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The o-hemolysin @HL) protein pore has been used as a (a) H
“nanoreactor” for the observation of small-molecule chemistry in N
water at the single-molecule level. By monitoring the ionic current CI/\fr \©\
passing through a pore, changes in the size, shape, and polarity of 0 N/’ N
a reactant tethered to the internal wall can be monitored. By \Q\
comparison with other single-molecule techniques, such as fluo- SO+
rescence measurements and force spectroscopy, the approach OffEI’S{b)
a minimum of interference with the reaction under observation.
Reaction conditions, such as reagent concentration, pH, and
temperature, can be varied in a straightforward manner. This
powerful approach has been used to monitor the three-step
photoinitiated breakdown of a 2-nitrobenzyl-protected carbafate,
the reversible adduct formation between a thiol and an orga-
noarsenic(lll) compoundthe formation of a mixed disulfide and
its cleavage by dithiothreitdl,and the step-by-step growth of a
polymer chairf. In the present work, we have observed the .
photoinduced transcis isomerization of an azobenzene. The T i o
reaction constitutes a digital erff switch that can be operated S”Wg O N PL K ©
by light at a fixed wavelength. N O ) Sﬂg O &
Azobenzenes are photochromic dyeghich are converted from ] SD°_ ) TN
the rans o the cis form by igh of shot wavelongih (e, 380 70U . s, Snesherioyen proen pore enianin o seobervens
nm) and from the cis to the trans state by light of longer wavelength pepsenesuifonatel, the alkylating agent used to preparess®
(e.g., 450 nm) or by thermal relaxation. Because the trans and cis(b) Representations ofsRs in the trans and cis forms.
states have overlapping absorption bands, complete conversion to
the cis form cannot be achieved in bulk solution. The mechanism second level is taken to represent the cis state, as substantiated by
of isomerization (inversion, rotation, or hula-twigt remains its characteristics, described below. The light source was then
unclear despite extensive experimental and computational Wérk.  shuttered{hv) with Pazo in the cis state, and no further transitions
We constructed amHL pore in which only one of the seven  were seen until irradiation was continuetlhy). Finally, the light
subunits was modified with an azobenzene derivative (Figure 1). source was shutteree-tw) with Pazo in the trans state, and again
A mutantoHL monomer,aHL-T117C-D8, was derivatized atthe  no further transitions were seen. Over 40 light-dark cycles have
single cysteine residue at position 117 with the water-soluble been recorded in a single experiment, wittydremaining in the
azobenzene derivative (Figure 1a). The modified subunit was trans or cis state during the dark periods, depending on which state
assembled together with wild-type (WT) subunits, and the hetero- was present when the light source was shuttered.
heptamer W{T117C41-D8); (Pazo, Figure 1b) with only one The mean lifetimes of the trans and cis states at a given
modified subunit was purified by SDS-polyacrylamide gel elec- wavelength should be dependent on the incident light intensity,
trophoresis, relying upon the electrophoretic shift caused by the according tor ~ 0.3kpelo, wherer = mean lifetimejp = quantum
C-terminal octa-aspartate (D8) t&if on the modified subunit (see  yield; e = extinction coefficient of the absorbing specigs:= light
Supporting Information for details). Compouhdarries a sulfonate  intensity (see Supporting Information). By using neutral density
group for aqueous solubility and for maximizing the effect of filters to modulate the intensity of the incident lighg, we showed
isomerization on the ionic current. that r indeed has a linear relationship with the reciprocal of the
A single Rizo was inserted into a planar lipid bilayer, and the transmittance of the filter for both the trans and cis states at 330
current carried by aqueous ions passing through the pore wasnm (see Supporting Information).
measured at a constant applied potential (Figure 2). The bilayer The lifetimes in the trans and cis states should also exhibit a
was illuminated with light from a 300 W Xe lamp brought to a wavelength dependence, wheye. = ¢cdpict, for each wavelength
sapphire window in the bilayer chamber with a fiber optic buridle. examined. The validity of this relationship was tested by using a
At the start of the recording shown, the current we&9 pA. This series of band-pass and interference filters (see Supporting Informa-
level is taken to represent the thermally stable trans state as it wastion). Values fore; and e were taken from the absorption spectra
the current passed whenA first inserted into the bilayer. When  of the trans and cis isomers of compoun@vhich should be closely
the bilayer was irradiated at 330 nntlfv), transitions between similar to those of ko), and values ofp; and ¢, were from the
the initial level and a second level 92 pA were apparent. The literature. There is considerable disagreement over the latter, and
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Figure 2. Trans-cis isomerization in a singlesPo pore as demonstrated by current recording in a planar lipid bilayer. The buffer was 10 mM Tris-HCI,
pH 8.5, 2 M KClI, 100uM EDTA on both sides of the bilayer, and the applied potential w&® mV. Irradiation was at 330 nm and 26.

this difficulty as well as the unusual environment of the azobenzene can be flipped from one state to another by a fixed wavelength of
within the lumen of the pore might explain the weak agreement, light. As predicted from ensemble measureméatso intermedi-

but correct trend, when the experimental and theoretical values of ates were seen on the millisecond time scale in the individuaHrans

t/t. are compared. For example, the experimental values were cis transitions. Therefore, it might be possible to make fast digital
/t. = 0.82 at 330 nm andi/t. = 3.8 at 465 nm, while the nanoscale switches based on our findings.

calculated values wera/zc = 0.18 at 330 nm and/zc = 1.5 at Acknowledgment. This work was supported by the MRC and

465 nm. _ _ the ONR. H.B. is the holder of a Royal Society-Wolfson Research
Interestingly, Rzo could be switched to the trans or the cis state Merit Award.

with light of a fixed wavelength (strictly a fixed band of
wavelengths), simply by turning the light off after the desired
transition (Figure 2). When 2o was in the cis state, no thermal
relaxation was observed in the dark in individual experiments lasting

Supporting Information Available: Materials and methods, deri-
vation of the equations, tables, and additional figures. This material is
available free of charge via the Internet at http://pubs.acs.org.
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