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The crystal structure of an open potassium channel reveals a kink in the inner helix that lines the pore (Jiang,
Y.X., A. Lee, J.Y. Chen, M. Cadene, B.T. Chait, and R. MacKinnon. 2002. 

 

Nature

 

 417:523–526). The putative hinge
point is a highly conserved glycine residue. We examined the role of the homologous residue (Gly466) in the S6
transmembrane segment of 

 

Shaker

 

 potassium channels. The nonfunctional alanine mutant G466A will assemble,
albeit poorly, with wild-type (WT) subunits, suppressing functional expression. To test if this glycine residue is
critical for activation gating, we did a glycine scan along the S6 segment in the background of G466A. Although all
of these double mutants lack the higher-level glycosylation that is characteristic of mature 

 

Shaker

 

 channels, one
(G466A/V467G) is able to generate voltage-dependent potassium current. Surface biotinylation shows that
functional and nonfunctional constructs containing G466A express at comparable levels in the plasma membrane.
Compared with WT channels, the shifted-glycine mutant has impairments in voltage-dependent channel opening,
including a right-shifted activation curve and a decreased rate of activation. The double mutant has relatively
normal open-channel properties, except for a decreased affinity for intracellular blockers, a consequence of the
loss of the side chain of Val467. Control experiments with the double mutants M440A/G466A and G466A/V467A
suggest that the flexibility provided by Gly466 is more important for channel function than its small size. Our
results support roles for Gly466 both in biogenesis of the channel and as a hinge in activation gating.

 

I N T R O D U C T I O N

 

Ion channels are transmembrane proteins that act as
conduits for permeant ions to cross the unpropitious
hydrophobic environment of the lipid bilayer membrane.
Ordinarily the flux of ions is tightly regulated to main-
tain proper ionic and osmotic gradients across the
plasma membrane. This is the job of gates that permit
or deny access of ions to the hydrophilic permeation
pathway. In voltage-gated ion channels, the gates open
and close this pathway in response to changes of mem-
brane potential. However, even in this restricted class of
cation-selective ion channels the gates use a variety of
conformational processes to open and close the pore.
For example, a gate may diffuse into and plug the pore.
This occurs during N-type inactivation of voltage-gated
potassium (Kv) channels, when the open pore becomes
occluded by a tethered cytoplasmic “ball” (Hoshi et al.,
1990; Zagotta et al., 1990; Zhou et al., 2001a). Closure
of the pore may also be caused by collapse of the region
that confers selectivity to specific ions. This has been
proposed to occur during the process of slow inactiva-
tion of Kv channels (Starkus et al., 1997; Kiss and Korn,
1998; Yellen, 1998, 2002; Kiss et al., 1999). Finally, the
activation gate, which is usually the first gate to respond
to membrane depolarization, opens as a result of the
widening of a four-helix bundle at the cytoplasmic end
of the pore (Del Camino et al., 2000; Del Camino and

Yellen, 2001; Hackos et al., 2002; Kitaguchi et al., 2004).
This bundle consists of the four S6 segments, one from
each subunit, that line the cytoplasmic half of the pore,
converging to form the activation gate.

The structural changes underlying the opening and
closing of the activation gate of potassium channels are
unknown, although a variety of alternatives have been
proposed for members of this superfamily of ion chan-
nels. In several of the early proposals, the four helices
approximately maintain their 

 

�

 

-helical secondary struc-
ture throughout. Opening occurs when these helices
pivot away from the symmetry axis of the pore while
rotating around their helical axes (Perozo et al., 1999;
Flynn and Zagotta, 2001; Johnson and Zagotta, 2001;
Liu et al., 2001). The pivot point in this model is near
the extracellular end of the S6 segment. In another
proposal the activation gate opens by formation of a
kink, or “gating hinge,” in the middle of the S6 helix
(Jiang et al., 2002b; Kelly and Gross, 2003; Tikhonov
and Zhorov, 2004; Zhao et al., 2004; Domene et al.,
2005). This model is supported by differences in the
crystal structures of the homologous helices of closed
(Doyle et al., 1998; Kuo et al., 2003) and open (Jiang
et al., 2002a,b, 2003) potassium channels, and also by
state-dependent cysteine labeling of residues near the
bundle crossing of the KcsA potassium channel (Kelly
and Gross, 2003). A kink in the inner helix of MthK
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potassium channels (Jiang et al., 2002b) creates an
opening wide enough to accommodate intracellular
pore blockers as large as tetrabutylammonium (TBA,

 

�

 

12 Å in diameter). In spite of its large size, TBA can
enter deeply into a potassium channel when it is open
(Zhou et al., 2001a). The 30

 

�

 

 kink observed in the
MthK structure occurs near a glycine (Gly) residue that
is highly conserved in the pore-lining helices of many
potassium channels, whether or not they are gated by
voltage (Jiang et al., 2002b). Gly residues are known to
confer flexibility to protein structures (Li and Deber,
1992; Bright and Sansom, 2003), making them excel-
lent candidates to act as movable hinges. In a final pro-
posal, a variant of hinged opening, a proline-based
kink below the conserved Gly in S6 segments exists in
both open and closed channels and somehow contrib-
utes to the gating of Kv channels (Holmgren et al.,
1998; Del Camino et al., 2000; Del Camino and Yellen,
2001; Labro et al., 2003; Webster et al., 2004). The role
of the upstream Gly in this proposal is unclear.

Here we examine the idea of a Gly hinge by showing
first that alanine, the amino acid residue that maxi-
mally stabilizes 

 

�

 

-helices (O’Neil and DeGrado, 1990;
Chakrabartty et al., 1991), cannot substitute for Gly466
in the S6 segment of 

 

Shaker

 

 potassium channels. Tetra-
mers that include even one G466A subunit are non-
functional. We further test whether a Gly residue, sub-
stituted elsewhere along the S6 segment, can restore
voltage-dependent gating to the nonfunctional G466A
mutant. Our Gly scan uncovered only one functional
double mutant, G466A/V467G, which had alterations
in activation gating. Besides these results that support
the idea that a Gly hinge is used during voltage-depen-
dent opening of the activation gate, we also found that
any construct containing the G466A mutation lacked
the typical high molecular weight glycosylation feature
of wild-type (WT) 

 

Shaker

 

, suggesting a further role of
this Gly residue in biogenesis of potassium channels.

 

M A T E R I A L S  A N D  M E T H O D S

 

Mutagenesis and Expression

 

Mutations were generated by PCR as previously described (Ding
and Horn, 2002). The WT background we used was 

 

Shaker

 

 H4
with the following four modifications: deletion of residues 6–46 to
remove N-type inactivation, T449V to inhibit C-type inactivation,
and C301S and C308S. All mutations were verified by sequencing,
and many of the constructs were epitope tagged with FLAG
(DYKDDDDK) inserted into either the COOH terminus (pBSTA
vector; gift of A.L. Goldin, University of California, Irvine, CA) or
the NH

 

2

 

 terminus (pGW1-CMV vector; British Biotechnology).
Both mammalian cells (tsA201 and HEK293) and 

 

Xenopus

 

 oocytes
were used for expression. Mammalian cells were transiently trans-
fected with a standard calcium phosphate method. 

 

Xenopus

 

 oo-
cytes were injected with cRNA prepared by in vitro transcription.
The oocytes were then maintained at 19

 

�

 

C for 2–3 d until used for
recording. In studies of dominant-negative suppression (e.g., Fig.
1 B) we verified that expression of WT channels was not affected

in a nonspecific manner by coinjecting oocytes with pHook-1 (In-
vitrogen) cRNA at a molar level 20-fold higher than the 

 

Shaker

 

subunit. pHook-1 is a single transmembrane protein with a myc
tag at its NH

 

2

 

 terminus. We verified pHook-1 expression in these
experiments by Western blot using an antibody against myc (not
depicted). pHook-1 had insignificant effects on the levels of WT
currents in five separate experiments.

 

Biochemistry

 

HEK 293 cells (60% confluence) were transfected with 20 mg
WT or mutant DNA and cultured for 48 h. Cells were homoge-
nized in lysis buffer (20 mM Na

 

2

 

HPO

 

4

 

, 30 mM Na

 

4

 

P

 

2

 

0

 

7

 

, 1 mM
MgCl

 

2

 

, 0.5 mM EDTA, 300 mM sucrose, protease inhibitor cock-
tail [Roche], pH 

 

�

 

9.3), and centrifuged at 500 

 

g

 

 for 5 min. The
supernatant was centrifuged at 50,000 

 

g

 

 for 30 min and the pel-
leted membrane fraction resuspended in lysis buffer. Protein
concentration was determined using the Bradford Assay (Bio-
Rad Laboratories). Samples (equal protein) were separated by
SDS-PAGE and transferred to PVDF membrane (Millipore). Im-
munoblots were blocked with 5% milk, 0.1% Tween-20 in Tris-
buffered saline, pH 7.5, and probed sequentially with anti-FLAG
(Stratagene) antibody and secondary HRP-conjugated antibody
(Roche) diluted in blocking solution. Detection was by enhanced
chemiluminescence (PerkinElmer). Surface expression of 

 

Shaker

 

mutants in transfected cells was assayed by the “Cell Surface Pro-
tein Biotinylation and Purification Kit” (Pierce Biotechnology).
For biotinylation experiments we used the cytoplasmic protein
early response kinase (ERK) as a negative control. ERK was de-
tected by an anti-ERK antibody (Promega).

 

Electrophysiology

 

Whole cell currents from transfected cells were obtained as de-
scribed previously (Ding and Horn, 2003). For whole cell record-
ing, the patch pipette contained (in mM) 105 CsF, 35 NaCl, 10
EGTA, 10 Hepes, pH 7.4. The bath contained (in mM) 150 NaCl,
2 KCl, 1.5 CaCl

 

2

 

, 1 MgCl

 

2

 

, 10 Hepes, pH 7.4. For analysis of selec-
tivity we used either whole cell currents or outside-out patches in
which all of the intracellular Cs

 

�

 

 was replaced with Rb

 

�

 

, and the
extracellular Na

 

�

 

 and K

 

�

 

 were completely replaced with either
Rb

 

�

 

 or K

 

�

 

. Whole cell currents from oocytes were obtained by
standard two-microelectrode voltage clamp using a bath of (in
mM) 116 NaCl, 2 KCl, 2 MgCl

 

2

 

, 1.8 mM CaCl

 

2

 

, 5 Hepes, pH 7.6.
Experiments examining single channels or nonstationary

noise analysis used cell-attached patches from oocytes. In these
studies the pipette solution contained (in mM) 140 NaCl, 10 KCl,
5 MgCl

 

2

 

, 10 Hepes, pH 7.2. Block by tetraalkylammonium cations
was studied with inside-out patches using the same pipette solu-
tion, and a bath containing (in mM) 140 KCl, 2 MgCl

 

2

 

, 1 CaCl

 

2

 

,
11 EGTA, 10 Hepes, pH 7.2.

 

Data Analysis

 

Data were analyzed using pCLAMP (Axon Instruments), ORI-
GIN 7.5 (OriginLab), and Fortran (Compaq). Selectivity of Rb

 

�

 

over K

 

�

 

 was estimated from shifts in reversal potential 

 

�

 

V

 

rev

 

 un-
der biionic conditions (Fig. 5) according to

where 

 

RT/F 

 

� 

 

25 mV at room temperature. Nonstationary noise
analysis used previously described methods (Ding and Horn,
2002). Throughout the paper, error bars represent the standard
error of the mean.

 

Block

 

Block by intracellular TBA and tetrapentylammonium (TPentA)
were studied in inside-out oocyte patches. 

 

K

 

d

 

, the dissociation

P
Rb�

P
K�

----------- exp
∆VrevF

RT
----------------⎝ ⎠

⎛ ⎞ ,=
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constant for block, was estimated from the dose–response rela-
tionship at 

 

�

 

80 mV, using the relationship 

 

K

 

d

 

 

 

�

 

 [B]

 

F

 

un

 

/(1 

 

�

 

F

 

un

 

), where the blocker concentration is [B] and 

 

F

 

un

 

 is the steady-
state fraction of unblocked current. Note that this relationship
ignores possible effects of open probability on block (see Ding
and Horn, 2002). If all of the steady-state channel gating ob-
served at membrane potentials 

 

��

 

20 mV is due to movement of
the activation gate, 

 

K

 

d

 

 could be overestimated by at most 

 

�

 

30%
by ignoring open probability, because peak open probability esti-
mated by nonstationary noise analysis was typically 

 

�

 

0.7. The ki-
netics of block were determined from WT patches using the time
course of current reduction during a depolarizing voltage step.
The concentration-dependent blocking rate 

 

�

 

 is the inverse of
the single-exponential time constant of block. The association
rate constant for a one-step blocking reaction is estimated as 

 

k

 

on

 

 

 

�
�

 

/(

 

K

 

d

 

 

 

�

 

 [B]), and the dissociation rate constant is 

 

k

 

off

 

 

 

�

 

 

 

�

 

F

 

un

 

.
The blocking rate 

 

�

 

 for the G466A/V467G mutant was deter-
mined by stationary noise analysis (Neher and Stevens, 1977).
Currents were obtained in inside-out patches in response to

 

�

 

160 depolarizations to 

 

�

 

80 mV. Currents were lowpass filtered
at 20 kHz and sampled at 200 kHz. Power spectra were calculated
for each depolarization, using a discrete Fourier transform im-
plemented in Fortran, and averaged. Resultant spectra were fit
by a sum of 1/f noise and a lorentzian component with a corner
frequency ƒ

 

c

 

. The blocking rate was estimated as 

 

�

 

 

 

�

 

 2

 

	

 

ƒ

 

c

 

 (Bauk-
rowitz and Yellen, 1996), and the association and dissociation
rate constants were determined as above.

 

R E S U L T S

 

The G466A mutant in 

 

Shaker’s

 

 S6 segment is nonfunc-
tional (Yifrach and MacKinnon, 2002; Magidovich and
Yifrach, 2004), supporting the hypothesis that the flexi-

bility bestowed by Gly466 is important for the activation
gate to open. The lethality of this mutation in a ho-
motetrameric channel raises the question whether a
functional channel could be formed in a heterotet-
ramer of WT and mutant (Gly466A) subunits. This
might be expected, based on the fact that in eukaryotic
voltage-dependent sodium channels, one of the four S6
segments (D4/S6) is missing this conserved Gly resi-
due. Initially we tested whether WT 

 

Shaker

 

 subunits
could rescue mutant subunits by constructing tandem
dimers in which either both subunits were WT, or else
one had the G466A mutation. Only the former tandem
construct was functional in mammalian cells (Fig. 1 A).
The G466A mutant not only lacks ionic current, but
also the gating current that usually precedes opening
of the activation gate (arrow in Fig. 1 A; e.g., Ding and
Horn, 2003). In voltage-gated ion channels this gating
current is due to the movement of the channel’s volt-
age sensors, primarily the positively charged S4 seg-
ments, in response to a step depolarization. It is un-
likely that the immobility of the voltage sensor is due to
inflexibility of the S6 segment, we believe, because in
WT channels most of this charge movement occurs be-
fore the activation gate opens (Bezanilla, 2000). More-
over, other S6 mutations are capable of abolishing ionic
current while leaving gating currents relatively intact
(Hackos et al., 2002; Kitaguchi et al., 2004). This raises
the possibility that the G466A mutation affects biogene-

Figure 1. Wild-type subunits cannot rescue the
lethality of the G466A subunits. (A) Whole cell
Cs� currents in tandem dimers. Holding poten-
tial, �120 mV, depolarizations from �80 to �60
mV in 10-mV increments. WT-WT tandem pro-
duces currents comparable to those of WT mono-
mers. The arrow shows gating current. A tandem
dimer of WT and G466A, with the mutant down-
stream of the WT, is completely nonfunctional.
Cotransfected tsA201 cells were identified by 4-
m
beads coated with CD8 antibody (Dynal Biotech).
The tandem construct included the extra linker
residues -NNNNNNAMN- between the two pro-
tomers. (B) Dominant-negative suppression. Co-
expression of WT and G466A monomers reduces
peak WT current amplitude at �70 mV in oocytes
(n � 15–18 oocytes for each data point). The
same molar amount of cRNA for WT was injected
in each condition, with the remaining volume
adjusted appropriately with water or mutant
cRNA. The abscissa represents the molar fraction
of WT cRNA. The dashed line is the suppression
predicted by the binomial equation. The solid
line is a single-parameter fit of a model in which
there is an assembly penalty of 1.65 � 0.14 kcal/
mol for each mutant–WT contact in a tetramer
(APPENDIX).
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sis or transport to the plasma membrane, an issue we
address below. Note that the perniciousness of the
G466A mutation contrasts with the innocuous effects of
alanine substitutions of homologous Gly residues in
two of the S6 segments of a voltage-dependent sodium
channel (Yarov-Yarovoy et al., 2002), suggesting the
possibility of significant differences in activation gate
opening in these two related classes of ion channels.

To test the ability of G446A subunits to participate in
heterotetramer formation with WT channels, we coex-
pressed WT and G466A monomers both in mammalian
cells and in 

 

Xenopus

 

 oocytes. The biophysical properties
of the resultant currents were indistinguishable from
those of WT channels (not depicted), except that the
currents were reduced in amplitude (Fig. 1 B), indica-
tive of a dominant-negative suppression. Note that the
amplitudes of WT control currents were unaffected
by coexpressing a 20-fold higher molar equivalent of
the transmembrane protein pHook-1, ruling out non-
specific effects of cRNA injection (MATERIALS AND
METHODS). These data suggest that mutant subunits
can coassemble with WT subunits, and that even a sin-
gle mutant subunit within a tetramer destroys function.

The dashed line in Fig. 1 B shows the relationship pre-
dicted by the binomial distribution (see APPENDIX) be-
tween the potassium current amplitude and the fraction

 

p

 

 of WT cRNA injected into the oocytes. The suppres-
sion observed experimentally is grossly overestimated by
this theoretical prediction. Two immediate explanations
come to mind. The first is that 

 

p

 

 is much larger than we
believe under the conditions of our experiments. Quan-
titatively the results in Fig. 1 B can be fit reasonably well

if WT protein expresses 

 

�

 

12-fold better than mutant
protein (calculations not shown). We reject this possibil-
ity, however, because it is inconsistent with our biochem-
ical data (Fig. 2) that show very similar expression levels
of mutant and WT protein. Moreover, the presence of
comparable levels of mutant and WT protein on the cell
surface (Fig. 4) suggests that mutant subunits form ho-

Figure 2. Western blots show that all constructs containing
G466A, including the functional mutant G466A/V467G, produce
roughly comparable amounts of protein, but with restricted glyco-
sylation, as shown by the absence of the high molecular weight
band observed in the WT.

Figure 3. Functionality tested in Gly mutants. (A) Functional Gly
scan using FLAG-tagged double mutants expressed in Xenopus
oocytes. Peak currents at �50 mV. All mutants contained G466A
and cRNAs were injected at equimolar concentrations. Recordings
were obtained 2 d after injection, n � 3–6 eggs. Similar results
were obtained for all double mutants using mammalian cell ex-
pression (not depicted). (B) Cs� currents obtained in whole cell
recording as described in Fig. 1 A. (C) G-V relationships for Cs�

currents in WT, V467G, and G466A/V467G constructs (n � 4
in each case) in mammalian cells. These relationships were de-
termined from isochronal tail current measurements. The G-V
relations were fitted to the Boltzmann equation:

where G(V) is normalized conductance, V1/2 is the half activation
voltage, q is the unitless slope, and RT/F is 25 mV at room temper-
ature. For WT: V1/2, q was �40.5 � 0.8 mV, 4.99 � 0.13; for V467G:
V1/2, q was �55.2 � 2.4 mV, 3.50 � 0.23; for G466A/V467G: V1/2, q
was �22.0 � 1.2 mV, 2.16 � 0.11. Free energy differences were
calculated as ��G � �(qFV1/2) for any two constructs. Although
this is only a crude measure of the open–closed equilibrium energy,
an improved approach based on the assumption that S6 mutants
affect only the concerted opening transition (Yifrach and MacKin-
non, 2002) is inconsistent with the differences between WT and
the V467G mutant, because the mutation causes the G-V relation-
ship to be both left shifted and shallower than that of the WT.

G V( ) 1
1 exp �qF V V1/2–( ) RT⁄[ ]+
----------------------------------------------------------------------- ,=



Ding et al. 217

motetramers approximately as well as WT subunits. The
second possibility is that homotetramers, of either WT
or mutant subunits, assemble more readily than the het-
eromers that produce suppression. The solid line in Fig.
1 B is the prediction of a model in which each mutant:
WT contact within a tetramer carries a fixed penalty of
1.65 � 0.14 kcal/mol for assembly (see APPENDIX). Al-
though this is only one of several possible explanations
for the impoverished suppression in these experiments,
it adequately accounts for the data.

Glycine Scan
We tested the proposal that a hinge is necessary for
channel opening by performing a glycine scan in the
background of the nonfunctional G466A mutant. Eight
double mutants were examined, four above and four
below G466A. All FLAG-tagged mutants express pro-
tein (Fig. 2). None, however, is as extensively glyco-
sylated as WT channels, as evidenced by the absence in
the mutants of a higher molecular weight band charac-
teristic of a mature form of the channel (Santacruz-
Toloza et al., 1994; De Souza and Simon, 2002). The
lower weight band typically represents immature chan-
nels that are only core glycosylated, and may be re-
tained in the endoplasmic reticulum (Santacruz-Toloza
et al., 1994; Papazian et al., 1995; De Souza and Simon,
2002). This is not an absolute impediment to surface
expression, however, because mutations that remove
the glycosylated asparagine residues of Shaker do not
obliterate potassium currents (Santacruz-Toloza et al.,
1994). Indeed, one of the double mutants, G466A/
V467G, is functional (Fig. 3, A and B), indicating that a
substantial fraction of the protein escaped the endo-
plasmic reticulum to reach the plasma membrane.

The ability of G466A/V467G alone to yield potas-
sium currents has two possible explanations. V467G
could either rescue function or reestablish trafficking
to the plasma membrane. To discriminate these two al-
ternatives we compared surface expression of three
FLAG-tagged constructs, WT, G466A, and G466A/V467G,
using a biotinylation assay. Surface proteins were indis-
criminately labeled with a membrane-impermeant
bifunctional reagent that covalently attaches biotin to
primary amines. These surface proteins were immuno-
precipitated with neutravidin and probed with FLAG
antibody. Fig. 4 shows a similar pattern of staining for
whole cell lysates (left) and immunoprecipitated pro-
tein (right) from the same transfected cells, indicating
that functional (WT and G466A/V467G) and nonfunc-
tional (G466A) channels are all expressed on the cell
surface at comparable levels. Control experiments show
that an endogenous cytoplasmic protein (ERK) is not
immunoprecipitated under the same conditions (Fig.
4). Our results indicate that V467G rescues function,
rather than trafficking to the cell surface. Nevertheless,

the amplitudes of WT currents, both in mammalian cells
and in Xenopus oocytes, are typically �5–10-fold larger
than obtained with G466A/V467G channels (unpub-
lished data). The cause of this difference in current
amplitude is not evident because, as we show later, indi-
vidual G466A/V467G channels have a maximum open
probability that approaches that of the WT. We inter-
pret these composite results as an indication that G466A
produces some defect in biogenesis that inhibits glyco-
sylation, in addition to a destruction of function. Only
the functional defect of the G466A mutation is rescued
by V467G.

The double mutant G466A/V467G is reluctant to
open. The depolarizing shift in the conductance–volt-
age (G-V) relationship, decrease in its slope (Fig. 3 C),
and slowing of activation kinetics (Fig. 5 A) all suggest
that the mutations shift the equilibrium of the final
opening transition in the activation pathway away from
the open state, as described for some other mutations
along the S6 segment (Yifrach and MacKinnon, 2002).
Energetically this double mutation increases the work
of opening the channel by ��G � 3.56 kcal/mol (see
legend of Fig. 3). To examine the energetic effect of
G466A alone, we compared the G-V relationship of the
single mutant V467G with that of G466A/V467G. The
G-V curve of the single mutant is left shifted and
steeper than that of the double mutant (Fig. 3 C); the
energetic consequence of introducing G466A on the
background of V467G is equivalent to ��G � 3.36
kcal/mol. If mutations of these adjacent residues are
assumed to have independent consequences on activa-
tion gating, the single mutation V467G is energetically
rather insignificant (�0.4 kcal/mol) compared with
the effect of mutating residue Gly466.

Figure 4. Constructs containing G466A, whether functional or
not, are expressed on the plasma membrane. The top/bottom
panel is blotted with anti-FLAG/anti-ERK antibody, respectively.
The left side is protein from whole cell lysates of tsA201 cells
transfected with the indicated constructs (see Fig. 2) and immuno-
precipitated surface protein from the same cells on the right. The
FLAG western shows comparable expression levels for the three
Shaker constructs, both in whole cell lysates and from surface
protein. Western blots from the same material shows the presence
of the cytoplasmic proteins ERK1 (top band) and ERK2 in whole
cell lysates but not from surface protein.
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Open Channel Properties of the G466A/V467G Mutant
We might expect that a displaced gating hinge would
affect open channel properties, due either to the
proximity of the mutations to the channel’s selectiv-
ity filter, or to how wide the activation gate is able to
open. We explore three of these properties here: selec-

tivity, single channel conductance, and pore block by
tetraalkylammoniums.

Fig. 5 shows that the relative permeability of Rb� and
K� ions is unaffected in the double mutant. The WT
(left) and mutant (right) panels show currents in the
presence of either high extracellular [K�] (above) or
high extracellular [Rb�] (below). Currents were acti-
vated by a depolarization to �75 mV and followed by
hyperpolarizing steps to voltages between �60 and �80
mV. Amplitudes of isochronal tail currents are plotted
in Fig. 5 B. The leftward shift of reversal potential in a
Rb� bath indicates that K� ions are moderately more
permeable than Rb� ions. The comparable shift for WT
and G466A/V467G channels indicates that the double
mutation has little effect on selectivity. The permeabil-
ity ratios PRb�/PK� based on these shifts were 0.76 �
0.02 (n � 4) for WT channels and 0.83 � 0.03 (n � 6)
for G466A/V467G channels (P � 0.05, t test).

Point mutations in the vicinity of the open activation
gate are known to affect single channel conductance
(Ding and Horn, 2002). This suggests that alterations
in S6 conformation in the open state might produce
changes in flux of K� ions through the channel. To test
this, we examined single channel conductance for K�

in either of two ways, single channel recording (Fig. 6
A) or nonstationary noise analysis (Fig. 6 B). The single
channel conductance was marginally larger in the dou-
ble mutant than in WT patches (see Fig. 6 and legend),

Figure 5. The G466A/V467G mutations have no effect on Rb�/
K� selectivity. (A) Currents shown from either an outside-out
patch (WT on left) or whole cell recording (G466A/V467G on
the right). Voltage protocols described in the text. (B) Reversal
potentials of isochronal I-V plots were obtained by linear interpola-
tion. Rb� solutions caused a �6.9 � 0.7 mV shift in WT (n � 4
cells) and a �4.7 � 0.9 mV shift in mutant (n � 6) channels.

Figure 6. The G466A/V467G mutations have little
effect on single channel conductance. (A) Examples of
single channel openings in response to steps to �80 mV
from a holding potential of �70 mV in cell-attached
patches. Low-pass filter, 2 kHz. Data from these two
patches were fit by amplitude histograms producing
estimates of 2.01 pA for WT and 2.22 pA for G466A/
V467G. (B) Nonstationary noise analysis for depolariza-
tions to �80 mV in two cell-attached patches, 10 kHz
low-pass filter. Estimates of single channel current i
amplitude and Popen,max are shown. Estimates of i and
Popen,max in nine WT patches were 1.84 � 0.07 pA and
0.78 � 0.01, respectively. In six G466A/V467G patches
the estimates of i and Popen,max were 2.30 � 0.09 pA and
0.68 � 0.02, respectively.
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suggesting only minor effects on the structure of the
open activation gate.

Block
The open MthK channel has an inner mouth that is
open just wide enough to accommodate a blocker as
large as TBA, �12 Å in diameter (Zhou et al., 2001a;
Jiang et al., 2002b). This opening is apparently a conse-
quence of the kink near the Gly466 homologue in
MthK (Jiang et al., 2002b). We ask here whether a
shifted Gly hinge opens the activation gate as wide by
testing the block of TBA and its larger relative, TPentA
(Fig. 7). We examine the block of these two cations us-
ing inside-out oocyte patches.

Fig. 7 shows two features of block that differ between
mutant and WT channels for currents elicited at �80

mV. First, the block is considerably more potent in WT
than in G466A/V467G channels, 190-fold for TBA and
16-fold for TPentA. Second, the blocking kinetics are
resolvable for WT, but not for G466A/V467G, chan-
nels. There are several possible explanations for these
differences; we will dissect them one at a time.

The blocking site for TBA is deep within the perme-
ation pathway in WT channels (Zhou et al., 2001a).
Perhaps the decreased potency observed in the double
mutant is due to the fact that the open activation gate is
not wide enough to permit the blocker to enter, and
therefore it might have a more superficial blocking
site. We tested this possibility by examining the voltage
dependence of block, which largely reflects the dis-
placement of permeant ions by the blocker (Spassova
and Lu, 1998). The steady-state fraction of blocked

Figure 7. The G466A/V467G mutations reduce
block of intracellular tetraalkylammonium cations.
Data shown from inside-out patches with reagents at
indicated concentrations. Currents at �80 mV before
and after exposure to blocker are superimposed.
Dose–response relationships are shown in the bottom
panels with molecular models of the blockers on the
right. Data were fit using a single-site blocking model
with Kd values of 3.77 
M (TBA) and 1.72 
M
(TPentA) for WT channels, and Kd values of 730 
M
(TBA) and 27.6 
M (TPentA) for G466A/V467G
(n � 3–5).
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channels was determined by experiments comparable
to those shown in Fig. 7, except that the test potential
was varied between �20 and �80 mV. Fig. 8 shows that
TPentA block is exponentially dependent on mem-
brane potential, with an insignificant difference (P �
0.05, t test) in voltage dependence between WT ( �
0.15 � 0.01, n � 4) and G466A/V467G ( � 0.18 �
0.03, n � 4) channels. These data suggest that the
blockers reach comparable locations deep within the
pore, but that the binding affinity is reduced in the dou-
ble mutant.

Another factor that could reduce the apparent po-
tency of block is a reduction of maximal open proba-
bility, because intracellular tetraalkylammonium cat-
ions can only block open channels (Armstrong, 1971).
Maximal open probability Popen,max was estimated from
nonstationary noise analysis (Fig. 6 B). Although
Popen,max is moderately reduced in the double mutant,
by �15%, this cannot account for the dramatic differ-
ences in equilibrium block. These results therefore
suggest a true difference in affinity of the open chan-
nel for TBA block between wild-type and G466A/
V467G channels.

If we assume a simple model in which block involves
a 1:1 collision between the blocker and its site within
the pore, a decreased affinity can be explained by
changes in either or both of two rate constants. The
double mutant could decrease the second-order block-
ing constant kon and/or increase the unbinding rate
constant koff. Mechanistically, these alternatives lead to
very different insights into the effect of the double mu-
tation. A decrease of kon suggests an increase in the acti-
vation free energy barrier for the blocker to reach its
binding site, whereas an increase of koff implies an in-
crease in the free energy (i.e., destabilization) of the
blocker-bound state. Our data tend to support the lat-
ter alternative, because the blocking kinetics are only
slow enough to resolve in wild-type channels (Fig. 7).
The two rate constants underlying block are readily es-
timated (see MATERIALS AND METHODS) in wild-
type channels from the time constant of TBA block
(34.2 � 1.3 ms at �80 mV for 2 mM TBA, n � 4) and
the dissociation blocking constant Kd (3.40 � 1.04 
M
at �80 mV). This analysis produces estimates for kon

and koff of 5.44 � 106 M�1s�1 and 18.5 s�1, respectively.
Estimation of these two rate constants requires both

kinetic and equilibrium measurements. Because TBA
blocking kinetics are not readily apparent in macro-
scopic currents of the G466A/V467G mutant (Fig. 7),
we resorted to stationary fluctuations to measure block-
ing kinetics at frequencies up to 10 kHz. Fig. 9 (A and
C) shows the mean and variance of currents from in-
side-out patches in the absence and presence of 1 mM
TBA. The currents were generated from 160 depolar-
izations to �80 mV. The double arrows indicate the re-
gion used for stationary noise analysis. Control spectra
in the absence of blocker were always well fit by a 1/f
function (n � 4) with spectral densities orders of mag-
nitude larger than background fluctuations at the �80
mV holding potential (Fig. 9 B). TBA introduces a
lorentzian component with a corner frequency (fc, ar-
row) of 2860 Hz (Fig. 9 D). Similar spectra were ob-
tained from four patches in which fc was 2964 � 64
Hz. If we assume that this component represents TBA
blocking kinetics, and that TBA block is insensitive to
the gating transitions responsible for the 1/f noise
(Baukrowitz and Yellen, 1996), these data allow us to es-
timate kon and koff (see MATERIALS AND METHODS)
of 10.8 � 106 M�1s�1 and 7.83 � 103 s�1, respectively.
The large value of koff predicts a mean dwell time of
only 128 
s for TBA in its blocking site. This would
have been extremely difficult to resolve unambiguously
with single channel recording.

A comparison of these rate constants between WT
and the G466A/V467G mutant shows that almost the
entire effect of shifting the putative gating hinge on
TBA block is due to a 420-fold increase of koff (3.5 kcal/
mol), compared with a twofold change of kon (�0.5

Figure 8. The G466A/V467G mutations have little effect on
the voltage dependence of TPentA block. Steady-state block at
voltages between �20 and �80 mV from inside-out patch currents
as in Fig. 7. The data were fit by the equation Fun/(1 � Fun) � C �
exp(�VF/RT), where Fun is the steady-state fraction of unblocked
current, C is a constant, and  is a unitless parameter representing
the fraction of the electric field at the blocking site felt by the
blocker and any ions that move with it. The estimates of  were
0.15 � 0.01 and 0.18 � 0.03 for WT and G466A/V467G, respec-
tively, for n � 3 patches each. These values are not significantly
different (P � 0.05, t test).
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kcal/mol). The small effect on kon suggests a minor
change in the energy barrier for entry of TBA, implying
that the activation gate of the G466A/V467G mutant
opens just as wide as in the wild-type channel.

What could account for the large increase of koff

in the double mutant? A previous study showed that
a mutation in Kv1.4 equivalent to V467A of Shaker
caused an �1 kcal/mol destabilization of TBA block
(Zhou et al., 2001a). Moreover, crystal structures of po-
tassium channels show that the residues homologous
to Val467 extend their side chains into the central per-
meation pathway (Fig. 10 A). These facts suggest that
the decreased potency of TBA block in the G466A/
V467G mutant is due more to the loss of the greasy
side chain of Val467 than to the G466A mutation. This
proposal was confirmed by measuring TBA block of
the single mutant V467G, which increased Kd from
3.77 
M to 2.47 � 0.20 mM (3.8 kcal/mol, n � 3), an
effect even larger than observed for the double mutant
in which Kd was 0.73 mM (Fig. 7). This suggests that
the G466A mutation itself modestly stabilizes TBA
block.

Our data therefore show little effect of the double
mutation G466A/V467G on the biophysical properties,
and presumably the conformation, of the open state.
Rather, the biophysical consequence of shifting Gly466
downstream by one residue is a disinclination of the
channel to enter and remain in the open state, consis-
tent with Gly466 contributing to a gating hinge.

Packing or Flexibility?
A Gly residue has two hallmark properties that are in-
strumental to its unique roles in a protein. The first, its
small size, is known to be important for close packing
of � helices, especially in membrane proteins (Lem-
mon and Engelman, 1994; Javadpour et al., 1999; Russ
and Engelman, 2000). The second is its ability to con-
fer flexibility to an � helix (see DISCUSSION). We
have interpreted our results largely in terms of the lat-
ter property. An alternative possibility, however, is that
the G466A mutation abolishes function by disrupting
packing, and that the rescue of function by V467G is
due not to a restoration of flexibility, but to a compen-
satory decrease in side-chain volume that partially re-
stores normal packing. In support of this idea a crystal-
lographic study of the KirBac1.1 channel advanced the
idea that the Gly residue homologous to Gly466 of
Shaker is involved mainly in packing and is not acting as
a pivot point for gating (Kuo et al., 2003). The main ar-
gument against this explanation for V467G’s ability to
rescue function in the G466A mutant is that the side
chain of Val467 appears not to be involved in helical
packing (Fig. 10 A). Nevertheless, we tested this pos-
sibility by constructing two additional mutations spe-
cifically designed to try to rescue the lethal mutation
G466A from disruptions of packing.

Based on available crystal structures, the introduced
alanine of Shaker’s G466A is expected to clash with a hy-
drophobic residue at the COOH-terminal end of the

Figure 9. Estimates of TBA blocking
constants using stationary noise. Inside-
out patches for G466A/V467G mutants
in the absence (A and B) and presence
(C and D) of 1 mM TBA. 160 depolar-
izations to �80 mV were applied, and
stationary noise was measured over the
intervals shown by the double arrows. A
and C show mean and variance for
these currents, with spectra shown in B
and D. The spectrum of background
noise at the �80 mV is shown in B. Data
were fit by a weighted sum of a lorentz-
ian and 1/f noise. The arrow indicates
the corner frequency ƒc of the lorentz-
ian in the patch exposed to 1 mM TBA.
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pore helix (Ala73 in KcsA, Ile57 in MthK, or Ala194 in
KvAP). A high-resolution structure of KcsA (1K4C,
2.00 Å; Zhou et al., 2001b) is shown in Fig. 10 B (left),
along with the expected effect of the G99A mutation
that introduces this steric clash in KcsA (right). The
Shaker homologue of Ala73 in KcsA is Met440. The
M440A mutation will reduce the volume of this side
chain by 57 Å3. By itself this mutation is functional (Yi-
frach and MacKinnon, 2002). We tested whether M440A
could rescue the function of the G466A mutation (a
19-Å3 increase of side-chain volume). The double mu-
tant M440A/G466A was nonfunctional (no voltage-acti-
vated currents in 14 transfected cells [our stringent
functional test was a step depolarization from �190 to
�100 mV]). We saw neither ionic nor gating current, as
for other constructs containing G466A. A Western blot
of this double mutant showed roughly equivalent levels

of protein synthesis as obtained in other constructs and
a pattern of immature glycosylation more similar to
G466A than to wild-type channels (Fig. 10 C). These re-
sults support the idea that neither function nor the gly-
cosylation defect caused by the G466A mutation can be
rescued by relief of a potential steric clash between
Ala466 and Met440.

We further tested whether the double mutant
G466A/V467G is functional simply because of the re-
duction in side-chain volume at residue 467, rather
than an enhancement of helical flexibility in this loca-
tion. If so, then V467A might also be expected to res-
cue the lethal G466A. Although not as small as Gly, Ala
is 38 Å3 smaller than Val. The single mutant V467A is
functional (Zhou et al., 2001a; Yifrach and MacKinnon,
2002). However, G466A/V467A is nonfunctional (no
voltage-activated currents in eight transfected cells)
and exhibits the immature glycosylation pattern found
in all constructs containing G466A (Fig. 10 C). These
results suggest that the flexibility of the S6 helix at posi-
tion 466 (or 467) is more important for function than
the sizes of the residues at these positions, whereas nor-
mal glycosylation absolutely requires a Gly residue at
position 466.

D I S C U S S I O N

The critical importance of a Gly residue at position 466
in the S6 segment of Shaker is evident from two experi-
mental observations. First, tetramers containing even
one subunit with the G466A mutation are nonfunc-
tional. Second, glycosylation is strongly inhibited by
G466A, even in the functional double mutant G466A/
V467G. The inhibition of glycosylation in all constructs
containing G466A, and the lower functional expression
levels of the G466A/V467G mutant, suggest a role for
Gly466 in biogenesis, perhaps due to its contribution to
normal folding of the channel protein in the endoplas-
mic reticulum. It is not clear why the G466A mutation
inhibits glycosylation of Shaker channels, which takes
place at a distant location in the extracellular S1–S2
loop (Santacruz-Toloza et al., 1994). However, we were
unable to rescue this glycosylation defect or function
with either of two double mutants (M440A/G466A or
G466A/V467A) specifically designed to reduce steric
hindrance, indicating the relative importance of flexi-
bility of Gly466 rather than its small size. This interpre-
tation is supported by the fact that the G466P mutant of
Shaker is functional but, like our functional double mu-
tant, exhibits impaired glycosylation (Magidovich and
Yifrach, 2004). These authors found that only Gly or
Pro residues at this position, out of a total of 10 amino
acids tested, produced functional channels. While a Pro
residue is significantly larger than Gly, it is also known
to introduce flexibility into � helices (see below).

Figure 10. Tests of steric clash. (A) Two opposing subunits of
KcsA from a high-resolution crystal structure (1K4C; Zhou et al.,
2001b), highlighting the position of the pore-lining residue ho-
mologous to Val467 in Shaker (red). Drawn with Swiss-PdbViewer
(http://us.expasy.org) and POV-Ray (www.povray.org). (B) Single
KcsA subunits showing the homologue to Shaker’s Met440 (orange)
and Gly466 (green) on the left, and the expected clash due to the
G466A mutation on the right. K� ions are depicted as gray
spheres. (C) Western blot as in Fig. 2 showing poor glycosylation of
all mutants containing G466A.
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It is especially striking that the open channel proper-
ties of G466A/V467G are so similar to those of WT
channels, indicating that a Gly residue at position 466
is not absolutely required for a relatively normal open
channel structure. Rather, the position of the Gly ap-
pears to have a more significant influence on closed–
open transitions, consistent with a role as a gating
hinge. As stated above, the large differences in affinity
for intracellular blockers between WT and G466A/
V467G channels are due almost entirely to the V467G
substitution, rather than to the G466A mutation.

Gly and Pro residues in the pore-lining helices of po-
tassium channels have been suggested to play roles in
activation gating. Two well-known characteristics of
these residues in proteins reinforce this proposal. First,
both are prevalent at kinks in � helices, and second,
they are both known to enhance flexibility of helices.
Gly residues are ideally suited to provide flexibility pri-
marily because the absence of a side chain reduces
restrictions on movement (Chou and Fasman, 1974).
Consistent with this idea, Gly residues are commonly
found in hinges and kinks in a wide variety of proteins,
for example, lac repressor protein (Falcon and Mat-
thews, 1999), fungal kinesins (Grummt et al., 1998), a
helix-loop-helix structure in EF hand proteins (Falke et
al., 1994), rhodopsin (Palczewski et al., 2000), lac per-
mease (Abramson et al., 2003), and heme oxygenase-1
(Schuller et al., 1999). The difference in helical pro-
pensities between Gly and Ala is especially pronounced
when the residue of interest is near the middle of an �
helix (Chakrabartty et al., 1991; Serrano et al., 1992),
exactly the situation for the conserved Gly in the pore-
lining helix of many ion channels. The enhanced flexi-
bility induced by Gly residues in transmembrane � heli-
ces has also been demonstrated by molecular dynamics
simulations (Bright et al., 2002; Bright and Sansom,
2003). Many Gly residues in kinks are highly conserved,
e.g., a specific residue in the loop of 567 different EF
hand proteins (Falke et al., 1994). Moreover, the resi-
due homologous to Gly466 in Shaker is the most con-
served residue in the S6 segments of 478 potassium and
cyclic nucleotide–gated channels (Jin et al., 2002). In
some potassium channels the apparent homologue of
Gly466 is shifted by one position either upstream or
downstream (Shealy et al., 2003), consistent with our
results with a functional, downstream-shifted Gly resi-
due. There are also examples of consecutive pairs of
Gly residues at the approximate position of Shaker’s
Gly466 in the S6 segments of calcium-activated potas-
sium channels (Shealy et al., 2003). These Gly pairs
might provide enhanced flexibility for normal activa-
tion gating of these channels. Nevertheless, the chan-
nels remain functional, although somewhat incapaci-
tated, when both are mutated to Ala (Magidovich and
Yifrach, 2004). The homologue of Shaker’s Gly466 resi-

due is found in a bacterial sodium channel as well,
where it may also play a role in activation gating (Zhao
et al., 2004).

Although not as prevalent as Gly (Li-Smerin and
Swartz, 2001), Pro residues are also found at kinks in �
helices (Barlow and Thornton, 1988; MacArthur and
Thornton, 1991; Von Heijne, 1991). The distortion in
helical structure is largely due to a steric clash between
the C� of the proline ring at position i and the carbonyl
O atom of residue i-4. Typical kink angles due to Pro
residues are �26� (Barlow and Thornton, 1988). Pro
residues not only contribute to a disruption of second-
ary structure. They also increase torsional flexibility, as
shown in molecular dynamics simulations (Yun et al.,
1991; Tieleman et al., 2001; Bright et al., 2002; Cordes
et al., 2002; Bright and Sansom, 2003), and therefore
could facilitate hinge-like motion.

Although the inner helix of KcsA, homologous to the
S6 segment of Kv channels, lacks Pro residues and is
relatively straight, the S6 segments in most Kv channels
contain a Pro-X-Pro (X � Val or Ile) motif seven resi-
dues downstream from the conserved Gly. This motif
has been postulated to form a pronounced kink, in
both open and closed Shaker channels (Holmgren et
al., 1998; Del Camino et al., 2000; Del Camino and
Yellen, 2001; Webster et al., 2004). Mutations of these
Pro residues in Kv channels have dramatic, and some-
times lethal, consequences (Hackos et al., 2002; Yifrach
and MacKinnon, 2002; Harris et al., 2003; Labro et al.,
2003; Sukhareva et al., 2003). Similar to the results of
our study, the nonfunctional Ala substitution for one of
these Pro residues can be rescued by introducing a Pro
residue in the immediate vicinity (Labro et al., 2003).
Finally, introduction of either Pro or Gly residues in the
pore-lining helix of an inward rectifier potassium chan-
nel has profound effects on its open probability (Jin et
al., 2002), supporting a role in gating.

These experimental results all indicate the impor-
tance of Gly and Pro residues in the pore-lining helix
for activation gating of potassium channels. In Kv chan-
nels, the homologues of Gly466 and the Pro-X-Pro re-
gions of the S6 segment are both critical for function.
This leaves an open question. Are the Gly and Pro resi-
dues in the S6 helices of Kv channels acting as static
kinks or dynamic hinges (Deber and Therien, 2002)?
One possibility is that Shaker’s Pro-Val-Pro forms a static
kink and that gate opening primarily involves a hinge-
like motion centered on Gly466, as originally proposed
by Jiang et al. (2002b). This idea is consistent with mo-
lecular dynamics simulations of Shaker’s S6 segment
showing anisotropic hinge-bending motions in the vi-
cinity of Gly466 (Tieleman et al., 2001). It is also con-
ceivable that Gly466 and the Pro-Val-Pro motif together
conspire to bestow the Shaker S6 helix with its requisite
flexibility. This possibility is also suggested by molecular
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dynamics simulations of transmembrane helices that
show that a Gly residue upstream of a Pro residue en-
hances flexibility more than the Pro residue alone
(Cordes et al., 2002). Whatever conformational changes
underlie activation in Shaker, they must be consistent
with changes in ionic permeability between open and
closed states (Del Camino and Yellen, 2001; Soler-Lla-
vina et al., 2003), and by evidence that the Val residue
between the two Pro residues in S6 maintains a fixed
orientation, with respect to the same residue in other
subunits, during activation gating (Webster et al., 2004).
The final arbiter among the myriad possibilities will be
solid structural information about a eukaryotic voltage-
gated ion channel in both closed and open states.

A P P E N D I X

Analysis of Dominant Negative Suppression
We start with the null hypothesis that mutant (G466A)
and WT subunits associate randomly to form five stoi-
chiometries of tetramers:

Random assembly guarantees that the distribution of
tetramer compositions will be binomial. The relative
proportions of WT and mutant subunits in an oocyte
can be controlled approximately by the molar quanti-
ties of cRNA injected for each. Let p be the probability
that a subunit is WT (p � Pr{WT}), and 1 � p � Pr{mu-
tant}. Then,

The data of Fig. 1, and the observation that K� cur-
rents are biophysically unaltered by coexpression of
WT and mutant subunits, suggest that the only func-
tional tetramers are WT homomers. We use a condi-
tional probability in predicting the fraction of WT sub-
units that are functional.

The expected fraction of WT subunits in the homotet-
ramer (k � 4) pool is

Pr tetramer has k WT subunits{ }

B 4 k,( ) 4
k⎝ ⎠

⎛ ⎞ pk 1 p–( )4 k–= ,  k 0, 1...4= .
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--------------------------=
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4
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The dashed line in Fig. 1 B shows the predicted rela-
tionship between F and the fraction p of WT subunits,
which is clearly inconsistent with our experimental
data. To account for this discrepancy, we explore a
model in which homotetramers, of either WT or mu-
tant subunits, assemble more readily than the heter-
omers which produce suppression.

It is perhaps unreasonable to assume that all stoichi-
ometries of heteromers have similar probabilities of as-
sembling. Instead we consider the case that each mu-
tant:WT contact confers the same additive energetic
penalty for tetramer assembly (e.g., see Durkin et al.,
1993). A “contact” here refers to all of the interactions
between two adjacent subunits in a tetramer. The possi-
ble conformations of heteromers fall into 4 classes.

For , all 4 arrangements have 2 mutant:WT con-
tacts.

For , all 4 arrangements have 2 such contacts.

For , the 2 arrangements each have 4 such con-
tacts.

For , all 4 arrangements have 2 such contacts.

We therefore created a modified (indicated by *) bi-
nomial distribution of stoichiometries as

with a stoichiometry-dependent penalty factor �k de-
fined as

where R is the universal gas constant, T is temperature
in degrees Kelvin, and � is the energetic penalty (kcal/
mol) per mutant:WT contact in a tetramer and equals
zero for “no penalty.”

We use B*(4,k) to compute S*(k) and the expected
fraction of homotetramer WT channels (F*), as above.
We estimate the single parameter � by a variable metric
algorithm. The predicted values of F* are shown as the
solid line in Fig. 1 B.
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