyl chain order in
model lipid membranes [56].

Hydration properties of drugs constitu-
ents, in particular, hygroscopicity, have suf-
ficient influence on their practical utilization,
so the water-solid interactions of pharmaceu-
ticals are of great interest in drug develop-
ment process. The ad-(ab)-sorption of water
molecules by a pharmaceutical solid can
largely affect its performance with regard to
stability, flow, wetness, dissolution, compressi-
bility or compatibility, etc. [15, 58, 59].

Table 2. Lamellar repeat distance (d;) and half-width (q1/2) of diffraction peak in gel and liquid
crystalline phases of DPPC membrane containing stearic acid and its Ca/Mg salts

DPPCH,.. d, A 195 A1 d, A 91,95 At
gel phase (22.7°C) | liquid crystalline
phase (47.3°C)

— 62.8 0.0036 65.0 0.0036
StA 64.1 0.0035 65.8 0.0036
MgSt 63.9 0.0052 64.4 0.0067
CasSt 63.4 0.0048 64.4 0.0059
CyS 62.9 0.0046 65.7 0.0048

StA+CyS 63.6 0.0046 65.6 0.0075
MgSt+CyS 63.6 66.5 0.0042
CaSt+CyS 63.1 65.7 0.0052
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Table 8. Hydration parameters of CaSt and MgSt obtained by various techniques.

Substance Parameter Mg-stearate Ca-stearate

1. Crystalline water, mol/mol 2.0+0.08 1.2+0.2
2. Dehydration temperature, °C 76.3+0.2 90.240.2
3. Enthalpy of dehydration, kJ/mol 48.244.2 79.7£7.5
4. Enthropy of dehydration, J/mol-K 138+14 219+22
5. Activation energy of dehydration, kdJ/mol 268+5 359+36
6. Hygroscopic water, mol/mol 440.5 11+1.4
7. Enthalpy of hygroscopic water sorption, kJ/mol - 32t4

As to the excipients under consideration,
StA is classified as non-hygroscopic sub-
stance [60, 61]. MgSt and CaSt are desig-
nate as low hygroscopic, but condition-de-
pending [36, 62]. However, it is pointed out
that hygroscopicity of the stearates depends
both on the manufacturer and on experi-
mental conditions, therefore it should be
specified for the given examples and tech-
niques [15, 62], so the direct comparative
characterization of the stearates seemed
necessary. Besides, both CaSt and MgSt
form of hydrates [63-65], which might to
undergo exhaustive studies due to their
topical importance for drug bioavailability
[62, 66]. Moreover, the hydrate water mole-
cules could participate in intermolecular in-
teractions between MgSt and another sub-
stance [15].

A set of experimental techniques was
used to establish hydration parameters of
the substances under consideration. As one
can see from Table 3, hydration properties
of both stearates are quite different. As to
crystalline water, binding stoichiometry for
MgSt appears higher than for CaSt (2 water
molecules vs. 1), but the other hydration
parameters are much lower. In particular,
hygroscopicity of CaSt is higher than of
MgSt (row 6 of Table 8). As to StA, no crys-
talline water was observed and the amount
of hygroscopic water was determined as
1 mol/mol, which is in line with literature
data [60]. Qualitatively similar data on rela-
tive hygroscopicity of the excipients are re-
ported in [61], together with the conclusion
about variability of these parameters caused
by manufacturing features. Though en-
thalpy of hygroscopic water sorption for
CaSt (row 7 of Table 3) appeared to be
30 % lower than that for pure water, the
corresponding value for MgSt appeared to be
much smaller and could not be determined
within the experimental conditions. Here, it
should be noted that the obtained values of
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activation energy proved to be much higher
then those reported in literature for hydro-
gen bond in water (ab. 13 kJ/mol [67, 68]),
but typical for diffusion processes in crys-
tals (~ 102 kJ/mol [69]). Thus, one can con-
clude that the limiting stage of the process
of the stearate dehydration is water diffu-
sion from the crystals after disruption of
hydrogen bonds. Hence, one can assume the
hydration shell of CaSt provides larger
cross-sectional area of its polar moiety. So,
even subtle changes in polar moiety of am-
phiphilic substance cause continuous
changes in their hydration properties.

6. Discussion

From consideration of the foregoing re-
sults, the difference in membranotropic ef-
fect of StA and its salt can be vividly under-
stood. StA molecule possesses poorly hy-
drated  terminal group and highly
anisometric and fully saturated alkyl chain.
As StA collide with the membrane, the
population of gauche conformers in neigh-
boring DPPC alkyl chains decreases, they
become more neatly aligned parallel to each
other and can pack in a more efficient way.
Such increasing in packing density results
in elevation of T,, and dj.

In the stearates, this effect is moderated
via the presence of metal group which de-
termines minimal cross-area of the polar
moiety of the molecule. Discrimination fac-
tor in membranotropic effects of MgSt and
CaSt is cationic radius, which is 1.0 A for
Ca2* and 0.7 A for Mg2*. As it was shown
[70, 71], AT,, of membranes containing kos-
motropic ions grows with decreasing of ion
radius, so for Mg2* it should be greater
than for Ca?*. Additional factor of the dis-
crimination is hydration shell dimension
which is evidently much greater for CaSt
than for MgSt (see Table 3). So, T,, eleva-
tion of the stearates is in inverse correla-
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tion with their hydration ability. In the
framework of such mechanism, further de-
hydration of stearate could be supposed
under their complexes formation with CyS.

Summarizing the above findings, one can
conclude that hydration parameters of am-
phiphiles are able to be largely modified by
changes of its polar moiety which is of cru-
cial importance for their membranoctropic
action. Indeed, higher water binding ability
corresponds to stronger and larger hydra-
tion shell. This, in turn, results in larger
cross-section area of the polar moiety of the
dopant molecule which leads to lowering of
its membranotropic effect. It is believable
that under complex formation further dehy-
dration may take place, with proper de-
crease in cross-section area and correspond-
ing increasing in T,. Both enthalpy and
entropy of dehydration for MgSt are less
than for CaSt, so CyS—MgSt complex seems
more favorable.

Moving to the significance of the results,
one should note a substantial difference in
properties of CaSt, MgSt and StA with re-
spect to their intermolecular and membrane
interactions, as well as to hydration prop-
erties. Unlike both stearates, StA is non-hy-
groscopic, it possesses low ability of com-
plex formation and the highest T, shift. In
turn, CaSt is hygroscopic, possesses high
ability of complex formation and lower
membranotropic effect. MgSt is charac-
terized by membranotropic action similar to
StA, but moderate hygroscopicity and high
ability of complex formation. So, this is in-
deed the case when excipient selection could
be of extreme importance for drug action.

Finally, it should be noted that the
mechanisms of CyS cytotoxicity (therapeu-
tic effect) and neurotoxicity (adverse effect)
are caused by its specific interactions [11-
14, 72]. Thinking about that, a possible im-
plication of our findings might be related to
formation of complexes, which could pre-
vent specific interactions of CyS. Keeping
in mind the absence of straightforward ex-
planation as to how each of CyS functional
groups participate in specific interaction
underlying its cyto- or neurotoxisity, it
seems reasonable that further steps should
be made in this direction.

7. Conclusions

Complexes formation between antibiotic
CyS and a number of excipients (StA, CaSt
and MgSt) was studied in vacuum, water,
polar solvent methanol and lipid membrane
interiors. Quantum chemistry methods have
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shown multiple ability of complex formation
for CyS with all the excipients. However
CyS—-CaSt and CyS-MgSt complexes are
much more stable, due to participation the
proper metal cation in the intermolecular
interactions. Similar results were obtained
in vacuum and in water media.

The non-covalent complexes of CyS with
StA formed in the polar solvent methanol
were experimentally observed by means of
ESI mass spectrometry. These findings con-
firm the theoretical data on CyS—StA com-
plexes stability in different media obtained
by quantum chemical calculations.

No evidences of CyS—StA complexes ex-
istence were observed as CyS and StA collide
with the lipid membrane, neither by SAXS
nor by our previous DSC experiments. At
the same time, the complexes with higher
interaction energies, CyS—CaSt and CyS-
MgSt, are detectable in lipid membranes via
non-linearity of interlamellar repeat dis-
tance, as judged from SAXS experiments.

A set of hydration parameters of the ex-
cipients elucidates important discrimination
between CaSt and MgSt, which directly re-
lates to its membranotroipic action. In par-
ticular, the former is much more hygro-
scopic and possesses higher energy of dehy-
dration than the latter.

The present study of CyS-excipient com-
plexes formation together with non-additive
phase behavior reported earlier [22] can all
cooperate to give a clear understanding of
the importance of non-covalent interactions
between drug constituents. Moreover, in-
volving data obtained here for model mem-
branes we may state that intermolecular
complexes CyS—CaSt and CyS—MgSt are sta-
ble in water-lipid interior during several
days as a minimum, which could be taken
into account in drug formulation.
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