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Monitoring Chemical Reactions by
Using lon-Channel-Forming Peptides

Steven Blake, Thomas Mayer,” Michael Mayer,*®’
and Jerry Yang*®

This paper presents a method for monitoring chemical reac-
tions on individual molecules. We exploit the functional prop-
erties of an ion-channel-forming peptide to follow the conver-
sion of chemical groups on molecules attached near the open-
ing of these semisynthetic nanopores. It is known that the con-
ductance properties of derivatives of gramicidin A (gA) can be
measurably different.”’ Here, we take advantage of single-
channel conductance measurements to monitor in situ the
multistep conversion of a tert-butyloxycarbonyl-protected
(Boc-protected) amine to the free amine and the subsequent
diazotization/hydrodediazoniation of the amine to an alcohol
functionality on molecules attached to gA. These model reac-
tions show that gA provides a simple nanoscale platform for
sensing external chemical reagents with high sensitivity and
selectivity.

Gramicidin A is a natural ion-channel-forming peptide (mo-
lecular weight 1.9 kDa, secreted from the bacterium Bacillus
brevis) that incorporates into lipid bilayers and facilitates the
transmembrane flux of monovalent cations upon reversible di-
merization in bilayers (Figure 1A).” Although several artificial
ion channels based on genetically engineered proteins,” pep-
tides,™ or oligomers of organic molecules®™ have been ex-
plored for their potential use as chemo- and biosensors,™
most of these sensors are designed to sense particular structur-
al properties of chemical or biochemical species (such as the
ability of a ligand to interact with a binding pocket). In this
work, we explore the use of ion channels derived from gA to
detect chemicals that display particular functional properties
(such as the ability to facilitate specific chemical transforma-
tions). Bayley and co-workers have previously demonstrated
that wild-type and genetically modified a-hemolysin (a
232.4 kDa protein™) can be used to monitor the conversion of
a light-driven reaction by recording distinct conductances of
intermediates throughout the course of the reaction.*? Here,
we demonstrate that it is possible to monitor the synthetic
conversion of reactive chemical groups on molecules attached
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Figure 1. Monitoring chemical reactions on molecules attached to gramici-
din A (gA) by analysis of single ion-channel currents. A) Cartoon of the rever-

“on

(o]
sible dimerization of gA in lipid bilayers. B) lllustration of the stepwise con-
version of gA carrying a Boc-protected glycine group (top) to gA carrying a
glycolic acid group (bottom) in the presence of external reagents. C) Repre-
sentative single ion-channel recordings (in 1m KCl, 0.01m HEPES buffer,
pH 7.4) of the corresponding derivatives of gA, 1-3, shown in part (B).

KNO,

to gA in the presence of external chemical reagents in solution
to afford identifiable and isolatable products with measurably
different single-channel conductance. This research extends
the pioneering work on a-hemolysin to a synthetically accessi-
ble platform—gA—that is readily available in high purity and
in useful quantities.

We synthesized and characterized derivatives of gA carrying
N-Boc-protected glycine (1), glycine (2), and glycolic acid (3)
moieties attached to the C terminus of commercially available
gA (Figure 1B). The Supporting Information summarizes the
details of the syntheses. We measured the single-channel cur-
rent of 1-3 by incorporating them into planar lipid bilayers.
Figure 1C shows representative current-versus-time traces of
1-3 under an applied potential of 100 mV in buffered solution
(Tm KCI, 0.01m HEPES buffer, pH 7.4). These traces show that
the conductance of ions through derivatives 1-3 was depen-
dent on the functional group present on the C terminus. Anal-
ysis of the current-versus-potential curves (Figure S1 in the
Supporting Information) reveals a distinct single-channel con-
ductance of 22.34+0.2, 13.5+0.8, and 19.6 0.5 pS for deriva-
tives 1-3, respectively. The measurably different conductance
properties of these derivatives made it possible to monitor the
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interconversion of 1-3 upon addition of external chemical re-
agents in an aqueous environment.

The deprotection of Boc groups on amines is commonly
achieved under acidic conditions.”! We added 1 to a final con-
centration of 50 pm to both 1.0 mL chambers of a stirred
planar lipid bilayer setup® containing unbuffered solutions of
0.5m HCl and 0.5m KCI and monitored the ion-channel activity
after approximately 10 min. Initially, the main single-channel
current at a potential of 100 mV was 19.0 0.9 pA (correspond-
ing to a single-channel conductance of 19049 pS) as indicated
by the histogram in Figure 2B.'% After 30 min, the occurrence
of the single-channel current value of 19.0 pA was significantly
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Figure 2. Monitoring of the single ion-channel currents during the conver-
sion gA derivative 1 to gA derivative 2. A) lllustration of the removal of a
tert-butyloxycarbonyl group from an amine under aqueous acidic conditions.
Histograms of the observed single-channel current states of 1 recorded

B) 10 min and C) 60 min after initiating the reaction shown in (A).

reduced and after an additional 30 min (60 min total after in-
troduction of 1), the main single-channel current observed was
at 16.7+0.3 pA (Figure 2C)." We independently measured a
current of 17.1+£0.3 pA for 2 under the same conditions (i.e.,
0.5m KCI and 0.5m HCI), which is consistent (within experimen-
tal error) with the final current value of 16.7+0.3 pA recorded
for the deprotection of the 1 in aqueous acidic solution. We at-
tribute the smaller single-channel conductance of 2 compared
to 1 to the presence of a positive charge on the deprotected
amine of 2 (as opposed to the electroneutral character of 1). A
positive charge close to the opening of the channel presuma-
bly reduces the permeability of monovalent cations through 2
compared to 1. We confirmed by 'H NMR spectroscopy that
1 mm N-Boc-protected glycine is deprotected within 80 min
under analogous conditions in D,0.

To demonstrate further the possibility of following the trans-
formation of functional groups on molecules attached to gA,
we monitored the conversion of the free amine on the C-ter-
minally linked glycine moiety of 2 (i.e., the product of the reac-
tion of 1 with HCI) to an alcohol group in the presence of po-
tassium nitrite under aqueous acidic conditions.'? We record-
ed a single ion-channel current of 1.440.1 pA for 2 (final con-
centration 20 pm) in a stirred planar lipid-bilayer setup contain-
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ing 0.1m KCl and 0.5m potassium acetate buffer (pH 3.8) at a
potential of 100 mV. We added KNO, to both chambers of the
planar lipid-bilayer setup (to give a final concentration of
0.03m KNO, in each chamber) and monitored the ion-channel
activity. After approximately 45 min, we recorded a single-
channel current value of 1.8+0.1 pA. Independent measure-
ment of 3 under the same experimental conditions gave a
single ion-channel current of 1.8+0.1 pA, which was consis-
tent with the results from monitoring the conversion of 2 to 3
by single ion-channel recordings. As expected, the conversion
of the positively charged amine in 2 to the electroneutral alco-
hol in 3 resulted in higher single-channel conductance of 3
compared to 2 (due to the presumed increased permeability
of monovalent cations through 3). For comparison, we ob-
served by 'H NMR spectroscopy that 0.01m glycine can be con-
verted quantitatively to glycolic acid within 60 min in the pres-
ence of 0.3m nitrite under similar buffered conditions in D,0.

We have, thus, demonstrated the possibility of following the
conversion of chemically reactive groups on derivatives of gA
in the presence of external chemical reagents by monitoring
single ion-channel currents."” This approach to the use of ion-
channel-forming peptides as chemical sensors complements
studies on fluorescent chemosensors,"¥ which monitor
changes in the local environment of a molecule (here, manipu-
lating the charge of functional groups near the opening of an
ion-channel pore) to sense a chemical process. Further devel-
opment of ion-channel-forming molecules with synthetically
tailored conductance properties might make it possible to
detect a wide range of chemically and biochemically active
agents in solution with high sensitivity and selectivity. Syntheti-
cally tailored ion channels might also be useful for fundamen-
tal studies of organic reactions on molecules embedded in bi-
layers for cell-surface engineering applications.
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