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Table I. Administration of Labeled
(2S,6R)-S-(2-Carboxy-n-propyl)cysteine to 4. cepa

isotopic ratio isotopic ratio

expt labeling pattern  3H/¥S in 3H/*S in % *H

no. in precursor 3  precursor 3 product 1°  retention
1 (38)-[3-*H,>S] 6.94 4.87 70
2 (3R)-[3-*H,%S] 5.17 0.53 10

4The ratios are corrected for 35S decay.

treated with sodium 2,4,6-trinitrobenzenesulfonate to remove
primary amino compounds from the crude cycloalliin.!> The
recovered cycloalliin was converted to its hydrochloride salt, pu-
rified chromatographically, and then recrystallized repeatedly to
constant isotopic ratio and constant specific activity. The results
of the two incorporation experiments (Table I) demonstrate that
CPC is converted into PCS with loss of the 3 pro-R hydrogen
atom.'® Since the configuration at C-2 of CPC is S, these results
indicate that the oxidative decarboxylation reaction involved in
the conversion of CPC to PCS proceeds with anti geometry. The
formation of PCS from CPC therefore exhibits the same ste-
reochemical preference as the decarboxylations associated with
porphyrin and terminal alkene biosynthesis, and it appears that
the mechanisms of these three decarboxylation processes may be
closely related.'”

Acknowledgment. We are pleased to acknowledge financial
support of this research by the National Science Foundation
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(16) The tritium retention figure for (3R)-[3-*H]CPC, which is derived
from R-Alpine-Borane, is close to the theoretical value since the optical purity
of R-Alpine-Borane is ca. 91%. However, that for (35)-[3-*H]CPC is
somewhat lower than expected since the optical purity of S-Alpine-Borane is
ca. 87%. This is undoubtedly due to the fact that the optical purity of the
tritium label in the 35 isomer is low. NMR analysis of the chirality of the
(1R)-(1-2H,)isobutanol obtained from the product of S-Alpine-Borane re-
duction of the deuterated aldehyde indicated that only about 70% of the
deuterium label was in the pro-R position. This degree of stereoselectivity
is lower than is usually encountered in Alpine-Borane reductions. Since the
reductions were carried out with an excess of the reagent, the lower optical
purity of the alcohol obtained from the S-Alpine-Borane reduction may be
due to a difference in the rate of reduction of the chiral aldehydes by the two
enantiomeric forms of Alpine-Borane.

(17) 1t is interesting to note that the same hydrogen atom in an absolute
stereochemical sense is removed from C-3 of CPC and from C-3 of fatty acids
by the corresponding plant enzyme systems.
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Recently, nucleoside analogues have been the focus of attention
because of their potential utility in antiviral chemotherapy.! For
example, 9-[(2-hydroxyethoxy)methyl]-9 H-guanine (acyclovir,
1)% is used to treat herpes infections, and a broad family of nu-
cleosides containing a 2’,3’-dideoxyribose, including 2’,3’-di-
deoxycytidine (ddC, 2)* and 3’-azido-2’,3'-dideoxythymidine

(1) For recent reviews of antiviral chemotherapy, see: (a) Approaches to
Antiviral Agents, Harnden, M. R., Ed.; VCH: Deerfield Beach, FL, 1985.
(b) Streissle, G.; Paessens, A.; Oediger, H. Adv. Virus Res. 1985, 30, 83-138.
Robins, R. K. Chem. Eng. News 1986, 64 (Jan 27), 28-40.

(2) (a) Elion, G. B.; Furman, P. A_; Fyfe, J. A.; De Miranda, P.; Beau-
champ, L.; Schaeffer, H. J. Proc. Natl. Acad. Sci. US.A. 1977, 74,
5716-5720. (b) Beauchamp, L. M.; Dolmatch, B. L.; Schaeffer, H. J.; Collins,
P.; Bauer, D. J.; Keller, P. M.; Fyfe, J. A. J. Med. Chem. 1988, 28, 982-987
and relevant references cited therein.

40

A o Blank
g ® C-Tips
¢ 301 A G-Tips
2
o ®
< 201
£ [ ]
E .
2 101
g .
a °
= 0 'P—AI—Q'—'D—ﬂ"—"—"‘J
0 2 4 6
Time (h)
80 [
J 8 O Blank
s ¢ C-Tips
® 60 A G‘Tlps
[~
- [ J
g
< 40 -
=
— ®
>
o 20 A
g ®
3 T a
0 1—-0—1-‘-—-—:’—,—:'—:}—-—
0.0 0.5 1.0 1.5 2.0
Time (h)

Figure 1. Time course of guanosine (frame A) and acyclovir (frame B)
transport through a liquid chloroform membrane effected by using the
silylated species C-Tips (6) and G-Tips (7). Blank refers to control
experiments carried out without any added carrier.

(AZT, 3)* (an approved drug for the treatment of AIDS), have
been shown to have anti-HIV activity.® Mechanistically, after
these substances enter the cells by simple diffusion® or with help
of membrane-bound transport proteins,” phosphorylation in the
cytoplasm produces active nucleotide analogues which can inhibit
an essential viral enzyme, such as DNA polymerase, and/or
terminate the growing virus DNA chain.® Therefore, a first
requirement for drug activity is the transport of these nucleoside
analogues into diseased cells through the lipophilic membrane
barrier.” If selective carriers were available for various nucleo-
side-type prodrugs, they could be used to enhance into-cell
transport of these substances. We now report a new approach
to through-membrane transport based on complementary base-
pairing.

Prior studies with various three-phase [Aq,]-[hydrophobic
membrane]-[Aq,] systems (Aq = aqueous) have shown that
substrate binding, substrate—carrier complex diffusion, and sub-

(3) (a) Cooney, D. A,; Dalal, M.; Mitsuya, H.; McMahon, J. B.; Nadkarni,
M.; Balzarini, J.; Broder, S.; Johns, D. G. Biochem. Pharmacol. 1986, 35,
2065-2068. (b) Mitsuya, H.; Jarrett, R. F.; Matsukura, M.; Veronese, F. D.
M.; DeVico, A. L.; Sarngadharan, M. G.; Johns, D. G.; Reits, M. S.; Broder,
S. Proc. Natl. Acad. Sci. US.A. 1987, 84, 2033-2037.

(4) (a) Mitsuya, H.; Weinhold, K. J.; Furman, P. A.; St. Clair, M. H,;
Nusinoff-Lehrman, S.; Gallo, R. C.; Bolognesi, D.; Barry, D. W.; Broader,
S. Proc. Natl. Acad. Sci. US.A. 1988, 82, 7096-7100. (b) AIDS: Modern
Cam:ept; 8and Therapeutic Challenges; Broder, S., Ed.; Marcel Dekker: New
York, 1987.

(5) Yarchoan, R.; Mitsuya, H.; Myers, C. E.; Broder, S. N. Engl. J. Med.
1989, 321, 726-738.

(6) Zimmerman, T. P.; Mahony, W. B; Prus, K. J. Biol. Chem. 1987, 262,
5748-5754.

(7) For reviews of nucleoside transport in cells, see: (a) Paterson, A. R.;
Kolassa, N.; Cass, C. E. Pharmacol. Ther. 1981, 12, 515-536. (b) Plagem-
ann, P. G, W.; Wohlhueter, R. M. Curr. Top. Membr. Transp. 1980, /4,
225-330.

(8) Mitsuya, H.; Yarchoan, R.; Broder, S. Science 1990, 249, 1533-1544.

(9) For a review of anticancer drug transport, see: Sirotnak, F. M.; Chello,
P. L.; Brockman, R. W. Methods Cancer Res. 1979, 16, 381447,
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Table I. Transport Rates of Guanosine, Cytidine, and Analogues®

krt
107® mol/(cm?h)

substrate carrier Kpc M

guanosine A-Tips (4) <0.005 (0.46)4 na
U-Tips (5) <0.005 (1.35)4 na
C-Tips (6) 6.47 (199)¢ 10%-10°
G-Tips (7) 0.30 (8.55)4 10%-10*
blank <0.005 (0.48)

cytidine A-Tips (4) 0.01 (24.6)¢ na
U-Tips (5) 0.04 (19.6)¢ na
C-Tips (6) 0.18 (20.2)¢ 28
G-Tips (7) 4.48 (553)° 10*-10°
blank 0.08 (20.9)

s Transport experiments were performed by using a glass U-tube at
28 °C. The conditions were as follows. Aq;: 10 mM nucleoside, pH
7.0, | mL of H,O. Membrane: 10 mM carrier, 6 mL of CHCl;. Ag,:
1 mL of H,0O. The release of substrates into the receiving phase was
monitored at various times by quantitative reverse-phase HPLC. Ex-
perimental errors: <x5%. Blank refers to control experiments carried
out in the absence of an added carrier. ?Rate constants were calcu-
lated from the linear region of concentration vs time curves such as
those given in Figure 1. ¢From ref 12a; na means not available. 4The
values in parentheses are the ky constants for acyclovir (1). ¢The val-
ues in parentheses are the kg constants for ddC (2).

strate release are all important in regulating the efficacy of
carrier-enhanced transport for both charged!” and neutral!! species.
On this basis, we considered that nucleoside transport could be
achieved by using hydrophobic recognition agents that interact
with nucleoside substrates via complementary base-pairing. Since
base-pairing interactions are known to be strong in apolar media,!?
it was thought that recognition would be enhanced within a hy-
drophobic, membranelike environment but not be so strong as to
preclude final substrate release.

To test the above ideas, we have synthesized lipophilic triiso-
propyl (Tips) substituted nucleoside derivatives (4-7)'? and ex-
amined their efficacy as transport agents for a variety of nucleoside
systems, including adenosine, uridine, cytidine, guanosine, acyclovir
(1),ddC (2), and AZT (3), in a simple (HyO—CHCIl,-H,0) liquid
membrane system.'4

In a first series of experiments, guanosine transport ‘was in-
vestigated. In the absence of carrier or in the presence of A- and
U-Tips (4 and 5) only trace quantities of guanosine were trans-
ported (Table I). On the other hand, as shown in Figure 1, frame
A, strongly enhanced transport was achieved with C-Tips (6) and
moderate facilitation effected with G-Tips (7). When cytidine
transport was studied, G-Tips, in turn, showed the greatest en-
hancement (Table ). For adenosine and uridine transport, carrier
effects were also observed, although in these cases both the degree
of carrier selectivity and the overall enhancement were much
smaller than in the guanosine and cytidine cases.!> During these
transport experiments, the Tips-substituted nucleosides were stable

(10) See, for instance: Lamb, J. D.; Christensen, J. J.; Izatt, S. R.; Bedke,
K.; Astin, M. S,; Izatt, R. M. J. Am. Chem. Soc. 1980, /02, 3399-3403.

(11) For quantitative treatments of neutral substrate transport, see: (a)
Diederich, F.; Dick, K. J. Am. Chem. Soc. 1984, 106, 8024-8036. (b) Behr,
J.-P; Kirch, M.; Lehn, J.-M. J. Am. Chem. Soc. 1988, 107, 241-246. (c)
Inoue, Y. In Liquid Membranes: Chemical Applications; Araki, T., Tsukube,
H., Eds.; CRC: Boca Raton, FL, 1990; pp 77-102.

(12) (a) Kyogoku, Y.; Lord, R. C.; Rich, A. Biochim. Biophys. Acta 1969,
179, 10~17. (b) Williams, L. D.; Chawla, B.; Shaw, B. R. Biopolymers 1987,
26, 591-603.

(13) The Tips derivatives of each nucleoside, A-Tips (4), U-Tips (8),
C-Tips (6), and G-Tips (7), were synthesized by using triisopropylsilyi tri-
fluoromethanesulfonate and imidazole in DMF. Ogilvie, K. K.; Sadana, K.
L.; Thompson, E. A.; Quilliam, M. A.; Westmore, J. B. Tetrahedron Lett.
1974, 2861-2863. Cf. supplementary material.

(18) For earlier examples of transport of nucleoside derivatives through
liquid membranes, see: (a) Benzing, T.; Tjivikua, T.; Wolfe, J.; Rebek, J.,
Jr. Science 1988, 242, 266-268 (for adenosine and deoxyadenosine). (b)
Tabushi, 1.; Kobuke, Y.; Imuta, J. J. Am. Chem. Soc. 1980, 102, 1744-1745
(for adenosine diphosphate).

(15) Although the absolute increase in transport rates for adenosine and
uridine was small, for any carrier the relative increase, and hence selectivity,
was seen to parallel the relevant calculated binding energies. For the latter,
see: Kudritskaya, Z. G.; Danilov, V. L. J. Theor. Biol. 1976, 59, 303-318.
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and remained in the CHCl, layer.

The remarkable enhancements observed are readily rationalized
in terms of the known strong base-pairing interactions (Hoogsteen
and Watson—Crick) which take place in CHCI,. In this solvent
the binding constant (K,,) for G—C pairing is reported to be 10*-10°
M-1.12 Thus, strong interactions between guanosine and C-Tips
(or cytidine and G-Tips) are expected to exist in the membrane
of the present three-phase system.! The moderate enhancement
effected by G-Tips for guanosine transport can also be rationalized
in terms of the large self-association constants for G-G base-
pairing in CHCIl, (K, = 10°-10* M™").!2 In fact, the overall
correlation between Ky, and transport rate (k1) (cf. Table I) in-
dicates that base-pairing interactions control transport in the
present system.

The transport of nucleoside analogues such as acyclovir (1),
ddC (2), and AZT (3) was also investigated. The rate of acyclovir
transport (k) was enhanced by a factor of 400 by C-Tips and
that of ddC transport by a factor of 22 by G-Tips (Figure 1B and
Table I). Interestingly, for acyclovir transport with C-Tips and
G-Tips, the ratio of kt is almost the same as that observed for
guanosine transport (22-23 times). This, apparently, is just a
further reflection of the different K values for G-C and G-G
pairing under the present transport conditions. Finally, we could
also observe a small enhancement for AZT transport using 4, 5,
and 7, although in this case the selectivity was much smaller,
reflecting, in all likelihood, the high intrinsic lipophilicity of this
particular nucleoside analogue.®

In conclusion, we have demonstrated effective through-liquid-
membrane transport of nucleosides and analogues using an ar-
tificial, base-pairing-mediated, lipophilic nucleoside carrier ap-
proach. Current efforts involve extensions into the area of nu-
cleotide recognition!” and transport.
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Supplementary Material Available: Experimental details for
the synthesis and characterization of the Tips-substituted nu-
cleosides (4-7) (2 pages). Ordering information is given on any
current masthead page.

(16) We have found that the binding constants for G-G and G-C Tips
pairs in H,O-saturated CDCl, are ca. 10 and 500 M-, respectively. Although
the values are decreased considerably compared to those determined in pure
CHCl,,!? the relative binding affinities for each pairing remain the same.
Thus, the use of the literature,'? pure chloroform, values seems justified in,
at ieast, a qualitative sense.

9 8(17) Furuta, H.; Magda, D.; Sessler, J. L. J. Am. Chem. Soc. 1991, 113,
78-985.



