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The cardiac-delayed rectifier K* current (Iks) is carried by a complex
of KCNQ1 (Q1) subunits, containing the voltage-sensor domains
and the pore, and auxiliary KCNE1 (E1) subunits, required for the
characteristic Igs voltage dependence and kinetics. To locate the
transmembrane helix of E1 (E1-TM) relative to the Q1 TM helices
(S1-S6), we mutated, one at a time, the first four residues flanking
the extracellular ends of S1-S6 and E1-TM to Cys, coexpressed all
combinations of Q1 and E1 Cys-substituted mutants in CHO cells,
and determined the extents of spontaneous disulfide-bond for-
mation. Cys-flanking E1-TM readily formed disulfides with Cys-
flanking S1 and S6, much less so with the S3-54 linker, and not at
all with S2 or S5. These results imply that the extracellular flank of
the E1-TM is located between S1 and S6 on different subunits of
Q1. The salient functional effects of selected cross-links were as
follows. A disulfide from E1 K41C to S1 1145C strongly slowed
deactivation, and one from E1 L42C to S6 V324C eliminated deac-
tivation. Given that E1-TM is between S1 and S6 and that K41C and
L42C are likely to point approximately oppositely, these two
cross-links are likely to favor similar axial rotations of E1-TM. In the
opposite orientation, a disulfide from E1 K41C to S6 V324C slightly
slowed activation, and one from E1 L42C to S1 1145C slightly
speeded deactivation. Thus, the first E1 orientation strongly favors
the open state, while the approximately opposite orientation
favors the closed state.
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he slow, outwardly rectifying K* current (Iks) is one of two

delayed rectifier K* currents critical for repolarization of the
heart, particularly during sympathetic nervous system stimula-
tion (1, 2). The Iks channel is composed of four pore-forming
KCNQ1 (Q1) subunits and two auxiliary KCNE1 (E1) subunits
(3-5). Several human mutations in Q1 and E1 cause variants of
long QT syndrome (6), short QT syndrome (7), or atrial fibril-
lation (8, 9).

Although a tetramer of Q1 subunits alone forms a voltage-
gated channel, only Q1 and E1 together form a channel with the
slow activation and deactivation kinetics and the minimal inac-
tivation characteristics of Igs (10, 11). Furthermore, E1 is
necessary for sympathetic modulation of Ixs (12). How E1 exerts
its effect on Q1 is not yet fully understood.

There have been a number of conclusions about Q1-E1
interactions in the Ixs channel, not all of which are compatible.
There is evidence for (13) and against (14, 15) the contribution
of E1 to the pore wall and its accessibility from the pore. There
is also evidence that E1 interacts with the pore domain, although
not necessarily exposed in the pore (16, 17), that the E1 TM helix
(E1-TM) interacts directly with Q1 S4 helix (18), that El
modulates Q1 through its C terminus (19-21), and that El
interacts with the cytoplasmic Q1 S4-S5 linker (22).

More recently, a site of possible QI1-El interaction was
suggested by the association of mutations in Q1 S1 with con-
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genital atrial fibrillation (8, 9). Either of these S1 mutants,
S140G and V141M, when expressed heterologously, appears
constitutively open, but only in the presence of E1 (8, 9). It has
been shown that El is close enough to S1 for spontaneous
cross-linking to occur between cysteines substituted in the two
regions (23).

With the goal of further defining the structural interactions
between Q1 and El, we determined the proximities of the
extracellular end of the E1-TM to the extracellular ends of the
Q1 TM helices, S1 through S6, by disulfide cross-linking between
cysteines (Cys) substituted for native residues. Disulfide cross-
linking has been widely used to determine quaternary structures
of proteins and to determine regions that move during changes
in functional states (24). Using our variation of this approach (25,
26), we substituted Cys, one at a time, in the first four positions
just flanking the extracellular ends of Q1 S1-S6 and just flanking
the extracellular end of the E1-TM. We expressed 80 distinct
pairs of Cys-substituted Q1 and Cys-substituted E1 in CHO cells
and determined the extents of spontaneous disulfide bond
formation between Q1 and E1 in channels expressed on the cell
surface. Taken together with the high-resolution structure of
K,1.2 (27) and a structural model of Q1 (28), our results indicate
that the extracellular end of the E1-TM lies between S1 and S6
of two Q1 subunits.

Results

Cys Substitutions in Q1 and E1. The membrane-embedded portions
of the TM helices of Q1 (Fig. 14 and C) and E1 (Fig. 1 B and
D) were predicted by the PHDhtm algorithm (29) and by
alignment with the homologous S1-S6 helices of K,AP (30) and
Ky1.2 (27). We selected the first four residues just flanking the
extracellular ends of the Q1 and E1 TM helices to mutate
individually to Cys (Fig. 1). Because these cysteines are exposed
to water, they can deprotonate to the reactive thiolate form. They
are also constrained approximately to the same plane relative to
the membrane, where, depending on their proximity, they are
subject to catalytic or spontaneous oxidation in the endoplasmic
reticulum or on the cell surface (25).

We generated a total of 20 Cys-substituted mutants of Q1 and
4 Cys-substituted mutants of E1. In Q1, the single-Cys mutations
were made in a pseudo-wild-type (pWT) construct in which
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Fig. 1. Sequences and membrane topologies of KCNQ1 and KCNE1. (A) Q1
sequence. (B) E1 sequence. In both sequences, residues (in reverse contrast)
flanking the extracellular ends of the transmembrane helices (in gray) were
substituted by Cys in pseudowild-type (pWT) Q1. In both subunits, native Cys
are underlined and in bold. In pWT Q1, Cys-214 and Cys-331 were mutated to
Ala. The membrane topologies of (C) Q1 and (D) E1 are shown with the
extracellular flanking regions, in which cysteines were substituted, indicated
by thickened lines.

Cys-214 and Cys-331, two of the three native Cys in the trans-
membrane domain of Q1, were mutated to Ala (Fig. 14). As
detected by western blotting, pWT Q1 expressed in CHO cells
as well as WT (Fig. 2). Also, cells expressing pWT Q1 and WT
Q1 yielded similar current densities (see Fig. S1). Because
mutation to Ala (15), Val, or Ser of the third native Cys in Q1,
Cys-136, significantly altered channel function (data not shown),
itwas not altered in pWT Q1. There was no cross-linking of pWT
Q1 to coexpressed WT E1 (Fig. 24). In addition, there was no
cross-linking of any Q1 Cys mutant to WT E1 and no cross-
linking of any E1 Cys mutant to pWT Q1 (data not shown).

Cross-Linking. All 80 possible pairs of Q1 and FLAG-tagged E1
Cys mutants were coexpressed in CHO cells. These cells were
reacted with the impermeant sulfoNHS-LC-biotin to label pro-
teins expressed on the cell surface, the reaction was quenched,
and the cells were washed and lysed. Biotinylated Q1 and E1
were captured and released from neutravidin beads, electropho-
resed in SDS, transferred to nitrocellulose, and detected with
anti-Q1 and anti-FLAG antibodies (Fig. 24). The apparent
molecular weight of Q1 was ~70 kDa and that of E1 was 40 kDa,
characteristic of maturely glycosylated and surface expressed E1
(31). The cross-linked heterodimer of Q1 and E1 was detected
as a band of apparent molecular weight of 110 kDa (Fig. 2A4).
The extent of cross-linking in each lane was calculated as
described in the Materials and Methods.

All four Cys flanking S1 were cross-linked >50% to E1 G40C
(Fig. 2 B and C). This is consistent with relatively free rotation
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Fig.2. Extentofspontaneousdisulfide bond formation between substituted
Cysin KCNQ1 and KCNE1. (A) Sample immunoblots are shown for pWWT Q1 and
WT E1 and for the indicated pairs of Cys mutants of Q1 and E1. Q1 is
represented asaredsignaland E1 asagreensignal. The merged red and green
in the cross-linked Q1-E1 band is yellow. The samples in the right lanes were
reduced with DTT in sample buffer. Slower moving bands are not shown (see
Fig. S4). (B) The extent of spontaneous cross-linking of each of the 20 flanking
Cys in Q1 paired with each of four flanking Cys in E1 is plotted with standard
errors. Each Q1 mutantis identified along the vertical axis, and the bar for each
E1 mutantis color-coded asin the legend (red G40C, blue K41C, gray L42C, and
green E43C). The substituted Cys closest to the transmembrane helices are
underlined. (C) The extents of cross-linking from E1 to S1 and to S6 are
represented by lines connecting the cross-linked positions. See Legend.

of the S1 flank and flexibility of the E1 flank. Although both
residues next to the membrane, S1 S143C and E1 E43C, readily
formed cross-links with other E1 and Q1 Cys, respectively, they
did not readily cross-link to each other (Fig. 2 B and C).
Nevertheless, there was extensive cross-linking of most other
pairs of S1 and E1 Cys. The most extensive cross-links were
between the E1 residues furthest from the membrane, G40C and
K41C, and the two residues, T144C and 1145C in the middle of
the S1 flank (Fig. 2 B and C).

On the other side of El, the two E1 Cys closest to the
membrane, L42C and E43C, formed cross-links most readily
with the two residues in the S6 flank, W323C and V324C,
furthest from the membrane (Fig. 2 B and C). This is consistent
again with flexibility of the E1-TM flank; however, unlike the S1
flank, S6 and its flank are likely to have a relatively fixed axial
orientation.
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Fig.3. Placementof E1 within the Ixs channel complex. (A) Extracellular view
of a tetramer of Q1 from Smith et al. with superimposed E1-TM. The extra-
cellularends of the S1and S6 helices of two different Q1 subunits are indicated
by filled circles, color-coded like the underlying model. Our proposed location
of the extracellular end of one E1-TM isshown as a black circle. (B) Extracellular
view of E1 docked in the open state model of Ixs from Kang etal. 1145in S1 and
V324in S6 of Q1 are in yellow space-fill representations. (C) Side view of Kang
et al. open model.

There was considerably less cross-linking of the E1-TM flank
to the flanks of S2-S5. Of the 16 combinations of a Cys in the
S3-S4 loop and a Cys in the flank of the E1-TM, only one pair,
Q1 Q220C and E1 E43C, was significantly (38%) cross-linked
(Fig. 2B). One Cys, A149C, furthest from the membrane in the
S2 flank, and G40C, furthest from the membrane in the E1 flank,
were ~30% cross-linked. Most other pairs in E1 and in S2-S5
were considerably <20% cross-linked.

We take the extent of cross-linking as a reflection of the
relative proximity of the substituted Cys (25). Given the pre-
dicted three-dimensional arrangement of the TM helices of Q1
(28), we place the extracellular end of E1-TM in a position
between the extracellular flanks of S1 and S6 of neighboring Q1
subunits, with diametrically opposite voltage-sensor domains
(Fig. 34). In this position, the flank of the E1-TM also has access
to the S3-S4 linker in a third Q1 subunit (Fig. 34).

Function of pWT Q1 Coexpressed with WT E1. The function of pWT
Q1 was compared with that of wild-type (WT) Q1, each coex-
pressed with WT E1. Because the K* current continued to rise
slowly after activation, we used the current at 2 s to calculate an
isochronal conductance. Plots of normalized conductance versus
voltage (G-V curves) and their characteristic V;, were indistin-
guishable for pWT and WT (Fig. S14 and Table S1). Over a
range of voltages, the rate constants for activation (k) were
slightly greater, and the rate constants for deactivation (Kgeact) were
slightly smaller, for pWT compared with WT Q1 (Fig. S1B and C
and Table S1). Treatment of the cells with 10 mM DTT had slight
effects on pWT function; Kgeact Was slightly smaller and k,s was
slightly greater at all voltages (Fig. S1B and C and Table S1).

Single Cys Mutants. We focused on four double-Cys mutants that
were among the most extensively cross-linked Cys pairs to
determine the functional effects of cross-linking the E1-TM
flank to S1 or S6. The functional characteristics of the four single
Cys mutants, corresponding to these four double-Cys mutants,
were at most slightly different from those of pWT. Compared
with the channel formed by pWT Q1 and WT E1, V,; of Q1
1145C and E1 WT, of Q1 V324C and E1 WT, of Q1 WT and E1
K41C, and of Q1 WT and E1 L42C differed by —15 mV, 17 mV,
1 mV, and 15 mV, respectively (Fig. S2 and Table S1). For the
same single mutants, Kue™"/k, P T was 1.2, 0.6, 0.9, and 0.6, and
Kdeact™ " Kaeact?V T was 0.6, 0.9, 1.1, and 1.2, respectively. These

Chung et al.

Q11145C/E1K41C

A -DTT A +DTT A D

.
- -

Q11145C/E1L42C

+DTT A

1.0
0.8
506
£
9 04
0.2
0.05 : . . . - - - . :
-80 -40 0 40 80 -80 40 O 40 80
voltage (mV) voltage (mV)
B ¢ E =
3 2 _—
(&)
g2 — 8 éé el
5 5 — 1
&L x° ééi
0= , . v ; 0+ : - . .
0 20 40 60 80 0 20 40 60 80
voltage (mV) voltage (mV)
-DTT A +DTT A F -DTT A +DTT A
m (. S SR
14 ‘
=3 104!l A
% o 8 I ~A
\"{ K g:_ 6 1\
o o A
@ 1 K&?g xg ; m\m\& \A
i A—0N 0 , N‘Jﬂ
120 -100 -80 -60 -40 120 -100 -80 -60 -40
voltage (mV) voltage (mV)
G +80—22 H +60 —22
2s
-80 -80 -40
_120‘| 3s 2s [ »120‘| 3s g

Fig. 4. Functional consequences of cross-linking the extracellular flanks of
Q15S1and E1-TM. (A) Dependence G/Gmax, measured at 2 s, on voltage, and (B)
rate constants of activation (kact) for pWT (open squares), Q1 1145C/E1 K41C
(n =5, open triangles), and Q1 1145C/E1 K41C + DTT (n = 5, closed triangles).
(C) Rate constants of deactivation (kgeact) for pWT, Q1 1145C/E1 K41C (n = 6),
and Q1 1145C/E1 K41C + DTT (n = 6). For current traces of Q1 1145C/E1 K41C,
vertical scale is 200 pA/pF and horizontal scale is 0.5 s. (D) Dependence of
G/Gmax ON voltage, taken at 2 s, and (E) rate constants of activation (kact) for
pWT (opensquares), Q11145C/E1L42C (n = 7, opentriangles), and Q1 1145C/E1
L42C + DTT (n = 4, closed triangles). (F) Rate constants of deactivation (Kgeact)
for pWT, Q1 1145C/E1 L42C (n = 6), and Q1 1145C/E1 L42C + DTT (n = 6). (G)
Voltage protocol for activation kinetics. (H) Voltage protocol for deactivation
kinetics. For current traces of Q1 1145C/E1 L42C, vertical scale is 100 pA/pF and
horizontal scale is 0.5 s. Dotted lines indicate zero current.

changes in kinetic constants were small. Thus, none of the native
residues are functionally irreplaceable.

Functional Effects of Cross-Links Between the Flanks of Q1 S1 and
E1-TM. The major functional perturbation of channels formed
from Q1 I145C and E1 K41C was the kgcact was much decreased
compared with pWT Q1-E1 (Fig. 4C), for example, by a factor
of 30 at —40 mV (Table S1). This effect was reversed by DTT
and, therefore, was due to the disulfide cross-link, per se (Fig.
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Fig. 5. Functional consequences of cross-linking the flanks of Q1 S6 and

E1-TM. (A) Dependence of G/Gmax On voltage, taken at 2 s, and (B) rate
constants of activation (kact) for pWT (open squares), Q1 V324C/E1 K41C (n =
5, open triangles), and Q1 V324C/E1 K41C + DTT (n = 4, closed triangles). (C)
Rate constants of deactivation (kgeact) for pWT, Q1V324C/E1 K41C(n = 6), and
Q1V324C/E1 K41C + DTT (n = 6). (D) Dependence of G/Gmax on voltage, taken
at 2's, and (E) kact for pWT (open squares), Q1 V324C/E1 L42C (n = 4, open
triangles), and Q1 V324C/E1 L42C + DTT (n = 4, closed triangles). (F) Kgeact for
pWT, Q1 V324C/E1 L42C (n = 3), and Q1 V324C/E1 L42C + DTT (n = 5). For
current traces, vertical scale is 200 pA/pF and horizontal scale is 0.5 s.

4C). Moreover, neither single Cys mutation had this effect. The
other differences from pWT, a decrease in Vi, by 15 mV and a
30% increase in k,¢(, were not reversed by DTT, and the single
mutation, Q1 I145C, expressed with WT E1 had the same effect
(Fig. 44 and Table S1).

The cross-link between the Q1 I145C to the next residue in the
E1-TM flank, L42C, also altered Kgeact, but in the opposite
direction: kgeact Was increased at all voltages tested (3-fold at —40
mV), and this effect was completely reversed by DTT (Fig. 4F
and Table S1). The G-V curve of the double mutant was not
different from pWT, either before or after treatment with DTT
(Fig. 4D), and k.. was slightly decreased (Fig. 4E).

Functional Effects of Cross-Links Between the Flanks of Q1 S6 and
E1-TM. The pair Q1 V324C and E1 L42C, which was approxi-
mately 70% cross-linked (Fig. 2B), yielded constitutively open
channels (Fig. 5D). This cross-linked species was open at all
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tested voltages, although there was a suggestion that a small
population of channels could close at —120 mV (Fig. 5 D and F).
Because the current was ohmic, activation kinetics could not be
obtained. Deactivation was very slow or nonexistent. This effect
was due to the disulfide bond because after incubation in 10 mM
DTT, the G-V curve and kinetics of the reduced Cys pair were
similar to those of pWT (Fig. 5 D-F and Table S1).

The disulfide from Q1 V324C to E1 K41C had different and
modest effects: the largest was that k,. was less at all voltages
(60% at + 60 mV) (Fig. 4B). Also, the G-V curve was slightly
right-shifted (Fig. 54). Both effects were reversed by DTT. Kgeact
was unaltered (Fig. 5C).

After DTT treatment of Q1 V324C - E1 L42C, which restored
pWT-like function, removal of the DTT resulted in a partial
restoration of the constitutively open state. This spontaneous
reformation of the disulfide occurred at the same rate in the
open and closed states, at least at the resolution (5 s) of our
measurements (Fig. S3 D-G). The restoration of the constitu-
tively open state was blocked by washing out the DTT with 2 mM
N-ethylmaleimide, thereby rapidly alkylating all free Cys thiols
(Fig. S3G). Equivalent state-dependence experiments were car-
ried out on pWT channels with no indication of functional
change during DTT wash-out (Fig. S3 4-C).

Discussion

Location of E1. The disulfide cross-linking that we measured was
restricted to channels transported to the cell surface. Because the
cell selects against transporting misfolded or misassembled
proteins (32, 33), the structures of these channels are likely to be
at least near native. Also, to the extent that disulfide formation
was catalyzed by protein disulfide isomerase homologs in the
endoplasmic reticulum (34), the greater the extent of cross-
linking, the closer on average the two Cys were in a relatively
stable conformation of the channel before cross-linking (25). If
the disulfides were formed by spontaneous oxidation, the rate of
such formation, and hence the extent of formation, also increases
with the proximity of the two Cys, notwithstanding that thermal
motion can result in relatively slow disulfide bond formation
between distant sulfhydryls (35, 36).

We determined the extents of disulfide formation between Cys
substituted in the extracellular flank of E1-TM and Cys substi-
tuted in the flanks of S1 through S6 of Q1. We found >40%
cross-linking between the E1-TM flank and the S1 flank in 10
Cys pairs and between the E1 flank and the S6 flank in 3 Cys
pairs (Fig. 2). Between E1 and the S3-S4 linker, only E1 E43C
and Q1 Q220C were significantly cross-linked. There were lower
extents of cross-linking from E1 to S2 and even less to S5.

Assuming the similarity of the structures of the Q1 tetramer
and the known structures of other voltage-gated K*channels, we
infer from our cross-linking results that the E1-TM docks
between S1 and S6 from two Q1 subunits (Fig. 34). We placed
the E1-TM in a theoretical model of Q1 (28), based on the crystal
structure of Kvl.2 in the open state (27). Our placement is
consistent with a recent structural model of the E1-Q1 complex
(37) (Fig. 3 B and C). Our preliminary results (38) were cited in
support of this model, in which both 1145 in S1 and V324 in S6
are oriented toward E1. This model, however, does not include
the flanking region of E1-TM.

The pattern of disulfide bond formation is consistent with
relatively free rotation of the S1 flank, but not the S6 flank, and
flexibility of the E1 flank (Fig. 2 C and Results).

Previous work by others examined the interactions of E1 with
a subset of the Q1 TM helices. There is much evidence that the
E1-TM is close to S6 (15-17). Tapper and George (15) found
that Cd?* intercalated between S6 C331 and E1 F54C and G55C.

Xu et al. (23) recently reported cross-linking between one Cys
substituted in the Q1 S1 flank, 1145C, and G40C or K41C in the
E1-TM flank and hypothesized that E1 resides between S1, S6,
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and S4 of three different Q1 subunits. Nakajo and Kubo (18)
observed cross-linking between E44C in rat E1 (aligns with E43
in human E1 used here) and A226C in S4 of QI, which is =5
residues into the membrane (Fig. 14). Our observation that E1
E43C cross-linked to Q1 Q220C is consistent with E1-TM
interacting with S4 (Fig. 2B). More recently, Shamgar et al. (39)
also suggested that E1 might lie between S1 and S4 of two
different Q1 subunits.

Functional Consequences of Cross-Linking. We tested four of the
most readily cross-linked double Cys mutants for function. All of
these channels opened; not all closed. Most dramatically, the
cross-link between Q1 V324C and El1 L42C resulted in a
constitutively open channel, in which deactivation was very slow
even at extremely hyperpolarized voltages; i.e., the open state
was stabilized. Cross-linking from the same Q1 position, V324C,
to E1 K41C, adjacent to L42C, had opposite, though small
effects: These were a speeding of deactivation, a slowing of
activation, and an increase in Vy3; i.e., a slight stabilization of the
closed state. Cross-linking of E1 K41C to Q1 [145C and E1 L42C
to Q1 I145C also had opposing effects: Cross-linking 41 to 145
slowed deactivation 30-fold at —40 mV, while cross-linking 42 to
145 speeded deactivation 3-fold. The corresponding effects on
activation were modest but nonetheless favoring the open state
in 41-145 and the closed state in 42-145.

For the Q1 I145C-E1 G40C pair, Xu et al. (23) observed that
a disulfide cross-link suppresses deactivation. Contrary to our
finding that the cross-link from E1 K41C to S11145C also slowed
deactivation, Xu et al. (23) found that this cross-link stabilized
the closed state. The different observations could be due to the
different pseudowild-type Qls used by Xu et al. (23) and us.
Nevertheless, approximately oppositely orientated cross-links
from E1 resulted in approximately opposite functional effects.

It is axiomatic that the modulation by E1 of the function of Q1
involves differences in their physical interaction in different
states of the channel. Xu ef al. (23) proposed that “wobble” of
E1 between S1 and S4 might contribute to the unique slow
activation of Igs. Restier et al. (40) proposed that E1 might slow
activation by altering the making and breaking of salt bridges
between S2 and S4, presumably through an indirect interaction
with S1 within the same voltage-sensor bundle. Additionally,
they investigated the effects of the gain-of-function atrial fibril-
lation associated mutations in S1, S140G and V141M, and
proposed that these mutations might exert their effect through
altered docking between S1 and EIl, which, in turn, alters
interactions between E1 and S5 and S6. Implicit in their proposal
is that E1 might couple the voltage sensor and the pore. Kang et
al. (37) proposed that an adhesive interface between Q1 and E1
in the closed state must be overcome in the transition to the open
state and that this results in the slow activation of Iks.

As stated above, the patterns of disulfide cross-linking from
the E1-TM flank to the S1 and S6 flanks (Fig. 2C) suggest that
the E1 extracellular flank, at least, is flexible. Notwithstanding,
cross-linking this flank in approximately opposite directions
could impose a torque on E1-TM, shifting the free energy of
interaction of E1-TM with S1, S6, and S4, and thereby the
free-energy differences among the open state, the closed state,
and the connecting transition states. Consistent with our cross-
linking results and the work of others, we suggest in the absence
of cross-linking, the axial rotation of E1-TM is different in the
open and closed state of the channel, a manifestation of the
different interactions between E1-TM and the Q1 TM helices in
the open and closed states. This would be a mechanism whereby
the structural changes in the membrane domain are transmitted
to E1-Q1 interactions in the cytoplasmic domain.
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Materials and Methods

Molecular Biology and Cell Culture. Human E1 (41) was subcloned into the
p3XFLAG-CMV-14 Expression Vector (Sigma E4901) to generate a C-terminal
FLAG-tagged E1. Mutations were engineered into human Q1 (10) and E1 cDNA
with the QuikChange Site-Directed mutagenesis kit (Stratagene). All biochemical
experiments were conducted with these constructs. Human E1 with an N-
terminal HA tag was used for functional studies. Chinese hamster ovary (CHO)
cells (American Type Culture Collection) were cultured in Ham'’s F-12 culture
media with 10% fetal bovine serum in a 37°C incubator with 5% CO,.

Electrophysiology. Currents were recorded at room temperature using the
whole-cell patch clamp configuration with an Axopatch 200A amplifier (Axon
Instruments) as previously described (12). Test solutions were applied by local
perfusion, which allowed relatively rapid (< 0.5 sec) (42) changes of experi-
mental solutions near the cell. Series resistance was 3-8 MQ. CHO cells were
cotransfected with Q1 C214A-C331A (pWT Q1) or Cys-substituted mutants in
the pWT background, with WT E1 or Cys-substituted mutants of E1, and with
eGFP (0.4 pg of each construct) and plated on small Petri dishes. Electrophys-
iological measurements were carried out 48 h after transfection. The external
solution was pH 8.0 to facilitate reduction by DTT and contained (in mM): NaCl
132, KCl 4.8, MgCl; 1.2, CaCl; 1, glucose 5, Hepes 10, and, when called for, DTT
10. Internal solution was pH 7.3 and contained: K* aspartate 110, MgCl; 1,
CaCl; 1, EGTA 11, K;ATP 5, and Hepes 10. Cells were chosen based on eGFP
fluorescence. Data were collected using pClamp v. 8.0 and analyzed as de-
scribed previously (12) with Origin (Microcal).

Cells were held at —80 mV. For activation, cells were prepulsed to —120 mV
for 3 s, depolarized from —80 to +80 mV in increments of 20 mV for 2 s,
followed by a repolarization at —120 mV for 2 s. For deactivation, cells were
prepulsed to —120 mV, depolarized to + 60 mV, followed by repolarizations
from —40 mV to —120 mV in 20 mV increments. For the single pulse protocol
in Fig. 5D, cells were depolarized to +60 mV for 2 s followed by repolarization
at —40 mV for 2 s, repeated once every 15s.

To determine kact, data from the activating phase of the activation proto-
cols were reduced to one sample per 10 ms by averaging, baseline subtracted,
then fit with the equation i = imax*[1 — exp(—kact*t)]" in SigmaPlot 9.0
(SYSTAT) where imax, kact, and n were allowed to vary. To determine Kgeact, the
repolarization phase from the deactivation protocols were reduced to one
sample per 10 ms, leak adjusted, then fit with the equation i = yo +
A*exp(—Kgeact*t) where yo, A, and kgeact were allowed to vary.

Cross-Linking. CHO cells were cotransfected with mutant cDNAs of Q1 and
FLAG-E1 (0.4 pg each) using PLUS reagent and Lipofectamine (Invitrogen).
Cells were incubated for 48 h at 37°C in the presence of 5% CO;. No cross-
linking agents were added. The adherent cells were surface-biotinylated with
EZ-Link Sulfo-NHS-LC-Biotin (Pierce), the reaction was stopped, the cells were
lysed, and, after sedimentation of insoluble material, the supernatant was
mixed with Ultralink Immobilized NeutrAvidin Protein Plus beads (Pierce) to
bind the biotin-labeled membrane proteins, which were eluted from the
beads by treatment for 3 min at 90°Cin 8 M Urea, 4% SDS, 200 mM Tris pH 8.0,
and 2 mM EDTA, all as previously described (25). DTT to a final concentration
of 19 mM was added to half of each eluate. Samples were incubated at 50°C
for 20 min, bromophenol blue was added, and the samples in SDS sample
buffer were electrophoresed on 4-20% acrylamide gels. The gels were trans-
ferred to nitrocellulose, and the blot was blocked and incubated with goat
anti-Q1 antibody (1:1,000, C-20, Santa Cruz) and mouse anti-FLAG antibody
(Sigma, M2). Membranes were washed and incubated with donkey anti-goat
AlexaFluor 680-labeled antibody (1:5,000, Molecular Probes) and donkey
anti-mouse IRDye 800-labeled antibody (1:5,000, Licor). Fluorescent signals
were detected using the Odyssey Infrared Imager (Licor).

The extent of cross-linking was calculated based on the intensities of four
bands (Fig. S4): the monomeric Q1 band, the cross-linked Q1-E1 band, the Q1,
band, and a band labeled X. The apparent molecular weight of X was >250
kDa and, based on the relative intensities of the anti-Q1 antibody signal from
this band and the anti-FLAG antibody signal, normalized by these same signals
from the Q1-E1 band, X contained approximately 2 Q1 per E1. Thus, we
calculated the extent of cross-linking of the total Q1 in each lane as (Q1E1 +
X/2)/(Q1 + Q1E1 + Q13 + X). The inclusion of the two higher molecular weight
bands, Q1,and X, in the calculation resulted in a lower estimate for the extent
of cross-linking than that calculated from just Q1 and Q1-E1.
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