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Optical control of biomolecules can permit novel approaches
for probing the chemistry of living systerd€. Reversible
control of ion transport systems, in particular, offers the
possibility of investigating the importance of timing and rhythms
in excitable cell systems. Several groups have designed ion
transport systems that incorporate photochromic gréupso-
toisomerization has been designed to affect ion binding,
positioning of channel-forming molecules in the membrane,
creation of polar sites within the membrahey gramicidin
channel dimerizatio® We wish to report a novel approach
in which photoisomerization can affect blocking of the grami-
cidin ion channel by a molecular “gate”.

lon channels formed by gramicidin are well-characterized
both structurally and functionall§/2° We observed previously
that attachment of ethylenediamine via a carbamate linkage to
the C-terminal end of gramicidin resulted in significant blocking
of cation flux1! The protonated alkylamine inhibited cation
flux both electrostatically and sterically. Thermal cis/trans
isomerization of the carbamate group resulted in different

degrees of blocking; isomerization could be resolved as discrete

steps in single-channel current recordifgs.

Figure 1 shows the effect on the appearance of single-channel

current recordings of lengthening the alkylamideThe steps
observed in the current amplitude are due to cis/trans isomer-
ization of the carbamatés. Isomerization at the entrance (rather
than the exit) of the channel has a dominant effect on ion flux;
thus, two rather than four current levels are sBeiAs the alkyl

chain length increases, the size of the steps decreases. With a
nine-carbon chain, the steps are barely discernible and the

average current is nearly that of an unmodified gramicidin
channel. The effectiveness of block by the protonated amino
group thus depends on the length of the linker connecting it to
the mouth of the channel.
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Figure 1. Single-channel behavior of gramicidialkylamine deriva-

tives. The magnitude of the current increases with increasing alkyl chain
length (highest current level: unmodified gramicidin 15:30.9 pA
(n=59); (CH). 9.8+ 0.6 pA (n = 331); (CH)s 13.2+ 0.5 pA n =

100); (CH)e 14.3+ 0.7 pA (h = 100)). Chains with three, four, and
eight methylene units gave intermediate currents. Current steps observed
(due to cis/trans isomerization of the carbamates) decrease with the
length of the alkyl chain and are barely discernable when there are
nine methylene units.
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Figure 2. Structure of azobenzene-modified gramicidin channels. The
model of the channel proper is based on the NMR data of Arseniev for
gramicidin in lipid micelles” The azobenzene-containing molecular
“gates” are shown in cis/cis (a) and trans/trans (b) arrangements. The
gates are flexible and only one of several possible conformations is
shown. Covalent structure of thmara-azobenzene (c) “gate” and the
metaazobenzene (d) “gate”.

Photoisomerization of azobenzene changes its lefgiVe
reasoned that replacement of the alkyl moiety in the above
derivatives with an azobenzene group might permit photomodu-
lation of channel blocking. Two compounds, ‘4Ms(amino-
methyl)azobenzene and 3@s(aminomethyl)azobenzene were
therefore synthesized and attached to gramicidin via carbamate
linkaged® (Figure 2c and d, respectively). Figure 2 shows the
gramicidin channel structu¥e!” with azobenzene groups at-

mV applied voltage. Currents were measured, and voltage was set using

an Axopatch 1D patch-clamp amplifier (Axon Instruments). Data were
filtered at either 100 or 200 Hz, sampled at 1 kHz, stored directly to disk,
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and analyzed using the program Synapse (Synergistic Research Systems). (15) See Supporting Information.
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[ U — tion. Four distinct current levels are seen, whereas only two
are discernible in Figure 3a. In addition, the size of these current
steps is significantly larger than before irradiation. By analogy

baseli with the alkylamine cas¥, we assign the current levels in the
cis-azobenzene record (in order of decreasing current) to trans/
trans, trans(entrance)/cis(exit), cis(entrance)/trans(exit), and cis/

(a) - cis conformations of the carbamate linkers. Importantly, both

before and after irradiation, the absolute channel currents are
unchanged when the voltage is reversed during the lifetime of
5pA| s a single channel (Figure 3). Thus the channels are behaving as
symmetrical structures; the azobenzene groups at both the
entrance and the exit of the channel are therefore likely to be
in the same conformation (cis/cis or trans/trans). Channels that
baseli are not symmetrical with respect to voltage reversal were also
observed (commonly after a brief irradiation, as expected) and
these occurred in two complementary orientations. Brief

exposure (10 min) o€is-azobenzene channels to light from a

100 W desk lamp resulted in conversion back to the behavior

gramicidin channels. (a) Channel with both azobenzene groups in theObSG"rved withtrans-azobenzene channels (and hybrid trans/cis

irans conformation. ON : - OIchannels). Thus the photomodulated blocking observed is
. Only small steps in the current are seen as indicate N S L .

by the bars; highest current level 14:90.4 pA (0 = 65); step size 0.6 reverS|bIe|.n situ. Qualitatively .S|m.|Iar single channel results

+ 0.1 pA (h = 300). (b) Channel with both azobenzene groups in cis were obtained with theara derivative.

conformations obtained after laser irradiation. Up to three steps are  To examine whether My—Cpnenyirotation was hindered under

seen, and these are larger than in a (as indicated by the bars); highesthe conditions of these experiments, we synthesized o

current level, 12.8£ 0.4 pA (0= 72); step 1, 1.1 0.1 pA (h = 700); and metasubstituted azobenzene “gates”. Different rotamers

step 2, 2.6t 0.1 pA (0 = 700); step 3, 3.5 0.2 pA (0 = 100). In of themetasubstituted derivative would have the charged amino

both a and b, voltage reversal during the lifetime of the channel (the group at different positions relative to the channel mouth. If

vertical line) changes only the sign, not the magnitude of the currents these conformations are not averaged on the time scale of the

(the base lines (closed statesta200 mV) have been superimposed).  jegsyrement a complex variety of channel conductance states

Channel recordings of thgara-azobenzene-gramicidin derivative were should result. The internal symmetry of tpara-substituted

glso obtained. The currents observed for the trans/trans (azo) phom'derivative should significantly reduce the number of possible

':ig/'z]gr (ng g; ;ﬁ(')%)gfmpg:(nl;zgl).’oofi (r? i %?)(’n; zzig%)_'l':s ;t(?]e conductance substates. For bothithetaandpara derivatives,

= 600), 2.9+ 0.3 pA (1 = 600), 4.0+ 0.4 pA (0 = 10). Powever, only one dls_tmct set of current steps coul_d be_ detected
or each photoisomeric state. Thus::ptCphenyirotation in all

tached at both ends in cis and trans conformations. The channef3S6S appears to be fast on the time scale of the channel
structure is unlikely to be greatly altered by the azobenzene measurem'erjj[s>(1 kHz). )

groups since C-terminal modifications to gramicidin are gener- ~ The flexibility of the “gates” means that they will sample a
ally well-tolerated!® Moreover, we observe that these azoben- Variety of conformations, and the extent of blocking ( the
zene-modified peptides form heterodimeric channels with residual conductance) observed will reflect an average of the
unmodified gramicidin, indicating that the channel architecture conductance of each conformation weighted according to the
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Figure 3. Single-channel behavior ometaazobenzene-modified

is intact18 stability of that conformation. The most distinct differences
Figure 3a shows current passing through a representativebetween thecis- andtrans-azobenzene states of the channels
single channel recorded after incorporation tednsmeta occur when the carbamate groups are in cis conformations and

azobenzene-modified gramicidin into a lipid bilajfgstructure ~ the azobenzene group metasubstituted (Figure 3). This
Figure 2d). Very small steps in the current are observed on arrangement presumably permits a subset of conformations of
the time scale expected for thermal cis/trans isomerization of the “gate” to occur that block the channel particularly effectively.
the carbamate linker. The size of these steps is similar to that The “double-headed” blocking concept presented here has
of the steps observed with a nine-carbon alkylamine and is an important advantage with respect to the completeness of the
consistent with an extended structure for the azobenzene grougphotoswitching. Since the photochromic blocking groups are
that places the protonated amino group (on average) far fromarranged in series along the ion transport pathway, in principle,
the mouth of the channel. photoisomerization of either one could provide the desired

Irradiation of these gramicidinazobenzene channefssitu gating. This design ameliorates one of the problems in using
with a nitrogen laser (337 nm) causes a significant change in reversible photochromes for switchinge(, that light will
the single-channel currents. Absorbance measurements incatalyze isomerization in both the forward and reverse direc-
solution demonstrated that this treatment resulted in a photo-tions); the photostationary state achieved depends on the
stationary state that was85% cis. Figure 3b shows a absorbance cross-sections of the two isomers, and for azoben-
representative single-channel record obtained after laser irradiazene, these overlap significanfty. A series arrangement of

- - - photochromes, however, means that 85% (photostationary)
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an hour under the conditions of channel recording.
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