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Abstract: Zinc(ll) complexes (ZnL) of macrocyclic tetramines, cyclens, bearing alkyl chains of four different
lengths (propyl, octyl, dodecyl, and hexadecyl) have been tested as new carriers for highly selective extraction
and transport of imide-containing nucleosides and nucleotides @yclen = 1-alkyl-1,4,7,10-tetraazacy-
clododecane). The most lipophilic Zn-hexadecylcyclen was found to most effectively extract thymidine
(dT) from an aqueous solution into a CH@yer, while it did not extract other nucleobase derivatives (C, A,

and G) at all. More lipophilic thymidine derivatives (HS) such dsa@do-3-deoxythymidine (AZT),
1-methylthymine (1-MeT), and ftorafur (Ff) were almost quantitatively extracted by an equivalent amount of
Zn?t—hexadecylcyclen. ThéH NMR spectra of the CDGlextracted AZT by ZA"*—hexadecylcyclen
confirmed the formation of the 1:1 complex(SZnL) bound through imide-Nanion and zinc(ll) cation (S
denotes the deprotonated dT derivatives). While apparent 1:1 complexation constamtg, (€S —

ZnL) = [S—ZnL)/[(HS + S )wed[ZNL fred (M™Y)), for Zn?*—octylcyclen with dT and AZT at pH 7.6 are the
same value of 3.4 0.1 (determined by potentiometric pH titration) in agueous solution 4C2with | = 0.1
(NaNG;), the logKappvalues for Zit—hexadecylcyclen with dT and AZT in the presence of a neutral detergent
Triton X-100 (10 mM) at pH 7.6 (50 mM HEPES with= 0.1 (NaNQ)) and 25°C are 3.3+ 0.1 and 4.4+

0.1, respectively (determined by isothermal calorimetric titration). These results support the observation that
the extraction of AZT with ZA"—hexadecylcyclen is more favorable than that of dT. The GH&tracted

dT was more easily released into an acidic (pH 6.0) aqueous solution than AZT. As a support of the extraction
experiments, the transport of dT and AZT (1 mM) from a pH 9.0 aqueous solution (Aq I) to a pH 5.0 aqueous
solution (Aq Il) mediated by a liquid CHgimembrane containing 1 mM Zh—hexadecylcyclen was carried

out.

Introduction efficient carriers may be useful in enhancing membrane transport
of these substances, which then helps reducing daily doses of
these expensive and toxic drugs.

There have been a number of nucleoside (or nucleotide)
carriers designed on the basis of Wats@rick, Hoogsteen,
or the relevant associatiofisl! phosphate aniorscationic

Thymidine and uridine nucleoside analogues are useful in
antiviral chemotherapyThe most typical example is-azido-
3'-deoxythymidine (AZT), an approved drug for the treatment
of AIDS.2 These molecules first go into cells by simple passive
diffusion® or with help of membrane-bound transport protéins

apd then undergo .phosphorylatfiio'rm cytoplas-rr'l.to become' (5) (@) Furman, P. A; Fyfe, J. A.; St. Clair, M. H.; Weinhold, K.:
triphosphate derivatives to be activated for inhibition of essential Rideout, J. L.; Freeman, G. A.; Lehrman, S. N.; Bolognesi, D. P.; Broder,
viral enzymes such as reverse transcript#sehe first require- S.; Mitsuya, H.; Barry, D. WProc. Natl. Acad. Sci. U.S.A986 83, 8333~

o ; - 8337. (b) Balzarini, J.; Herdewijn, P.; De Clercq, R.Biol. Chem 1989
ment for the drug activity, therefore, is efficient transport of 264 6127-6133. (¢) Bourdais, J.: Biondi, R.; Sarfati, S.. Guerreiro, C.;

these nucleoside analogues into infected cells through a lipo-Lascu, I.; Janin, J.; \ten, M. J. Biol. Chem 1996 271, 7887-7890. (d)

philic membrane barri€rLipophilic derivatives or selective and ~ Xu, Y.; Sellam, L.; Mofea, S.; Sarfati, S.; Biondi, R.; \fen, M.; Janin, J.
Proc. Natl. Acad. Sci. U.S.A997, 94, 7162-7165.
*To whom correspondence should be addressed. E-mail: ekimura@ (6) For recent examples of lipophilic analogues of AZT, see: (a)
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(1) (a) Huryn, D. M.; Okabe, MChem. Re. 1992 92, 1745-1768. (b) Med. Chem1992 35, 3039-3044. (b) Meier, CAngew. Chem., Int. Ed.
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(3) (@) Zimmerman, T. P.; Mahony, W. B.; Prus, K. L.Biol. Chem (7) Mirchandani, H.; Chien, Y. Wint. J. Pharmac.1993 95, 1—21.
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carrier associatiot? 7 and so ort® For instance, Sessler et al.
reported nucleosides protected at sugar hydroxy groups with
triisopropylsilyl (Tips) groupl.® Of these, C-Tips 1c) and
G-Tips (Ld) selectively transport guanosine (G) and cytidine
(C) derivatives, respectively. However, the transport enhance-
ment of thymidine (dT) or AZT by A-TipsXa) was limited.
The weaker dT (or U)-A (adenine) base pair association in
comparison with G-C association possibly is not sustainable
in the O — CHCI; partition. So far, there have practically
been no selective and efficient carriers for dT or U derivatives,
although selective hosts for dT's in CHCholution were
reported'® On the other hand, lipophilic cationic carriers (e.g.,
quarternary ammonium salts) for phosph&te$ lack the base
selectivity.

In the course of study on intrinsic properties of zinc(ll) ion
in zinc enzymeg? we have discovered that Zh-1,4,7,10-
tetraazacyclododecane @n-cyclen, 2a) interacts only with
dT and uridine (U) among all the nucleosides through &Zn
imide-N~ anion bonding and the two complementary hydrogen
bonds at physiological pH in aqueous solution, resulting in
formation of stable 1:1 complex&s?122We recently synthe-
sized a lipophilic hexadecylcycle?e for catalytic hydrolysis
of a lipophilic phosphotriester in micellar solution containing a
neutral detergent Triton X-10%.

In this study, we preser2e and homologue&b—d as a new
type of the first selective transporters of dT, U, and AZT or
their relevant compounds. Furthermore, we have found that
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J. L.J. Am. Chem. S0d.994 116, 2663-2664. (d) Krad V.; Andrievsky,
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AZT is extracted into organic phase more efficiently than dT
by 2e despite the fact that the complexation of dT and AZT
with a nonlipophilic Z@+—cyclen2aoccurs in a similar extent

in aqueous solution. We have then studied contrasting com-
plexation properties dewith dT and AZT in micellar solution
containing Triton X-100 by isothermal calorimetric titration. The
transport of dT and AZT through a liquid CHCinembrane
containing2eis also described.

Results and Discussion

Synthesis of Alkylcyclens and Their Zinc(ll) Complexes.
Cyclens bearing alkyl chains on a ring nitrogéib{e€) were
synthesized byN-alkylation of 3Boc-cyclen 4)?* with a
corresponding alkyl bromide in the presence of0l@; and
(n-Bu)NlI, as shown in Scheme 1. Successive deprotection of
5b—e with agqueous HCI gave nHCI saltél{—e) (n = 3 or 4)
of the corresponding alkylcyclen. The two zinc(ll) complexes
2d,ewere crystalline. The other&b,c, did not crystallize, and
as a result, they were prepared in situ for the following extraction
experiments.

Scheme 1
Bo(cN’_ \NH RBr BocN’ _\NR HCl ag HN/ _\N%
N N

BocN, NBoc Na2,CO; BocN NBoc MeOH H H

(n-Bu),NI — — nHCl
3Boc-cyclen Sb: R =CaHy 6b : R =CsH,
4 ¢:R=CgHy7 ¢ :R=CgHy7

d:R=CyoHps d:R=CypHos
e:R=CyeHaz e :R=CygHss

Partition Properties of Zinc(ll) Complexes of Alkylcyclen.
Before the extraction experiment, the partition mode of the
transporter2b—e between an aqueous phase and an organic
phase was studied. A zinc(Il) complex g2nol) in 2 mL of
buffer solution (50 mM CHES at pH 9.0 with= 0.1 (NaNQ))
plus 2 mL of CDC} containing 1 mM naphthalene (for an

(24) Kimura, E.; Aoki, S.; Koike, T.; Shiro, Ml. Am. Chem. So&997,
119,3068-3076.
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Table 1. Extraction of Nucleosides by CHEBolution Containing
Zinc(ll)—Cyclen Carriers at 28C?

Aoki et al.

Table 2. Extraction of Imide-Containing Nucleosides and
Nucleotides by2e and6e in CHCI; at 25°C

pH of extraction nucleoside or pH of extraction
run nucleoside carrier aqueous layér efficiency (%) run nucleotidé carrie®  aqueous layér efficiency (%}
1 dT none 9.0 <1 1 AZT none 7.6 1A 1
2 daT 2e 6.0 3+1 2 AZT 6e 7.6 17+1
3 daT 2e 7.0 5+1 3 AZT 2e 7.6 91+ 1
4 dT 2e 7.6 8+1 4 AZT none 9.0 14+ 1
5 daT 2e 8.0 12+ 1 5 AZT 2e 9.0 97+ 1
6 daT 2e 9.0 22+ 2 6 1-MeT none 7.6 251
7 daT 2e 10.0 20+ 1 7 1-MeT 2e 7.6 91+ 1
8 daT 6e (free ligand) 9.0 <1 8 1-MeT none 9.0 2% 1
9 dT 2d 9.0 18+1 9 1-MeT 2e 9.0 96+ 1
10 daT 2c 9.0 12+1 10 Ff none 7.0 411
11 daT 2b 9.0 <1 11 Ff 2e 7.0 >08
12 U none 9.0 <1 12 Ff none 9.0 51
13 U 2e 9.0 13+1 13 Ff 2e 9.0 >98
14 dc 2e 9.0 <1 14 5-dTMP none 9.0 <1
15 dA 2e 9.0 <1 15 5-dTMP 2e 9.0 18+1
16 dG 2e 9.0 <2 16 5-dTTP none 9.0 <1
17 dT 2¢ 9.0 21+1 17 5-dTTP 2e 9.0 23+1
18 dT 2¢ 9.0 <1 18 5-AZTMP none 7.6 <1
a - — - ) 19 5-AZTMP 6e 7.6 <1
) Fo_r '_[he experlment_al conditions, see text and Experlmen_tal Section. oq 5-AZTMP 26 7.6 3741
The initial concentration of a nucleoside in a buffer solution was 1 1 5-AZTMP none 9.0 <1
mM. ¢ Good’s buffer (50 mM with = 0.1 (NaNQ)) was used for pH 22 5-AZTMP 2 9.0 364+ 1
6.0 (MES), 7.0 (HEPES), 7.6 (HEPES), 8.0 (EPPS), 9.0 (CHES), and )
10.0 (CAPS)f1 mM cholesterol 3-sulfonate was addéd. mM 23 d(TpTy none 9.0 L
: : : 24 d(TpTY 2e 9.0 33+ 1

sodium palmitate was added.

internal reference) was vigorously stirred for equilibration for
30 min at 25°C. The initially turbid CDC} layer became clear
after the centrifuge (3000 rpm 10 min at 25°C). The ratio
of the zinc(ll) complex partitioned into the CDLCllayer was
determined byH NMR; <1% for 2b, 53% for2c, 79% for2d,
and 98% for2e?526

Extraction of Nucleosides from an Aqueous Phase to a
CHCI3; Phase by Zinc(ll) Complexes 2b-e. We studied
extraction of nucleosides from an aqueous phase to €bi{CI
the Zr*—cyclen complexeg2b—e. An aqueous solution (2.0
mL) of 1 mM dT in 50 mM Good’s buffer (pH 510) with |
= 0.1 (NaNQ) was vigorously stirred for 30 min at Z% with
a 1 mM solution o2ein CHCI; (2.0 mL), and then two phases
were completely separated by centrifuging (3000 sprb0 min
at 25°C).2’ The efficiency in the extraction was determined by
measuring the remaining nucleoside in the aqueous phase b
the UV absorption spectrum and checked by measuring the
amount of transferred nucleosides into CR} 'H NMR. The
results are summarized in Table 1. Without the?Zn
alkylcyclen carriers, dT and U were not extracted (runs 1 and
12). The pH effect of aqueous phase on the extraction of dT
with an equivalent amount dle was examined (runs-27).
The best extraction (22%) was achieved at pH 9.0 (run 5). The
free ligand6e existing as a diprotonated forrbe 2H™) did not
extract dT at pH 9.0 (run 8). As expected, the longer is the
alkyl chain of Zr#"—alkylcyclen complexes, the more efficient
is dT transport to a CHGIphase (runs 6 and-9l1). Uridine
was extracted at pH 9.0 (run 13), although the efficiency (13%)
was not so good as dT, probably due to more hydrophilic nature
of U by an additional hydroxyl group on the sugar part and
lack of a lipophilic methyl group on the pyrimidine ring.

(25) The partition properties of the corresponding free ligands into a
CDCl; layer from an aqueous phase of pH 9.0 (50 mM CHES with0.1
(NaNGs)) were determined byH NMR. The partition oféb was 13% and
6¢c—e were extracted almost quantitatively.

(26) It was confirmed byH NMR that2c—e did not dissociate zinc(Il)
cation when extracted into CHElayer.

(27) The partition of dT is rapid: the extraction of dT from an aqueous
phase to a CHGIphase finished within 10 min of stirring. The distribution
of nucleosides or nucleotides is thus controlled thermodynamically.

a2The initial concentration of a nucleoside (or nucleotide) in an
aqueous buffer solution and that & in CHCl; was 1 mM unless
otherwise described. For abbreviations of nucleosides and nucleotides,
see text? Good’s buffers, HEPES and CHES (50 mM £ 0.1
(NaNG;)) were used for pH 7.6 and pH 9.0, respectivélyhe
experiments were performed two or three tinfe8.5 mM d(TpT) in
50 mM CHES buffer was used.

The dT and U selectivity in the nucleoside extraction is
evident in runs 6, 13, and #4l6. Nucleosides other than dT
and U were not transported to an organic phase, indicating
that the ZA*—cyclen complexe is an exclusie dT- and
U-selective carrier, as we initially hoped This selectivity also
implies that the transport of dT and U results from 1:1 ddr
U~)—2e complex3 with counteranions, Y (see the following
NMR study), but not from simple reverse-micelle formation by
the hydrophobic zinc(ll) complexes in a CHGlhase. Lipo-

hilic anions Y~ might enhance the lipophilicity of the complex
or better extraction of dT. However, the addition of 1 mM
cholesterol 3-sulfate anions exhibited negligible effect (run 17).
The existence of 1 mM sodium palmitate 16833COONa)
inhibited the extraction of dT (run 18), probably because the
carboxylate anion may have stronger interacdonith 2e to
form a more lipophilic and stable complex in the CH@hase.

Extraction of Other Imide-Containing Nucleosides and
Nucleotides from Aqueous Phase to CHGIPhase by 2eThe
extraction of other imide-containing nucleosides, AZT, 1-meth-
ylthymine (1-MeT), or ftorafur (Ff) by2zewas tested in a similar
fashion. The results are summarized in Table 2. These bases
alone are fairly well soluble in CHg(runs 1, 4, 6, 8, 10, and
12) because of their lipophilicits2 While the diprotonated ligand
6e2H" showed no effect (run 2), its zinc(ll) compl@egreatly
enhanced the extraction efficiency of AZT (run 3). It is of
interest that AZT, which has almost the samk;pvalue
(deprotonation constant of imide proton) of 9.7 and almost the
same apparent complexation constant wath log Kpp for

(28) (a) Koike, T.; Kimura, E.; Nakamura, I.; Hashimoto, Y.; Shiro, M.
J. Am. Chem. Socl992 114, 7338-7345. (b) Kimura, E.; lkeda, T,;
Shionoya, M.; Shiro, MAngew. Chem., Int. Ed. Endl995 34, 663-664.

(29) The partition coefficients of dT and lipophilic AZT for 1-octanol/
0.1 M aqueous phosphate buffer (pH 7.0) were reported to be 0.064 and
1.26, respectively (ref 3a).
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AZT-—2a= 3.3 at pH 7.6 and 3.7 at pH 9.0, as those of dT
(pK1 = 9.8 and logKpp for dT-—2a = 3.2 at pH 7.6 and 3.6
at pH 9.0) in aqueous solutidh? was extracted bye much
better than dT into a CHgllayer from an aqueous phase of
pH 7.6 and 9.0 (runs 3 and 5). For definition of the deproto-
nation constants, the complexation constants, etc., see-efjs 1

ZnL + (HS+ S )jee =S —2ZnL:
KapdS —ZnL) =[S —=ZnLY/[(HS + S ) ed[ZNL e
M @)

HS=S +H" K,=[S]a,./[HS] 2)

ZnL(OH,) == ZnL(OH") + H":
K, = [ZnL(OH )]a,./[ZnL(OHy)] (3)

ZnL+S =S —ZnL:
K(S —ZnL) =[S —ZnL)/[S ][ZnL](M ’1) 4)

where ZnL is Z&"—cyclen, HS and Sare dT derivatives and
their deprotonated species, amg+ is the activity of H,
respectively. 1-MeT having & value?dof 10.0 was extracted
as well as AZT (runs 7 and 9). Ftorafur (Ff)Kp= 7.8) was
extracted in even better efficiency at lower pH of 7.0 (runs 11
and 13), due to a great&py, value at low pH (logkapdFf™—

2a) = 3.7 at pH 7.6)2and higher lipophilicity of Ff.

0

, Me\f‘nu 5-dTMP : R* = POs%

R0 NSo  5.dTTP :R*=\__o_ _o_ 0O
/?\ /3’\ /?\
do do do

0

HO

0 o)
7 Me
N NH
Ny o © lNAO
o)
5-AZTMP d(TpT)

Two thymidine nucleotides, thymidine 5-monophosphate (5
dTMP) and thymidine Btriphosphate (5dTTP), despite having
phosphate anionic charges, were extracte@dbgs efficiently
as dT nucleoside (runs 15 and 17). The extractiori-@{Ar MP
(3'-azido-3-deoxythymidine 5monophosphate) is of interest,
since it is a precursor of the biologically activetEphosphate
of AZT and phosphorylation of AZT to’SAZTMP by cellular
kinases is the rate-limiting step, which may be very slow in
some cells such as macrophagésis thus remarkable th&te
extracted 37% (at pH 7.6) and 36% (at pH 9.0) of the
hydrophilic 3-AZTMP (runs 20 and 22), which, unlike lipo-
philic AZT, was hardly partitioned into a CH&layer without
a carrier (runs 18 and 21). The free ligaéd again did not
transport 5AZTMP (run 19). The thymidilyl(3-5')thymidine
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developed by Tabushiand Diedricht* which only recognized
nucleotides to extract Bnono-, di-, and triphosphates of U and
dT from an aqueous solution of pH-B into a CHC} layer.
These quarternary ammonium compounds, moreover, cannot
differentiate dT and U from G, A, or €.

IH NMR Spectrum of 1:1 Complex of AZT with 2e in
CDClIs. To confirm that the CHGtextracted AZT by2e was
in the form of the 1:1 compleX (Scheme 2) but not in
uncomplexed AZT, we measuréti NMR spectra in CDGl
Parts a and b of Figure 1 shd NMR spectra oReand AZT
(1 mM) in CDCB, respectively. Figure 1c is thtH NMR
spectrum of a mere 1:1 mixture of AZT a@éin CDCl; (both
1 mM). Figure 1d showdH NMR spectrum of the CDGI
extract (2.0 mL) from 2.0 mL of 1 mM AZT in 50 mM CHES
(pH 9.0 withl = 0.1 (NaNQ)) in the presence of 1 equiv of
2e Integration of H(1) proton of AZT and the terminal Me(5)
group of2egives a 1:3 ratio in Figure 1d, proving a 1:1 AZ¥
2eratio in the CDC4 phase. A mere mixing of AZT witlRe
in pure CHC} did not cause the complexation (Figure 1c). Parts
c and d of Figure 1 are not identical, although both samples are
composed of AZT an@ein 1:1 stoichiometry. In comparing
Figure 1c,d, we observed upfield shifts of H(6){.35 to 7.2)
(bold blank arrows), H(} (6 6.04 to 5.90) (plain arrows), H(2
(6 2.55 and 2.40 to 2.45 and 2.35, respectively) (dashed arrows),
and Me(5) 6 1.93 to 1.88) (round arrows) protons, as we earlier
saw at AZT —2a complexation in RO (for assignment, se@
in Scheme 2§! The imide N-H proton of thymine base
indicated by black bold arrows in Figure 1b,c is gone in Figure
1d. The broad peaks pointed by narrow blank arrows in Figure
la © 3.79 ando 3.87) and in Figure 1d&( 3.62), which
disappear when the sample solution is shaken wigh [pD
9.0), were assigned to the-NH protons of the cyclen ring in
2e. Although we could not observe the behavior of dT
derivatives having too low solubility in CDglall of the imide-
containing nucleosides and nucleotides should be extracted into
the CHC} layer in a similar fashion, as depicted by the left
half of Scheme 2.

For further check of the comple&formation in CHC}, we
prepared AZT in CDCl using pentaisopropylguanidine (PR&)
as a nonligative organic base, whose conjugate acid h&s a p

(31) We carried out the extraction of several phosphates to see whether
the phosphate anion is involved in extraction of thymidine nucleotides by
2e as suggested by a reviewer. However, we could not determine the
distribution of 2-deoxyadenosine’8nonophosphate (8IAMP) and 2-
deoxycytidine 5monophosphate (8ICMP) because of precipitatio2e
did not promote the extraction of adenosider®nophosphate (FAMP)
from an aqueous layer of pH 7.6 into a CH@yer (2% and 3% in the

monophosphate (d(TpT)) (0.5 mM) that can be bound to 2 equiv absence and presence of 1 equiv2ef respectively). On the other hand,

of 2e (1 mM) at each T site to yield the 1:2 compl&X® was

transferred more efficiently (run 24, 33%) thandi2e (22%).
The dT and U selectivity of our lipophilic carrier may be

compared with previous lipophilic ammonium cation carriers

(30) Kimura, E.; Kikuchi, M.; Koike, T. a paper submitted for
publication.

1-naphthyl phosphatess = 5.4 x 10° at pH 7.6), a nonnaturally occurring
phosphate, was extracted in 95%2®y a fact suggesting that the interaction
of zinc(ll) cation and a phosphate moiety might sometimes contribute to
the extraction of some nucleotides.

(32) (a) Barton, D. H. R.; Elliott, J. D.; Ge, S. D.J. Chem. Soc.,
Chem. Commun198], 1136-1137. (b) Barton, D. H. R.; Elliott, J. D.;
Géo, S. D.J. Chem. Soc., Perkin Trans1982 2085-2090. (c) Wieland,

G.; Simchen, GLiebig Ann. Chem1985 2178-2193.
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Figure 1. *H NMR spectra in CDGlof 2e (a), AZT (b), a mixture of
2eand AZT (c), and the 1:1 compleXobtained by extraction from a
CHES buffer solution (pH 9.0) (d).
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in CDCl; complexation
N3 AZT

value of 11.42¢ By addition of 1.1 mM PIG to a solution of 1
mM AZT in CDCls, the peak of the imide NH disappeared,
confirming that PIG deprotonated the imide proton to yield
AZT~ as shown in Scheme 3. Other peaks of AZT did not
exhibit any shifts. The addition of 1.1 miZe to this mixture
caused upfield shifts of H(L(from 6 6.04 to 5.8) and Me(5)
(from 6 1.93 to 1.88), implying the formation d, as was
observed with Figure 1d. The upfield shifts of these two peaks
occurred linearly until 1 equiv and then reached a plateau,
indicating that the complexation of AZTwith 2e occurred
almost quantitatively at [AZT] = [2 = 1 mM in CHCk (data
not shown).

The Potentiometric pH Titration of dT and AZT with 2c .

Aoki et al.

100

ZnL-dT"

Y K
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_______
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Figure 2. Distribution diagram for the dT and Znl2¢) species for

an 1 mM dT/1 mM2c mixture as a function of pH at 28 with | =
0.1 (NaNQ) (dT- denotes the deprotonated dT).

We have found far greater extraction of AZT into CHGlyer
in the form of8 (91% at pH 7.6, run 3 in Table 2) than a mere
1:1 AZT —(Zn?"—cyclen) complex3 formation constant in
aqueous solution predicted; l&6G,, = 3.3 at pH 7.6, i.e., 50%
AZT is in the complex at [total AZT}= [total 2¢ = 1 mM.
For this inquiry, we have studied the effect of the long alkyl
chain on the stability of the dT and AZT complexes by pH-
metric titration of 1 mM dT (or AZT) with 1 mM2c bearing
an octyl group, which though partially lipophilic (see above) is
still soluble enough in aqueous solution. Thié;pralues of
imide proton in dT and AZT defined by eq 2 are 9%80.1 and
9.7 & 0.1, respectively!2 The deprotonation constant of the
zinc(l)-bound water, K, of 2c(eq 3) was 7.8t 0.1 in aqueous
solution. The complex formation constants, K¢S —2ZnL)
defined by eq 4 for dT and AZT at 2%C with | = 0.10
(NaNG;), were almost the same (5% 0.1 and 5.8+ 0.1), as
determined by the program “BEST®2. From these two log
K(S™—ZnL) values, the apparent 1:1 complexation constants,
log Kapp Of 2¢ with dT and AZT at pH 7.6 and 23C were
calculated to be 3.2- 0.1 and 3.4+ 0.1, i.e., 47% and 53%
complexation at pH 7.6 when [tot&lc] = [total dT] = [total
AZT] = 1 mM, respectively. It is concluded that the octyl
pendant affected little on the d¥zZnL and AZT —ZnL
complex formation.

Figure 2 shows a pH-dependent distribution diagram for five
species (HS, S ZnL(OHy), ZnL(OH™), and S—ZnL complex)
at 25°C when dT an®c (both 1 mM) are mixed at 25C and
| = 0.1 (NaNQ). AZT with 2c gives a similar diagram. The
complexation of dT witt2c (to give dT-—ZnL species in Figure
2) increases as the solution pH rises and reaches maximum (65
66% complexation) at pH 8-49.4. At higher pH, the displace-
ment of the dT by hydroxide anion occurs to ZnL(OH,
resulting in dissociation of the dF2c complex3. The dT —
ZnL formation diagram is in parallel with the pH-dependent
extraction efficiency (Figure 3a,c), although the maximum
extraction efficiency at pH 9.0 (22%) did not reach the
maximum complex formation in the one-phase agueous solution
at the same pH (6566%). The complex population is less
than 10% at low pH 57.

Discrepancy between the Complexation Behaviors in
Aqueous Solutions and the CHCJ Partition Behaviors.

(33) (a) Martell, A. E.; Motekaitis, R. JDetermination and Use of
Stability Constants2nd ed.; VCH: New York, 1992. (b) Martell, A. E.;
Hancock, R. DMetal Complexes in Aqueous SolutipREEnum Press: New
York, 1996.
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Table 3.  Apparent Affinity Constants (lodKapf) for 1:1
Complexation of dT and AZT witf2a,e in the Absence or Presence

of Triton X-100, Determined by Isothermal Calorimetric Titration at
25°C

g ~ 10g Kapp

g (b)\ B nucleoside solvent 2a 2e

2 04 N dT 50 mM HEPES (pH 7.6) 3.0+ 0.1

= @ 50 MM HEPES (pH7.6) 3.1+0.1 3.3+0.1

8 o ) 10 mM Triton X-100

_ (©)
YR, AZT 50 mM HEPES (pH 7.6) 3.1+0.1
.-" 50 MM HEPES (pH7.6) 3.2+0.1 4.4+0.1
0 H==- -Il— - : : 10 mM Triton X-100
6.0 7.0 8.0 %26 100 2 Kapp = [ST=ZNLJ/[(HS + S )red[ZNLtred (HS is dT or AZT and
pH S~ is their deprotonated specie8)The ionic strength was adjusted to
) ) 0.10 with NaNQ.
Figure 3. pH-dependent 1:1 complex profile of dT and AZT wRb
and the extraction profile be (a) dT-—2c and (b) AZT —2c Scheme 4
complexes in aqueous solution, (c) [dT] and (d) [AZT] extracted into H.O H.0 He0
a CHCE layer by2e The initial concentration [dTF [AZT] =1 mM o H9 HO oy 2 2 Ho
(at 25°C with | = 0.1 (NaNQ)). An equal volume of buffer solution HO. ™ 2 § ; HH,OH H,0 HO % OH
and CHC} were used for the extraction (c and d). For curve e, see Ho CioHas HO«HR r‘;'_,,NOH
text. e, (\r‘«’ LrrOH HO wawre O
HN-Zn2t! o sne o CygHag

Figure 3a,b shows the calculated pH-dependent complexation HO e MeIﬁNf/\,h\N)H O Ho WO (\9‘/’\ OH
of the dT"—2c and AZT —2c complexes in aqueous solution. HO ‘N»L\O HY ™~on OH[;Z\nE*NH “oH
Parts ¢ and d of Figure 3 compare the observed pH-dependentH=™" (0~ y- “oH Ho. Me | NN wH“on
CHCls-partition percentage of dT and AZT (both 1 mM) in Ho""" f"a “-bH o NSo y- .o
aqua-CHd layers in the presence of equivalent amounts of HO éH ’z“OH H20 b 2
2e ltis now evident that despite the dT and AZT complexation HO
behaviors witl2ebeing similar in aqueous solution, the dT and 9 10
AZT extractabilities by2e are quite different. Some extra
stability for AZT-—2ecomplex in CHC} solution may be taken OH = M@\
into consideration. The curve d is close to curve e, which is a Triton X-100 0(’\’°>35H

hypothetical profile for AZT —2e complexation at [totaRe]

= [total AZT] = 1 mM, assuming thelfy value (9.41) for imide in the absence of Triton X-100 were almost identical. The
proton of AZT, the X, value (7.56) for the deprotonation of  addition of 10 mM Triton X-100 did not significantly affect
zinc(ll)-bound water in2e? (both are experimental values in  these values (Iodap(dT-—2a) = 3.1 + 0.1 and logKapr
an aqueous solution containing 10 mM Triton X-100), and the (AZT-—2a) = 3.2+ 0.1). On the other hand, combination of
intrinsic 1:1 complexation constant, Id(AZT~—2¢) of 7.8. the lipophilic2ewith lipophilic AZT gave 13 times more stable
Accordingly, we propose a hypothetical complexation constant, complex than with hydrophilic dTKapdAZT—26) = 4.4 +
log K(AZT~—2¢) value of 7.8,in aqua-CHC} systemwhich 0.1 againsKap{dT-—26) = 3.3+ 0.1 (i.e., 82% against 50%
is 100 times greater than the experimental K@ZT~—2¢) complexation at 1 mM) in a buffer solution containing 10 mM
value of 5.8in aqueous system.On the other hand, a  Triton X-100. These facts imply that the lipophilic AZF2e
hypothetical logk(dT~—2€) value in the aqua-CHglsystem,  complex gains extra stability by going into the lipophilic co-
that fits to the experimental extraction profile (curve c) is micellar phaseqin Scheme 4), while the less lipophilic dF
estimated to be 4:44.5, a value 1620 times smaller than the  2e complex (and AZT—2a, too) tends to stay in the aqueous
experimental log<(dT~—2c) of 5.7 in aqueous solution, using  phase {0).

pK1 value for dT of 9.46 and i, of 7.56 (obtained in 10 mM Nowick et al. have reported that molecular recognition due
Triton X-100 solution). to A—T hydrogen bonding between alkylammonium derivatives

Isothermal Calorimetric Titration for Complexation of of thymine and adenine derivatives bearing alkyl chain is much
2a,e with dT and AZT in Micellar Solution. Earlier?® we more effective in 30 mM aqueous SDS (sodium dodecyl sulfate)

showed that Triton X-100 (10 mM) micellar phase dissolves solution!! Their suggestion that hydrophobic interactions in a
the lipophilic 2e in agueous solution. We have assumed that micellar solution contribute by a factor of ca.’t@(? to Kapp
the microenvironments in the micellar condition represent the s consistent with our proposed 100 times and observed 13 times

two-phase interface at the extraction. To obtain some supportinghigher stability of AZT —2ein CHCl; and in the co-micellar
evidence for the proposal that the enhanced extractability of phase, respectively.

AZT by 2e being due to enhanced stability of AZ¥2e Transport of dT and AZT by 2e through Liquid Mem-
complex in CHC4 solution, we measured the apparent com- prane (Scheme 2). For membrane transport, the CHCI
plexation constants, lofapp Of hydrophilic 2a and lipophilic extractants from the first aqueous phase (Aq 1) should be

2ewith dT or AZT in 50 mM HEPES buffer (pH 7.6) in the  released to another aqueous phase (Aq Il). This indeed was

absence and presence of nonionic detergent Triton X-100 (10jndicated by the following!H NMR experiment. A CDGJ

mM) by isothermal calorimetric titratioff. solution containing 1 mM2e which extracted ca. 20% of a 1
TheerresuIts are summarized in Table 3. Thekag,values  mm dT in an aqueous buffer Aq | (pH 9.0) released dT nearly

for Zn**—cyclen2awith dT (3.0+ 0.1) and AZT (3.1+ 0.1) 100% to an aqueous solution Aq Il (pH 6.0) after rigorous
(34) (a) Freire, E.: Mayorga, O. L.; Straume, Ahal. Chem1990 62, mixing. Lipophilic nucleosides such as AZT were also released,

950a-959a, 1254a. (b) Wadsd Chem. Soc. Re 1997, 79-86. though to a lesser degree; ca. 21% of AZT went to aqueous
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Figure 4. Transport of dT (A) and AZT (B) bpefrom Ag | (pH 9.0)

to from Aq Il (pH 5.0) through a CHGIphase: Curves a and b show
the decreasing [dT] in Aq | in the absence and presenc@epf
respectively. Curves c and d display the increasing [dT] in Aq Il in the
absence and presence 24, respectively. Curves e and f show the
decreasing [AZT] in Aq | in the absence and presence2ef
respectively, and curves g and h are the increasing [AZT] in Aqg Il in
the absence and presenceef respectively.

solution (Aq 1) of pH 6.0%% We then assumed that continuous

Aoki et al.

Conclusion

Lipophilic Zn?*—cyclen complexes have been synthesized
and found to be the first carriers of imide-containing dT or U
nucleosides and nucleotides (HS) for selective and efficient
transport from an aqueous phase to a CHplhase. The
transport mechanism is entirely new, differing from any
previously reported ones, involving the formation of lipophilic
1:1 S —ZnL complexes under slightly alkaline conditions. In
comparison to the hydrophilic nucleosides and nucleotides,
lipophilic nucleosides such as AZT were extracted into an
organic layer far better than the complex formation constants,
K(S —ZnL), in aqueous solution predicted. This is probably
due to -2 orders of magnitude more favorable complexation
of AZT with the lipophilic Zr**—cyclen 2e in aqua-organic
phase, as supported by the higher complexation constant for
AZT~—2e determined by the isothermal calorimetric titration
of AZT with 2ein micellar solutions containing Triton X-100.
The CHCh-extracted nucleosides and nucleotides in the form
of S —2e complexes were dissociated and released as free
forms, HS, into acidic (pH 6) aqueous solution (Aq Il), although
lipophilic AZT was harder in the dissociation. Thus, selective
and efficient membrane transport of dT, U, and the relevant
derivatives from alkaline pH to acidic pH solutions would be
possible by2e, which is coupled with proton antiport. In
biological applications, these new lipophilic Zr-cyclens
might make a novel selective and efficient delivery system for
dT homologue drug¥.

Experimental Section

General Information. The reagents and solvents were purchased
at the highest commercial quality and used without further purification.

membrane transport of dT and U and the relevant derivatives 3-azido-3-deoxythymidine (AZT), ftorafur (Ff), thymidine'Snono-

would be possible bpe from an aqueous phase of higher pH
(Aq ) to an aqueous phase of lower pH (Aq II), which is
coupled with proton antiport (see Scheme 2).

phosphate (5dTMP), thymidine 5triphosphate (5dTTP), 3-azido-
3'-deoxythymidine 5monophosphate (BAZTMP), and thymidilyl(3-
5")thymidine (d(TpT)) were purchased from Sigma. CE\@s washed
with water, dried over Cagland redistilled from Cak All aqueous

The transport of dT and AZT was compared under the same sqtions were prepared using deionized and distilled water. IR spectra

conditions using a U-type cell (the initial [dT] in Ag+ 1
mM) from Aq | (5.0 mL of 50 mM CHES at pH 9.0 with=
0.1 (NaNQ)) to Aq Il (5.0 mL of 50 mM MES at pH 5.0 with

| = 0.1 (NaNQ)) through a CHJ layer (10 mL) containing
1.0 mM 2e with a stirring bar. The results are summarized in

Figure 4A,B. Curves a and b display the decreasing [dT] in

Aq | in the absence and presence2sf respectively. While
the migration of dT from Aq | to the CHGphase was negligible
without 2g, ca. 40% of dT moved from Aq | to the CHgbhase
by 2e after 6 h. Further migration of dT to Aqg Il was slower
under the same stirring conditions; 11% afeh (see curve d
in Figure 4A). Figure 4B shows the behaviors of AZT under
the same conditions. AZT migrated from Aq | to CH@hase
by 19% (curve e) and 70% (curve f) afté h in theabsence
and presence de respectively, while the transfer of AZT into
Aq Il was extremely slow (32% after 6 h) (curves g and Fj.
With a more efficient stirring device, faster and more efficient

were recorded on a Shimadzu FTIR-4200 spectrometer. IR spectra
for an amorphous solid or an oily compound were recorded by applying
the sample on IR cards (Type 62, 3M Co. LTDYH NMR spectra
were recorded on a JEOL Lambda (500 MHz) spectrometer. Tetrameth-
ylsilane in CDC} and CROD and 3-(trimethylsilyl)propioni,2,3,3-

d, acid sodium salt in BO were used as internal referencesdrand

13C NMR measurements. The pD values isDwere corrected for a
deuterium isotope effect using pB[pH-meter reading}- 0.40. FAB
mass spectra were recorded on a JEOL JMS-SX102. Elemental analysis
was performed on a Perkin-Elmer CHN Analyzer 2400. Thin-layer
chromatography (TLC) and silica gel column chromatography were
performed using Merck Art. 5554 (silica gel) TLC plate and Fuji Silysia
Chemical FL-100D (silica gel), respectively.

UV spectra were recorded on a Hitachi U-3500 spectrophotometer
at 25.0+ 0.1°C. Buffer (50 mM) solutions (CAPS, pH 10.0; CHES,
pH 9.0; EPPS, pH 8.0; HEPES, pH 7.0 and 7.6; and MES, pH 6.0 and
5.0) were used, and the ionic strengths were all adjusted to 0.10 with
NaNG;. The Good'’s buffers (g, at 20 °C) were purchased from
Dojindo and were used without further purification: CAPS (3-

||qu|d membrane transport of dT dereivatives should be (CyCIOheXyIaminO)prOpaneSUIfOniC acid, 104), CHES (2—(Cyc|0hexy|—

achieved, as suggested by the extraction experiments.

(35) It has been confirmed bYH NMR that AZT is extracted as the
complex8 even at pH 6.

(36) Under these conditions, the initial rate2smediated dT transport
from Aq | to a CHC} phase and that from a CHOphase to Aq Il were
8.8 x 1079 (mol-cm~2min~1) and 7.1x 10~8 (mol-cm~2-h~1), respectively.
Initial rates of AZT transport from Aq | to CHGlphase in the absence and
presence of2e were 1.0 x 1078 and 4.1 x 1078 (mol-cm 2min-1),
respectively, indicating that transfer of AZT [8e is ca. 4 times faster
than the control.

amino)ethanesulfonic acid, 9.5), EPPS (3-[4-(2-hydroxyethyl)-1-pip-
erazinyl]propanesulfonic acid, 8.0), HEPES (2-[4-(2-hydroxyethyl)-1-
piperazinyllethanesulfonic acid, 7.6), and MES (2-morpholinoethane-
sulfonic acid, 6.2).

Synthesis of 1-Propyl-4,7,10-trigert-butyloxycarbonyl)-1,4,7,10-
tetraazacyclododecane (5b).A solution of 1,4,7,10-trigért-butyl-
oxycarbonyl)-1,4,7,10-tetraazacyclododeca#)d*((1.6 g, 3.4 mmol)

(37) The preliminary experiment showed that AZT uptake into human
fibroblast cell, TIG-3, was enhanced Bg (unpublished results by S. Aoki,
K. Anno, T. Ide, and E. Kimura).
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and 1-bromopropane (5.4 g, 44 mmol) was stirred withQ\@ (1.8
g, 17 mmol) anch-BusNI (2.5 g, 6.8 mmol) at 80C for 3 day. After

J. Am. Chem. Soc., Vol. 120, No. 39, 1998025

7.0 Hz, CH), 1.20-1.27 (10H, m, ©H,C), 1.44-1.51 (2H, m,
CCH,C), 2.41 (2H, dd like] = 7.2, 7.7 Hz, N&1,), 2.51-2.53 (4H,

the reaction mixture was cooled, the insoluble compounds were filtered m, NCH,), 2.55-2.58 (4H, m, NCGi;), 2.62-2.64 (4H, m, NCi,),

off and washed with CHGI The filtrate was concentrated under

2.77-2.79 (4H, m, NG,). °C NMR (CDCk): ¢ 14.11, 22.68, 28.39,

reduced pressure, and the remaining residue was purified by silica gel27.55, 29.36, 29.53, 31.88, 45.30, 46.21, 47.14, 51.73, 54.70.

column chromatography (hexane/AcOEt) to yiélol (1.5 g, 85%) as

a colorless amorphous solid. IR (IR card): 2975, 2876, 1699, 1653,
1472, 1418, 1366, 1250, 1123, 1107, 1040, 970, 772'citH NMR
(CDCls): ¢ 0.88 (3H, t,J = 7.3 Hz, CH), 1.45-1.50 (29H, m,
CH,CH,CHs + C(CHg)s), 2.47 (2H, t like, NG1,Et), 2.57-2.69 (4H,

m, NCH>), 3.20-3.58 (12H, m, NGi;). *C NMR (CDCk): ¢ 12.09,

28.55, 28.73, 47.63, 48.51, 49.97, 53.95, 55.10, 55.25, 79.27, 79.30,

79.49, 155.51, 155.75, 156.109.
1-Octyl-4,7,10-tristert-butyloxycarbonyl)-1,4,7,10-tetraazacy-
clododecane (5c)vas prepared using the procedure described above
for 5b (CHsCN was used as a solvent) fromand 1-bromooctane;
90% vyield (a colorless amorphous solid). IR (IR card): 2975, 2859,

1-Dodecyl-1,4,7,10-tetraazacyclododecane Trihydrochloric Acid
Salt Dihydrate (6d-3HCI-2H,0) was prepared using the procedure
described above fronbd in 95% vyield (colorless needles) after
recrystallized fron 3 N HCI: dec 215°C. IR (KBr): 2923, 2849,
2678, 2454, 1576, 1497, 1460, 1422, 1256, 1044, 995, 829, 762, 725
cm . Anal. Calcd for GoHsiN4O,Cls: C, 49.43; H, 10.58; N, 11.53.
Found: C, 49.63; H, 10.50; N, 11.45. FAB-M8z 341 [(M — 3HCI
+ H)*, CooHasN4]. The CDCE solution of the acid-fre&d for NMR
experiment was prepared as described abd¥e NMR (CDCl): 6
0.88 (3H, t,J = 7.0 Hz, CH), 1.25-1.31 (18H, m, CH.C), 1.45-
1.48 (2H, m, @H;C), 2.41 (2H, dd likeJ = 7.3, 7.4 Hz, NCG1,),
2.51-2.53 (4H, m, N®1,), 2.55-2.57 (4H, m, N®,), 2.61-2.63 (4H,

1699, 1472, 1414, 1366, 1267, 1175, 1109, 1042, 976, 951, 861, 773m, NCH,), 2.77-2.79 (4H, m, NGi;). *C NMR (CDCk): 6 14.10,

cm L. H NMR (CDCl): 6 0.88 (3H, t,J= 7.0 Hz, CH), 1.20-1.33
(10H, m, GCH,C), 1.38-1.49 (29H, m, ©H,C + C(CHs)s), 2.49 (2H,
t like, NCH,C/Hs), 2.56-2.68 (4H, m, NG,), 3.20-3.58 (12H, m,
N CH,). 13C NMR (CDCh): ¢ 14.07, 22.61, 27.91, 28.09, 28.43, 28.55,

28.73, 29.31, 29.62, 31.85, 47.63, 48.03, 49.95, 53.00, 53.90, 55.15,

155.51, 155.75, 155.16.
1-Dodecyl-4,7,10-tris(ert-butyloxycarbonyl)-1,4,7,10-tetraazacy-

clododecane (5dywas prepared using the procedure described above

(in CH:CN/CHCL = 1:1) from4 and 1-bromododecane; 79% yield (a

colorless amorphous solid). IR (IR card): 2975, 2926, 2855, 1690,

1455, 1412, 1364, 1171, 976, 774 cm *H NMR (CDCl): ¢ 0.88

(3H, t, J = 7.4 Hz, CH), 1.26-1.32 (18H, m, CH,C), 1.43-1.49

(29H, m, CQH,C + C(CHy)3), 2.49 (2H, t like, NCH,Ci1H23), 2.58-

2.69 (4H, s, \CH,), 3.20-3.60 (12H, m, NCH,). *3C NMR (CDCL):

0 14.06, 22.65, 27.88, 28.51, 28.70, 29.31, 29.60, 29.61, 29.63, 29.65

22.70, 27.36, 27.56, 29.37, 29.60, 29.67, 29.69, 29.71, 29.72, 31.95,
45.24, 46.17, 47.08, 51.69, 54.68.
1-Hexadecyl-1,4,7,10-tetraazacyclododecane Trihydrochloric Acid
Salt Dihydrate (6e3HCI-2H,0) was prepared using the procedure
described above frorBe in 89% vyield (colorless needle?).
Synthesis of 1-Dodecyl-1,4,7,10-tetraazacyclododecane Zn(G)9O
Complex (2a(ClO4),). The trihydrochloric acid salt dd, 6d-3HCI-
2H,0 (0.31 g, 0.63 mmol), was dissolved in alkaline aqueous solution
(50 mL, pH 12), and then the solution was extracted withClki(50
mL x 3). The combined organic layer was dried over anhydrous
K2CO; and filtered. The solvent was evaporated in a reduced pressure
to obtain acid-free ligandd as a colorless viscous oil, which was
successively dissolved in MeOH (20 mL), to which Zn(@i6H,0
(0.26 g, 0.7 mmol) was added and stirred at room temperature for 1 h.

,The reaction mixture was evaporated, and the resulting solid was

31.89, 47.62, 48.00, 50.26, 52.96, 53.83, 55.13, 79.23, 79.44, 155.48 recrystallized from AcOEt to gived-(ClOy), (0.24 g, 64% yield) as

155.70, 156.13.
1-Hexadecyl-4,7,10-trisert-butyloxycarbonyl)-1,4,7,10-tetraaza-
cyclododecane (5eyvas prepared using the procedure described above
for 5b (in CHsCN/CHCE = 1:1) from4 and 1-bromohexadecane; 82%
yield (a colorless ail). IR (IR card): 2926, 2855, 1699, 1472, 1412,
1364, 1173, 976, 860, 772, 557 ¢ *H NMR (CDCl): 6 0.88 (3H,
t,J=7.1Hz, CH), 1.2-1.31 (26H, m, ©H,C), 1.4-1.49 (29H, brs,
CCH,C + C(CHs)s), 2.49 (2H, t like, NCH;CisHz1), 2.57—2.68 (4H,
m, NCHy), 3.2-3.6 (12H, m, NCH,). 3C NMR (CDCk): ¢ 14.10,

22.66, 22.70, 22.83, 24.20, 25.31, 26.96, 27.92, 28.55, 28.74, 29.37,
29.46, 29.65, 29.68, 29.69, 29.69, 29.71, 29.72, 31.60, 31.94, 47.67,

colorless needles: mp 16870°C. IR (KBr): 3140, 2919, 1472, 1146,
1117, 1092, 637, 630 crh 'H NMR (CD3;OD): ¢ 0.90 (3H, t,J =
7.2 Hz, CH), 1.24-1.40 (18H, m, CH,C), 1.58-1.63 (2H, m,
CCH.C), 2.78-3.14 (18H, m, NEi,), 4.05-4.12 (1H, m, NH), 4.15~
4.21 (2H, m, ). 3C NMR (CD:0D): ¢ 14.43, 23.33, 23.73, 28.37,
30.46, 30.55, 30.71, 30.76, 30.78, 33.08, 43.81, 45.10, 45.21, 46.06,
51.03, 54.48. Anal. Calcd forfH44N4OsCly: C, 39.71; H, 7.33; N,
9.26. Found: C, 39.77; H, 7.66; N, 8.99. FAB-MSz 503 [(M —
C|O4)+, C20H44N4O4CI64Zn], 505 [(M — C|04)+, C20H44N4O4CIBGZn],
507 [(M — C|O4)+, CZOH44N4O4C|GBZn].
1-Hexadecyl-1,4,7,10-tetraazacyclododecane Zn(Clf2 Complex

48.04, 49.96, 52.99, 53.88, 55.14, 79.27, 79.48, 155.51, 155.74, 156.18 Dihydrate (2e*(ClO4)2-2H,0) was synthesized fror6e3HCI-2H,O

Synthesis of 1-Propyl-1,4,7,10-tetraazacyclododecane Trihydro-
chloric Acid Salt (6b-3HCI). To a solution of5b (1.5 g, 2.9 mmol)
in MeOH (35 mL) was added slowly 36% aqueous HCI (5 mL) at
room temperature, and the whole was stirred for 2 day at room

according to our previous pap®r.

Extraction of Nucleosides and Nucleotides from an Aqueous
Layer into a CHCI ; Layer. For the extraction experiments, all buffer
solutions were vigorously mixed with distilled CHCAnd separated

temperature. After the solvent was evaporated, the resulting colorlessby centrifuge (3000 rpmx 30 min). A solution of a carrier2d,e)

solid was recrystallized from MeOH#® to obtain6b-3HCI (0.9 g,
94% vyield) as colorless needles: mp 26265 °C. IR (KBr pellet):
2976, 2872, 2736, 1599, 1568, 1472, 1443, 1368, 997, 7706.cAnal.
Calcd for GiH29N4Cls: C, 40.81; H, 9.03; N, 17.31. Found: C, 41.04;
H, 9.22; N, 17.38. FAB-MSwz 215 [(M — 3HCI + H)*, Ci1H27N4].
The CDC} solution of the acid-freeb for NMR experiment was
prepared by extraction with CD&from a solution oféb in D,O. *H
NMR (CDCl): 6 0.90 (3H, t,J = 7.3 Hz, CH), 1.50 (2H, tq,J =
7.0, 7.3 Hz, CHCH,CHg), 2.38 (2H, dd likeJ = 6.1, 7.8 Hz, NEi,),
2.51-2.53 (4H, m, N®1,), 2.56-2.58 (4H, m, N&,), 2.62-2.64 (4H,
m, NCHy), 2.77-2.79 (4H, m, NG&1,). 13C NMR (CDCk): ¢ 11.96,
20.54, 45.32, 46.22, 47.16, 51.74, 56.58.
1-Octyl-1,4,7,10-tetraazacyclododecane Tetrahydrochloric Acid
Salt (6c4HCI) was prepared using the procedure described above from
5c; 88% yield (colorless prisms) after recrystallizedrfr@d@ N HCI:
dec 207°C. IR (KBr): 2993, 2853, 2531, 1576, 1495, 1460, 1420,
1379, 1020, 829, 758 cth. Anal. Calcd for GeHaoN4Cly: C, 44.66;
H, 9.37; N, 13.02. Found: C, 44.93; H, 9.54; N, 13.07. FAB-MS
m/z 285 [(M — 4HCI + H)*, CiH37N4. The CDC} solution was
prepared as described abovéd NMR (CDCl): ¢ 0.86 (3H, t,J =

(1.0 mM) in CHCE (2.0 mL) was vigorously stirred in a sample tube
using a stirring bar at 25 0.1 °C for 30 min with a 1.0 mM (or 0.5
mM) solution of a nucleoside or a nucleotide in a 50 mM buffer with
I = 0.10 (NaNQ). For the extraction of dT bgb,c, 50 mM CHES
solution (pH 9.0, 2.0 mL) containing 1 mBb (or 6¢), 1 mM Zn(CIQy),,
and 1 mM dT was prepared and stirred with CE(@.0 mL). The
mixture of two layers were centrifuged (3000 rpm10 min at 25+
0.1 °C) for a complete separation. The pH values of aqueous layer
did not change before and after extraction. The extraction efficiency
of a nucleoside or a nucleotide was determined by measuring the
remaining nucleoside in the aqueous phase by the UV absorption
spectrum (reproducibility=1%). These values were also checked by
measuring the amount of transferred nucleosides or nucleotides into
CDCl; (containing 1 mM naphthalene as an internal referencetby
NMR. The experiments were repeated twice or three times, and the
averaged values are listed in Tables 1 and 2. Control experiments
without a carrier were conducted simultaneously.

The molar absorption coefficients)(M ~*-cm™?) of the nucleosides
and nucleotides at 25 used for determination of their concentrations
in aqueous buffer solutions are as follows: dfax267 nm € 9.6 x
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10% at pH 6.0 and pH 7.0, 9.5 10° at pH 7.6 and pH 8.0, 9.% 10°
at pH 9.0, and 7.8 10° at pH 10.0); U/Amax 261 nm € 8.5 x 10° at
pH 9.0), dCAmax271 nm € 8.1 x 10° at pH 9.0); dA, Amax 260 Nnm €
13.8x 10° at pH 9.0), dGAmax 254 Nm ¢ 11.6 x 10° at pH 9.0); AZT,
Amax 267 nm € 10.2 x 10C° at pH 6.0, 10.1x 1C° at pH 7.0, pH 7.6,
and pH 8.0, 9.5¢< 1¢° at pH 9.0, and 8.5¢ 1C° at pH 10.0); 1-MeT,
Amax 272 nm € 8.1 x 10% at pH 7.6 and 8.0« 10° at pH 9.0); Ff Amax
270 nm € 8.3 x 10° at pH 7.0 and 6.8< 1(° at pH 9.0), 5dTMP,
Amax 267 NM € 9.5 x 10° at pH 9.0); 5-dTTP, Amax 267 NM € 8.9 x
10° at pH 9.0); 5AZTMP, Amax 265 nm € 9.4 x 10° at pH 7.6 and
9.0 x 1% at pH 9.0); d(TpT)Amax 267 nm € 17.1 x 10° at pH 9.0);
and 3-AMP, Amax 260 nm € 14.5 x 10° at pH 7.6).
Potentiometric pH Titrations. The preparation of the test solutions

Aoki et al.

aqueous HCl at 25.6C. The solution (1.0 mL) of 1.7 mNaor 1.50

mM (or 0.73 mM)2ein 50 mM HEPES (with or without 10 mM Triton
X-100) was put into a calorimeter cell, to which the solution of dT (40
mM) or AZT (33 mM) in 50 mM HEPES was loaded. At least two
titrations were carried out. The obtained calorimetric data was analyzed
for AH values and apparent complexation constaldtg, using the
program Data Works and Bind Works provided by the Calorimetry
Sciences Corp.

Liquid Membrane Transport of dT and AZT through a CHCI 3
phase. The transport experiment was conducted by using a U-type
cell of 1.2-cm diameter and 4.5-cm distance from center to center
between the two legs. Onto the bottom of the U-cell, 1 mM solution
of 2ein CHCl; (10 mL) was loaded. Atop the CHECphase in one

and the calibration method of the electrode system (Orion Researcharm, 5.0 mL of 50 mM CHES at pH 9.0 with—= 0.1 (NaNQ) solution
Expandable lon Analyzer EA920 and Orion Research Ross Combinationcontaining 1 mM nucleoside was placed as a nucleoside-source phase

pH Electrode 8102BN) were described earfie?* All of the test
solutions (50 mL) were kept under an argor99.999% purity)
atmosphere. The potentiometric pH titrations were carried out with
=0.10 (NaNQ) at 25.0+ 0.1°C, and at least two independent titrations
were performed. Deprotonation constants ofZhound waterK',
(=[HO-bound species][H/[H0O-bound species]) and complex affinity
constantK (S —2ZnL) (= [S —ZnL]}/[ZnL][S ], where ZnL is2c and
S~ is deprotonated dT or AZT) were determined by means of the
program BEST? All the o fit values defined in the program are smaller
than 0.005. Th&y (=ay+aon), K'w (=[H*][OH]), andfy+ values
used at 25C are 1014% 101379 and 0.825. The corresponding mixed
constantsK; (=[HO™-bound speciesg};+/[H,O-bound species]), are
derived using [H] = ay*/fu*. The species distribution values (%)
against pH £—log[H*] + 0.084) were obtained using the program
SPES

Isothermal Calorimetric Titrations. 3* The heats of 1:1 complex-
ation of2a,e with dT or AZT were recorded on a Calorimetry Science
Corp. Isothermal Titration Calorimeter 4200 at 28@® and pH 7.6
(50 mM HEPES buffer with = 0.10 (NaNQ)). The calorimeter was
calibrated by heat (474.7 mJ) of protonation of tris(hydroxymethyl)-
aminomethane (250 mM, 1.0 mL) by 1Q- injection of 1.00 mM

(Aq ). In the other arm, 5.0 mL of 50 mM MES at pH 5.0 with=

0.1 (NaNQ) was placed as a nucleoside-receiving phase (Aq Il). The
cell was held in the same position to a magnetic stirring motor in all
experiments, and the CHO&ayer was rotated slowly at a constant speed
(ca. 130 rpm) with a magnetic stirrer. The concentration of dT or AZT
in Aq | and Aq Il was monitored by the UV absorption at specified
time intervals. The pHs of both aqueous phase were readjusted
carefully by the addition of a tiny amounf @ N NaOH a 1 N HCI

to keep the pH fluctuation withig=0.1 pH unit. Control experiments
without 2e were carried out simultaneously.
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