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The study of transmembrane channel structures constitutes

one of the most active areas in modern biological chemistry.
Despite the enormous amount of information that has ac-
cumulated on which proteins are responsible for transport of
ionic or molecular species,physical chemical details of
transport and selectivity remain largely obsctireChannel
model systems (for H or alkali metal transport) include
synthetic peptide “bundle$”and “half-channel elements,”
perhaps inspired by gramicidior amphotericirf, prepared by
Tabushi? Menger® Kobuke? and Regen? as well as “tunnel-
like” structures intended to emulate the structure of bacterior-
hodopsiA pioneered by Fyles, Lehnl2 and more recently
Ghadiri'® and Voyer4

We report here a study involving variants of our original
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Table 1. Octanot-Water Partitioning Coefficients for Crown
Ether Derivatives

log log
No. compound Pocfexptl)  Poc{calcd}
12-crown-4 0.92 0.57
15-crown-5 0.33 0.34
18-crown-6 0.2% 0.17
p-(tert-butyl)benzo-27-crown-9 1.89 2.15
p-(tert-butyl)benzo-30-crown-10 1.69 1.65
1 N,N-dibenzyldiaza-18-crown-6 4.21 4.10
6  bis(dodecyl) channel 18.48
7  dibenzyl channel 11.23
8  (p-methoxy)dibenzyl channel 11.76
9  (p-nitro)dibenzyl channel 11.26
10 cholestanyl ether channel 30.08

aReference 1% Reference 20: Calculations used the HINT module
of the Sybyl molecular modeling packagje.

cations must pass on entering and departing the bilayer? We
report data below which (1) confirm membrane solubility, (2)
discredit the carrier hypothesis, and (3) demonstrate for the first
time the application of solution physical chemical analysis which
confirms a Hammett relationship for Naation transport.

The compounds used in this study include gramicidin, a
naturally-occurring channel former, valinomycin, a mitochon-
drial potassium carriel dibenzyldiaza-18-crown-@,1” deriva-
tives 2 and 3, and tris(macrocycles}—10. Compound2, 7,

8, and9 are described in the supporting information; the others

model system that permits us to ask three specific questionsare previously reportetf.

about how these synthetic, model compounds function in a
phospholipid bilayer vesicle. First, do differences in cation flux
merely reflect varied hydrophobicities and levels of penetration

into the bilayer? Second, do the channel model systems in

reality function as cation carriers? Third, do the distal (terminal)
crown residues function as head grot¥phrough which the
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Channel Model Compound Solubility. Octanot-water
partition coefficients are reported in Table 1 for six crowns and
five channel compounds. Values for five of the crown ethers
are reported in the literatuf@?2° the result for dibenzyldiaza-
18-crown-6 was determined in this work. Experimentally-
determinedP values were compared with those calculated by
using the HINT (solubility) module of the SYBYL molecular
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Table 2. Sodium Cation Transport by lonophores x 150
_ rel. rate rel. rate E v t
ionophore (CHCly) (bilayer) § 120 |pmetnoryeney
valinomycin 1.0 0.14 o Mor
gramicidin 0.02 1.00 e | boney!
1 PhCHIN18NITH,Ph 0.53 0.01 5 0% ritrobenzyl
2 Ci[IN18NTy, 0.48 0.01 o 2%0f
3 HOOC(CH)1MN18N{CH,)1.COOH 0 0.01 2 oi ]l e noom
4 [18NIC;,[IN18NIC;,N18 0.58 0.02 [ 0'50 o _ X
5 HIN18NIC,,N18NIC;,[IN18NH 0.27 0.28 7.0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00
6 CaN18NIT1N18NIT1,N18NITy, 0.26 0.28 Hammetto
7 PhCHIN18NIC;,[N18NLC;,[IN18NICH,Ph 0.46 0.38 . -
8 [p-MeOCsH CH,IN18NIT, ], IN18N] 043  0.43 Figure 1. Hammett-type plot fo7—9. . ,
9 [p-O:NCsH4CHoMN18NT;,],N18NC 0.44 0.30 cations in the bilayer system. The order of efficacy in the
10 chol-O-(CHy)2[IN18NLT;,IN18N]> 0.62 0.02 bilayer is5 ~ 6 > 4. In contrast, in the CHGImembrane5

and6 have similar transport rates (0.27, 0.26), but the rate for
4 is more than twice as large (0.58; orde#: > 5 ~ 6).
Compound?7 shows transport activity in the bilayer40% of
that of gramicidin and~35% better than fo6. In the bulk

modeling packag& The conclusion from these data is that
structuresl and 6—10 partition completely from water into a

hydrophobic solvent. _ _ - membrane system, its rate is46% of that of valinomycin,
Transport Studies. The cation conduction ability of com-  nearly 6-fold that of gramicidin, ane-75% better than fos.
pounds1—10 was assessed by using two different techniques These differences in relative efficacy in the various membrane
(Table 2). Sodium cation transport through a phosphatidylcho- systems strongly suggest that different mechanisms operate
line/phosphatidylglycerol bilayer was assessed by dynamic zjthough the above is admittedly not a direct mechanistic test.

23Na-NMR as previously describéd. Bulk liquid membrane

The Hammett Relationship. When the dodecyl side chains

transport rates were measured using a concentric tube ap-f 6 were exchanged for benzyl grou, (a significant increase

paratug® (CHCl; membrane$* In all cases, gramicidin or
valinomycin was run concurrent with the compound under study

(~1.4-fold) in Na" transport in the bilayer was observed. We
have previously show# that the central crown ring is not

of 1.0 (gramicidin exchange rate-175 s, valinomycin
transport rate~4.17 x 1078 mol-h™1).

We correctly anticipated that among the compounds studied,
valinomycin would be the best carrier in CH@nd gramicidin
would be the most effective transporter in a bilayer. Carrers
and 2 transported sodium picrate through CHQpicrate
concentration measurements) with rates of 220078 and 2.01
x 1078 molh~1, respectively. Under identical conditions,
transport by gramicidin was less than twice the diffusion rate
(0.08 x 1078 mol-h~1; blank value: 0.013x 10-8 mol-h=1).
Compound6 was found to transport Na but its rate (1.1x
10-8) was about half that for eitheror 2. Compoundst and
5, which constitute major fragments of the channel structure,
gave rates of 2.4 1078 and 1.13x 10~8 mol-h~1, respectively.

It is noteworthy that althougl and 6 function similarly as
carriers and are both inferior td, exactly the opposite
relationship is observed in the bilayer (see column 2 of Table
2). Gramicidin transports cations in a bilayer by dimerizing to
form a membrane-spanning,30 A long, tunnel-like structure.
Dimerization is possible in bulk CHg;lbut the shortest transport
path is~1 cm (1 A), an impossible distance for “tunnel”
formation. Indeed, the efficacy of gramicidin in CHGVas
only ~8% of that of valinomycin.

A comparison of compoundéand5 is particularly interest-
ing. Transport byb (ke = 0.28) in a bilayer is identical to that
of 6. On the other han} (ke = 0.02) does not transport

(21) The calculations take into account all atoms (including H). The
“solvent condition” parameter was set to neutral and the “polar proximity”
was calculated using a through space functis ™ wherem = 5 andn

=1.
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(24) Chloroform (6 mL) was used as the bulk membrane membrane.
The source phase was aqueous sodium picrate (1 mM) in the presence o
excess NaOH (100 mM). The receiving phase was initially distilled,
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that the crown serves as a head group stabilized by the attached
benzyl groug?® If the distal crowns serve as orifices in the
membrane through which Ngasses, the transport rate should
be altered by a change in electron density on the benzyl group.
We thus prepared 4-methoxypheng) @nd 4-nitrophenyl g)
analogs of7. Their relative transport rates in the bulk CHCI
membrane were identical within experimental error. When
studied in the phospholipid bilayer, however, the rates varied
significantly and regularly as shown by the data in Table 2 which
are graphed in Figure s the Hammeti°.26

Benzyl channel7 was, prior to this experiment, the most
active of the compounds synthesized. Addition of a methoxy
group to7 increased activityg) even further. The straight line
apparent in Figure 1Ir(= 0.97, slope= —0.3) shows that the
variation in activity correlates strongly to the electronic effect.
Whether this correlation relates to the ability of the distal crowns
to function as head groups, relays, or both is currently unknown.

Conclusions. We report here the first series of physical
organic chemical studies of a functioning cation channel model.
The channel model compounds have a patrtition coefficient that
favors the phospholipid bilayer over water byl 0'° as judged
from calculated logP values. Differences in transport rate
therefore do not arise merely from differences in solubility.
Second, the channel model does not function as a “supercarrier”
whereby the cation is transported stoichiometrically as a-host
guest complex. This conclusion is supported by a complete
lack of coincidence between Naransport rates in a phospho-
lipid bilayer and in a bulk organic membrane. Finally, three
channel model structures which differ only by the substituent
attached to the terminal benzyl groups show an excellent
correlation to Hammett parameters indicating clearly that the
cation passes through the crown ether head group.
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