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Summary

An engineered version of the staphylococcal �-hemo-
lysin protein pore, bearing a peptide inhibitor near the
entrance to the � barrel, interacts with the catalytic
(C) subunit of cAMP-dependent protein kinase. By
monitoring the ionic current through the pore, bind-
ing events are detected at the single-molecule level.
The kinetic and thermodynamic constants governing
the binding interaction and the synergistic effect of
MgATP are comparable but not identical to the values
in bulk solution. Further, the values are strongly de-
pendent on the applied membrane potential. Addi-
tional exploration of these findings may lead to a bet-
ter understanding of the properties of enzymes at the
lipid/water interface. Despite the complications, we
suggest that the engineered pore might be used as a
sensor element to screen inhibitors that act at either
the substrate or ATP binding sites of the C subunit.

Introduction

Protein kinases play a central role in a wide variety of
normal and pathological processes [1]. The catalytic
domains of these enzymes mediate the transfer of the
γ-phosphate of ATP to cellular proteins involved in sig-
naling, and the mechanism of this reaction has been
studied in detail [1]. Because of the importance of pro-
tein kinases in disease, together with the availability of
the human genome sequence, there has been consider-
able interest in high-throughput kinase assays. For exam-
ple, almost all the kinases from the yeast Saccharo-
myces cerevisiae (numbering 122) were assayed in a
disposable array of microwells with 15 different sub-
strates [2], and new chip-based assays continue to be
developed [3, 4]. There has also been renewed interest
in protein kinase inhibitors, especially those that act at
the ATP binding site, and several are now in the clinic
or in trials [5, 6]. Despite these advances, procedures
for screening inhibitors are still needed that would both
increase throughput and, importantly, provide accurate
kinetic constants for their association and dissociation.
Here, we explore a means to assay protein kinases at
the single-molecule level, which might eventually be
developed into such an approach.
*Correspondence: hagan.bayley@chem.ox.ac.uk
To test our approach, we have used cyclic AMP-depen-
dent protein kinase (PKA), which is the best-studied
member of the kinase family [7, 8] and provides a proto-
type for its relatives, which number many hundreds in
humans [9]. The PKA holoenzyme comprises two regu-
latory subunits (R) and two catalytic subunits (C). Upon
activation by cAMP, the R subunits are released as a
dimer with two molecules of cAMP bound to each. The
C subunits dissociate as active monomers. Structures
of the C subunit [10–13], including its complex with a
fragment of the heat-stable protein kinase inhibitor [14],
have been determined by X-ray crystallography.

In the present work, we have used stochastic sensing
to examine the interaction of the C subunit with a frag-
ment of the heat-stable inhibitor. The α-hemolysin
(αHL) protein pore was used as the sensor element. In
stochastic sensing, the ionic current driven through a
single pore by a transbilayer potential is interrupted by
the analyte, which is, in the present case, the C subunit.
In this way, individual binding events are observed
which reveal the concentration and identity of the ana-
lyte, the former from the frequency of occurrence of the
binding events and the latter by the current signature,
for example the dwell time of the analyte or the extent
of current block caused by it. The approach has been
used to monitor a wide variety of analytes [15], includ-
ing proteins [16, 17].

α-Hemolysin is secreted by Staphylococcus aureus
as a water-soluble monomeric polypeptide of 33.2 kDa.
The assembled αHL pore is a mushroom-shaped hep-
tamer [18] (Figure 1A). The opening of the pore in the
mushroom cap, on the cis side of the bilayer, is w30 Å
in diameter. The cap contains a roughly spherical cavity
with a diameter of w45 Å. The stem is a β barrel that
spans the lipid bilayer and averages w20 Å in internal
diameter. In one study, biotin was attached to one end
of a poly(ethylene glycol) chain, which was attached
covalently through the other end to a site within the
lumen of the pore. In single-channel electrical record-
ings, the modified pore responded to various biotin
binding proteins presented on the cis or trans side of
the bilayer [16]. In a second study, a lectin presented
from the cis side was shown to undergo monovalent
and bivalent interactions with an αHL pore decorated
on the cap with disaccharides [17]. In the present work,
we have prepared an entirely different construct in
which a single synthetic protein kinase inhibitor peptide
(PKIP5-24) is tethered [16, 19, 20] at the narrow trans
entrance of the pore with a flexible tetra(ethylene gly-
col) (TEG) linker. Binding of the C subunit to the teth-
ered peptide causes a partial block of the single-chan-
nel current, which allows the kinetics of the interaction
to be monitored.

Results

Construction of an �HL Pore with a Covalently
Attached Protein Kinase Inhibitor Peptide, PKIP5-24
The peptide comprising amino acid residues 5–24 of
the heat-stable protein kinase inhibitor (PKIP5-24) has
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Figure 1. Preparation of an αHL Pore with a
Single Covalently Attached Protein Kinase
Inhibitor Peptide near the trans Entrance, the
PKIP-Pore

(A) Molecular model of the PKIP-pore bound
to the catalytic subunit of cAMP-dependent
protein kinase. The heteroheptameric αHL
pore contains one subunit modified with
PKIP5-24 and six unmodified subunits. The
N terminus of PKIP5-24 is tethered to a Cys
residue at position 129 through a disulfide
bond and a short flexible tetra(ethylene gly-
col) (TEG) linker. (B) Synthetic route to the
modified αHL subunit. (C) Electrophoretic
analysis of the modified αHL subunit. An au-
toradiograph of a 12% SDS-polyacrylamide
gel is shown. Lane 1: unmodified T129C-D8
monomer; lane 2: the modified monomer
T129C-D8-TEG-PKIP5-24. The positions of
two molecular weight markers are indicated.
The loading buffer contained no reducing
agent. (D) Assembly of the PKIP-pore. An au-
toradiograph of a 5% SDS-polyacrylamide
gel is shown containing heteroheptamers
formed by the assembly of mixtures of T129C-
D8-TEG-PKIP5-24 monomer and wild-type
αHL monomer (WT) in different ratios (0:5, 1:5,
5:5, 5:1) on rabbit erythrocyte membranes.
The bands are identified as follows: I, WT7; II,
(T129C-D8-TEG-PKIP5-24)1WT6; III, (T129C-
D8-TEG-PKIP5-24)2WT5. The differences in
mobility are caused by the numbers of D8
tails in each heptamer. The positions of two
molecular weight markers are indicated. (E)
Purity of the (T129C-D8-TEG-PKIP5-24)1WT6

heteroheptamer. Material eluted from a pre-
parative gel was rerun in an analytical 12.5%
SDS-polyacrylamide gel. The unheated sam-
ple (−) contained a single band of high mass.
The heated sample (+) contained two low-
mass bands representing the WT and T129C-
D8-TEG-PKIP5-24 subunits.
nanomolar affinity for the C subunit of PKA [14, 21–25]. P
tWe constructed an αHL pore carrying a single PKIP5-

24 at the trans mouth of the β barrel (Figure 1A). The
pderivatized pore comprised one subunit covalently

modified with the peptide and six wild-type (WT) sub- (
hunits. The modified subunit was prepared by attaching
KIP5-24 through a linker to a cysteine residue at posi-
ion 129 (Figure 1B).

The PKIP5-24 conjugate required for derivatizing the
rotein was prepared beginning with the linker tetra

ethylene glycol) in which one of the terminal hydroxyls
ad been converted to an amino group (mono-amino-
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TEG). The linker was heterobifunctionalized in two
steps to form PSS-TEG-SC (Figure 1B). PSS-TEG-SC
contains an S-pyridyl group at the amino end and an
N-hydroxysuccinimidyl carbonate group at the hydroxyl
end. The N terminus of PKIP5-24 was coupled to PSS-
TEG-SC to form a peptide conjugate (PSS-TEG-PKIP5-
24) with a carbamate linkage. PSS-TEG-PKIP5-24 was
purified by reverse-phase HPLC and identified by
MALDI-MS.

The αHL polypeptide (T129C-D8) required for chemi-
cal modification with PSS-TEG-PKIP5-24 contained a
single cysteine at position 129 (Thr/Cys) and eight
aspartate residues at the C terminus (D8 tail), and was
prepared by in vitro transcription and translation (IVTT).
The D8 tail was needed for the separation of hetero-
meric pores containing various combinations of WT
and modified subunits [26]. PSS-TEG-PKIP5-24 re-
acted with the cysteine of T129C-D8 through the S-pyr-
idyl disulfide to form T129C-D8-TEG-PKIP5-24 (Figure
1B). The extent of modification of T129C-D8 could be
judged from the relative intensities of the T129C-D8 and
T129C-D8-TEG-PKIP5-24 bands in an SDS-polyacryl-
amide gel and ranged from 65% to 70% (Figure 1C).
Unpurified T129C-D8-TEG-PKIP5-24 was then mixed
with the WT-αHL monomer, also prepared by IVTT, in
various ratios and allowed to assemble on rabbit blood
cell membranes to form a mixture of heteroheptamers
as visualized by SDS-polyacrylamide gel electrophore-
sis (Figure 1D). The heteroheptamer containing a single
copy of PKIP5-24, T129C-D8-TEG-PKIP5-241WT6, was
obtained by preparative electrophoresis. When the pro-
duct, T129C-D8-TEG-PKIP5-241WT6, was rerun on a
gel, a single high-mass band was observed (Figure 1E),
which upon heating dissociated into WT and T129C-
D8-TEG-PKIP5-24 subunits in a ratio of 6.8:1, which is
close to the desired value of 6.0:1 (Figure 1E). The mod-
ified subunits appear to become enriched in the assem-
bled pore, based on the extent of modification of the
T129C-D8 monomer (Figure 1C).

Interaction of the C Subunit of PKA
with the PKIP-Pore
Single-channel current recording in planar lipid bilayers
was used to investigate the interaction of the modified
αHL pore T129C-D8-TEG-PKIP5-241WT6 (PKIP-pore)
with the w40 kDa C subunit of PKA. The PKIP-pore
was added to the cis chamber of the apparatus. Based
on the crystal structure of the αHL heptamer [18], posi-
tion 129, which is located at the tip of the transmem-
brane stem domain, should be exposed to bulk solution
in the trans chamber provided that the preassembled
pore with the attached peptide is able to insert normally
through the bilayer. Remarkably, it can, to judge from
the fact that the C subunit binds to the PKIP peptide
from the trans side (see below).

Single-channel current-voltage (I-V) curves of the
PKIP-pore (Figure 2A) showed that it is similar in char-
acter to the WT homoheptameric αHL pore (WT7). Be-
cause a few pores lacked an attached peptide, the C
subunit was always added at the end of an experiment
to ensure that a modified pore had been examined. Uni-
tary conductance values in 300 mM KCl, 15 mM MOPS
(pH 6.80, titrated with 0.1 M KOH) were: PKIP-pore, 324 ±
9 pS (n = 3); WT7, 332 ± 10 pS (n = 3), over the linear
range of −40 to +40 mV. When 150 nM wild-type C sub-
unit of PKA was added to the trans chamber, binding
events manifested in a partial channel block occurred
at an applied potential of −80 mV, and were charac-
terized by a mean lifetime of 5.2 ± 1.4 s (n = 5) and an
interevent interval of 2.6 ± 0.4 s (n = 5) (Figures 2B and
2E). The extent of the block was 88 ± 2%. Interestingly,
no binding events were seen at positive applied poten-
tials. Several experiments were performed to confirm
that the blockades arise from the interaction of the C
subunit with the tethered PKIP. When denatured C sub-
unit (heated at 95°C for 5 min; Figure 2C) or bovine se-
rum albumin (Figure 2D) was added to the trans side of
the bilayer, no blockades occurred at a negative ap-
plied potential. The PKIP-pore remained open in the
presence of the C subunit on the cis side of the bilayer
at positive or negative potentials. There were also no
blockades when 450 nM C subunit was added to the
trans side of a bilayer containing WT7 pores (data not
shown).

The effect of free PKIP5-24 peptide on the interaction
of the C subunit with the PKIP-pore was examined (Fig-
ure 2F). Free PKIP led to an increase in the interevent
interval (τon) with no effect on the blockade lifetime (τoff)
(with free PKIP, τoff = 6.0 ± 0.2 s [n = 3]; without free
PKIP, τoff = 5.2 ± 1.4 s [n = 5]). For example, in the
presence of 2 �M PKIP5-24, τon increased from 3.5 ±
1.1 s to 250 ± 56 s (n = 3). Events of a much shorter
lifetime (<1 ms) also appeared in the presence of free
PKIP5-24, in the presence (Figure 2F) or absence of C
subunit, which we ascribe to an interaction of the free
peptide with the pore.

Kinetics of Block of the PKIP-Pore with C Subunit
from Single-Channel Current Recording
Single-channel current recording was used to measure
the association and dissociation rate constants for C sub-
units with the PKIP-pore. The binding events (current
blockades) were characterized by the mean interevent
interval (τon) and the mean event lifetime (τoff) obtained
from single exponential fits to lifetime histograms (not
shown). The values of τon and τoff were used to calcu-
late the association (kon = 1/(τon,[C]) and dissociation
(koff = 1/τoff) rate constants [27, 28]. A plot of 1/τon ver-
sus the concentration of C subunit, [C], was linear, sug-
gesting that the interaction of the PKIP-pore with the
C subunit is bimolecular, as expected. In 300 mM KCl,
15 mM MOPS (pH 6.80), at an applied potential of −80
mV, kon = 2.5 ± 0.5 × 106 M−1 s−1, koff = 0.19 ± 0.05 s−1,
and Kd = 7.6 ± 1.4 × 10−8 M (n = 6).

Kinetics of Block of the PKIP-Pore with C Subunit
from Macroscopic Current Recording
Macroscopic (multichannel) current recording was also
used to measure the kinetics of binding of the C subunit
to the PKIP-pore. In single-channel recordings, we
found that the C subunit did not produce current block-
ades at positive applied potentials. Therefore, the kinet-
ics of C subunit binding from the trans side of the bi-
layer could be determined after a step in applied
potential from +100 mV to −100 mV (Figures 3A and
3B). After the step, the current showed an exponential
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Figure 2. Detection of Individual Binding
Events of the C Subunit to the PKIP-Pore

The PKIP-pore was introduced from the cis
chamber. Both chambers contained 300 mM
KCl, with 15 mM MOPS titrated with KOH
(pH 6.80), at 25 ± 1°C. (A) Single-channel cur-
rent-voltage (I-V) relationships. PKIP-pore
(B); WT7 pore (6). In (B)–(F), currents
through single PKIP-pores at −80 mV are
shown with various additions to the trans
chamber. (B) No additions. (C) 150 nM dena-
tured wild-type C subunit (heated at 95°C for
5 min). (D) 300 nM bovine serum albumin. (E)
150 nM wild-type C subunit. (F) 150 nM wild-
type C subunit and 2 �M PKIP5-24 peptide.
Level 1, zero current; level 2, free PKIP-
pores. Because a few pores contained no at-
tached PKIP peptide, the pores in (C) and (D)
were tested by the subsequent addition of C
subunit. The appearance of binding events
showed that the pores indeed carried teth-
ered peptides.
decay (Figure 3B) that was more rapid at more negative p
mpotentials, within the tested voltage range of −70 to
s−120 mV (Figure 3C), indicating that C subunits bind
Cmore quickly to PKIP at higher applied negative poten-
ttials. Macroscopic current decays were measured in
btriplicate in the presence of seven different concentra-

tions of C subunit at various applied negative potentials
A(−70, −80, −90, −100, −120 mV). Values of kon-v and koff-v
twere then obtained from Equation 1.
s

koff-v = Pv(N) / τv and (1− Pv(N)) / τv = kon-v · [E], k(1)
1

where Pv(N) is the equilibrium open probability at volt- e
age V and τ is the current decay constant. Pv(N) and τ c
were obtained by fitting the multichannel current decay p
to Equation 2: 1

mIv(t) = Iv(0) ⋅ [Pv(N) + (1− Pv(N)) ⋅ e−t/τ], (2)
s

where Iv(0) and Iv(t) are the macroscopic currents at t = i
c0 and t, respectively, after a small correction for the
resence of unmodified pores (for details, see Supple-
ental Data). At all applied potentials, (1 − P(N))/τv

howed a linear relationship with the concentration of
subunit (Figure 4A), reinforcing the idea that the in-

eraction of C with PKIP can be described as a simple
imolecular process (see Supplemental Data).
The koff and kon values were both voltage dependent.

s the applied negative potential decreased from −120
o −70 mV, koff was reduced by w17-fold (from 1.5 ± 0.3
−1 to 0.084 ± 0.031 s−1; Figure 4B), and the value of
on was reduced by almost 120-fold (from 7.5 ± 0.2 ×
07 M−1 s−1 to 6.1 ± 0.7 × 105 M−1 s−1; Figure 4C). The
quilibrium dissociation constant (Kd = koff/kon) in-
reased about 7-fold with decreasing applied negative
otential (from 2.0 ± 0.3 × 10−8 M at −120 mV to
4 ± 1 × 10−8 M at −70 mV; Figure 4D). The kinetic data
easured by macroscopic current recording are con-

istent with those measured by single-channel record-
ng: at −80 mV, kon = 8.3 ± 1.8 × 105 M−1 s−1 (n = 3; single-
hannel, 2.6 ± 0.4 × 106 M−1 s−1); koff = 0.10 ± 0.02 s−1
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Figure 3. Macroscopic (Multichannel) Current Recordings of the
Response of the PKIP-Pore to a Voltage Step in the Presence of
C Subunit

During the recording, the applied potential was stepped from +100
mV to −100 mV as indicated. The buffer in both chambers was 300
mM KCl, 15 mM MOPS titrated with KOH (pH 6.80). (A) Current
recording during voltage step in the absence of C subunit. (B) Cur-
rent recording during voltage step in the presence of 180 nM C
subunit in the trans chamber. (C) Kinetics of the drop in the macro-
scopic current in the presence of C subunit (100 nM, trans) after
steps from +100 mV to various negative potentials, as indicated.
The curves show single exponential fits with relaxation times: τ =
0.16 s (−120 mV); τ = 0.58 s (−100 mV); τ = 1.5 s (−90 mV); τ = 3.4 s
(−80 mV); τ = 6.9 s (−70 mV).
(n = 3; single-channel, koff = 0.19 ± 0.05 s−1); Kd = 8.3 ±
1.9 × 10−8 M (n = 3; single channel, Kd = 7.6 ± 1.4 ×
10−8 M).

Affinity of the C Subunit for the PKIP-Pore
in the Presence of MgATP
The effect of MgATP on the interaction of the C subunit
with the PKIP-pore was investigated by single-channel
current recording. The values of 1/τon for C subunit
binding increased with increasing MgATP concentra-
tion, while the values of 1/τoff decreased (Figure 5). The
Kd value for the interaction of the C subunit with the
PKIP-pore is 1.4 nM (at −80 mV) extrapolating to satura-
tion of the kinase with MgATP (for details, see Supple-
mental Data), compared with 76 nM in the absence of
ATP. The kinetic data for the interaction of the C subunit
with the PKIP-pore measured under various conditions
are summarized in Table 1, and compared with those
reported in the literature.

Discussion

The present study was primarily designed as the initial
step in obtaining a stochastic sensing device for pro-
tein kinases that might also be used to screen kinase
inhibitors. This goal has been achieved, and with addi-
tional refinement, the engineered pore that we have
devised might also be used for the quantitative exami-
nation of kinase-inhibitor interactions at the single-
molecule level.

We have previously used engineered αHL pores to
examine protein-ligand interactions. Because the pro-
teins of interest are too large to enter the pore, binding
sites for them cannot be built into the lumen as they
have been in other examples of stochastic sensing [15].
Instead, binding events in the external medium must be
transmitted to the interior of the pore or the protein
must bind close enough to the entrance of the pore to
affect its conductance. In an example of the first possi-
bility, we attached a ligand (biotin) to the end of a 3400
Da poly(ethylene glycol) chain [16]. The other end of the
polymer was anchored to residue 106 within the cap of
the pore. In the absence of a biotin binding protein,
movement of the polymer within the pore produced a
“noisy” single-channel current. Upon binding streptavi-
din, or an anti-biotin antibody, the current became
quiet. Analysis of the frequency of occurrence of the
binding events represented by the quiet current al-
lowed the concentration of the binding protein to be
quantified. In an example of the second approach, di-
saccharides were attached through a short linker to a
site near the cis entrance of the pore [17]. In this case,
the single-channel current was quiet, and the binding
of a lectin to either one or two of the disaccharides
was manifested by a reduction in the current flowing
through the pore. Again, analysis of the binding events
allowed the concentration of the binding protein to be
quantified.

The present work tests a third configuration, in which
a peptide ligand is presented at the trans entrance of
the pore. In this case, the binding of a protein kinase to
the peptide is also manifested by a reduction in current.
A heteromeric pore, PKIP-pore, was prepared, which
contained a single copy of the protein kinase inhibitor
peptide, PKIP5-24. The PKIP-pore inserted into a pla-
nar bilayer after introduction into the cis chamber of the
apparatus at a concentration of 0.12 ng ml−1. This is
surprising, as the rather polar attached peptide must
be transported through the lipid bilayer (the typical time
for the appearance of a pore for WT7 presented at 0.04
ng ml−1 was usually somewhat faster). Conceivably, the
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Figure 4. Kinetic Analysis of C Subunit Binding to the PKIP-Pore

(A) The dependence of (1 − Pv(N))/τv on the concentration of C subunit at various applied potentials, where Pv(N) is the probability that the
pore is unblocked by the C subunit. (B) The voltage dependence of the dissociation rate constant, koff. (C) The voltage dependence of the
association rate constant, kon. (D) The voltage dependence of the equilibrium dissociation constant, Kd. The kinetic parameters were obtained
from the current decay curves reflecting the response of the PKIP-pore to a voltage step in the presence of C subunit (Figure 3 and Supple-
mental Data). The data are the means ± SD of three experiments at various concentrations of C subunit.
peptide is concealed within the barrel of the pore, but l
ccurrent recordings (see below) suggest that, if this is

the case, the barrel must become quickly unblocked h
Rafter insertion. The PKIP-pore was isolated after elec-

trophoresis in an SDS-polyacrylamide gel and was N
mtherefore likely to contain traces of SDS, which might

facilitate insertion.
oSingle-channel current recordings of the WT αHL

pore and the PKIP-pore provided I-V curves that were s
tclosely similar (Figure 2A). This suggests that the PKIP

peptide has little interaction with the transmembrane β c
lbarrel. Nevertheless, at positive applied potentials, the

peptide is unavailable for binding by the C subunit. Be- e
pcause the conductance values at these potentials are

similar to those of the WT pore, the peptide cannot be m
crendered inaccessible by transport into the barrel. Per-

haps it is sequestered against the surface of the lipid o
bbilayer. At first sight, this seems unlikely, as the charge

on the peptide is near neutral and the lipid bilayer is m
Mformed from phosphatidylcholine, which has a zwitter-

ionic head group. However, when folded as an α helix, c
tthe peptide has a strong transhelix dipole and may

move into the membrane surface as part of the capaci- t
etative charge at positive applied potentials and be re-
eased rather than reorient at negative potentials, be-
ause the negative face contains a high proportion of
ydrophilic residues compared to the positive face.
esidues 1–15 are helical in solution as determined by
MR [25] and an increase in helicity could occur at the
embrane interface.
When measured at an intermediate applied potential

f −80 mV, the association and dissociation rate con-
tants, and the equilibrium dissociation constant, for
he interaction of C with PKIP, obtained by current re-
ording with the PKIP-pore, are similar to those in the

iterature (Table 1). The Kd for the C subunit in the pres-
nce of MgATP (Table 1) is also close to the value ex-
ected. However, the data suggest that the system
ust be examined more deeply, if kinetic and binding

onstants that reflect those in bulk solution are to be
btained. A major issue is the voltage dependence of
oth kon and koff. At potentials more negative than −90
V, Kd (koff/kon) attains a constant value of w4.2 × 10−8

, suggesting that the variation in kon in this range is
ompensated by the variation in koff. The variation of
he rate constants at potentials below −90 mV is likely
o arise from a voltage-dependent change in the local
nvironment near the membrane surface. A compen-
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Figure 5. Effect of MgATP on the Binding of C Subunit to the PKIP-Pore

The PKIP-pore was introduced from the cis chamber, and the C subunit and MgATP from the trans chamber. Both chambers contained 300
mM KCl, with 15 mM MOPS titrated with KOH (pH 6.80), at 25 ± 1°C. Recordings were made at −80 mV. (A) Single-channel currents at various
concentrations of ATP and 10 mM MgCl2 in the presence of 100 nM C subunit. Level 1, zero current; level 2, free PKIP-pores. (B) Plot of
1/τon versus the concentration of ATP. (C) Plot of 1/τoff versus the concentration of ATP.
sating effect would be expected if the barrier between
the two states (bound/unbound) is lowered at high
negative potentials. At negative potentials up to −90
mV, values of kon are more strongly affected by the ap-
plied potential and it seems likely that this can be ac-
counted for in part by the accessibility of the PKIP pep-
tide attached to the pore, as discussed earlier. While
the origin of the voltage dependence of binding re-
quires further investigation, the Kd value for the C sub-
unit and the PKIP-pore is at least in the correct range,
and binding is stimulated, as expected, by MgATP [24,
29–31] and inhibited by free PKIP. Other issues include
the salt concentration at which measurements are
made. We used 300 mM KCl, as opposed to the more
usual w100 mM KCl, to improve the signal-to-noise ra-
tio in our current recordings. In the absence of MgATP,
the PKI,C subunit complex dissociates more readily in
solution at even 250 mM KCl, but it is greatly stabilized
by MgATP [24]. Given the excellent quality of our data,
it should be possible to use lower salt concentrations
in future experiments.

A deeper understanding of the system will be ob-
tained by working with inhibitor peptides with different
net charges and different linker lengths. It may also be
possible to modulate the accessibility of the inhibitor
peptide by altering the surface charge of the lipid bi-
layer. Nevertheless, it could prove difficult to achieve
conditions that reflect bulk solution on the trans side of
the bilayer. For example, if the ligand can be placed at
a greater distance from the trans entrance, it is likely
that binding of the C subunit will have a lesser effect on
conductance, which would ultimately make the events
more difficult to detect. In earlier work, we examined
the interaction of various biotin binding proteins pre-
sented from the cis chamber with biotin attached to
one end of a 3.4 kDa poly(ethylene glycol) chain. The
other end of the chain was tethered covalently to a site
within the lumen of the pore [16]. In this configuration,
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Table 1. Kinetic Data for the Interaction of the PKIP-Pore with the C Subunit of Protein Kinase A Obtained by Single-Channel
or Macroscopic Current Recording, Compared with Values from the Literature

Method kon (M−1 s−1) koff (s−1) Kd (nM)

This Work

Single-channel recordinga

PKIP-pore,Cα −MgATP 2.5 ± 0.5 × 106 0.19 ± 0.05 76
+MgATP 7.0 ± 0.6 × 107 0.10 ± 0.02 1.4

Macroscopic recordinga

−MgATP 8.3 ± 1.8 × 105 0.10 ± 0.02 83

From the Literature

Gel filtration

PKI,Cα −MgATP — — 2300
+MgATP — — 0.5

Surface plasmon resonance

GST-PKI,Cα −MgATP — —
+ MgATP 1.5 × 106 0.00076 0.5

Kinase assay

PKIP5-24,Cα + MgATP — — 2.3 (Ki)
PKI,Cα + MgATP — — 0.2 (Ki)

PKIP-pore represents the T129C-D8-TEG-PKIP5-241WT6 pore used in this work. PKI,Cα is the complex of skeletal muscle heat-stable protein
kinase inhibitor (PKI) with wild-type C subunit in the absence and presence of 100 �M ATP and 1 mM MgCl2 [24]. GST-PKI,Cα is the complex
of a GST-PKI fusion protein with wild-type recombinant Cα [52]; PKIP5-24,Cα is the complex of PKIP5-24 inhibitor peptide with wild-type C
subunit [30].
a Single-channel and macroscopic recordings were carried out in 300 mM KCl, 15 mM MOPS (pH 6.80) at an applied potential of −80 mV. The
C subunit was added to the trans chamber in the absence and presence of ATP with 10 mM MgCl2. The kinetic constants were obtained as
described in the text and Supplemental Data. The data are mean values ±SD measured in independent experiments (single-channel: n = 6;
macroscopic: n = 3) with the C subunit at different concentrations. The apparent dissociation constants Kd were obtained from Kd = koff/kon,
where the koff and kon are the dissociation rate and association rate constants, respectively.
the binding events most probably occurred at a signifi- l
bcant distance from the membrane surface, as the cap

domain of the pore provides a 5 nm “spacer” and the t
ppoly(ethylene glycol) when elongated is 27 nm in length.

In this case, the association and dissociation rate con- i
wstants, and the equilibrium dissociation constants, were

similar to those observed by other techniques, but a t
tmore thorough investigation of the voltage dependence

of binding is warranted in this case too. c
mWhether or not the conditions in bulk solution can

be mimicked, it might be worth attempting to observe v
senzymatic turnover by attaching a substrate, rather

than an inhibitor, to the αHL pore. Such an experiment
fwould be done in the presence of a phosphatase and

the state of the tethered substrate (unphosphorylated c
sor phosphorylated) would be detected by the length of

the dwell time with the kinase or phosphatase. For ex- t
2ample, the unphosphorylated peptide would be ex-

pected to bind to the kinase for longer than the phos- c
[phorylated product [32]. Fluorescence and other

optical techniques have been used to monitor enzyme g
aturnover at the single-molecule level [33–35], but the

present approach would have the advantage of not re- t
fquiring substrates coupled to bulky fluorescent dyes

[36, 37] or the application of force to monitor or slow t
bdown reactions [38].

Many enzymatic reactions occur on or near mem- p
ibrane surfaces. For example, several protein kinases

are acylated with fatty acids and might phosphorylate t
ilocal substrates during a transient association with the
ipid bilayer [39–43]. In other cases, protein kinases are
rought into the vicinity of the bilayer by anchoring pro-
eins [44], and tyrosine kinases are inhibited by hyper-
olarization of cells [45]. The functional properties of

on channels themselves can be altered by interactions
ith the membrane surface. For example, the inactiva-

ion of voltage-gated K channels is strongly affected by
he present of phosphoinositides with negatively
harged head groups [46]. The approach we are using
ight be used to examine the influence of the pre-

ailing conditions, such as the applied potential or fixed
urface charge, on the functional properties of proteins.
In terms of making a sensor for protein kinases or

or assaying kinase inhibitors, perfect replication of the
onditions in bulk solution is less important. In the pre-
ent work, we have shown that we can detect an inhibi-
or that binds at the substrate site (PKIP itself; Figure
E) and MgATP (Figure 5). Because most small-mole-
ule inhibitors of protein kinases bind at the ATP site
6], it should be possible to examine this important
roup of therapeutic agents. For example, a gradient of
potential inhibitor could be allowed to flow through a

rans chamber of reduced volume in the presence of
ixed concentrations of a protein kinase and MgATP. In
his way, the kinetics of the interaction and the Ki could
e determined in a few minutes. Unless it were made
arallel, the throughput would be lower than that of var-

ous chip-based procedures [2, 3, 47, 48], but the ability
o assay in real time and to determine the kinetics of
nhibition as well as the Ki value would be an important
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advantage, allowing the rapid acquisition of detailed in-
formation about the interaction of potential therapeutic
agents with a target protein.

Significance

Protein engineering has been used to create a pore
to which a single copy of a protein kinase inhibitor
peptide (PKIP5-24) is tethered. By monitoring the cur-
rent passing through an individual pore, the interac-
tion of the substrate binding site of the C subunit of
protein kinase A with the peptide can be observed at
the single-molecule level. The engineered pore there-
fore has the potential to act as a sensing element for
the C subunit in a stochastic sensor. A sensor of this
kind might be used to screen a set of expressed pro-
tein kinases [2] for interactions with peptides (or pep-
tidomimetics). Inhibitors designed to bind at a kinase
substrate site could be examined in a competition as-
say. MgATP modulates the binding activity, and there-
fore inhibitors that interact with the ATP binding site
might also be assayed. In a parallel format, numerous
kinases could be assayed with numerous potential in-
hibitors. Although chip formats may have a higher
throughput, the stochastic sensing approach pro-
vides additional information, such as the kinetics of
the interaction between the kinase and an inhibitor.
The approach we have developed might also be used
to examine the functional properties of enzymes lo-
cated at the lipid/water interface.

Experimental Procedures

General
The 20-amino acid protein kinase inhibitor (5-24) peptide, TTYADFI-
ASGRTGRRNAIHD, was purchased from Synpep (Dublin, CA). The
peptide was 95% pure as determined by HPLC. Bovine serum albu-
min (>99%), magnesium chloride (99%), and adenosine 5#-triphos-
phate disodium salt (99%) were purchased from Sigma (St. Louis,
MO). Tetra(ethylene glycol) (99%), p-toluenesulfonyl chloride (98%),
potassium phthalimide (98%), hydrazine monohydrate (98%), 3-mer-
captopropionic acid (>99%), and N-hydroxysuccinimide (97%) were
purchased from Aldrich (Milwaukee, WI). 2,2#-dithiodipyridine
(97%), N,N#-dicyclohexylcarbodiimide (DCCD; 99%), and di(N-suc-
cinimidyl) carbonate (97%) were from Fluka. Anhydrous solvents
were from Aldrich and used without further treatment. 1H NMR
spectra were recorded on a Varian Mercury 300 spectrometer.
Mass spectra were obtained with a PerSeptive Biosystems Voyager
MALDI-TOF mass spectrometer.

Synthesis
The synthetic route to the tetra(ethylene glycol)-functionalized
linker is shown in Figure 6.

p-Toluenesulfonic Acid 2-[2-[2-Hydroxyethoxy]
ethoxy]ethoxy Ethyl Ester (2)
To a solution of tetra(ethylene glycol) (20 g, 0.116 mol) and anhy-
drous pyridine (8 ml, 0.1 mol) in 40 ml of anhydrous dichlorometh-
ane was added, dropwise, a solution of p-toluenesulfonyl chloride
(3.82 g, 0.02 mol) in 20 ml of dichloromethane. The reaction mixture
was stirred at room temperature under argon. The formation of pro-
duct was monitored by silica gel TLC with dichloromethane/metha-
nol (10/1; Rf = 0.42). After 20 hr, the solution was evaporated under
reduced pressure. The residue was dissolved in dichloromethane,
loaded onto a silica gel column, and eluted with dichloromethane/
methanol (50/1–20/1). The pure product was obtained as a color-
less oil (5.15 g, 75% yield based on p-toluenesulfonyl chloride). 1H
Figure 6. Synthesis of 2-[2-(2-N-Succinimidyl Carboxyethoxy)ethoxy]
ethoxy-[3#-(2#-Pyridyldithio)-Propionyl] Ethyl Amide (8)

Reagents and conditions: (a) p-toluenesulfonyl chloride, CH2Cl2, pyri-
dine, RT 20 hr, 75%; (b) potassium phthalimide, DMF, reflux overnight,
58%; (c) NH2NH2.H2O, EtOH, 70°C overnight, not isolated; (d) 3-mer-
captopropionic acid, EtOH, RT 4 hr, 84%; (e) N-hydroxysuccinimide,
DCCD, CH2Cl2, RT overnight, 95%; (f) CH3CN, RT 4 hr, not isolated;
(g) di-N-succimidyl carbonate, CH3CN, RT overnight, 50% yield
from 3.
NMR (300 MHz, CDCl3) δ 2.45 (s, 3H), 2.60 (br, s, 1H), 3.52–3.67 (m,
14H), 4.12 (t, J = 4.8 Hz, 2H), 7.30–7.33 (d, J = 8.0 Hz, 2H), 7.75–
7.78 (d, J = 8.4 Hz, 2H).

2-[2-[2-Hydroxyethoxy]ethoxy]ethoxy Ethyl Phthalimide (3)
A mixture of tetra(ethylene glycol) monotosylate 2 (2.25 g, 6.4
mmol) and potassium phthalimide (1.43 g, 7.68 mmol) in dry DMF
(15 ml) was degassed and refluxed for 10 hr under argon protec-
tion. Silica gel TLC indicated the formation a new less polar com-
pound (dichloromethane/methanol 10/1; Rf 0.51). The solvent was
evaporated under reduced pressure at 60°C. The residue was sus-
pended in methanol (2 ml), loaded onto a silica gel column, and
eluted with hexane/ethyl acetate (1/1) to yield the product as an
orange oil (1.2 g, 57%). 1H NMR (300 MHz, CDCl3) 2.60 (br, s, 1H),
3.52–3.72 (m, 12H), 3.70–3.74 (m, J = 6.00 Hz, 2H), 3.86–3.89 (t, J =
5.40 Hz, 2H), 7.68–7.71 (dd, J = 3.3 Hz, 2H), 7.80–7.83 (dd, J = 3.3
Hz, 2H).

2-[2-[2-Hydroxyethoxy]ethoxy]ethoxy Ethylamine (4)
A mixture of tetra(ethylene glycol) monophthalimide 3 (0.4 g, 1.2
mmol) and hydrazine monohydrate (90 mg, 1.8 mmol) in absolute
ethanol (2 ml) was degassed and then heated with stirring at 60°C
overnight. After removing a precipitate by filtration, the solution
was evaporated to dryness under reduced pressure. The residue
was taken up in dichloromethane and filtered to remove undis-
solved material. The solvent was evaporated and the residue ex-
posed to high vacuum to yield a colorless oil that was used for the
next step without further purification. 1H NMR (300 MHz, CDCl3)
2.80 (t, J = 4.2 Hz, 2H, CH2N), 3.38–3.75 (m, 15H, CH2OCH2,
HOCH2).
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N-Succinimidyl 3-(2-Pyridyldithio)-Propionate (SPDP, 6) (
cSPDP was synthesized and purified by modifying a literature

method [49]. A much better yield was obtained in both steps by
using lower reactant concentrations. P

To a solution of dithiodipyridine (3.75 g, 17 mmol) in ethanol (30 T
ml) containing glacial acid (0.4 ml), a solution of 3-mercaptopropio- p
nic acid (0.9 g, 8.5 mmol) in ethanol (20 ml) was added dropwise α
with vigorous stirring over a period of 15–20 min. After 2 hr, the t
yellow solution was evaporated under reduced pressure to obtain p
a yellow oil. This crude product was dissolved in dichloromethane/ T
ethanol (4/1, 5 ml) and applied to a basic Al2O3 column. The column p
was washed with dichloromethane/ethanol (3/2) to elute starting C
materials and byproducts, and then 5 was eluted with dichloro- T
methane/ethanol (3/2) containing 4% acetic acid. The solvents 5
were removed under high vacuum to produce a colorless viscous p
oil (1.54 g, 84%). 1H NMR (300 MHz, CD3OD), δ 2.68–2.73 (t, J = T
7.20 Hz, 2H), 3.02–3.06 (t, J = 6.90 Hz, 2H), 7.20–7.25 (t, J = 5.0 Hz, t
1H), 7.78–7.87 (t, J = 7.2 Hz, 2H), 8.39–8.41 (d, J = 4.8 Hz, 1H). m

A mixture of compound 5 (1.44 g, 6.7 mmol), N-hydroxysuccini- h
mide (0.86 g, 7.4 mmol), and dicyclohexylcarbodiimide (1.53 g, 7.4 b
mmol) in anhydrous dichloromethane (40 ml) was stirred at room m
temperature for 3–4 hr. The formation of product was followed by o
silica gel TLC using dichloromethane/methanol (10/1) as eluant a
(Rf = 0.68). After filtration of a precipitate, the solution was evapo- o
rated to dryness under reduced pressure. The residue was purified a
on a silica gel column by using dichloromethane/methanol (50/1) P
as the eluant to obtain a viscous colorless oil, which became a e
white solid at 4°C overnight (2.04 g, 95%). 1H NMR (300 MHz, c
CDCl3), δ 2.84 (s, 4H), 3.04–3.16 (ddd, J = 5.7 Hz, 4H), 7.09–7.14 (t, w
J = 4.5 Hz, 1H), 7.65–7.68 (t, J = 5.4 Hz, 2H), 8.48–8.51 (d, J = 5.4 w
Hz, 1H). H

t

2-[2-(2-N-Succinimidyl Carboxyethoxy)ethoxy]ethoxy-
P

[3�-(2�-Pyridyldithio)-Propionyl] Ethyl Amide (8)
T

A mixture of tetra(ethylene glycol) mono-amine 4 (1.2 mmol) and
�

SPDP 6 (0.42 g, 1.329 mmol) in dry acetonitrile (3 ml) was stirred
m

for 5 hr at room temperature. The solvent was evaporated under
m

reduced pressure and the crude product 7 was dried overnight un-
f

der vacuum in the presence of P2O5. Without purification, 7 was
t

dissolved in dry acetonitrile, mixed with di-N-succinimidyl carbon-
i

ate (0.23 g, 0.9 mmol) and pyridine (0.2 ml, 2.60 mmol), and stirred
overnight at room temperature under argon protection. The solvent

Pwas evaporated under reduced pressure and the residue was puri-
Tfied on a silica gel column eluted with dichloromethane/methanol
7(30/1) yielding 330 mg of product as a slightly yellow oil (50% over-
mall yield). 1H NMR (300 MHz, CDCl3), δ2.61–2.66 (t, J = 7.0 Hz, 2H),
t2.76 (s, 4H), 3.07–3.12 (t, J = 6.9 Hz, 2H), 3.48–3.50 (dd, J = 5.1 Hz,
M2H), 3.58–3.60 (dd, J = 4.0 Hz, 2H), 3.64–3.71 (m, 8H), 3.78–3.81 (t,
lJ = 4.8 Hz, 2H), 4.46–4.49 (t, J = 4.5 Hz, 2H), 7.11–7.14 (m, 1H),
m7.66–7.13 (t, J = 6.0 Hz, 2H), 8.49–8.52 (J = 6.0 Hz, 1H). m/z (ESI):
p532.1, C21H29N3O9S2 requires 531.60.
u
b
aPKIP5-24 Conjugate (9)
tTo a solution of PKIP5-24 peptide (Thr-Thr-Tyr-Ala-Asp-Phe-Ile-Ala-
WSer-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-His-Asp; 2.2 mg, 1 �mol)
tin DMSO (100 �l) were added 20 µl of compound 8 in DMSO (0.1 M)
tand 6 µl of triethylamine in DMSO (1 M). The mixture was incubated
iovernight at 37°C under argon. The N terminus of the peptide re-
tacts with 8 to form a carbamate bond with the functionalized tetra
((ethylene glycol) linker (Figure 1B). The solvent was evaporated un-
rder high vacuum, yielding a glassy solid. This material was sepa-
wrated by HPLC on a Vydac C18 reverse-phase column (4.6 × 250
tmm) by using a linear gradient formed with solvent A (0.05% triflu-
2oroacetic acid in water) and solvent B (0.05% trifluoroacetic acid
cin 90% acetonitrile/10% water). The gradient ran from 5% to 40%
hsolvent B over 40 min at a flow rate of 1.0 ml min−1. Two major
ppeaks were observed at 280 nm: the starting peptide PKIP5-24 (t =
l23.3 min) and the desired, less polar product (t = 28.1 min). The

latter fractions were freeze dried giving a white powder (yield,
50%). MALDI-MS (M)+: 2640.31 found, 2639.84 calculated. A peak c

Wat [M-110]+: 2531.07 was also observed that probably arises from
cleavage of the 2-thiopyridone group in the laser beam. Purified 9 K
97% purity by rerunning on HPLC) was dissolved in water at a
oncentration of 5 mM and stored at −20°C before use.

roteins
he T129C-D8 gene was made by in vivo recombination using PCR
roducts derived from two plasmids, pT7-αHL-T129C and pT7-
HL-WTD8. The latter contains a wild-type gene with eight addi-

ional aspartate residues at the C terminus. The forward primer for
T7-αHL-WTD8 was SC279: 5#-GGGAAAAAGAAGAAATGACAAA
GATGACGATGATGACGACGATGATTGATAAGCTT-3#. The reverse
rimer for pT7-αHL-T129C was SC280: 5#-AAGCTTATCAATCAT
GTCGTCATCATCGTCATCATTTGTCATTTCTTCTTTTTCCC-3#.
he reverse primer used for PCR from pT7-αHL-WTD8 was SC47:
#-CAGAAGTGGTCCTGCAACTTTAT-3#, while the forward mutagenic
rimer for PCR from pT7-αHL-T129C was SC46: 5#-ATAAAG
TGCAGGACCACTTCTG-3#. The negative charge of the “D8 tail” of
he T129C-D8 protein was expected to change the electrophoretic
obility of the assembled pore allowing the separation of hetero-

eptamers [26]. WT and T129C-D8 αHL proteins were synthesized
y using an in vitro transcription and translation (IVTT) kit (Pro-
ega, Madison, WI). In general, an IVTT reaction (25 �l) was carried
ut by mixing plasmid DNA (4 �l, 400 ng �l−1), an S30 mix without
mino acids (10 �l), a complete amino acid mix (2.5 �l, a mixture
f the minus-leucine [L995B] and minus-cysteine [L447A] amino
cid mixes), [35S]methionine (1 �l; Amersham Pharmacia Biotech,
iscataway, NJ; 1,200 Ci/mmol, 10 mCi ml−1), and an E. coli S30
xtract (7.5 �l, T7 S30, L114A). After 1 hr at 37°C, the mixture was
entrifuged for 2 min at 10,000 × g. The protein in the supernatant
as separated from thiols and other low-molecular mass material
ith a G-25 Gel Filtration Micro SpinColumn (Harvard Apparatus,
olliston, MA), that had been equilibrated in 10 mM MOPS (pH 7.4)

itrated with KOH.

rotein Modification
he T129C-D8 protein monomer (5 �l) was diluted with a buffer (5
l) containing 10 mM MOPS (pH 6.80), 0.5 mM EDTA, and then
ixed with the PKIP conjugate 9 (5 �l, 5 mM). The reaction was
onitored by electrophoresis in a 12% SDS-polyacrylamide gel,

ollowed by autoradiography of the dried gel. After 1 hr at room
emperature, about 70% of the T129C-D8 monomer had been mod-
fied by 9 conjugate to form T129C-D8-TEG-PKIP5-24.

rotein Pores
129C-D8-TEG-PKIP5-24 (6 �l, 3× diluted with 10 mM MOPS [pH
.4] titrated with KOH, containing 150 mM NaCl) and wild-type αHL
onomer (10 �l, prepared by IVTT and passed without dilution

hrough a Sephadex G-25 spin column equilibrated in 10 mM
OPS [pH 7.4]) were mixed in various ratios. Pores were then al-

owed to assemble on rabbit erythrocyte membranes (5 �l, 4.0 mg/
l) for 1 hr at 37°C. The membranes were spun down and the su-
ernatant was discarded. The membranes were then washed once
sing the same buffer. The pellets were then dissolved in sample
uffer (10 µl of 10% glycerol, 2.3% SDS, 0.0625 M Tris.HCl [pH 7.5])
nd loaded onto 5% SDS-polyacrylamide gels (35 cm long, 1.5 mm
hick), which were run for 18 hr at 50 V. The gels were dried onto

hatman 3MM paper under vacuum at 50°C for 3 hr, and the pro-
ein bands were located by autoradiography. The pore with a single
ethered PKIP5-24 was estimated to be w40% of the total protein
n the mixture of pores, formed from a mixture of monomers con-
aining T129C-D8-TEG-PKIP5-24 and wild-type in a ratio of 1:5
Figures 1C and 1D). The desired band was cut from the gel and
ehydrated in water (400 �l). After removal of the paper, the gel
as crushed and the mixture was left to stand for 3 hr at room

emperature. A solution of the PKIP-pore (T129C-D8-TEG-PKIP5-
41WT6) was obtained by removal of the polyacrylamide gel with a
ellulose acetate filter (0.2 �m diameter; Rainin, Woburn, MA). αHL
omoheptamer, WT7, was made by the same method. The protein
ores were stored at −80°C before they were used for planar bi-

ayer recordings.

AMP-Dependent Protein Kinase C Subunit
ild-type mouse Cα subunit and the C343S mutant were gifts from
eyong Zou. The two enzymes have indistinguishable kinetic prop-
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erties and were used interchangeably in this work. Both were puri-
fied after expression in E. coli. The low-mass thiols in the stored
enzyme solutions were removed by passage through gel filtration
spin columns (Sephadex G-25, Harvard Apparatus). With BSA as a
standard, the final concentrations of the C subunits were deter-
mined with the Bio-Rad protein assay dye reagent (500-0006, Bio-
Rad Laboratories, Hercules, CA). The specific catalytic activities of
Cα and C343S were determined [50] and found to be 24 ± 1 and
23 ± 2 �mol min−1 mg−1, respectively.

Planar Bilayer Recordings
Planar lipid membrane recordings were carried out at 25°C. The cis
and trans chambers of the apparatus, each 1.5 ml, were separated
by a 25 �m thick Teflon septum (Goodfellow Corporation, Malvern,
PA). An aperture in the septum (w150 �m diameter) was pretreated
with 10% (v/v) hexadecane (Aldrich) in n-pentane (Burdick and
Jackson, Muskegon, MI). The electrolyte in both chambers was 300
mM KCl, 15 mM MOPS (pH 6.80). A bilayer membrane was formed
with 1,2-diphytanoyl-sn-glycerophosphocholine (Avanti Polar Lipids,
Alabaster, AL). αHL protein pores were introduced by adding the gel-
purified heptamers (0.5 �l) to the cis side of the chamber, which was
stirred until a single pore inserted (29 pA step at −100 mV).

Currents were recorded through Ag/AgCl electrodes by using a
patch clamp amplifier (Dagan 3900A with the 3910 expander mod-
ule; Dagan Corporation, Minneapolis, MN). The signal was filtered
at 5 kHz with a four-pole internal Bessel filter and stored with a
digital audio tape recorder (DAS-75). The cis chamber was held at
ground, and a negative current (downward deflection) represents
positive charge moving from the cis to the trans side. A Pentium
PC equipped with a DigiData 1200 A/D converter (Axon Instru-
ments, Foster City, CA) and the Fetchex program of pClamp 8 were
used for data acquisition. For computer analysis, the data were
further filtered with an eight-pole Bessel filter at frequencies in the
range of 100–3000 Hz and sampled at 10 kHz.

Data Analysis
Single-Channel Current Recording
The data were analyzed and presented by using pClampfit 9.0 and
Origin 6.0. Mean residence (dwell) time values (τ) were obtained
from dwell-time histograms by fitting the distributions to exponen-
tial functions. Numerical data are given with standard deviations; n
values refer to the number of independent experiments. In the sin-
gle-channel experiments, the values of the association rate con-
stant (kon), dissociation rate constant (koff), and equilibrium dissoci-
ation constant (Kd) for the C subunit were calculated based on τon

(the interevent interval) and τoff (the dwell time of C at the pore):

1

τon
= kon[E],

1

τoff
= koff, and Kd =

koff

kon

Macroscopic Current Recording
The decay of the current through about a hundred PKIP-pores in
the presence of various concentrations of C subunit was recorded
at 25 ± 1°C after a step from +100 mV to various negative applied
potentials between −70 mV and −120 mV. The current decays were
used to obtain values of kon and koff by modifying an approach
described earlier [51] (see Supplemental Data).
Competition of C Subunit Binding with PKIP
Single-channel currents through the PKIP-pore were recorded in
the presence of 150 nM C subunit in the absence and presence of
free PKIP5-24 peptide (2 �M) in the trans chamber. The experiment
was carried out at −80 mV at 25 ± 1°C.

Supplemental Data
Supplemental Data are available at http://www.chembiol.com/cgi/
content/full/12/1/109/DC1/.
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