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ABSTRACT. Cyclic nucleotide-gated channels of photoreceptors and olfactory sensory neurons are tetramers
consisting of A and B subunits. Here, the accessibility of the cysteines of the bovine rod cyclic nucleotide-
gated channel is examined as a function of ligand bindWgthylmaleimide-modified cysteines of both
subunits were identified by mass spectrometry after trypsin digestion. In the absence of ligand, the
intracellular carboxy-terminal cysteines of both subunits were accessihletioylmaleimide. Activation

of the channel abolished the accessibility of €yef the A subunit and Cy4%* of the B subunit, with

both being conserved cysteines of the cyclic nucleotide-binding sites. The cysteine of the pore loop of the
B subunit was also found to be modified by this reagent in the absence of ligand. The total number of
accessible cysteines of each subunit was determined by mass shifting upon modification with polyethylene
glycol maleimide. In the absence of cyclic nucleotides, this hydrophilic reagent only weakly labeled
cysteines of the A subunit but readily labeled at least three cysteines of the B subunit. Ligand binding
exposed two cysteines of the A subunit and one cysteine of the B subunit to chemical modification.
Double-modification experiments suggest that some of these cysteines are in or close to membrane-
spanning domains. However, these cysteines could not yet be identified. Together, the cysteine accessibility
of the native rod cyclic nucleotide-gated channel varies markedly upon ligand binding, thus indicating
major structural rearrangements, which are of functional importance for channel activation.

Cyclic nucleotide-gated (CNGXxhannels play a central  2A:2B (6, 7). Recently, however, considerable experimental
role in the excitation of photoreceptors and olfactory cells evidence has been reported that suggests that the subunit
(1, 2). In photoreceptors, light absorption activates the visual stoichiometry of the CNG channels in both rod photore-
cascade resulting in hydrolysis of cGMP followed by closure ceptors and olfactory cells is actually 3A:1B. Zheng et al.
of the CNG channels; thus, the steady depolarizing cation reported fluorescence resonance energy transfer (FRET) data
influx, existing in the dark, is shut down and the photo- suggesting that there is only one B subunit in the CNG
receptor is hyperpolarized. In olfactory cells, stimulation by channels of rod photoreceptors and olfactory neurgng)(
odorants results in activation of an adenylate cyclase, leadingzhong et al. demonstrated that the A subunit but not the B
to an increase of cCAMP and thus to activation of olfactory subunit of these CNG channels contains a characteristic
CNG channels. carboxy-terminal leucine-zipper motif, which leads to self-

In photoreceptors and olfactory cells, the CNG channels agssembly of a trimer1Q, 11). However, while the 3A:1B
consist of tetramers of two different classes of subunits, lately stojchiometry of rod CNG channels has recently received
designated CNGA and CNGEB). Whereas the A subunits  fyrther experimental support, there is substantial evidence
alone are assembled to functional CNG channels uponsyggesting that the native cone CNG channel has a 2A:2B

heterologous expression, this is not the case for the B sypunit stoichiometry with like subunits arranged adjacent
subunits. However, the characteristics observed for the nativeyg each other2).

CNG channels in rod photoreceptors or olfactory neurons
are only observed upon heterologous coexpression of both
A and B subunits4, 5).

For the rod CNG channel, Weitz et al. demonstrated
directly by thiol-specific cross linking of the native channel

Previously, the stoichiometry of the A and B subunits of in photoreceptor membranes that all of the adduct bands

the CNG channels of the photoreceptor was proposed to bepr_ed|cted fora c_ha_nnel with a 3A:1B but not for a channel
with a 2A:2B stoichiometry were observetid). To confine

*To whom correspondence should be addressed: Institute for cross linking only to the CNG channels, the .photoreceptor
Biological Information Processing (IBI), Research Center, D-52425 membranes were pretreated wiNkethylmaleimide (NEM),
JEueliC_Ih, G?Lmany- Iel_ep?02ﬁ2461-614352- Fax:+2461-614216. to block cysteines accessible to this reagent in the absence

it gf“grigogi{:‘ﬁ Inforation Processing. of nucleotides. Thiol-specific cross linking was then carried

s Institute of Molecular Pharmacology. out in the presence of 8Br-cGMP, thus limiting cross linking

! Abbreviations: ROS, rod outer segment; NEMethylmaleimide; to cysteines exposed upon activation of the channel. The fact
IAA, iodoacetamide; PEG, polyethylene glycol, PEG-MAL, polyeth- - that cross-link bands of both subunits were observed
ylene glycol maleimide; CNG, cyclic nucleotide gated; MALDI, matrix- . . .
assisted laser desorption ionization; MS, mass spectrometry; TOF, time-indicated that some cysteines of the CNG channel were only

of-flight; MS/MS, tandem mass spectrometry. accessible in the presence of 8Br-cGMB,(14).
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Little is known about which cysteines of the CNG channel mM NEM in either the absence or presence of 8Br-cGMP,
are accessible to thiol-specific reagents. The A and B subunitsas indicated, by adding a freshly prepared 500 mM stock
of the mature channel contain 6 and 15 cysteines, respec-solution of NEM in dimethylsulfoxide. The incubation time
tively. An additional cysteine at position 35 of the nascent was 1 h at 25 or 37C, as indicated, and the reaction was
channel is located in an amino acid sequence that isstopped by adding excess DTT. PEG of 5 or 20 kDa
proteolytically removed in the mature CNG chann&b)( containing a single maleimidyl residue (PEG-MAL) was
The cysteines in the C-terminal domain of the A subunit purchased from Nektar (Huntsville, AL). Pegylation was
were studied in some detail. A strong potentiation of the started by adding to the suspension the same volume of a
homomeric channel in the presence of thiol-specific reagentsfreshly prepared stock solution of PEG-MAL in NelEPES,
has been linked to the modification of G§/of the A subunit thus resulting in a final PEG-MAL concentration of half of
using site-directed mutagenesis(17). the stock solution; the reaction was terminated after the

The number of accessible cysteines of a protein can indicated times with excess DTT.
directly be determined by thiol-specific mass tagging using  Purification of the NEM-Modified CNG Channélurifica-
polyethylene glycol activated with a maleimidyl group (PEG- tion of the CNG channel from NEM-modified ROS mem-
MAL). This method was recently introduced to probe branes was not feasible by calmodulin-affinity chromatog-
cysteines in potassium channels and has been termedaphy @6), indicating that the calmodulin-binding affinity
pegylation (8). Moreover, valuable supplementary informa- was largely abated. A previously reported purification
tion about specific cysteine residues is obtained by massprocedure 27) was also not possible, because the affinity
spectrometry (MS), which has become a method of choice ¢! AF Red Fractogel TSK is no longer commercially
for the characterization of post-translational modifications available. Therefore, we developed an alternative affinity
of proteins. Peptide mass fingerprinting by matrix-assisted chromatography procedure to purify the CNG channel, which
laser desorption ionization (MALDHMS (19) and sequenc-  Works also for the NEM-modified CNG channel and which
ing by tandem mass spectrometry (MS/MZP) provide is based on Red Sepharose CL-6B (Amersham), where the
accurate masses of peptides and fragment ions of selectedriazine dye Procion Red HE-3B has been covalently bound
peptides, respectively, which can be used for identification to sepharose.
of proteins and unambiguous determination of modified sites ROS membranes containing 20 mg of rhodopsin were
in proteins 21, 22). Alkylation of cysteines has been shown solubilized in 45 mL of 20 mM CHAPS in buffer A (10
to be useful for protection of reactive thiols prior to MS or MM HEPES/NaOH at pH 7.4, 150 mM NaCl, 10 mM CaCl
as a tool for the identification of cysteine-containing peptides 1 mM EDTA, 1 mM DTT, and 20 mM CHAPS). The above-
(23). Modification with NEM in conjunction with MS mentioned protease inhibitors were present in all buffers.
analysis was utilized to monitor accessible cysteigds5). After solubilization by shaking fol h atroom temperature,

In this paper, both pegylation and MS have been applied the solution was centrifuged for 30 min at 67508t 4 °C
to the native rod CNG channel to examine which cysteines in @ Sorvall centrifuge. The supernatant was loaded onto a
are amenable to chemical modification. The results indicate 3 ML (diethylamino)ethyl (DEAE) cellulose column, and the
that the accessibility of some cysteines changes distinctly flux was adjusted to 0.5 mL/min. The nonbound fraction was
with the state of channel activation, suggesting that major discarded, and the column was rinsed with buffer A for 1 h.

structural changes of the conformation of the CNG channel The bound fraction was eluted with buffer B (10 mM

occur upon activation. HEPES/NaOH at pH 7.4, 1000 mM NacCl, 10 mM Cad
mM DTT, and 20 mM CHAPS). This fraction was kept for
EXPERIMENTAL PROCEDURES 1 h at 4°C to promote dissociation of the CNG channel and

Na/Ca,K exchangerl@). Then, the buffer B was changed

Cysteine Modification of Rod Outer Segments (ROS) to buffer C (10 mM HEPES/NaOH at pH 7.4, 100 mM NacCl,
MembranesROS were prepared from bovine retinas, as 10 mM CaC}, 1 mM DTT, and 20 mM CHAPS) using a
described 14). Aliquots of purified ROS containing 5 or 10 Sephadex G-25 column (PD-10, Amersham) and loaded on
mg of rhodopsin were stored in 600 mM sucrose-80 °C a 6 mL Red Sepharose CI-6B column by cycling the solution
until use [buffer: 10 mMN-2-hydroxyethylpiperaziné¢- for 1 h at 0.5mL/min. The nonbound fraction was discarded,
2-ethanesulfonic acid (HEPES), adjusted to pH 7.0 with and the column was rinsed for 30 min with buffer C. The
KOH, 300 mM KClI, 1 mM MgC}, 0.5 mM CaC}, 0.1 mM bound fraction, containing the purified channel, was eluted
ethylenediaminetetraacetic acid (EDTA), and 1 mM dithio- with buffer D (10 mM HEPES/NaOH at pH 7.4, 750 mM
threitol (DTT)]. NaCl, 0 CaC4, 1 mM EDTA, 1 mM DTT, and 20 mM

To avoid bleaching of rhodopsin, protein modification was CHAPS). The buffer was changed over a Sephadex G-25
always carried out in dim red light. ROS membranes were column to buffer E (10 mM Tris/HCI at pH 7.6, 100 mM
prepared by hypotonic lysis of purified ROS by washing NaCl, 1 mM DTT, and 10 mM CHAPS) followed by
twice in 0.5 mM Tris, 0.5 mM HEPES, and 1 mM EDTA reduction of the volume to about 7@L by centrifugal
followed by centrifugation in a Sorvall centrifuge, rotor ultrafiltering using a Centricon 100 tube (Millipore). All
SA300 at 22000 rpm for 30 min at 4C to remove procedures were carried out at@, unless otherwise stated.
cytoplasmic proteins. The pellet was resuspended in Na Electrophoresis and Immunoblottingor immunoblotting,
HEPES (10 mM HEPES/NaOH, 100 mM NacCl, and 1 mM proteins were electrophoresed on a linear-3.%5% gradient
EDTA) and 0.5 mM DTT, and the following protease polyacrylamide gel and blotted onto a PVDF membrane
inhibitors were added: Bg/mL aprotinin, 5ug/mL leupep- (Millipore), as described28). The subunits of the purified
tin, 2.2 ug/mL trans-epoxysuccinyk-leucylamido(4-guan- ~ CNG channel were separated on a 6% polyacrylamide
idino)butane. The membranes were modified with 2 or 10 constant gel and stained with Coomassie Blue before being
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excised for mass spectrometric analysis.

In-Gel Digestion.The excised protein bands were washed
with 50% (v/v) acetonitrile in 25 mM ammonium bicarbon-
ate, shrunk by dehydration in acetonitrile, and dried in a
vacuum centrifuge. The gel pieces were reswollen im0
of 5 mM ammonium bicarbonate containing 300 ng of

Bauer and Krause

a Z-spray nanoelectrospray source. A Micromass CapLC
liquid chromatography system was used to deliver the peptide
solution to the electrospray source. A total oftb of the
sample was injected using 0.2% formic acid (FA) in water
at a flow rate of 2QuL/min (eluent C) and concentrated on

a precolumn (PepMap C18,6m, 100 A, 5 mmx 300um

trypsin (sequencing grade, Roche Diagnostics, Mannheim,inside diameter, LC Packings, Dionex, ldstein, Germany).

Germany). After 15 min, 1QuL of 5 mM ammonium

Peptides were eluted onto an analytical column (PepMap

bicarbonate was added to keep the gel pieces wet duringC18, 3um, 100 A, 150 mmx 75 um inside diameter, LC

enzymatic cleavage (37C, overnight). To extract the
peptides, 2Q:L of 0.5% (v/v) trifluoroacetic acid (TFA) in

Packings), and separations were performed at an eluent flow
rate of 200 nL/min. Mobile phase A was 0.1% FA (v/v) in

acetonitrile was added, the samples were sonicated for 5 minacetonitrile-water (5:95, v/v), and B was 0.1% FA in
and the separated liquid was taken to dryness under vacuumacetonitrile-water (8:2, v/v). Runs were performed using a

For MALDI—-MS measurements, the samples were redis-

solved in 1QuL of 0.1% (v/v) TFA and 5% (v/v) acetonitrile

in water. The peptides were purified using a C18 reversed-

phase minicolumn fitted into a micropipet tip (ZipTip C18,
Millipore, Bedford, MA), prior to mass spectrometric

gradient of 16-65% B in 60 min. The mass spectrometer
was operated in the positive ion mode using PicoTip spray
capillaries (New Objective, Woburn, MA). To perform MS/
MS experiments, automatic function switching (survey
scanning) was employed. The collision gas was argon at a

analysis. The purification was carried out according to the pressure of 6.0x 10° millibar. The processed MS/MS
manual of the manufacturer. Peptides were eluted from the spectra (MassLynx version 4.0 software) were compared with

ZipTips with 2.5uL of 60% (v/v) acetonitrile and 0.3% (v/

the theoretical fragment ions of tryptic peptides of CNGA1

v) TFA in water. For MS/MS, the samples were reconstituted and CNGBL1.

in 5ul of 0.1% (v/v) TFA and 6% (v/v) acetonitrile in water.
Reduction of Disulfides and Alkylatiofihe excised protein

RESULTS

bands were washed, shrunk, and dried in a vacuum centrifuge Cysteines are sensitive reporters of structural changes of
as described above. Disulfide bonds were reduced bythe CNG channel upon activation; certain cysteine residues

incubation with 7QuL of 10 mM DTT in 25 mM ammonium
bicarbonate for 45 min at 58C. Alkylation was performed
by replacing the DTT solution with 7L of 55 mM
iodoacetamide in 25 mM ammonium bicarbonate. After
incubation for 20 min at 28C in the dark, the gel pieces
were washed with 50% (v/v) acetonitrile in 25 mM am-
monium bicarbonate, shrunk by dehydration in acetonitrile,
and dried in a vacuum centrifuge.

MALDI—MS. MALDI —MS measurements were per-
formed on a Voyager-DE STR BioSpectrometry Workstation
MALDI —time-of-flight (TOF) mass spectrometer (Perseptive
Biosystems, Inc., Framingham, MA). A total oful of the
peptide solution was mixed with kL of a-cyano-4-
hydroxycinnamic acid matrix solution consisting of 10 mg
of matrix dissolved in 1 mL of 0.3% TFA in acetonitrite
water (1:1, v/v). From the resulting mixtureul was applied

are only accessible to thiol-specific reagents after ligand
binding and are then available for cross linking of the
individual subunits 13, 14). However, little is known about
the accessibility of cysteine residues in the native CNG
channel. In the first part, we examine the accessibility to
NEM of the C-terminal cysteines of both channel subunits
by MALDI —MS of the tryptic peptides. In the second patrt,
the total number of cysteines accessible to modification will
be determined by thiol-specific pegylatiohg].

Purification and Digestion of NEM-Modified CNG Chan-
nel. The accessibility of cysteines of the bovine rod CNG
channel to chemical reagents was probed by treating washed
bovine ROS membranes with NEM. To ensure maximal
modification, we used a high concentration of 10 mM of
this membrane-permeable reagent. Unfortunately, NEM
modification of the CNG channel strongly abated the

to the sample plate. Samples were air-dried at ambientcalmodulin affinity of the CNG channel, although the

temperature (24C). Measurements were performed in the
reflection mode at an acceleration voltage of 20 kV, 70%

predicted calmodulin-binding sites of the B subunit do not
contain cysteines29). Presumably, loss of calmodulin

grid voltage, and a delay of 200 ns. Each spectrum obtainedbinding is due to modification of one or more of the three
was the mean of 256 laser shots. Mass spectra were calibratedysteines located about 30 amino acids downstream of the

using autolytic fragments of trypsin as internal standards.

first calmodulin-binding site (Cy4!, Cys#5 and Cyg%).

Proteins were identified by searching the NCBI database Therefore, purification of the NEM-modified channel by
using MS-Fit (http://prospector.ucsf.edu). The parameters for calmodulin-affinity chromatography was not feasible.

the search were as follows: The oxidation of methionine

To overcome this problem, we elaborated a two-step

were considered as partial modifications. The maximum purification procedure using Red Sepharose CL-6B affinity
number of missed tryptic cleavages was 1. The monoisotopicchromatography (see the Experimental Procedures). The
masses were considered, and the mass tolerance was set fourified CNG channel was eluted at medium ionic strength
0.05 Da. Peptides from the cGMP-gated channel A subunitin the absence of divalent ions (Figure 1). Purification of
(SwissProt Q00194) and CNG-4 (SwissProt Q28181) cov- the CNG channel by this procedure was also feasible after
ered 38 and 34% of the protein, respectively. FindMod NEM modification. In some experiments, little B subunit
(http://www.expasy.org/tools/findmod/) was used to find but no A subunit was eluted during the washing procedure
Cys-modified peptides. (not shown). It should be noted in this context that the B

MS/MS AnalysigIS/MS experiments were performed on subunit was significantly or even completely lost by the
a quadrupole orthogonal acceleration TOF mass spectrometepreviously published procedure using AF Red Fractogel TSK
Q-Tof Ultima (Micromass, Manchester, U.K.) equipped with affinity chromatography47).
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A B MALDI—MS Analysis of Tryptic Peptides of the A Subunit.
kDa Complete digestion with trypsin should result in 79 and 120
Do — .. peptides with molecular masses of up to 3943 and 13 120
170 — Da for the A and B subunits, respectively. The number of
peptides observed is expected to be even higher because of
116 - incomplete digestion, which cannot be avoided. Peptides of
bt molecular masses below about 3000 Da could be detected
76— o with sufficient sensitivity and resolution to allow an unam-
biguous identification of peptide masses. The cysteine-
Jr— - containing tryptic peptides of the C-terminal domain of the
53 - A and B subunits were in this range. NEM modification of
a b a b a cysteine increased the molecular mass of the peptide
containing this cysteine by 125 Da, and alkylation with
C D iodoacetamide increased it by 57 Da.
kDa The C-terminal cytoplasmic domain of the A subunit
212 - - — contains three cysteines, viz. G§s Cy$°, and Cys8’
170 - which are located on different tryptic peptides wittiz of
". 1733, 1611, and 1333, respectively. The cysteine of the
18 peptide withm/z 1733 was NEM-maodified, because a peptide
of m/z 1858 was clearly observed (Figure 2). This cysteine
76 . P was modified by NEM in both the absence and presence of
' 8Br-cGMP (parts A and B of Figure 2).
53 — The cysteine at position 505 of the A subunit contained
in the peptide withn/z 1611 was also accessible to NEM
a b a b resulting in a peptide with/z 1736 (Figure 3A). In-gel

Z')i:l;]fn g;Le Cmﬁgﬂchgg?agg;h% IIB?/sedC’\tlS ;gzngee'bhg'rfég ié)E-GB modification with IAA of the A subunit, which was treated
affinity chromatography was employed to purify the bovine rod with NEM in the absence of SBr-c.G.MP, yleldgd .Slml.lar
CNG channel. The bound fraction (lane a) contained both the A @mounts of both NEM- and IAA-modified peptide indicating

and B subunits, and the nonbound fraction (lane b) contained mainly that the NEM modification was not complete. Surprisingly,
the Na/Ca,K exchanger. SB®AGE was carried out with a  NEM modification of Cy8°>was never observed if the NEM

constant 6% polyacrylamide gel. (A) Coomassie-Blue-stained gel. yreatment was carried out in the presence of 8Br-cGMP
(B) Western blot labeled with the monoclonal antibody PMc 2G11 . . . . .
against the A subunit. (C) Same blot reprobed with the monoclonal (Figure 3B). In this case, in-gel reduction of the A subunit

antibody PMe 5E11 against the B subunit. (D) Same blot reprobed With DTT and modification of free cysteines with IAA
with polyclonal antibodies against the Na/Ca,K exchanger. confirmed that Cy®¥® was free and could be alkylated,

resulting in a peptide withnw/z 1668 (Tables 1 and 2).

NEM modification of the cysteines of washed ROS Considering that Cy$° is located in the cGMP-binding
membranes was carried out in both the presence and absenc@omain of the A subunit, these findings .|nd|cate_that binding
of 8Br-cGMP. In each instance, the channel was purified, of cGM_P_Igd to a;tructurgl change, which entailed a loss of
the subunits were separated by sodium dodecyl suifate accessibility of this cysteine.
polyacrylamide gel electrophoresis (SBBAGE), and the The tryptic peptide withm/z 1333 of the A subunit
Coomassie-stained protein bands were excised and used focontaining the Cy%3was found as an NEM-modified peptide
in-gel digestion with trypsin. To detect free thiol groups, one with m/z 1458 (Tables 1 and 2). Most of this cysteine was
sample was reduced with DTT and alkylated with iodoacet- observed in an incompletely cleaved 26 amino acid peptide
amide (IAA) before tryptic digestion was carried out. (S°65...C°72...K599), which was modified by NEM giving rise

Table 1: Tryptic Peptides of A and B Subunits of the Bovine Rod CNG Channel, as Identified by MS

peptide NEM NEM + in-gel DTT/IAA
number no cGMP 8Br-cGMP no cGMP 8Br-cGMP
A subunit (CNGAL)
|477_ C48L K492 1 Cuem Crem
493, C50K 506 2 Chem Cnem, Ceam Cecam
S°65, C573_SK576 3 Chem Cnem Cniem
565, C573,, K590 4 Chem CNEM
B subunit (CNGB1)
CYYWAVK 95 5 Chnem Cnem
V1074 C108pR1082 6 Cnem, Ciree Cnem, Crree Cnewm, Ceam Cnem, Ceam
G094 | C1104 1105 7 Cnemy Crree Cree Cnem Ceam

2The CNG channel was modified in the ROS membrane with NEM either in the absence (columns marked no cGMP) or in the presence
(columns marked 8Br-cGMP) and purified. After SBBAGE in a 6% polyacrylamide gel, the subunits were excised, digested with trypsin, and
analyzed with MALD-MS (columns headed NEM). Alternatively, the subunits were reduced and alkylated with IAA, to identify free cysteines
(columns headed NEM- in-gel DTT/IAA), before tryptic digestion and MALDMS. The modification found by MS is indicated as a suffix,
where CAM denotes the carboxyamidomethyl modification upon IAA treatment.
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FIGUurRe 2: Mass spectrometric analysis of the A subunit of the CNG channel after NEM modification in the (A) absence and (B) presence
of 8Br-cGMP. The protein was in-gel-digested by trypsin, and the resulting peptides were analyzed by MAEDThe monoisotopic

mass peak withm/z 1857.94, which corresponds to the NEM-modified sequed¢&ADC(NEM)EAGLLVELVLK 492 was detected
independently on the presence of the ligand.

to a peptide withm/z 3049. There was no difference whether with m/z 1057 (Tables 1 and 2). This peptide was only
NEM modification was carried out in the presence or absence observed when the NEM treatment was carried out in the
of 8Br-cGMP, suggesting that this cysteine was accessibleabsence of 8Br-cGMP, suggesting that this cysteine is not
to NEM modification irrespective of ligand binding. accessible in the ligand-bound channel.

MALDI—MS Analysis of Tryptic Peptides of the B Subunit. ~ Changes of the cysteine accessibility upon ligand binding
The three cysteines of the B subunit, which are located in t0 the channel were of particular interest. As described above,
the C-terminal domain, namely, C§¥, Cys%®, and Cys$'%, such changes were found for G§sof the A subunit and
are comprised in the tryptic peptides withiz 870, 1008,  Cys* and Cys!%* of the B subunit. In each case, NEM
and 1400, respectively. Unfortunately, peptides that contain Modification was only observed for the nonliganded CNG
the Cyg°° could not be detected. The peptide containing channel. We applied MS/MS to cpnﬂrm the amino acid
the Cyd%0was found to be partially NEM-modified regard- Séguences of the peptides containing those cysteines. F_rag—
less of the presence or absence of 8Br-cGMP during NEM ment ion spectra .g.enerateq by coI_I|S|on-|nduced dissociation
treatment (Tables 1 and 2). In both instances, the IAA Of the NEM-modified tryptic peptides 2...K*% of the A

modification led to alkylation of free Cy¥® indicating that subunit (Figure 4A) and the peptideS'€..K™* (Figure 4B)
the lllIEMlmodificationywals incompletZ%B indicating and S04 .K!% (Figure 4C) of the B subunit resulted in

N-terminal b-fragment ions and, in particular, in a series of

The cysteine Cy3*was found to be partially modified ¢ terminal y-fragment ions, which unambiguously confirmed
by NEM if NEM treatment was carried out in the absence ine identification of these peptides.

of 8Br-cGMP (Tables 1 and 2). If NEM modification took
place in the presence of 8Br-cGMP, this cysteine was free

and could be mod|fleq later n th? polyacrqum|de gel with cysteine-holding peptides of the C-terminal domains of both
IAA. Thus, this cysteine, which is located in the CGMP- b o nhel subunits were accessible to NEM in the absence of
binding domain, displays a similar accessibility to NEM as g, -gMmPp. However, in the presence of 8Br-cGMP, the
the analogous cysteine, G5 of the A subunit. Cys9% of the A subunit as well as the C38and the Cy&o4

In contrast to the A subunit, the B subunit contains a of the B subunit were not detected in the NEM-modified
cysteine in the pore loop region (CG§9, which could also  form, indicating that these cysteines became inaccessible to
be identified in the NEM-modified form as a tryptic peptide NEM upon ligand binding.

In summary, the MS data clearly show that, aside from
Cyst?10 which could not be unambiguously identified, all
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Ficure 3: Mass spectrometric analysis of the A subunit of the CNG channel after NEM modification in the (A) absence and (B) presence
of 8Br-cGMP. The protein was in-gel-digested by trypsin, and the resulting peptides were analyzed by MAEDThe monoisotopic

mass peak witlmz 1735.82, which corresponds to the NEM-modified sequerfé@&IPQVYSPGDYIC(NEM)K® was detected only in

the absence of 8Br-cGMP.

Table 2: Calculated and Observed Masses of Tryptic yielded a weak band of the A subunit, indicating that one
Cysteine-Containing Peptides, as Determined by MALDIS? cysteine was accessible to PEG-MAL (Figure 5). In contrast,
after 1-2 min, a strong band, a doublet band, and after

peptide number modification [M-H]"car [M + H]obs . . .
1 NEM 19560029 1857 965 0.045 (3 prolonged exposure a triplet band were visible besides the
5 NEM 17358359 1735858 0.022 263 monomer band in the presence of 8Br-cGMP (arrows in
2 CAM 1667.8097 1667.81% 0.024 (4) Figure 5). We consistently observed that, whereas the lower
3 NEM 1457.6980 1457.73% 0.037 (6) band of the doublet is stronger after short exposure, the
g HEM igg?-igii igg?-j@ g-g% Efg higher band became stronger after prolonged exposure. These
6 NEM 11335407 1133554 0.018 (21) findings indicated that at least two and possibly three
6 CAM 1065.5146 1065.52% 0.019 (10) cysteines of the A subunit became accessible to PEG-MAL
6 free 1008.4931 1008.5280.022 (4) upon ligand binding of the channel.
7 NEM 1524.7402 1524.73% 0.019 (4) .
7 CAM 14567140 1456.75Z 0.033 (2) Remarkably, the shift of the apparent molecular mass was
7 free 1399.6926 1399.71 0.004 (2) significantly higher than 5 kDa. The shift because of binding

aThe numbering of the peptides refers to Table 1. The error limits Of & second PEG_mO|eCUIe was still muc_h greater. This
are standard deviations. The numbers of observation are given inunequal band spacing prompted us to examine whether there
parentheses. is another PEG band in between; however, we did not find
any indication for such a band. Therefore, the band shifts

Pegylation of the A Subunit of the cGMP-Gated Channel. Were not primarily due t_o the molecular masses of the PEG
Recently, PEG- MAL has been introduced as a useful tool molecules but more likely to abnormal electrophoretic
to probe the accessibility of cysteines in peptidi8) (This mob|I|t|e§ because of bulky PEG molecules; moreover, the
modification was termed pegylation and can be detected asPand shifts presumably depended on the location of the
a shift of the apparent molecular mass, depending on themodified cysteine on the A subunit.
number of cysteines modified. As opposed to NEM, PEG is  Exposure to PEG-MAL was carried out with hypotonically
membrane-impermeable, thus also conveying information onwashed ROS membranes, i.e., in a preparation that consisted
the sidedness of a cysteine. predominantly of membrane vesicle0). Therefore, some

In the absence of 8Br-cGMP, pegylation of the cysteines of the vesicles were inside-out and some were outside-out
with PEG-MAL of 5 kDa for a prolonged period of time in orientation. This means that each channel was accessible
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Ficure 4: Tandem mass spectrometric analysis of NEM-modified tryptic fragments. Fragment ions (MS/MS spectra) of (A)
L49QPQVYSPGDYIC(NEM)K of the A subunit withm/z 1735.84, (B) C(NEM¥*?YYWAVK 955 of the B subunit withm/z 1057.48, and

(C) S99 VYLPNDYVC(NEM)K 1105 of the B subunit withm/z 1524.74. Relevant ions were labeled according to the accepted nomenclature
(35). In particular, the y ions produced by consecutive fragmentation reactions of the doubly charged precurstr 8&8s44, 529.24,

and 762.88 confirm the presence of Cys(NENpf the A subunit (A), Cys(NEM}*° (B), and Cys(NEM}!4of the B subunit (C), respectively.

either only from the cytoplasmic or only from the extra- which were accessible to modification in the presence of 8Br-
cellular membrane side. However, exposure of the ligand- cGMP, were likely to be different from the cysteines
bound channel for more than 30 min to PEG-MAL resulted accessible to NEM in the absence of ligari®,(14).
in almost complete pegylation of the A subunit (Figure 5).  To examine this hypothesis in more detail, we first blocked
This finding suggests that cysteine residues from either the cysteines with NEM in the absence of 8Br-cGMP,
membrane side were accessible to PEG modification. There-followed by a modification with PEG-MAL in the presence
fore, two cysteines from one side and (at least) one cysteineof 8Br-cGMP. As shown in Figure 6, the outcome of this
from the other side were presumably modified. Together, experiment was similar to the experiment with non-NEM-
these findings suggest that possibly three cysteines of the Atreated membranes: pegylation in the presence of 8Br-cGMP
subunit became accessible to PEG-MAL upon ligand bind- yielded three additional bands indicating that up to three PEG
ing. molecules were bound per A subunit. In contrast to the above
Interestingly, the singly pegylated A subunit had a slightly experiment, a distinct band of nonpegylated A subunit was
higher electrophoretic mobility if pegylation occurred in the always visible. This finding confirms that the PEG band
absence as compared to pegylation in the presence of 8Brobserved in the absence of ligand (last lane of Figure 5) was
cGMP (last two lanes of Figure 5). This observation sug- due to a distinct cysteine because it could be removed by
gested that different cysteines were pegylated, depending orNEM pretreatment.
ligand binding. In keeping with this inference, our previous  Pegylation of the B Subunit of the cGMP-Gated Channel.
studies indicated that cysteines of the rod CNG channel, PEG-MAL of 20 kDa was used to pegylate the B subunit
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Ficure 5: Thiol-specific pegylation of the rod CNG channel.
Hypotonically washed ROS membranes were exposed &€3d

2 mM PEG-MAL of 5 kDa, either in the presence of 2001 8Br-
cGMP (lanes labeledt”) or in the absence of ligand (lanes labeled
“—"). The first lane (labeled “0”) shows ROS membranes before
modification. The reaction was stopped by addition of 140 mM
DTT after the indicated times. SBSAGE was a continuous 35
7.5% polyacrylamide gel blotted onto a PVDF membrane. The blot
was labeled with the monoclonal antibody PMc 2G11 against the
A subunit of the bovine rod CNG channel. Arrows indicate PEG-
shifted bands.
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Ficure 6: Thiol-specific pegylation of the NEM-modified rod CNG
channel. ROS membranes were incubated in 2 mM NEM at 25
°C. The reaction was stopped after 15 min by addition of 5 mM
DTT. The membranes were washed twice with incubation buffer,
resuspended, and exposed to 1 mM PEG-MAL of 5 kDa either in
the presence of 126M 8Br-cGMP (lanes labeled+") or in the
absence of ligand (lanes labeled”). The reaction was stopped
with 140 mM DTT after the indicated times. Lane labeled “0” was
NEM-modified membranes before pegylation. SEFFAGE, blot,

and immunolabeling of the A subunit were the same as in Figure
5. Arrows indicate PEG-shifted bands.

because this subunit has a higher molecular mass than the

A subunit. Pegylation was very fast, even &Gl resulting

in three additional bands. Exposing the membranes to 500

uM PEG-MAL for only 15 s at 4°C yielded two distinct

PEG bands (Figure 7A). A third additional band developed
in the next few minutes, and after exposure for 30 min, two
equally strong bands resulted, indicating that part of the B

subunits bound two and a part bound three PEG molecules..
A weak band corresponding to one bound PEG molecule

was also visible after 30 min, but the band of nonpegylated
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Ficure 7: (A) Kinetics of pegylation of the B subunit of the CNG
channel. Washed ROS membranes were modified&twith 500

uM PEG-MAL of 20 kDa in the presence (lanes labeled’) and
absence (lanes labeled ") of 125 uM 8Br-cGMP. Aliquots were
taken after the indicated times and stopped with AMODTT. (B)
Continuation of the experiment shown in A, except for the first
lane. The first lane in both panels (labeled “0") is nonmodified
membranes. SDSPAGE was a continuous 3-5.5% polyacry-
lamide gel blotted onto a PVDF membrane. The blot was labeled
with the monoclonal antibody PMe 5E11 against the B subunit of
the bovine rod CNG channel. The arrows indicate the three PEG-
shifted bands.

presume that one part of the B subunit was pegylated from
the cytoplasmic side and the other part from the extracellular
side. This inference implies that a total of five cysteines of
the B subunit was readily accessible to chemical modifica-
tion.

In an attempt to probe the accessibility of the remaining
cysteines of the B subunit, we blocked the readily accessible
cysteines with NEM. After NEM maodification, distinct
pegylation of the B subunit in NEM-treated membranes was
only discernible after more than 30 min of exposure to PEG-
MAL at 25 °C (arrow in Figure 8). A single additional band
eventually developed indicative for binding of one PEG
molecule. Pegylation of the B subunit was clearly favored
in the presence of 8Br-cGMP, indicating that binding of 8Br-
cGMP increased the accessibility of one cysteine.

B subunit was almost absent (Figure 7B). There was no 5;scyUssION

difference whether pegylation was carried out in the presence

or absence of 8Br-cGMP. All six cysteines in the A subunit of the rod CNG channel
The fact that the band of the nonpegylated B subunit (CNGA1) are conserved between human, bovine, and

rapidly diminished upon pegylation indicated that most or chicken photoreceptors, and except for €yef CNGA1

all B-subunit molecules became pegylated. Recalling that (bovine), these cysteines are even conserved between the A

pegylation was carried out with membrane vesicles contain- subunits of rod and cone CNG channels in human and bovine

ing inside-out and outside-out vesicles (see above), weretinas (CNGA3) 81—-33). Moreover, three of these six
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Ficure 8: Prolonged exposure of NEM-modified ROS membranes cGMP-binding site

to PEG-MAL. ROS membranes were modified at X5 with 2

mM NEM in the absence of ligand. After termination of the reaction

with 5 mM DTT and removal of NEM, the membranes were CNGB1

exposed to 1000M PEG-MAL of 20 kDa in the presence (lanes pore
labeled “+") and absence (lanes labeled™) of 125 uM 8Br- extracellular_ 049

cGMP. Control lane (labeled “0”) was NEM-modified ROS %
[CRCRNC]
a58]880[921

membranes before pegylation. Aliquots were taken after the :
indicated times. Pegylation was stopped with 140 mM DTT. SDS :
PAGE and blot were the same as in Figure 7. The B subunit was

labeled with PMe 5E11. The arrow indicates a PEG-shifted band. intracellular @;;41? 1010@
741 1080
cysteines are conserved between CNGAL1 and CNGB1, viz., ®286 %
Cys!4 and Cy&%! in the S5 transmembrane domain, ¢ys @%;44 GARP %@1104
and Cy3°®in the linker domains between S6 and the CNG- NH, ©
binding site, and Cy8°>and Cy$'%4in the CNG-binding sites COOH

of A and B subunits, respectively (Figure 9). i
We studied the cysteine accessibility of the native rod GOMF-Binding S'Fe

CNG channel in the absence and presence of the ligand 8Br-FIGURE 9: Membrane topology of the A and B subunits of the rod

cGMP. Different classes of cysteines were found: (a) CNG channel. Except for the GARP domain at the N terminus of

tei that ible to thiol if t the B subunit, the topology of both subunits is similar. However,
cysteines that were accessible 10 thiol-Specilic reagentSy,q g sypunit contains 15 cysteines in contrast to the A subunit,

independent of ligand binding, (b) cysteines that were only which contains only 6 cysteines. Conserved cysteines includéCys
accessible in the nonliganded state, (c) cysteines that wereand Cy8%, Cys*#tand Cy3%?9 and Cy8% and Cy$'%“of A and B
only accessible in the ligand-bound state, and (d) Cysteinessubunits, respectively. Predicted helical domains are indicated by
that were not accessible to chemical modification indepen-
dent of the state of ligand binding. However, the latter class  Of particular interest were cysteines that changed the
of cysteines was not investigated in any detalil. accessibility upon binding of 8Br-cGMP because these
Several cysteines have been found to belong to class acysteines are located in domains that undergo structural
comprising the cysteines that were modified by NEM in rearrangements. MS revealed that ®€ysf the A subunit
either state of ligand binding. MS revealed that the cysteinesand Cy$'%4 of the B subunit belong to this class. These
Cys*1of the A subunit and Cy8*°of the B subunit belonged  cysteines are conserved in the so-caffell of the A and
to this class. This finding is in agreement with previous B subunit of the cyclic nucleotide-binding domait).(The
studies reporting evidence that, in heterologously expressedcommon feature of these cysteines was that they were all
homomeric channels, consisting only of A subunits, the NEM-modified in the absence but not in the presence of 8Br-
cysteine Cy$'was accessible to cysteine-modifying reagents cGMP. We confirmed for both Cy® and Cy3$°*by in-gel
(16, 17). Modification of Cy$8*entailed a strong potentiation IAA modification that these cysteines were free after
of the channel. The functional importance of the homologous prolonged incubation in 10 mM NEM in the presence of
Cyst%809 which is in the linker region of the B subunit, has 8Br-cGMP.
not yet been investigated. Working with the heterologously expressed homomeric
The cysteine Cy$3 of the A subunit was also accessible CNG channel, Matulef et al. reported that ligand binding
to NEM in either state of ligand binding. This cysteine is strongly reduced the reaction rate of modification of €ys
not conserved between A and B subunits. A distinct with 500uM thimerosal (7); nevertheless, they observed a
functional influence of this cysteine on the heterologously significant, though much slower rate of modification, al-
expressed channel was not observed).( though the concentration of the reagent was much smaller
Pegylation indicated that at least three and possibly eventhan in our experiment. In contrast, our data suggest that
five cysteines (see the Results) were readily accessible inligand binding resulted in a virtually complete occlusion of
the B subunit, independent of ligand binding. Some of these Cys"® and Cy$'%4 in the A and B subunits, respectively.
cysteines may be those occurring in the glutamic-acid-rich We presume that this discrepancy may be due to subtle
protein (GARP) domain, which, in the cell, interacts with structural differences between the native and expressed
the peripherin-2 oligomers in the rim region of the disc homooligomeric CNG channel.
membranes34). Unfortunately, these cysteines could not  Another cysteine that was only found modified by NEM
be identified by MS. in the absence but not in the presence of ligand was®€ys
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of the B subunit (Figure 9). Interestingly, this cysteine is subunits of the CNG channel are similar: the cysteines in
located in the pore loop of the B subunit, indicating that the linker region were chemically accessible independent of
this part of the protein experiences major structural changesligand binding, whereas the conserved cysteine$€gsd
upon channel activation. It is tempting to hypothesize that Cys''® in the CNG binding sites of A and B subunits,
in both subunits this region is involved in the opening and respectively, were only accessible in the absence of ligand.
closing mechanism of the channel. However, the pore loop The highly conserved pore loops of both subunits may also
of the A subunit does not contain a cysteine; therefore, no undergo similar structural changes upon ligand binding, as
structural information about this domain was obtained in this discussed above. Unfortunately, no information was obtained
study. for the conserved cysteines in the S5 transmembrane domains
Cysteines that were only accessible in the presence of 8Br-of both subunits. Together, cysteines constitute important
cGMP could not be identified by MALD+MS, but robust reporters of structural changes promising further insight into
evidence for this class of cysteines was obtained by pegy-protein domains that undergo rearrangements of the CNG
lation, i.e., by modification with PEG-MAL. This is most channel upon ligand binding.
evident for the A subunit, which only slowly reacted with
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