© 1997 Elsevier Science Ltd
All rights reserved. Printed in Great Britain

PIL: S0040-4039(97)01438-5 0040-4039/57 $17.00 + 000

Tetrahedron Letters, Vo). 38, No. 36, pp. 6339-6342, 1997
Pergamon ier Sci

A Comparison of Phenyl- and Naphthyl-substituted tris(Macrocycle),
Cation-conducting Channels to Assess the Effect of Extended Aromaticity

Glenn E.M. Maguire, Eric S. Meadows, Clare L. Murray, and George W. Gokel*

Bioorganic Chemistry Program and Department of Molecular Biology and Pharmacology
Washington University School of Medicine, Box 8103, 660 S. Euclid Avenue, St. Louis, MO 63110

Abstract Two sodium-cation-conducting, tris(macrocycle) channels, differing only in the size of the ter-
minal aryl groups, have been prepared, characterized, and shown by the planar bilayer conductance
method to exhibit qualitative differences in channel activity attributable to the n-electron surface area dif-
ference. © 1997 Elsevier Science Ltd.

The possibility that the aromatic sidechains of amino acids play a spec1al role in the function of natu-
rally-occurring proteins that conduct cations across phospholipid bllayers has been much discussed in
recent years. It was postulated, for example, that the potassium cation selectivity exhibited by the Dro-
sophila melanogaster “shaker” channel mlght be due to direct interactions between K* and the aromatic
sidechains of phenylalanine or tyrosine. % This intriguing postulate was based in part on calculated in-
teraction energies for sandwich complexation of Li*, Na*, or K* by benzene. MacKinnon and cowork-
ers” showed by site-directed mutagenesis, specifically a Y7—>F mutation in the signature sequence,
that selectivity was lost by virtue of removing the tyrosine hydroxyl group even though an aromatic
residue was retamed in that position. Qur own interest in the possible effect of aromatic residues in
channel function® led us to prepare tris(macrocycle) channels® having either phenyl® or naphthyl ter-
minal groups. The goal was to see what, if any, effect would be observed on Na* transport rate if the
aromatic surface area of the pliant sidechain was approximately doubled. The transport rate would be
evaluated by the planar bilayer conductance (pbc) method.

The two tris(macrocycle)s required for the present study were constructed in an essentially similar
fashion. Diaza-18-crown-6 was condensed with a substoichiometric amount of either benzyl bromide
or B-chloromethylnaphthalene. This afforded the monosubstituted macrocycle represented in our
standard shorthand as H<N18N>CH,Ph*® or H<N18N>CH,Np (24%). The central macroring unit
was assembled by treating diaza-18-crown-6 with the acid chloride of 12-bromododecanoic acid to give
Br(CH,),,CO<N18N>CO(CH,), Br (61%). The bis(amide) was then reduced (BH;eTHF) to the sym-
metrical dibromide, Br(CH,),,<N18N>(CH,),,Br (43%). Alkylation of the two terminal units
(H<N18N>CH,Ar) by the dibromide afforded the tris(macrocycle). The final alkylation was accom-
plished for naphthyl channel 2 in 11% y1eld Both compounds were fully characterized by IR, NMR,
and high resolution mass spectrometry
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The efficacy of these compounds as

. Br(CH3)11COCI + diaza-18-crown-6—
cation transporters was assessed by us-

N SN
ing the planar bilayer conductance (pbc) ¢ BoHe THF ° °
technique. This method is similar to the > N B o R BHCha N N (CHa)abr
whole cell patch clamp method used in R o_rP
electrophysiology. Rather than using a CH,CI (_O’_\o3 A
patch of cellular membrane, a planar diaza-16-crown-6 i\ N
phospholipid bilayer is “painted” over a O Na;COs. KI, PrCN &Ouo_)
miniscule orifice drilled in a Teflon B
disk. When the bilayer forms in the . (_o °3 d % (O 0_3
hole, it turns opaque giving rise to the AEE = & N=(CH) N NA(CHeN N
cognomen “black lipid membrane.” A Q_o o—) Q_o 0_) Q_o 0_)
voltage differential may be applied Y hd Y

across the phospholipid bilayer and changes in current can be detected using a standard patch clamp
amplifier equipped with a bilayer headstage. Channel activity is apparent as regular opening and clos-
ing of the transporter. These openings are observed as square waves of integral and multiple integral
height although they may be of different duration (dwell time). Multiple channel openings are appar-
ent as superimposed square waves. An important characteristic of channel behavior is apparent in the
so-called I-V (or “i-E”) curve. A plot such as that shown in figure 1, of amperage determined as a func-
tion of applied (holding) voltage, is typical of many protein channels.” A comparable I-V curve has
previously been reported for benzyl channel, 1.¥ '

31 g=13.3pS The current-time traces for 1 and 2 are shown in figure 2.
- 24 The data in the figure show only about 2 min each of re-
2 LS cording but are representative of a minimum of 1 h of
E e prn o transport activity through a phospholipid bilayer mem-
3 1] brane in each case, over which time the membranes were
2] stable and the data proved to be consistent and reproduci-

-3 ble.
holding voltage (mV) The data presented here are unequivocal. Their interpreta-

tion, however, is complicated. To our knowledge, no other family of “point mutated” synthetic chan-
nels has been studied by the planar bilayer clamp technique. The first important result, shown in fig-
Figure 1. I-V curve for 2 (500 mM NaCl)  ure 1, is that the current depends linearly upon the holding

voltage. The excellent linear fit shows that the channel is
behaving as an ohmic resistor.® Second, the open-close behavior is characteristic of cation-conducting
protein channels. The conductances calculated (0.5 M NaCl, pH=7) for these two compounds are: 1,
13.4 pS and 2, 13.3 pS. Indeed, all but one of the half-dozen or so tris(macrocycle) channels we have
studied so far have exhibited very similar conductances.” This is not surprising in the sense that they
presumably form similarly sized, water-filled pores within the bilayer. It should be noted that the data
for 2 were obtained on 2 pmoles of compound compared to 8 pmoles for 1. Thus, although the single-
channel conductances of the two compounds are the same, the amount of compound required to give
comparable signal levels differs. This clearly suggests that naphthyl channel 2 is more “effective” than
1. We choose the term effective deliberately because the source of this efficacy is unclear and certainly
undefined. The possibility that the more hydrophobic naphthyl channel partitions better into the
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phospholipid bilayer does not account for functional differences because previous studies™ have shown
that log P values for tris(macrocycle)s are at least 10.

Figure 2. Conductivity traces for (left) benzyl (1) and naphthylmethyl (2) channels

A significant difference in the pbc results is apparent from inspection of the traces shown in figure 2.
Although the channel open peak heights are similar, qualitatively, the naphthyl channels are open
more often and undergo a greater number and/or multiple transitions than do the benzyl channels. As
noted above, these traces are representative of much longer data acquisitions. While these observations
are admittedly not quantitative, they are both extensive and internally consistent with the other ex-
perimental data.

As the breadth of our model systems expands, our ability to quantitate these results will no doubt fol-
low. At present, we can say (1) that these model channel systems behave in many respects like natural
protein channels, and (2) that the increase in n-surface area within the channel model has an observ-
able effect on Na* cation flux although this effect is difficult to quantitate. Thus, the naphthyl channel
is as “effective” as the benzyl channel at about a fourth of the concentration. This is anticipated from
the open-close behavior which, for 2, appears qualitatively to occur with a higher frequency and a
higher probability of multiple open transitions. Future studies will address whether the extended n-
system affects cation selectivity.

Acknowledgement. We thank the NIH for a grant (GM-36262) that supported this work.

Notes and References

1 (a) Stein, W.D.; Channels, Carriers, and Pumps: An Introduction to Membrane Transport. San Diego: Academic
Press, 1990. (b) Hille, B.; Ionic Channels of Excitable Membranes, 2nd ed. Sunderland, MA: Sinauer Associ-
ates, Inc., 1992. (¢) Nicholls, D.G.; Proteins, Transmitters, and Synapses, Blackwell Science, Oxford, 1994.

2 Kumpf, R.A.; Dougherty, D.A. Science 1993, 261, 1708-1710.



6342

3
4

Higginbotham, L.; Lu, Z.; Abramson, T.; MacKinnon, R. Biophys. ¥. 1994, 66, 1061.

(a) Tabushi, I.; Kuroda, Y.; Yokota, K. Tetrahedron Lest. 1982, 23(44), 4601-4604. (b) Menger, F. M.; Davis,
D. S.; Persichetti, R. A.; Lee, J. J. . Am. Chem. Soc. 1990, 112, 2451-2452. (c) Kobuke, Y.; Ueda, K.; So-
kabe, M. J. Am. Chem. Soc. 1992, 114, 7618-7620. (d) Neevel, ]J. G.; Nolte, R. Tetrahedron Lett. 1984, 25(21),
2263-2266. (e) Nolte, R. J. M.; Beijnen A. J. M.; Neevel, ]J. G.; Zwikker, J. W.; Verkley, A. J.; Drenth, W. Is-
rael. J. Chem. 1984, 24, 297-301. (f) Kragten, U. F.; Roks, M. F. M.; Nolte, R. J. M. ¥ Chem. Soc. Chem.
Comm. 1985, 1275-1276. (g) Roks, M.F.M.; Nolte, R.J.M. Macromolecules 1992, 25, 5398. (h) Jullien, L.;
Lehn, J. M. Tetrahedron Lett. 1988, 29, 3803-3806. (i) Jullien, L.; Lehn, J. M. ¥. Inclusion Phenom. 1992, 12,
55-74. (j) Canceill, J.; Jullien, L.; Lacombe, L.; Lehn, J. M. Helv. Chim. Acta 1992, 75, 791-811. (k) Pregel,
M.; Jullien, L.; Lehn, J. M. Angew. Chem. Int. Ed. Engl. 1992, 31, 1637-1639. (1) Pregel, M.; Jullien, L.;
Canceill, J.; Lacombe, L.; Lehn, J. M. 7. Chem. Soc. Perkin Trans. 2, 1995, 417-426. (m) Carmichael, V.E.;
Dutton, P.; Fyles, T.; James, T.; Swan, J.; Zojaji, M. . Am. Chem. Soc. 1989, 111, 767-769. (n) Fyles, T.;
James, T.; Kaye, K. Can. J. Chem. 1990, 68, 976-978. (0) Fyles, T.; Kaye, K.; James, T.; Smiley, D. Tetrahe-
dron Lett. 1990, 1233-1236. (p) Kaye, K.; Fyles, T. J. Am. Chem. Soc. 1993, 115, 12315-12321. (q) Fyles, T ;
James, T.; Pryhitka, A.; Zojaji, M. J. Org. Chem. 1993, 58, 7456-7468. (r) Ghadiri, M.R., Granja, ]J.R., Bue-
hler, L.K. Nature 1994, 369, 301-304. (s) Khazanovich, N., Granja, ]J. R., McRee, D.E., Milligan, R.A,,
Ghadiri, M. R. 7. Am. Chem. Soc. 1994, 116, 6011-6012. (t) Stadler, E.; Dedek, P.; Yamashita, K.; Regen, S.
J. Am. Chem. Soc. 1994, 116, 6677-6682. (u) Voyer, N.; Robitaille, M. 7. Am. Chem. Soc. 1995, 117, 6599-
6600. (v) Tanaka, Y.; Kobuke, Y.; Sokabe, M. Angew. Chem. Int. Ed. Engl. 1995, 34(6), 693-694. (w) Deng,
G.; Merritt, M.; Yamashita, K.; Janout, V.; Sadownik, A.; Regen, S.L. ¥. Am. Chem. Soc. 1996, 118, 3308. (x)
Wagner, H.; Harms, K.; Koert, U.; Meder, S.; Boheim, G. Angew. Chem. Int. Ed. Engl. 1996, 35, 2643-2646.
(y) Seebach, D.; Brunner, A.; Buerger, H. M.; Reusch, R. N.; Bramble, L.L. Helv. Chim. Acta, 1996, 79, 507-
517. (z) Dubowchik, G.M.; Firestone, R.A. Tetrahedron Letr. 1996, 37, 6465-6468. (aa) Sasaki, N.; Matile, S.
Tetrahedron Lett. 1997, 38, 2613. (aa) Gokel, G.W.; Murillo, O. Acct. Chem. Res., 1996, 29, 425-432.

(a) Nakano, A.; Xie, Q.; Mallén, J.; Echegoyen, L.; Gokel, G. W. ¥. Am. Chem. Soc. 1990, 112, 1287. (b)
Murillo, O.; Watanabe, S.; Nakano, A.; Gokel, G.W. ¥. Amer. Chem. Soc. 1995, 117, 7665-7679. (c) Murillo,
0.; Suzuki, I.; Abel, E.; Gokel, G.W. . Am. Chem. Soc. 1996, 118, 7628-7629. (d) Murillo, O.; Abel, E.; Ma-
guire, G.E.M.; Gokel, G.W. ¥. Chem. Soc. Chem. Commun. 1996, 2147-2148. (e) Abel, E.; Meadows, E.S.;
Suzuki, L.; Jin, T.; Gokel, G.W. ¥. Chem. Soc. Chem. Commun. 1997, 1145-1146. (f) Murillo, O.; Suzuki, L;
Abel, E.; Murray, C.L.; Meadows, E.S.; Jin, T.; Gokel, G.W. J. Am. Chem. Soc. 1997, 119, 5540-5549.
Synthesis of naphthalene channel 2. A solution of the monosubstituted crown (8) (0.58 g, 1.4 mmol),
N,N’-bis(12-bromododecyl)-diaza-18-crown-6 (BrC,;<N18N>C,,Br) (0.549 g, 0.7 mmol), Na,CO, (0.296 g,
2.8 mmol), KI (0.02g), and butyronitrile (75 mL) was set to reflux in a round-bottomed flask for 48h. The
reaction mixture was filtered and the solvent removed under vacuum. The oil obtained was dissolved in
CHCL, (100 mL). The organic layer was washed with water (3x25 mL), dried (MgSO,), filtered, and the
solvent removed using rotary evaporation. On addition of acetone the product precipitated as a white solid,
in 11% yield, (0.11 g), mp 52-54 °C. '"H-NMR (300 MHz, CDCl,): 1.25 (m, -CH, 24H), 1.44 (m, NCH,CH,,
8H), 1.76 (m, NCH,CH,CH,, 8H), 2.49 (m, NCH,CH,, 8H), 2.89 (m, N-CH,CH,0, 24H), 3.61 (m, N-
CH,CH.,0, 48H), 3.83 (s, N-CH,-naphthalene, 4H), 7.44 (dd, 4H, naphthalene), 7.52 (d, 2H, naphthalene),
7.77 (m, 8H, naphthalene). High resolution mass spectrometry: calculated for Cg,H,3;xNO,,: 1400.0224.
Found 1400.0278.

The planar bilayer chamber was prepared with 0.5 M NaCl, 0.001 M sodium phosphate (pH=7.0) solution
on each side of the membrane. The membrane was formed by the painting method using a solution (30
mg/mL) of L-a-lecithin in decane. The channels were added as 1.0 uM solutions in trifluoroethanol and
stirred for 10 minutes. After a S minute equilibration period, a holding voltage was applied and the channel
responses were recorded using a Warner PC-505 patch clamp amplifier, a DigiData A/D converter and the
aquisition software Axoscope.

Andersen, O.S.; Green, W.N.; Urban, B.W.; “Ion conduction through sodium channels in planar bilayers,”
Ch. 15 in C. Miller (Ed.) Jon Channel Reconstitution, Plenum Press, New York, 1986.

These channels function within the range 13x1 pS. The outlier has a Na* conductance of ~9 pS.
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