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ABSTRACT Cyclodextrins act as noncovalent molecular adapters when lodged in the lumen of the a-hemolysin («HL) pore.
The adapters act as binding sites for channel blockers, thereby offering a basis for the detection of a variety of organic
molecules with aHL as a biosensor element. To further such studies, it is important to find conditions under which the dwell
time of cyclodextrins in the lumen of the pore is extended. Here, we use single-channel recording to explore the pH- and
voltage-dependence of the interaction of B-cyclodextrin (3CD) with «aHL. BCD can access its binding site only from the trans
entrance of pores inserted from the cis side of a bilayer. Analysis of the binding kinetics shows that there is a single binding
site for BCD, with an apparent equilibrium dissociation constant that varies by >100-fold under the conditions explored. The
dissociation rate constant for the neutral BCD molecule varies with pH and voltage, a result that is incompatible with two
states of the aHL pore, one of high and the other of low affinity. Rather, the data suggest that the actual equilibrium
dissociation constant for the aHL - BCD complex varies continuously with the transmembrane potential.

INTRODUCTION

The engineering of ion channels and pores in order to mimipores to yield components for metal ion biosensors (Braha
and improve upon the structures found in nature could havet al., 1997); ionic currents flowing through individual
applications in many areas of biotechnology (Bayley, 1997 engineered pores are modulated by metal ion analytes, and
1999), including cell permeabilization for cryopreservationthe signal reveals both the concentration and identity of the
(Eroglu et al., 2000), the development of cytotoxic agentdons. Single molecule detection of this kind is termed sto-
(Pederzolli et al., 1995; Al-yahyaee and Ellar, 1996; Panchastic sensing (Braha et al., 1997; Bayley et al., 2000).
chal et al.,, 1996), and the construction of biosensorfkecently, targeted covalent modification has been used to
(Ziegler and Gpel, 1998; Bayley, 1999; Bayley et al., place polymers in the lumen of the pore, increasing the
2000). a-Hemolysin @HL), an exotoxin secreted by the variety of potential biosensor elements (Howorka et al.,
bacteriumStaphylococcus auref&ouaux, 1998), is a par- 2000).

ticularly attractive target for protein engineering. TdidL We have also established a new stochastic sensing system
pore is a heptamer made of identical subunits of 293 amingy using aHL equipped with noncovalent cyclodextrin
acids. Roughly globular molecules with molecular masseadapters to mediate the sensing of organic molecules (Gu et
of up to~2000 Da (Fssle et al., 1981), or larger elongated al., 1999) (Fig. 1A andB). Cyclodextrins are well-known
polymers such as single-stranded nucleic acids (Kasianowo encapsulate organic molecules in aqueous solution and
icz et al., 1996), can pass through a wide channel centereghve been widely used in the food and pharmaceutical
on the molecular sevenfold axis (Fig.A). industries for this purpose (D’Souza and Lipkowitz, 1998).

Earlier engineering studies focused on manipulating thgs-Cyclodextrin 8CD) is a cyclic molecule with a hydro-
assembly of the pore from monomers. It proved possible tghobic cavity, comprising sevemglucose units. The pri-
control assembly with chemical, biochemical, and physicaimary 6-hydroxyl groups are on the narrower rim of the
stimuli (e.g., divalent metal ions (Walker et al., 1995), molecule, and the secondary 2- and 3-hydroxyl groups on
proteases (Panchal et al., 1996), and light (Chang et akhe wider rim (Fig. 1B). WhenBCD or other cyclodextrins
1995)). More recently, guided by the availability of a crystal gre |odged in the lumen of theHL pore, they alter the
structure of the heptamer (Song et al., 1996), greater atteRmijtary conductance (Gu et al., 1999), change the ionic
tion has been given to manipulating the properties of thesglectivity (Gu et al., 2000), and act as binding sites for
fully assembled pore. For example, binding sites formed by:hannel blockers by contributing their host properties (Gu et
mutagenesis have been placed in the lumen of heteromerig 1999). The blocker sites provide for the detection of a
wide variety of organic molecules.

Further studies of the interactions of cyclodextrins with
Received for publication 14 April 2000 and in final form 7 July 2000.  the oHL pore will advance the engineering of ion channels
,(/;\:grr:iZtSr re:;zltéiﬂ::itss t?hza?;‘:zy';y'Ui*i‘\-/z;sif’egt-S?;melf'LC;LhBio'and aid the construction of biosensors. In particular, it is
ScienceyCenter, 440 Re’eynolds Medical Building, t()gollsége Station, Txlmpc_)rtam to maximize the dwell time of cyclodextrlns
77843-1114. Tel.: 409-845-7047; Fax: 409-862-2416; E-mail: bayley@Within the lumen of the pore. Here, we describe the sided-
tamu.edu. ness, voltage-dependence, and pH-dependence of the inter-
© 2000 by the Biophysical Society action of BCD with the wild-type aHL pore. BCD binds
0006-3495/00/10/1967/09  $2.00 from thetrans side of the lipid bilayer, with an apparent
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pB-cyclodextrin trans

FIGURE 1 Representations afhemolysin ¢HL) and B-cyclodextrin 3CD). (A) Sagittal section through the WaHL pore showing3CD lodged in
the lumen of the channel. The location is based on mutagenesis data (Gu et al.,B)288jdture of3CD.

dissociation constantkKg?) that varies over a range of one inwhich cations flow from theansto thecis side. Experiments were
>100-fold. conducted at 22- 2°C.

Single-channel current recordings were obtained by using an Axopatch
200B patch-clamp amplifier (Axon Instruments, Inc., Foster City, CA), in
the whole-cell 3 = 1) mode, with a CV-203BU headstage, and filtered at
MATERIALS AND METHODS 5 kHz with a built-in low-pass Bessel filter. The data were acquired by
Reagents computer at a sampling rate of 20 kHz by using a Digidata 1200 A/D

converter (Axon) and Clampex 7.0 software (Axon). The data were ana-
B-Cyclodextrin 3CD) was from Aldrich (Milwaukee, WI). Buffers for  lyzed with the software pClamp 6.03 (Axon) and Origin (Microcal Soft-
planar bilayer recording contaidel M NaCl, 10 mM sodium phosphate, ware Inc., Northampton, MA). Conductance values were determined by
and 2 mM citric acid (Sigma, St. Louis, MO) in deionized water (Millipore fitting the peaks in amplitude histograms to Gaussian functions. The mean

Corp., Bedford, MA), and were titrated to pH 5.0 or 7.5iwit M HCI dwell time 7 at each conductance level was measured by fitting the dwell
(EMScience, Gibbstown, NJ), and to pH 9.0 and pH 11.01&itM NaOH time distribution to an exponential function.
(EMScience). Experiments were initiated by the addition of heptametitt. to thecis

compartment of the bilayer apparatus to a final concentration of 3-30 ng

ml~*, with stirring until a single channel inserted into the membr@@D
Protein was added to theans chamber at 4QuM unless otherwise specified. For

the determination of each set of kinetic constants, three or more separate
Heptameric WTeHL was formed by treating monomerieHL, purified  experiments were performed and data acquired for at least 2 min were
from Staphylococcus aurepsvith deoxycholate (Bhakdi et al., 1981; analyzed. Values for unitary conductank®®, k., andK3*Pare quoted as
Walker et al., 1992) and isolated from SDS-polyacrylamide gels as dethe mean+ SD.
scribed (Braha et al., 1997).

RESULTS

A 25-um-thick Teflon film (Goodfellow, Malvern, MA) with a 100— Sidedness of current block by BCD

150-um diameter orifice was used as a partition between the two chamber;‘S previously documented (Menestrina, 1986; Bezrukov
(2 ml each) of a Teflon bilayer apparatus. The orifice was pretreated with . . .

1:10 hexadecane (Aldrich)/pentane (HPLC-grade, Burdick and Jacksoﬁ’:}nd Kasianowicz, 1993; Korchev et al., 199_5)’ except at
Muskegon, MI). A solvent-free planar lipid bilayer membrane of 1,2- €xtremes of pH and transmembrane potential, WAL
diphytanoylsn-glycero-phosphocholine (Avanti Polar Lipids, Inc., Alabas- pores exhibited uniform single-channel conductance states
ter, AL) was formed across the orifice (Montal and Mueller, 1972; Hanke of |[ong duration at both negative and positive transmem-
and Schlue, 1993). The transmembrane potential was applied with Agbrane potentials (Table 1 and FigA?left, 651+ 4 pS,—40

AgCl electrodes with 1.5% agarose bridges (Ultra Pure DNA Grade, .
Bio-Rad Laboratories, Hercules, CA) contaigia M KCI (Sigma). Protein mV,pH7.5,1M NaCI,rlght, 721+ 6pS,+40mV, pH7.5,

was added to theis chamber, which was at ground. A positive potential 1 M NacCl). The addition of 40uM BCD to the trans
indicates a higher potential in theans chamber, and a positive currentis  compartment produced reversible partial blockades of the

Bilayer recordings
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B-Cyclodextrin Binding to a Protein Pore 1969
TABLE 1 Conductance values and kinetic parameters for «HL and aHL - BCD at +40 mV
GaHL - pcD
Jar (PS) (pS) KPP (M~is™Y) Kotr (57%) K&"" (M)

pH5.0 —40 mV 683+ 3 266+ 7 9.0+ 0.5x 10* 3.2+ 0.1x 1¢? 3.1+-03x10°3

+40 mV 746+ 12 256+ 7 5.0+ 0.2 % 10* 7.0+ 07X 107 1.4+ 0.2X 1072
pH7.5 —40 mV 651+ 4 240+ 3 4.0+ 03X 10° 1.3+ 0.1x 10° 3.4+04x10°°

+40 mV 721+ 6 253+ 4 2.8+ 0.2%x 1C° 2.1+ 0.2x 10° 7.8+0.3x 102
pH9.0 —40 mV 613+ 2 228+ 4 3.3+ 02X 10° 1.7+0.1x 10° 52+04x10°3

+40 mV 686+ 6 232+ 3 31+01x 10 1.9+ 03X 10° 6.0+ 0.4x 103
pH11 —40 mV 606+ 7 212+ 15 1.3+ 0.1 10° 27+02x 1C° 21+03x10°?

+40 mV 654+ 3 196+ 2 4.4+ 02X 10° 1.2+0.1x 10° 26+02x10°3

Values at other voltages can be found in Fig. 5. Values for unitary conductand@fyk., andK3"® are quoted as the mean SD from three or more
separate experiments. Calculations were performed at three significant figures and rounded to two significant figures for the kinetic constants.

ionic current (see below). By contrast, no current block wasside of a bilayer, were examined further. At pH 5.0 and0

detected when 40 or 8AM BCD was added from theis
side (Fig. 2B), even at the highest voltages 120 mV) and
lowest pH values (pH= 3.0) tested (data not shown).

pH- and voltage-dependence of the extent of

current block by CD

rents, obtained by the addition of 4M BCD to thetrans

-40mV
A
No BCD
pH7.5
B
BCDcis
pH7.5 J
C
BCD trans A
pH5 H
J i
D
BCD trans .
PH7.5 ’ h | ‘ ‘ ’ \H\HH
" o .
E
BCD trans
Hit | | |

FIGURE 2 Representative current traces from singtt pores showing blockades IBCD. All traces were recorded under symmetrical pH conditions

mV, the conductance was reduced from 683 pS HL)
to 266 = 7 pS, whileBCD was boundd4HL - BCD) (Table
1 and Fig. 2C, left). At pH 5.0 and+40 mV, the conduc-

tance was reduced from 746 12 pS @HL) to 256 = 7 pS
(aHL - BCD) (Fig. 2 C, right). At pH 7.5, blockades of
similar amplitude were observed: a40 mV, from 651+
4 pS (@HL) to 240+ 3 pS @HL - BCD) (Fig. 2D, left), and
The reversible partial blockades of the single-channel curat +40 mV, from 721+ 6 pS @HL) to 253+ 4 pS @HL -

+40mV

BCD) (Fig. 2D, right). Again, at pH 11, the extent of block

o < OHL

<« oHL

<« aHL

“ <« oHL

L " <« oHL
<« oHL-BCD
| <« aHL*BCD

<« oHL

<« oHL

' v <« aHL
<« aHLBCD
d <« aHL*BCD

<« oHL*BCD ' ‘

<« oHL

<« oHL

I T T T~ e

20pA

.

200ms

in buffer containig 1 M NaCl; 40uM BCD was added where indicatddeft, traces recorded at40 mV; right, traces recorded at40 mV. The broken
line indicates zero currentA{ aHL alone, pH 7.5; B) aHL with BCD, cis, pH 7.5; C) BCD, trans, pH 5.0; D) BCD, trans pH 7.5; €) BCD, trans,

pH 11.0.
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was similar: at-40 mV, from 606+ 7 pS @HL) to 212 = NaCl, and 40uM BCD (Fig. 4, A and B). Single time-
15 pS @HL - BCD) (Fig. 2E, left), and at+40 mV, from  constants for both,, and 7.4 were also found at the other
654 + 3 pS @HL) to 196 = 2 pS @HL - BCD) (Fig. 2E, pH values examined (pH 5.0, pH 9.0 and pH 11.0) and
right). throughout the voltage range140 to +140 mV (data not

A typical amplitude histogram (Fig. 3nset recorded at shown). These data affirm that, under the wide range of
—40 mV, pH 7.5, 1 M NaCl) shows only one current conditions examined her8CD lodges at a single site in the
blockade level, which suggests that there is only one bindlumen of the pore, which is accessible from trensside of
ing site for BCD within the lumen of thewHL pore. The the bilayer. Therefore, the kinetics of the interaction be-
kinetics of the interaction witiBCD are also in keeping with tween BCD and aHL should obey the simple kinetic
this interpretation (see below). Ti&/ (current versus volt- scheme:
age) curves forHL and aHL - BCD recorded in 1 M NaCl

(Fig. 3) show that neither the conductancenbfL nor that aHL + BCD<£>—n aHL-BCD (1)
of aHL - BCD change dramatically over a wide range of pH Kot
\jrallli((a)sn;[?/r.oughout the voltage range froml40 mV to As expected from Scheme 1, the plot of]/versus BCD]
was a straight line, the slope of which yields the rate
constantPP (e.g., Fig. 4C). We usek3PP (rather thark,,)
BCD binds to «HL at a single site in a simple because certain models for the pH- and voltage-dependence
bimolecular interaction of binding demand more than one statea¢fL. Again, as

expected from Scheme 1,71} is independent of §CD]
(e.g., Fig. 4D) and k4 was evaluated as the average of
1/7, at the different8CD concentrations.

Histograms displaying the dwell time for the unoccupied
state ofaHL (7,,) and the dwell time foBCD in the lumen

of the pore €, could be fitted by single-exponential
distributions for data obtained at40 mV, pH 7.5, 1 M

pH- and voltage-dependency of block kinetics

PA The rate constant&hP and k., were determined over a

wide range of conditions (Fig. 3 andB). For example, at

100 pH 5.0, at negative transmembrane potentials, the dwell

time (ro¢) of BCD in the lumen of the pore (e.g., at40

” 75 MV, 74 = 3.1 % 0.1 msk,z = 3.2+ 0.1 X 107 s~ %, Fig.

" 2 C, left) was longer thamr at positive potentials (e.g., at

+40 MV, 7oq = 1.4+ 0.2 mskyy = 7.0+ 0.7 X 10%s 4,

Fig. 2 C, right). By contrast, at pH 5.0z, was shorter at

0 20 0 0 negative potentials (at40 mV and 40uM BCD, 1., =

pA 25 | 280 = 20 ms, k3P = 9.0 = 0.5 X 10* M~*s7?) than at
positive potentials (at-40 mV and 40uM BCD, 1., =

500 + 20 ms, k3P = 50 + 0.2 X 10* M~1s™%). At pH

450 100 50&2%71 50 100 180  11.0, the trends were the opposite of those observed at pH

mv 5.0. 7,4 was considerably shorter at negative transmem-

-25 1 brane potentials (e.g., at40 mV, 7.4 = 0.37 + 0.03 ms,

o aHL pHS Kot = 2.7 £ 0.2 % 10° s %, Fig. 2E, left) than at positive

50 | —e— GHL+BCD, pH5 potentials (e.g., at-40 mV, 7,4 = 0.87 = 0.04 msk,; =

—o— aHL pH75 1.2+ 0.1 x 10° s %, Fig. 2E, right). At pH 11.0,,,, was

—&— aHL+BCD, pH7.5 longer at negative potentials (a40 mV and 40uM BCD,

751 —o— aHL, pHo Ton = 190+ 10 Ms kPP = 1.3+ 0.1X 10° M~ 15 %) than

‘ —*— aHLBCD, pHY at positive potentials (at40 mV and 40uM BCD, 7., =

-100 | T4 oL, phT 57+ 2ms, k3P =44+ 02x 10° M tsh).

—*— aHLeBCD, pH11 Equilibrium dissociation constant&F*P = k,/k3P) were
calculated forxHL - BCD and differ by over 100-fold under
the conditions examined (Fig. &€). The most extreme

FIGURE 3 Reduction of the unitary conductance of el pore by  vyalues are seen at pH 5.0 and pH 11.0. For example, at

BCD. Single-channel-V curves foraHL with or without BCD bound, —~120 mV BCD binds 87 times more strongly at pH 5.0
under different symmetrical pH conditions, as indicatedl M NaCl with app _ ! 3 app _ ’

40 uM BCD trans. InsetRepresentative current amplitude histogram from (Kd =16 if?‘l x 10 M) than at pH 11.0 Kd N
a recording made in the presence of @@ BCD trans with 1 M NaClat 1.4 = 0.1X 10"~ M). By contrast, at-120 mV,CD binds

pH 7.5 in both chambers. 150 times more strongly at pH 11.83° = 7.7 = 0.3 X

108

Log (N)

102

10 50
100
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B-Cyclodextrin Binding to a Protein Pore 1971
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FIGURE 4 Kinetics of the interaction o8CD with «HL at —40 mV. Dwell time histograms o&tHL (A) and aHL - BCD (B) were fitted to
single-exponential functions. Data were from a recording made withMQ3CD trans in 1 M NaCl at pH 7.5 in both chambersC) The rate constant
k3PP was obtained from the slope of the linear fit ofrd{versus BCD]. (D) The rate constark; is independent of §CD] and was obtained from the
average of the &/ values.

10~* M) than at pH 5.0 3P = 1.1 + 0.1 X 10 * M).  absence of3CD. The exact value of the reduced conduc-
Interestingly, when extrapolated to a transmembrane potenance varies with the transmembrane potential and the pH of
tial of 0 mV, theKgPPvalues forBCD show little variation the buffer in the chambers (Fig. 3). Several arguments
over the range pH 5.0 to pH 11.0 (FigGj. However, itis  support the notion tha8CD reduces the conductance by
important to note that changes in bdf” andk,; occur  pinding at a single site within the channel lumen in a
with pH (Fig. 5,AandB). For example, while th&g”Pvalue  defined orientation and conformation.

for BCD at 0 mV at pH 5.0 is similar to thi€g"Pvalue at pH First, at each pH value and voltage condition, there is
7.5, compensating changes occur in the on- and off—ratgmy one conductance state that can be assignedHto -
constants. BCD (Fig. 3). Second, there is no additional noise associ-
ated with theaHL - BCD state, suggesting that the rather
DISCUSSION rigid cyclodextrin (Corradini et al., 1996; Schneider et al.,

1998; Saenger et al., 1998) is firmly held at the binding site
(data not shown, but compare peak widths in FigB,3
inse). Third, at all pH values and voltage conditions tested,
WhenBCD enters the lumen of theHL pore, it reduces the we find that dwell time histograms for,; and 7, can be
single-channel conductance to 33—43% of the value in thanalyzed as single exponentials (FigAdandB), consistent

BCD binds at a specific site within the lumen of
the aHL pore
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FIGURE 5 Dependence of the kinetic constants for the interactigdGd with «HL on pH and voltage.A) k. (B) K355 (C) K3PP. The dissociation
constantk§PP was calculated akg,/kSRP.

with simple bimolecular kinetics for the interaction®€D  al., 1996). Interestinglygis binding events of3CD can be
with aHL (Scheme 1). Fourth, the additional channel blockdetected with the mutant E111N/M113N/K147N, in which
produced when guest molecules bind3GD lodged in the  the internal barrier is removed, and the dwell timeg) are
pore (Gu et al., 1999) suggests tH&ED is bound in an very similar whetheiBCD binds from thetrans or the cis
orientation in which its interior is exposed to solvent, ratherentrance, again suggesting a single site (L.-Q. Gu and S.
than (for example) being occupied by an amino acid sideCheley, unpublished observations).

chain. The residual current observed in the presence of a

guest may represent ions flowing between the outer surface

of the cyclodextrin ring and theHL wall (Gu et al., 1999). Voltage- and pH-dependence of the interaction of
Finally, the idea of a discrete binding site f8€D within ~ BCD with the aHL pore: ruling out

the lumen of thexHL pore is strengthened by the existence familiar mechanisms

of mutants with enhanced affinity fg8CD and other cy-  woodhull’s mechanism for a charged blocker

clodextrins (Gu et al., 1999, 2000). For example, in the case o ) o
of M113N, theK3 is decreased from 3.& 103 M to The affinity of a charged blocker for a site within the lumen

1.5x 10" 7 M at pH 7.5,—40 mV. Thus, the situation with of a channel is voltage-dependent and described by the
cyclodextrin adapters differs from that with flexible poly- €duation of Woodhull (Woodhull, 1973; Hille, 1991):

mers such as PEG or polynucleotides, which sustain brief _ _

encounters with the lumen or rapidly pass through it without KdV) = Kol 0)exp(=2,FSAVIRT) @
lodging at a defined site (Kasianowicz et al., 1996;when a blocker of chargg is applied from théransside of
Bezrukov, 2000). the bilayer, and is the distance from th&ans side to the
position at which the blocker bindé.~ 0.5 for BCD (Fig.

1 Aand Gu et al., 1999).

The only potentially ionizable groups @CD are the 21
hydroxyls, but two strong arguments can be made against a
BCD can reach its binding site in the lumen of tidL pore  charged form o3CD binding with the lumen o&HL. First,
from thetransside of the membrane (Fig. 2-E), butithas the pK, value of an unperturbed aliphatic hydroxyl group is
no effect when applied from thas side (Fig. 2B), even at  high, pK, = 16. Although the pKvalue is shifted to pK=
extremes of pH and transmembrane potential. Giseen-  12.2 in BCD, by statistical and environmental effects (Sze-
trance to the lumen is wider than ttransentrance (Fig. 1), jtli, 1998), the signs of the observed effects of pH and
so binding from theeis side must be hindered by an internal voltage on binding are the opposite to what are predicted
barrier (Merzlyak et al., 1999), which we suggest is formedfrom Eq. 2. For examplg3CD binds weakly at high pH and
by the rings of Glu-111 and Lys-147 side chains (Song enegative potentials, when it would be negatively charged

The binding site for BCD can be accessed from
the trans but not the cis side of the bilayer

Biophysical Journal 79(4) 1967-1975



B-Cyclodextrin Binding to a Protein Pore 1973

and driven into the channel by the electrical potential. Thefrom its binding site, should not vary with pH and voltage,
dipole moment of3CD has been calculated to be about 3 Das it so clearly does (Fig. 2 andB).

in a conformation close to that determined by x-ray crys-

tallography (Botsi et al., 1996). Therefore, the free energy

of transfer of a neutral but orientggCD molecule into the A viable model for the voltage- and pH-
transmembrane field would be expected to make only alependence of the interaction of BCD with the

minor contribution to the free energy of binding €D to  aHL pore

eHL (Moczydiowski, 1986). A third model involves a continuous change in the free

energy ofaHL or aHL - BCD (or both) as a function of the
membrane potential. For exampgZD might bind toaHL

in a single step by induced fit (Koshland et al., 1966), rather
than through one of two states required by the second
A second possibility is that there are two states ofdht. ~ model. In asimplified versionof the third model, the free

Voltage-dependent two-state conformational change of
the protein

pore that exist in a voltage-dependent equilibrium. energy ofaHL - BCD remains unaltered in an applied field,
while the free energy o&HL varies asAG = —z, F § AV
Py/Pa = exp(—AG(0) + ZFSAV)/IRT () (Fig. 6). The dependence &, on voltage is then given by

where “b” is the state ofHL that bindsCD, while “a” a relation with the same form as Eq. 3:

does not; andz, is a charge on the protein that moves a Kq(V) = Ko(O)exp(+2Z,FSAV/RT) (4)
distanced away from thetransside of the membrane when
state “a” is converted to state “b.” Despite the similarity between Eqgs. 3 and 4, it is clear that
This model would accommodate, at least qualitatively, the free energy barrier to the transition stat&() varies in
the observe&gPP values KGPP = K, - (1 + exp((AG(0) — model 3 (Fig. 6), with a dependence on voltage that would
z, F 6 AV)/RT))), assuming that at least two residues carryaccount qualitatively for the variation ky, andk (Fig. 5).
the chargez,, so that the mobile charge can switch from The use ofz, and s imply that a localized charge moves as
positive to negative with pH. For example, at low pH, a BCD binds. The same result would obtain if, whg&D
positively charged group might be pushed towardttaes  binds, there were a change in the dipole moment of the
side in a negative transmembrane potential poising th@rotein with contributions from several regions of the mol-
equilibrium in favor of state “b,” thereby decreasikg™.  ecule (Moczydlowski, 1986).
By contrast, at high pH the first ionizable group would be At pH 5.0 and pH 11.0, and at low potentials, plots of log
titrated to a neutral value, allowing a second negativelyKi"P versusAV (Fig. 5 C) can be fitted to straight lines as
charged group to be pushed away from tizs side in the  predicted by Eq. 4, yielding,d values of+0.60 and—-0.61,
negative potential, poising the equilibrium in favor of staterespectively. These data imply that at low pH, positive
“a,” thereby increasingK3PP. The proposed mechanism charge on the protein moves toward tinans side of the
would account for the variation &"Pwith voltage and pH,  bilayer asgCD binds; hence, binding is favored at negative
but there is a major difficulty with the model in that tkg; potentials. By contrast, at high pH, negative charge must
value for state “b,” the dissociation rate constant3@D  move toward thdrans side whenBCD binds. At interme-

FIGURE 6 The pH- and voltage-dependent
interaction of BCD with «HL depicted as con-
ceptual free energy profiles. In th&mplified
rendition, the occupied form of the protein,
aHL - BCD, is supposed to be unaffected by -Ve
voltage. The free energy of the unoccupied form,
aHL, is voltage-dependent. For example, at IowO

” ; mV
pH a positive charge on the pore might be lo-
cated part way through the lipid bilayer in the
unoccupied form of the protein. Thus, a negative +Ve
potential would increase the free energy of the
unoccupied protein relative to the occupied form
and the binding of3CD would be favored.

A

v

aHL aHL+BCD oHL aHL*BCD
pH=35 pH = 11
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diate pH values and at extremes of pH, plots of Kg*  voltage, a simple two-state model, in which there are high-
versusAV are not linear and a more complex model wouldand low-affinity forms of aHL, is ruled out. Instead, a
be required to fit the data, which is not warranted given oummodel is suggested that features a single unoccupied state of
present knowledge of the system. the channel with a free energy relativedblL - BCD that is

The third model implies that the conformational changevoltage-dependent. For applications in sensors, it is impor-
of aHL that occurs wheBCD hinds (Fig. 6) does not occur tant that the dwell time of an adapter within theélL pore
in the absence oBCD, i.e., that the conformationally al- be as prolonged as possible. The data presented here show
tered state of the protein is separated by an insurmountabtbat the dwell time can be manipulated with pH and voltage.
free energy barrier in the absencelaD. Alternatively, the  These tactics might be combined with increases in dwell
conformationally altered, but unoccupied, state and intertime obtained by mutagenesis (L.-Q. Gu and S. Cheley,
mediate conformational states might be energetically accesmpublished data) to improve the characteristicsabfl
sible, in which case the structure of the protein wouldpores as sensor elements.
gradually change with membrane potential to forms with
increased or decreased affinity f@CD. This effect of
voltage would also satisfy Eq. 4 and the experimental obWe thgnk Stephen Cheley for sampleswhemolys_in, Sean Conlz_an for_
servations ork.. Model 2 is an extreme version of this last help with the figures, and Stephen Cheley and Orit Braha for their advice.
case in which there is not a gradual change in structure, buthis work was supported by DOE, ONR, and DARPA.
two states separated by a surmountable barrier.
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