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ABSTRACT Cyclic nucleotide—gated (CNG) channels belong to the P-loop—containing family of ion channels
that also includes KcsA, MthK, and Shaker channels. In this study, we investigated the structure and rearrange-
ment of the CNGAI channel pore using cysteine mutations and cysteine-specific modification. We constructed 16
mutant channels, each one containing a cysteine mutation at one of the positions between 384 and 399 in the S6
region of the pore. By measuring currents activated by saturating concentrations of the full agonist cGMP and the
partial agonists cIMP and cAMP, we show that mutating S6 residues to cysteine caused both favorable and unfavor-
able changes in the free energy of channel opening. The time course of cysteine modification with 2-aminoethyl-
methane thiosulfonate hydrochloride (MTSEA) was complex. For many positions we observed decreases in cur-
rent activated by cGMP and concomitant increases in current activated by cIMP and cAMP. A model where modi-
fication affected both gating and permeation successfully reproduced the complex time course of modification
for most of the mutant channels. From the model fits to the time course of modification for each mutant channel,
we quantified the following: (a) the bimolecular rate constant of modification in the open state, (b) the change in
conductance, and (c) the change in the free energy of channel opening for modification of each cysteine. At
many S6 cysteines, modification by MTSEA caused a decrease in conductance and a favorable change in the free
energy of channel opening. Our results are interpreted within the structural framework of the known structures
of KcsA and MthK. We conclude that: (a) MTSEA modification affects both gating and permeation, (b) the open
configuration of the pore of CNGAI channels is consistent with the structure of MthK, and (c) the modification of

S6 residues disrupts the helical packing of the closed channel, making it easier for channels to open.
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INTRODUCTION

Ion channels are integral membrane proteins that reg-
ulate ion fluxes across membranes and thereby control
membrane excitability. To regulate ion fluxes, channels
undergo conformational changes that close and open
their ion-permeable pore, a process referred to as gat-
ing. Gating is in turn allosterically regulated by changes
in membrane voltage or binding of agonists. CNG
channels are a prototypic ion channel gated by the
binding of agonists. CNG channels are closed or
opened in response to changes in the cytoplasmic
concentrations of cyclic nucleotides (Yau and Baylor,
1989). Cyclic nucleotides bind directly to a cytoplasmic
binding domain on the channel which, in turn, is allo-
sterically coupled to the opening of the pore in these
channels (Fesenko et al., 1985; Nakamura and Gold,
1987). When opened, CNG channels allow an influx of
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cations that depolarizes the plasma membrane. This is
the regulatory mechanism that underlies the electrical
response of photoreceptors and olfactory receptors to
sensory stimuli (Burns and Baylor, 2001; Zufall and Mun-
ger, 2001). In addition, these channels are expressed in a
number of other tissues where their function is less well
characterized (for review see Kraus-Friedmann, 2000).

The first CNG channel cloned (CNGA1) was isolated
from bovine rod photoreceptors (Kaupp et al., 1989).
It shares sequence similarity with the voltage-gated ion
channel superfamily, although CNG channels are only
weakly voltage dependent (Yau and Baylor, 1989; Jan
and Jan, 1990). Like voltage-gated potassium channels,
CNG channels are composed of four subunits (Liu et
al., 1996; Varnum and Zagotta, 1996). Each subunit
contains cytoplasmic amino and carboxy termini, six
transmembrane segments (SI1-S6), a charged S4 re-
gion, and a P-loop between S5 and S6 (Kaupp et al,,
1989; Molday et al., 1991; Wohlfart et al., 1992; Henn et
al., 1995; Liu et al., 1996). Within each carboxy-termi-
nal region, CNG channels have a cyclic nucleotide—
binding domain (CNBD)* that exhibits sequence simi-
larity to other cyclic nucleotide-binding proteins (for
review see Shabb and Corbin, 1992). Direct binding of
cyclic nucleotides to this specialized domain leads to
opening of the CNG channel pore.
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CNG channel pores are thought to be structurally
similar to that of other P-loop-containing ion channels
(Goulding et al., 1993; Sun et al., 1996; Becchetti et al.,
1999; Becchetti and Roncaglia, 2000; Liu and Siegel-
baum, 2000; Flynn and Zagotta, 2001) (Fig. 1). The ba-
sic architectural plan of an ion channel pore was re-
vealed by the crystal structure of KcsA, a bacterial potas-
sium channel from Streptomyces lividans (Doyle et al.,
1998). KcsA is a tetramer of identical subunits arranged
with fourfold symmetry about a centrally located pore.
A single KcsA subunit has two membrane-spanning he-
lices, the outer and inner helices, and a reentrant
P-loop. Each subunit of the tetramer contributes its
P-loop to the formation of the pore. The P-loop starts
from the extracellular side and enters the membrane as
an o-helix (pore helix) that then exits back extracellu-
larly as an uncoiled strand. Within this strand, per-
meant cations are coordinated by the backbone car-
bonyl oxygens of the amino acids TVGYG, which are
recognized as the signature sequence of K*-selective
channels (Heginbotham et al., 1994). Intracellular to
the selectivity filter is a large (~10 A in diameter; Doyle
et al., 1998) water-filled vestibule. In the center of this
cavity another permeant cation is stabilized through
both electrostatic interactions with the pore helices
and water molecules that hydrate the cation (Doyle et
al., 1998; Roux and MacKinnon, 1999; Zhou et al.,
2001). The membrane-spanning inner helices line the
vestibule of the channel and cross the membrane at an
angle to form a helix bundle on the intracellular side
(Doyle et al., 1998). The helix bundle defines the intra-
cellular entrance to the pore of KcsA that is thought to
be in the closed state. To open the pore, a confor-
mation change is thought to occur in the inner helix.
An open conformation was revealed by the crystal
structure of another ion channel, MthK (Jiang et al.,
2002a,b). MthK is structurally similar to KcsA in the
P-loop but exhibits a different conformation of the in-
ner helix. In MthK, the inner helix contains a “gating
hinge” near the top of the vestibule that bends this he-
lix by 30°, creating a 12 A opening on the intracellular
side of the pore compared with the 4 A opening of the
helix bundle of KcsA. Amino acid conservation among
a wide range of P-loop—containing channels suggests
that the KcsA and MthK structures may serve as general
models for the closed and open state conformations for
this entire family of ion channels (Jiang et al., 2002b).

Using site-specific cysteine substitution, we have sug-
gested previously that the cytoplasmic opening of the
CNG channel pore is narrow when channels are closed
and widens when channels open (Flynn and Zagotta,
2001). Substituting a cysteine (S399C, Fig. 1) at the cy-
toplasmic end of the S6 (the putative inner helix) in
a cysteine-free variant of CNGAI1 channels promotes
channel closure through the spontaneous formation of

an intersubunit disulfide bond. Since disulfide bonds
are formed between cysteine residues ~10 A apart
(Falke et al., 1988; Careaga and Falke, 1992), this result
is consistent with a narrow cytoplasmic opening and
the occurrence of a helix bundle similar to the one in
KcsA. Furthermore, this disulfide bond forms much
faster when channels are closed than when channels
are open, suggesting a conformational change in the
helix bundle of CNGA1 channels that widens the intra-
cellular entrance of the pore. A widening of the intra-
cellular entrance is necessary to explain the voltage-
dependent block by large molecules such as tetrapentyl-
ammonium (TPeA) ions that enter the inner vestibule
and block CNGAI channels (Stotz and Haynes, 1996).
Although the helix bundle defines a narrow cytoplas-
mic opening to the pore when channels are closed, its
permeability to small cationic cysteine modifiers, such
as Ag* and 2-aminoethylmethane thiosulfonate hydro-
chloride (MTSEA), is state independent. These results
are consistent with a model where the intracellular en-
trance of the pore of CNG channels widens during
opening but is not itself the gate that controls per-
meation through the membrane (Flynn and Zagotta,
2001).

Several investigations have shown that the gating pro-
cess in CNG channels is sensitive to perturbations of
the pore structure (Sun et al., 1996; Bucossi et al., 1997;
Fodor et al., 1997; Becchetti et al., 1999; Liu and Siegel-
baum, 2000; Flynn et al., 2001). The sensitivity of the
gating mechanism to mutational and biochemical per-
turbations provides useful information about the ener-
getic and structural changes that occur during the final
closed-to-open transition. In this study, we focused on
the conformational change in the pore that is initiated
by cyclic nucleotide binding to the CNBD. We replaced
each residue in the S6 helix from 384 to 399 with cys-
teine (Fig. 1) and quantified changes in function in re-
sponse to mutational and biochemical perturbations in
the pore.

MATERIALS AND METHODS

Molecular Biology and Channel Expression

We introduced reporter cysteines into the S6 region of CNGAI e
channels. CNGAl .. is a cysteine-free variant of CNGAI
(Kaupp et al., 1989) with the mutations C35A, C169S, C186S,
C314S, C481F, C505V, and C573V that remove all endogenous
cysteine residues from the channel (Matulef et al., 1999). In ad-
dition, CNGAI1 ygcc had a K2E mutation to create an Ncol site
and a FLAG™ epitope (DYKDDDDK) that replaced the last five
residues at the carboxy terminus. This construct was also used as
the B protomer in tandem dimer experiments (see below). The
cyclic nucleotide specificity of CNGAIl 4. channels was the
same as CNGAI channels but the efficacies and apparent affini-
ties for each cyclic nucleotide were higher primarily due to the
C481F mutation (Matulef et al., 1999). For these experiments,
PCR methods were used to replace a single codon in the cDNA
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encoding CNGAI 4. with the codon for cysteine. Each muta-
tion was confirmed by DNA sequencing (PE Applied Biosystems,
Inc.). 16 mutant channels were generated in total, one for each
amino acid position between 384 and 399 in the CNGAI channel
protein. Nhel-linearized cDNAs were transcribed in vitro to
cRNAs using the T7 Message Machine kit (Ambion). For protein
expression, Xenopus oocytes were injected with 40 nl of cRNA
(~1 pg/pl) and stored at 18°C for 4-10 d in a solution contain-
ing (in mM) 96 NaCl, 2 KCI, 1.8 CaCly, 1 MgCly, 5 HEPES at pH
7.6 (Zagotta et al., 1989). All chemicals were purchased from
Sigma-Aldrich unless indicated otherwise.

For tandem dimers experiments, the coding sequences of two
subunits (A and B protomers) were joined by a linker region in a
single open reading frame and expressed in oocytes to form chan-
nels containing two A protomers and two B protomers (see previ-
ously described methods in Gordon and Zagotta, 1995b; Varnum
et al, 1995). All A protomers included a COOH-terminal 21
amino acid peptide linker (QgIEGRQ;A) followed by an Ncol re-
striction site. All B protomers contained an Ncol restriction site
at the initial methionine. The entire coding sequence for the A
protomer plus linker was excised and inserted into a pGEMHE
vector containing the B protomer sequence. For heterodimeric
S399C channel expression, the construct encoded a CNGALI . e
subunit (A protomer) connected to a S399C subunit (B pro—
tomer) separated by the peptide linker sequence. For homo-
dimeric S399C channel expression, both A and B protomers con-
tained the S399C mutation. DNA and mRNA were analyzed by
agarose gel electrophoresis to confirm the presence of a single
dimerssize construct before injection of mRNA into oocytes.

Electrophysiology

Electrophysiological data were collected from excised, inside-out
patches of membrane from defolliculated oocytes using the
patch-clamp technique (Hamill et al., 1981). All recordings were
made at room temperature (20-22°C). Recording electrodes
were fashioned from borosilicate glass (VWR International) that
was polished to resistances of 0.2-1.0 m{) when filled with re-
cording solutions. Inside each glass electrode, a 0.6% agar, 3 M
KCl bridge was fit over the Ag-AgCl electrode wire to increase the
stability of recordings. Electrodes were filled with a solution (ex-
tracellular) that contained (in mM): 130 NaCl, 3 HEPES, 0.5 ni-
flumic acid, and 0.2 EDTA at pH 7.2. Niflumic acid was added to
inhibit calcium-activated chloride currents endogenous to oo-
cytes (White and Aylwin, 1990). The bath solution (intracellular)
contained (in mM): 130 NaCl, 3 HEPES, and 0.2 EDTA at pH
7.2. To activate CNGAI s grec and cysteine mutant channels, satu-
rating concentrations of cyclic nucleotides (2.5 mM cGMP, 16
mM cIMP, 16 mM cAMP) were applied to the intracellular sur-
face of each patch using a rapid solution changer (RSC-100; Bio-
logic). A three-step voltage protocol was applied to the patches
that consisted of three 100 ms pulses to —60, +60, and —60 mV
from a holding potential of 0 mV. Ionic currents were amplified
and low-pass filtered at 2 kHz by an AxoPatch 200A (Axon Instru-
ments, Inc.). The currents were digitized at 10 kHz using an ITC-
16 board (Instrutech Corp.) interfaced to a Pentium 3 computer
(Dell Computer Corp.) running Pulse software (HEKA Electron-
ics, Inc.) and stored in files for offline analysis using Igro soft-
ware (Wavemetrics, Inc.) or Excel software (Microsoft).

For all the experiments in this study, currents in the absence of
cyclic nucleotide have been subtracted so that the data shown are
only of currents through cyclic nucleotide-activated channels. Af-
ter patch excision, we observed a slow increase in current
through CNGA1 .. channels that required 20-25 min to stabi-
lize. This increase in current has been attributed to dephosphor-
ylation of the channel (Molokanova et al., 1999; Kramer and
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Molokanova, 2001). Most of our experiments were performed 30
min after patch excision to accommodate the increase in current
that occurs after patch excision. A388C and S399C channels ex-
hibited a spontaneous decline in current amplitude following
patch excision. As a consequence, these mutants were examined
immediately following patch excision and were analyzed relative
to CNGA1 g channels immediately after patch excision.

Cysteine Modification

We applied MTSEA (2-aminoethylmethane thiosulfonate hydro-
chloride) to the intracellular side of CNGAI1 .. channels and
each of the 16 mutant channels. Stock solutions of 100 mM MT-
SEA (Toronto Research Chemical) were made in water and
stored at —80°C until just before application. MTSEA was diluted
to the indicated concentration in the intracellular solution con-
taining 2.5 mM cGMP. To study the kinetic effects of cysteine
modification, mutant channels were partially modified by a brief
exposure (~10 s) to MTSEA applied to the intracellular side.
Patches were then washed free of modifier and currents were ac-
tivated by saturating concentrations of cGMP, cIMP, and cAMP.
Measurements of cyclic nucleotide—activated currents were made
at 2-3 ms after the initiation of +60- and —60-mV pulses in order
to limit contamination by ion accumulation and depletion effects
(Zimmerman et al., 1988). Currents in the absence of nucle-
otides were also measured. Patches were then reexposed to MT-
SEA and the cycle of solutions continued until no further
changes in current were observed (see Fig. 6).

Determination of Mutational Effects on Gating

The effects on the free energy difference between the closed and
open states caused by the cysteine mutation were quantified for
each mutant channel. We assumed that the opening transition
for a channel fully bound by agonist can be described by a simple
closed-to-open equilibrium with equilibrium constant (L). The
approach used actually measures resting-to-activated states but
for simplicity will be referred to as closed and open states respec-
tively. The behavior of the different agonists can be explained by
L values specific for each agonist (L gyp Loyp and Leyyp; Varnum
etal.,, 1995; Varnum and Zagotta, 1996; Sunderman and Zagotta,
1999). The L values specific to each agonist were determined for
each mutant channel assuming that the ratios L yp/L gy and
Leavp/ Leoup were fixed to 0.05 and 0.001, respectively, and were
the same for all mutations. Currents activated by all three cyclic
nucleotides were measured at both +60 and —60 mV. Analysis of
the CNGAI .. channels at both +60 and —60 mV indicated
that the voltage dependence of L was very weak (e-fold per 460 =
59 mV; n = 7). Therefore, we assumed that the L values were
voltage independent. The maximum current when all channels
are open (I,,) and Ly was determined by minimizing the
least squares difference between currents observed and currents
calculated (cal) according to the following equations:
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From these L values, the free energy difference between closed
and open states was determined according to the relationship
AG;, onyp = —RTIn(Lyyp), where R is the ideal gas constant and
T is temperature in Kelvin. All fits converged and the statistical
results for each channel are shown as box plots or mean = SEM
as indicated.

Model for Determining the Modification Effects on Gating
and Permeation

The rate of modification and the effects on gating and perme-
ation were quantified by fitting a model to the time course of
modification for each of the 16 cysteine mutant channels (see
Fig. 8). Currents activated by all three cyclic nucleotides were
measured at both +60 and —60 mV and plotted as a function of
the cumulative exposure time in MTSEA. These time courses
were fit with the equation below:

4
O (4)}’\’(1 =P Nwa™/[1 + La™)(1 - Ng).

N=0

I(t) represents either I.gyp Iqyp Or Iayp as a function of cumula-
tive exposure time to MTSEA. L represents L gyp Lavp or Loayp
as described above and was assumed to be voltage independent.
Loy represents either 1., 60 my OF Ly —60 my @s described above.
P is the probability that a subunit is modified and follows an ex-
ponential time course (P =1 — e¢("¥?). The free parameters in
this model represent the fractional change per subunit in the
equilibrium constant of the opening transition (z), the fractional
change in conductance per subunit (g), and time constant of
modification per subunit (7). All fits converged and the statistical
results for each channel are shown as box plots or mean = SEM
as indicated.

Details for Analysis of Specific Mutants

A388C and S399C channels exhibited spontaneous declines in
current amplitude after patch excision. In A388C channels, the
decline in current was the result of desensitization since much of
the current was recoverable after channels were closed for a pe-
riod of time. However, a slow irreversible decline was also ob-
served. The decline in S399C was attributed to the spontaneous
formation of a disulfide bond (Flynn and Zagotta, 2001). There-

fore, experiments on A388C and S399C channel were performed
immediately after patch excision. Because we were unable to wait
for the dephosphorylation of these two channels to reach steady-
state before applying MTSEA, we analyzed these two channels
relative to CNGA1 e channels where experiments were per-
formed immediately after patch excision.

Our analysis of the energetic effects on channel opening
caused by cysteine mutations depends significantly on at least two
cyclic nucleotides producing measurable currents with distin-
guishable amplitudes. G395C channels have such an unfavorable
opening transition that the cGMP-activated currents were small
and cIMP- and cAMP-activated currents were indiscernible from
leak currents. However, MTSEA modification produced a dra-
matic increase in the currents activated by all three cyclic nucle-
otides and a pronounced inward rectification in G395C channels
(see Fig. 12). Therefore, we used the modified channel to deter-
mined the maximum current (I,,.x —60 my) and the free energy of
the opening transition (AGy .cypmrsea) at —60 mV after MTSEA
modification. Based on the ratio of current activated at —60 mV
by cGMP before MTSEA modification relative to I, —s0 my deter-
mined after modification, we calculated AGy yp for G395C
channels. In addition, for G392C channels after partial modifica-
tion, currents activated by the three cyclic nucleotides were indis-
tinguishable, and we were therefore unable to determine the
change in the equilibrium constant caused by modification (7).

One of the limitations of the model is its inability to determine
the number of subunits that are modified when the currents acti-
vated by all the cyclic nucleotides decay to zero with modifica-
tion. This was the case for V384C, F387C, A388C, V391C, and
G392C channels (see V384C Fig. 6). For these mutant channels
we constrained the change in conductance (g) to = 0.25.

The model describes effects of modification on gating and
permeation and assumes that no change occurs in the cysteine
residue other than MTSEA modification. However, we observed
in G395C channels a behavior consistent with thiol-disulfide ex-
change when modification was slow relative to disulfide bond for-
mation (see Fig. 15) (Creighton, 1984). To determine the effects
of MTSEA modification on gating and permeation in G395C
channels, currents activated by the three cyclic nucleotides were
measured before and after rapid modification by 2 mM MTSEA.
The free energy of the opening transition at —60 mV after modi-
fication (AGy cmpmrsea) Was determined by simultaneously fit-
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FIGURE 1. Sequence align-
ment of the pore helix, selec-
tivity filter, and inner helix
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for several channels of the
P-loop—containing family. MthK SWTVSLYWTFVTIA
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nels and amino acids in red GIRK2 GFVSAFLFSIETETTIGY
are identical for all channels.
The selectivity filter is high- IRK1 SFTAAFLFSIETQTTIGY
lighted by a yellow box, and Katp SFSSAFLFSIEVQVTIG
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the pore of KcsA are high- mSlo  TYWECVYLLMVTMSTVGY
lighted in gray boxes. The in-
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this study.
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B-carbon rotation (deg)

ting the amplitudes of cyclic nucleotide-activated currents after
rapid MTSEA exposure using the method of least squares. The
energetic effects per subunit of G395C modification were calcu-
lated from the relationship AAGy yrspa = (AGrcompmrsea —
AG; .owmp) /4 where AGy yp Was determine using the methods
described above. Also, we calculated the change in conductance
per subunit (g) as the ratio between the amplitude of the cGMP-
activated current measured from modified G395C channels and
the 1.« +60 my» predicted from L gyp (see above), ie, g = [1 —
(Leeaparsea/ Imax +60 mv)1/4. The bimolecular rate constant of
modification was not determined.

During the time course of MTSEA modification of S399C
channels, the fractional activation by cIMP initially decreased
and then increased, and the fractional activation by cAMP in-
creased with a delay (see Fig. 16). This effect of modification on
gating was different from the monotonic time course of the frac-
tional activations of other S6 mutants in response to modifica-
tion. Therefore, AAGy, yrspa for S399C channels could not be de-
termined.

Mapping Function to Known Structures

Structural hypotheses were tested by mapping the parameters
from the kinetic model onto two homology models of the
CNGAL1 S6 region made using the software Swiss-PDB viewer in
conjunction with the Swiss-Model protein modeling server (Guex
and Peitsch, 1997). The closed state of the CNGA1 pore region
was modeled after KcsA (Doyle et al., 1998) while the open state
was modeled after MthK (Jiang et al., 2002b). The angle of rota-
tion made by each B carbon in the inner helix of the KcsA and
the MthK structures was measured relative to the central pore
axis. A rotation angle was defined as the angle made by two lines
when projected on a plane perpendicular to the pore axis; one
connecting the 3 carbon to the longitudinal axis of the inner he-
lix and the second connecting the central pore axis to the longi-
tudinal axis of the inner helix (Fig. 2 A; A108 shown). The sec-
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-150 -100 -50 0
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ond line represents an angle of 0° rotation. Angles of B carbon
rotation were measured for those KcsA and MthK residues that
aligned with CNGALI residues 384-399 (Fig. 1). The angles of ro-
tation were plotted versus amino acid number for both KcsA and
MthK and a clear sinusoidal pattern of an a helix was evident
(Fig. 2 B). All structural models were analyzed and displayed us-
ing ViewerPro software (Accelrys).

RESULTS

Cysteine Replacement of S6 Residues Alters Gating

In this study, we substituted a cysteine for each of the
S6 residues between 384 and 399 of a cysteine-free
CNGAI variant (CNGAI . 4..) and expressed these mu-
tant channels in Xenopus oocytes. Using the patch-
clamp technique, we recorded currents from inside-out
patches in response to a three-step voltage protocol
consisting of three 100-ms pulses to —60, 60, and —60
mV from a holding potential of 0 mV (Fig. 3, inset).
Channels were activated with saturating concentrations
of cyclic nucleotides (2.5 mM cGMP, green; 16 mM
cIMP, blue; 16 mM cAMP, red; see examples in Fig. 3)
applied to the intracellular surface of these patches.
For all the experiments in this study, currents in the ab-
sence of cyclic nucleotide have been subtracted so that
the data shown are only of currents through CNG
channels.

In CNGA1 e channels, cIMP activated only a frac-
tion of the current activated by cGMP (Iyyp/Iogmp =
0.81 *= 0.02; n = 7, Fig. 3 A, blue trace). A smaller frac-
tion of current was activated in response to cAMP



Ficure 3. Effects of cys- A
teine substitution on cyclic
nucleotide-activated currents
in CNGA . and three mu-
tant channels. Representative
currents traces from inside-
out patches excised from Xe-

Sat. cGMP '“--x...________

Sat. cIMP

___Sat._ cAMP

CNGA1 cys-free B

M397C

— — - = e == =] =

nopus oocytes expressing ei-
ther CNGAl,4.. Or one of
three mutant channels. Chan-

nels were activated by saturat-
ing concentrations of cGMP
(green; 2.5 mM), cIMP (blue;
16 mM), cAMP (red; 16 mM).
Currents were recorded in re-
sponse to a three-step voltage
protocol; 100-ms voltage steps C
to —60, +60 mV, and —60 mV
from a holding potential of 0
mV (insert). The zero current
level is indicated by a dashed
line. Currents measured in the
absence of cyclic nucleotides
were subtracted from data - - -
shown. (A) CNGAIl gee;
bars: 1 nA, 20 ms. (B) M397C;
bars: 1 nA, 20 ms. (C)
T389C; bars: 50 pA, 20 ms.
(D) I886C; bars: 50 pA, 20 ms.

T389C

(Teanp/Tegmp = 0.07 = 0.01; n = 7, red trace). This cy-
clic nucleotide specificity results from a change in the
single-channel open probability and not a change in
single-channel amplitude (Sunderman and Zagotta,
1999). Since these currents were measured in response
to saturating concentrations of agonists, when binding
sites were maximally occupied, the different current
levels reflect differences in agonist efficacy for opening
the channels. If we assume that the opening transition
for a channel fully bound by agonist can be described
by a simple closed-to-open equilibrium with equilib-
rium constant (L) then the behavior of the different
agonists can be explained by L values specific for each
agonist (L.gyp Lavp and Leyyp; Scheme I).

I—cGMP

C — O
I—cIMP

C < » O
I—cAMP

C —— O

SCHEME I

+60 mV

-60 mV -60 mV/

D 1386C

The values of these equilibrium constants for
CNGAl e channels at 60 mV are shown in Table 1.
From the equilibrium constants, free energy differ-
ences between the closed and open states for CNGAI g
channels were calculated for each cyclic nucleotide us-
ing the relation AGy nyp = —RTIn(L.wp). These free
energies are slightly lower (0.8 kcal/mol) than re-
ported previously for CNGAI channels and suggest
that removal of endogenous cysteines caused a small
stabilization in the opening transition but did not af-
fect the agonist specificity (Varnum et al., 1995; Var-
num and Zagotta, 1996; Matulef et al., 1999; Sunder-
man and Zagotta, 1999; Flynn and Zagotta, 2001;
Johnson and Zagotta, 2001; Matulef and Zagotta,
2002).

Cyclic nucleotide—activated currents in all cysteine
mutant channels showed a similar order of agonist effi-
cacy as CNGAI gc; however, the magnitude of the ef-
ficacies were different. Fig. 3 shows examples of cyclic
nucleotide—-activated currents for three mutant chan-
nels. At some positions, cysteine replacement resulted
in an increase in the fraction of current activated by
cIMP and cAMP relative to cGMP, e.g., M397C. At
other positions, cysteine replacement resulted in a de-
crease in the fraction of current activated by cIMP and
cAMP, e.g., T389C. At still other positions the mutation
had little or no effect, e.g., I386C. Assuming that the
opening conformational change outside the CNBD,
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TABLE 1

Equilibrium Constants and Free Energy Differences for the Opening
Transition of CNGA1 5, Channels

CNGAlcys-free LcNMP,Hi(J mV AGCN]\’[P,+6(J mV,
cGMP 72 * 13 —2.4 % 0.12
cIMP 4.3 £0.56 —0.83 = 0.069
cAMP 0.092 = 0.013 1.4 = 0.084

Parameters were calculated as described in MATERIALS AND METHODS and
are shown as mean * SEM (n = 7).
“From Johnson and Zagotta (2001) (n = 12).

e.g., the conformational change in the pore, is similar
for the different cyclic nucleotides, the mutations are
expected to have a similar energetic effect on chan-
nel opening for all three agonists. Consistent with
this interpretation, the variation in agonist effica-
cies observed among the different mutant channels
could be accounted for by a constant energy change
(AAG jmusation) I AGp oup AGpavp and AGy ayp For
example, the increase in the fraction of current acti-
vated by cIMP and cAMP relative to ¢cGMP in M397C
channels can be accounted for by a decrease in the free
energy of the opening transition by the same amount
for all three cyclic nucleotides.

For each of the mutant channels, we determined the
energetic effect on opening. For these determinations,
we assumed a fixed nucleotide specificity (AGy qyp —
AGy omp = 1.7 kcal/mol and AGy .y — AGy o = 4.0
kcal/mol; Table I). These energies accurately account
for differences in the amplitudes of cyclic nucleotide—
activated currents of numerous mutant CNG chan-
nels where the mutations occurred at residues outside
of the binding domain (Gordon and Zagotta, 1995a;
Johnson and Zagotta, 2001). The maximum current
(Inax) and the free energy difference of the opening
transition in the presence of cGMP (AGy gyp) Were de-
termined by simultaneously fitting the amplitudes of
cyclic nucleotide—activated currents with the above
model (Scheme I) using the method of least squares.
For G395C channels, cysteine replacement resulted in
a channel with such an unfavorable opening transition
that AGy .qup Was calculated as described in MATERIALS
AND METHODS. The AG; .y values for each mutation
were used to calculate the change in free energy of the
closed-to-open transition caused by cysteine replace-
ment using the relationship AAGy uaion = AGLmutation —
AGy yree (Fig. 4). As suggested by the apparent in-
crease in the fractional activation by cIMP and cAMP in
M397C channels, a cysteine at this site decreased the
free energy difference of channel opening (—2.4 =
0.06 kcal/mol, n = 5) shifting the equilibrium in favor
of the open state. In contrast, a cysteine at T389C in-
creased the free energy difference of channel opening
(1.9 = 0.062 kcal/mol, n = 4). For two positions, I1390C
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Ficure 4. Changes in the free energy of channel opening
(AAGy, uaion) With cysteine replacement in the S6. Box plots of
AAG;, yiion Values for each mutant channel. For each box, the
centerline is the median value, the edges of the boxes are the 25th
and 75th percentiles, and the lines extending from the boxes are
the 5th and 95th percentiles. Box plots were superimposed onto
bar graphs extending for 0 to median AAGy, , uion fOr €ach mu-
tant channel. Decreases (green) or increases (red) in AAGy ,uwion
relative to CNGA1 . are shown. Number of patches included in
statistics is indicated in parentheses to the right of the mutant
name.

and V391C (gray), a cysteine produced no significant
difference in the channel opening transition compared
with CNGAI ¢ as determined by Student’s ¢ test (P >
0.2; for all other sites P < 0.005). From these data it is
clear that mutations in the S6 perturbed the gating equi-
librium in both directions, in favor of the open state
(green) and in favor of the closed state (red) (Fig. 4).

Modification of S6 Cysteines Alters Gating and Permeation

We applied MTSEA to CNGAl 4. channels and each
of the 16 mutant channels and measured its effects on
currents activated by the three cyclic nucleotides. MT-
SEA was applied in the presence of saturating cGMP to
the intracellular side of patches. Currents were mea-
sured before exposure to MTSEA and after modification
reached steady-state, when no further change in current



Ficure 5. Cyclic nucle-
otide—activated currents in
CNGAl fee and  V384C
channels before and after
modification by MTSEA. Rep- A
resentative currents traces are
shown from CNGALI 4. and
V384C channels activated by
saturating concentrations of

CNGAT

cys-free

----- - = —

cGMP (green; 2.5 mM), cIMP
(blue; 16 mM), and cAMP
(red; 16 mM) in response to a

three step voltage protocol

(see insert Fig. 3). (A and B)
Representative currents are
shown for CNGAI .y g chan-
nels before and after 2 mM
MTSEA was applied to the in-
tracellular side while chan- C
nels were held in the open
state by 2.5 mM cGMP. The
cumulative exposure time was
10 min. Bars: 100 pA, 20 ms

V384C

Before After
MTSEA MTSEA
B =
o - r

PRSP -

(C and D) Representative

currents are shown for V384C £
channels before and after 200

pM MTSEA was applied in

the open state for a cumula-

tive exposure time of 13 min.

Bars: 100 pA, 20 ms.

amplitude was observed. For CNGAI e channels a cu-
mulative exposure of 10 min to 2 mM MTSEA had negli-
gible effects on the amplitude of current activated by
each of the three cyclic nucleotides (Fig. 5, A and B).
Small decreases in current were attributed to nonspe-
cific effects and channel rundown that accompanied
long recording times, i.e., patches held over 1 h.

A

In contrast to CNGAl 4. channels, MTSEA pro-
duced a significant change in the current amplitude
for many of the cysteine mutant channels. For exam-
ple, a significant decrease in current occurred when
200 pM MTSEA was applied to V384C channels for 13
min (Fig. 5, C and D). To further characterize the func-
tional effects of MTSEA, the time course of modifica-

B
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FIGURE 6. Time course of cysteine modification in V384C channels. (A) Schematic diagram showing the solution-switching protocol for
applying MTSEA in the open state of mutant channels. The intracellular side of a patch was exposed briefly to a solution of 2.5 mM cGMP
containing MTSEA for ~5-10 s. After each exposure, patches were washed in cGMP alone for 10 s. Currents were recorded in the pres-
ence of 2.5 mM cGMP, 16 mM cIMP, 16 mM cAMP, and 0 cNMP. Patches were exposed repeatedly to MTSEA for brief periods until no fur-
ther change in current was observed. (B) Time course of modification by 200 uM MTSEA of V384C channels. Currents measured in
cGMP (green square), cIMP (blue triangle), and cAMP (red diamond) at 60 mV were leak subtracted then plotted as a function of cumu-
lative exposure time to MTSEA. Data are from the same patch as those shown in Fig. 5, C and D.
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Ficure 7. Complex kinetics of cysteine modification. (A) Representative currents are shown for N393C channels before (top) and after
2 min cumulative exposure to 20 uM MTSEA (middle). Plot of leak subtracted currents measured for each cyclic nucleotide recorded at
60 mV as a function of cumulative exposure time in MTSEA (bottom) is shown. Smooth lines through the data are from the model de-
scribed in Fig. 8. Bars: 100 pA and 20 ms. (B) Currents recorded from S396C channels before and after 1 min cumulative exposure to 2
wM MTSEA. (C) Currents recorded from A388C channels before and after 100 s cumulative exposure to 20 wM MTSEA.

tion was determined for each mutant channel. The ex-
perimental design involved briefly exposing the intra-
cellular side of mutant channels in excised inside-out
patches to MTSEA in a saturating cGMP solution, wash-
ing the patches in saturating cGMP, and recording the
current amplitudes activated by all three cyclic nucle-
otide at 60 mV (Fig. 6). This cycle was repeated until no
further change occurred. By plotting current ampli-
tudes for each of the cyclic nucleotides as a function of
cumulative exposure time to MTSEA, the time course
of cysteine modification was determined (Fig. 6 B).
While the effects of MTSEA on V384C channels sim-
ply decreased currents (Fig. 6 B), modification of other
S6 mutant channels produced more complex effects.
MTSEA caused cIMP- and cAMP-activated currents
through N393C channels to increase while cGMP-acti-
vated currents appeared unchanged (Fig. 7 A). Oddly,
cGMP-activated currents through S396C channels be-
came smaller with modification while cIMP- and cAMP-
activated currents became larger (Fig. 7 B). In A388C
channels, MTSEA completely inhibited currents acti-
vated by all three cyclic nucleotides; however, the time
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course of modification was biphasic for cIMP- and
cAMP-activated currents that initially increased and
then decreased in amplitude (Fig. 7 C, bottom). In con-
trast, modification of A388C channels caused cGMP-
activated currents to decay exponentially. The increase
in cIMP- and cAMP-activated currents with modifica-
tion strongly implied that the equilibrium constant for
the opening transition was increased by modification,
whereas the concomitant decrease in cGMP-activated
currents suggested that modification was also interfer-
ing with permeation.

The complex effects of MTSEA modification could
be reproduced by a model where modification alters
both gating and permeation (Fig. 8). The model pre-
dicts the time course of the changes in current for all
three cyclic nucleotides caused by modifying each of
four possible cysteines within the channel. Inherent in
the model are six assumptions. (1) For each modified
form of the channel the gating behavior in saturating
cyclic nucleotides can be described by a two state
scheme as discussed above (Scheme I). (2) Modifica-
tion follows a single exponential time course with a
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Ficure 8. Kinetic model describing permeation and gating ef-
fects of cysteine modification. A model that predicts the time
course of the changes in current for all three cyclic nucleotides
caused by modifying each of four possible cysteines within the
channel. The model is used to quantify the fractional change (n)
in the equilibrium constant (L) between the closed (C) and open
(O) states and the concomitant decrease in conductance through
the open channel with each modification (m).

time constant, 7. (3) Each cysteine is modified indepen-
dently resulting in a binomial distribution of the modi-
fied forms of the channel. (4) Effects of modification
are equivalent for each of the four cysteines in any
given channel. (5) Each modification of the channel
contributes an equal and identical energy change to
the closed-to-open transition as expected for a con-
certed conformational change involving all four sub-
units. This change in gating is described by a fractional
change in the equilibrium constant for channel open-
ing (n). (6) Each modification of the channel changes
the conductance by a constant fraction (g). Although
there is no theoretical basis for this last assumption, it
has been shown previously that MTS reagents linearly
decreased the single-channel conductance in inward
rectifier (IRK) channels (Lu et al., 1999).

In an effort to justify the assumption that modifi-
cation causes a linear reduction in conductance,
we examined the extent of 2-trimethylammonioethyl-
methane thiosulfonate hydrochloride (MTSET) modi-
fication of S399C subunits in channels with two (het-

erodimers) or four (homodimers) cysteines. In ho-
modimers all four subunits contained a S399C muta-
tion, whereas in heterodimers two subunits contained
S399C mutations and two subunits were CNGAI g,
Both channel types were modified in the open state by
applying to the cytoplasmic surface 200 uM MTSET in
combination with 2.5 mM ¢GMP. MTSET caused mac-
roscopic current levels in both heterodimers and ho-
modimers to decrease to a new steady-state level (Fig. 9
A). Modification produced a twofold greater reduction
in current in homodimers relative to heterodimers
(Fig. 9, A and B). These results agree with our assump-
tion that modification of each cysteine in S399C chan-
nels decreases the conductance by a constant fraction.
While it may be true that the assumption of linear re-
duction in conductance does not hold for every S6 po-
sition, the success of the model in fitting the data at
most positions suggests that this assumption is valid to a
first approximation.

For each of the 16 mutant channels, fits of the model
to the time course data were used to quantify the ob-
served changes. The model contains three free parame-
ters: (a) the bimolecular rate constant for modification
of a single cysteine [rate constant = 1/(7/[MTSEA])],
(b) the fractional change in conductance for each
modification (g), and (c) the fractional change in the
equilibrium constant for the closed-to-open transition
for each modification (n). Smooth lines in Fig. 7 are
fits of the model to the modification time courses of
N393C, S396C, and A388C for all three cyclic nucle-
otides. For most mutant channels, the model success-
fully described the complex time course of the currents
that results from cysteine modification. The exceptions
were G395C and S399C channels which exhibited re-
sponses to modification that were not well described by
this model. These modification effects will be discussed
in more detail at the end of the RESULTS section.

Open-state Accessibility of S6 Residues

One way to determine which residues line the pore is to
quantify the accessibility of residues to cysteine modifi-
cation. We investigated the open-state accessibility of the
S6 residues by quantifying the second-order rate con-
stants of MTSEA modification for each mutant channel.
In the open state, S6 residues with side chains directed
toward the center of the pore were predicted to modify
more rapidly with MTSEA than residues with side chains
directed away from the pore. From the time courses of
modification of each mutant channel, time constants
were determined from fits of our model to the time
course data as described above. The inverse of T was di-
vided by the MTSEA concentration used to modify each
mutant channel in order to obtain a second-order rate
constant of modification for that site. Rate constants
corresponding to each S6 site are plotted as box plots in
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Fig. 10 A. We found that most of the residues between
384 and 399 were accessible to MTSEA modification in
the open state. Notable exceptions were L385C and
1386C (white boxes) where the effects of MTSEA were
not significantly different from that of CNGAI e
channels (P > 0.05; Student’s ¢ test). Superimposed on
these data is the sine function from Fig. 2 B that de-
scribes the angle of rotation of the B carbons in KcsA
and MthK relative to the pore axis. The data in Fig. 10 A
are consistent with the sequence alignment shown in
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Ficure 9. Effect of MTSET
modification is reduced
twofold in heterodimeric
CNGAl e/ S399C  chan-
nels. (A) Time course of MT-
SET modification of S399C/
S399C  homodimers and
CNGAI iy e/ S399C  hetero-
dimers. A 2.5 mM cGMP so-
lution containing 200 pM
MTSET was applied to the
intracellular side of each
patch. Current amplitudes
were normalized to the maxi-
mum cGMP-activated cur-
rent for each patch. (B) Frac-
tion of current modified by
MTSET for homodimers and
heterodimers. Bars show
mean = SEM (n = 3).
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Fig. 1 and show that pore-lining residues were modified
more rapidly by MTSEA then other S6 residues.

Shown in Fig. 10 B are two homology models of the
CNGAL S6 region based on the crystallographic coordi-
nates of KcsA and MthK, respectively (Doyle et al., 1998;
Jiang et al., 2002b), and the sequence alignment in Fig.
1. The KcsA model represents the putative closed state
of the channel and the MthK model represents the open
state. The S6 positions with median rate constants
greater than 10* M~!s™! are shown in red, between 103/

Ficure 10. Rate constants
of open-state cysteine modifi-
cation for each S6 position.
(A) Box plots of the bimolec-
ular rate constants of MTSEA
modification for each mu-
tant channel. Dashed line is
the sine function fit to the
KcsA and MthK rotation an-
gle data from Fig. 2. Colors
correspond to median rate
constants >10* M~1s7! (red),
between 10> M~!'s~! and 10%/
M/s (green), and between
10" M~ !s7! and 10® M~ Is7!
(blue). Rate constants for
L385C and I386C channels
(white) were not statistically
different from CNGAI e
(Student’s ¢ test, P > 0.6). (B)
Homology models showing a
bottom view of four S6 helices
based on KcsA (top) and
MthK (bottom), represent-
ing the closed and open con-
formations respectively. Sites
corresponding to CNGAL1 po-
sitions 384-399 are shown
as space filled. Colors corre-
spond to data in A.
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M/s and 10* M~1s~! are shown in green, and between
10! M~!s~1 and 10°® M~1s~! are shown in blue. Rate con-
stants for L385C and 1386C channels (white) were not
statistically different from CNGAI e (Student’s ¢ test,
P > 0.6) (Fig. 10). In general, the residues lining the
pore are the most rapidly modified for both homology
models, but there are exceptions. One obvious excep-
tion occurs at F387, which when replaced by a cysteine,
was modified at a rate slower than expected for that posi-
tion. This result may be the consequence of the site re-
siding relatively deep in the pore where accessibility may
be electrostatically and sterically hindered. This may also
be true for V384C, which modified much slower than ex-
pected for a pore-lining residue. V384C is located deep
within the pore just one amino acid after a conserved
glycine which, in MthK, forms a kink in the inner helix
(Jiang et al., 2002b). Interestingly, the rate constants for
modification of N393C and 1394C channels were higher
than predicted by the sine function and the homology
models. These results suggest that there may be a “hole”
open to the cytoplasm on the back side of the S6 helix
near N393 and 1394 (Fig. 10). On the other hand, MT-
SEA is membrane permeant and modification within the
membrane is possible. However, we also found that
N393C channels were modified by MTSET (2-trimeth-
ylammonioethylmethane thiosulfonate hydrochloride),
a membrane-impermeant cysteine modifier, which is fur-
ther evidence for an aqueous hole (unpublished data).
In general, the rate constants were consistent with an o
helical pattern in the accessibility of S6 sites; however,
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other factors in addition to lining the pore can influence
these rates.

MTSEA Modifies Permeation

Another way to determine which residues line the pore
is to quantify the effects of modification on perme-
ation. The largest conductance changes are expected
for pore-lining residues from an electrostatic interac-
tion between the positive charge on the modified cys-
teine and the permeant cations. One of the parameters
of our model described the relative change in conduc-
tance caused by cysteine modification. In the model,
we assumed that cysteine modification caused an iden-
tical change in all four subunits and that the effects of
modification on conductance were additive. The frac-
tional change in conductance per subunit due to modi-
fication (g) for each mutant channel is plotted relative
to the amino acid number in Fig. 11 A. The sites with
the largest MTSEA effect on the fractional conduc-
tance were those predicted by the sequence alignment
and the homology models to project side chains toward
the pore axis. When the g values from the kinetic
model were mapped onto the homology models, the
sites lining the pore were associated with the largest
conductance changes (Fig. 11 B, red). These results are
consistent with work published earlier describing the
inhibitory effects of MTSET on some of these same mu-
tant channels (Flynn and Zagotta, 2001). These effects
on conductance were more indicative of pore-lining

Structure and Function of S6 in CNG Channels
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residues than the accessibility measurements. For ex-
ample, MTSEA modification of the pore-lining residues
F387C and V384C, which had slow rates, dramatically
affected the conductance. Therefore, we conclude,
from the data in Figs. 10 and 11, that the region be-
tween 384 and 399 of CNGAI1 channels is an unbroken
a helix that lines the pore similar to KcsA and MthK.
Perhaps more interestingly, pore-facing residues at the
cytoplasmic end of the S6 (positions 395 and 399) had
a somewhat smaller effect on conductance than ex-
pected for residues lining the pore. The 399 position in
the KcsA homology model is within 4 A from the cen-
tral pore axis compared with 15 A in the MthK homol-
ogy model. The effect of modification on conductance
at this position, therefore, is more consistent with a
structural similarity between the open state of CNGA1
and MthK.

Cysteine Modification in S6 Alters Gating Equilibrium

The sensitivity of the closed-to-open equilibrium to cys-
teine modification provides useful information about
the energetic and structural changes that occur during
gating. Alterations in gating result from a differential
effect of modification on the stability of the closed and
open states. They therefore reflect the relative move-
ment of the modification site during gating. One pa-
rameter of our model described the fractional change
in the equilibrium constant for the opening transition
(n) due to cysteine modification of each subunit. From
these n values, we calculated the energetic effects of
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FiGure 12. Changes in the
free energy of channel open-
ing (AAGy \rspa) with MT-
SEA modification of S6 cys-
teines. (A) Box plots and bar
graphs of AAGy \rsps values
per subunit determined for
each mutant channel from
the model in Fig. 8. Sites with
a statistically significant de-
crease in the free energy
change for the opening tran-
sition are shown in green.
ND, not determined. (B) Ho-
mology models showing sites
color coded to correspond
with data in A.

modification on the closed-to-open transition from the
relationship AAGy yrsga = —RTIn(n) (Fig. 12). At eight
S6 sites, MTSEA had no appreciable affect on the equi-
librium of channel opening. At six other sites, however,
MTSEA modification decreased the free energy of
channel opening, resulting in a shift in the equilibrium
of channel opening in favor of the open state (Fig. 12,
green bars; P > 0.0005). The largest effects were at
A388C and G395C predicted by the sequence align-
ments (Fig. 1) and homology models to be pointing to-
ward the center of the pore (Fig. 12 B). A possible in-
terpretation of these results is that the four S6 helices
are very close together in this region in the closed state
and electrostatic interactions between positive charges
on the modified cysteine residues may serve to push
the helices apart. Not all the sites affected by the modi-
fication were facing the pore. Residues N393C, S396C,
and M397C were located in a pocket on the back of the
S6 helix pointing away from the pore (Fig. 12 B). One
interpretation of these results arises if we consider the
KcsA and MthK structures as models for the closed and
open state conformations for CNGAI channels (Jiang
et al., 2002b). The added volumes of the modified cys-
teines may preferentially destabilize the tight helical
packing of the closed state conformation seen in KcsA
relative to the looser packing of the open state confor-
mation seen in MthK. A similar mechanism has been
proposed for Shaker K* channels (Yifrach and MacKin-
non, 2002).

Replacing the glycine at position 395 with cysteine



Before
MTSEA

After
MTSEA

Ficure 13. MTSEA modification of
G395C channels causes potentiation of
cyclic nucleotide—activated currents.
Representative currents for G395C
channels before (A) and after (B) 2
mM MTSEA in 2.5 mM cGMP was ap-
plied to the intracellular side for 2 min.
Bars: 200 pA, 20 ms.

produced a channel with such a low open probability
that the cGMP-activated currents were small and cIMP-
and cAMP-activated currents were indiscernible from
leak currents (Fig. 13 A). However, dramatic increases
in the currents activated by all three cyclic nucleotides
and a pronounced inward rectification were observed
after MTSEA modification (Fig. 13 B). This behavior
reflects a profoundly unfavorable opening transition
before modification and a favorable opening transition
after modification. The positive charge on the modi-
fied cysteine appears to interfere with the permeation
of cations in the outward direction but not the inward
direction. The model in Fig. 8 was not used and 7 was
determined as discussed in MATERIALS AND METHODS.

Some Mutations/Modifications Produce
Unliganded Openings

The model in Fig. 8 considered the opening of chan-
nels when fully bound by ligand. However, channels
might be expected to open in the absence of ligand if a
large decrease in the free energy of opening occurred.

A

FIGURE 14.  Unliganded
openings observed with large

— e o oo o e o = m—

We observed such an increase in current measured in
the absence of ligand during MTSEA modification of
A388C channels, the mutant channel with the largest
gating effect due to modification (Fig. 12 A). Modifica-
tion of A388C channels produced a transient increase
in the current measured in the absence of ligand (Fig.
14). This current could not be attributed to slow patch
perfusion or slow unbinding of cyclic nucleotide (un-
published data). The probability that modified A383C
channels are opened in the absence of ligand can be es-
timated from the ratio of the spontaneous current to
the cGMP-activated current (I,/I.gvp; Fig. 14 B). This
ratio increased exponentially to a steady-state level of
0.44 = 0.071 (n = 6). These results suggest that the cys-
teine modification of A388C produced such a large de-
crease in the free energy of opening that the channels
were open in the absence of ligand.

A large decrease in the free energy of opening also
occurred as a consequence of mutation. G392C chan-
nels had the largest equilibrium constant for channel
opening of any mutant channel in this study (L.gyp =

B

increases in the opening 3.0 1.0
equilibrium constant after . 2.5 084
MTSEA modification. (A) < 204
. . . = %
Time course of modification = S 064
by 20 uM MTSFA of A8C ~ § 157 S o
channels. Currents were mea- (_5) 1.0 1 B 044
sured at 60 mV, leak sub- 054 - 0.2+
tracted, and plotted as a func- * o !
tion of cumulative exposure 0.0 T T ._._'_H 0.0 T T T 1
time to MTSEA. Shown are 0 20 40 60 80 0 20 40 60 80

current amplitudes measured
in 25 mM cGMP (Igwp)
(square) and current ampli-

Cum. time in MTSEA (s)

Cum. time in MTSEA (s)

tudes measured in the absence of cyclic nucleotide (Ig;) (circles). (B) Ratio I, /I.gup is plotted as a function of cumulative exposure time
to MTSEA. Smooth line is a single exponential fit to the data of the equation I,/T.cyp = 0.42 — 0.42e(7051) where t is time.
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Ficure 15. Cysteine modifi-
cation shows a high probabil-

cGMP ity of unliganded openings

800 weeee 5 2 ——» i for G392C channels. (A) Cur-

250 :."""'.N' MTSET rent amplitudes measured at

< 2004 +60 mV in the absence and
S .

= 3,4 presence of cyclic nucle-

S 150 LN |_ otide. The solid line indi-

E 100 - ~— cates the time when 2 mM

© s0d 1 MTSET in 2.5 mM cGMP was

T~ 3. 4 applied to the patch. The

I E——— s dthed line indicart)es the time

0 50 100 150 200 250 300 when 2.5 mM cGMP was ap-

Time (s) plied. Arrow indicates the

change in current through

unliganded channels. (B) Selected current traces showing the effects of MTSET modification on currents. Shown are currents in the ab-
sence of cyclic nucleotide (arrows 1 and 4) and in cGMP (arrows 2 and 3). Numbers correspond to points in A. Bars: 100 pA, 20 ms.

6,685 + 1,073; n = 9), ~2 orders of magnitude larger
than the equilibrium constant for CNGAI 4. chan-
nels (L.gvp = 72 £ 13; n = 12). We observed that when
2 mM MTSET was applied to G392C channels there was
arapid decline in all currents to a level below that mea-
sured in the absence of cyclic nucleotide (Fig. 15 A). A
similar decrease in current was observed when G392C
channels were modified with MTSEA (unpublished
data). This decrease in current measured in the ab-
sence of ligand was not observed with any other S6 mu-
tant channels before modification or CNGAI g
channels. These results suggest that some of the
leak current in the absence of cyclic nucleotide is due
to spontaneous opening of G392C channels and is
blocked by cysteine modification. The probability that

A B

cGMP

\ MTSEA r ]

0.0 9
-0.2 1
-0.4 1
-0.6 1

Current (nA)
Current (pA)
&
o
1

-0.8 -120

Nt ———— E

G392C channels are opened in the absence of ligand as
determined by the ratio of the spontaneous current
(Fig. 15 B, arrow 1) to the cGMP-activated current (Fig.
15 B, arrow 2), is 0.070 £ 0.021 (n» = 3). This muta-
tional perturbation was the largest observed in the S6
region (Fig. 4).

Anomalous Effects of Modification

The time course of G395C channel modification re-
vealed an additional complexity. Continuous modifica-
tion by 20 uM MTSEA caused a large increase in the
cGMP-activated current at —60 mV that followed a
roughly exponential time course to a new steady-state
level (Fig. 16 A). At a higher concentration, 2 mM MT-
SEA, the increase in cGMP-activated current at —60 mV

Ficure 16. Partial MTSEA
modification of G395C chan-
nels catalyzes thiol-disulfide

- exchange. (A) Current ampli-
tudes measured at —60 mV
while 2.6 mM cGMP was ap-
plied to the intracellular side
of the patch (17 min, dashed
line above the data). Currents
were measured in 20 uM MT-
SEA in cGMP (solid line) until

-1.0 —
0 1000 2000 3000 0
Time (s)

MTSEA

Protein-SH Protein-S-S-R
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Protein-SH

! the effect reached steady-state.
800 1200

Amplitude of current mea-
sured in the absence of cyclic
nucleotide is also shown. (B)
Current  amplitudes mea-
sured at —60 mV while 2.5
mM  cGMP was applied
(dashed line) to intracellular
side of the patch. Currents
were measured during a brief
application (30 s, solid line) of
20 uM MTSEA in ¢cGMP. (C)
Reaction scheme depicting
thiol-disulfide exchange.

I
400
Time (s)
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FiGUure 17. Cysteine modifi-

cation of S399C channels

shows an additional gating
component. (A) Time course

of modification by 2 pM MT- 10
SEA of S399C channels.
Shown are current ampli-
tudes measured in 2.5 mM
cGMP (green square), 16 mM
cIMP (blue triangles), and 16
mM cAMP (red diamonds).
(B) Ratos Igyp/lgue and
Ieamp/Icomp are plotted as a
function of cumulative expo-
sure time to MTSEA.

Current (nA)

(=T s TR S = I = - ]

was 31fold *+ 7.7 (n = 3). However, we observed that
after repeated brief applications of MTSEA little or no
increase in current was observed (unpublished data). A
possible interpretation to reconcile this paradoxical be-
havior was that during brief exposures to modifier
there was sufficient time for the unmodified cysteines
within the channel to undergo thiol-disulfide exchange
with the MTSEA modified cysteines to form an inter-
subunit disulfide bond (Creighton, 1984). Thiol-disul-
fide exchange is a reaction between the mix disulfide
of the modified cysteine and a free cysteine thiol-group
to form a symmetrical disulfide bond (Fig. 16 C). In
our case, thiol-disulfide exchange would result in an in-
tersubunit disulfide bond suggesting that G395C resi-
dues from neighboring subunits are within 10 A of
each other. To test for thiol-disulfide exchange, we ap-
plied 20 uM MTSEA for a brief period (e.g., 20 s), al-
lowing only partial modification. After partial modifica-
tion, currents activated by cGMP spontaneously de-
clined (Fig. 16 B). Our interpretation is that after
partial modification some cysteines are left unmodified
and are available to participate in thiol-disulfide ex-
change. However, in the continued presence of 20 pM
MTSEA all possible sites become modified quickly and
as a consequence there are no available unmodified
cysteines to form an intersubunit disulfide bond. Con-
sistent with this interpretation, S399C channels form a
spontaneous intersubunit disulfide bond that elimi-
nates the current (Flynn and Zagotta, 2001). Because
of this complicated behavior, the effects of MTSEA
modification on G395C channels were not analyzed us-
ing the model in Fig. 8.

Modification of S399C channels also revealed an ad-
ditional complexity. During the time course of MTSEA
modification, S399C channels exhibited an initial in-
crease followed by a decrease in free energy of channel
opening, in addition to an effect of permeation (Fig. 17
A). The complex gating effect is more clearly demon-
strated by plotting the fractional activation, I jyp/I.cmp
and I yvp/Icup as a function of exposure time where

Cum. time in MTSEA (s)

1.0
0.8 1

0.6+ e

o
=
2

L 04 _‘\/

0.2 4 *A*"'HH*
o e a o 900
0.0 T T T T 1

0 20 40 60 80 100
Cum. time in MTSEA (s)

the effects of permeation are removed (Fig. 17 B). The
fractional activation by cIMP initially decreased and
then increased, and the fractional activation by cAMP
increased with a delay. If the effect of modification on
gating were similar to that observed for other S6 mu-
tants, we would expect the fractional activations to have
a monotonic time course. An interpretation of these re-
sults is that partial modification causes an unfavorable
change in the free energy of channel opening for
S399C channels, but further modification causes a fa-
vorable change in the free energy of channel opening.
Such a result could occur if modification of a single cys-
teine destabilizes channel opening but additional mod-
ifications cause electrostatic interactions to occur be-
tween modified cysteines destabilizing channel closing.
A model incorporating these considerations was used
to determine the bimolecular rate constant of modifi-
cation (Fig. 10) and the fractional change in conduc-
tance per subunit for S399C channels (Fig. 11).

DISCUSSION

In this study, we investigated the architecture and rear-
rangement of the S6 region of a cysteine-free variant of
CNGA1 channels. First, we studied how the CNGAI-
gating mechanism was perturbed by S6 mutations.
Next, we measured local accessibility of each residue in
the open state and studied how gating and permeation
were perturbed by cysteine-specific modification. Fi-
nally, we interpreted our results in terms of the known
structures of KcsA and MthK.

Cysteine Replacement in S6 Affects Gating

Mutations alone provide little direct information about
protein structure. However, the sensitivity of the closed-
to-open equilibrium to mutations does provide infor-
mation about the structural elements involved in gat-
ing. We observed both favorable and unfavorable ener-
getic effects on the closed-to-open equilibrium as a result
of cysteine replacement between positions 384 and 399
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in the S6 region of CNGA1 channels. The gating pro-
cess is sensitive to mutational perturbations in most of
the S6 helix, suggesting that the S6 is involved in gat-
ing. However, there was no pattern to these effects that
could be correlated to any structural elements. It is dif-
ficult to make direct comparisons of the energetic ef-
fects caused by mutations between different positions
when the perturbations are different for each posi-
tions, i.e., each substitution involves a different starting
residue. In this study, a direct comparison is made pos-
sible by comparing the energetic effects of modifica-
tion between positions where all the perturbations were
the same, i.e., cysteine to cysteine + modifier.

Gating effects of S6 mutations are not unique to
CNG channels. In both the six transmembrane and two
transmembrane families of P-loop—containing chan-
nels, mutations in the cytoplasmic half of the inner he-
lix have been reported to alter gating (Shyng et al.,
1997; Lu et al.,, 1999; Enkvetchakul et al., 2000; Lippiat
et al., 2000; Li-Smerin et al., 2000; Loussouarn et al.,
2000; Espinosa et al., 2001; Panchenko et al., 2001;
Sadja et al., 2001; Hackos et al., 2002; Jin et al., 2002;
Lu et al., 2002; Yifrach and MacKinnon, 2002). Muta-
tions in the inner helix have been shown to have both
favorable and unfavorable energetic effects on the
closed-to-open equilibrium. In the most extreme cases,
the energetic effects were so favorable that the chan-
nels were constitutively active (Minor et al., 1999; Yi et
al,, 2001a; Yi et al., 2001b; Sadja et al., 2001; Zeidner et
al., 2001; Hackos et al., 2002). We show here that
G392C, and A388C after modification, also make the
channels open in the absence of ligand. These results
suggest that the inner helix is important for channel
gating of many P-loop—containing channels.

Some of the cysteine mutations in the S6 produced
novel gating effects. Currents through S399C channels
spontaneously declined immediately after patch exci-
sion. We demonstrated previously that the decline in
S399C current is due to the formation of a disulfide
bond between the S399C residues from different sub-
units (Flynn and Zagotta, 2001). An intersubunit disul-
fide bond also formed in V391C channels, but required
the presence of the mild oxidizing agent copper:
phenanthroline (Flynn and Zagotta, 2001). Currents
through G395C channels decline after a brief exposure
to MTSEA. This unexpected result suggests a possible
disulfide bond between G395C residues that is cata-
lyzed by thiol-disulfide exchange (Creighton, 1984). All
of these results are consistent with the prediction that
V391C, G395C, and S399C are pointing toward the cen-
ter of the pore. The distance between each of these
sites on neighboring or diagonal subunits is <10 A in
the KcsA homology model, which is within a suitable
range for disulfide bond formation (Creighton, 1984,
1993; Falke et al., 1988; Careaga and Falke, 1992). An-
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other novel gating effect is observed in A388C chan-
nels. Currents through A388C channels spontaneously
decline to a new steady-state level when the patch was
exposed to a saturating cGMP solution (unpublished
data). This decline in current was partially recoverable
when the channels were closed by exposure to a cyclic
nucleotide-free solution. Thus, A388C channels desen-
sitized.

Changes in Gating and Permeation Occur as S6 Cysteines
are Modified

Many of the cysteine mutant CNG channels exhibited a
complex response to modification by positively charged
MTSEA when applied in the open state. We observed a
decrease in cGMP-activated currents and a concomi-
tant increase in cIMP- and cAMP-activated currents in
several mutant channels. Because of these disparate ef-
fects on CNG currents, we designed a kinetic model
that describes the effects of modification in terms of al-
terations in both gating and permeation. The model
predicts changes in current for all three cyclic nucle-
otides caused by modifying each of four possible cys-
teines within the channel. Three key assumptions in
the model were (a) each modification produced an
equal and identical change in the free energy differ-
ence between the closed and open states, (b) each
modification produced an equal and identical change
in the conductance, and (c) each modification occurs
independently. The first of these three assumptions is
reasonable and is the prediction of a concerted open-
ing conformational change. A number of mutations
have been observed to have energetic effects that are
nearly additive when different numbers of subunits
are mutated (Liu et al., 1996, 1998; Varnum and Za-
gotta, 1996). However, it has also been proposed that
CNG channels gate by a dimer-of-dimer mechanism
where the energy effects are nonadditive (Liu et al.,
1998). The first assumption is also violated if disulfide
bonds occur or if there are interactions between modi-
fiers, such as electrostatic interactions between positive
charges. The second of these three assumptions is not
well supported theoretically; however, it has been
shown previously that modification by 1, 2, 3, or 4 MTS
reagents produced an approximately linear decreased
in the single-channel conductance (Lu et al., 1999;
Loussouarn et al., 2001). It is also supported by the ob-
servation that the current decline due to MTSET modi-
fication of S399C is twofold less in heterodimeric chan-
nels in which the number of modifiable cysteines is re-
duced by two relative to homodimeric channels. For
the third assumption, one possible violation occurs
when modification is state dependent and produces a
significant change in the open probability of the chan-
nel. In this study, all modification was performed by ap-
plying MTSEA in combination with a 2.5 mM concen-



tration of cGMP. The open probability of most of the
mutant channels in 2.5 mM ¢GMP was near one, with
the noted exception of G395C channels. In all cases
where modification changed the open probability, the
change increased an already high open probability for
these channels. In addition, we have shown previously
that residues deep in the pore (e.g., V391C) do not ex-
hibit state-dependent modification by MTSEA (Flynn
and Zagotta, 2001) and therefore state-dependent
modification is not a significant issue. A second possi-
ble violation of the third assumption is that the rate of
modification is affected by electrostatic or steric inter-
actions from a previous modification. This seems likely
for G395C and S399C channels where the model did
not produce an adequate fit. However, the success
of the model in fitting the data at most positions sug-
gests that these assumptions are reasonable. These as-
sumptions are required for the systematic analysis pre-
sented here, and we believe the qualitative conclusions
reached in this study are not strongly dependent on the
specifics of the model.

We used our model to analyze modification of cys-
teine residues introduced at positions 384-399 in the
S6 of CNGAI1 channels. By analyzing the effects of mod-
ification, we can directly compare the results from mul-
tiple positions with identical perturbations at each posi-
tion. For each site, we determined three different prop-
erties of the modification: (a) the bimolecular rate of
modification in the open state, (b) the change in con-
ductance with modification, and (c) the change in the
closed-to-open equilibrium with modification. In the
open state, we observed modification rates that ranged
over five orders of magnitude. The effects of modifica-
tion on permeation ranged from little to complete, but
were always negative thus resulting in a decrease in con-
ductance. The effects of modification on the closed-to-
open transition were variable but were always positive,
thus increasing the cAMP-activated currents. The suc-
cess of the model in fitting the data from a great major-
ity of positions in the S6 suggests that the model pro-
vides a good description of the gating and permeation
effects of modification.

Structural Homology with KcsA and MthK

CNGALI1 channels share sequence similarity with KcsA
and MthK channels. We have further confirmed a struc-
tural homology between these channels and CNGAIl
channels by showing that CNGAI residues predicted by
these structures to point toward the center of the pore
were those sites modified with the fastest rate constants
(Fig. 10). We also found that changes in the fractional
conductance per subunit caused by attaching a posi-
tively charged group to cysteine residues in the S6 re-
gion were largest for those sites predicted to point to-
ward the center of the pore, as though the positively-

charged cysteine interacted with the permeant ion
(Fig. 11). Perhaps more interestingly, pore-facing resi-
dues at the cytoplasmic end of the S6 (positions 395
and 399) had a somewhat smaller effect on conduc-
tance than other residues lining the pore. This result is
perhaps more consistent with a structural similarity be-
tween CNGAI and MthK where the cytoplasmic end of
the inner helix veers away from the central axis of the
pore.

Nature of the Physical Changes in the S6 of CNGA 1

The MthK structure was solved in the presence of a cal-
cium ligand that shifts the opening transition of these
channels to favor the open state (Jiang et al., 2002a,b).
Superimposition of KcsA and MthK suggests a struc-
tural model for the closed-to-open transition in the in-
ner helices; with KcsA being closed and MthK being
open. The physical model suggests that in the closed
state the inner helices are close together, forming a he-
lical bundle on the cytoplasmic side of the channel
(Doyle et al., 1998). In the open state, the inner helices
are separated by a bend at a conserved glycine disrupt-
ing the helical bundle and widening the entrance to
the pore (Jiang et al., 2002b). This glycine hinge is just
one residue upstream of the region we investigated and
may mark a site within CNG channels for a break or
bend in the S6 helix.

A model where the inner helices separate during
channel opening is consistent with our results. MTSEA
modification of many S6 sites resulted in a decrease in
free energy for channel opening (Fig. 12). This de-
crease might be caused if MTSEA disrupted the heli-
cal packing of the closed channel, making it easier for
the channels to open. We have shown previously that
S399C forms an intersubunit disulfide bond when
channels are closed but not when channels are open
(Flynn and Zagotta, 2001). This intersubunit disulfide
bond might lock the cytoplasmic ends of two S6 helices
in the closed configuration (Flynn and Zagotta, 2001).
In the KcsA structure, the residues corresponding to
S399C are close together (within 5-8 A), whereas in
MthK structure the residues are predicted to be far
apart (separate by 20-30 A). The closed and open con-
formations of CNGAI channels therefore may be simi-
lar to KcsA and MthK, respectively.

Conclusions

By perturbing the S6 region through mutations and
biochemical modifications, we have shown the impor-
tance of this region as part of the gating mechanism for
CNG channels and gained some insights into the struc-
ture and rearrangement of the pore. We conclude that:
(a) modification effects both gating and permeation,
(b) the open configuration of the pore of CNGAI
channels is consistent with the structure of MthK, and
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(c) the modification of the S6 disrupts the helical pack-
ing of the closed channel making it easier for the chan-
nels to open.
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