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Hydraphile Synthetic Channel Compounds: Models
for Transmembrane, Cation-conducting Transporters
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A family of novel cation-conducting, transmem-
brane channels has been designed and character-
ized. A number of functional channels are described
along with an account of channel conformation and
how the compounds are positioned in the phospho-
lipid bilayer.

Keywords: Cation channel; Phospholipid bilayer; Membrane;
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1. INTRODUCTION

The cells of all higher organisms are bounded by
structures such as membranes or cell walls that
play at least two basic roles. They constitute the
cellular boundary and they separate the cell’s
contents from the external environment. This
barrier prevents the cell’s contents from being
lost but it also presents a formidable obstacle to
the intake of nutrients and the expulsion of
waste products. The passage of cations such as
Na™* and K" through the membrane must not
only be permitted but also regulated as the
intra- and extracellular concentrations of these
critical ions differs substantially. The proteins

that mediate cation transport are currently
receiving enormous attention from the biochemi-
cal, biophysical, and molecular biological com-
munities [1]. The challenge to understand the
function of molecular channels is enormous and
of the profoundest importance. In addition to
the study of naturally occurring protein chan-
nels by biochemists and biophysicists, several
chemical research groups have undertaken the
development of synthetic model systems in the
hope that such simplified structures will lead to
an understanding of chemical function. A few
groups have reported the design, synthesis, and
study of model channel systems. These are
considered in the following sections.

2. STRUCTURES OF CHANNEL
PROTEINS

An enormous advance in the understanding of
channel compounds has resulted from the pub-
lication recently of the first crystal structures of
channel-forming proteins. Membrane-resident
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proteins are notoriously difficult to crystallize
and the level of experimental achievement in
these cases is of the highest order. The first
structure to appear was reported by Doyle et al,,
working in the MacKinnon laboratory [2]. This
important work was followed by the structure
of a mechanosensitive channel isolated from
mycobacterium tuberculosis [3]. The keen insights
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offered by these structural studies are important
and will be noted where appropriate in the
following text. A detailed discussion of these
important structural results is beyond the scope
of the current work.

3. NATURALLY OCCURRING MODELS
FOR CHANNEL FUNCTION

Several naturally occurring compounds have
influenced the thinking of organic chemists
interested in modeling channel function. They
are the polyene antibiotics [4] such as nystatin
and amphotericin B. Two peptides are alamethi-
cin, which forms voltage-gated channels [5],
and gramicidin [6], a pentadecapeptide that
dimerizes to form the most studied of all
cation-selective channel compounds. Unlike
proteins, alternate amino acids have D-stereo-
chemistry. Gramicidin D (a mixture of 3 closely
related peptides designated A, B, and C) is
OHCNH-L-val-gly-L-ala-D-leu-L-ala-D-val-L-
val-D-val-L-trp-D-leu-L-trp-D-leu-L-trp-D-leu-L-
trp-CONHCH,CH,OH. The functional form of

PN NN F

gramicidin was thought to be the tail-to-tail
dimer {7], but extensively studied gramicidin [8]
continues to be the focus of controversy [9].
These low molecular weight (MW ~1-2kDa)
structures exhibit behavior such as ion selectiv-
ity, voltage dependence, subconductance states,
blocking, and modulation properties that are
characteristic of proteins channels.

OH OH

4. SYNTHETIC PEPTIDES
AS MODELS FOR CHANNEL
FUNCTION

Mutter and Montal [10] have used template-
assembled synthetic proteins (TASPs) that were
expected to form a four-helix bundle in a
globular conformation that forms ion channels
in lipid bilayers [11]. Tomich, a former colla-
borator of Montal, has extended this work
recently [12].

Important studies conducted at about the
same time were reported by DeGrado and
coworkers. They studied the mechanism by
which a-helices aggregate and they demon-
strated that such aggregates could conduct ions.
In particular, DeGrado and coworkers [13]
prepared model peptides containing only leu-
cine and serine residues. A 21-residue peptide
HoN-(Leu-Ser-Ser-Leu-Leu-Ser-Leu);-CONH,
formed ion channels, with ion permeability
and lifetime (opening and closing) char-
acteristics resembling the acetylcholine re-
ceptor. This work has been reviewed recently
[14].
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5. SYNTHETIC ORGANIC COMPOUNDS
AS MODEL ION CHANNELS

The earliest non-peptidic, synthetic organic
channel model was reported by Tabushi and
coworkers [15]. In this effort, S-cyclodextrin was
used as a “headgroup” in concert with hydro-
carbon tails that comprised the channel’s
“tunnel” or pore element. This structure was
designed to reside in each leaflet of the bilayer
and provide transport when the two halves were
appropriately aligned. Indeed, the transport of
both copper and cobalt: kcoqn=4.5x 10" *s™!
[channel monomer] =55 uM were demonstrated.

5.1. Proton-conducting Channels

Several very simple organic structures have been
shown to serve as cation transporters although
the mechanisms by which these interesting
compounds function remain largely obscure.
Menger and coworkers prepared CH3(CHy)10—~
COO(CH,CH,0)sCH,Ph [16] and demonstrated

o0Q
o
X

more effective proton transport than observed
for gramicidin by using the method of Fendler
and Kano [17]. Kobuke and coworkers [18],
using a mixture of glycolate ethers of monoalk-
yloligo(1,4-butylene glycol) complexed with

dioctadecyldimethylammonium cation reported
Na’ and K™ transport in a phospholipid
bilayer. This work has recently been extended
to ion pair channels in which an oligoether chain
is attached to the ammonium head group and
the hydrophobic counteranion is provided either
by stearic acid or by phospholipid headgroups
[19]. Regen and coworkers [20] esterified a
5-androstene derivative in the 38 and 178
positions by OCO(CH,CH,O),H groups and
demonstrated modest Na™ transport.

An additional structural type that merits
mention is the poly-THF compounds prepared
by Koert and coworkers [21]. Characterization of
channel function of the polyether channel by
planar bilayer conductance methods showed
“spiking”’ behavior rather than well-behaved
gating. In a refinement, a poly-THF chain was
terminated by gramicidin-like Leu-Trp repeats
and a covalent tartaric acid unit, such as used by
Schreiber, was incorporated [22]. This hybrid
structure (1) showed channel activity in soybean
lecithin bilayers.

5.2. Tubular Molecular Structures

Crown ethers have played a prominent role
in the development of channel models. Nolte
and coworkers [23] obtained an oligomer of a
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crown-isonitrile that appeared to be tunnel-like.
In vesicles prepared from cation impermeable
dihexadecyl phosphate, the oligomer showed
Co®* transport with a rate of kcoqn=~10"*s~L.
21-Crown-7 ethers comprised the “‘tunnel”
through which alkali metal cations pass in
a membrane-active compounds reported by
Voyer and Robitaille [24]. The macrocycles
were attached to a DeGrado inspired peptide,
~ Leu-(CrF-Leu-Leu-Leu-CrF-Leu); ~, known
to adopt an o-helical conformation [25]. The
macrocycles are appended to every fourth
residue aligning them to make the putative
tunnel. Cation transport in phospholipid bi-
layers showed little selectivity among Li™,
Na',K¥,and Rb".

Macrocyclic polyethers derived from tartaric
acid residues were the basis of two systems
developed almost simultaneously by Lehn and
Fyles and their coworkers. Lehn and Jullien [26]
used a ceniral, tartaric acid-derived crown to
anchor dendrimer-like chains that radiated from
it. Fyles [27] built an amphotericin-inspired
tunne} using a similar crown central unit with
bolaamphiphilic walls. Fyles produced a variety
of ion-transporters and assessed their efficacy
by using a proton transport system. Fyles also
developed a bola-amphiphilic ““membrane dis-
ruptor” that is shown below as compound 2.

o/\‘ 0 0
o(\ OT‘LN/\/\O
H

[o 0~ "co.H

o/

Ghadiri and co-workers [28] reported chan-
nel formation from self-assembling peptide
“nanotubes”. Cyclic peptides incorporating
alternating »- and tr-amino acids such as
cyclo[(Trp-p-Leu);GIn-D-Leu-] were prepared.
If planar, the diameter of the internal orifice
is 75A. The stacking of these cyclopeptides

is envisioned as involving H-bond forma-
tion similar to those found in a S-pleated
sheet. The conductance of sodium and
potassium chlorides were found to be
60 £ 5pS.

An interesting family of molecular structures
that conduct cations have been reported by
Matile and coworkers [29]. Molecules in
this family have been referred to variously as
“rigid-rods” and 7-slides. Ionophoretic activity
has been demonstrated in phospholipid mem-
branes by using a valinomycin-coupled trans-
port system.

6. DESIGN OF HYDRAPHILE CHANNEL
COMPOUNDS

The challenge that confronts all those who
attempt to design biomimetic compounds is to
achieve function in a model system when the
mode of action is imperfectly understood. An
additional problem for the synthetic organic
chemist is the desire to achieve elegance in the
design and synthesis. In some cases, elegance is
a luxury since achieving functionality is the
overriding goal. A crude but functional system
is clearly superior to an elegant but non-
functional one.

0 o) é/\o/\o

oAt S

Ho,C O o

o/

6.1. Overall Strategy

The function to be mimicked in this case is
straightforward: the channel model must be able
to get the cation from one side of a bilayer
membrane to the other. The advent of crown
ethers permitted organic chemists to extensively
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study the transport of cations across various
membranes. Various crown ether carrier mole-
cules function by complexing a cation on one
side of a membrane, ferrying it to the opposite
side, and then releasing it to the surrounding
medium. Crown ethers have been especially
well studied in bulk membrane systems such
as chloroform or dichloromethane. Numerous
macrocycles and combinations of salts and
solvents have been studied [30].

Binding and transport lead one to an apparent
paradox. The equilibrium constant, Kg for the
reaction

crown+M* = [crown-M] "

is determined by the rates at which complexa-
tion and decomplexation occur, ie, K,=k,/
k_ :kc/kd:kcomplex/ kdecomplcx- Crown ethers
[31] such as 18-crown-6 bind and release cations
with high rates as required for successful carrier
transport. Since both binding and release rates are
fast, overall binding strength and cation binding
selectivity are both relatively poor. In contrast,
cryptands are normally strong and selective
binders but their binding and release kinetics are
poor. The natural mitochondrial transport agent
valinomycin achieves good binding strength and
selectivity by having a flexible structure that can
envelop a cation in a three-dimensional way. We
developed the family of compounds we named
“lariat ethers” [32] that could achieve both three-
dimensional binding and good binding dynamics
[33]. We adopted the name lariat ether in part
because of the CPK models that resembled a

e
Co o

18-crown-6 <18N>EOMe

(3 N
Meofa DR o

looped rope. In addition, we envisioned that
complexation of a cation would involve the ring
and sidearm to “rope and tie” the guest. Structures
of simple crown, cryptand, and lariat compounds
are shown in Figure 1.

Our basic design philosophy has long been to
combine structural features thought to be
important with structural flexibility. A rigid
compound, “perfectly designed” to fit a space
or accommodate a certain guest is not adap-
table should the design prove to be in error in
any way. A structurally adaptable scaffold
permits accommodation. Moreover, natural
binding partners rarely exhibit perfect corre-
spondence. This is because binding in natural
systems is normally a means to an end rather
than the end itself. If release was impossible,
binding could occur but not, for example,
catalysis.

6.2. The Phospholipid Bilayer

In the design of the hydraphile channels, we
considered several issues. One was whether or
not the channel would span the bilayer or only
that part of it that constitutes the insulator. A
phospholipid bilayer has dimensions that de-
pend on the fatty acids that comprise it [34].
Generally, though, a phospholipid bilayer has
three parts. The overall thickness from head-
group to headgroup is typically 50A. The
insulator regime or “hydrocarbon slab”, made
up of the fatty acid tails, is about 30 A thick [35).
Between the polar headgroups and the hydro-
carbon tails lie the glyceryl esters that we have

(r:'\/:'b

[2.2.1]cryptand

FIGURE 1 Structures of 18-crown-6, an aza-18-crown-6 lariat ether having a methoxyethyl tail, and the cryptand [2.2.1], which
has the same number and arrangement of donor groups as has the lariat ether to its left.
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called the “midpolar regime’’. These regions are
illustrated in Figure 1.

6.3. Donor Groups and Headgroups

In order for the channel model to insert into and
span the bilayer, it must be amphiphilic. If a
single molecule spans the channel, it must be a
twin-headed amphiphile. Such compounds are
sometimes given the cumbersome cognomen
“bolaamphiphile”’, often shortened to “bolyte”.
The headgroup of a channel must also serve as,
or lead to, a cation entry portal. If the model
channel is to function as do natural proteins, it
must permit the entry and exit of cations but it
must not otherwise disrupt the membrane’s
structure.

We decided early in our studies to position the
channel’s headgroup near the midpolar regime.
Transmembrane segments of proteins for which
structures are unavailable are typically ident-
fied by hydropathy analysis [36]. In this techni-
que, a computer program examines the protein
sequence and calculates how hydrophobic is
each 20-amino acid sequence. The two assump-
tions are that (1) the transmembrane segment is
hydrophobic and (2) it is about 20 amino acids
if it is a-helical. The calculated hydrophobic
sequence is expected to partition into the low
polarity bilayer. We thus designed the system
to have an overall span of about 30A. In the
structure of the KcsA channel of Streptomyces
lividans [2], the o-helices actually span about
34A.

Intuition suggests that some donor groups (O,
N, or S) must be present or the channel model
will have no means available to interact with the
transient cation. On the other hand, an array of
donors as potent and well organized as one
finds in cryptands would doubtless prevent
channel function by precluding cation release.
Divalent oxygen is expected to be a good donor
group for alkali metals. The choice of a crown
ether as the organizing matrix for a donor group
array was an easy one for us to make. It was

based on our experience with these compounds
and their excellent synthetic access ability [37].

One aspect of binding must be borne in mind.
In aqueous solution, where crown ether binding
constants are typically low, 18-crown-6 is selec-
tive for K™ over Na*t by 18-fold. The reported
binding constants are: K.(Na*t)=65 K,
(K*)=118 [38]. The binding rates (K;=k,/
k_;) are known for these two cases and they
differ by 2-fold: k; (Na®*)=22x10°* M™! K
(K*)=4.4 x 10* M., The release rates differ by
about 10-fold: k; (Na*)=34x10"s"% k_,
(K*)=37x10°"" comprising most of the
observed selectivity.

A consideration of these rates is important
because the channel must be dynamic to be
successful. Cryptands are strong and selective
binders but they are poor cation carriers. This is
attributable to their low decomplexation rates
that prevent rapid cation release. Using the rates
discussed above, we conclude that Na* and K"
are bound equally well but transport selectivity
in the channel will be determined by the
preferential release of Na*. Thus, binding
selectivity and transport selectivity are comple-
mentary. It is not cation capture that is im-
portant for a complexing agent but what we
might call “permissivity”’ [39].

A ubiquitous source of divalent oxygen as a
donor is water [40]. It is generally assumed that
ions transported by channel proteins are only
partly hydrated. Desolvation is an energetically
expensive process. The cost of complete cation
desolvation is also unnecessary if the cation
will be dehydrated on the opposite side of
the membrane. It therefore seems reasonable to
assume that the cation will be partially hydrated
and this, in turn, will afford a larger species.

Taken together, these ideas led to the design
shown in Figure 3. The roles of amphiphile
headgroup and entry portal were filled by diaza-
18-crown-6. This macrocycle was known to
exhibit modest K*/Na* selectivity [41]. It had
also been reported by Kuwamura [42] and by
Okahara [43] that alkyl-substituted crown ethers
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exhibited amphiphilic properties. We extended
their efforts to twin-tailed diazacrowns and
demonstrated that such amphiphiles could form
stable liposomes. This observation supported our
choice of diazamacrocycles as head groups [44].

6.4. Incorporation of a “’Central Relay”

Chemical intuition suggested that a barren,
nonpolar tunnel would not be conducive to
cation transport through a bilayer. As noted
above, the decision was made to incorporate a
third diazamacrocycle at the center of the
structure. The channel model would thus retain
its symmetry but a modest level of polarity
would be incorporated at the midplane of the
bilayer. It was hoped that this would reduce
the overall energy required for transport of the
cation across the bilayer. At the time this design
feature was incorporated, it was not known
whether or how nature solved this perceived
problem in protein channels [45].

6.5. Covalent Spacer Chains

Considering the estimated span distance of 30 A,
we chose dodecyl chains to function as the
covalent spacers. Simple molecular modeling
showed that the N—N distance in N,N,N',N'-
tetramethyl-1,12-dodecanediamine was 16.2A.

(N

[o O] CH3(CHy)44Br o
el
N32003,K|, cat.,

O 4 (o) .
reflux, acetonitrile

LN

N

H<N18N>H (o) 0]
—————
N3.2C03,K|, cat. [o ]

o o)
reflux, acetonitrile LN/

AN N 2N

Two such spacer chains would give a span of
about 32 A not including the thickness of diaza-
18-crown-6. We felt that covalent attachment
among the three macrocycles was required on
one side of the molecule only. By attaching the
sidearms illustrated in Figure 2 at only one of
their ends, we hoped to incorporate flexibility
and thus adjustability. It should be noted that
the span dimension is based on the notion that
the channel model’s headgroups will be prox-
imate to the bilayer's midpolar regime. This
decision was at worst arbitrary and at best a
good guess.

6.6. Synthesis of Channel 1

The first channel we prepared may be repre-
sented in a shorthand we have used for
some years [46] as Cy3(N18N)C1,(N18N)Cyp—
(N18N)Cy,. The synthetic approach we use
currently is as follows. First, diaza-18-crown-6
is treated with limited 1-bromododecane to
afford C;2(N18N). The monoalkylated crown is
then treated with 1,12-dibromododecane to give
Ci12(N18N)Cy,Br. Reaction of the latter with
diaza-18-crown-6 yields channel 1 (3). An appro-
ach of this general type has now been applied
to more than 30 representatives of this synthetic
channel family.

(CHa)12Br
O] Br(CH)1,Br [0 Oj
——
Na,CO3,KI, cat.,
0|\,N\)o refiux, acetonitrile ?\,N \)O
(éH2)11CH3 (bH2)11CH3
OHO—X

SN Ve Ve VAt a Ve
\N_ y N

OO—) o @)

= (
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FIGURE 2 Schematic of a phospholipid bilayer membrarne showing the insulator regime (hydrocarbon slab), the headgroups,
and the midpolar regime.
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09 9044 OO, OO0,

FIGURE 3 Design schematic for the tris(macrocycle) channel molecules.

6.7. Demonstrating Cation Conduction transport was assessed by using fluorescence
methods {16]. The standard electrophysiological
method of “patch clamping”” or more correct-
ly in this case, planar bilayer conductance

During the course of the work described here,
we have used three different experimental
methods to assess ionophoretic activity. Proton
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measurements was applied as well. The mean-
ing of conductance traces is beyond the scope of
the current paper and will not be discussed
further here [47].

Most of the cation transport measurements
conducted thus far utilize a dynamic NMR
method developed originally by Riddell [48].
In this technique, phospholipid vesicles are
prepared in the presence of 0.5M NaCl *Na-
NMR reveals a single sodium line because the
ion is identical whether inside or outside of the
vesicle. Addition to the external medium of
Dy**, a shift reagent, alters the chemical shift
of external Na* ion. When an ionophore is
present in the bilayer, Nazgnside) can exchange
with Na{ e The equilibrium exchange is
detected as a concentration dependent change:
K=1/7=n(Av,—Avgp). Typically, these experi-
ments were conducted using the channel models
at concentrations in the range 0-20puM. Thus,
the channel models active at reasonably low
concentration. Compared with the naturally
occurring, channel-forming peptide gramicidin
[49] (K=100%) channel 1 (3) exhibits a Na™
exchange rate of 27%. The exchange rate deter-
mined for gramicidin in this system is ~175s7".
Cation exchange for compound 3 is also occur-
ring on the millisecond time scale. When the
dodecyl sidearms were replaced by benzyl
groups (to give PhCH,(N18N)C,(N18N)-
C12(N18N) CH,Ph, 4), cation transport increased
to 39% that of gramicidin. Replacement of the
dodecyl sidechains with the fluorescent dansyl
group gave a channel with about the same Na™
exchange rate.

6.8. Control Experiments

The tris(macrocycle) channels functioning in
phospholipid bilayers represents a complex
experimental system. A number of controls were
then undertaken to increase our confidence in
the way the data were being interpreted.
Replacement of the dodecylamino sidearms of
3 by an oxygen atom affords a compound that

may be represented as follows: (O18N)-
C12{N18N)C»(N180). This molecule possesses
three macrocycles and spacer chains of identical
length to compound 4. The central relay unit
is intact but the compound is inactive when
assessed by the Na-NMR method described
above. A shorter but sidearmed relative,
C12(N18N)C1(N18N)Cy,, also failed to show
cation transport at a rate detectable by the NMR
method.

Another concern was whether or not the
tristmacrocycle) channels functioned by deter-
gent action. By this is meant that the ““channel”
is really a random membrane disruption. Re-
placement of the tris(macrocycle) ionophore
by either Triton X-100, a neutral detergent, or
sodium dodecyl sulfate, an anionic detergent
gave no detectable Na™ transport in the NMR
assessment. This was true even though a
concentration range of 0-200 pM was used for
either detergent.

In addition to a simple detergent effect, it
seemed plausible that the tris(macrocycle)s were
functioning as carriers rather than pore-formers.
Indeed, N,N'-dibenzyldiaza-18-crown-6 is a rea-
sonable ionophore although its activity as a
carrier is not sufficient to be detectable by the
Na-NMR assay used here.

Assessment of carrier function was under-
taken using a concentric tube apparatus [43].
Bulk CHCl; was used as the membrane for a
comparison of 10 compounds. The same group
of compounds was assessed by the *Na-NMR
method in phospholipid liposomes. Ionophore-
tic activity for each compound was assigned in
the carrier system relative to valinomycin and
relative to gramicidin in the bilayer. The relative
values were normalized and compared to each
other. A comparison of the activities observed in
each series is shown in Figure 4. The standards,
valinomycin and gramicidin, are shown at the
right and left sides of the graph respectively. The
identities of the other compounds are not
important except to clearly demonstrate the lack
of any significant correlation. While this fails to
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FIGURE 4 Graph comparing relative transport rates of 10
(unspecified) tris(macrocycle) channels. The standards are
gramicidin (left) and valinomycin (right).

prove a channel mechanism, it clearly discredits
a carrier mechanism within the bilayer [50].

An additional concern was whether the
hydraphiles were hydrophobic enough to spon-
taneously insert in the membrane. The calcula-
tion of octanol-water partition coefficients [51]
suggested that the tris(macrocycle)s favored

octanol (i.e., the membrane) by > 10 and in
some cases by ~10%.

6.9. Hydraphile Conformation

When the central macrocycle of 3 was changed
from an 18- to a 15-membered ring, the Na ™"
transport rate was essentially unchanged. Open-
ing the central macrocycle diminished, but did
not prevent, transport. If Na®™ was passing
through the macrocycle, it seemed reasonable
to expect transport to be slowed by a smaller
ring. The conformation shown in Figure 5 was
thus inferred.

6.10. Assessment of the Conformation
and Location of the Channel
within the Bilayer

The sidechain of “channel 1” (3) can be altered
as noted above. Replacement of the dodecyl
sidechains of 3 with fluorescent dansyl groups
Dn(N18N)C1,(N18N)Cy2(N18N)Dn, 5. The fluo-
rescence spectrum of dansyl is expected to
vary with solvent polarity and this expectation
was confirmed for 5. When 5 was assessed

FIGURE 5 Presumed active conformation of “‘channel 1 (3).
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in a phospholipid bilayer, the polarity of its
environment was found to be between that of
methanol and ethanol but closer to the latter.
Clearly, the dansyl is not in a water-like
environment nor is it buried within the hydro-
carbon slab. The polarity generally comports
with the notion expressed above that it is near
the glyceryl residues [52].
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N 00
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dansyl, 5 bHa

indoly} (6) and methylindolyl (7)

An additional technique that can be used is
fluorescence depth quenching. By placing the
fluorescence quenching doxyl group at various
positions on phospholipid fatty acid chains, it
is possible to triangulate the location of the
fluorescent residue. Using 7-doxyl- and 12-
doxylpalmitoyl-substituted  phosphatidylcho-
lines along with 3, we were (by application of
the appropriate equations [53]) able to estimate
the headgroup span at 28 A [54].

Yet a further application of the fluorescent
dansyl channel (5) can be undertaken in concert
with an N-methylindolyl terminated analog, 7.
(MeIndCH,CH,(N18N)C1,(N18N)C;,(N18N) -
CH,CH;IndMe). Methylndolyl channel 7 ab-
sorbs radiation at 283 nm and emits at 343 nm.
Dansyl channel 5 is excited at this wavelength
and fluorescence at about 515nm in a phospho-
lipid bilayer. By use of this known method,
varying the concentrations of 5 and 7 such
that [5]+[7]1=1 molal, we were able to deter-
mine the aggregation state. A plot of log of the
fluorescence ratio vs. mole fraction gave a line
with a slope of 1.12. This suggests that, at least
for these two compounds, the channel functions
as a monomer.

6.11. Channel Blockage Due to H-bond
Formation

We [55] and others [56] have speculated that the
indole residue of tryptophan (Trp, W) could
function as a membrane anchor in integral
membrane proteins. We had previously pre-
pared C1,0TrpNHC12(N18N)C1,NHTrpOCyy, 8,
to see if tryptophan itself was sufficient to serve
as a headgroup anchor and portal. This experi-
ment failed. We then incorporated indole into
InCH,CH,(N18N)Cy»(N18N)C12(N18N)CH, -
CHoIn (6). We were surprised to note that no
Na™ transport was observed in this case either.
An examination of CPK models, confirmed by
Monte Carlo simulations, suggested that a
hydrogen bond could form between the indole
NH and an oxygen atom in the macrocycle. This
would block the “entry portal” and prevent
channel function. The formation of such a
hydrogen bond was confirmed by infrared
analysis [57]. We were able to prevent H-bond
formation by preparing 7 (discussed above). The
N-methyl group eliminated the possibility of
H-bond formation and the channel was fully
functional.

6.12. Nomenclature for the Channel
Compounds

We referred generically to the early structures
described here as tris(macrocycle)s. Indeed,
all of the channels studied in the first phase of
this work were tris(macrocycle)s. As the work
progressed, it was channel function rather than
structure that intrigued us. We have adopted the
name ‘‘hydraphile.” Two references are relevant
here. First, the term has an obvious association
with the two-headed monster slain by Hercules.
Second, the American Heritage Dictionary offers
the following definition. A hydra is “any of
several small freshwater polyps of the genus
Hydra and related genera, having a naked
cylindrical body and an oral opening sur-
rounded by tentacles.” Our compounds are
cylindrical and possess sidearms that may be
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likened to tentacles. A further definition states:
“a persistent or multifaceted problem that
cannot be eradicated by a single effort.”” The
latter certainly describes this program, which is
very much a work in progress.

6.13. Conclusions

We have demonstrated that a channel can be
designed de novo and prepared without resorting
to natural subunits such as peptides. We have
undertaken numerous studies in an effort to
characterize channel function and location with-
in the phospholipid bilayer. Overall, the channel
inserts into the phospholipid bilayer as do
natural protein channels. We believe that the
pore fills with water and ions; the host and
guests cooperating to organize each other. When
a cation enters the pore from one side, a cation in
the chain at the opposite side is pushed out
making transport of the ion a rapid process.

Now that the channel is reasonably well
characterized, we hope to use the model to
probe such significant biological questions as
how channels transport ions, how they gate, and
how they select ions or molecules.

Acknowledgment

Support of this work by grants from NIH (GM
36262), NATO, and NSF (CHE-9805840) is grate-
fully acknowledged.

References

[11 (a) Aidley, D. J. and Stanfield, P. R., Ion Channels:
Molecules in Action., Cambridge, Cambridge University
Press, 1996; (b) Nicholls, D. G., Proteins, Transmitters
and Synapses, Blackwell Science, Oxford, 1994; (c) Hille,
B., Ionic Channels of Excitable Membranes, Sinauer Press,
Sunderland, MA, 1992; (d) Stein, W. D., Channels
Carriers and Pumps, Academic Press, New York, 1990.

[2] Doyle, D. A, Cabral, ]. M., Pfuetzner, R. A., Kuo, A.,
Gulbis, J. M., Cohen, S. L., Chait, B. T. and MacKinnon,
R. (1998). Science, 280, 69-77.

[3] Chang, G., Spencer, R. H., Lee, A. T., Barclay, M. T. and
Rees, D. C. {1998). Science, 282, 2220-2226.

{41 Bolard, J. (1986). Biochim. Biophys. Acta, 864, 257 —304.

[5) Muller, M. and Rudin, D. O. (1968). Nature, 217,
713-719.

6] (a) Urry, E. W, Goodall, M. C., Glickson, J. D. and
Meyers, D. F. (1971). Proc. Natl. Acad. Sci. LL.S.A, 68,
1907 -1911; (b) Urry, D. W. (1971). Proc. Natl. Acad. Sci.
LS A, 68, 672-676.

[7]1 (a) Wallace, B. A. and Ravikumar, K. (1988). Science,
241, 182-187; (b) Langs, D. (1988). Science, 241,
188-191.

(8] Woolley, G. A. and Wallace, B. A. (1992). J. Membr.
Biol., 129, 109-136.

[9] (@) Hu, W, Lee, K-C. and Cross, T. A. (1993).
Biochemistry 32, 7035~7047; (b) Ketchem, R. R., Hu,
W. and Cross, T. A. (1993). Science (Washington, D. C.),
261, 1457 - 60; (c) Burkhart, B. M., Li, N., Langs, D. A.,
Pangborn, W. A. and Duax, W. L. (1998). Proc. Natl.
Acad. Sci., U.S.A. 95, 12950~ 12955; (d) Burkhart, B. M.,
Gassman, R. M. Langs, D. A., Pangborn, W. A, Duax,
W. L. and Pletnev, V. (1999). Biopolymers, 51, 129-144;
(e) Koeppe II, R. E., Sigworth, F. J., Szabo, G., Urry,
D. W. and Woolley, A. (1999). Nature Structural Biology,
6, 609; (f) Cross, T. A., Arseniev, A., Cornell, B. A.,
Davis, J. H., Killian, J. A., Koeppe II, R. E., Separovic,
L. K., Nicholson, F. and Wallace, B. A. (1999). Nature
Structural Biology, 6, 610-611; (g) Burkhart, B. M. and
Duax, W. L. (1999). Nature Structural Biology, 6,
611-612.

{10] (a) Oiki, S., Danho, W. and Montal, M. (1988). Proc.
Natl. Acad. Sci., U. S. A., 85, 2393 -2397; (b) Montal, M.
“Channel protein engineering’’, In: Ion Channels, 2,
Naranishi, T. Ed., New York: Plenum, pp. 1-31;
(c) Vuilleumier, E. S., Fritz, H. and Mutter, M. (1990).
Tetrahedron Letters, 31(28), 4015-4018; (d) Montal, M.,
Montal, M. 5. and Tomich, J. M. (1990). Proc. Nat. Acad.
Sci., (USA), 87, 6929 - 6933; (e) Grove, A., Tomich, J. M.
and Montal, M. (1991). Proc. Nat. Acad. Sci. (LISA), 88,
6418 —6422; (f) Mutter, M., Tuchscherer, G. G., Miller,
C., Altman, K.-H,, Carey, R. I, Wyss, D. F,, Labhardt,
A. M. and Rivier, ]. E. (1992). ]. Amer. Chem. Soc., 114,
1463 -1470; (g) Grove, A., Mutter, M., Rivier, J. E. and
Montal, M. (1993). J. Am. Chem. Soc., 115, 5919-5924;
(h) Reddy, G. L., Iwamoto, T., Tomich, J. M. and
Montal, M. (1993). J. Biol. Chem., 268, 14608 -14615; (i)
Montal, M. (1995). Annu. Rev. Biophys. Biomol. Struct.,
24, 31-57.

{11] (a) Tuchscherer, G., Dumy, P. and Mutter, M. (1996).
“Protein de novo design’”, Chimia, 50, 644-648; (b)
Esposito, G., Dhanapal, B., Dumy, P., Varma, V,,
Mutter, M. and Bodenhausen, G. (1997). Biopolymers,
41, 27-35.

{12] (a) Tomich, J. M., Wallace, D., Henderson, K., Mitchell,
K. E., Radke, G., Brandt, R, Ambler, C. A,, Scott, A. ],
Grantham, ], Sullivan, L. and Iwamoto, T. (1998).
Biophys. |., 74, 256-267; (b) Wallace, D. P., Tomich, J.
M., Eppler, . W., Iwamoto, T., Grantham, J. ]. and
Sullivan, L. P. (2000). Biochim. Biophys. Acta, 1464,
69-82.

{131 (a) Lear, J. D., Wasserman, Z. R. and DeGrado, W. F.
(1988). Science, 240, 1177 -1181; (b) DeGrado, W. E,,
Wasserman, Z. R. and Lear, J. D. (1989). Science, 243,
622 -628; (c) DeGrado, W. F. and Lear, J. D. (1990).
Biopolymers, 29, 205-213; (d) Akerfeldt, K. 5., Kim, R.
M., Camac, D., Groves, J. T., Lear, J. D. and DeGrado,
W. F. (1992). ]. Am. Chem. Soc., 114, 9656-9657; (e)
Chung, L. A, Lear, J. D. and deGrado, W. F. (1992).



15:29 29 January 2011

Downl oaded At:

f14]

[15]
[16]
[17]
[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

MODELS FOR TRANSMEMBRANE, CATION-CONDUCTING TRANSPORTERS 403

Biochemistry, 31, 6608~6616; (f) Lovejoy, B, Le, T. C.,
Luthy, R., Cascio, D., O'Neil, K. T., Degrado, W. F. and
Eisenberg, D. (1992). Protein Sci., 1, 956-957; (g)
Robertson, D. E., Farid, R. S., Moser, C. C., Urbauer,
J. L., Mulholland, S. E., Pidikiti, R., Lear, J. D., Wand,
A. ], DeGrado, W. F. and Dutton, P. L. (1994). Nature
(London), 368, 425-432; (h) Betz, S. F. and DeGrado, W.
F. (1996). Biochemistry, 35, 6955-6962; (i) Suich, D. J.,
Ballinger, M. D., Wells, J. A. and DeGrado, W. F.
(1996). Tetrahedron Lett., 37, 6653 —6656; (j) Lear, J. D.,
Schneider, J. P., Kienker, P. K. and DeGrado, W. F.
(1997). J. Am. Chem. Soc., 119, 3212-3217; (k) Dieck-
mann, G. R, McRorie, D. K, Lear, J. D, Sharp, K. A,,
DeGrado, W. F. and Pecoraro, V. L., J. Mol. Biol., 280,
897-~912; (1) Dieckmann, G. R, Lear, J. D., Zhong, Q.,
Klein, M. L., DeGrado, W. F. and Sharp, K. A. (1999).
Biophys. |., 76, 618 -630.

Akerfeldt, K., Lear, J. D., Wasserman, Z. R., Chung,
L. A. and DeGrado, W. F. (1993). Acc. Chem. Res., 26,
191-197.

Tabushi, I., Kuroda, Y. and Yokota, K. (1982). Tetra-
hedron Lett., 23(44), 4601 - 4604.

Menger, F. M., Davis, D. 5., Persichetti, R. A. and Lee,
J. J. (1990). J. Am. Chem. Soc., 112, 2451 -2452.

Kano, K. and Fendler, J. H. (1978). Biochim. Biophys.
Acta, 509, 289.

Kobuke, Y., Ueda, K. and Sokabe, M. J. (1992). Am.
Chem. Soc., 114, 7618~ 7620.

(a) Tanaka, Y., Kobuke, Y. and Sokabe, M. (1995).
Angew. Chem. Int. Ed. Engl., 34, 693; (b) Kobuke, Y. and
Morita, K. (1998). Inorg. Chim. Acta, 283, 167-174.
Stadler, E., Dedek, P., Yamashita, K. and Regen, S.
(1994). . Am. Chem. Soc., 116, 6677 —6682.

(a) Wagner, H., Harms, K., Koert, U., Meder, S. and
Boheim, G. (1996). Angew. Chem. Int. Ed. Engl., 35,
2643-2646; (b) Schrey, A., Vescovi, A, Knoll, A.,
Rickert, C. and Koert, U. (2000). Angew. Chem. Int. Ed.,
39, 900-902.

(a) Stankovic, C. J., Heinemann, S. H., Delfino, J. M.,
Sigworth, F. J. and Schrieber, S. L. (1989). Science, 244,
813~-817; (b) Stankovic, C. J., Heinemann, S. H. and
Schrieber, S. L. (1990). J. Amer. Chem. Soc., 112, 3702 -
3704; (c) Stankovic, C. J. and Schrieber, S. L. (1991). 4,
1-20.

(a) Neevel, J. G. and Nolte, R. (1984). Tetrahedron Lett.,
25(21), 2263 - 2266; (b) Nolte, R. J. M., Beijnen, A. . M.
Neevel, J. G., Zwikker, ]. W., Verkley, A. J. and Drenth,
W. (1984). Israel. ]. Chem., 24, 297 -301; (c) Kragten, U.
F., Roks, M. F. M. and Nolte, R. J. M. (1985). J. Chem.
Soc. Chem. Comm., pp. 1275-1276; (d) Roks, M. F. M.
and Nolte, R. J. M. (1992). Macromolecules, 25,
5398 - 5407.

(a) Voyer, N. and Robitaille, M. (1995). J. Am. Chem.
Soc., 117, 6599 -6600; (b) Meillon, J.-C. and Voyer, N.
(1997). Angew. Chem. Int Ed. Engl., 36, 967-969; (c)
Roby, J. and Voyer, N. (1997). Tetrahedron Lett., 38,
191~-194; (d) Voyer, N., Potvin, L. and Rousseau, E.
(1997). J. C. S., Perkin Trans., 2, 1469-1471.

CrF represents a crown-substituted phenylalanine
(abbreviated Phe or F).

(a) Jullien, L. and Lehn, ].-M. (1988). Tetrahedron Lett.,
29, 3803 -3806; (b) Jullien, L. and Lehn, J.-M. (1992). J.
Inclusion Phenom., 12, 55— 74; (c) Pregel, M. ., Jullien, L.
and Lehn, J.-M. (1992). Angew. Chem. Int. Ed. Engl, 31,
1637 -1640; (d) Pregel, M. ]., Jullien, L., Canceill, J.,

[27]

[28]

[29]

[30)

[31]

[32]

Lacombe, L. and Lehn, J.-M. (1995). J. Chem. Soc. Perkin
Trans, 2, 417 —426.

(a) Carmichael, V. E,, Dutton, P., Fyles, T., James, T.,
Swan, J. and Zojaji, M. (1989). J. Am. Chem. Soc., 111,
767~769; (b) Fyles, T., James, T. and Kaye, K. (1990).
Can. J. Chem., 68, 976-978; (c) Fyles, T., Kaye, K,
James, T. and Smiley, D. (1990). Tetrahedron Lett., p.
1233; (d) Kaye, K. and Fyles, T. (1993). J. Am. Chem.
Soc., 115, 12315-12321; (e) Fyles, T, James, T,
Pryhitka, A. and Zojaji, M. (1993). . Org. Chem., 58,
7456 —-7468; (£) Fyles, T. M., Heberle, D., Van Straaten-
Nijenhuis, W. F. and Zhou, X. (1995). Supramol. Chem.,
6, 71-77; (g) Fyles, T. M. and Zeng, B. (1996). Chem.
Comm., pp. 2295-2296; (h) Fyles, T. M., Loock, D.,
Straaten-Nijenhuis, W. F. v. and Zhou, X. (1996). ]. Org.
Chem., 61, 8866—8874; (i) Cross, G. G. and Fyles, T. M.
(1997). ]. Org. Chem., 62, 6226—-6230; (j) Fyles, T. M.,
Loock, D. and Zhou, X. (1998). . Am. Chem. Soc., 120,
2997-3003; (k) Fyles, T. M. and Zeng, B. (1998).
Supramol. Chem., 10, 143-153; () Fyles, T. M. and
Zeng, B. (1998). ]. Org. Chem., 63, 8337 -8345.

(a) Ghadiri, M. R., Granja, J. R. and Buehler, L. K.
(1994). Nature, 369, 301-304; (b) Khazanovich, N.,
Granja, J. R., McRee, D. E., Milligan, R. A. and Ghadiri,
M. R. (1994). J. Am. Chem. Soc., 116, 6011-6012; (c)
Clark, T. D., Buehler, L. K. and Ghadiri, M. R. (1998). J.
Am. Chem. Soc., 120, 651-656; (d) Mutz, M. W., Case,
M. A., Wishart, ]. F.,, Ghadiri, M. R. and McLendon, G.
L. (1999). ]. Am.Chem. Soc., 121, 858 —859.

(a) Matile, S. J. (1997). Am. Chem. Soc., 119, 8726—8727;
(b) Sakai, N. and Matile, S. (1997). Tetrahedron Lett.,
38, 2613-2616; {c) Sakai, N., Brennan, K. C., Weiss,
L. A. and Matile, S. J. (1997). Am. Chem. Soc., 119,
8726-8727; (d) Weiss, L. A., Sakai, N., Ghebremar-
iam, B, Ni, C. and Matile, S. (1997). J. Am. Chem. Soc.,
119, 12142-12150; (e) Chen, L., Sakai, N., Moshiri,
S. T. and Matile, S. (1998). Tetrahedron Lett., 39, 3627 -
3630; (f) Ni, C. and Matile, S. (1998). Chem. Commun.,
pp- 755-756; (g) Sakai, N., Ni, C., Bezrukov, S. M.
and Matile, S. (1998). Bioorg. Med. Chem. Lett., 8,
2743-2746; (h) Ni, C. and Matile, S. (1998). Chem.
Commun., pp. 755-756; (i) Sakai, N., Ni, C., Bezrukov,
S. M. and Matile, S. (1998). Bioorg. Med. Chem. Lett., 8,
2743-2746; (j) Huang, X., Borhan, B., Matile, S. and
Nakanishi, K. (1999). Bioorg. Med. Chem., 7, 811-814;
(k) Tedesco, M. M., Ghebremariam, B., Sakai, N. and
Matile, S. (1999). Angew. Chem., Int. Ed., 38, 540—543;
() Winum, J.-Y. and Matile, S. J. (1999). Am. Chem.
Soc. 121, 7961-7962; (m) Huang, X., Borhan, B.,
Matile, S. and Nakanishi, K. (1999). Bicorganic and
Medicinal Chemistry, 7, 811-814; (n) Robert, F.,
Winum, J.-Y., Sakai, N., Gerard, D. and Matile, S.
(2000). Org. Lett., 2, 37-39.

(a) Moyer, B. A., “Complexation and Transport”, In:
Molecular Recognition: receptors for cationic guests, 1,
Comprehensive Supramolecular Chemistry, Gokel, G. W.
Ed. Oxford: Elsevier Science Ltd., 1996, pp. 377-416;
(b) Araki, T. and Tsukube, H. Liquid Membranes:
Chemical Applications, CRC Press, Boca Raton, 1990.
Gokel, G. W., Crown Ethers and Cryptands, Volume 3
in Stoddart, J. F. (Ed.), Monographs in Supramolecular
Chemistry, The Royal Society of Chemistry, London,
England, 1991, 190 pp.

Gokel, G. W,, Dishong, D. M. and Diamond, C. J.
(1980). J. C. 5. Chem. Commun., p. 1053.



15:29 29 January 2011

Downl oaded At:

404

[33]

i34
[35]

1361

[37]

{381

{39]

[401

141}

42]

[43]

H. SHABANY et al.

(a) Gokel, G. W. and Trafton, ]J. E. (1990). “Cation
Binding by Lariat Ethers”, In: Cation Binding by
Macrocycles, Gokel, G. W. and Inoue, Y. Editors, Marcel
Dekker, New York, 253-310; (b) Gokel, G. W. (1991).
“Lariat Ethers”, Inclusion Phenomena, Vol. 4, Atwood, .
L. Davies, E. and MacNicol, D. D. Eds., Oxford
University Press, 287-328; (¢) Gokel, G. W. (1992).
Chem. Soc. Reviews, 21, 39-47; (d) Gokel, G. W. and
Schall, O. F. (1996). “Lariat Ethers”, Comprehensive
Supramolecular Chemistry, pp. 97 ~152.

Wiener, M. C., and White, S. H. (1992). Biophys. J., 61,
434 -447.

P. Yeagle, Ed. (1992). The Structure of Biological
Membranes. Boca Raton: CRC Press.

Creighton, T. E., Proteins: Structures and Molecular
Properties. Second Edn., W. H. Freeman and Co., New
York, 1993, p. 154.

Bradshaw, J. S., Izatt, R. M., Bordunov, A. V., Zhu, C. Y.
and Hathaway, J. K. (1996). Crown ethers. In: Molecular
recognition: receptors for cationic guests (Gokel, G. W.,
Ed.), 1, 35-95. 11 vols. Elsevier Science Ltd., Oxford.
Liesegang, G. W., Vasquez, A., Purdie, N. and Eyring,
E. M. (1977). ]. Amer. Chem. Soc., 99, 3240.

The Oxford English Dictionary does not list “permis-
sivity’” but it does list ““permissive’” with the following
definition: "Having the quality of permitting or giving
permission; that allows something to be done or to
happen. L15".

Franks, F. Water, Royal Society of Chemistry, Cam-
bridge, 1984, p. 69 ff.

Amold, K. A., Hernandez, J. C., Li, C., Mallen, J. V.,
Nakano, A., Schall, O. F,, Trafton, |. E., Tsesarskaja, M.,
White, B. D. and Gokel, G. W. (1995). Supramol. Chem.,
5, 45-60.

(a) Kuwamura, T. and Kawachi, T. (1979). Yukagaku,
28, 195 (Chem. Abstr. 90:206248); (b) Kuwamura, T,
Akimaru, M., Takahashi, H. L. and Arai, M. (1979).
Kenkyu Hokoku-Asahi Garasu Kogyo Gijutsu Shor-
ekai, 35, 45 (Chem. Abstr. 95:61394q); (c) Kuwamura, T.
and Yoshida, S. (1980). Nippon Kagaku Kaishi, p. 427
(Chem. Abstr. 93:28168e).

(a) Okahara, M., Kuo, P. L., Yamamura, S. and Ikeda, L.
(1980). J. Chem. Soc. Chem. Commun., p. 586; (b) Ikeda, L,
Iwaisako, K., Nakatsuji, Y. and Okahara, M. (1986).
Yukagaku, 35, 1001 (Chem. Abstr. 106:86714).

[44]

[45]
[46]

1471

148]

1491

[50]

(511

[52]

{531

[54]

[55]

[56]

{57]

(a) Echegoyen, L. E., Hernandez, J. C., Kaifer, A,,
Gokel, G. W. and Echegoyen, L. (1988). J. Chem. Soc.
Chem. Commun., pp. 836 —837; (b) De Wall, S. L., Wang,
K., Berger, D. L., Watanabe, S., Hernandez, J. C. and
Gokel, G. W. (1997). ]. Org. Chem., 62, 6784-6791.
Roux, B. and MacKinnon, R. (1999). Science, 285,
100-102.

Hernandez, J. C., Trafton, J. E. and Gokel, G. W. (1991).
Tetrahedron Lett., pp. 269272,

(a) Abel, E., Meadows, E. S., Suzuki, I, Jin, T. and
Gokel, G. W. (1997). |. Chem. Soc. Chem. Commun.,
pp- 1145-1146; (b) de Mendoza, J., Cuevas, F,, Prados,
P., Meadows, E. S. and Gokel, G. W. (1998). Angew.
Chem. Int. Ed. Engl., 37, 1534—1537.

(a) Riddell, F. G. and Hayer, M. K. (1985). Biochem.
Biophys. Acta, 817, 313-317; (b) Riddell, F. G.
and Tompsett, S. ]J. (1990). Biochim. Biophys. Acta,
pp. 193-197.

(a) Doyle, D. A. and Wallace, B. A. (1996). Biomem-
branes, 6, 327 -359; (b) Wallace, B. A. (1998). J. Struct.
Biol,, 121, 123-141.

Murillo, O, Suzuki, 1, Abel, E, Murray, C. L.,
Meadows, E. S, Jin, T., and Gokel, G. W. (1997).
J. Am. Chem. Soc., 119, 5540 -5549.

Pliska, V., Testa, B. and Waterbeemd, H. v. d., Eds.
(1996). Lipophilicity in Drug Action and Toxicology.
Vol. 4. Methods and Principles in Medicinal Chemistry.
Edited by Mannhold, R., Kubinyi, H. and Timmerman,
H. Weinheim: VCH.

Abel, E., Maguire, G. E. M., Meadows, E. S., Murillo,
0., Jin, T. and Gokel, G. W. (1997). J. Am. Chem. Soc.,
119, 9061 -9062.

Kachel, K., Ascuncion-Punzalan, E. and London, E.
(1995). Biochemistry, 34, 15475 -15479.

Abel, E., Maguire, G. E. M., Murillo, O., Suzuki, L
and Gokel, G. W. (1999). J. Am. Chem. Soc., 121,
9043 -9052.

(a) Abel, E., Fedders, M. F. and Gokel, G. W. (1995)
J. Am. Chem. Soc., 117, 1265-1270; (b) Abel, E., De Wall,
S. L., Edwards, W. B, Lalitha, S., Covey, D. F. and
Gokel, G. W. (2000). Chem. Comm., pp. 433-434.
Schiffer, M., Chang, C.-H. and Stevens, F. J. (1992).
Protein Engineering, 5, 213 ~214.

Murillo, O., Abel, E., Maguire, G. E. M. and Gokel, G. W.
(1996). ]. Chem. Soc. Chem. Commun., pp. 2147 -2148.



