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ABSTRACT Replacement of individual P-loop residues with cysteines in rat skeletal muscle Na* channels (SkM1)
caused an increased sensitivity to current blockade by Cd?* thus allowing detection of residues lining the pore. Si-
multaneous replacement of two residues in distinct P-loops created channels with enhanced and reduced sensitiv-
ity to Cd?* block relative to the individual single mutants, suggesting coordinated Cd?* binding and cross-linking
by the inserted sulfhydryl pairs. Double-mutant channels with reduced sensitivity to Cd** block showed enhanced
sensitivity after the application of sulfhydryl reducing agents. These results allow identification of residue pairs ca-
pable of approaching one another to within less than 3.5 A. We often observed that multiple consecutive adjacent
residues in one P-loop could coordinately bind Cd?* with a single residue in another P-loop. These results suggest

that, on the time-scale of Cd?* binding to mutant Na* channels, P-loops show a high degree of flexibility.
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Previous modelling (Noda et al., 1984; Hille, 1992; Lip-
kind and Fozzard, 1994; Guy and Durell, 1995; Soman
et al.,, 1995) and mutagenesis experiments (Terlau et
al., 1991; Backx et al., 1992; Heinemann et al., 1992;
Satin et al., 1992) have established that P-loops are crit-
ical determinants of catalytic permeation properties of
Na™ channels, but their precise molecular structure is
unknown (Guy and Durell, 1994). These P-loops are lo-
cated between S5 and S6 in the four homologous re-
peat domains of Na* (Noda et al., 1984) and Ca?*
channels (Ellinor et al., 1995) and are located at analo-
gous positions in K* (MacKinnon and Miller, 1989)
and cyclic nucleotide-gated channels (Heginbotham et
al., 1992; Sun et al.,, 1996). Four P-loops, pseudo-sym-
metrically arranged, are necessary to form a functional
pore (MacKinnon, 1991; Catterall, 1995). While other
regions, such as the fifth (S5) and sixth transmem-
brane (S6) segments (Lopez et al., 1994) as well as the
S4-S5 loops (Isacoff et al., 1991) of voltage-gated chan-
nels influence permeation, P-loops are critical determi-
nants of ion selectivity. Based on mutagenesis experi-
ments, various structural models for P-loop backbones
have been proposed: B-strands with B-hairpin loops
(Yellen et al., 1991; Lipkind and Fozzard, 1994; Soman
etal., 1995), random coils (Sun et al., 1995; Perez-Garcia
etal., 1996) and a-helices with B-turns (Guy and Durell,
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1995). More recently, detailed three-dimensional infor-
mation on the relationship of P-loop residues to one
another has been obtained using mutant cycling analy-
sis of toxin binding to channels (MacKinnon and
Miller, 1989; Gross and MacKinnon, 1995; Hidalgo and
MacKinnon, 1995; Ranganathan et al., 1996).

In this manuscript we assess the molecular architec-
ture of the pore by using Cd?* as a biophysical probe of
mutant channels in which one or two P-loops residues
are replaced by cysteines. Cd?" was chosen because: (a)
its ionic radius (0.92 A) (Cotton and Wilkinson, 1992)
is nearly identical to Na* (0.95 A), () it binds free sulf-
hydryls with high affinity in a “near-covalent” manner
(Cotton and Wilkinson, 1992), and (¢) it can coordi-
nately bind to multiple free sulfhydryls with a tetra-
hedral geometry, as observed in Zn?*-finger proteins
(Vallee and Falchuk, 1993) and metallothioneins (Shaw
etal., 1992), while binding very weakly to oxidized sulf-
hydryls (Torchinsky, 1981). Thus, Cd?* is well suited
for identifying P-loop residues lining the Na* channel
pore after cysteine replacement. Furthermore, Cd2?*
can be used to evaluate the spatial relationship between
pairs of residues in channel pores by simultaneously re-
placing two P-loop residues by cysteine. In these dou-
ble-cysteine mutant channels, changes in sensitivity to
Cd?* block of ionic currents, compared to single-cys-
teine mutants, can identify residue pairs capable of in-
teracting by coordinately binding Cd?* or forming di-
sulfide linkages. A similar strategy was also recently used
by Benitah et al. (1996) in Na* channels and Krovetz et
al. (1997) in K* channels to determine residue proximity.

In our studies, the pattern of P-loop residue pairs
able to coordinately bind Cd?* or form disulfide bonds
demonstrates that P-loops are remarkably flexible on

59 J. GeN. PaysIoL. © The Rockefeller University Press ¢ 0022-1295/97,/07/59/14 $2.00

Volume 110 July 1997 59-72



the time-scale of Cd?" binding and coordination. Our
observations are not unexpected, especially given the
analogy between ion channels and enzymes (Eisen-
berg, 1990; Miller, 1992); ion channel pores are the ac-
tive sites which catalyze the selective passage of ions
across the cell membrane (Eisenberg, 1990; Miller, 1992).
Indeed, many well studied enzymes have active sites
formed by highly flexible “random-coil” loop structures
(Branden and Tooze, 1991; Creighton, 1993), and flex-
ibility is crucial for both selective substrate binding and
catalytic activity (Pompliano et al., 1990; Lan et al.,
1995; Larson et al., 1995; Nicholson et al., 1995).

METHODS

Molecular Biology

For mutagenesis fragments of the SkM1 rat skeletal muscle Na*
channel (Trimmer et al., 1989) were subcloned into pGEM-11f or
pGEM-7f (Promega Corp., Madison, WI). Uracil-enriched single-
stranded templates were used to introduce site-specific cysteine sub-
stitutions (Kunkel, 1985). The mutated fragments were sequenced
(Sequenase; United States Biochemical Corp., Cleveland, OH) be-
fore subcloning into the expression vector GW1H (British Biolabs,
Oxford, UK) containing the full length Na* channel clone. Mu-
tants were also re-sequenced in the expression vector to ensure
the desired point mutation was present. Nuclei of stage V-VI oocytes
obtained from Xenopus laevis were injected with 0.1-0.5 ng of col-
umn purified (Qiagen Inc., Chatsworth, CA) plasmid DNA. Double-
cysteine mutants were created by ligating single-cysteine mutants
located in D-I with single-cysteine mutants in D-II, D-III, and D-IV.
The double-cysteine mutants were re-sequenced in the P-loop re-
gions to confirm that the desired mutations were present.

Electrophysiology

Whole-cell currents from oocytes were measured in response to
depolarizations from a holding potential of —120 mV using two-
electrode voltage-clamp recordings (Warner Instruments, Hamden,
CT). Electrode pipettes were fabricated from 1.2-mm outer diam-
cter thin-walled borosilicate glass (TW120F-6; World Precision In-
struments, Inc., Sarasota, FL) pulled on a Sutter puller (model P-87;
Sutter Instruments, Co., Novato, CA). Pipette tips were plugged with
1% agarose (in 3 M KCl) and had a final resistance of 0.5-2 M().
Leak subtraction was accomplished using a P/8 protocol from a
holding potential of —120 mV. Currents were filtered at 2 kHz
and digitized at 10 kHz. To minimize difficulties associated with
adequately voltage-clamping oocytes which expressed large num-
bers of channels, whole-cell recordings were limited to oocytes
expressing less than 5 pA of peak current. The oocytes were bathed
in a solution (ND96) containing: 96 mM NaCl, 5 mM HEPES
(pH = 7.6, NaOH), 1 mM MgCl,, 1 mM BaCl,. Variable concen-
trations of CdCly, were added as required. We also added, when
needed, methane-thiosulfate-ethylammonium (MTSEA) at a con-
centration of 1 mM and dithiothreitol at a concentration of 10
mM. The application of MTSEA and DTT was achieved by wash-
ing at least 30 ml of solution while the oocytes were depolarized
every 2 s to —10 mV from a holding potential of —120 mV. All
whole-cell experiments were done at pH = 7.6 and at 21-23°C.
Single-channel recordings were idealized by using the 50% am-
plitude criterion to identify channel openings and closings. Ide-
alized channel openings were used to construct unblocked- and
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blocked-time density distribution histograms and the number of
openings per sweep (Colquhoun and Sigworth, 1983). Mean un-
blocked-times were estimated by fitting unblocked-time density
histograms to a mono-exponential function using a nonlinear
least-squared algorithm. Mean blocked-times were estimated by
fitting the blocked-time histogram with either a mono-exponen-
tial or a bi-exponential function (Colquhoun and Sigworth,
1983). The goodness of fit was estimated by calculating the F-sta-
tistic and using the F-distribution (p < 0.05). For all the single-
channel patches studied, the unblocked-time histograms were suit-
able while bi-exponential fits were required for double-cysteine
mutants.

Curve Fitting and Statistics

The dissociation constant, K, for Cd?* binding to the channel
was estimated using least-squares fitting of the dose-response
curves to the equation: G/G, = K/ (Kp + [Cd?**]), where G and
G, represent measured Na* conductance in the presence and ab-
sence of Cd?*, respectively. The conductance was estimated from
the slope of the linear portion of the currentvoltage relationship
as previously described (Tsushima et al., 1997). Statistical signifi-
cance for the changes in Cd?* binding was determined by com-
paring the experimentally estimated K (mean = SD) between
single-cysteine mutant and wild-type Skm1 (i.e., WT) channels us-
ing a paired Student’s ¢ test (p < 0.05).

When Cd?** binds independently to the two cysteines inserted
into P-loops of distinct domains of the Na* channels we expect
the dissociation constant for Cd* block of Na* current to be di-
rectly determined by the dissociation constants measured for the
individual single-cysteine mutants. Specifically, the predicted dis-
sociation constants for the double-mutant, Kp, .., for independent
binding of Cd?* to the two cysteines is given by the equation:

VK, = /K '+1/K7, (1)

D,pre
where Kp'! and Kp? represent the estimated dissociation constants
for the single-cysteine mutants 1 and 2. Therefore, Kp,. was
compared to the measured dissociation constant (i.e., Kp,,) in
order to assess whether coordinated Cd*" binding occurred in
the double-cysteine mutants. A one-way analysis of variance for
three groups was employed (Bogartz, 1994) in order to assess
whether the measured mean of 1/K,, , differed statistically from
the estimated mean 1/Kjp .. predicted from Eq. 1. This test took
into account the measured variance of Kp!, Kp% and Kp 4, in de-
termining statistical significance (p < 0.05).

When the two inserted cysteine residues are capable of simulta-
neously binding a Cd?* ion, the observed dissociation constant
for Cd?* binding will be reduced compared to Ky .. Indeed, un-
der such circumstances the dissociation constant for the double-
mutant channel, K; ., is given by:

Kpeo = KDl Lexp [-(0G, +8G,) / k1] =
Ky’ Cexp [—(8G, +3G,) / k1) , (2)

where 3G, and 3G, are the free energies of Cd?* binding to sites
1 and 2, respectively (expected to be negative), 8G, is the distor-
tional and entropic free energies required for the protein to co-
ordinately bind Cd?* (expected to be positive), k is Boltzmann’s
constant, and 7 is the absolute temperature. Thus for coordi-
nated Cd** binding, (3G, + 8G,) and (3G, + dGy) represent the
stabilization energy contributed by Cd?** binding to the second
site. Therefore, the average stabilization energy for coordinated
Cd?* binding could be directly obtained from measurements of
Kp!, Kp?, and Kj



RESULTS

Single-cysteine Substitutions of P-loops Residues

Single-cysteine mutant channels were created (Akabas
etal.,, 1992) and probed with both Cd?* and sulfhydryl-
reactive compounds in order to identify side-chains of
P-loop residues which line the pore. All single-cysteine
replacements studied (Fig. 1), except G1238C, pro-
duced functional channels with normal gating proper-
ties. Fig. 2 A shows scaled sample Na*™ currents mea-
sured in oocytes before (solid line) and after (broken
line) extracellular addition of 100 uM extracellular Cd?*
in wild type (WT), Y401C, W402C, and E403C. Clearly,
all three mutants have an elevated sensitivity to Cd**
compared to the wild type. This is more clearly illus-
trated in Fig. 2 B which displays the relative whole-cell
conductance at varied extracellular [Cd%"] for the wild
type and three mutants shown in Fig. 2 A. From such
dose response, estimates of the dissociation constant
for Cd?* binding to the channel pore are obtained as
outlined in the methods. To quantify the increase in
sensitivity to Cd?* of mutant channels, where P-loop
residues are replaced by cysteine, Fig. 2 Cshows the ra-

tio of the estimated mean dissociation constant for the
single-cysteine mutants (Kp ) to the wild-type (Kpwr)
measured before (filled bars) and after (open bars) oxida-
tion with external application of MTSEA. Table I lists
the measured dissociations constants (i.e., mean *= SD)
for the same channels. All channels (except W756C) had
significantly (p < 0.01) increased sensitivity to block by
Cd?* (i.e., smaller dissociation constants, Kp) compared
to WT channels (Fig. 2 B). Extracellular application of
1 mM MTSEA for a period of 5-7 min, which rapidly
modifies free sulthydryls by forming disulfide com-
plexes (Akabas et al., 1992), abolished high affinity
block by Cd?* (Fig. 2 C). This establishes that en-
hanced Cd?*-sensitivity depends on the free sulthydryls
inserted into the pore since Cd?* binds weakly to oxi-
dized sulfhydryls (Torchinsky, 1981). The elimination
of Cd?* sensitivity by MTSEA could be readily reversed
by the application of the sulfhydryl reducing agent
dithiothreitol (DTT) at a concentration of 10 mM
while reduction with DTT did not affect channels not
previously exposed to MTSEA (data not shown). Clearly,
two, three, or four adjacent consecutive P-loop residues
have their side-chains exposed to the external face of

FiGure 1. (A) The putative to-
pology of Na* channels showing
four homologous internal re-
peats each with six transmem-
brane segments (S1-S6). The
four P-loops which are located
between S5 and S6 in each re-
peat domain form a major part
of the channel pore. The approx-
imate location of residues mu-
tated in our study are marked by
a thickened portion of the
COOH:-terminal portion of the
P-loop (i.e., SS2 domain). (B) Par-
tial alignment sequences along

Domain I d Y W E n with the corresponding residue
400 401 402 403 404 numbers of the P-loops in the re-
Domain IT e W I E t gion which were mutated in our

755 756 757 758 759
kx G W M D

1237 1238 123912401241

a G W D g

1529 1530 1531 15321533

Domain II1

Domain IV

Coordinated
Binding

Cross-linked

61 TSUSHIMA ET AL.

experiments. The mutated resi-
dues are marked as capital let-
ters. (C) Three outcomes of in-
troducing pairs of cysteine resi-
dues into distinct homologous
repeat domains of Na* channels
are possible. Coordinated Cd**
binding is expected if the two in-
serted sulfhydryls are sufficiently
close to one another. Cross-linked
channels are expected to be in-
sensitive to current block by Cd?*
and will become more Cd**sen-
sitive by reduction with DTT. If
the two inserted cysteines are dis-
tant from one another, we expect
Cd?* to bind independently.

Independent
Binding
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FiGure 2. (A) Raw current traces of wild-type, Y401C, W402C,
and E403C channels recorded in oocytes following depolarization
to —10 mV from a holding potential of —120 mV with (broken line)
and without (solid line) 100 pM extracellular Cd**. Clearly, the
amount of current reduction is much greater for the mutant chan-
nels (Y401C, W402C, and E403C) than for the wild-type channels.
The currents amplitudes have been scaled for ease of comparison.
Peak currents in pA were: 3.8 (WT), 3.5 (Y401C), 3.5 (W402C),
and 2.0 (£403C). (B) Plots of the fraction of peak current remain-
ing as a function of the extracellular [Cd?*] for the same channels
shown in A. Curve fits allow estimation of the dissociation con-
stants (i.e., Kp) for Cd?* binding to the channel pore. (C) Sum-
mary of the Cd?* block in single-cysteine mutants. The ratio of the
estimated Kp for Cd?* block of current in single-cysteine mutants
divided by the wild-type channels (i.e., Kp ../ Kpwr) for control
conditions (filled bars) and following the application of 1.0 mM
methane-thiosulfate-ethylammonium (MT7TSEA) to oxidize the in-
serted free sulfhydryls (open bars). For each mutant, except W756C,
Kp ma was significantly reduced (p < 0.001) more than 3-fold,
which was abolished by the application of MTSEA.

the permeation pathway thereby allowing interactions
with extracellularly applied Cd?*" ions. At first glance
these results, which are similar to results in other ion
channels (Akabas et al., 1992; Gross and MacKinnon,
1995; Kurz et al., 1995; Pascual et al., 1995; Perez-Garcia
et al., 1996), are difficult to reconcile with a-helical or
B-strand 2° structures, but only provided P-loops are rel-
atively rigid and immobile. However, as shown below,
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TABLE 1

Dissociation Constants (Kp) for Cd?* of WT and Mutant Na* Channels
before and after MTSEA Modification

1G5¢ (M) after

Mutants 1G5 (1M) MTSEA modification
WT (SkM1) 1.8 = 0.4 X 10% (3) N/A

Y401C 1.3+ 0.3 (5) 1.6 = 0.1 X 103 (3)
W402C 2.0 £ 0.1 X 10 (4) 1.2 = 0.1 X 103 (3)
E403C 2.8 £0.2 X 102 (5) 1.2 = 0.2 X 10% (5)
W756C 1.6 = 0.1 X 103 (4) 1.6 = 0.4 X 10% (2)
1757C 2.0 £ 0.2 X 102 (2) 8.8 £0.7 X 10% (3)
E758C 4.9 *= 0.3 X 10% (8) 1.0 £ 0.1 X 10° (3)
G1238C n.e. n.e.

W1239C 3.7 £1.0X10 (3) 3.2 = 0.3 X 10% (2)
M1240C 5.7+ 0.3 () 1.2 0.1 X 10° (2)
D1241C 4.5+ 0.5 X 102 (3) 1.9 = 0.3 X 10° (3)
Al1529C 3.0 £ 0.6 X 102 (3) 8.0 £ 0.6 X 10% (2)
G1530C 6.8 = 0.9 X 10 (4) 1.7 £ 0.2 X 10% (3)
W1531C 4.6 = 0.5 X 10 (5) 1.6 = 0.3 X 103 (6)
D1532C 6.0 £ 0.7 X 102 (8) 2.3 £ 0.3 X 10° (2)

Numbers in parentheses represent number of determinations. n.e., no
expression.

the assumption of P-loop immobility is not valid on the
time-scale of sulfhydryl modification and Cd?* binding.

A comparison of the K,/ Kpwr ratio between dif-
ferent mutants in Fig. 2 C uncovers unexpected differ-
ences between residues in homologously aligned loca-
tions from distinct P-loops (Fig. 1). For example, Y401C
is exquisitely sensitive to Cd?* in comparison to W756C,
which has wild-type sensitivity whereas G1530C has in-
termediate sensitivity. Furthermore, mutant channels with
cysteine replacements at homologous alignment loca-
tions in different repeat domains do not generally have
similar affinities for Cd?* binding. These results argue
against a symmetrical arrangement of the residues at
equivalent alignment locations between P-loops of dif-
ferent domains. In spite of large variations in Cd?*-sensi-
tivity between different single-cysteine mutants, MTSEA
was able to access all mutated residues as measured by
the elimination of high affinity Cd?" block, providing
additional support for the conclusion that these P-loop
residues are exposed to the extracellular face of the pore.

Double-cysteine Substitution of P-loops Residues from Distinct
Internal Repeat Domains

To discriminate further between various models for the
P-loop structure and to obtain detailed three-dimen-
sional relationships between various pore-lining resi-
dues, double-cysteine mutants were created by combin-
ing single-cysteine mutants from distinct P-loops. Since
coordinated Cd?* binding and disulfide cross-linking
of the two nearby inserted cysteines require very re-
stricted geometries (i.e., S-Cd2* bonds are 2.1 A and



S-Cd2*-S angles are 108° while S-S bonds are 2.05 A and
the angle between two Cg-S bonds is 70-100°) (Torchin-
sky, 1981; Balaji et al., 1989; Careaga and Falke, 1992),
these double-mutant channels provide an opportunity
to determine detailed structural information on spatial
relationship between side-chains of pore residues (Ben-
itah et al., 1996; Krovetz et al., 1997).

Fig. 1 C illustrates the three potential outcomes ex-
pected following insertion of cysteine pairs into the chan-
nel pore. First, if the two inserted sulfthydryls are cor-
rectly spatially oriented, coordinated Cd?* binding will
occur and thereby enhance sensitivity to Cd** block of
current compared to single-cysteine mutants (Cotton and
Wilkinson, 1992; Vallee and Falchuk, 1993). Enhanced
Cd?* binding results from the stabilization energy de-
rived from the formation of two simultaneous bonds
between the Cd?* ion and the two free sulfhydryls as de-
scribed by Eq. 2 (METHODS). Alternatively, cross-linking
of proximal inserted cysteines, which is strongly favored
by the oxidizing extracellular environment (Fig. 2), will
create relatively Cd%*-insensitive cross-linked channels
and these channels will become Cd*-sensitive after DTT
application. Finally, if the substituted cysteines are suffi-
ciently far apart, Cd?* will bind independently and, in
that case, the dissociation constant for Cd2* block of
whole-cell current can be predicted (i.e., Kpp,.) from
the sensitivity of the single-cysteine mutants as described
by Eq. 1 (METHODS). Therefore, when the ratio of the
experimentally observed K (i.e., Kp ) to Kp e is sig-
nificantly different from 1, evidence for either cross-
linking or coordinated Cd?* binding is obtained.

Remarkably, all double-cysteine mutant channels cre-
ated (except W402C/1757C and those constructed with
G1238C) formed functional channels. Fig. 3, A and B,
presents typical results for Y401C/E758C channels; the
measured dissociation constant for Cd?* block (K )
for Y401C/E758C channels was 1,353 * 382 uM
(mean * SD, n = 7) compared to 12 uM predicted for
independent binding (i.e., Kp(Y401C) = 13.7 = 3.0
pM (n = 6) and Kp(E758C) = 454 = 47 uM (n = 7)).
Following reduction with 10 mM DTT, applied for a pe-
riod of 8-10 min, the K, for Cd®" block decrease about
1,200-fold to 1.1 £ 0.2 pM (n = 4). In this mutant, DTT
increased the whole-cell current about 2.5-fold; DTT
washin also caused comparatively large increases in whole-
cell current and/or conductance in other cross-linked
mutant channels studied. The increase in current in-
variably occurred in less than 30 s after DTT applica-
tion, indicating rapid separation of the crosslinked cys-
teines. Furthermore, reduction with DTT enhanced
the sensitivity of cross-linked channels to Cd?* block-
ade (see below). Subsequent to DTT-reduction, Cd?*-
sensitive Y401C/E758C and other cross-linked double-
cysteine channels could be made Cd?*-insensitive again
by applying 1 mM MTSEA (data not shown).
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Ficure 3. (A) Na' current tracings of Y401C, E758C, and
Y401C/E758C mutant channels in response to depolarization to
—10 mV from a holding potential of —120 mV before (solid traces)
and after (broken traces) the addition of 100 uM Cd?*. Na™ currents
for Y401C/E758C channels are shown before and after the addi-
tion of DTT. The currents have been scaled for ease of compari-
son. The current amplitudes in the absence of Cd®* were (pA): 3.5
(Y401C), 2.7 (E758C), 2.2 (Y401C/E758C —DTT), and 4.6 (Y401C/
E758C + DTT). (B) Dose-response curves of the normalized peak
Na* current as a function of the [Cd2*]. The channels become
about 1,200-fold more sensitive to Cd?* (Kp, changes from 1,353 *
382 uM to 1.1 = 0.2 uM) following the addition of 2 mM DTT.

Data for the double-cysteine mutants created with
Y401C, W402C, and E403C are summarized in Fig. 4,
which depicts the ratio of the experimentally measured
Ky o, for Cd?* binding to double-cysteine mutant chan-
nels divided by the predicted Kp . before (filled bars)
and after (open bars) the application of DTT. Table II
lists the measured Kp ,;, values (i.e., mean = SD). Many
double-mutants showed evidence for disulfide cross-
linking: Kp o1,/ Kp pre Was above 1 before DTT and/or de-
creased significantly after DTT application in E403C/
E758C, A1529C, G1530C, W1531C, D1532C, and Y401C/
E758C, A1529C channels. We conclude that the in-
serted sulfhydryls in these double mutants are able to
approach one another to within 2.05 A under oxidizing
conditions. Following the application of 10 mM DTT
for 8-10 min, cross-linked double-mutants became ul-
tra-sensitive to Cd2* application compared to the corre-
sponding single-mutants indicating an ability to coordi-
nately bind Cd?*. Double-mutants having Kj, .,/ Kp pre
ratios significantly (p < 0.05) below 1 after the applica-
tion of DTT are indicated by asterisks (*) in Fig. 4. The
double-mutants with K,/ Kp e Tatios less than 0.37,
which corresponds to stabilization energies above 1 kT,
are labeled with triangles (A) (Ranganathan etal., 1996).
Stabilization energies above 1 kT are deemed sufficient



TABLE 1I

Dissociation Constants (Kp) for Cd** Block of Double Mutants Observed before and after DTT Reduction (Means = SEM)

Y401C

W402C

E403C

Observed Kj (M)

Observed K;, (LM)

Observed Kj, (M)

Nonreduced

Reduced

Nonreduced

Reduced

Nonreduced

Reduced

W756C
1757C
E758C
W1239C
M1240C
D1241C
Al1529C
G1530C
W1531C
D1532C

1.2 +0.1 X 10 (3)
9.1 % 0.4 (5)*

1.2 + 0.1 X 108 (8)*
7.8+ 55X 1071 (5)*
6.0 0.3 (7)*

4.7 + 0.7 (5)*

2.1 + 0.5 X 102 (4)*
1.8 = 0.6 (7)*

4.2 £ 1.0 (7)*

4.9 * 1.4 (T)*

1.2+ 0.1 X 10 (3)
9.1 % 0.5 (2)*
9.3+ 1.8 X 1071 (5)*
1.1+03 (3)*
6.1 0.1 (2)*
6.3 = 0.6 (4)*
2.1 = 0.1 (3)*
1.4+ 0.4 (2)%
4.9 = 0.8 (3)*
9.4+ 0.3 (4)%

1.4+ 0.1 X 102 (3)
n.e.

2.5 = 0.7 X 107! (7)*
1.2 + 0.1 X 10 (7)*
2.3 0.7 (7)*

5.2 % 0.6 X 10 (9)*
1.1+ 0.5 X 10 (5)
4.4 % 0.5 % 10 (7)
1.9+ 0.3 X 10 (8)*
3.0 = 1.0 X 10 (6)*

1.4+ 0.2 X 102 (2)

n.e.

2.5+ 1.0 X 107! (3)*

1.3+ 0.1 X 10 (3)*
3.0 £ 0.1 (3)*
2.8+ 0.3 X 10 (4)*
1.2+ 0.2 % 10 (3)
4.8 + 0.8 X 10 (2)
6.4 % 0.9 (3)*

7.9 * 3.6 (4)*

9.4 * 0.3 X 102 (4)
1.4+ 0.2 X 102 (7)
1.6 = 0.9 X 102 (5)
3.7+ 0.2 X 10 (6)
1.6 = 0.4 X 102 (8)
1.3 = 0.1 X 102 (9)*
1.5+ 0.3 X 108 (7)*
3.6 * 1.7 X 10% (6)*
9.7 = 5.0 X 10 (7)*
5.1 % 1.6 X 102 (5)

2.4+ 0.2 X102 (2)
1.1 % 0.3 X 102 (2)
1.9+ 0.2 X 10 (5)*
3.2+ 0.2 X 10 (3)
1.6 + 0.3 X 102 (3)
1.2 = 0.2 X 102(3)*
5.9 + 1.8 (3)*

8.3 * 1.2 (5)*

6.4 = 1.0 (6)*

7.2 + 2.6 (4)*

Mutants that are statistically different (p < 0.05) from the predicted values are indicated by asterisks. Numbers in parentheses represent the number of

determinations. n.e., no expression.

in magnitude to clearly identify pairs of side-chains ca-
pable of “cross-talking” or interacting by coordinately
binding Cd?* and therefore having their sulphur atoms
approach one another to within 3.5 A (Torchinsky,
1981; Careaga and Falke, 1992; Balaji et al., 1989; Shaw
etal., 1992). Inspection of Fig. 4 shows remarkable pat-
terns for interacting pairs of residue side-chains, sug-
gesting considerable pore flexibility. For example, E403C
cross-talks with four adjacent consecutive P-loop resi-
dues in D-IV while Y401C talks with the same residues

Non - reduced
Reduced I I
Y401C w402C
0001 001 0.1 1 10 100 0001001 01 1 10
W756C

IT

I757C A%
E758C A*f

W1239C A *
M1240C
D1241C

I1I

although the stabilization energy was slightly below 1
kT for the Y401C/W1531C mutant. On the other hand,
E758C and D1532C can communicate with three con-
secutive residues in D-I. Both Y401C and W402C are
rather promiscuous, cross-talking with residues in all
three domains, often with multiple consecutive residues.
Assuming no major disruption of the channel pore by
double-cysteine replacement, these results are incon-
ceivable for pore models assuming fixed alignments be-
tween P-loops regardless of the underlying secondary

Kp pre = (1/Kp' + VKp?!

E403C Ficure 4. Ratios of the pre-
100 0.001 00t 0.1 1 10 100 dicted dissociation constant, K e,
s o coomd sl 2 soued asiued g

to the experimentally observed
dissociation constant, Ky, for
all the double mutants studied
before (filled bars) and after (open
bars) reduction by DTT. Ky, . is
estimated from the dissociation
constants recorded for the single-
cysteine mutant channels assum-
ing independent binding of Cd**
to the inserted cysteines in dou-
ble-cysteine mutants (see METH-
ops, Eq. 1). For the mutants with

A1529C A*P
G1530C A%

Wwi1531C =*
D1532C A*PPE2E5

IV

0.001 0.01 0.1

KD,ob / KD,pre
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ratios of Kp o/ Kppre around 1,
we assume that the two inserted
cysteines are binding Cd?* inde-
pendently. Values of Kp o/ Kp pre
statistically different from 1 are
identified by asterisks (*). The
mutant channels with Kp o/ Kp pre
below 0.37 (i.e., with stabilization
energies of 1 kT) are identified
by open triangles.

0.001 0.01 0.1 100



structure and strongly suggest that P-loops in Na* chan-
nel pores are highly flexible.

Fig. 4 further shows that, in reduced channels, the
Kp ob/ Kp pre Tatio follows clear patterns which are well il-
lustrated by double-mutants involving W402C and do-
main IV; Kp o,/ Kp pre is lowest for W402C/D1532C and
progressively increases towards W402C/A1529C. This
pattern suggests that Cd?* coordination occurs most
optimally for W402C interacting with D1532C and be-
comes increasingly more difficult for adjacent residues,
probably due to the increased channel distortion re-
quired to trap the Cd?* ion. Therefore, in spite of the
large degree of P-loop flexibility in domain IV, W402
appears to interact preferentially with D1532, suggest-
ing that W402 is physically closer to D1532 than to
other D-IV residues. This preferential interaction pat-
tern of a P-loop residue with specific residues in other
domains is generally observed. Therefore, we can tenta-
tively identify pairs of P-loop residues from distinct do-
mains which are closely aligned. Generally, pairs of res-
idues deemed as nearby neighbors are rarely at equiva-
lent positions in the putative alignment sequence (Fig.
1). For example from the above arguments, W402 is
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judged to be most closely aligned with E758 in D-II,
M1240 in D-III, and D1532 in D-IV, none of which are
located at homologous locations in the alignment se-
quence shown in Fig. 1 A. This lack of correspondence
between P-loop residues located at homologous loca-
tions in the different repeat domains of the Na* chan-
nel are consistent with previous single-channel results
in single-cysteine mutant Na* channels (Chiamvimon-
vat et al., 1996).

Underlying Mechanism for the Enhanced Cd?* Sensitivity in
Double-mutant Channels

Single-channel recordings were used to establish the
mechanism underlying the enhanced Cd?* sensitivity
of reduced Y401C/E758C mutants. Fig. 5 shows typical
single-channel recordings at —80 mV for Y401C, E758C,
and reduced Y401C/E758C channels recorded from in-
side-out cell attached patches in the absence (A) and
presence (B) of Cd?*. All recordings were made in the
presence of 10 uM fenvalerate, which maintains Na*
channels in the open state for tens to hundreds of milli-
seconds (Backx et al., 1992). For Y401C channels, Fig. 5 B

FiIGure 5. Single-channel re-
cordings of Y401C, E758C, and
reduced Y401C/E758C mutant
channels following fenvalerate
application at —80 mV. (A) Cur-
rents recorded in Y401C, E758C,
and Y401C/E758C channels in
the presence of 10 uM fenvaler-
ate which is added to maintain
the channels in the open state
for tens to hundreds of millisec-
onds. (B) Currents recorded in
Y401C and reduced Y401C/
E758C mutants channels with 5
pM extracellular Cd?* and in
E758C channels with 400 uM
Cd?*. Cd?* caused full closures
of the Y401C and Y401C/E758C
channels while blocking E758C
channels to a sub-conductance
level (closed level indicated by
the broken line). In the presence
of 5 WM Cd?* the double-mutant
channel Y401C/E758C displayed
bursts of shortlived blocking
events separated by long-lived
blocking events not seen in ei-
ther single-mutant. These long-
lived blockages likely represent

Y401C/E758C

oft of Events J

0 5 t0 15 20
Closed Duration (msec)

o # of Events &

0.0 25 50 75 10.0
Open Duration (msec)

the “trapping” of the Cd?* ion as a result of simultaneous interactions with the two free sulfhydryl groups. (C) The mean block-time histo-
grams are shown for the channels illustrated in A for Y401C, E758C, and Y401C/E758C channels. The blocked-time histograms could be
adequately fit using a mono-exponential equation for Y401C and E758C channels, while a bi-exponential function was required for
Y401C/E758C channels. Note: the time axes are different in the different panels. See text for further details. (D) The mean unblocked-time
(i.e., open-time) histogram is shown for the same channels illustrated in B. For Y401C, E758C, and Y401C/E758C channels the unblocked-
time histogram could be adequately fit using a mono-exponential function.
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shows representative single-channel sweeps measured
in the presence of 5 uM Cd?* in the pipette. Notice the
discrete flicker blockade of the unitary current in
Y401C channels (i.e., represented by O) often lasting
several milliseconds which was not observed in the ab-
sence of Cd?*. Cd?* totally occludes the passage of Na*
ions (i.e., represented by C) consistent with Cd*" bind-
ing within the permeation pathway. The corresponding
blocking-time histogram, illustrated in Fig. 5 C, could
be adequately fit by a mono-exponential function, as
expected if a single Cd?* binding site exists within the
pore. The estimated average block-time of Cd?* ions
within the pore (i.e., equal to the estimated time con-
stant for the mono-exponential fit of the blocked-time
histogram) was 1.43 ms for this Y401C (average 1.36 *
0.12 ms, n = 3).

By contrast, E758C channels have a very different sig-
nature with respect to Cd?* block. In the presence of
400 uM Cd?*, E758C channels also show discreet re-
ductions of unitary currents but these channels are
blocked to a subconductance level establishing that
Cd?* binding to the channel does not fully prevent
the passage of Na* ions (Fig. 5 B). The corresponding
blocked-time histogram in Fig. 5 C was well fit with a
mono-exponential function demonstrating that only a
single Cd?*-binding site exists within the pore of these
channels. The average residence time estimated for the
E758C patch shown in Fig. 5 B was 2.4 ms (average
2.21 £ 0.19 ms, n = 3).

By comparison with the corresponding single-cys-
teine mutant channels, reduced Y401C/E758C channels
showed a very different blocking pattern. As depicted
in Fig. 5 B, 5 puM Cd?" caused complete interruptions
of the unitary currents through reduced Y401C/E785C
channels, like Y401C channels. However, simple inspec-
tion reveals that in these channels there are two distinct
blocking times: repeated rapid closures are separated
by very long-lived closures. As a result of these long clo-
sures, very little current passes through the channel in
the presence of 5 wM Cd?*, accounting for the very low
dissociation constant measured for these channels fol-
lowing reduction (Fig. 3 B). The presence of two dis-
tinct blocking times is confirmed in Fig. 5 C which
shows that adequate fitting to the blocked-time histo-
gram required a bi-exponential function. The two esti-
mated mean blocking times for this Y401C/E758C
channel in the presence of 5 pM Cd2?* were 0.91 ms
and 13.53 ms (average 1.10 = 0.05 ms and 13.91 * 0.09
ms, n = 3).

The presence of two distinct blocking times in re-
duced Y401C/E758C channels reveals the presence of
two binding sites or two binding states of the channel.
It is important to note that the smaller mean blocking
time (i.e., 1.10 ms) in Y401C/E758C channels is similar
to the mean blocking time Y401C channels (i.e., 1.32
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ms) and that these short closures in Y401C/E758C
channels fully occlude the unitary current as in Y401C
channels. Therefore, it seems plausible that the rapid
flicker blocking observed in the double-cysteine mu-
tant channel are associated with Cd?* binding to the in-
serted cysteine at position 401. This assertion is further
bolstered by the absence of subconductance levels in
the presence of Cd*" and by the measured mean un-
blocked-time histograms (i.e., open-time histograms).
Specifically, Fig. 5 D shows that in the presence of only
5 uM Cd?* the mean unblocked-time for the Y401C
and Y401C/E758C channels was 1.32 ms (average
1.22 = 0.24 ms, n = 3) and 0.93 ms (average 1.05 =
0.31 ms, n» = 3), respectively, while in the presence of
400 pM Cd?* the mean unblocked-time for E758C
channels was 1.37 ms (average 1.21 * 0.13 ms, n = 3).
These mean unblocked-times yield estimates of the sec-
ond-order rate constants for Cd?* binding to the chan-
nels; for Y401C, E758C, and Y401C/E758C channels the
second order rate constants for Cd*>* binding to the
pore were 2.44 X 108 M~'s71, 3.0 X 10° M~! s7!, and
2.1 X 108 M~! s7!, respectively. Thus it would appear
that the rate of Cd?* binding to the inserted cysteine at
position 758 is too slow to contribute to the rapid block-
ing observed in Y401C/E758C channels exposed to 5
uM Cd?*.

The very long average block-times (i.e., 13.91 ms) ob-
served in Y401C/E758C channel are never observed in
either of the corresponding single-cysteine mutants.
Therefore, it seems likely that these events represent
a novel binding state of the channel and probably rep-
resent coordinated trapping of the Cd?* ion by simul-
taneous binding to C401 and C758 residues. Single-
channel analysis on Y401C, E758C, and reduced Y401C/
E758C channels reveals the probable kinetic events in-
volved in simultaneous Cd?* binding to the two pore
cysteine side-chains: Cd2* binds multiple times (i.e., av-
erage 3.4 times) to a single-cysteine residue (probably
Y401C) for short durations followed occasionally by Cd?*
trapping as a result of simultaneous binding to C401
and C758 residues. Thus these observations provide di-
rect information on the frequency of interaction of
these two residues within the pore in the process of
trapping a Cd?" ion and demonstrate that models de-
scribing Cd?* interactions with pairs of cysteine residues
must consider both independent and simultaneous Cd?*
binding to the available sulthydryls.

Relationship of P-loop Flexibility to Channel Function

While the data in Fig. 4 suggests P-loop flexibility, the
functional importance of pore motion on channel be-
havior, as previously postulated (Lauger, 1987; Eisen-
man and Horn, 1983; Eisenman, 1984), remains specu-
lative. The presence of cross-linkages for a number of



double-cysteine mutants provides a unique opportunity
to further investigate the significance of pore motion.
Indeed, we expect cross-linked channels to have re-
duced pore flexibility and motion compared to the
same channels following reduction with DTT. As exam-
ples, Fig. 6, A and C, shows raw current traces following
depolarization to —10 mV from a holding potential of
—120 mV for E403C/D1532C and E403C/A1529C be-
fore (O, O) and after (M, @) disruption of the disul-
fide linkage with DTT. DTT application caused about a
twofold and sixfold increase in peak current for
E403C/D1532C and E403C/A1529C, respectively, indi-
cating that these double-mutant channels are less capa-
ble of conducting current in the oxidized, cross-linked
state versus the reduced state. The increase in whole-
cell current following DTT exposure is not solely due
to subtle changes in channel gating as illustrated in Fig.
6, B and D, which shows the current-voltage relation-
ships for the corresponding mutants before (L1, O) and
after (H, @) the application of DTT. Not only is the
peak of the current-voltage relationship significantly af-
fected by DTT but the reversal potentials were also
shifted: from 8 to 27 mV for E403C/D1532C and from
34 to 41 mV for E403C/A1529C after DTT application.
Average shifts in reversal potential for 4 double-cysteine
mutants and WT channels studied are summarized in
Table III. Significant rightward shifts in reversal poten-

A C

E403C/D1532C

B D

—O— Oxidized
—e— Reduced

—0— Oxidized 8+
—&— Reduced

E403C/A1529C

tial were observed in all crosslinked double-mutant
channels, in which it was studied, following reduction
with DTT. Furthermore, after reduction, the measured
reversal potential closely matched the potential observed
in the least selective of the corresponding single-cysteine
mutants. Changes in selectivity following reduction could
not be studied in cross-linked double-mutant channels
involving cysteine replacements at position W1531 since
W1531C channels are nonselective. Furthermore, 1.8-fold
to 8-fold increases in whole-cell current were observed
for cross-linked double-mutant channels (Fig. 4) follow-
ing DTT exposure (data not shown) establishing that
ionic conductance is strongly influenced by disulfide
reduction. These results suggest that channel selectivity
and permeation are impaired when channel motion is
reduced by cross-linking. Alternatively, cross-linking of
cysteine pairs could cause sufficient distortion of the
P-loop structure to interfere with ion selectivity and
permeation.

DISCUSSION

Many previous studies have assessed side-chain accessi-
bility and local secondary structure of pore-forming re-
gions in channels using cysteine-scanning mutagenesis
by examining the pattern of accessibility of residues to
reaction to sulfhydryl probes (Akabas et al., 1992; Gross

FiGure 6. Effect of crosslink-
ing on conductance and selectiv-
ity properties of double-cysteine
mutants. (A) Raw current traces
following depolarization to —10
mV from a holding potential of
—120 mV for E403C/D1532C
channels expressed in oocytes
before ([J) and after (M) reduc-
tion with DTT. Note the nearly
twofold increase in current after
reduction at this voltage. (B) The
corresponding  current-voltage
relationships for E403C/D1532C.
In this particular mutant, there is
litde change in the channel’s
conductance (161 nS before
and 156 pS after DTT), esti-
mated from the slope of the cur-
rent-voltage curve at voltages
above 0 mV, but the reversal po-
tential is shifted by 19 mV to the
right following reduction with
DTT. (C) Raw traces for E403C/
A1529C before (O) and after
(@) the application of DTT. The
current increased more than six-
fold following reduction with
DTT. (D) The current-voltage re-

2 ms

L(nA)
2

lationship for E403C/A1529C mutants shows a fivefold increase in slope at voltages above 0 mV (22 uS before and 97 uS after DTT),
whereas the reversal potential is only slightly shifted rightward (7 mV) by reduction with DTT.
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TABLE III

The Changes in the Reversal Potential before and after Treatment with
10 mM DTT in Cross-linked Double-cysteine Mutant Channels

Mutant E,, (=DTT) E,. (+DTT) Observations
Wild-type 55.7 = 3.6 mV 55.2 = 2.9 mV 6
Y401C/E758C* 36.9 £ 7.5 mV 54.3 = 8.5 mV 3
E403C/A1529C* 31.1 £49mV 40.5 = 4.2 mV 4
E403C/G1530C* 11.7 £ 6.7 mV 42.1 £ 7.4mV 3
E403C/D1532C* 12.6 = 6.1 mV 31.1 £ 6.6 mV 5

*Significantly different before and after DTT application (p < 0.05).

and MacKinnon, 1995; Kurz et al., 1995; Pascual et al.,
1995; Perez-Garcia et al., 1996). In our experiments,
all the single-cysteine mutant channels created, except
W756C, (Fig. 1) showed enhanced sensitivity to block
by extracellular application of Cd?* when compared to
wild-type channels. The enhancement of Cd?* sensitiv-
ity in the single-cysteine mutants relative to WT chan-
nels ranged from no enhancement for W756C to a
greater than 1,000-fold enhancement for Y401C chan-
nels. The basis for this variation in Cd?* sensitivity be-
tween different single-cysteine mutant channels can be
traced to differences in Cd?* binding rates, unbinding
rates or both. For example, Y401C is about 50-fold
more sensitive to Cd%2* block than E758C, which results
from a 100-fold faster Cd?" binding rate (Fig. 5 D) and
a 2-fold faster Cd?* unbinding rate (Fig. 5 C) for Y401C
compared to E758C channels. Alternatively, the differ-
ence in the Cd?* binding affinity between Y401 and
W402C can be traced primarily to a 40-fold increase in
the Cd?* unbinding rate from W402C channel com-
pared to Y401C (Tomaselli et al., 1995). Generally, we
found that both on- and off-rates for Cd?* binding to
the pore varied between different single-cysteine mu-
tants as reported previously (Chiamvimonvat et al., 1996).
The underlying molecular basis for these differences
could relate to a number of factors such as variations in
the dehydration/hydration rate, differences in the co-
ordination of Cd?* binding between mutants or varying
degrees of exposure of the reactive sulfhydryls to the
aqueous phase of the pore.

All single-cysteine mutant channels (except W756C)
reacted with externally applied MTSEA which reduced,
or eliminated, the enhanced Cd?* sensitivity relative to
WT channels. MTSEA application reduced the mea-
sured whole-cell current by varying amounts (i.e., 0.5-
fold to 4-fold) in a time-dependent fashion for all the
single-cysteine mutants except W756C. The rate of cur-
rent reduction following MTSEA application varied be-
tween mutants, but the current invariably reached
steady-state in less than 3 min. Thus all residues accessi-
ble to Cd?* could be readily modified by MTSEA.

Our results confirm that multiple consecutive resi-
dues in the P-loops of all four domains have their side-
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chains exposed to the Na* channel pore (Chiamvimon-
vat, et al., 1996; Perez-Garcia et al., 1996). At first glance,
these findings suggest that the secondary structure of
these P-loops are not a-helices or B-strands as con-
cluded by previous studies in Na* (Perez-Garcia et al.,
1996) and K* channels (Gross and MacKinnon, 1995;
Kurz et al., 1995; Pascual et al., 1995; Soman et al.,
1995). However, conclusions based on cysteine-scanning
studies have often implicitly assumed that the pore is a
static structure which, as discussed below, is not the
case for P-loops in Na* channels.

Identification of interacting pairs of inserted cys-
teines in distinct P-loops of the Na* channel pore re-
vealed a pattern which cannot be explained by static
pore structures. Regardless of the secondary structure
of P-loops in Na* channel pores, geometric and stearic
constraints prevent side-chains of three or four consec-
utive residues in a given P-loop from simultaneous co-
ordinately binding Cd?* with a single residue in another
P-loop without backbone motion and flexibility (Creigh-
ton, 1993). The amount of movement required to ac-
count for our observations depends on the local second-
ary structure assumed but, for extended loop structures,
requires residues to translate a minimum of 7 A over-
and-above that allowed by side chain motion. These es-
timates were obtained from simulations of random
coils structures using the program Hyperchem™ (Hy-
percube Inc., Waterloo, Canada), where we examined
the minimal distance which sulfur atoms on cysteine
side-chains of four consecutive residues are required to
translate in order to interact with a single point. There-
fore, our double-cysteine substitution experiments in
Na™ channels establish that, on the time-scale of Cd2*
binding and coordination shown in Fig. 5 (i.e., several
milliseconds), the P-loops are flexible structures, partic-
ularly for the P-loops in D-I and D-IV. As a result, cys-
teine-scanning mutagenesis experiments in Na* chan-
nels, using techniques involving irreversible modifica-
tion of inserted cysteines (which occurs on a seconds to
minutes time scale) and high affinity binding to in-
serted sulfhydryls by Cd?* (which occurs on a time-scale
of milliseconds), makes it difficult to make definitive
conclusions regarding the secondary structure or mem-
brane-sidedness of pore-forming domains. These limita-
tions are expected to be particularly serious when using
aqueous-soluble covalent modifiers of free sulfhydryls
since these agents could irreversibly trap the channel in
a subset of reactive conformational states available to
the channel pore which might not reflect the average
or important conformations available for normal chan-
nel function.

Another related limitation of our experimental ap-
proach using single- and double-cysteine replacements
as a strategy for unraveling pore structure, imposed by
the existence of P-loop flexibility, is the possible existence



of induced fits. For example, Cd*" binding to single-
cysteine mutant channels and coordinated Cd*" bind-
ing within the pore of double-cysteine mutant channels
is expected to energetically induce conformations which
distort the normal molecular channel architecture of
the pore required for normal ion permeation and se-
lectivity. This distortion is anticipated, in spite of the
similarity between the ionic size between Na* and Cd**
ions, because the high binding affinity of Cd?** for the
inserted free sulfhydryls. Pore flexibility could also pro-
mote induced fitting of channel pores when tightly
binding to toxins thereby complicating the interpreta-
tion of experiments designed to examine relationships
between pore residues using interactions with high af-
finity toxins (Gross and MacKinnon, 1995; Hidalgo and
MacKinnon, 1995; Naranjo and Miller, 1996; Ranga-
nathan et al., 1996).

Following reduction of double-cysteine mutant chan-
nels with DTT, channel currents were invariably in-
creased (Fig. 6). In principal, the rate of re-oxidation
could be used as a measure of the proximity of the in-
serted cysteine pairs (Careaga and Falke, 1992; Benitah
et al., 1996; Krovetz et al., 1997). However after DTT
washout, currents did not decrease noticeably over pe-
riods lasting greater than 10 min in the presence of
ND96 solutions for any of the double mutant channels.
We attempted to apply Cu*/phenanthroline to en-
hance oxidation rates of inserted sulthydryl pairs, but
the oocytes invariably developed a large nonspecific
leak current. In addition, the Cd?' dose-response
curves, which routinely took greater than 20 min to
record, could be adequately fit with a binding equation
assuming a single binding site. Had partial re-oxidation
taken place during the time-course of these experi-
ments, the Cd?* dose-response curves should show evi-
dence for the existence of two types of binding sites,
one for oxidized channels and one for reduced chan-
nels, which was not observed.

The mechanism of Cd?* coordination as illustrated
in Fig. 5 reveals that Cd®* trapping by a pair of cys-
teines does not occur each time the Cd?* ion enters the
pore. In the case of the Y401C/E758C channel, it ap-
pears that Cd?* binds in bursts followed by long-lived
closure events. It seems probable that the bursts involve
Cd?* binding to single cysteines inserted in the pore
while the long-lived blocking events reflect coordinated
trapping of the Cd?" ion by the two inserted cysteines.
Therefore, the kinetic model which best explains coor-
dinated Cd?>" binding in our double-cysteine experi-
ments is:

0401:0758 + (jd2+ Rad 0401 - Cd:0758

! 0
0401:0755 = Cd o Oyp; — Cd — Oysg
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where O4);:0755 is the unblocked channel, O,y —Cd:O54
is the channel with a Cd?* bound to the Y401C posi-
tion, etc. Our experimental results demonstrate that
O,401:0733—Cd is rarely formed, as suggested by the ab-
sence of subconductance blocking events because the
rate constant for Cd?>* binding to the E758C channels
is about 100-fold slower than for Y401C channels. From
these observations it is clear that Eq. 2, which is the cor-
rect dissociation constant for the formation of state
0401~ Cd—0Oy;54, does not correctly predict the experi-
mentally observed dissociation constant for Cd?* bind-
ing to the double-cysteine mutants as assayed by exam-
ining Cd?* block of the whole-cell current.

The previous discussion highlights some practical ex-
perimental limitations which arise as a result of P-loop
flexibility in Na*™ channels, but is flexibility important
for Na* channel pore function (i.e., conductance and
selectivity properties)? In other words, is flexibility ob-
served in our double-cysteine experiments relevant on
the time-scale of ions permeating the Na® channel?
The active sites of many well-studied enzymes, includ-
ing diffusion-limited enzymes, are comprised of intrin-
sically flexible random coils or loop structures (Branden
and Tooze, 1991; Stone et al., 1992; Creighton, 1993;
Wade et al., 1993; Arnold et al., 1994). Flexibility is es-
sential for catalytic activity by influencing substrate
binding, specificity, and sequestration (Welch et al.,
1982; Branden and Tooze, 1991; Tanaka et al., 1992;
Cottrell et al., 1995; Lan et al., 1995; Larson et al.,
1995) as well as stabilization of intermediate transi-
tional states (Fresht, 1985). By analogy the flexible
P-loops in Na* channels might play similar roles. The
possibility of pore flexibility is consistent with dynamic
models of channel pores, used previously to describe
gramicidin (Eisenman and Horn, 1983) and acetylcho-
line channels (Eisenman, 1984), wherein ion perme-
ation requires motion of both channel pores and ions
(Lauger, 1987). Dynamic behavior could also explain
“multi-ion” behavior of Ca?* channels (Lauger, 1987),
which appear to have only a single cation binding-site
(Ellinor et al., 1995). The potentially important role of
flexibility in pore function is supported by a number of
observations: (a) current decreased by as much as eight-
fold whereas selectivity for Na* versus K* was impaired
in many cross-linked channels compared to reduced
non—cross-linked channels (Table III), (b)) mutations in
domain IV, which appears to be the most flexible,
changed selectivity properties more profoundly than
other domains (Tsushima et al., 1997), and (¢) inspec-
tion of the amino acid sequence of P-loops reveals that
the P-loop in D-IV (i.e., GWDG) has a very high proba-
bility of forming a relatively flexible B-turn loop struc-
ture (Creighton, 1993).

From statistical thermodynamic theory, it is clear that
the magnitude of structural fluctuations depends di-



rectly on the time-scale of the observations; the likeli-
hood of observing energetically unfavorable, large struc-
tural fluctuations depends directly on the length of the
observation period. Indeed, large amplitude excursions
and long-ranged collective motions have been previ-
ously observed in ordered o-helical structures in pro-
teins with known crystal structures (Careaga and Falke,
1992) using a similar double-cysteine strategy where rates
of disulfide (i.e., seconds to minutes time-scale) were
used as measures of motion and flexibility. Since Cd?*
binding in our experiments occurs on a time-scale
which is three-orders of magnitude slower than ion per-
meation, relatively large fluctuations in energy, and
thus structure, will be surveyed by our Cd?* coordina-
tion studies. However, channel flexibility (and there-
fore frequency of side-chain interactions) is probably
under-estimated in our experiments because disulfide
formation and coordinated Cd?* binding require very
restricted geometries (Torchinsky, 1981; Balaji et al.,
1989; Careaga and Falke, 1992) and require many mo-
lecular collisions for reactions to occur (Careaga and
Falke, 1992). Nevertheless, the kinetics of cross-linking
(Torchinsky, 1981; Careaga and Falke, 1992) and Cd?*
coordination are too slow in comparison to the perme-
ation process (sub-microsecond time scale) (Hille, 1992)

to allow direct conclusions regarding the role of chan-
nel flexibility in ion permeation and selectivity.

Finally, P-loop flexibility might reflect or be related
to gating-dependent changes since channel gating usu-
ally occurs on a millisecond time-scale as does Cd** co-
ordination. Indeed, movement in the pore of voltage-
gated K* channels occurs during C-type inactivation
(Yellen et al., 1994). More recently P-loop motion has
been directly measured in voltage-gated K* (Liu et al.,
1996) and cyclic nucleotide-gated channels (Sun et al.,
1996) using sulthydryl modification. However, in our
studies, the gating properties of cross-linked double-
mutant channels was not noticeably altered compared
to reduced or SkM1 channels.

Conclusion

Our studies demonstrate that P-loops in Na* channels
are flexible structures on the time-scale of Cd** coordi-
nation of double-cysteine mutant channels. Clearly, non-
static behavior of Na* channel pores must be consid-
ered in evaluating structure-function studies using cys-
teine substitutions combined with sulfhydryl reactive
probes. Further studies will be required to assess the con-
tribution of pore flexibility to channel properties like
ion permeation, selectivity, and channel gating.
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