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ABSTRACT. First discovered in the sensory epithelium of the visual and olfactory systems, cyclic nucleotide-
gated (CNG) ion channels have now been found in tissues throughout the body. Native rod CNG channels
are tetramers composed of homologous, but distimetand 5-subunits. The goal of this study was to
develop a novel method for targeting covalent attachment of cGMP to individual subunit types. Toward
this goal, we have found that treatment of membrane patches expressingstdulinit channels with
sulfhydryl-reactive derivatives of cGMP resulted in irreversible activation. The persistent currents were
sensitive to block by both Mg and tetracaine. Pretreatment of the patch with the sulfhydryl-blocking
reagentN-ethylmaleimide (NEM) and bis-dithionitrobenzoic acid (DTNB) prevented covalent activation;

the effect of DTNB was reversed by reduction with DTT. Furthermore, the process of covalent activation
was dramatically slowed by the presence of an excess of 8-Br-cGMP. These results suggested that covalent
activation resulted from the tethering of cGMP near the channel’s ligand-binding sites by reaction with
an endogenous cysteine. Thesubunit of the rod channel contains seven cysteine residues, and we set
out to determine the site of attachment by site-directed mutagenesis. Surprisingly, irreversible activation
was not abolished by elimination of all seven cysteine residues. This result suggests that the site of
attachment is on a tightly associated protein, rather than on the channel protein itself. To further investigate
these results, we treated patches containing irreversibly activated channels wjly/r10trypsin and
discovered two modes of covalent activation. One type developed rapidly and was removed by trypsin
treatment, and the second developed slowly and was resistant to trypsin treatment. Both types of covalent
activation were present in all mutants tested and were also present when CNG channels were expressed
in HEK-293 cells. These results suggest that CNG channel subunits may associate with endogenous proteins
when they are expressed in heterologous systems.

The cyclic nucleotide-gated (CNG) ion channel of retinal ~ Activation of CNG ion channels is a multistep process in
photoreceptors generates the cell’'s electrical response bywhich a series of ligand-binding steps is followed by an
tracking light-induced changes in the intracellular level of allosteric transition that leads to channel openih6—19).
cGMP (L, 2). The rod CNG channel is a tetramer composed Because each binding step is a dynamic equilibrium with
of 63 kDaa- and 240 kDg3-subunits 8—7). Both subunit ligands binding and dissociating on a millisecond time scale,
types contain a transmembrane domain and pore region init has been difficult to assess the contributions of individual
the amino-terminal portion and a cyclic nucleotide-binding binding steps to overall channel activation. Recently, these
site at the carboxy-terminug-+¢ 10). While the basic structure ~ obstacles have been surmounted by covalently tethering a
of both subunits is similar, each subunit type possesses aPhotoaffinity analogue of cGMP (APT-CGMP) to the chan-
number of distinct functional characteristics. For instance, Nel's binding sites10, 20). The ability to study the activation
the a-subunit contains a histidine residue in the linker region ©f channels with a fixed complement of attached ligands

between the transmembrane and cyclic nucleotide-binding z!lo&/yed H{S tof|detr_1t|fyr? funclzglong heteré)?(enelty r']n the
domains that is required for potentiation of the channel’s inding sites of native channei21). Ruiz and Karpen have

response by transition metal divalent catiof$, (12). The extend_ed this analys_ls to the single Cha!"“e' I_eQé).(By
B-subunit, on the other hand, binds the calcivgalmodulin analyzing the behavior of channel species with zero, one,

complex, thereby lowering the channel’'s apparent affinity two, three, or four ligands covalently attached, they have
' - ; : developed a model for channel activation that exhibits
for cGMP (13—15). In addition, thes-subunit contains a P

| ) rich d i of unk ‘ . ) . “dynamic flexibility”. All channel species can open to any
?elrjrﬁ?l(;ag -fich domain of unknown function atits amino- o0 of three conductance states, but binding of more ligands
inus 7).

favors longer openings with increased conducta@. (

We are trying currently to develop a method to target
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channel. The photoaffinity probe is not well suited for this reactive derivatives described below. Purified 8-thio-cGMP
purpose because photolysis generates a highly reactive ang100 mg; 0.25 mmol) was dissolved in 20 mL of 50 mM
rather nonselective nitrene species. Although the labeling wassodium borate, pH 8.5, and a 10-fold excess of 2-bromo-
primarily confined to the cGMP-binding sites, APT-cGMP ethylamine hydrobromide (0.5 g) was added. The reaction
did not seem to distinguish significantly between theand mix was incubated at room temperature for-28 h. The
B-subunits in the native channdl@). One strategy to limit ~ product, aminoethylthio-cGMP (AET-cG), was purified by
attachment to a single subunit type is to use sulfhydryl- reversed-phase HPLC as described above, and then dried in
reactive derivatives of cGMP, which attach to the channel a Speed-Vac to remove the methanol and ammonium acetate.

via reaction with endogenous cysteine residues. After the |oqoacetamidobenzoylamidoethylthio-cGMP (IABET-CG)
site of attachment has been identified by site-specific AET-cG (50 mg;~0.10 mmol) was dissolved in 10 mL of
mutagenesis, mutant subunits could be created that wereso mm sodium borate, pH 8.5. A 2-fold excess of sulfo-
resistant to covalent activation. Here we report the production g|ag (100 mg) was added, and the reaction was incubated
of sulfhydryl-reactive derivatives of cGMP that irreversibly ot room temperature in the dark for-82 h. The product,

activate current through CNG channels when applied to the |ABET-cG, was purified by reversed-phase HPLC as de-
cytoplasmic face of excised membrane patches. Surprisingly.scriped and dried in a Speed-Vac.

however, removal of all seven cysteine residues from the o . .
' ) o . 2-Pyridyldithiopropylaminoethylthio-cGMP (PDT-cQGAET-
rod CNG channed-subunit did not hinder the development ¢G (50 mg:~0.1 mmol) was dissolved in 10 mL of 50 mM

of irreversible activation. These results suggest that irrevers-~~ >
ible activation may result from attachment of cGMP moieties S°d'“T“ bofa‘e' pH 85 A 2-fold excess of SPDP .(60 mg)
was first dissolved in a small volume of acetonitrile, and

to a number of cysteine residues in close proximity to the then added to the solution of AET-cG. The reaction mixture

CGMP-binding site; some of these sites may reside on awas incubated for 612 h at room temperature. The product
protein that is tightly associated with the channel, rather than PDT-cG, was purified by reversed-phase HPLC and dried

the channel itself. in a Speed-Vac.

MATERIALS AND METHODS Determination of Cyclic Nucleotide Concentratio@on-

Cyclic nucleotides, TPCK-treated trypsin, collagenase centrations of cyclic nucleotide derivatives were determined
(type 1A), NEM, and DTNB were purchased from Sigma Py UV absorbance. An extinction coefficient of 12 _9_50M
(St. Louis, MO). The heterobifunctional cross-linkers sul- €M+ was used for cGMP. The extinction coefficient of
fosuccinimidyl[4-iodoacetyllaminobenzoate (sulfo-SIAB) and VSET-cG was assumed to be the same as AET-cG [17 700
N-succinimidyl 3-[2-pyridyldithio]propionate (SPDP) were M * cm™ (24)]. To determine the extinction coefficient for
from Pierce (Rockford, IL), and divinyl sulfone was from ABET-CGMP, a highly purified sample was dried repeatedly
Aldrich (Milwaukee, WI). Methanethiosulfonate reagents Uuntil it reached a constant weight in a Speed-Vac. This
were purchased from Toronto Research Chemicals (Toronto,@ssured that all of the ammonium acetate from the HPLC
Ontario, Canada). All buffers and reagents were of the purification step had been remoyed. The absc_)rbanqe of this
highest purity availabléXenopus lagis were purchased from ~ Sample was then measured after it had been diluted in buffer,
Xenopus One (Ann Arbor, MI)Rana pipiensvere purchased and the extinction coefficient was calculated assuming that
from Charles Sullivan (Nashville, TN). Electrospray mass the product was an anhydrous acetate salt. The extinction
spectrometric analysis of the cyclic nucleotide derivatives CO€fficient of PDT-cGMP was determined by two different
was performed at the W. Alton Jones Protein Science CenterMethods. The first method was a gravimetric method similar
(Lake Placid, NY). to that described for IABET-cGMP. In the second method,

Synthesis of Sulfhydryl-ReagtiDerivatives of cGMPAIl the concentration of PDT-cGMP was estimated by the
sulfhydryl-reactive derivatives of cGMP were synthesized increase ils;zgenerated by the release of pyridine-2-thione
from 8-thio-cGMP, which was prepared as described previ- When PDT-cGMP is reduced h§-mercaptoethanol (The
ously 4). Reaction progress was monitored by thin-layer Molar extinction coefficient of pyridine-2-thione is 8.08
chromatography on silica. 10° M~ cm™Y). The concentration determined in this manner

Vinylsulfonoethylthio-cGMP (VSET-cGJifty milligrams was thgn compgr_ed to the absorbance prior to reduction. The
(0.13 mmol) of purified 8-thio-cGMP (ammonium salt) was extinction coefficients that were determined for PDT-cGMP
dissolved in 10 mL of 50 mM sodium borate, pH 8.5. A usi_ng these two methods agreed withi_n _1_0%. Molecular
20-fold excess of divinyl sulfone (0.3 g; 0.25 mL) was added, weights, spectral data, and appare_nt affinities for IABET-,
and the reaction mix was incubated for-248 h at room  PDT-, and VSET-cGMP are given in Table 1.
temperature. Excess divinyl sulfone and solvent were re- Mutagenesis and Expression of the Rod CNG Channel
moved by repeated drying in a Speed-Vac (Savant, Holbrook, Complementary DNAs encoding tlesubunit of the wild-
NY). The product, VSET-cG, was dissolved in water and type bovine rod CNG channel (bROD), as well as #-
purified by reversed-phase HPLC on a 250 mn22 mm andAC-bROD, and the cysteine-free mutants were gifts from
Econosphere C18 column (Alltech, Deerfield, IL) using a the laboratory of Dr. W. N. Zagotta (University of Wash-
water to methanol gradient (1%/min) with 5 mM ammonium ington, Seattle, WA). The cDNA had been modified using
acetate (pH 3.9) throughout. The flow rate was 5 mL/min, silent mutations to create a user-friendly gene with a number
and the column eluate was monitored for absorbance at 2800f unique restriction sites. Other cysteine point mutations
nm using a diode-array detector (HPLC System 1100; were created using the Quick-Change kit (Stratagene, La
Hewlett-Packard, Palo Alto, CA). Jolla, CA). Complementary RNA was transcribed using the

Aminoethylthio-cGMP (AET-cGAminoethylthio-cGMP mMessage mMachine kit (Ambion, Austin, TX), aXéno-
was a key intermediate in the synthesis of the two sulfhydryl- pus oocytes were selected and injected as previously
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Table 1: Structures and Physical Properties of Sulfhydryl-Reactive Derivatives of Cyclic GMP
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derivative calcd mol wt (NEi™ salt) m/e (mM~tcm?) Amax(Nm) Kyj2 (uM)
IABET-cG 725 706.3 26.8 272 1.7
VSET-cG 513 494.3 17.7 276 1.7
PDT-cG 635 616.0 19.5 282 1.2

described?5). All procedures involving animals were carried 1200 controlled by pCLAMP6.0 software (Axon Instru-
out as prescribed by institutional guidelines. ments). The electrodes used to record from oocytes had
For some experiments, CNG channels were expressed irresistances between 0.5 and 1.82Mhose used to record
HEK-293 cells. These cells were transfected with a pcDNA from HEK cells and photoreceptors had resistances—§ 2
vector (Invitrogen, Carlsbad, CA) containing the gene MQ. The latter electrodes were bent slightly about 1 mm
encoding the wild-type rod channetsubunit (a gift from  from the tip using a miniature oxygeracetylene torch to
Dr. Robert Molday, University of British Columbia) by  tacjlitate a more vertical approach to the cells. Gigaohm seals
treatment with pFX-6 (Invitrogen, Carlsbad, CA) using the 5 hhotoreceptors and HEK cells were initially obtained in
procedure of Biel et al.26). Cells were cotransfected with Ringer solution. Following patch excision, currents were
a plasmid encoding green fluorescent protein (Clontech, Palomeasured in control buffer containing 130' mM NaCl. 0.2

Alto, CA). Two days after transfection, cells expressing
exogenous protein were identified by fluorescence, and CNG mM.EDTA, anq 3 ”!'V' Hepes, pH 7.'4' Seals on oocytes were
routinely obtained in control solution.

channel activity was assayed by patch-clamp recording from

excised inside-out patches. Cyclic nucleotide-stimulated currents were determined
Preparation of Rod PhotoreceptorRod photoreceptors  from inside-out patches by subtracting currents in a nucleo-
were prepared as described previougy)( Briefly, light- tide-free control solution from those obtained when various

adaptedR. pipienswere sacrificed by rapid decapitation concentrations of cyclic nucleotide were added. Solutions
followed by bilateral pithing of the brain and spinal cord. were applied to the intracellular face of patches using an
After removal and hemisection of the eye cups, the retinas array of tubes controlled by a Biologic RSC-100 (Molecular
were gently peeled from the pigment epithelium and placed kinetics, Pullman, WA). Following permanent activation,
in a modified Ringer solution containing 111 mM NaCl, 2.5 o «eak” current was estimated following application of
mM KC, 1.5 mM CaC}, 6.0 mM MgCb, 10 mMp-glucose, either 10 mM MgC} or 500 uM tetracaine 27). These

0.02 mM EDTA, and 3.0 mM Hepes, pH 7.6. The bottom . L
of the experimental chamber was made tacky by brief concentrations of channel blockers would inhibit greater than
P y oy 95% of the channel current. Although magnesium is a

treatment with 1 mg/mL poly-lysine hydrobromide (30009 o o
70000 mol wt; Sigma, St. Louis, MO) or 0.1 mg/mL somewhat less specific blocker than tetracaine, it was used

concanavalin A (Sigma) followed by a thorough rinse with N MOst cases because it was more readily reversible. Patches
Ringer solution. Small pieces of retina were placed in the that showed a significant decrease in the seal resistance
chamber and teased apart with fine forceps to release(determined by comparing the original leak current to the
individual rod outer segments. current present in 10 mM Mgghfter covalent activation)

Electrophysiological MeasurementCurrents through ~ Were discontinued. Results were analyzed using SigmaPlot
CNG channels from all three types of preparation were (Jandel Scientific, San Rafael, CA). When results were
recorded using a Axopatch 200A amplifier (Axon Instru- plotted as histograms, the error bars indicate the standard
ments, Foster City, CA). Data were acquired using a Digidata deviation among the values from different patches.
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Ficure 1: Covalent activation of rod-subunit CNG channels by IABET-cGMP. The open circles indicate the current elicite@ynV

pulses given every 5 s. The intracellular face of the patch was exposed to solutions indicated by the thicker lines at the top of the figure.

Currents were not leak-subtracted. Application of a saturating concentration of cGMP evoked a 14 nA current that returned to baseline

within 5 s ofcGMP removal. A brief application of IABET-cGMP also elicited a near maximal current, but its effect was not fully reversed

upon removal. Instead, a persistent current developed with continued exposure that reached 95% of the maximum current at 800 s. This

persistent current was strongly blocked by 10 mM MgQlhese results strongly suggest that the persistent current was due to covalent

activation of the CNG channels by tethering of cGMP near its binding site. Application ofig®eL trypsin, however, rapidly removed

80% of the covalent activation in this patch with little effect on the maximum current.

RESULTS free control. Repeated exposure to IABET-cGMP for a total
of 5—7 min resulted in a persistent current that we35%

of the maximum current elicited by the application of a
saturating concentration of cGMP. This persistent current
was virtually abolished by the addition of 10 mM MgCl
(see Figure 1) or 500M tetracaine (data not shown) to the
bath solution. These data suggest that the persistent current
was caused by irreversible activation of channels due to the
covalent attachment of IABET-cGMP near the channel’s

Irreversible Actvation of CNG Channels by Sulfhydryl-
Reactie Derivatives of cGMP.Three new sulfhydryl-
reactive derivatives of cGMP were synthesized and charac-
terized in this study. Their structures and physical properties,
including absorbance maximums, extinction coefficients, and
molecular weights, are given in Table 1. All three derivatives
activated the CNG channel when applied at low micromolar
gigf:sn;{r? gt]I?F? ; rtg)dlgjfljer;g}jégr?:g:rsat?oxr? ;Szgogggﬂ?\;l)cytesligand-binding sites. Most of this covalent activation could

elicited saturated responses from the channel, similar to thattbhe trem”oged d.by treat(;ngnlt W't.h 1@@/tdetr)t/p$ |r_1|: a rtesultt f
obtained in 1 mM cGMP. Approximate,, values for these at will be discussed below In greater detail. freatment o

derivatives are also given in Table 1. These values were patches with PDT-cG or VSET-cG resulted in similar

: . : : ible activation. The time course of permanent activa-
determined by measuring a desesponse relation following ITEVersi e
modification of the channel with sulfonatoethylmethane- tion by VSET-cG was similar, but that of PDT-cGMP was

thiosulfonate (MTSES). We have previously shown that this remarkably rapid (see Figure 7). In f"?‘Ct’ appllcatloq Of. 25
MTS compound efficiently blocks sulfhydryl groups on the #M EDT-CGMP led to nearly complete irreversible activation
a-subunit of the rod CNG channel without altering the dese  Within 10's.
response relation of the chann2by. It was not possible to Covalent Actvation Occursvia the Reaction with Endog-
measure an accurate desesponse relation using unmodi- enous Sulfhydryl Group®retreatment of patches with the
fied channels because application of these derivatives causegulfhydryl-reagentdN-ethylmaleimide (NEM) or dithio-bis-
irreversible channel activation. During this process, the nitrobenzoic acid (DTNB) blocked permanent activation
dose-response relation shifts to lower concentrations and (Figure 2). Patches exposed to 281 IABET-cGMP for
becomes significantly shallower. more than 7 min reached a limiting activation level of-28
Exposure of roda-subunit CNG channels to IABET- 4% in control solution. Pretreatment of patches with 1 mM
cGMP caused irreversible activation (Throughout this paper NEM for 5—10 min did not induce measurable spontaneous
the terms “irreversible”, “permanent”, and “covalent” are channel activity, and the maximum patch current in the
used interchangeably to describe activation that cannot bepresence of saturating concentrations of cGMP was also
removed by extended perfusion of the patch with nucleotide- largely unchanged. This treatment, however, did block
free control solution.). As shown in Figure 1, the application permanent activation when the patch was subsequently
of 50 uM IABET-cGMP to an excised patch elicited a treated with IABET-cGMP. Instead of the98% permanent
maximal current response. Upon removal of IABET-cGMP, activation obtained with riee patches, the extent of irrevers-
however, the patch current did not return to the initial control ible activation was limited to only 5 2%. Similar results
level. Instead, the patch current remained~e80% of were obtained upon pretreatment with 1 mM DTNB for
maximum even after extended perfusion with nucleotide- 5—10 min. Once again pretreatment had little effect on
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Ficure 2: Treatment of excised patches &fenopusoocyte -
membrane containing expressed bovine retiralibunit channels O)>

with IABET-cG resulted in irreversible activation via tethering to
endogenous cysteine residues. Patches were treated with a saturatingcure 3: PDT-cGMP covalently activated the channel by forming
concentration of IABET-cGMP (2&M) and then washed exten-  a mixed disulfide that could be cleaved by DTT. To confirm that
sively in nucleotide-free control solution. The seal resistance and covalent activation was due to modification of a cysteine and not
“leak” current were estimated by blocking the channel current with  some other nucleophilic residue, we tested a derivative that forms
either 10 mM MgC} or 500uM tetracaine. The extent of covalent reversible mixed disulfide linkages with sulfhydryls. Exposure of
activation was then determined by comparing the difference currentan excised patch to 26M PDT-cGMP for 1 min resulted in
present in control solution with that elicited by a saturating covalent activation of virtually all of the CNG channels. This
concentration of cGMP. IABET-cGMP was applied repeatedly until covalent activation could be reversed by a subsequent 30 min
the extent of covalent activation reached a limiting vaé (nin treatment with 10 mM DTT, which reductively cleaves disulfides.
total application time). This treatment typically resulted in covalent This type of reversibility is specific to modification of sulfhydryl
activation of>98 + 2% of the channels\ = 5). Pretreatment (5  groups. The values shown are the means of results from three
min) of the patch with the sulfhydryl-specific reagents NEM or different patches.
DTNB significantly blocked covalent activation (NEM,-50.8%;
DTNB, 4 4+ 1.5%; N = 4 for each). Because DTNB reacts with At ; ; i R
sulfhydryls to form mixed disulfiées, its blocking effect could ger!va:!ves, Whlfh .frl]re ?flrljy(ljatllng agents_, C:jli{h'?ﬁé/”dm?
subsequently be reversed by treatment with DTT which regeneratesU€/1vValives react with suliilydryl groups via disuflide ex
free sulfhydryl groups (96 4%). change. The resulting mixed disulfide linkage can be
reductively cleaved by treatment with DTT. As shown in
spontaneous channel activity or maximum current, but it Figure 3, treatment with DTT did reverse the covalent
prevented covalent activation by IABET-cGMP. Because activation achieved with PDT-cGMP. As a final control, we
DTNB reacts with sulfhydryl groups to form mixed disul- monitored reaction of both the IABET- and PDT-cGMP
fides, this modification should be reversed by treatment with derivatives with free cysteine, lysine, and histidine in
reducing agents such Asmercaptoethanol and dithiothreitol ~ solution. In these experiments, %M IABET- or PDT-
(DTT). Treatment of the DTNB-modified patches with 20 cGMP was incubated in control patch-clamp solution con-
mM DTT for 10 min restored the ability of the channels to taining the amino acid to be tested at a concentration of 1
be irreversibly activated by subsequent application of IA- mM. Reaction progress was monitored by reversed-phase
BET-cGMP. HPLC using the same conditions described for the purifica-
Similar experiments were also performed with PDT-cGMP tion of the cGMP derivatives. While both derivatives reacted
using the sulfhydryl-reagent methanethiosulfonate-ethylsul- rapidly with cysteine, no reaction was detectable with either
fonic acid (MTSES). Pretreatment of patches with %00 lysine or histidine even after 3215 h at room temperature.
MTSES for 5 min in control solution substantially blocked In light of these results, it seems virtually certain that
covalent activation by PDT-cGMP. After treatment with irreversible activation by our sulfhydryl-reactive derivatives
MTSES, application of 2aM PDT-cGMP for 10 min caused  occurs via reaction with sulfhydryl groups.
less than 5% covalent activation. This compares with almost  Excess 8-Br-cGMP Dramatically Slows @dent Actva-
complete covalent activation of unmodified channels in just tion by IABET-cGMP.If irreversible activation is due to
10 s (data not shown). tethering of cGMP within the binding sites of the channel,
To further test if our cGMP derivatives were, in fact, the time course of covalent activation should be dramatically
reacting with sulfhydryl groups, we performed several more slowed by the presence of competing ligand. To investigate
control experiments. First, we checked to see if the permanentthis possibility, we included 2 mM 8-Br-cGMP during the
activation caused by PDT-cGMP was reversed by treatmenttreatment of the patch with 50M IABET-cGMP. As shown
with DTT. Unlike the iodoacetamide and vinyl sulfone in Figure 4, the rate of covalent activation was significantly
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Table 2: Summary of Expression and Activation Properties of CNG
. Channel Mutants
100 o ®
d expression cov. act. with
s . channel type Ky, (mM) n level IABET-cG

£ bRod 79420  2.3+03  ++++ yes
B . C35A 86+ 17 244+0.3 ++ yes
5 50 1 C169T 84+15  23+03  ++++ yes
< C186T 156 2.3 +++ yes
3 C314T 133 2.0 + yes
[ C481A 39+ 6 24+0.8 +++ es
g | VMeETeer e . C505T 67422 23103  +++ Jes
i s © ° C573A 98+ 17 1.45+£ 0.6 ++++ yes
01 © T C573T 280+ 12 1.9+402 ++ yes
IABET-cG alone C573S 23324 1.8+0.1 ++++ yes
AN-bROD 89+ 24 201+ 03 ++++ yes
c‘) 2 "1 "5 é 1'0 1'2 AC-bROD 118+ 21 1.97 ++++ yes
Cys-free 8.6:0.44 2.1° +++ yes

Time (min.) - - .
o 2 This table compares the activation parameters and expression levels
FicURe 4. Excess 8-Br-cGMP slows covalent activation by IABET-  of a series of mutants in which one or more cysteine residues was

cGMP. A patch from an oocyte expressing the rod CNG channel removed. Typical expression levels are encoded as follows:++)
o-subunit was exposed to 28M IABET-cGMP in the presence maximum currents> 2000 pA; (+++) 500-1999 pA; (+) 200
or absence of 2 mM 8-Br-cGMP. Plot depicts the time course of 499 pA: (+) 10-199 pA; and (NE) no detectable expression>if
covalent activation. The 8-Br-cGMP was present in during the first batches of oocytes. All values ateSD except for the Cys-free mutant
5 min of exposure®) but was absent during minutes-62 (@). which is+ SEM. All patches for which a SD is listed hadevalues
Similar results were seen in two other patches. ranging from 4 to 20. The values for the C186T and C314T are from
single patches? Values taken from reg8.

reduced. After the excess cGMP was removed, covalent
activation of the channels in this patch proceeded along a
typical time course. These results indicate that efficient
covalent activation requires concentration of the IABET-
cGMP in the channel’s binding sites and suggest that the
cysteine involved in covalent activation is in close proximity
to the binding site. The predicted length of the linker between
the guanine ring of cGMP and the sulfhydryl-reactive group
is ~15 A for IABET-cGMP, ~10 A for PDT-cGMP, and
~7 A for VSET-cGMP.

Mutation of Cysteine Residues in the Channel Does Not Inside
Eliminate Caalent Activation. In the next series of experi-
ments, we set out to determine the site of attachment thatpgre 5: Location of cysteine residues within teesubunit of
produces irreversible channel activation. There are seventhe bovine retinal CNG channel. The proposed membrane topology
cysteine residues scattered throughoutdbhsgubunit of the of the retinal CNG channel includes six transmembrane helices, a
channel (Figure 5). Two of these residues, cysteines 169 andPre 0op, and a carboxy-terminal cGMP-binding domain. Seven

. . . cysteine residues are present in thesubunit. One, C186, is
314, are located in regions of the channel predicted by predicted to lie on the external face of the channel, and two others,

hydro_pathy pI(:)tS to “}3 within the_plasma membrane, and c169 and C314, are predicted to be buried within the membrane.
cysteine 184 is predicted to be in an exterior loop. The The remaining four are predicted to lie on the cytoplasmic face of

remaining four cysteine residues are expected to lie on thethe channel. The first, C35, lies near the amino-terminus. The

cytoplasmic face of the channel. Cysteine 35 is located in second, C481, lies in the loop connecting the transmembrane

: . : . . domain to the cGMP-binding site. The final two, C505 and C573,
the amino-terminal region of the channel, prior to the first ;.o t5nd within the cGMP-binding site itself. C505 is predicted
transmembrane domain. Cysteine 481 lies in a linker region g pe within 12 A of the bound cGMPAP).

between the channel’s transmembrane and cyclic nucleotide-
binding domain. The final two cysteine residues, at positions of the channel (C35A/C169S/C186S/C386S/C481F/C505V/
505 and 573, are found within the cyclic nucleotide-binding C573V) as a gift from W. N. Zagotta, G. Flynn, and K.
domain itself. Each of these residues was individually Matulef (University of Washington). The functional behavior
mutated to either alanine or threonine, depending on which of this channel was similar to wild-type, although the
mutation resulted in better expression and/or less perturbationapparent affinity was slightly higheKf,, = 8.6 uM (28)].
of channel properties (i.e., the desesponse relation for  This decrease ik, is most likely due in part to the C481F
CGMP; see Table 2). These mutant forms of the CNG mutation @5, 28). When the Cys-free mutant was challenged
channel were challenged with a saturating concentration ofwith PDT-cGMP, irreversible activation was undiminished
IABET-cGMP (25-50 uM) to determine if any were (Figure 6). Similar results were obtained with IABET-
resistant to irreversible activation. As shown in Figure 6, all cGMP.
single mutants were still irreversibly activated by this  Brief Treatment with Trypsin Remes the Initial Type of
treatment. Furthermore, none exhibited a significant changeCovalent Actvation. We then examined one possible ex-
in the kinetics of permanent activation (data not shown). planation for our perplexing results. Irreversible activation
Because covalent activation persisted in several double andmight occur if the sulfhydryl-reactive cGMP derivatives were
triple mutants, we obtained a functional cysteine-free version attaching to a protein that was intimately associated with

+
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FIGURE 6: Mutation of individual cysteine residues in the channel ™ 00
does not eliminate covalent attachment by IABET-cGMP. As shown g * 5%
at right, even elimination of all cysteine residues did not abolish T o § w0
covalent activation. Values shown are the mean from at least four g P
patches, except for the C186T, which was from two patches. E E. H
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the channel, rather than the channel itself. If this associated B«ﬁ;@f"\,\ﬁ ,ﬁ;@*\ ra e«@i ey ,\c@“’: «@‘i «ﬁ‘i\ e
protein were highly sensitive to digestion by trypsin, it might N ‘;,ge‘*"é A Ge?"é € ‘*‘Q@?"
be possible to remove covalent activation, while leaving the o v o o

CNG channels functionally intact. This type of experiment FiGurRe7: Two types of covalent activation are revealed by trypsin
is shown in the latter half of Figure 1. CNG channels in a treatment. Wild-typex-subunit channels (bROD) and amino- and

; ; ; carboxy-terminal deletion mutant?All- and AC-bROD) were
patch from an oocyte expressing the bovine cogubunit exposed to 25M PDT-cGMP for times indicated at the top of

were covalently activated by application of IABET-CGMP.  ach panel. Because of its lowkip, the Cys-free mutant was
Following irreversible activation, the patch was treated with treated with 5uM PDT-cGMP. After determining the extent of

100ug/mL trypsin in control buffer. As the trypsin solution irreversible activation (Pre trypsin), patches were exposed to 100
s applet e patch curent decined prepiosly.ovent 1L st 1 5 i, Sibsienty, e pa e v
ally reaching a level about 20% of the original after 1.5 min. 5 G-y ! ST Sup post?trypsixg). Al comparisongare o

This decline was not, however, due to the degradation of yth the original patch current measured in 2 mM cGMP. All values

channel activity. Application of 2 mM cGMP restored the shown are the mean(SD) from at least three patches.

patch current t0>90% of the original maximum. When  ich regions in the amino-terminal region, which might be

IABET-cGMP was subsequently reapplied to these trypsin- e intial target for trypsin cleavage. This notion is supported
treated patches, covalent activation was still possible, butby the results of Cook et al., who reported that mild

the kinetics were slowed by more than an order of magnitude. 4y hsinization of native membranes removed approximately
This slow form of covalent activation, however, was insensi- 4 pa from the amino-terminus of the chann29) In light
tive to trypsin treatment. When these patches were treatedqs the fact that covalent activation persisted after mutation
with trypsin for a second time, there was only a slow decline ¢ e only cysteine in the amino-terminal region (C35), it
in covalent activation that paralleled the loss of the maximum gaemed unlikely that the PDT-cG was attaching directly to
current obtained in the presence of 2 mM cGMP (data Nnot s region of theo-subunit. To test if this region was the
shown). binding site for an associated protein, we expressed a deletion
To further investigate these two modes of covalent mutant AN-bROD) lacking virtually the entire amino-
activation, we turned to the PDT-cGMP derivative because terminus up to the first transmembrane hel%) We have
of its more rapid kinetics. As shown in Figure 7, a five also expressed a carboxy-terminal deletion mutant that is
second treatment was sufficient to irreversibly activa®% truncated at position 608AC-bROD), just a few residues
of the channels in a patch. When these patches were exposegeyond the cGMP-binding site. These mutants, as well as
to trypsin, we found that the type of covalent activation the cysteine-free mutant, were challenged with PDT-cG and
resulting from this brief application of PDT-cGMP was tested for the presence of both forms of covalent activation.
readily removed without significant loss of maximum current.  Not surprisingly, there was some minor variability3-fold)
Other patches were exposed to PDT-cGMP for 1 min. This among the mutant channels in the time required for the
resulted in covalent activation of virtually all of the channels. development of trypsin-sensitive and/or -insensitive covalent
Subsequent treatment of these patches with trypsin revealedctivation. For instance, in th&N-bROD channel, the rapid
a second type of covalent activation that occured on a longerphase of covalent activation was slightly slowed so that it
time scale and was resistant to trypsin. required a 15 s exposure to achieve 90% covalent activation.
The question of how trypsin reverses the rapid type of This longer exposure to PDT-cG, however, also resulted in
permanent activation is intriguing. Trypsin treatment could a greater degree of trypsin-resistant covalent activation. This
release an associated protein either by clipping off the kinetic variability among the mutants caused slight differ-
segment of the channel to which it is bound or by degrading ences in the fraction of covalent activation generated by a
the channel-associated protein itself. A quick examination brief exposure to PDT-cG that was trypsin sensitive. As
of the channel's primary structure reveals several lysine- shown in Figure 7, however, both the N- and C-terminal



Irreversible Activation of Rod CNG Channels Biochemistry, Vol. 39, No. 2, 2000439

Control  — py— e— — — — — — — - — ——

Sat. ¢cG -
PDT-cG — -— — —
MgCly
Trypsin
Tetracaine

2000 |

Current (pA)

200 400 600 800 1000 1200 1400 1600 1800

ol

Time (s)

Ficure 8: Treatment with PDT-cGMP causes covalent activation of the native rod CNG channel. The open circles indicate the current
elicited by+50 mV pulses given every 10 s. The intracellular face of the patch was exposed to solutions indicated by the thicker lines at
the top of the figure. Currents were not leak-subtracted. Similar results were seen on two other patches.

truncation mutants as well as the cysteine-free mutant be less effective at promoting the allosteric conformational
displayed both trypsin-sensitive and trypsin-insensitive forms change that leads to channel opening. As shown in Figure
of covalent activation. 8, the covalent activation of the native channels was

Are These Perplexing Results Confined to CNG Channelsinsensitive to trypsin treatment. Thus, native photoreceptor
Expressed in Oocytes? @alent Actvation of CNG Channels  channels seem to lack the fast, trypsin-sensitive type of
Expressed in HEK-293 Cells and Nagi Photoreceptor covalent activation that occurs when CNG channels are
ChannelsTo determine if both forms of covalent activation expressed in oocytes or HEK cells.

occurred only when the-subunit was expressed in oocytes,  cgyalent Actvation by the Photoaffinity Analogue APT-
we expressed the rod CNG chanoesubunit in HEK-293 cGMP Was Resistant to Repab by Trypsin. We have
cells. A number of ion channels have been shown to exhibit yreviously reported covalent activation of native and ex-
aberrant behavior when expressed in oocytes due to coaspressed rod CNG channels by treatment with a photoaffinity
sembly with endogenous proteins (see Discussion). Onceanalogue of cGMP, APT-cGMP, in the presence of UV light
again, the CNG channels expressed in HEK cells displayed 20, 21). In light of our results with the sulfhydryl-reactive
both trypsin-sensitive and trypsin-insensitive forms of co- gerivatives of cGMP, we wanted to test another form of
valent activation (data not shown). If covalent activation is coyalent activation for sensitivity to trypsin. When channels
due to attachment of cGMP to an auxiliary protein, the \yere covalently activated with APT-cGMP as previously
protein is also present in HEK-293 cells. ~ described, the persistent current was immune to trypsin
We next tested our three sulfhydryl-reactive derivatives treatment (data not shown). We have previously shown that

on native photoreceptor channels. For all analogues, covalentnis photoaffinity probe attaches to hydrophobic residues in
activation of native channels proceeded much more slowly the g-roll structure of the binding sitel().

than for its heterologously expressed counterparts. A time

course of irreversible activation by treatment with PDT- p|SCcUSSION

cGMP is shown in Figure 8. While this analogue covalently

activated expressed channels within a few seconds, it took We have developed sulfhydryl-reactive derivatives of
several minutes to covalently activate native channels. WhencGMP that irreversibly activate CNG channels by attaching
native channels were treated with IABET-cG or VSET-cG, to endogenous cysteine residues. We attempted to identify
covalent activation was even slower, taking-2L h for the site of attachment by site-specific mutagenesis of the
maximum effect. It was also difficult to achieve80—90% a-subunit of the rod CNG channel expressedXienopus
covalent activation in native channels. These differences areoocytes. Surprisingly, mutation of all seven cysteine residues
not due to the presence of thgsubunit in the native  in the a-subunit did not abolish irreversible activation.
channels. This possibility was tested by expression of Truncation of the N- or C-terminal region of the channel
heteromeric channels containing bath and -subunits in subunit was likewise ineffective. A mild trypsin treatment,
Xenopusocytes (data not shown). With regard to covalent however, was able to remove a significant portion of a rapidly
activation, the heteromeric channel was virtually indistin- developing form of covalent activation. These data suggest
guishable from the-subunit alone. The observed differences that the cysteine residues responsible for covalent activation
might be due to partial oxidation of the endogenous cysteine belong to a protein that is tightly associated with the channel,
residues. Alternatively, the covalently attached ligand might rather than the channel itself. Similar results were obtained
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when the rod CNG channel was expressed in HEK-293 cells. case of GIRK channels, the GIRK1 isoform is unable to form
Although the native channel can be irreversibly activated functional homomultimeric channels when expressed in many
by treatment with sulfhydryl-reactive derivatives of cGMP, cell lines. Functional expression requires coassembly with
the covalent activation is resistant to trypsin. These resultsthe cardiac inward rectifier (CIR). It seemed odd to obtain
suggest that the expressed channel may associate with @ubstantial currents following injection of Xenopus oocytes
protein present in both HEK-293 cells and oocytes. This with cRNA encoding only GIRK1. Subsequent experiments
accessory protein may not, however, associate with thehave shown that this robust expression is due to the presence
channel in the native photoreceptor environment. of the Xenopus version of the CIR proteQj. Finally, the

If IABET- and PDT-cGMP irreversibly activate the NR1 subunit of the human NMDA receptor has been shown
channel via attachment to an associated protein rather tharto coassemble with a Xenopus version of NR2 to form
the channel itself, the association must be very tight. The functional channels4l). Our current results advise some
associated protein must extend to within-11% A of the caution regarding the interpretation of experimental data for
bound cGMP, and it must not dissociate from the channel, heterologously expressed versions of the CNG channel. If
even with extended washing of the patch (1 h or more). this channel does, in fact, associate with endogenous regula-
Furthermore, this protein must bind to the “core” region of tory proteins, mutagenesis may alter channel function by
the channel, since it appears to associate with both N- andaltering interactions with associated proteins rather than
C-terminal deletion mutants. Thus far, few candidates have interactions intrinsic to the channel itself.
been found that can associate with the rod CNG channel.
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