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A change of cytosolic pH 7 to 4 opens the bacterial potassium
channel KcsA. However, the overall gating mechanism leading
to channel opening, especially the contribution of the cytoplas-
mic domain, remains unsolved. Here we report that deletion of
the cytoplasmic domain resulted in changes in channel conduct-
ance and gating behavior at pH 4 without channel opening at pH
7. To probe for rearrangements in the cytoplasmic domain dur-
ing channel opening, amino acid residues were substituted with
cysteines and labeled with a fluorophore (tetramethylrhodam-
ine maleimide) that exhibits increased fluorescence intensity
upon transfer from a hydrophilic to hydrophobic environment.
In all cases channel open probability (P,) was ~1 at pH 4 and ~0
at pH 7. Major increases in fluorescence intensity were observed
for tetramethylrhodamine maleimide-labeled residues in the
cytoplasmic domain as pH changed from 7 to 4, which suggests
the fluorophores shifted from a hydrophilic to hydrophobic
environment. Dipicrylamide, a lipid soluble quencher, reduced
the fluorescence intensities of labeled residues in the cytosolic
domain at pH 4. These results reveal that a decrease in pH intro-
duces major conformational rearrangements associated with
channel opening in the KcsA cytoplasmic domain.

Ion-channels are membrane proteins that regulate cell func-
tion by controlling the membrane ion permeability (1). Many
ion channels are regulated by stimuli at their cytoplasmic
domain. For example, BK, a large conductance calcium-acti-
vated potassium channel, is activated when calcium binds to its
intracellular binding site (2). Other channels like the hyperpo-
larization-activated cyclic nucleotide-gated cation channel and
the cyclic nucleotide-gated channel are activated by the direct
binding of cyclic nucleotides to their cytoplasmic binding
domains (3). These bindings give rise to rearrangements in the
cytoplasmic domains and stabilize the channels in their open
states. In the case of the inward rectifier K*-channel KirBac1.1,
gating is proposed to be controlled by the interaction between
the cytoplasmic domains and the membrane (4). Thus, the
cytoplasmic domains of these channels are important in regu-
lating their functions. Furthermore, in each case it is thought
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that changes in the cytoplasmic domain are transmitted
through a linker to the channel core region, which includes the
channel pore and leads to gate opening.

KcsA? is a minimal potassium channel from Streptomyces
lividans. It consists of a transmembrane pore, an a-helix at the
N terminus, and a cytoplasmic domain made of 35 amino acids
at the C terminus of each subunit. It is a tetramer with four
homologous subunits, each of which has two transmembrane
segments, TM1 and TM2 (5, 6). The closed structure of the
KcsA has been solved (7), whereas the open structure has not.
In general, although the molecular mechanism for ion conduc-
tion has been revealed (8), that for gating is still unknown. The
KcsA channel gating mechanism is of particular importance
because this channel is a relatively simple potassium channel,
and therefore, its mechanism can likely be used as a model for
more complicated channels. Jiang et al. (9) have proposed a
model by combining the closed structure of KcsA and the open
structure of MthK, which is another potassium channel whose
open structure is known. According to their model, which is
currently the most accepted model regarding KcsA gating, the
bundle crossing, which is composed of four TM2 segments,
forms the gate.

KcsA is referred to as a pH-gated channel because its open
probability is higher at acidic pH on the intracellular side of the
membrane than at neutral pH. Acidic pH increases the open
probability indirectly by destabilizing the closed state (10).
Because the intracellular pH of S. lividans remains near neutral
during opening, the physiological stimulus for opening the
KcsA channel is unknown (11). To understand the entire gating
mechanism, we need to understand the changes in structure
associated with gating and the physiological stimulus. It has
been reported from NMR spectroscopy (12) and surface plas-
mon resonance studies (13) that there are several parts of the
channel that rearrange dramatically during channel gating.
These studies showed that there are at least two different
conformations that respond to changes in pH and that large
rearrangements occur around specific regions including the
selectivity filter (Glu-71—Asn-80), the C terminus of TM2
(Ala-98 —Gly-116), and the cytoplasmic domain.

In this study we measured conformational changes in a KcsA
channel by detecting changes in fluorescence intensity to deter-
mine the position change of amino acid residues associated

2 The abbreviations used are: KcsA, potassium channels from S. lividans; DPA,
dipicrylamine; TMR, tetramethylrhodamine; CHAPS, 3-[(3-cholamidopro-
pyl)dimethylammonio] propane sulfonate; POPE, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-
3-[phospho-rac-(1-glycerol)]; MES, 4-morpholineethanesulfonic acid; TM,
transmembrane; pS, picosiemens.
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with gating in the cytoplasmic domain. As a result, the part of
the channel ranging from the C terminus of TM2 to the adja-
cent part of the cytoplasmic domain was found to be in a hydro-
phobic environment when the channel was activated at pH 4,
whereas at pH 7, when the channel was closed, it was in a hydro-
philic environment. We also measured the fluorescence reso-
nance energy transfer between fluorophores at the cytoplasmic
domain in the presence of dipicrylamide (DPA), a membrane-
localized quencher (14) that lowers fluorescence intensities at
acidic pH. These results suggest that the region from the C
terminus of TM2 to the adjacent part of the cytoplasmic
domain moves largely toward the membrane when the gate
opens.

EXPERIMENTAL PROCEDURES

Constructs and Mutants—KcsA cloned into pQE-30 vectors
including an N-terminal hexahistidine tag were kindly provided
by Dr. Kubo of the National Institute of Advanced Industrial
Science and Technology. KcsAA125-160, KesAA135-160, and
KcsAA145-160 were obtained by introducing a stop codon at
positions 125, 135, and 145, respectively. Mutations were per-
formed with the QuikChange™ site-directed mutagenesis kit
(Stratagene). In addition, all mutated channels had an E71A
mutation that prevented gate inactivation (15).

Protein Expression and Purification—pQE-30 plasmids con-
taining the KcsA sequence were transformed into Escherichia
coli XL1-Blue and overexpressed by the addition of isopropyl
B-D-thiogalactopyranoside to a final concentration of 0.5 mm.
Expressed channels were extracted from membrane fractions
by 10 mm n-dodecyl B-p-maltoside (Dojin). Co>" affinity gel
beads (TALON Metal Affinity Resins, Clontech) equilibrated
with normal buffer (5 mm n-dodecyl B-p-maltoside, 20 mm
Tris-HCI, pH 7.6, 100 mm KCl) were added to the extracted
channel protein solution and incubated for 30 min at 4 °C to
bind them to histidine tags. Nonspecific bound proteins were
removed with wash buffer (normal buffer containing 20 mm
imidazole). The channel proteins were eluted with elution
buffer (normal buffer containing 400 mm imidazole).

Fluorescence Labeling—Mutant channels were fluorescently
labeled by mixing 2.5 uM proteins with an equimolecular
amount of tetramethylrhodamine (TMR) maleimide followed
by incubation for 12—16 h on ice. Excess dyes were removed by
a Co”™ affinity gel column. Labeled channels were eluted with
elution buffer.

Reconstitution into Liposomes—The phospholipid mixture
(POPE:POPG = 3:1) in chloroform was evaporated and sus-
pended in S buffer (450 mm KCI, 4 mm NMG, 20 mm HEPES, pH
7.2) to a concentration of 10 mg lipid/ml followed by sonica-
tion. CHAPS was added to the suspension to a final concentra-
tion of 34 mm and incubated for 2 h. Then all proteins eluted
from the affinity column (0.5 nmol) and lipid suspension were
mixed together and incubated for 20 min. This mixture was
dialyzed against S buffer containing BIO-BEADs for 3 days to
remove detergents and reconstitute it into liposomes. The lipo-
some suspension was centrifuged at 100,000 X g for 20 min at
4. °C. The precipitation was resuspended with 250 ul of a solu-
tion containing 100 mm KCl, 300 mm sucrose, and 10 mm Tris-
Hepes, pH 7.2. Labeling with TMR was confirmed by SDS-
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PAGE and, following fluorescence measurements, with
Molecular Imager (Bio-Rad). The liposome suspension was
stored at —80 °C.

Channel Current Recordings—Channel currents were mea-
sured by the planar bilayer method (16, 17). Bilayers were made
by painting a lipid solution (POPE:POPG = 3:1 in n-decane)
across a small hole on a thin plastic sheet. Currents were
recorded in a symmetrical solution containing 200 mm KCl and
10 mm Tris-MES, pH 4.0. The bath solution was held at virtual
ground such that voltage at the upper solution connected to a
patch clamp amplifier by an Ag-AgCl electrode-defined mem-
brane potential.

Fluorescence Measurements—A liposome suspension con-
taining fluorescently labeled proteins (20 ul) was diluted to 200
wl with 200 mm KCl with 10 mm Tris-MES at pH 4 or 7 and
centrifuged at 100,000 X g for 20 min at 4 °C. The precipitation
was suspended with the same solution (200 wl) and sonicated to
equilibrate internal and external solution. Fluorophores were
excited at 532 nm, and emission spectra were obtained with a
fluorescence spectrometer (RF-5300PC, Shimadzu). To mea-
sure DPA quenching effects, 0.2 mm DPA was added before the
centrifugation.

RESULTS

Effects of Deleting the Cytoplasmic Domain on Activity—To
investigate the effect of the cytoplasmic domain on KcsA chan-
nel gating, we made three cytoplasmic domain deletion
mutants, KcsAA125-160, KcsAA135-160, and KcsAA145-
160, and investigated their properties. Each channel had an
E71A mutation, which made the channel non-inactivating.
Wild type KcsA channels have a very low open probability even
at acidic pH because of gate inactivation (15). However, it is
known that removing electric charges from residue Glu-71
results in shortening the inactivation time and increasing the
open probability (15, 18).

To measure the activities of cytoplasmic domain deletion
mutants, the mutants were reconstituted into liposomes,
inserted into planar bilayers, and had their single channel cur-
rents measured. Single channel records were taken in a sym-
metrical solution of 200 mm KCl at pH 4.0, which is a condition
that promotes the opening of the wild type channel. Fig. 14
shows typical single channel records for the cytoplasmic
domain deletion mutants at 60 mV. Fig. 1B is the single channel
I-V relationships for the mutants. The lowest conductance of
the six measurements is shown. As summarized in Table 1, the
chord conductance at 100 mV of KcsAA125-160 was much
smaller than that of full-length KcsA (E71A), whereas the chord
conductance of KcsAA145-160 was larger. KesAA135-160 had
various conductances ranging between 43 and 90 pS. In addi-
tion, the open probability of KcsAA125-160 was lower. These
changes in channel properties indicate that the cytoplasmic
domain has an important role in regulating function.

Site-specific Mutagenesis and Fluorescent Labeling—To
examine the mechanism that regulates gating, rearrangements
of residues in the cytoplasmic domain were investigated.
Therefore, certain amino acid residues were fluorescently
labeled with TMR-maleimide, and the changes in fluorescence
intensities that accompanied these changes in pH were mea-
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FIGURE 1. Current measurement of cytoplasmic domain deletion KcsA
mutants. Single channel currents of mutant channels reconstituted into an
artificial planar lipid bilayer were recorded in a symmetrical solution contain-
ing 200 mm KCl and 10 mm Tris-MES, pH 4.0. A, representative current records
of KcsA E71A (control), KesAA125-160, KesAA135-160, and KcsAA145-160 at
60 mV are shown. B, |-V relationships of cytoplasmic domain deletion mutants
are shown. @, KcsA E71A; M, KcsAA125-160; A, KcsAA135-160; 4,
KcsAA145-160.

TABLE 1

Channel properties of cytoplasmic domain deletion KcsA mutants
Chord conductances and open probabilities of full-length KesA(E71A) and cyto-
plasmic domain deletion KcsA mutants were measured at 100 mV in a symmetrical

solution containing 200 mm KCl and 10 mMm Tris-MES, pH 4.0 (mean *= S.D.,
n=3-9).

Chord conductances Open probability
pS
E71A (control) 92+ 8 0.91 = 0.06
KcsA A125-160 50 =11 0.68 = 0.13
KesA A135-160 43-90 0.84 £ 0.10
KcesA A145-160 144 + 18 0.97 = 0.04

sured. Single cysteine mutants were made in which one amino
acid residue was substituted for cysteine to achieve specific
labeling with TMR-maleimide. Each channel had an E71A
mutation, which made the channel non-inactivating. All single
cysteine mutants were successfully expressed in E. coli and
purified through a His affinity column. Nine of 13 single cys-
teine mutants were labeled with TMR-maleimide. Six mutants
were labeled in the cytoplasmic domain (G123C, V126C,
A132C, A136C, A143C, and N158C), 2 at the interface between
the transmembrane and cytoplasmic domains (G116C and
Q119C) and 1 in the extracellular loop between the 2 trans-
membrane domains (G53C) (Fig. 2A). Fig. 2B shows a fluorog-
raphy for wild type (lane 1), E71A (lane 2), G53C (lane 3),
A132C (lane 4) after each was labeled with TMR-maleimide
and reconstituted into liposomes. We confirmed that the single
cysteine mutants G53C and A132C were specifically labeled.
Reconstitution of Labeled Mutants into Liposomes and Chan-
nel Activity Measurements—To measure the activities of fluo-
rescently labeled channels, their single channel currents were

pCEENE

FEBRUARY 5, 2010+VOLUME 285+NUMBER 6

Conformational Changes in KcsA

N158 d in

64
49 —

37—

26 —
19—
15—

—— -

FIGURE 2. Deduced structure of KscA and attachment sites for TMR-ma-
leimide. A, tested mutations are shown on a structure deduced from EPR
measurements (Protein Data Bank code 1F6G). Two of four subunits are pre-
sented in this figure. Positions where a cysteine was introduced are indicated
with a yellow circle. Dotted lines show membrane/solution interfaces. B, puri-
fied mutants were labeled with TMR-maleimide and reconstituted into lipo-
somes. Proteins were analyzed by fluorography (Molecular Imager, Bio-Rad)
after SDS-PAGE. The arrowhead indicates the KcsA monomer. Lane 1, wild
type; lane 2, E71A; lane 3, G53C; lane 4, A132C.

measured. Fig. 34 shows typical single channel records for
channel mutants labeled with TMR, whereas Fig. 3B shows the
single channel I-V relationships for various mutants. As a
result, all mutants had pH-dependent channel activity. The
chord conductance at 100 mV ranged between 70 and 121 pS,
whereas the values for wild type and single E71A mutants were
84 and 92 pS, respectively. The open probability at 100 mV
ranged between 0.89 and 0.99, which approximated the E71A
mutant (0.93). These results indicate that labeling had no sig-
nificant effect on channel activity for all TMR-labeled mutants.

Correlation between Open Probability and Fluorescence—To
compare fluorescence with open channel probability, we plot-
ted the pH dependence of fluorescence along with the open
probability obtained from channel current recordings. As
shown in Fig. 4, the fluorescence of A132C increased with a
decrease in pH and correlated very well with the open proba-
bility of the channel. Also, the pK, of the fluorescence change
(pK,, = 4.8) corresponded to the pK, of the KcsA proton sensor
(pK, = 5.4). This strongly indicates that fluorophores with high
intensity corresponded to channels in the open state, whereas
fluorophores with low intensity corresponded to the closed
state. We know that fluorescence intensity from TMR is higher
in a hydrophobic environment than in a hydrophilic environ-
ment (19). Therefore, the change in A132C fluorescence indi-
cates that TMR molecules moved between hydrophilic and
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FIGURE 3. Current measurement of TMR-labeled KcsA mutants. Single
channel currents of mutant channels reconstituted into an artificial planar
lipid bilayer were recorded in a symmetrical solution containing 200 mm KCl
and 10 mm Tris-MES, pH 4.0. A, representative current records of mutant chan-
nels (G53C and A132C) are shown. B, |-V relationships of TMR-labeled KcsA
mutants are shown.
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FIGURE 4. Correlation between fluorescence and channel open probabil-
ity. Representative examples of the pH-dependent fluorescence change in
mutants G53C and A132C are plotted along the open probability obtained
from their channel current recordings. The pK, of the A132C fluorescence
change was 4.8. The pK, of the A132C open probability was 5.4.

hydrophobic environments. In contrast, the fluorescence of
G53C did not change significantly, showing even if this site
moved during gating, it remained in the same environment.
Fluorescence Measurements at pH 4 and 7—For all tested
mutants, the open probability was ~1.0 in an acidic solution
but was 0 in a neutral one. We measured fluorescence at pH 4
and 7 from TMR attached to substituted cysteines. Fig. 5, A and
B, show representative results of the emission spectra for
A132Cand G53C. The fluorescence of A132C was higher at pH
4 than at pH 7, almost 5 times so at 570 nm (Fig. 5A4). This result
indicates that Cys-132 was in a more hydrophobic environment
when the gate was open than when the gate was closed. On the

3780 JOURNAL OF BIOLOGICAL CHEMISTRY

A A132C
o 1.0
©
g’;’ pH4
©
N o5 .
z p
2

0.0

540 580 620
wavelength (nm)

B G53C

1.0
£ pH4
[+
&
g 0.5
N 0.
E
2

0.0

540 580 620
wavelength (nm)

C
=)
< 60 A132C pH4
>
3 G53C pH4
2 40
= A132C pH7
(0]
2 5 G53C pH7
g o0 . . - ¥
= 580 620

540
wavelength (nm)

FIGURE 5. Emission spectra of TMR-A132C and TMR-G53C. We measured
fluorescence intensities of the TMR-labeled KcsA mutants A132C (A) and
G53C (B) after reconstituting them into liposomes. The excitation wave
length was 532 nm. The data were normalized at 570 nm and pH 4. C, spectra
of A132C and G53C are superimposed.

other hand, we did not see any significant differences for G53C
between pH 4 and 7 (Fig. 5B). As seen in Fig. 5C, the fluores-
cence intensity of G53C was, even at pH 4, much lower than
that of A132C, indicating that G53C was continuously in a
hydrophilic environment.

For the other seven TMR-labeled mutants, the fluorescence
intensity results are summarized in Fig. 6. These data were nor-
malized for protein concentration. The fluorescence intensities
from TMRs located in the cytoplasmic domain (Q119C,
G123C, V126C, A132C, and A136C) changed drastically with a
change in pH, which shows that these residues were in a hydro-
phobic environment when the gate opened but switched to a
hydrophilic environment when the gate closed. On the con-
trary, TMR fluorescence at pH 7 for G53C, which faces the
extracellular space, for G116C, which locates at the interface
between the membrane and cytoplasmic space, and for A143C
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FIGURE 6. Fluorescence intensities of TMR-labeled KcsA mutants at pH 4
and 7. Fluorescence intensities were measured at 570 nm for nine different
mutants at pH 4 and 7. The histogram shows results normalized for protein
concentration (mean = S.D., n = 3-6). ¥, p < 0.05 compared with values
measured at pH 4 for each mutant.

and N158C, which are in the cytoplasmic domain, were not
significantly different from that measured at pH 4. Thus, the
environmental change for each of these residues in response to
gating and change in pH were smaller compared with the above
five residues.

The Cytoplasmic Domain Is in a Hydrophobic Environment
When the Gate Opens—W e found that the C terminus of TM2
and the adjacent part of the cytoplasmic domain, in which the
aforementioned five residues locate, are in a hydrophobic envi-
ronment while in the open state. This result implies that either
these regions were packed by the four cytoplasmic domains or
are located in a hydrophobic environment of the membrane
during the open state. To identify which, we measured TMR
fluorescence in the presence of the membrane localized
quencher DPA. Fig. 7A shows representative results of the
emission spectra for A132C at pH 4 in the presence and absence
of DPA. The fluorescence of A132C was higher in the absence
of DPA than in the presence of DPA. The fluorescence intensity
results for the other TMR-labeled mutants are summarized in
Fig. 7B. These data were normalized for protein concentration.
Quenching effects were also observed at pH 7 even at the end of
the C termini (N158C), which is known from crystallography to
locate farthest from the membrane (7). Larger quenching
effects were detected in the presence of DPA at pH 4 for five
mutants (TMR-Q119C, G123C, V126C, A132C, and A136C),
each having high intensities in the absence of DPA at pH 4. The
fluorescence intensities were not only quenched by DPA but
also enhanced by the hydrophobic environment. Therefore, it is
likely that quenching effects were underestimated. This indi-
cates that these residues moved into the membrane or in the
vicinity of the membrane at pH 4.

DISCUSSION

Although the physiological stimulus for opening the KcsA
channel is still unknown, it is likely that intracellular factors are
involved. It has been reported that intracellular low pH desta-
bilizes the closed structure, which increases the open probabil-
ity (10), which suggests pH change regulates gating even if in
some cases intracellular pH levels are tightly kept at neutral pH
like it is in S. lividans.
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FIGURE 7. Effect of a membrane-localized quencher DPA on TMR-labeled
KcsA mutants at pH 4 and pH 7. A, shown are emission spectra for A132Cin
the presence and absence of DPA. The data were normalized at 570 nmin the
absence of DPA. B, fluorescence intensities in the presence and absence of
DPA at pH 4 and pH 7 at 570 nm are shown. The histogram shows results
normalized for protein concentration (mean = S.D., n = 3-6). ¥, p < 0.05
compared with quenching ratio by DPA at pH 7.

To understand the gating mechanism of KcsA physically,
structural information regarding full-length KcsA, especially at
the cytoplasmic C termini domains, during open and closed
states is needed because it is most likely that the cytoplasmic
domain regulates gating and likely does so in several other
channels too. For example, in the case of the MthK channel,
conformational changes in the cytoplasmic domain involving
Ca®" binding sites induced by Ca®>* binding are thought to
exert a force on the pore through inner helix extensions (20).
Additionally, exchanging the cytoplasmic cyclic nucleotide
binding domain of the cyclic nucleotide-gated channel for the
cytoplasmic domain of KcsA resulted in a response to cAMP.

Our electrophysiological results indicate that the cytoplas-
mic domain regulates gating. pH dependences of cytoplasmic
domain deletion KcsA mutants were not different from wild
type KcsA. However, channel properties such as conductance
and open probability changed with a larger deleted region
showing a lower conductance (Fig. 1). In addition, KcsAA125—
160 had a lower open probability. From these changes, we con-
cluded that the cytoplasmic domain does not act as a pH sensor
but plays an important role for gate regulation.

Because the fluorescence intensity of the fluorophore TMR is
higher in a hydrophobic environment than in a hydrophilic
environment, we labeled KcsA with TMR and observed its con-
formational rearrangements, which allowed us to identify the
environment in which TMR-labeled residues resided. KcsA
sites were labeled mainly in the cytoplasmic domain and had
their fluorescence measured at pH 4 (activated condition) and
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pH 7 (non-activated condition). At pH 4, KcsA mutants labeled
at the C terminus of TM2 (Q119C) or at the adjacent part of the
cytoplasmic domain (G123C, V126C, A132C, and A136C)
showed high fluorescence intensities. On the other hand, at pH
7 their intensities were low. These results show that these
regions were located in a hydrophobic environment in the open
state and in a hydrophilic environment in the closed state.

We also determined that the hydrophobic environment
included the membrane by observing the quenching of TMR
fluorescence by using the membrane-localized quencher DPA.
It has been reported that when the gate opens, intersubunit
interactions become weak in the cytoplasmic domain, destabi-
lizing the oligomer (13). It is, therefore, unlikely that TMRs
were packed into a hydrophobic environment by the four cyto-
plasmic domains when the gate opened. There is, however, still
a possibility that the observed change in fluorescence did not
arise from the interaction between TMR and the membrane but
from an interaction between TMR and the surrounding amino
acid residues in the different subunits. For example, Trp, Tyr,
Phe, and His all show quenching effects on TMR fluorescence
(21, 22). To ensure that the observed changes in fluorescence
corresponding to changes in pH were due to TMR moving from
the hydrophilic solution to the hydrophobic membrane, we
measured fluorescence in the presence of DPA (Fig. 7). Larger
quenching effects were detected in the presence of DPA at pH 4
for five mutants (TMR-Q119C, G123C, V126C, A132C, and
A136C), each having high intensities in the absence of DPA at
pH 4. When the distance between TMR and DPA or the dis-
tance between TMR and the membrane becomes sufficiently
close, TMR fluorescence decreases because of fluorescence res-
onance energy transfer from the TMR to the DPA (14). Hence,
quenching of the TMR fluorescence shows that the region dis-
cussed above was inside or very close to the membrane. We also
detected larger quenching effects for A143C, which did not
show the significant difference between fluorescence inten-
sities at pH 4 and 7 (Fig. 6), indicating that the distance
between Ala-143 and the membrane was closer at pH 4 than
at pH 7 and that this site remained in the same environment.
Therefore, it seems that when the channel opened, even if
the site moved toward the membrane, it never entered the
membrane.

From these results and previous studies, we propose a con-
formation model (Fig. 8). In the closed state a pH sensing site
near the bundle crossing (C terminus of TM2) forms a complex
network that stabilizes the closed state (10), and the four cyto-
plasmic domains form a stable oligomer. In this state the nine
labeled residues we observed in this paper are in a hydrophilic
environment. When intracellular pH becomes low, the network
at the pH-sensing site disrupts (10), and the TM2 helices bend
at a hinge point around Gly-99, causing them to splay open (9).
This results in the oligomer of the cytoplasmic domains desta-
bilizing (13) and each cytoplasmic domain moving toward the
membrane, which widens the gate. Eventually a part of the cyto-
plasmic domain is located in the membrane or near the mem-
brane to regulate gating. Therefore, the environment around
the C terminus of TM2 (GIn-119) and part of the cytoplasmic
domain (Ala-123, Val-126, Ala-132, and Ala-136) switch from a
hydrophilic to hydrophobic environment.
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FIGURE 8. Model accounting for rearrangements. The four cytoplasmic
domains of the subunits form an oligomer in the closed state (pH 7). The
oligomer is destabilized in the open state (pH 4) causing the cytoplasmic
domains to swing such that they come close to or enter the membrane.

This model can explain the electrophysiological data of the
cytoplasmic domain deletion mutants. The cytoplasmic
domain plays an important role for pulling the gate wider;
therefore, deletions in this region should prevent the gate from
easily opening. Consistent with this, the conductance of the
cytoplasmic domain deletion mutants KcsAA125-160 and
KcsAA135-160 was smaller. The open probability for
KcsAA125-160 was also lower. Therefore, the cytoplasmic
region may be essential to make the gate open, leading to the
characteristics of KcsA gating. However, we did not observe a
decrease in the conductance or open probability of KcsAA145—
160. In fact, the conductance increased. This result suggests
that the C termini of the cytoplasmic domain determine the
domain position, which would then influence channel activity.

In this study we showed a conformational change occurs at
the GIn-119 site during the gating of KcsA. It has been said that
the C terminus of TM2, which includes Gly-116 and GIn-119, is
an important region for gating. X-ray analysis has indicated that
four TM2 helices forming a bundle in the closed state splay
open to create a wide entryway in the channel (5, 9). However,
we could not detect any change at the Gly-116 site because
TMR detects only environmental differences. In other words,
Gly-116 remained in the same environment regardless of pH.

To clarify protein function, one needs to do more than solve
the protein structure. The protein dynamic behavior must also
be studied. This is because flexible regions in the protein are
likely very important for its function but are also the most dif-
ficult to resolve in structural studies. Here, we used ion chan-
nels as a model to demonstrate this point. The large channel
rearrangement observed in this study occurred in the cytoplas-
mic domain, whose structure has not yet been determined at
acidic pH because of its flexible nature. In fact, single molecule
studies have shown that KcsA channel gating results in large
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motions that do not synchronize with the channel functions
(23), implying that the channel structure cannot uniquely
determine when the gate opens, although we do know that the
C termini of the cytoplasmic domain are in or in the vicinity of
the membrane. Thus, to further clarify the mechanism behind
KcsA gating, studies focusing on other factors, especially at the
single molecule level, are required.
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