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his paper presents a single channel

recording platform for monitoring

the activity of enzymes through their
reaction with substrates attached to the
ion channel-forming peptide gramicidin A
(gA). This platform exploits the catalytic ac-
tivity of an enzyme in combination with the
amplification characteristics of ion conduc-
tance through individual gA pores to detect
picomolar to nanomolar concentrations of
active proteins in solution.

The activity of enzymes can be indica-
tive of normal or abnormal cellular func-
tion and is often used to diagnose diseases
or to detect infections.!* Here, we investi-
gated alkaline phosphatase (AP) and an-
thrax lethal factor (LF) as two model en-
zymes to develop a gA-based, planar lipid
bilayer platform (Figure 1) as a sensitive
analytical strategy for in situ detection of en-
zyme activity. Assessing AP activity in blood
is a routine part of health examinations be-
cause abnormal levels can be early indica-
tors of cancer*® or liver damage.®’” Detect-
ing LF at low concentrations is relevant in
the context of bioterrorism because Bacil-
lus anthracis is classified as a biowarfare
agent® % and because sensitive methods
for detection of LF are important for early
determination of infection by B. anthra-
cis.”® Although colorimetric,'~ "7
chromatographic,'®2° electrochemi-
cal, 2’23 and ELISA-based?*?> methods
have been developed to quantify the ac-
tivity of clinically relevant enzymes, new
diagnostic platforms are still needed to
improve the robustness, sensitivity, selec-
tivity, portability, speed, and cost-
effectiveness of bioanalytical assays.

To date, only three examples of ion
channel recordings for detecting enzyme

Www.acsnano.org

ABSTRACT Sensitive methods to probe the activity of enzymes are important for clinical assays and for
elucidating the role of these proteins in complex biochemical networks. This paper describes a semi-synthetic ion
channel platform for detecting the activity of two different classes of enzymes with high sensitivity. In the first
case, this method uses single ion channel conductance measurements to follow the enzyme-catalyzed hydrolysis
of a phosphate group attached to the C-terminus of gramicidin A (gA, an ion channel-forming peptide) in the
presence of alkaline phosphatase (AP). Enzymatic hydrolysis of this phosphate group removes negative charges
from the entrance of the gA pore, resulting in a product with measurably reduced single ion channel conductance
compared to the original gA—phosphate substrate. This technique employs a standard, commercial bilayer setup
and takes advantage of the catalytic turnover of enzymes and the amplification characteristics of ion flux through
individual gA pores to detect picomolar concentrations of active AP in solution. Furthermore, this technique makes
it possible to study the kinetics of an enzyme and provides an estimate for the observed rate constant (k) and
the Michaelis constant (Ky) by following the conversion of the gA—phosphate substrate to product over time in
the presence of different concentrations of AP. In the second case, modification of gA with a substrate for
proteolytic cleavage by anthrax lethal factor (LF) afforded a sensitive method for detection of LF activity,
illustrating the utility of ion channel-based sensing for detection of a potential biowarfare agent. This ion channel-
based platform represents a powerful, novel approach to monitor the activity of femtomoles to picomoles of two
different classes of enzymes in solution. Furthermore, this platform has the potential for realizing miniaturized,
cost-effective bioanalytical assays that complement currently established assays.

KEYWORDS: gramicidin A - alkaline phosphatase (AP) - planar lipid bilayers - ion
channels - biosensors - enzyme activity - anthrax lethal factor (LF) - biowarfare agent

activity have been reported. In all three
cases, a-hemolysin pores were used as the
sensing element.? In the first case, Ghadiri’s
group recently reported the use of ion
channel conductance to detect single-
nucleotide primer extensions catalyzed by
DNA polymerase.?’ In the second case, Bay-
ley’s group detected the activity of an exo-
nuclease in an effort to explore the poten-
tial of a-hemolysin pores for DNA
sequencing.?® In the most recent case, Zhao
et al. reported the detection of trypsin activ-
ity by monitoring the translocation of cleav-
age products through an a-hemolysin
pore.?®
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Figure 1. lllustration of a planar lipid bilayer setup for recording
single ion channel currents through derivatives of gramicidin A.
The Teflon chamber consists of two compartments filled with a re-
cording electrolyte containing CsCl as a source of monovalent cat-
ions. The two aqueous compartments are separated by a Teflon film
with a small aperture that supports a planar lipid bilayer. Each com-
partment contains one Ag/AgCl electrode that is submerged in the
recording electrolyte. When a voltage is applied by a patch clamp
amplifier, cesium cations pass through pores formed by two mol-
ecules of a gA derivative (embedded in the bilayer) and create a
measurable current. A computer is used to store and analyze the re-
corded single channel currents.

The research presented here explores an alternative
and novel ion channel-based strategy for the detec-
tion of enzymatic activity by monitoring changes in
single channel conductance through a gramicidin pore
upon reaction of enzymes with substrates attached co-
valently to the C-terminus of gA. This platform offers at
least four complementary advantages for detection of
enzyme activity compared to methods that are not
based on ion channels. These advantages include: (1)
the method utilizes the amplification characteristics of
modulated ion flux through a single ion channel to
achieve high sensitivity (by modifying individual ion
pores and consequently affecting the flux of thousands
of ions);?°~37 (2) the method is orthogonal to colorimet-
ric assays and can, therefore, be advantageous for solu-
tions that are colored, contain fluorescent molecules, or
quenchers of fluorescence (e.g., blood);**3® (3) the
method requires only extremely small quantities (subpi-
comole amounts) of the ion channel probe (minimiz-
ing cost); and (4) the nanoscale size of ion channels
makes it possible to develop enzyme activity assays
within miniaturized, cost-effective, and potentially por-
table, low power devices.3* *2 In contrast to
a-hemolysin, which forms permanent pores in bilay-
ers,* gA reversibly partitions into and out of lipid bilay-
ers (with a strong preference for the bilayer*) facilitat-
ing stepwise transmembrane flux of monovalent
cations upon dynamic dimerization and
dissociation.*# These stepwise fluctuations in re-
corded single channel current, which are a conse-
guence of dynamic opening and closing of gA pores,
make it possible to determine the single channel con-
ductance of gA pores with high accuracy; measurement
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of the single channel conductance through gA pores is
hence independent of possible artifacts that may affect
the ion permeability through the entire area of the bi-
layer. Permanent pores, such as a-hemolysin, do not
provide this advantage because of the absence of com-
plete opening and closing steps. Additionally, since gA
reversibly partitions between the membrane and the
bulk electrolyte solution, sensors based on a gA
platform* > can participate in homogeneous pro-
cesses occurring in the bulk solution, whereas perma-
nently incorporated pores are limited to heterogeneous
processes on a membrane surface.>® Furthermore, gA
is particularly well-suited for the development of an ion
channel-based assay to detect enzyme activity be-
cause it is available in gram-scale quantities and condu-
cive to synthetic derivatization while preserving its ion
channel function;*%>’~%3 it can be tailored for the detec-
tion of specific chemically or biochemically reactive
analytes,30383052545560-65 gnd it is simple to use due to
its spontaneous self-incorporation into bilayers and its
well-defined, discrete ion conductance values.

We previously reported that single ion channel re-
cordings can be used to detect, in situ, the reactivity of
molecules in solution if they chemically modify the ionic
charge on functional groups near the opening of a gA
pore (we call this mode of detection charge-based
sensing).2%352 According to the Gouy—Chapman
theory,%® a charged group presented at a bilayer sur-
face can cause a significant change in the local concen-
tration of ions®’ (especially at low ionic strength°).58
This change in local ion concentration can, in turn, af-
fect the conductance of ion channels that are embed-
ded in a bilayer. The resulting modulation in single
channel conductance makes it possible to detect a re-
action that alters the charge on substrates attached to
the entrance of an ion pore 303852

Here, we explored whether charge-based sensing
could be used to detect the enzyme activity of AP
through its capability to catalyze the hydrolysis of nega-
tively charged phosphate groups from substrates at-
tached to the C-terminus of gA. We demonstrate that
enzymatic hydrolysis of a phosphate group from gA,
and the concomitant removal of negative charges from
the entrance of the gA pore, resulted in a significant
change in single channel conductance. This research
represents the first example of using gramicidin pores
for the direct detection of enzyme activity by monitor-
ing changes in single ion channel conductance. Further-
more, we demonstrate that single ion channel conduc-
tance measurements can be used to monitor the
kinetics of AP, making it possible to provide an esti-
mate of the observed rate constant (k.:) and the
Michaelis constant (Ky) of the enzyme-catalyzed reac-
tion. Finally, in order to illustrate that this ion channel-
based sensing platform could be applied to a second
class of enzymes, we show that a gA derivative with a
covalently attached substrate for anthrax lethal factor
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Figure 2. Structures of glycolic acid-O-phosphate 1, glycolic acid 2, a
derivative of gramicidamine3®*2 carrying a glycolic acid-O-phosphate
(3, gA—phosphate), a derivative of gramicidamine®°>2 carrying gly-
colic acid 4, an O-phosphorylated derivative of ethylenediamine-N-
glycolate 5, and a derivative of gA carrying a substrate for LF (JA—LF
substrate 6). The arrow indicates the site of cleavage of 6 by LF.

(LF) made it possible to detect the protease activity of
this enzyme in situ, in real time, and at concentrations of
LF as low as 10 nM.

RESULTS AND DISCUSSION

A gA-Based Sensor for Detection of Alkaline Phosphatase. In
order to develop a substrate for AP that we could
readily attach to the opening of a gA pore, we investi-
gated the reactivity of AP with glycolic acid-O-phos-
phate (Figure 2, molecule 1). We chose 1 as a substrate
since, after attaching it to the C-terminus of gA (as
shown in molecule 3, Figure 2), it presents a negatively
charged phosphate group in close proximity to the
opening of the pore (a property that is important for
charge-based sensing). Since AP is a promiscuous en-
zyme that reacts with a variety of organic phosphates,®’
we hypothesized that 1 would act as a substrate for
AP. We confirmed by 3'P NMR spectroscopy that a 14
mM solution of 1 was completely hydrolyzed to glycolic
acid 2 by 2 uM AP (from bovine intestinal mucosa, EC
3.1.3.1) within 50 min. In a control experiment, we did
not observe any hydrolysis of 1 over the course of 24 h
when AP was not present in these NMR experiments.

We also measured the single channel conductance
of gA—phosphate (3) and its hydrolysis product (4)
(see Figure S1 in the Supporting Information) by incor-
porating them into a planar lipid bilayer setup (Figure
1). Figure 3 shows representative current versus time
traces of 3 and 4 under an applied potential of 75 mV
in buffered recording electrolyte. These current traces
show that 3 had a significantly larger conductance (by
a factor of ~2.2) than 4 in this recording electrolyte. We
attribute this difference to an electrostatically induced
local increase in the concentration of cesium cations
near the negatively charged phosphate group pre-
sented at opening of the ion pore in 3.3° Analysis of
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the current versus voltage (I—V) curves of 3
and 4 revealed single channel conductance val-
ues (y) of 13.0 = 0.4 pS for 3 and 5.8 = 0.2 pS
for 4 in this recording electrolyte (see Figure S1
in the Supporting Information).”® These results
suggest that single ion channel conductance
measurements can be used to distinguish be-
tween gA derivatives 3 and 4; these measure-
ments, therefore, make it possible to detect the
dephosphorylating activity of AP.

In order to test if the enzyme activity of AP
could be detected in situ by monitoring single
ion channel currents in solutions that con-
tained AP, we added 3 to a final concentration
of 15 pM to both compartments of a planar
lipid bilayer setup containing the recording
electrolyte (Figure 1). We subsequently added
AP to a final concentration of 600 nM and
monitored the enzymatic conversion of 3 to 4
over time (Figure 4). Comparing the percent-
age of single ion channel events from 4 to the
percentage of single ion channel events from 3
throughout the course of the reaction then made it pos-
sible to quantify the time-dependent conversion of 3
to 4. We defined the fraction of ion channel events from
4 (f,) as the number of events originating from 4 (y ~
6 pS) divided by the total number of events (from 3 and
4) observed during a 5 or 10 min interval of recording.
Similarly, we defined the fraction of ion channel events
from 3 (f3) as the number of events originating from 3 (y
~ 13 pS) divided by the total number of events ob-
served during a 5 or 10 min interval of recording.
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Figure 3. Cartoon illustrating the detection of alkaline phos-
phatase (AP) activity using an ion channel platform. (A) Con-
version of a negatively charged phosphate group on gA de-
rivative 3 to a neutral alcohol in the presence of AP. (B)
Representative single ion channel recordings of 3 and 4, as
well as the respective single channel conductance values, v.
These original current versus time traces were recorded using
as electrolyte a buffered solution containing 50 mM CsCl, 1
mM MgCl,, and 0.5 mM K,CO; at pH 9.8 (recording buffer). The
applied potential was +75 mV.

Y=5.8+0.2pS
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Figure 4. Time-dependent enzymatic hydrolysis of the
phosphate group on 3 to 4 in the presence of 600 nM AP as
determined using single ion channel conductance measure-
ments. We estimated the fraction of total ion channel events
corresponding to 3 (f3) or 4 (f,;) over time by counting the
number of big (y ~ 13 pS) and small (y =~ 6 pS) events within
5 min time intervals (the total number of single ion channel
events counted was greater than 50 for each time interval);
these intervals were separated by 10 min.

Figure 4 shows that, while the enzymatic reaction
progressed in the bilayer chamber, the fraction of single
ion channel events from gA-phosphate 3, f;, decreased,
whereas the fraction of events from the hydrolysis
product 4, f,, increased. Figure 4 also illustrates that, af-
ter 30 min, almost all recorded ion channel events origi-
nated from the hydrolysis product 4. In the absence of
AP, we did not observe any hydrolysis of 3 to 4 in these
ion channel experiments over the course of 1 h.

In order to demonstrate the sensitivity of the assay,
we show in Figure 5A that these in situ measurements
of ion channel events made it possible to monitor the
hydrolysis of 3 to 4 catalyzed by AP at enzyme concen-
trations as low as 600 pM (Figure S2 in the Supporting
Information shows a representative example for the
time-dependent change in the frequency of ion chan-
nel events from 3 and 4 in the presence of AP). In or-
der to demonstrate the reproducibility of these in situ
experiments, Figure 5A also shows a comparison of two
independent experiments that monitored the hydroly-
sis of 3 to 4 in the presence of 60 nM AP. The calculated
initial slopes of the exponential fits to the data from
these two experiments (red and gray curve in Figure
5A) were 0.031 = 0.004 min~' (R = 0.91, N = 8) and
0.032 = 0.003 min~ ' (R? = 0.94, N = 8), respectively. The
reproducibility of this technique was, therefore, very
good (variation =4%).

Limit of Detection of AP Activity Using the Gramicidin-Based
Assay. To explore whether the detection limit of this ion
channel assay could be extended to concentrations of AP
below 600 pM, reaction times exceeding 7 h would be re-
quired to achieve detectable hydrolysis of 3 to 4. Bilayer
experiments are, however, typically restricted to a
few hours due to the limited stability of the bilayer
membrane.*”! In order to afford extended reaction times,
we incubated samples of 3 with solutions of AP at con-
centrations ranging from 6 pM to 6 nM in reaction vials
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Figure 5. Monitoring the fraction of ion channel events from
the enzymatic product 4, f,, over time at various concentra-
tions of AP. (A) In situ detection of the hydrolysis of 15 pM 3
in the presence of 600 pM to 600 nM AP. (B) Ex situ detec-
tion of the hydrolysis of 3 to 4 over 4 days. For these ex situ
experiments, solutions containing 150 pM gA derivative 3
were incubated with AP concentrations of 6 pM (orange), 60
pM (magenta), or 6 nM (green) in reaction vials (outside of
the bilayer chamber) at 23 °C. We analyzed the progression
of these reactions in daily intervals by introducing aliquots
of the reaction mixture to the planar lipid bilayer setup. The
inset in (B) shows the data for the conversion of 3 to 4 cata-
lyzed by 6 nM AP (solid green circles) with expanded time
axis in order to facilitate a comparison between the ex situ
and in situ experiments. Data were fit to a first-order expo-
nential function of the form f, = (1 — e kaXAPlxt) \where tis
the reaction time, and k., (the fitting parameter) is the ob-
served pseudo-first-order rate constant for a given total con-
centration of AP, [AP];.

(i.e., outside of the bilayer setup) for 4 days and we ana-
lyzed samples periodically for single ion channel events.
Figure 5B shows that this ex situ incubation strategy made
it possible to detect 60 pM concentrations of AP, corre-
sponding to femtomoles of enzyme in the reaction vials.
In addition, the inset in Figure 5B shows that the progres-
sion of hydrolysis of 3 catalyzed by 6 nM AP using this ex
situ protocol was comparable (within a factor of ~1.2)
with in situ measurement of the hydrolysis of 3 to 4 us-
ing the same concentration of enzyme. The small discrep-
ancy of 20% in measured rate between the ex situ and in
situ protocols may partly be attributable to differential ad-
sorption of 3 and 4 to the reaction vials during ex situ ex-
periments. This result suggests that the presence of a lipid
membrane during the enzymatic reaction did not have a
strong effect on the rate of hydrolysis, despite the am-
phiphilic character of the enzyme substrate 3.

Kinetic Analysis of the Enzymatic Activity of AP. Figure 5 es-
tablishes that ion channel-based sensing can be used
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to detect femtomoles to picomoles of active AP in solu-
tion. To assess if this technique could also reveal infor-
mation about the kinetics of this AP-catalyzed reaction,
we obtained the initial reaction rates of hydrolysis (ini-
tial velocity, V) of 3 to 4 as a function of enzyme con-
centration from the in situ data in Figure 5A. For this
analysis, we made the following three assumptions: (1)
the hydrolysis of 3 to 4 takes place in the absence of sig-
nificant competing processes (such as the time-
dependent decomposition of the enzyme); (2) the de-
gree of partitioning of 3 and 4 into the bilayer is the
same under the applied recording conditions; and (3)
the frequency of ion channel events from molecule 3
depends on the concentration of 3 in the same way as
the frequency of events from 4 depends on the concen-
tration of 4.
Starting from the simplest form of the standard

rate equation, the velocity, V, of this enzymatic reac-
tion can be described as

v= -G apnis M
where k., represents the observed rate constant and
[AP]; represents the total enzyme concentration.”?
Equation 1 assumes that the concentration of free AP,
[AP], is close to [AP]y. Since the lowest concentration of
AP used to generate the data in Figure 5A was 40 times
higher than the initial concentration of 3 ([3]o), this as-
sumption is adequate for all data shown in Figure 5A.
Rearrangement of eq 1 and integration gives

B] _  —kealnPht
[3—]0 =e (2)

In order to relate eq 2 to the fraction of ion channel
events from 4, f,, we substitute [3] in eq 2 with [3] =
[3]p — [4] and rearrange

4] _ (1 — e HalAPiry 3)

3,
By making the approximation that the frequency of
events from 4 is linearly dependent on the concentra-
tion of 4 (see the Supporting Information for a discus-
sion on the relationship between f, and the concentra-
tion of 4), and based on the previously stated
assumption that the frequency of ion channel events
from molecule 3 depends on the concentration of 3 in
the same way as the frequency of events from 4 de-
pends on the concentration of 4, we obtain the frac-
tion of ion channel events from 4, f,:

4 _ 4

fip==——s = 4
CTEIr@ B, @
Combining eqs 3 and 4 gives the functional depen-
dence of f; on ke, [AP]y, and time:
f4 — ﬂ =01 - e_k(al[AP]Tt) (5)

=i,
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Fitting the data in Figure 5A to eq 5 returned the value

of ket as the only fitting parameter for each concentra-

tion of enzyme ([APly). To obtain the initial velocities of

these AP-catalyzed reactions, we differentiated eq 5:
dfy _ dia] _ d(1 — e *=")

T _ — - —keal APt
dt  [3],dt dt kealAPLe
(6)

Since the velocity of the AP-catalyzed reaction is

_ di4
V=4 (7)

we obtain eq 8 by combining eqs 6 and 7:

_ dia] _ [3ldfy —keal APt
V=0 = g = kel APLI31e (8)

The initial velocity (Vy) at t = 0 s for a given total con-
centration of enzyme, [AP]y, can, therefore, be written
as

Vo = kealAPLI3] ©)

Equation 9 shows that values for V;, can be obtained
from [3], multiplied by [AP]; multiplied by the values
of k. that we obtained from the best curve fit of the
data in Figure 5A with eq 5. Figure 6 shows the result-
ing graphical representation of V, versus [AP]; from in
situ experiments.

In the standard analysis of enzyme kinetics, the
Michaelis—Menten (MM) equation describes the rela-
tionship between the initial velocity as a function of free
substrate and total enzyme concentration. The MM
equation is defined as Vo = Viax[31/(Kw + [3]), where
Vinax = KeatlAPIr and Ky, represents the Michaelis
constant.”2~74 For conditions in which [3] cannot be as-
sumed to be close to [3]r (such as for the experimental
conditions used to generate the data shown in Figure
5A, where the concentration of enzyme was in excess),
standard MM analysis is not adequate. Instead, Morrison
derived a modified MM equation that accounts for
these conditions and that relates velocity, V, of the en-
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Figure 6. Kinetic analysis of the initial rates (V) for the hy-
drolysis of 3 to 4 versus the total concentration of AP. The
solid curve represents a best curve fit of the data with eq 11.
This fit returned ke = (3.1 £ 0.2) X 1073 s~ " and Ky = (3.0
+ 0.4) X 1077 M as fitting parameters (R?> = 0.99, N = 5).
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zyme reaction to the total concentrations of substrate
(1317) and enzyme ([APIy):”

Sy, T \a® — 4[AP(3];

max 2[AP}; 10

where a = ([AP]; + [3]7 + Kuw). Under initial rate condi-
tions, [3]r is equal to [3], and V is equal to V4. The Mor-
rison equation can, therefore, be written as (with V. =
keat[API):

b — \b? — 4[APL[3],
V = kcat 2

amn

where b = ([AP]; + [3]1 + Kw).

In order to obtain estimates for k.,: and Ky, we used
this eq 11 to fit the data in Figure 6, where k.,; and Ky
are fitting parameters. The saturation behavior shown
in Figure 6 is a consequence of the depletion of free
substrate at increasing AP concentrations. The excel-
lent fit of the data in Figure 6 (R = 0.99, N = 5) with
eq 11 demonstrates that the Morrison equation (eq 10)
appropriately models the kinetics of this enzyme un-
der these conditions.” From this best fit analysis of the
in situ data in Figure 6 with eq 11, we obtained a value
of keye = (3.1 £ 0.2) X 1073 s7" and a value of Ky = (3.0
+ 0.4) X 1077 M. An additional parameter obtained
from MM kinetics is the catalytic efficiency (kc./Kw),
which provides a measure for the activity of an en-
zyme for a particular substrate. The catalytic efficiency
for the AP-catalyzed hydrolysis of 3 to 4 was, therefore,
kea/Kn = (1.0 £ 0.1) X 10*° M 1571,

Martinez et al. reported that the catalytic efficiency
of AP (derived from Escherichia coli) for the hydrolysis
of a particularly reactive substrate, p-nitrophenyl phos-
phate, was ke/Ky = 2.1 X 10 M~" s71.76 From the
analysis reported here, we conclude that the k../Kw
value for the AP-catalyzed hydrolysis of 3 by an AP en-
zyme derived from bovine intestinal mucosa was a fac-
tor of ~200 times lower than the values reported or es-
timated from established techniques for the hydrolysis
of p-nitrophenyl phosphate by an AP enzyme derived
from E. coli.”® Since the catalytic efficiency is the ratio of
kear and Ky, we evaluated factors that may contribute
to the discrepancy between the values of these two pa-
rameters with literature values individually.

In order to provide a comparison between the k.
value obtained from the ion channel experiments per-
formed here with the k., value obtained from an inde-
pendent technique, we measured the observed rate
constant (k.. of the AP-catalyzed hydrolysis of 5 (Fig-
ure 2) by 'TH NMR”” and obtained a value of k; = 4.4
s~ 1.78 This value for k of the AP-catalyzed hydrolysis of
substrate 5 does not, however, provide the best esti-
mate for the k., value of substrate 3 because the chemi-
cal nature of substrates 3 and 5 is very different.””7980
Han and Coleman reported that structural differences in
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substrates can result in variations in k. by a factor of
2.5 X 103 for AP-catalyzed hydrolyses of monophos-
phates.”” In particular, the k. values of AP depend
strongly on the pK, values of the hydroxyl group that
is cleaved from phosphate monoesters.”” For instance,
the pK, of dodecanol, which contains a large hydropho-
bic tail, is 16.2, whereas the pK, value of methanol is
15.5; this difference in pKj, values translates to a 13-fold
lower k., value of AP-catalyzed hydrolysis of dodecyl
phosphate compared to methyl phosphate.”” For the
specific comparison made here, we expect the k., val-
ues for the hydrolysis of 3 to be significantly lower than
for the hydrolysis of 5 because the hydrolysis product
of 3 contains a large hydrophobic moiety (gA) whereas
the hydrolysis product of 5 (ethylenediamine-N-
glycolate) is a small hydrophilic molecule.®’

The reported Ky values for monophosphate sub-
strates of AP (from a variety of different organisms and
tissue origins) fall in the range of 15 wM to 3 mM.767°
The value for Ky, = 0.30 * 0.04 M obtained here for
the AP-catalyzed hydrolysis of 3 to 4 is a factor of 50 be-
low this range. At least four possible reasons could ac-
count for the discrepancy between the values of Ky ob-
tained from single ion channel measurements
compared to the estimated values obtained by other
methods.”®7° First, the presence of the gramicidin pep-
tide on substrate 3 could enhance the binding affinity
of AP to 3. Second, the presence of a membrane dur-
ing the enzymatic reaction may affect the value of Ky.
The agreement between the values of initial velocities
from in situ and ex situ experiments, however, suggests
that the Ky, values for 3 were similar under these two
different experimental conditions. Third, estimation of
Kw values for AP depend on pH but are often reported
from measurements at different pH values.” A possible
fourth reason for the observed discrepancy is that esti-
mates of K\, are most accurate when measurements are
performed at concentrations of enzyme that are near
the Ky of the enzyme —substrate complex.””3 The high-
est concentration of enzyme that we could use to moni-
tor the AP-catalyzed hydrolysis of 3 to 4 via single ion
channel conductance measurements (here, 0.6 £M) was
at least 25-fold lower than the lowest reported Ky,
value.”® The reason why we could not use concentra-
tions of AP higher than 0.6 uM is the extreme sensitiv-
ity of the ion channel assay. Given the extremely low
concentration of enzyme (here, in the range from 60 pM
to 600 nM) that can be monitored by this method, an
ion channel-based assay is particularly attractive for
analyzing the kinetics of an enzyme if the Ky value for
a given substrate is in the picomolar to nanomolar
range. This capability is not typically attainable with ex-
isting techniques.

The opportunity to quantify enzyme-catalyzed con-
versions of substrates attached to an ion pore is an at-
tractive and unique characteristic of sensors that are
based on ion channel-forming peptides that partition
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in and out of the lipid membrane. This reversible parti-
tioning makes it possible to estimate the ratio of gA
substrates and gA products during the reaction; that
is, the measured ratio between the number of single
channel events from products to single channel events
from substrate reflects the canonical distribution of
~10® gA molecules in each bilayer chamber. The shift
of this distribution over time then yields kinetic infor-
mation for the enzyme-catalyzed reaction. Gramicidin A
is a peptide with such reversible partitioning proper-
ties in a membrane. In contrast, covalently attaching a
substrate to a-hemolysin, the most commonly used
protein pore for nanopore sensing,* would not be a
suitable strategy for determining enzyme kinetics since
a-hemolysin pores typically remain in the bilayer upon
integration and do not partition between the mem-
brane and the electrolyte buffer. Consequently, the re-
sponse of hemolysin-based sensors is stochastic and,
unless parallel recordings can be performed in large
numbers or a large number of open pores could be
monitored in the same bilayer with high precision, alter-
native design strategies (such as translocation of the en-
zyme cleavage products through permanently incorpo-
rated pores?’~%°) would be necessary to yield suitable
statistics for kinetic information.

A gA-Based Sensor for Detection of Anthrax Lethal Factor. In
order to test if this ion channel-based assay could be
adapted to a second class of enzymes, we explored the
possibility of detecting the proteolytic activity of an-
thrax lethal factor (LF). We chose this particular pro-
tease due to its relevance in the context of bioterror-
ism.82 In order to adapt the ion channel-based assay
platform to LF, we designed a gA derivative that car-
ried a covalently attached peptide substrate for LF.8378
Figure 2 shows the amino acid sequence of this gA—LF
substrate (6). We hypothesized that LF-catalyzed, pro-
teolytic removal of four positive charges from this gA
derivative (6) would yield a product with significantly
increased single-channel conductance since the result-
ing product contained only one instead of four positive
charges close to the entrance of the gA pore. We, 203853
and others,®®# demonstrated in previous work that
positive charges near the entrance of a gA pore re-
duce the single channel conductance of these pores
due to electrostatic repulsion of the monovalent cat-
ions that are transported through gA pores. This effect
is particularly pronounced in electrolyte solutions with
low ionic strength3® as used in the work presented here.

Figure 7 demonstrates that the addition of 10 nM
LF to a bilayer chamber containing 250 pM gA—LF sub-
strate 6 indeed caused a dramatic increase in the flux
of ions through the planar lipid bilayer. Control experi-
ments, in which we added the same concentration of
denatured LF or of another enzyme, AP, showed no in-
crease in current (Figure 7B). Interestingly, as shown in
Figure 7B, the gA—LF substrate 6 did not generate any
significant ion channel activity before addition of active
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Figure 7. Detection of the functional activity of anthrax le-
thal factor (LF) based on ion channel amplification. (A) Car-
toon illustrating the cleavage of a gA—LF substrate 6 by LF,
resulting in the removal eight amino acids (comprising four
positive charges) near the opening of a gA pore. The result-
ing gA product carries one positive charge at the amino ter-
minus of tyrosine (Y). (B) Original current versus time traces
demonstrating the large increase in transmembrane current
after addition of 10 nM LF to a bilayer setup containing 250
pM gA—LF substrate 6; this large increase in transmembrane
current is not observed upon addition of denatured LF or an-
other enzyme (here, AP) to the bilayer setup containing
gA—LF substrate 6. (C) Time-dependent increase of the flux
of electric charge transported across the bilayer (Q, C min~")
as a function of the time after addition of 10 nM LF (which
was added here at time = 70 min) to a bilayer containing
250 pM gA—LF substrate 6 in a recording buffer containing
100 mM CsCl, T mM HEPES, pH 7.

LF. As discussed previously, we expected that this
gA—LF substrate 6 would generate ion channel activ-
ity but with significantly reduced single channel con-
ductance compared to native gA. To our surprise, the
design of this substrate even exceeded our expecta-
tions in the sense that it caused a dramatic response
to LF activity from no detectable ion channel activity
to a rapidly increasing activity, as illustrated in Figure
7B,C. We propose two possible mechanisms for this at-
tractive characteristic of the gA—LF substrate: (1) The
presence of four positive charges on the gA—LF sub-
strate rendered this peptide sufficiently water-soluble
such that the resulting low concentration of gA in the
lipid membrane made the formation of dimeric gA
pores very rare.r” Removal of four charges from 6 by
LF, leading to only one positive charge on the gA prod-
uct, may shift the partition coefficient of the gA deriva-
tive sufficiently to result in frequent formation of
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pores.3%7788 (2) The presence of nine additional amino
acids at the entrance of the gA pore may block the pore
sterically, thereby hindering monovalent cations in so-
lution from entering the pore. The presence of four
positive charges on these nine amino acids in 6 may
have contributed to this blocking effect due to electro-
static attraction of these positively charged amino acid
residues to the mouth of the pore (since gA preferen-
tially conducts positively charged ions from solution
through its pore).5® Removal of eight amino acids by
LF, leading to a gA derivative with only one additional
amino acid compared to native gA, may then have re-
sulted in open gA pores and explain the increase in
single ion channel activity upon addition of LF. In this
discussion, we excluded a third mechanism that may
seem plausible as well, namely, that the presence of
four positive charges close to the entrance of the pore
in 6 led to electrostatic repulsion of monovalent cations
near the opening of the pore, causing a reduction of
the single channel conductance through 6 below the
detection limit. In this case, we would have expected
that elevating the concentration of 6 would lead to an
increase of unresolved channel openings with very low
single channel conductance that would appear as a
gradual increase in the recorded transmembrane cur-
rent. We did not observe such a gradual increase in cur-
rent upon addition of increasing concentrations of 6
(up to 0.25 nM) and, hence, concluded that this mecha-
nism is not responsible for the observed on/off signal
for detection of LF.

The strong response upon addition of LF to sub-
strate 6 shows that the principle of exploiting ion chan-
nel amplification to sense enzyme activity is not lim-
ited to sensing based on modulating the local
concentration of charge carriers close to the mem-
brane; instead, alternative mechanisms such as remov-
ing or introducing steric blockage®® or modulating the
ampbhiphilic character of chemically modified ion
channel-forming peptides provide additional strategies
for sensing enzymatic reactions. In particular, the mech-
anism that involves modulating the amphiphilic charac-
ter of the pore-forming agent is attractive because it
makes it possible to exploit a third amplification effect
in addition to enzymatic amplification and ion channel
amplification; namely, amplification due to increased
(or decreased) partitioning of the pore-forming peptide

METHODS

We purchased all reagents and chemicals from Sigma-Aldrich
unless otherwise stated. Gramicidin A (gA) was purchased as
gramicidin D from Sigma-Aldrich and purified to a final purity
of 97% of gA by silica chromatography using a literature proce-
dure.”® Alkaline phosphatase from bovine intestinal mucosa (AP,
EC 3.1.3.1) and glycolic acid were from Sigma-Aldrich, Inc. An-
thrax lethal factor (LF) from recombinant Bacillus anthracis (lot#
1722B10A) was purchased from List Biological Laboratories, Inc.
The peptide substrate for LF (Ac-AR(Pbf)R(Pbf)K(Boc)K(Boc)VYPY-
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product into the bilayer compared to substrate. This
work, therefore, introduces the idea of a sensor based
on inactive pro-channels, which, upon reaction with en-
zymes, partition strongly into the membrane and form
readily detectable ion pores.

In conclusion, this work demonstrates that an ion
channel platform based on gA can be employed to de-
tect and monitor the activity of two different enzymes
in solution. This detection modality takes advantage of
two-fold amplification (the catalytic turnover properties
of enzymes and the amplification characteristics of ion
flux through a single ion channel pore) to detect en-
zyme activity with high sensitivity. The ability to follow
the conversion of substrate to product over time in the
presence of different concentrations of enzymes made
it possible to estimate the observed rate constant (kca),
the Michaelis constant (Ky), and the catalytic efficiency
of the enzyme using only picomolar concentrations of
substrate and picomolar to nanomolar concentrations
of enzyme. Although the results described here demon-
strate that ion channels can be employed to detect fem-
tomoles to picomoles of the enzymes alkaline phos-
phatase and anthrax lethal factor using a conventional
bilayer setup, increasingly available automated,
microfabricated,*#°~% and chip-based®~*? bilayer plat-
forms can improve the stability of membranes as well
as reduce the volume of electrolyte solutions required
for single ion channel measurements. Implementing
such technological advances may make it possible to in-
crease the robustness of these membrane-based sen-
sors as well as to push the detection limit of ion chan-
nel platforms to subfemtomole quantities of active
enzymes in solution. These novel, automated tech-
nigues may also render ion channel recordings acces-
sible for a broad community by overcoming the re-
quirement for specialized expertise.”’*® In addition,
recent advances in chemical synthesis may make it pos-
sible to extend this ion channel-based approach to de-
tection of a wide range of enzymes (such as disease-
specific phosphatases®” and kinases®®).>2°”~%3 Due to its
nanoscale size and single molecule detection character-
istics, an ion channel-based sensing strategy is particu-
larly attractive for detecting enzyme activity within
small volumes (such as, potentially, detecting enzyme
activity within individual cells by using patch clamp re-
cordings).

OH) was purchased from Biopeptide Co., Inc. (purity 98%). We
purchased 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DiP-
hyPC) lipids from Avanti Polar Lipids, Inc. All analyses by HPLC
were performed on an Agilent Zorbax C-18 column (4.6 pm X
25 ¢m) using a gradient of 60—100% MeOH in H,0 and a flow
rate of T mL min~" over 52 min unless otherwise stated.
Synthesis of Benzyl Glycolate.'” Glycolic acid (200 mg, 2.6 mmol)
and triethylamine (401 pL, 2.86 mmol) were dissolved in 2.6 mL
of acetone. After 2 min of stirring, benzyl bromideAfter 2 min of
stirring, benzyl bromide (279 pL, 2.34 mmol) was added to the
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solution. The reaction was refluxed at 60 °C for 12 h. The solu-
tion was filtered to remove precipitated triethylammonium bro-
mide and concentrated in vacuo. Purification was done by silica
chromatography using dichloromethane (DCM) as eluent to re-
move the nonpolar impurities, and then the eluent was switched
to 2% ethyl acetate (EtOAc) in DCM to elute the desired prod-
uct as a colorless oil (200 mg, 51% yield): "TH NMR (400 MHz,
CDCl3) & 7.362 (5H, s), 5.198 (2H, s), 4.201 (2H, s), 3.366 (1H, 5)
ppm.

Synthesis of Glycolic Acid-0-(di-tert-butyl) Phosphate.'”' Di-tert-butyl-
N,N-diethyl phosphoramidite (0.62 mL, 2.5 mmol), benzyl glyco-
late (265 mg, 1.6 mmol), and tetrazole (560 mg, 8 mmol) were
dissolved in 46 mL of anhydrous tetrahydrofuran (THF). The reac-
tion was stirred at 23 °C for 2 h and then cooled to —78 °C.
m-Chloro perbenzoic acid (825 mg, 4.8 mmol) was added to the
cooled solution and allowed to stir for 20 min at —78 °C followed
by warming to 23 °C for 10 min. The solution was concentrated
in vacuo, and the crude material was dissolved in 30 mL of DCM
and washed twice with 40 mL of saturated NaHCQO;, dried over
Na,SO,, and concentrated in vacuo. The resulting crude oil was
purified by preparative silica chromatography using DCM/ac-
etone (9:1) to afford 240 mg of yellow oil. The compound was
dissolved in 1.5 mL of methanol (MeOH) and subjected to 1 atm
hydrogen over 240 mg Pd/C for 3 h. After filtration over Celite,
the filtrate was concentrated in vacuo to yield a pure colorless lig-
uid (180 mg, 40% yield): 'H NMR (300 MHz, CD;0D) & 4.477 (2H,
d,J =9 Hz), 1.408 (18H, s); *'P NMR (300 MHz, CD;0D) § —10.437
ppm using an internal 3'P NMR standard of 85% phosphoric
acid.

Synthesis of Glycolic Acid-0-Phosphate, 1.2 Glycolic acid-O-(di-tert-
butyl) phosphate (6 mg, 22 pmol) was added to a 1.5 mL solu-
tion of 1:1 DCM/trifluoroacetic acid (TFA), and the resulting mix-
ture was stirred at 23 °C for 3 h. The resulting solution was
concentrated to dryness to yield a clear film of product (3.1 mg,
91% yield): 'H NMR (300 MHz, CD;0D) § 4.477 (2H, d, J = 9 Hz);
3P NMR (300 MHz, CD;0D) & 3.33 ppm using an internal 3'P NMR
standard for 85% phosphoric acid.

Synthesis of 0-Trityl Glycolic Acid.'® A solution of glycolic acid
(800 mg, 10.5 mmol) and of diisopropylethylamine (DIEA, 2.75 g,
9.9 mmol) was prepared in 5 mL of DCM. The resulting mixture
was cooled to 0 °C. A solution of trityl chloride (1.62 g, 37.6
mmol) in DCM was added dropwise to this cooled solution. The
reaction was stirred for 1 h at 0 °C and then 18 h at 23 °C. The so-
lution was concentrated in vacuo. The reaction mixture was pu-
rified by silica chromatography using DCM as the eluent until all
of the unreacted trityl chloride eluted. The polarity of eluent
was increased to 45:4 (DCM/MeOH) to elute O-trityl glycolic acid.
Upon concentration in vacuo, a white solid (902 mg, 22% yield)
of O-trityl glycolic acid was obtained: "H NMR (400 MHz, CDCls) &
3.89 (2H, s), 7.27—7.36 (9H, m), 7.47 (6H, d, 8 Hz).

Synthesis of Desethanolamine gA. Gramicidin A (142 mg, 75 pmol)
was added to 10 mL of acetonitrile (ACN). Phosphorus oxychlo-
ride (287 pL, 3 mmol) was added dropwise to the solution of gA,
and the reaction was stirred at 23 °C for 4 h. The reaction mix-
ture was concentrated to dryness, and 10 mL of a 4:1 mixture of
ACN/H,0 was added. The mixture was stirred for 20 min, concen-
trated to dryness, and dissolved in 5 mL of a 2:1 mixture of DCM/
MeOH. This mixture was added dropwise to a stirred beaker con-
taining 200 mL of H,0. The resulting precipitate of 2-aminoethyl
gramicidate was collected by filtration. The crude yield was 96%
by weight. The retention time by HPLC was 34.7 min: ESI-MS
(m/2) calculated for CogH;49N200:7 (M™) 1882.07, found (M — H)~
1880.85.

Anhydrous formic acid (0.55 mL, 14.4 mmol) was combined
with acetic anhydride (1.36 mL, 14.4 mmol) and heated to 65 °C
for 30 min. After cooling the formic acid/acetic anhydride solu-
tion to 23 °C, the mixture was added to 2-aminoethyl gramici-
date (139 mg, 72 pmol) that was dissolved in 20 mL of dry THF.
The reaction was stirred for 3.5 h followed by concentration to
dryness. We dissolved the crude product in a minimal volume of
a 2:1 mixture of DCM/MeOH at 23 °C (until the solution was
clear) and added this solution dropwise to a stirred beaker con-
taining 200 mL of H,O. The resulting precipitate of N-formyl-2-
aminoethyl gramicidate was collected by filtration. The product
was isolated by silica chromatography using DCM/MeOH (9:1) as
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the eluent to afford N-formyl-2-aminoethyl gramicidate as a
white powder in 72% isolated yield: ESI-MS (m/z) calculated for
CiooH120N20018 (M) 1910.07, found (M + Na)* 1932.97.

N-Formyl-2-aminoethyl gramicidate (150 mg, 78 wmol) was
dissolved in 25 mL of THF. In a separate flask, LiOH - H,O (327
mg, 7.8 mmol) was dissolved in 25 mL of H,O. The two mixtures
were combined and stirred at 23 °C for 3 h, followed by slow ad-
dition of 1 M HCl until the solution had a pH of 2. The reaction
mixture was concentrated in vacuo to dryness and redissolved in
15 mL of 2:1 DCM/MeOH. The mixture was added dropwise to
150 mL of H,O while stirring. The resulting precipitate was col-
lected by filtration and purified by silica chromatography. The
eluent initially consisted of a mixture of CHCls/MeOH/H,0/ace-
tic acid (750:75:10:2.5) to elute the less polar impurities. After
confirming by thin layer chromatography (TLC) that the impuri-
ties had eluted, the eluent was changed to CHCl;/MeOH/H,0/
acetic acid (200:30:4:1). The fractions containing desethanola-
mine gA were concentrated in vacuo, and the resulting gel was
redissolved in 15 mL of 2:1 DCM/MeOH. The mixture was added
dropwise to 150 mL of H,0 while stirring. The resulting precipi-
tate was collected by filtration to yield 93 mg of desethanola-
mine gA (65% yield over two steps from 2-aminoethyl gramici-
date): ESI-MS (m/z) calculated for Cy;H;35N;5047 (M)* 1839.03,
found (M + Na)* 1861.94. The retention time by HPLC was 40.7
min.

Synthesis of Gramicidamine.>*? Desethanolamine gA (25 mg,
13.6 wmol) and triethylamine (7.6 pL, 54.4 nmol) were added to
1 mL of anhydrous THF, and the resulting mixture was stirred
and cooled to 0 °C. After adding ethyl chloroformate (5.20 p.L,
54.4 pmol) to the cooled mixture, the reaction was stirred for
3.5 h at 0 °C. Mono-tert-butyloxycarbonyl (BOC) ethylenediamine
(8.6 L, 54.4 pmol, purchased from Alfa Aesar) was dissolved in
0.2 mL of THF and cooled to 0 °C. This solution was added to the
mixture containing desethanolamine gA, and the resulting solu-
tion was stirred for an additional 30 min at 0 °C, followed by stir-
ring at 23 °C for 8 h. After concentrating to dryness, the BOC-
protected gramicidamine was purified using preparative silica
chromatography (using a 9:1 mixture of DCM/MeOH as eluent):
ESI-MS (m/z) calculated for Ci04H140N210415 (M*) 1981.14, found (M
— H)™ 1979.66. A mixture containing 1 mL of DCM, 1 mL of TFA,
0.1 mL of dimethylsulfide (DMS), and 0.05 mL of ethanedithiol
(EDT) was prepared and cooled to 0 °C. BOC-protected grami-
cidamine (22.4 mg, 11.3 pmol) was dissolved in the cooled mix-
ture. The reaction was allowed to warm up to 23 °C and stirred
for 3 h. The reaction mixture was concentrated in vacuo to dry-
ness and purified by silica chromatography. The eluent initially
consisted of a mixture of DCM/MeOH (9:1) to elute the less po-
lar impurities. After confirming by thin layer chromatography
(TLC) that the impurities had eluted, the eluent was changed to
DCM/MeOH (9:2): HR-MS (m/z) calculated for CogH141N5;046 (M +
H)* 1881.0937, found (M + H)* 1881.0943. The retention time
by HPLC was 40.5 min. The overall yield was 74% (19 mg) from
desethanolamine gA.

Synthesis of gA—Phosphate, 3. O-(Di-tert-butylphosphate) gly-
colic acid (3.4 mg, 12.6 wmol) and gramicidamine (8 mg, 4.2
pmol) were dissolved in 2 mL of DCM. Triethylamine (0.72 pL,
15.1 wmol) was added to the solution. After 5 min, 2-ethoxy-1-
ethoxycarbonyl-1,2-dihydroquinoline (EEDQ) (3.1 mg, 1.6 umol)
was added and the mixture was stirred for 16 h at 23 °C. The so-
lution was concentrated, and the resulting product was purified
using preparative silica chromatography using as eluent a mix-
ture of DCM/MeOH (9:1) to afford 6 mg of a yellow powder. A
mixture of T mL of 1:1 DCM/TFA, 0.1 mL dimethylsulfide, and 0.02
mL if ethanedithiol was prepared and cooled to 0 °C. The yel-
low powder was dissolved in this cooled mixture. The reaction
was allowed to warm up to 23 °C and stirred for an additional 3 h.
The reaction mixture was concentrated and dissolved in 2 mL
of 2:1 DCM/MeOH. The mixture was added dropwise to a bea-
ker of 100 mL of water while stirring. The resulting precipitate
was collected by filtration as a yellow solid (5.6 mg, 58% vyield).
For conductance measurements, compound 3 was further puri-
fied by RP-HPLC using a Zorbax C-18 column (4.6 X 250 mm),
60% to 92% MeOH in water over 45 min. The retention time was
36.15 min: MALDI-TOF MS (m/z) calculated for Cyo;H;44N5;04;P
(M)* 2018.06, found (M — H)~ 2017.21.
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Synthesis of 4. Gramicidamine (8 mg, 4.3 wmol) was dissolved
in 1.5 mL of THF, and DIEA (3.8 pL, 9.9 pmol) was added. O-Trityl
glycolic acid (1.7 mg, 8.6 pwmol) and EEDQ (2.1 mg, 8.6 umol)
were separately added to the solution. The reaction was stirred
for 12 h. The trityl-protected derivative of gramicidamine was pu-
rified by preparative silica chromatography with DCM/MeOH
(9:1) and was dissolved in 1 mL of DCM and cooled to 0 °C. A so-
lution of 1 mL of TFA/DCM (1:1) with 0.02 mL of dimethylsulfide
and 0.01 mL of ethanedithiol was cooled to 0 °C. The TFA solu-
tion was then added to the solution containing the trityl-
protected derivative of gramicidamine. The reaction was stirred
at 23 °C for 4 h. Upon purification by silica chromatography with
DCM/MeOH (9:1) as eluent, 6 mg (72% yield) of 4 was obtained:
ESI-MS (m/z) calculated for Cyp1H143N5:045 (M)* 1939.35, found
(M + Na)* 1962.01.

Synthesis of Ethylenediamine-N-glycolate-0-phosphate 5. Glycolic
acid-O-(di-tert-butyl) phosphate (3 mg, 11 wmol) was dissolved
in 2 mL of THF. N-BOC-ethylenediamine (2.1 pL, 13 wmol) and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC, 2.5 mg, 13 pmol) were added to the solution. The reaction
was stirred for 10 h, and the solution was concentrated in vacuo.
The protected derivative of 5 was purified by preparative silica
chromatography using DCM as eluent. The isolated compound
was dissolved in 1 mL of TFA/DCM (1:1). The reaction was stirred
for 4 h and concentrated in vacuo to afford 1.3 mg (36% yield)
of 5 as a TFA salt: "TH NMR (500 MHz, D,0) § 4.274 (2H,d, J = 7.7
Hz), 3.487 (2H, t, J = 5.4 Hz), 3.085 (2H, t, J = 5.4 Hz).

Synthesis of gA—LF Substrate 6. Gramicidamine (8 mg, 4.3 mol)
was dissolved in 1.5 mL of THF. Triethylamine (0.72 pL, 15.1
pmol) was added to the solution, and this mixture was chilled
to 0 °C. To this solution were added dropwise EDC (1.9 mg, 10
rmol) and the protected peptide substrate for anthrax lethal fac-
tor (Ac-AR(Pbf)R(Pbf)K(Boc)K(Boc)VYPY-OH) (15 mg, 8 pwmol) in
1.5 mL THF. The reaction was allowed to warm to room temper-
ature over 30 min followed by stirring for 16 h. The solution
was concentrated, and the resulting product (R = 0.4) was puri-
fied using preparative silica chromatography using as eluent a
mixture of DCM/MeOH (9:2). The purified product was dissolved
in 1 mL of DCM and cooled to 0 °C. A solution of 1T mL of TFA/
DCM (1:1) with 0.02 mL of dimethylsulfide and 0.01 mL of
ethanedithiol was cooled to 0 °C. The TFA solution was then
added to the solution containing the protected gA—LF sub-
strate in order to deprotect all of the protecting groups. The re-
action was stirred at 23 °C for 3.5 h. The reaction mixture was
concentrated in vacuo to dryness giving 2.3 mg (17% yield over
two steps) of 6 as an off white solid: ESI-MS (m/z) calculated for
Cis6H231N35028 (M + H)* 3086.7, found (M + H)* 3089.91.

Monitoring the Enzymatic Hydrolysis of Glycolic Acid-0-Phosphate 1 with
Alkaline Phosphatase by 3'P NMR. Glycolic acid-O-phosphate 1 (1.1
mg, 7.1 pwmol) was added to a buffer containing 100 mM KCl and
140 mM Na,CO; buffer in 0.5 mL of D,0 at pD 9.4. Alkaline phos-
phatase (0.5 mg, 1 nmol) was added to the solution, and 3'P
NMR spectra were taken at various time points to monitor the
enzymatic hydrolysis of glycolic acid-O-phosphate 1 to glycolic
acid 2: 3'P NMR (300 MHz, D,0) glycolic acid-O-phosphate, & 3.33
ppm; free inorganic phosphate, 2.54 ppm using an internal 85%
phosphoric acid standard (set to 0 ppm). The reaction appeared
to reach completion after 50 min.

Monitoring the Enzymatic Hydrolysis of Ethylenediamine-N-glycolate-0-
phosphate 5 with Alkaline Phosphatase by 'H NMR. Compound 5 (0.58
mg, 3 wmol) was added to a buffer containing 100 mM KCl and
140 mM Na,COs in 0.2 mL of D,0 at pD 9.4. Alkaline phosphatase
(0.5 mg, 1 nmol) was added to the solution, and 'H NMR spec-
tra were taken using a single scan at 3 min intervals to monitor
the enzymatic hydrolysis of the phosphate 5 to ethylenedi-
amine-N-glycolate. No visible saturation of the NMR signal due
to insufficient relaxation times was observed under these condi-
tions. The integral of the doublet in 5 was compared to the cor-
responding singlet in the product. The k., of this AP-catalyzed
hydrolysis was estimated from the formation of product over
time in an analogous manner as reported previously.? 5: '"H NMR
(500 MHz, D,0) 8 4.274 (2H,d, J = 7.7 Hz), 3.487 (2H,t,J = 5.4
Hz), 3.085 (2H, t, J = 5.4 Hz). Ethylenediamine-N-glycolate: &
3.891 (2H,s), 3.139 (2H, t, J = 5.4 Hz), 2.988 (2H, t, J = 5.4 Hz).
&) VOL.3 = NO. 11 = MACRAE ET AL.

Formation of Planar Lipid Bilayers. We formed planar lipid bilay-
ers by the “folding technique” over an aperture with a diameter
~150 wm in a Teflon film as described previously.*° The record-
ing electrolyte was 1 mM MgCl,, 50 mM CsCl buffered with 0.5
mM K,CO; at pH 9.8. Briefly, we spread a solution containing 25
mg mL~" 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (Di-
PhyPC) lipids in pentane at the air—water interface of the elec-
trolyte solution in both compartments of the bilayer setup. We
aspirated 3 mL of the total volume of 4 mL of electrolyte solu-
tion in each bilayer compartment into a syringe, followed by dis-
pensing the electrolyte solution back into each compartment.
We repeated this cycle of raising and lowering the liquid levels
until we obtained a bilayer that had a minimum capacitance of
70 pF and that was stable (i.e., no significant current fluctuations
above the baseline noise level) at =100 mV of applied potential
for at least 2 min.

lon Channel Measurements. We performed single channel record-
ings in “voltage clamp mode” using Ag/AgCl pellet electrodes
(Warner Instruments) in both compartments of the bilayer setup.
Data acquisition and storage was carried out using custom soft-
ware in combination with an EPC-7 patch clamp amplifier from
Heka (set at a gain of 10 mV pA~" and a filter cutoff frequency of
3 kHz). The data acquisition board (National Instruments, Aus-
tin, TX) that was connected to the amplifier was set to a sam-
pling frequency of 15 kHz. The current traces shown in Figure 3
and Figures S1 and S2 in the Supporting Information were fur-
ther filtered using a digital Gaussian low-pass filter with a cutoff
frequency of 4 Hz.

We performed the analysis of the single channel current
traces by computing histograms of the currents from the origi-
nal current versus time traces with ClampFit 9.2 software from
Axon Instruments. From these histograms, we extracted the
main current values by fitting a Gaussian function to the peaks
in the histograms. All conductance values were obtained from
the slopes of I—V curves.®

Procedure for Monitoring the Enzymatic Hydrolysis of 3 in the Presence
of AP Using Single lon Channel Recordings. For in situ measurements,
we added 1 pL (from a 100 ng mL~" solution in ethanol) of 3 (to
afford a final concentration of 15 pM of 3) to both compart-
ments of a bilayer setup containing recording electrolyte. We
also added a solution of AP to both compartments. lon channel
events were recorded (typically under an applied potential of
+100 mV) continuously over the course of the reaction. For ex
situ experiments, we added 3 (to a final concentration of 150 pM)
and AP (to a final concentration of 6 pM to 6 nM) to recording
buffer that contained 2 M BSA to stabilize AP at low concentra-
tions. We recorded single ion channel events during a 10 min
time window once a day (50—250 events) over the course of 4
days by filling both compartments of the bilayer setup with 4 mL
from each of these solutions with the desired AP concentration.
We estimated the fraction of ion channel events from 4 in the re-
action mixture at each time point by counting the number of ob-
served single ion channel events corresponding to the conduc-
tance of 3 and 4 within 5 or 10 min time windows. Before
addition of AP, ion channel recordings occasionally showed a
percentage of events (typically <5%) that corresponded to im-
purities of the hydrolysis product 4 in the samples of gA phos-
phate 3. In these cases, we represented the data as the fraction
of events that we recorded from gA derivative 4 (f;) with respect
to the fraction of events from 4 before addition of AP such that
fa = (f, — fo)/(1 — fy); f; = fraction of events from 4 at time t and
fo = fraction of events from 4 before addition of AP (i.e., all points
are shown relative to the background of events from 4 in the ab-
sence of AP). The capacitance of the folded membranes through-
out the course of these studies ranged from 69 to 81 pF.

Procedure for Monitoring the Enzymatic Cleavage of 6 in the Presence of
LF Using Single lon Channel Recordings. Typically, we added 10 pL
(from a 100 ng mL~" solution in ethanol) of 6 to both compart-
ments of a bilayer setup containing recording electrolyte. The
current across the planar lipid bilayer was monitored at an ap-
plied potential of +100 mV continuously for several hours dur-
ing which time an extremely small number of channel opening
or closing events were observed. Using identical conditions, the
experiment was repeated and fresh LF (10 nM) was added 1 h af-
ter the addition of 6. The subsequent increase in frequency of
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channel opening events was quantified by integrating the area
under current versus time trace to give the total charge trans-
ported per minute. To verify that the increase in frequency of
channel opening was not the result of other factors than the
cleavage of the gA—LF substrate, we repeated the experiment
but added denatured LF (the enzyme was heat-denatured at 80
°C for excess of 6 h)'* instead of active enzyme and observed
that the frequency of events was similar to that when no LF was
added. The capacitance of the folded membranes throughout
the course of these studies ranged from 69 to 104 pF.
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