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The Host-Guest complexation of calixarene hydroxymethylphosphonic acid with tryptophan and N-acetyltryptophan
amide has been investigated by the RP HPLC method in H,O/MeCN (99/1) solution (column support Hypersil
CN, UV-detector, A = 254 nm). Adsorption of calixarene hydroxymethylphosphonic acid on the Hypersil CN
surface has been studied. It has been found that hydroxymethylphosphonic acid is characterized by reversible
sorption on the Hypersil CN surface. The binding constants (K, = 23000 M-" and 39000 M for tryptophan and
N-acetyltryptophan amide, respectively) of the supramolecular complexes have been calculated from the ratio
between the capacity factors k’ of the Guest and the calixarene hydroxymethylphosphonic acid Host concentration
in the mobile phase. The Gibbs free energies of the tryptophan and N-acetyltryptophan amide complexes are
-24.84 and -26.15 kJ/mol, respectively. The molecular modelling of calixarene hydroxymethylphosphonic acid
and its complexes with tryptophan and N-acetyltryptophan amide (Hyper Chem, version 8, force field PM3) has
indicated that the complexes are stabilized by hydrogen bonds, electrostatic, m-1, and solvatophobic interac-
tions. The geometric parameters of the energy minimized calixarene macrocycle and its complexes with trypto-
phan and N-acetyltryptophan amide have been calculated. According to the calculations it has been shown that
the Host-Guest complexation does not change the flattened-cone conformation of calixarene. Finally, the inverse
correlation has been found between the K, values of the complexes and the Log P values of the guest molecules.

KOMIJIEKCOYTBOPEHHS1 KAJIIKC[4]JAPEHIIQPOKCUMETWII-0OCPOHOBOI KUCIIOTU 3 TPUIMTODA-
HOM TA N-AUETUN-TPUNTTOAHAMIOOM
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Knroyosi cnoea: kanikcapeHzidpokcumemurnghocgoHosa kucrioma; mpunmocgbaH; N-auemunmpunmoghaHamio;
obepHeHo-hasHa sucokoeghekmueHa piOduHHa xpomamoepagis; CyrnpaMoneKynspHi KOMMIeKcU; KoHcmaHmu
38’53y8aHHs

Memodom O® BEPX docridxeHo rnpouec KoMrnekcoymeopeHHsi mury [ocrniodap-licmb KanikcapeHaidpokcu-
memurnghocghoHo80iI Kucriomu 3 mpunmogaHoMm ma N-auemunmpunmoghaHamioom y pozquHi H,O/MeCN (99/1)
(Hacadka Hypersil CN, Y®-0emekmop, A = 254 Hm). [JocnidxeHo 83aemo0ito KarikcapeHa2i0pokcumemurighoc-
¢oHOBOI KUCrTomu 3 nosepxHero xpomamoepadgpiyHoi Hacadku Hypersil CN. BcmaHoeneHo, wo KanikcapeH-
eidpokcumemurighocghoHosa Kucrioma xapakmepusyemscsi obepHeHoto copbuieto Ha nosepxHi Hypersil CN. Kok-
cmaHmu 38’s13yeaHHsI CyrnpamorneKynspHux komrnekcie (23000 M-"i 39000 M-" dns mpunmocpary i N-auemuri-
mpunmocgbaHamidy, 8i0nogidHo) bynu po3paxosaHi i3 crie8iOHOWEHHS MiX KoegiyieHmom emkocmi k' Monekynu
Focms i KoHUeHmpauiero KarnikcapeHeiopokcumemunghocgoHoeoi kucriomu focriodapsi 8 pyxomil ¢hasi. SHa4yeHHs
8inbHUX 3Hepeili [6bca Komrinekcie KarnikcapeHaiOpokcumemusighocghoHoOB8OI kKucriomu 3 mpunmoghaHom i N-aye-
munmpunmocgbaHamidom cknadae -24.84 i -26.15 k[hx/mornb, 8idrnosidHo. 30ilicHeHO MoneKynspHe Modesno8aH-
Hs1 KarnikcapeHaidpokcumemurghocghoHoeol kucriomu i if komrinekcie 3 mpunmoghaHoM i N-auemunmpunmocghbaH-
amidom (Hyper Chem, sepcisi 8, cunose rnone PM3). CyrnpamoneKynspHi KOMnekcu Moxymb cmabirnizyeamuch
800HE8UMU 38’A3KaMu, & MakKoX efniekKmpocmamuyHUMU, TT-TT, | corb8amog@obHuUMu 83aemoldiamu. PospaxosaHi
2eoMempuYHi Napamempu 3HEP2EMUYHO MIHIMI308aHUX CMPYKMYP KarlikcapeHaiopoKkcumMemuighocghoHOBOI Kuc-
nomu ma ii komrinekcie 3 mpunmocgpaHom i N-auemunmpunmocgpaHamioom. Noka3zaHo, w0 3Ha4eHHs K, 3poc-
marome 3i 3HWKeHHsIM Log P Monekyn cybecmpamis, a npoyec KOMMIeKCOymaeOopPEeHHST HEe 3MIHIOE KOHGbopMauil
MaKpOUUKIIYHOZ0 KicmsiKa KasriKcapeHy.

KOMIMIIEKCOOBPA30BAHUE KAJTUKC[4]APEHI MQPOKCUMETUII-6OCO®OHOBOU KUCIIOTbI C TPUII-
TO®AHOM U N-ALIETUIT-TPUTITO®AHAMULOM

O.U.KanbyeHko, C.A.HYepeHok, P.B.Poduk, U.Menu, A.C.KnumyeHko, B.B.lop6ayyk, B.U.KanbyeHkKo
Knrouesnie croea: kanukcapeHaudpokcumemurighocghoHosas Kucrioma, mpunmocghaH, N-ayemunmpunmochar-
amuod; obpamHo-ghadHasi 8bICOKO3(hchekmueHasi XUOKOCmHasi Xpomamozpacdbusi; CyrnpamoneKynsipHble KOMIT/IEK-
Cbl; KOHCMaHMbI C8sI3bI8aHUSs

Memodom O® BI)KX uccnedosaH npouyecc KomrinekcoobpasogaHusi murna Xo3suH-ocmb KanukcapeHauOpoKcu-
memurighocghoHosol Kucrioms! ¢ mpurnmoghaHom u N-auyemurn-mpunmocbaHamudom g pacmeope H,O/MeCN (99/1)
(Hacadka Hypersil CN, Y®-0emekmop, A = 254 HM). UccriedosaHo 83aumodelicmaue KanuKkcapeHauOpoKcume-
murnghocghoHOB8OU KUCIOMbI C MOBEPXHOCMbIO XpoMamozpaguyeckol Hacadku Hypersil CN. YcmaHosneHo,
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4Ymo KanukcapeHaudpokcumemurnghocghoHosasi Kucrioma xapakmepudyemcs obpamumol copbyueli Ha nosepx-
Hocmu Hypersil CN. KoHcmaHmbi cesisbleaHusi CyrpamMoneKyisipHbix kommiekcos (23000 M u 39000 M- ons
mpunmogarHa u N-auemunmpunmocgpaHamuda, COOM8eMCMBEHHO) bbinu paccyumanb! U3 COOMHOWEHUST MeX-
Oy KoaghcbuyueHmom emkocmu k’ monekynbsl [ocms u KoHUeHmpauuel KanukcapeHaudpokcumemughocgo-
HoeoU kucromsl Xo3siuHa 8 nodsuxxHol ¢haze. SHayeHUs1 c80600HbIX aHepaul [ubbca KOMMIeKcos8 Kasukca-
peHaudpokcumemurighocghoHosoli Kucaomsl ¢ mpunmogaHom u N-auemurn-mpunmoghaHamudom cocmasusnu
-24.84 u -26.15 k/[]x/Morb, coomeemcmeeHHo. [lposedeHo MoreKynsipHoe ModenuposaHue KarukKcapeHauOpPOKCU-
MemurighocghoHOB0U KUCIOMbI U ee KOMIIeKco8 ¢ mpunmoghaHom u N-auemunmpunmoghaHamudom (Hyper Chem,
sepcus 8, curnosoe rone PM3). Ommeyaemcs, 4mo cyrnpamoneKyrispHbIe KOMIIeKChbl Mo2ym cmabunu3uposams-
C51 B0OOPOOHLIMU CBSI3SIMU, @ MakKXe 31eKmpocmamu4eckuMu, T-1T, U cornbeamogobHbIMuU 83aumodelicmeus-
Mu. PaccyumaHbl 2eomempuyecKkue napamempbl S3Hep2emu4ecku MUHUMU3UPOB8AHHbBIX CMPYKMYyp KarnuKcapeH-
2udpokcumemurighocghoHoB8oU KUCIoMbI U ee KoMrrekcos ¢ mpunmogaHom u N-auemunmpunmoghaHamudOom.
CoanacHo pacdemam rokasaHo, Ymo Mpoyecc KOMMIeKcoobpalosaHusi HE MeHsiem KOHGhopMayur Makpouu-
KITUYeCcKo2o ocmoea KarukcapeHa. YcmaHo8rneHo, 4mo 3HaqyeHusi K, moeblwaromcsi co cHuxeHuem Log P mo-

nekyn llocmed.

L-Tryptophan is an essential amino acid that is
low abundant in proteins (1.4% only). As a conse-
quence, Trp residues frequently play a key role in
studying the protein structure and functions. For in-
stance, soluble Trp residues in proteins have been
shown to be critical for the specific recognition of
nucleic acid sequences [1, 2, 3, 4]. Moreover, it is
worth mentioning that Trp has the peculiar proper-
ty to exhibit a significant intrinsic fluorescence that
is environment sensitive, and therefore, can be used
to investigate the properties and interactions of pro-
teins with ligands [5].

To characterize the role of the given Trp residue
in the protein properties and functions, the common
strategy is to site-selectively mutate this residue into
another one. To disturb the protein structure mini-
mally the aromatic Phe or Tyr residues are frequent-
ly selected as a substitute. Nevertheless, due to the
key role of Trp residues in protein folding, these mu-
tations can result in improperly folded proteins, and
it does not allow characterizing the specific role of
the Trp residues mutated.

To characterize the role of soluble Trp residues
in proteins it would be interesting to use complexing
agents that can selectively bind these Trp residues
as an alternative strategy, and therefore, promote the
interaction of the target proteins with their ligands.

Calixarenes [6] contain preorganized bio-affine
groups that are able to recognize different biological
molecules such as amino acids, dipeptides, proteins,

choline and acetylcholine, carbohydrates, riboflavin,
vitamin B,,, nucleotides, nucleosides and short DNA
fragments [7, 8, 9, 10]. Calixarene derivatives can also
bind amino acids on the surface of proteins [11, 12].

In this respect, calix[4]arene hydroxymethylphos-
phonic acids [13, 14, 15] which have been shown to
form selectively Host-Guest supramolecular complex-
es with amino acids [16, 17], appear to be good can-
didates to bind soluble Trp residues. To test this pos-
sibility the Host-Guest complexation of calixarene
hydroxymethylphosphonic acid (CPA) with Trp and
N-acetyltryptophan amide (NATA) used as models
of Trp residues in proteins has been investigated by
RP HPLC and molecular modelling (Scheme).

Experimental Part

CPA was synthesized by the reaction of formyl-
calixarene with Na salt of ethylphosphite followed
by dealkylation of the ester formed by the consecu-
tive action of trimethylbromosilane and methanol in
accordance with [13]. Because of its poor solubility
in water CPA was analysed as a monosodium salt ob-
tained by addition of one equivalent of sodium me-
thylate to CPA solution in methanol. Trp and NATA
were obtained from Sigma-Aldrich (St. Louis, MO, USA),
acetonitrile was obtained from Acros Organics (Jans-
sen Pharmaceuticalaan 3A 2440 Geel Belgium).

HPLC analysis

Chromatographic analysis was performed in iso-
cratic conditions using a Hitachi liquid chromatogra-

i |
“OH “NH,
\ NH, \ HN
N N \
CH,
2
CPA Trp NATA

Scheme
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Fig. 1. Chromatogram of calixarene CPA.
phy system (Hitachi, Ltd, Tokyo, Japan) equipped with

a high-pressure pump, a Rheodyne Model Sample
7120 injector (20 ul) and an UV-detector. The column
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(250%x4.6 mm i.d.) was packed with Hypersil CN (Merck,
Germany, Darmstadt). The samples of CPA for RP HPLC
analysis were prepared by dissolution in the mobile
phase (H,0/MeCN, 99/1 v/v). The choice of the sol-
vent was dictated by solubility of CPA, Trp and NATA
under the same conditions. The flow rate of the mo-
bile phase was 0.8 ml/min. The final CPA concentra-
tions were in the range of 0.10-0.70x10* M. The ul-
traviolet detector was operated at 254 nm. The Trp
and NATA samples for HPLC analysis were prepared
in the same solvent (C = 0.05x10* M). The amount of
the sample injected was 20 pL. Each of the samples
was analyzed five times. The mobile phase that con-
tained the CPA as an additive was equilibrated for
3 h before analysis. Under these conditions the co-
lumn was saturated with the CPA additive. All chro-
matograms were obtained at 32°C.

Molecular modelling

The initial molecular modelling of CPA and its
complexes with Trp or NATA was carried out by the
molecular mechanics MM+ method (the force field
PM3). The structures obtained were optimized by
the semi-empirical method (the HyperChem soft-
ware package, version 8) [http://www.hyper.com/
Download/AllDownloads/tabid /470 /Default.aspx].

Results and Discussion

Calixarene CPA, Trp and NATA in the given analy-
sis conditions were registered on the chromatograms
as sharp peaks (Fig. 1-3).

Intensity (AU)
5.07 ; ;

204 . | |

0 3 6 9 12 15
Retention time (min)

b

Fig. 2. Chromatograms of NATA (a) and Trp (b) obtained before CPA addition in the mobile phase.
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Fig. 3. Chromatograms of NATA (a) and Trp (b) obtained after CPA addition in the mobile phase.

The binding constants of Host-Guest complexes
of CPA with Trp or NATA were determined by the RP
HPLC method as previously described [18, 19]. The
method is based on determination of the Guest re-
tention time, t,, and the capacity factor, k’, before and
after CPA addition to the mobile phase. The binding
constants K, of the CPA complexes with the Guest
molecules were calculated by equation (1):

1/k'=1/ky"+ K, x [CA]/k,’ (1)

where k,"and k’ - are the capacity factors of the Guest
molecule determined in the absence and the presence
of CPA in the mobile phase; [CA] is the concentration
of CPA in the mobile phase.

CPA (monosodium salt), Trp and NATA appear
on the chromatograms as sharp symmetrical peaks
(Fig. 1, 2) with the chromatographic characteristics
given in Table 1.

The linear character of the adsorption isotherm
of CPA (R? = 0.99) indicates its reversible sorption
on the Hypersil CN surface. Addition of CPA to the
mobile phase decreases the capacity factor values of
Trp and NATA. The linear plots of their k’ values vs
the calixarene concentration (Tab. 2, Fig. 4) clearly
show the formation of Host-Guest supramolecular
complexes with 1:1 stoichiometry and allows calcu-
lating the K, values of the complexes by equation (1).

The binding constants K, and free Gibbs energies
AG (AG = -RT InK,) for the CPA complexes are given
in Tab. 2.

24

The binding constant K, of the CPA-NATA com-
plex (39000 M1) is 1.66-fold higher than the K, value
of the CPA-Trp complex (23000 M1). The binding
constant K, values of the complexes increase with
decrease of Log P values of the Guest (0.93 for Trp
and -0.11 for NATA).

[t should be noted that the CPA-NATA complex is
more stable than complexes of CPA with such ami-
noacids as Ala (21200 M1), Phe (26600 M1), Arg
(27500 M), Asp (28800 M), His (31200 M), Lys
(32500 M1) [17]. Moreover, comparison of Trp and
NATA indicates that changing the -OH group of Trp
to the -NH, group and acylation of its alpha-amino
group significantly increase the interaction with CPA.

To clarify the nature of the Host-Guest interaction,
the molecular modelling study was carried out. The
conformational search of the optimum geometry of
CPA, Trp and NATA was performed by the method of
molecular mechanics and the semi-empirical method.

Table 1
Retention times t,, capacity factors k’
and asymmetry coefficient K, of CPA,
Trp and NATA
Compound t, min k’ K

CPA 3.34 0.67 1.00
Trp 9.71 3.86 1.27
NATA 6.12 2.06 1.20
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Fig. 4. Plots of the Trp and NATA 1/k’ values vs CPA concentration in the mobile phase (R?= 0.98).
Table 2

CPA concentration, 1/k’, KA (M) and AG (kJ/mol) values of CPA complexes with Trp and NATA

CPA conc. Trp CPA-Trp CPA-Trp NATA CPA-NATA CPA-NATA
x 10% M 17k’ K, AG 17k K,? AG
0 0.259 0.485
0.10 0336 0.664
0.17 0.369 230004200 -24.84 0.834 39000+400 -26.15
034 0.432 1.090
0.70 0577 1517

2 (RSD = 8-12%).

Then the structures of the CPA complexes with the
least energies were calculated (Fig. 5).

Inclination (dihedral angles) of the calixarene ben-
zene rings A, B, C, D in relation to the main macrocyc-
le plane formed by CH, links for CPA and its comple-
xes in the structures calculated is presented in Tab. 3.

The macrocyclic skeleton of CPA shows a flat-
tened-cone conformation. The aromatic rings with
phenolic OH groups are almost “coplanar” with the
main macrocycle plane, but the propylated rings are
“perpendicular” to the plane. The dihedral angle be-
tween the “coplanar” rings A and C is 110°, while the

a

b
Fig. 5. Energy minimized structures of CPA (a) and the complexes with Trp (b) and NATA (c).

angle between “perpendicular” rings B and D is 3°.
As seen from Table 3, the Host-Guest complexation
does not almost change the flattened cone conforma-
tion of the calixarene skeleton.

For the structure of the Trp complex calculated an
electrostatic contact of the negatively charged oxygen
atom of the calixarene phosphonic group with the po-
sitively charged nitrogen atom of the amino acid is ob-
vious (P-O-H-N distance is 2.3 A). Additionally, the com-
plex is stabilized by an intermolecular hydrogen bond
between the indole NH group and the oxygen atom
at the calixarene lower rim (NH-O distance is 3.0 A).
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Table 3

Inclination of benzene rings A, B, C, D in respect to
the main macrocycle plane in CPA and its complexes

\
|

Dihedral angles, °
Compound
A B C D
CPA 147 92 143 91
CPA-Trp 154 98 147 98
CPA-NATA 152 99 153 97

Similar to the Trp complex an intermolecular hyd-
rogen bond (2.604 A) between the indole NH group
and the oxygen atom at the calixarene lower rim is
also observed. However, in contrast to the Trp com-
plex, three intermolecular hydrogen bonds with the
phosphonic group are formed in the NATA complex
calculated: POH-0=CCHj, (2.247 A), CH,C(O)NH~0=P
(1.753 A) and C(O)NH-0=P (1.957 A). It is possible
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Summarizing all above-mentioned information
it should be noted that experimental measurements
of the complex stabilities show that CPA binds more
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