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ABSTRACT: The pentadecapeptide gramicidin A, which is known to form highly conductive ion channels
in a bilayer lipid membrane by assembling as transmembrane head-to-head dimers, can be modified by
attaching a biotin group to its C-terminus through an aminocaproyl spacer. Such biotinylated gramicidin
A analogues also form ion channels in a hydrophobic lipid bilayer, exposing the biotin group to the
aqueous bathing solution. Interaction of the biotinylated gramicidin channels with (strept)avidin has
previously been shown to result in the appearance of a long-lasting open state with a doubled transition
amplitude in single-channel traces and a deceleration of the macroscopic current kinetics as studied by
the sensitized photoinactivation method. Here this interaction was studied further by using streptavidin
mutants with weakened biotin binding affinities. The Stv-F120 mutant, having a substantially reduced
biotin binding affinity, exhibited an efficacy similar to that of natural streptavidin in inducing both double-
conductance channel formation and deceleration of the photoinactivation kinetics of the biotinylated
gramicidin having a long linker arm. The Stv-A23D27 mutant with a severely weakened biotin binding
affinity was ineffective in eliciting the double-conductance channels, but decelerated noticeably the
photoinactivation kinetics of the long linker biotinylated gramicidin. However, the marked difference in
the effects of the mutant and natural streptavidins was smaller than expected on the basis of the substantially
reduced biotin binding affinity of the Stv-A23D27 mutant. This may suggest direct interaction of this
mutant streptavidin with a lipid membrane in the process of its binding to biotinylated gramicidin channels.
The role of linker arm length in the interaction of biotinylated gramicidins with streptavidin was revealed
in experiments with a short linker gramicidin. This gramicidin analogue appeared to be unable to form
double-conductance channels, though several lines of evidence were indicative of its binding by streptavidin.
The data obtained show the conditions under which the interaction of streptavidin with biotinylated
gramicidin leads to the formation of the double-conductance tandem channels composed of two cross-
linked transmembrane dimers.

Recording of electrical currents flowing through proteina-
ceous channels in lipid membranes has recently become a
powerful tool for monitoring single molecular recognition
events due to its extremely high sensitivity (1, 2). The fact
that each specific binding event results in opening or closing
of a certain ion channel makes such systems very attractive
for studying receptor-ligand interaction at the membrane
surface. The crucial step of such interactions is the binding
of ligands to membrane receptors, which differs substantially
from their binding to proteins in solution, as evidenced by
studies using self-assembled monolayers (3, 4) and Lang-
muir-Blodgett films (5). A series of studies has shown that
the binding of streptavidin to surfaces bearing covalently

bound biotin groups at different surface densities is rather
sophisticated; e.g., it exhibits cooperativity and shows addi-
tional protein-protein and protein-surface interactions
(4-7).

Governing processes of ion channel gating via ligand
binding is of potential interest as a prototype of efficient
biosensors. The mechanisms of the channel nanodevices pro-
posed so far are based on either the regulation of ion passage
through the channel interior of relatively large pores, such
as those formed byR-hemolysin (8), or the extramembrane
control of channel peptide assembly and/or dissociation of
smaller pores formed by gramicidin A (9-11) or alamethicin
(12, 13), eventually leading to channel current modulation.
The mobility of channel-forming molecules in the lipid
bilayer is thought to contribute substantially (9) to the process
of conducting state assembly of biotinylated gramicidin chan-
nels, which have been used in the construction of a series of
biosensors (14) because of their ability to interact with biotin-
binding proteins such as streptavidin and avidin. The (strept)-
avidin-biotin system, utilized in these biosensors, offers a
wide range of biotechnological and general research applica-
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tions (15) and has served as the subject of a series of studies
aimed at exploring the mechanisms of tight protein-ligand
interactions (reviewed in refs16 and 17; see also ref18).
Several successful attempts to modulate the biotin binding
affinity by site-directed mutagenesis have become especially
important (19-27).

Since the pioneering work of Cornell et al. (9), there have
been a few studies on the interaction of (strept)avidin with
channels formed by biotinylated gramicidin analogues (28-
30). At present, the mechanism of the effect of (strept)avidin
on these channels remains obscure. In the previous work (31),
we presented evidence that the binding of (strept)avidin
induces the formation of a new type of a tandem gramicidin
channel composed of two synchronously functioning chan-
nels. Here, the interaction between biotinylated gramicidins
and streptavidins with varying biotin binding affinities was
studied at both the macroscopic and single-channel levels
to understand how the binding affinity and steric factors
determine the mode of the interaction. In particular, we
studied the effect of streptavidin mutants Stv-F120 and Stv-
A23D27, in which the biotin binding affinities (Ka) were
reduced from approximately 1015 M-1, characteristic of
natural streptavidin (32, 33), to approximately 108-109 and
104 M-1, respectively (19, 22).

MATERIALS AND METHODS

BLMs1were formedfroma2%solutionofdiphytanoylphos-
phatidylcholine (DPhPC, Avanti Polar Lipids, Alabaster, AL)
in n-decane (Merck, Darmstadt, Germany) by the brush
technique on a hole in a Teflon partition separating two com-
partments of a cell containing aqueous buffer solutions. A
cell with a 0.15 mm diameter hole was used in single-channel
experiments, and one with a 0.55 mm diameter hole was
used in photoinactivation experiments. The biotinylated
analogues of gramicidin A (generous gifts of F. Separovic,
University of Melbourne, Melbourne, Australia) with a biotin
group attached to the C-terminus of gramicidin A through a
linker arm comprising five (gA5XB) or two (gA2XB) amino-
caproyl groups were added from stock solutions in ethanol
to the bathing solutions at both sides of the BLM and
incubated for 15 min with constant stirring. The addition of
the channel former at a concentration of∼1 nM induced a
current across the BLM of the order of 1µA. The structure
and synthesis of biotinylated gramicidins were described
previously (34, 35). Natural streptavidin (Stv) and biotin were
from Fluka (Buchs, Switzerland). Two streptavidin mutants,
Stv-F120 (also called Stv-38) (19) and Stv-A23D27 (22),
were obtained as described previously (19, 22). In all experi-
ments, the solution that was used consisted of 1 M KCl, 10
mM Tris, 10 mM MES, and 10 mMâ-alanine (pH 7.0). In
photoinactivation experiments, aluminum trisulfophthalo-
cyanine (AlPcS3) from Porphyrin Products (Logan, UT) was
added to the bathing solution on thetransside (thecis side
is the front side with respect to the flash lamp). All experi-
ments were carried out at room temperature (22-24 °C).

Electric currents (I) were recorded under voltage-clamp
conditions. Voltages were applied to BLMs with Ag-AgCl
electrodes placed directly into the cell. The currents, mea-
sured by means of a patch-clamp amplifier (OES-2, OPUS,
Moscow, Russia) in single-channel experiments and by a U5-
11 amplifier in photoinactivation experiments, were digitized
by using a LabPC 1200 computer (National Instruments,
Austin, TX) and analyzed using a personal computer with
the help of WinWCP Strathclyde Electrophysiology Software
designed by J. Dempster (University of Strathclyde, Strath-
clyde, U.K.). Single-channel currents were low-pass filtered
with a cutoff frequency of 100 Hz, sampled at 1 kHz, and
stored directly on a hard disk. A low-pass digital filter with
a cutoff frequency of 53 Hz was used in the recordings.

In photoinactivation experiments, BLMs were illuminated
by single flashes produced by a xenon lamp with flash energy
of ∼400 mJ/cm2 and a flash duration of<2 ms. The time
course of a decrease in the macroscopic gramicidin-mediated
current (I) across a BLM provoked by a flash in the presence
of a photosensitizer [e.g., aluminum trisulfophthalocyanine
(AlPcS3)] was measured. The sensitized photoinactivation
is associated with damage to tryptophan residues in grami-
cidin, caused by light-induced generation of reactive oxygen
species (36-38). As shown previously (39), the time course
of the flash-induced current decrease (the current transient
called here the photoinactivation kinetics) reflects the
equilibration of gramicidin dimer and monomer concentra-
tions after a concentration jump caused by damage to a
fraction of the gramicidin molecules. The time course of the
decrease in the current is, at a first approximation, a
monoexponential function of time

whereI0, I∞, andτ are the initial current prior to illumination,
the steady state level of the current established as a result of
relaxation after the flash, and the characteristic time of
photoinactivation, respectively. The characteristic time of
photoinactivation (τ) derived from the exponential ap-
proximation of the current transient (an exponential factor
of a monoexponential curve fitting the time course) has been
shown to correspond to the gramicidin channel lifetime.
Another parameter of the light-induced current transient, the
relative amplitude of photoinactivation [R ) (I0 - I∞)/I0], is
determined by the amount of the reactive oxygen species
generated upon excitation of the photosensitizer by a light
flash (40). Because the light-induced decrease in the grami-
cidin-mediated current is due to the reduction of the number
of open channels (37, 38), R is equal to the fraction of
damaged gramicidin channels.

The gA5XB photoinactivation kinetics recorded after the
addition of different streptavidins were poorly fitted by a
monoexponential curve, but were described well by a sum
of two exponentials

whereâ1 + â2 ) 1. Under these conditions, the photoinac-
tivation kinetics were characterized by three parameters,τ1,
τ2, andâ2. In most cases, the value ofτ1 practically coincided
with the value ofτ measured in control experiments, in the
absence of streptavidin, and amounted to 3.5-5 s at room

1 Abbreviations: DPhPC, diphytanoylphosphatidylcholine; gA, gram-
icidin A; gA5XB, gA with a biotin group covalently attached to the
C-terminus of gA through a linker arm comprising five aminocaproyl
groups; gA2XB, gA with a biotin group covalently attached to the
C-terminus of gA through a linker arm comprising two aminocaproyl
groups; Stv, streptavidin; AlPcS3, aluminum trisulfophthalocyanine;
BLM, bilayer lipid membrane; Tris, tris(hydroxymethyl)aminomethane;
MES, 4-morpholineethanesulfonic acid.

I(t) ) (I0 - I∞) exp(-t/τ) + I∞

(I - I∞)/(I0 - I∞) ) â1 exp(-t/τ1) + â2 exp(-t/τ2)
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temperature. Therefore, two parameters,â2 and τ2, were
sufficient to characterize the photoinactivation kinetics
observed in the presence of different streptavidins. In general,
the characteristic time of photoinactivation depends on the
magnitude of the macroscopic current that is determined by
the surface density of gramicidin molecules (39). However,
measurements made in the presence of streptavidin have
shown thatâ2 and τ2 were practically independent of the
current within the range of 0.1-3 µA, when a voltage of 50
mV was applied to a BLM.

RESULTS

Previously, we have shown (31) that the addition of
streptavidin to the bathing solutions of a BLM provokes the
appearance of an extremely stable state of ionic channels
formed by gA5XB (biotinylated gramicidin with a long linker
arm comprising five aminocaproyl groups) that is character-
ized by an approximately doubled transition amplitude
(double-conductance channel). In the study presented here,
we compare the effects of streptavidins with varying biotin
binding affinities on the channel properties of gA5XB.

Figure 1 illustrates single-channel recordings of gA5XB
after the incubation with natural streptavidin (Stv) (trace A),
and two mutants with reduced biotin binding affinities, Stv-
F120 (19) (trace B) and Stv-A23D27 (22) (trace C), added
to both sides of the BLM. As described in our earlier paper
(29), in the absence of Stv gA5XB exhibits current fluctua-
tions similar to those of gramicidin A with a single-channel
conductance of 17.6( 1 pS. The single-channel lifetime
histogram of gA5XB displays a single-exponential decay
distribution with an exponential factor of 3.6 s (29). Stv-
F120, like Stv, suppressed the usual current fluctuations of
gA5XB and induced the transition to a very long-lived open
state with the single-channel conductance exceeding that of
the control more than 2-fold (40.2( 3 pS). In contrast, the
formation of the long-lived double-conductance channel was
not observed with Stv-A23D27.

Fast fluctuations of the current generally preceding the
opening of the double-conductance channels of gA5XB after
the addition of Stv (Figure 2A; see also ref31) were also
recorded with Stv-F120 (Figure 2B). However, similar bursts
of very short-lived channel events having the transition
amplitude coinciding with that of the control single channels
of gA5XB were also elicited by the addition of Stv-A23D27
(Figure 2C), though this mutant did not induce the long-
lasting double-conductance state in the single-channel traces.
With Stv-A23D27, these bursts occurred rarely, as compared
to Stv and Stv-F120 (Figure 1). The open state duration of
individual events in these bursts displayed an exponential
distribution with exponential factors of 60( 10, 43( 3,
and 32( 6 ms for Stv, Stv-F120, and Stv-A23D27, re-
spectively. With Stv, the bursts, lasting for an average of
100 s, were usually terminated by the emergence of the
double-conductance channels. On the contrary, with Stv-
F120, only some of the bursts were stopped by the formation
of the long-lived double-conductance channel state, while
the others lasted on average 27( 10 s. For Stv-A23D27,
the average total duration of the bursts was 12( 5 s. Ap-
parently, the value of 100 s can be considered the lower limit
for the duration of the gA5XB current bursts induced by
Stv. It is of interest that similar fast fluctuations of the single-

channel current were observed after the addition of Stv also
in the case of gA2XB (a biotinylated gramicidin analogue
with a short linker arm) that did not form the double-
conductance channels in our single-channel experiments (31).
The gA2XB bursts were characterized by the 33( 4 ms
open state and the 140( 30 s average total duration.

The binding of multivalent ligands such as streptavidin to
surfaces depends essentially on the surface density of
receptors, i.e., biotin groups (4). To estimate the effect of
streptavidins on the open state duration of gA5XB channels
at much higher surface densities of gA5XB, we employed
the method of sensitized photoinactivation (37, 38). Figure
3 demonstrates the effect of Stv-F120 (curve 3) and Stv-
A23D27 (curve 4) on gA5XB photoinactivation kinetics, as
compared to that of Stv (curve 2). The control photoinacti-
vation kinetics of gA5XB measured in the absence of
streptavidin were fitted well by a monoexponential curve
with a characteristic time of 3.7 s (curve 1). The normalized
photoinactivation kinetics (Figure 3A inset) reveal that the
addition of Stv-F120 led to a dramatic deceleration of the
gA5XB photoinactivation kinetics, similar to the effect of

FIGURE 1: Single-channel traces of gA5XB in the absence (shown
before the break) and presence of 20 nM Stv (A), 20 nM Stv-F120
(B), or 20 nM Stv-A23D27 (C) (shown after the break). The BLM
voltage was 50 mV. The solution consisted of 1 M KCl, 10 mM
Tris, 10 mM MES, and 10 mMâ-alanine (pH 7.0). Planar bilayers
were from DPhPC.
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Stv (31) and avidin (29). All of the gA5XB photoinactivation
kinetics measured in the presence of streptavidins were fitted
well by a biexponential curve

Importantly, the exponential component with parametersâ2

and τ2 (below called the slow phase of photoinactivation)
appeared to make the predominant contribution to the
photoinactivation kinetics not only in the presence of Stv
and Stv-F120 but also in the presence of Stv-A23D27. Figure
3B compares the values ofτ2 andâ2, when different strep-
tavidins were used, with the control parameters (τ and â,
taken to be 100%) of the kinetics measured in the absence
of streptavidin. Stv-A23D27 at a concentration of 20 nM
also induced the deceleration of the gA5XB photoinactivation
kinetics, though it was less pronounced than with Stv and
Stv-F120. The addition of biotin to the bathing solutions prior
to the addition of streptavidins completely prevented the
effect of Stv and its mutants as expected (data not shown).

Thus, at a high surface density of biotin groups, the
significant lengthening of the gA5XB open channel state
occurred in the presence of all of the streptavidins that were
tested, including Stv-A23D27. Table 1 presents the concen-
tration dependence of the effect of Stv and its mutants. At a
concentration of 20 nM, the effect of all of the streptavidins
that were studied became saturated. In addition, the concen-
trations at which the effect of different streptavidins became
pronounced differed by only 2 orders of magnitude (0.2 nM
for Stv and Stv-F120 and 20 nM for Stv-A23D27), although
the biotin binding affinities of these mutants differ by
approximately 11 orders of magnitude.

Our earlier study has shown that the addition of excess
free biotin to the bathing solutions removes the decelerating
effect of avidin on the gA5XB photoinactivation kinetics
(29). Figure 4 demonstrates that the addition of biotin at 20
µM almost completely abolished the decelerating effect of
Stv, partially removed the effect of Stv-F120, and was much
less effective with Stv-A23D27. To estimate the degree of
the decelerating effect in these experiments, we used the

FIGURE 2: Fast fluctuations of the gA5XB single-channel current after the addition of 20 nM Stv (A), 20 nM Stv-F120 (B), or 20 nM
Stv-A23D27 (C) to both sides of the BLM observed prior to the appearance of the events shown in Figure 1. The middle column shows
the open state duration histograms with the exponential fits (the exponential factor is 55 ms for Stv, 42 ms for Stv-F120, and 36 ms for
Stv-A23D27). The right column shows the corresponding current amplitude histograms. The BLM voltage was 50 mV. The solution was
the same as that described in the legend of Figure 1. Planar bilayers were from DPhPC.

(I - I∞)/(I0 - I∞) ) â1 exp(-t/τ1) + â2 exp(-t/τ2)
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monoexponential approximation for all of the curves and
compared the mean values (τm) of the characteristic time of
photoinactivation thus obtained.

Figure 5 displays the temperature dependence of the
characteristic time (τ) of gA5XB photoinactivation in the
control and that ofτ2 in the presence of Stv. A small
difference in the slopes of the two temperature dependences
in Arrhenius coordinates suggests that the activation energy

changed only slightly (from 23.7 to 20.6 kcal/mol) upon
addition of Stv. On the basis of these data, the addition of
Stv may be considered to be equivalent to a decrease in
temperature of∼30 °C. The temperature dependence of the
characteristic time of photoinactivation of gA5XB (Figure
5) proved to be similar to that of gA studied earlier (39).
Namely, both gA and gA5XB exhibited a marked reduction
in τ upon increasing the temperature with rather close values
of the activation energy (22 and 23.7 kcal/mol for gA and
gA5XB, respectively).

To gain insight into the possible involvement of steric
factors in the decelerating effect of (strept)avidin, we
performed photoinactivation experiments with gA2XB, a
biotinylated analogue of gramicidin A with a shorter linker
arm (consisting of two aminocaproyl groups). Figure 6 shows
the photoinactivation kinetics of gA2XB recorded before
(curve 1) and after (curve 2) the addition of 20 nM Stv. The

FIGURE 3: (A) Time courses of the decrease in the gA5XB-mediated
current across a BLM after a flash of visible light (at time zero) in
the presence of 1µM AlPcS3 before (curve 1) and after the addition
of 20 nM Stv (curve 2), 20 nM Stv-F120 (curve 3), or 20 nM Stv-
A23D27 (curve 4). The normalized values of the current (I/I0) are
plotted vs time. The initial current (I0) was approximately 1µA.
The BLM voltage was 50 mV. The solution was the same as that
described in the legend of Figure 1. (B) The same data from panel
A are replotted as (I - I∞)/(I0 - I∞) vs time. Dashed curves are
best fits plotted according to the equation (I - I∞)/(I0 - I∞) ) â1
exp(-t/τ1) + â2 exp(-t/τ2), with the corresponding parameters (â2
andτ2) presented in panel C, as compared to the control values of
τ andâ for gA5XB without streptavidin that are shown at the left
side of the chart.

Table 1: Concentration Dependence of the Effects of Streptavidins
on the Photoinactivation Kinetics of gA5XBa

protein
concn
(nM)

â1 ) 1 - â2

(%) τ1 (s) â2 (%) τ2 (s)

Stv 0.02 100 4.8( 0.5 0 -
0.2 55 5.0( 0.3 45( 3 56( 5
2 40 5.3( 1.1 60( 10 70( 11

20 12 4.3( 0.6 73( 4 88( 13
Stv-F120 0.02 100 5.5 0 -

0.2 38 3.8( 0.8 62( 5 41( 15
2 28 3.5( 0.4 71( 6 72( 20

20 33 4.1( 1.5 68( 4 70( 10
Stv-A23D27 2 100 5.6( 0.4 0 -

20 39 5.7( 0.5 61( 5 44( 10
100 38 8.0( 1.5 62( 4 103( 9

a The conditions were the same as in the legend of Figure 3.

FIGURE 4: Effect of biotin (20µM), added after 20 nM Stv (left),
20 nM Stv-F120 (middle), or 20 nM Stv-A23D27 (right), on the
mean value of the characteristic time (τm) calculated from the
monoexponential approximation of gA5XB photoinactivation kinet-
ics. The control value ofτm

-1, corresponding toτ-1 for gA5XB
without streptavidin, is taken to be 100%.
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control kinetics measured in the absence of Stv were fitted
well by a monoexponential curve with a characteristic time

(τ) of 3.1 s. The addition of Stv caused a substantial reduction
of the relative amplitude of gA2XB photoinactivation (R),
whereasτ remained unaltered. Remarkably, the Stv-induced
decrease inR was removed by the addition of excess biotin
(20 µM) to the bathing solutions (curve 3). These results
clearly show that Stv binds to channel-forming gA2XB
molecules embedded in the membrane, though this binding,
in contrast to the interaction with gA5XB, does not lead to
deceleration of the gA2XB photoinactivation kinetics. As
observed previously (29), avidin also does not produce the
decelerating effect on gA2XB kinetics. The reduction of the
photoinactivation amplitude (R) suggests that the binding of
Stv to gA2XB causes a decrease in the concentration of
reactive oxygen species in the vicinity of the target (gA2XB)
molecules, thereby protecting gA2XB molecules from the
attack of reactive oxygen species.

DISCUSSION

We have hypothesized previously (31) that the great
deceleration of the photoinactivation kinetics resulting from
the interaction of (strept)avidin with a long linker biotinylated
gramicidin (gA5XB) is due to the formation of the long-
lived double-conductance channels, resembling the double-
barreled channels observed by Goforth et al. (41) with
covalently linked gramicidin analogues. Recently, a theoreti-
cal model has been proposed that explains the extremely long
lifetimes of linked gramicidin channels by membrane-
mediated elastic interactions between individual channels
(42). To examine the role of biotin binding affinity in the
streptavidin-gA5XB interaction, we measured single-chan-
nel activity and the macroscopic current induced by gA5XB
in the presence of streptavidin mutants with reduced affinities
for biotin. Stv-F120, like Stv, induced both the appearance
of the double-conductance state in the gA5XB single-channel
traces (Figure 1) and the tremendous deceleration of the
gA5XB photoinactivation kinetics (Figure 3).

This result looks surprising if one takes into account the
fact that the biotin binding affinity of Stv-F120 in solution
is 6-7 orders of magnitude lower than that of Stv. However,
a more striking result was obtained with Stv-A23D27, the
affinity of which is further reduced by approximately 5 orders
of magnitude. This mutant exerted a noticeable deceleration
of the gA5XB photoinactivation kinetics (Figure 3) measured
at a high density of gA5XB channels, though it was unable
to induce double-conductance channels in single-channel
experiments. The enhancement of interaction by increasing
the surface density of receptors can be explained well within
the framework of the bivalent binding model proposed
previously (31). According to this model, the double-
conductance channel arises from the bivalent binding of
streptavidin molecules to gA5XB at both sides of the BLM
that leads to cross-linking of two gA5XB channels. Thus, a
new tandem channel comprising a pair of synchronously
operating channels is formed. This model is based on the
general assumption that usual gramicidin channels represent
transmembrane dimers (43-45).

Apparently, the bivalent binding requires a rather high
affinity for biotin, and this is the reason the streptavidin
mutant with the lowest biotin binding affinity was inefficient
in eliciting the double-conductance state in single-channel
traces of gA5XB. On the other hand, Stv-A23D27 did bind

FIGURE 5: Arrhenius plot of the temperature dependence of gA5XB
photoinactivation kinetics in the control (b) and in the presence of
20 nM Stv at both sides of the BLM (O).

FIGURE 6: (A) Time courses of the decrease in the gA2XB-mediated
current (I) across a BLM after a flash of visible light (at time zero)
in the presence of 1µM AlPcS3 before (curve 1) and after the
addition of 20 nM Stv (curve 2). Curve 3 was recorded in the
presence of 20µM biotin which was added to the bathing solutions
on both sides of the BLM after the addition of streptavidin. The
normalized values of the current (I/I0) are plotted vs time (t). (B)
Bar plot of the characteristic time (τ) and the relative amplitude [R
) (I0 - I∞)/I0] of the photoinactivation calculated from the curves
presented in panel A. The initial value of the current (I0) was
approximately 1µA. The BLM voltage was 50 mV. The solution
was the same as that described in the legend of Figure 3.
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to gA5XB, because fast fluctuations of the single-channel
current, normally preceding the opening of the double-con-
ductance channels with Stv and Stv-F120, were also observed
upon addition of Stv-A23D27 (Figure 2). These bursts are
likely to result from the monovalent binding of Stv-A23D27
to gA5XB, with a single biotin-binding site on the tetrameric
protein being occupied by the biotin group of gA5XB, in
contrast to the bivalent mode of binding, in which two
binding sites on streptavidin are occupied simultaneously by
biotins belonging to a pair of gA5XB molecules. Termination
of the bursts can be ascribed to the release of biotin groups
of gA5XB molecules from binding sites of streptavidins or
dissociation of transmembrane dimers of gA5XB bound to
streptavidins. The former explanation seems more likely,
because the average total duration of the bursts depended
essentially on the streptavidin mutant that was used and
correlated qualitatively with the biotin binding affinity. Fast
fluctuations were observed only upon the addition of Stv
and its mutants at both sides of a BLM. This fact proves
that the bursts are associated with the formation of Stv-
gA5XB-gA5XB-Stv complexes, where two streptavidin
molecules are located at the opposite sides of the membrane.

To explain why Stv-A23D27, the mutant with an ex-
tremely low biotin binding affinity, induced the appearance
of the long-lived channel state at the high density of gA5XB,
one can assume that the interaction of the protein with
gA5XB involves some kind of membrane-protein interac-
tion. As shown in ref46, Stv interacts, with a substantial
affinity, with a phosphatidylcholine monolayer even in the
absence of biotin groups. A similar phenomenon was
observed by us for fluorescein-labeled Stv that binds non-
specifically to a horizontal DPhPC bilayer (data not shown)
by using a fluorescence microscope with a setup similar to
that described in refs47 and48. Thus, the formation of the
double-conductance channels might involve initial, nonspe-
cific binding of Stv-A23D27 to a lipid bilayer, followed by
the binding to biotin groups of gA5XB molecules. The
nonspecific binding of Stv-A23D27 should increase its local
concentration on the membrane, allowing the protein to bind
to gA5XB, despite its very low affinity for biotin. By taking
into account the fact that the lateral area per lipid molecule
in a BLM is ∼0.6 nm2 (49) and assuming from the data of
ref 46 that at least 1% of lipid molecules is involved in the
nonspecific binding of Stv-A23D27 to a lipid bilayer, we
can estimate the local surface concentration of the nonspe-
cifically bound protein to be on the order of 1012 molecules/
cm2 (=10-12 mol/cm2). This surface density corresponds to
a local volume concentration of∼3 mM, assuming that the
mean distances in the volume are the same as on the surface.
At this local concentration, Stv-A23D27, bound nonspecifi-
cally to the membrane, could bind efficiently to gA5XB
despite its very low biotin binding affinity. Such initial
nonspecific binding to the membrane should play a minimal,
if any, role in the binding of Stv and Stv-F120 to gA5XB,
since these proteins have sufficiently high biotin binding
affinities. This is supported by the experimental result
showing that the double-conductance channel state was
formed at very low concentrations of these proteins (Table
1). The low efficacy of biotin in removing this long-lived
state of gA5XB channels with Stv-A23D27, as compared to
that with Stv and Stv-F120 (Figure 4), may also be explained
by the contribution of the nonspecific binding of Stv-A23D27

to the formation of the double-conductance channels.
Examination of gA5XB single-channel traces in the pres-

ence of streptavidin (31) has revealed that both the opening
and closing of the double-conductance state proceed via a
transient substate with a conductance similar to the standard
single-channel conductance of gA5XB. This indicates that
the double-conductance channel closing represents successive
dissociation of two transmembrane dimers forming the
tandem channel. This is likely to account for the similarity
between the activation energy derived from the temperature
dependence ofτ2 (the exponential factor of the slow phase
of photoinactivation observed after the addition of Stv) and
the activation energy obtained from the temperature depen-
dence ofτ in the absence of streptavidin (Figure 5).

The data on the interaction of streptavidin with gA2XB
channels are readily explained by the monovalent binding
model. These data do not support the bivalent binding inter-
action, which likely does not occur due to the steric hindrance
caused by the short linker arm of gA2XB. The monovalent
binding of Stv to gA2XB appeared to induce only the re-
duction of the relative amplitude (R) of photoinactivation
(Figure 6) and the fast fluctuations of the single-channel cur-
rent, observed previously (31). The fact that the decrease in
R was removed by the addition of excess free biotin confirms
that this effect resulted from the binding of Stv to gA2XB.
Apparently, the monovalent nature of Stv-gA2XB binding
may be governed by structural factors. In particular, a certain
spatial arrangement of biotinylated gramicidins bound to the
same streptavidin tetramer, which is required for the forma-
tion of two neighboring transmembrane dimers (the tandem
channel), may be severely hindered with the short linker
channel former.

In summary, this work provides evidence that supports
the bivalent binding of streptavidin to biotinylated gramicidin
as the mechanism of tandem channel formation. The occur-
rence of the tandem gramicidin channels induced by the
addition of streptavidins exhibits a strong dependence on their
biotin binding affinity and the length of a linker arm between
a biotin group and the C-terminus of gramicidin. The results
of this study indicate that direct interaction of streptavidins
with a lipid bilayer may facilitate their specific binding to
biotin groups on the membrane.
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