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Mutating Three Residues in the Bovine Rod Cyclic Nucleotide-Activated
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ABSTRACT Cyclic nucleotide-gated (CNG) channels, which were initially studied in retina and olfactory neurons, are
activated by cytoplasmic cGMP or cAMP. Detailed comparisons of nucleotide-activated currents using nucleotide analogs
and mutagenesis revealed channel-specific residues in the nucleotide-binding domain that regulate the binding and channel-
activation properties. Of particular interest are N'-oxide cAMP, which does not activate bovine rod channels, and Rp-cGMPS,
which activates bovine rod, but not catfish, olfactory channels. Previously, we showed that four residues coordinate the
purine interactions in the binding domain and that three of these residues vary in the « subunits of the bovine rod, catfish,
and rat olfactory channels. Here we show that both N'-oxide cAMP and Rp-cGMPS activate rat olfactory channels. A mutant
of the bovine rod « subunit, substituted with residues from the rat olfactory channel at the three variable positions, was weakly
activated by N'-oxide cAMP, and a catfish olfactory-like bovine rod mutant lost activation by Rp-cGMPS. These experiments
underscore the functional importance of purine contacts with three residues in the cyclic nucleotide-binding domain.
Molecular models of nucleotide analogs in the binding domains, constructed with AMMP, showed differences in the purine
contacts among the channels that might account for activation differences.

INTRODUCTION

CNG channels are expressed in a diverse set of neurons other neuronal cells, the signaling pathways are not under-
the retina, including rod (Fesenko et al., 1985; Kaupp et al.stood; however, CNG channels are believed to play a role in
1989) and cone photoreceptors (Bonigk et al., 1993; Yu esynaptic feedback and plasticity as well as development
al., 1996), ganglion cells (Ahmad et al., 1994; Kawai and(Arancio et al., 1995, 1996; Savchenko et al., 1997; Wei et
Sterling, 1999), and possibly bipolar cells (de la Villa et al.,al., 1998; Zufall et al., 1997). CNG channels conduct both
1995; Nawy and Jahr, 1991; however, see Nawy, 1999)Na* and C&" under physiological conditions. The nucle-
Olfactory sensory neuroepithelia (Dhallan et al., 1990; Lud-otide gating of CNG channels suggests that this channel
wig et al., 1990; Nakamura and Gold, 1987), pineal (Bonigkfamily provides an important voltage-independent pathway
et al., 1996; Dryer and Henderson, 1991; Sautter et alfor C&" entry in cells expressing the channels.
1997), and hippocampal neurons in the brain (Kingston et CNG channels are tetramers with two major subunit
al., 1996) also express CNG channels (Parent et al., 1998)pes, denoted as andp or 1 and 2, expressed in both rod
Furthermore, CNG channels are expressed in non-neuronghd olfactory tissues (see reviews) (Kaupp, 1991; Zagotta
tissues including testis (Weyand et al., 1994), kidney (Ah-and Siegelbaum, 1996; Zufall et al., 1994). The expression
mad et aI., 1992; Distler et aI., 1994; Karlson et aI., 1995,0f two subunit types suggests that in situ channels are
McCoy etal., 1995), and muscle (Santi and Guidotti, 1996)heteromeric. Heterologous expression of the cDNA encod-
In photoreceptor and olfactory neurons, CNG channels rejg theq subunit of either the rod or olfactory CNG channel
spond to changes in cytosolic cGMP or cAMP by transducyproduces nucleotide-activated channels. Thesubunits
ing sensory information into localized cell membrane po-gnly express nucleotide-activated channels when co-ex-
tential changes (Yau and Chen, 1995; Zufall et al., 1994). Inyressed with a subunit. The major functional differences
between rod and olfactory CNG channels are seen with
cAMP activation. In both native rods and heterologously
Received for publication 29 June 1999 and in final form 26 January 2000-expressed rod channels, cGMP activates currents at 15-20-
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Abbreviations used: CNG, cyclic nucleotide-gated; AMMotherMo- channels, both cGMP and cAMP activate maximal currents.
lecularModelingProgram; CRP, catabolite repressor protein; PDE, cGMP The concentration of nucleotides needed to activate olfac-
phosphodiesterase; PET-cGMM3-phenyl-1,N-etheno ¢cGMP; PKA, tory channels differs among different species and depends
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Rp-cGMPS, guanosine-3'-cyclic monophosphorothioate (Rp-isomer); . - .
Rp-8-CPT-cGMPS, 8-(4-chlorophenylthio) guanosingsacyciic mono- understand the structural basis of the nucleotide activation

phosphorothioate (Rp-isomer); Sp-cGMPS, guanosig&-8yclic mono-  Properties in rOd_and OlfaCtpry channels.' S
phosphorothioate (Sp-isomer). Presumably, differences in the nucleotide discrimination
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ies have revealed that, in addition to the highly conservedight packing of the ribofuranose with eight contacts be-
C-terminal nucleotide binding domain, a number of othertween the binding domain and the ribofuranose (Kumar and
regions of the CNG channel protein regulate the nucleotideWeber, 1992; Scott et al., 1996). Furthermore, the residues
activated currents. These regions affect the channel openirgpntacting the ribofuranose are conserved between CRP and
probability and the channel conductance properties (Gordoall members of the CNG channel family. It is therefore
and Zagotta, 1995; Goulding et al., 1994; Park and Macinteresting to note that the sulfur-substituted analog,
Kinnon, 1995; Zong et al., 1998). For structure-functionRp-cGMPS with sulfur in the equatorial position on the
studies, homomeric channels offer the advantage of a dgghosphate, activates rod photoreceptor channels (Zimmer-
fined subunit composition. Because cyclic nucleotides arenan et al., 1985), but not catfish olfactory channels, where
small and relatively rigid molecules, they are good probes oft competitively antagonizes cGMP (Kramer and Tibbs,
the binding domain. Additionally, few contacts are expectedl996). However, Sp-cGMPS, with a sulfur in the axial
to differ between rod and olfactory binding domains be-position, activates both rod and olfactory channels (Kramer
cause the physiologically relevant nucleotides cGMP anand Tibbs, 1996; Zimmerman et al., 1985).
cAMP differ only at the & and € positions of the purine. To better understand differences between the ligand in-
Previous studies using nucleotide analogs have showteractions with the rod and olfactory channels, we tested
that the binding domain is remarkably tolerant of changes irRp-cGMPS and Roxide cAMP ona homomeric rat olfac-
the purine ring substituents. Analogs with a thio substituentory channels and found that both analogs are agonists. We
as 6-thio-cGMP, a monobutyryl as®Mhonobutyryl cAMP,  then asked whether differences in the residues of the bind-
or rings as 1-K-etheno cAMP (Scott and Tanaka, 1995; ing domains could account for the selective activation of
Tanaka et al., 1989) and PET-cGMP (Wei et al., 1996), althese analogs. Although the rat and catfish olfactory chan-
activate currents in rod channels. Due to this tolerance fonels have highly conserved primary sequences, they differ at
changes in both size and charge at various positions on tHwo of the three positions that coordinate the purine binding.
purine, the most interesting analogs are those that fail tdo directly investigate the role of these residues, we con-
activate CNG channels. Presumably, the purine alterationstructed bovine rod channelsubunit mutants, substituting
result in a loss of contacts with residues in the bindingeither rat or catfish olfactory channel residues at these
domain that are essential for either binding or channepositions. In the rat olfactory-like mutant channet-dkide
opening. Notably, the only inactive purine-modified analogscAMP was able to bind to the channel and activate a small
identified to date are modified at the?@r N* positions.  current. Similarly, the catfish olfactory-substituted bovine
Two of these analogs have single atom changes: 2-amiod mutant channel behaved like the catfish olfactory chan-
nopurine riboside '35’-monophosphate (2-amino-cPNP), nel in that it was no longer activated by Rp-cGMPS. A
which has a hydrogen in place of the oxygen of cGMP %t C preliminary report of this work was published in abstract
(Tanaka et al., 1989), and*Mxide cAMP with an oxygen form (Scott et al., 1999).
instead of hydrogen at the'Nposition (Scott and Tanaka,
1995). Neither analog binds to rod channels, as shown by
cGMP competition studies. MATERIALS AND METHODS
Homology modeling was previously used to investigate
the interactions of cyclic nucleotides with the CNG Channe|_Mutan'[s of the bovine reting CNG chgnmeskubunit cDNA were generated
binding domains. The models were based on the conservipd sequenceq as described previously (Scott and Tanake_l, 1998). The
. o ) . DNA was a gift from Dr. W. Zagotta and the cDNA encoding the rat
tion of the channel binding domain structure with the CAMP gjtactory o subunit was a gift from Dr. K-W. Yau. The CNG subunit
binding domain ofEscherichia coli CRP (Kumar and We- cDNAs were transiently expressed in cultured human tSA201 cells. Cells
ber, 1992; Scott et al., 1996). The models predicted thatere cultured at 37°C in Dulbecco’s modified Eagle’'s medium (DMEM)
residues at four positons in the binding domain coudPOETNS W 106 1 5 S G 8 Ui st
contact the €and C purine SUbS“tu_ems (Scott gnd Tanak_a’transfectign,~2.5 X 10° cells welrae platged onto five glass CO\)//eI’S“pS (10
1995; Scott et al., 1996). One residue, T560 in the bovingnm diameter) in six well dishes in 2.5 ml 10% fetal calf serum DMEM.
rod CNG channela subunit, is conserved in all CNG Cells were incubated for 12-20 h before transfection. DNA-liposome
channels (Altenhofen et al., 1991). The residues in the othezomplexes were formed using1.2 ug CNG channel cDNA in pCIS
three positions vary between the bovine rod and rat and fisfenentech, San Francisco, CA)0.4 ug green fluorescent protein CONA
. . . . _marker in pRK7, and 0.4.g p-AdVAntage cDNA (Promega, Madison,
olfactory Channe'_s' MUtatm_g the t-hree r_ES|dueS In th? boVm%VI) with 100 ul 0% fetal calf serum growth media. The DNA was mixed
rod channel confirmed their role in purine coordination andy;ith 12 I Lipofectamine reagent (GIBCO BRL, Gaithersburg, MD) in a
nucleotide activation (Scott and Tanaka, 1998; Varnum etotal of 200l 0% fetal calf serum growth media and incubated at room
al., 1995). The binding domain is less tolerant of changes ittemperature for 30 min. This mixture was added to 0.8 ml 0% fetal calf
the ribofuranose moiety and, to date, only alterations of th&erum grovyth media. The pell meQia in each well containing cells was
. replaced with the transfection media and the cells were returned to the
phosphate group have_ been reported to aCtlvate_ Cl_"rrenﬁfubator. After 5 h, 1.0 ml 20% fetal calf serum media was added to the
(Tanaka et al., 1989; Zimmerman et al., 1985). This intol-yeiis to give a final concentration of 10% fetal calf serum. About 24 h after
erance is consistent with the molecular models that show e start of transfection the media were replaced with 2.0 ml 10% fetal calf
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serum growth media and patching was undertak@@ h after the start of  Molecular modeling
the transfection.

Inside-out patches were excised from positive cells using fluorescencdlodeling of the phosphorothioate analogs of cGMP in the CNG channel
illumination as described elsewhere (Scott and Tanaka, 1998). Cyclidinding domain was initiated using the coordinates of the previous models
nucleotides including cGMP, cAMP, and"dxide cAMP (Sigma Chem-  of bovine rod, catfish olfactory, and rat olfactory nucleotide binding
ical Co., St. Louis, MO), Rp-cGMPS, and Rp-8-CPT-cGMPS (BioLog, La domains (Scott et al., 1998ynandanti conformations of Rp-cGMPS and
Jolla, CA) were applied to the bath. All solutions contained 120 mM NaCl, Sp-cGMPS were constructed from tisgn and anti cGMP models by
5 mM HEPES solution, 2 mM EDTA, and 2 mM EGTA, at pH 7.2. replacing the exocyclic oxygens with sulfur on the bound cGMP. The
Macroscopic currents were recorded with a patch clamp amplifier outputhemical structures of the nucleotides are shown in Fig. 1.

(Dagan 8900), which was low-pass filtered at 1 kHz before digitization by ~ The external energy exerted on the ligand was used to determine the
an IBM 486 (5 kHz, 12-bit A/D). The patch pipette was positioned in the preferred ligand conformation; the total potential energy was computed
chamber inflow stream to measure cyclic nucleotide-activated currentsysing the program AMMP, available from Dr. R. Harrison (http://asterix.
Solutions were superfused continuously over the cytoplasmic surfaces ggj tju.edu) (Harrison, 1993; Weber and Harrison, 1999). The models were
excised patches to measure maximal nucleotide activated currents. Ng{inimized with the atoms sp4 parameter set, a modified UFF parameter
activated currents were determined after subtraction of the bath currentet in AMMP. Conjugate gradient minimization was performed, and
measured in the absence of nucleotides. ] ~ model coordinates were written to a file every 20 iterations. The minimi-

The maximal response of each patch was determined from the maximalation was considered complete when the following criteria were met: 1)
current activated with a saturating concen_tration of cGMP after subtracti_oqhe total energy difference between two consecutive models<vias%,
of the br_:lth current. Dose_-response relat|qns were determlped by plottmgnd 2) the test model had &g, (absolute maximum force of any atom)
the fraction of current actlva.ted as a function of Fhe nucleotide poncentra—<10% of its total potential energy. These criteria were usually met within
tion at +60 mV_' The _normallze_d currents were fitted as a function of the 2500 iterative steps. The interaction energy between the ligand and binding
test concentration using the Hill equation: domain was then computed using AMMP.

Fraction of current |nm/[1 + (KO.JL)”] UnIikg p_rgviogs_ m_ode_ling, the amino ap_id side chains were not adjusted

after the initial minimization except to position the water molecule between

with a nonlinear Levenberg-Marquardt fitting routine in TableCurve (Jan-the T560 (bovine rod numbering) and the purine ring. The only constraint
del Scientific, Corte Madera, CA), whetg,, is the normalized maximal  was placed on the water, not allowing it to move from its starting position.
responsel. is the ligand concentratiof, 5 is the concentration at 50% of  All other atoms, including the backbone, were allowed to move. The RMS

thel,,, andn is the cooperativity index, or Hill coefficient. deviation between cGMP and the Rp or Sp derivatives in the binding
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FIGURE 1 @) The chemical structure afyncGMP andsynandanti conformations of R-oxide cAMP.SyncGMP shows the purine numbering)(
The chemical structures of several phosphorothioate cGMP analogs: Rp-cGMPS, Sp-cGMPS, and Rp-8-CPT-cGMPS. Rp-cGMPS and Sp-cGMPS have

alterations only in the exocyclic oxygen of the ribofuranose. Rp- and Sp-8-CPT-cGMP are modified at the C8 position on the’poxide. BAMP has
oxygen at the N position of cAMP. These structures were drawn with CS ChemDraw Pro.
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domain was compared to determine the effect of replacing the oxygen with
sulfur using Insight Il (MSI). The positions of selected atoms in the binding 100 4
domain and the ligand were also compared. These vector measuremen&g_

account for changes in the y, andz axis coordinates. 80

60 4

RESULTS

N'-oxide cAMP activates rat olfactory CNG
channels and binds to a rat olfactory-like bovine
rod mutant

40 4

Normalized current

cAMP

201 N-oxide-

Inside-out patches were excised from fluorescent cells CAMP

transfected with cDNAs encoding the subunit of the rat 0 . ' ' ' '
olfactory CNG channel and green fluorescent protein as 0.01 0.1 1 10 100 1000
detailed in the Methods. A saturating concentration of log [Nucleotide], uM

cGMP was applied to the bath (cytoplasmic face) of the
patch to activate maximal currents. For each patch, the '®71 B.
maximal current is defined as the net current activated by ae
saturating concentration of cGMP. Dose-response curves 1
for cGMP and cAMP are shown in Fig.&2 TheK, sandny
values were determined by fitting the Hill equation and the
values are given in the figure legends. The averaggd
values were 0.54M for cGMP and 54uM for cAMP. In
contrast to the rod homomeric channels where cAMP acti-
vates~1% of the maximal current, CAMP activatesl00%

of the maximal current in homomeric rat olfactory channels.
These values are in the range of previous measurements on

Rp-8-CPT-cGMPS
60

lized curre|

40 4 Rp-cGMPS

Norma

20

rat olfactory CNG channels, witK, 5 values ranging from o X - -
0.5 to 1uM cGMP and~50 uM for cAMP (Frings et al., )
1992; Zong et al., 1998). log [Nucleotide], uM

N*-oxide cAMP, shown in Fig. 1, does not activate rod IGURE 2 ) Activation of the rat olfactory CNG ch by cOMP
- - ctivation of the rat olfactory channel by c ,
CNG channels at 5 mM concentrations, nor does the addfc:AMP, and N-oxide cAMP. Normalized currents for cGMP), cAMP

tion of 1 mM N'-oxide CAMP competitively antagonize (g, and N-oxide cAMP (¥) are plotted at-60 mV with the Hill fits to
cGMP activation (Scott and Tanaka, 1995). Clearly, thenthe data indicated by the solid line. THg 5 for cGMP was 0.14:M with
N*-oxide cAMP does not bind to native rod channels. Be-n, = 1.5, theK, s for CAMP was 35.6uM with n,, = 1.9, and the values
cause the coordination of the purine depends on interactior{@’ N'-0xide CAMP were 619M and 3.9, respectively. Averaged values
with three residues in the binding domain that vary betwee ‘f{,‘?nef";)?Qfﬂxxﬂvﬁfeaﬂf‘é’;m”i:f; g o j);)o]foﬁl'\f_z;(%‘;“&;n:
the bovine rod and rat olfactory channels, we tested theg) activation of the rat olfactory CNG channel by Rp-cGMPS isomers.
ability of N*-oxide cAMP to activate current in homomeric Normalized currents were plotted as a function of nucleotide concentration.
rat olfactory channel patches. As shown in FigAZNl- The solid lines indicate the Hill fits. Rp-cGMP®) had aK 5 of 10.6 uM
oxide cAMP activates-80% of the maximal current in the With ann,, of 1.2, and Rp-8-CPT-cGMP{ had aK 5 of 1.8 uM with
rat olfactory CNG channel with an averalig; of 656 uM. 2" of 1.6
However, the>10-fold increase in th&, 5, compared to
that of the parent cAMP nucleotide, suggests that the addi-
tion of oxygen at N on the purine leads to an unfavorable influence of just the altered residues. Table 1 lists the
interaction with the purine in the rat olfactory binding site. residues in equivalent positions in various CNG channels. A
We further explored the role of these three residues usingomparison of the currents from these mutants is shown in
site-directed mutagenesis. Residues of the bovine rod chaffig. 3. In this experiment, 2.5 mM MNoxide cAMP was
nel were replaced with the residue occupying the equivalertiested for its ability to compete with cGMP. Ifpoxide
position in the rat olfactory channel. Two mutants werecAMP binds to the channel, the current activated by sub-
examined: a double mutant, F533Y/K596R, and a triplesaturating concentrations of cGMP will be reduced. Our
mutant, F533Y/K596R/D604E, where the residue and posiresults show that Noxide cAMP has no effect on currents
tion in the bovine rodr subunit are followed by the replace- activated by 20uM cGMP in the F533Y/K596R mutant,
ment residue of the rat olfactorg subunit (Scott and but it inhibits ~35% of the 20uM cGMP-activated current
Tanaka, 1998). This approach should preserve the overaith the F533Y/K596R/D604E mutant. Similar results were
fold of the bovine rod channel and allows us to examine theseen in two other patches with current suppressions of 36%
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TABLE 1 Predictions of agonist or antagonist property of Rp-cGMPS based on the residues in three positions

CNG channel B5 strand @ helix Ca helix Rp-cGMPS Reference
Bovine rod F533 K596 D604 Agonist Kaupp et al., 1989
Chick rod F487 K550 D558 Agonist Bonigk et al., 1993
Dog rod F534 K597 D605 Agonist Veske et al., 1997
Human rod F531 K594 D602 Agonist Dhallan et al., 1992
Mouse rod F526 K589 D597 Agonist Pittler et al., 1992
Rat rod F526 K589 D597 Agonist Ding et al., 1997
Bovine cone F557 K620 D628 Agonist Weyand et al., 1994
Chick cone F580 K643 D651 Agonist Bonigk et al., 1993
Human cone F538 K602 D610 Agonist Yu et al., 1996
Bovine Y510 R573 E581 Agonist Ludwig et al., 1990

olfactory
Catfish F503 R566 Q574 Antagonist Goulding et al., 1992

olfactory

Rat olfactory Y512 R575 E583 Agonist Dhallan et al., 1990
Bovine testis F557 K620 D528 Agonist Weyand et al., 1994
Chick pineal F580 K643 D651 Agonist Bonigk et al., 1996
Mouse kidney F527 K590 D598 Agonist Karlson et al., 1995
Rabbit aorta Y578 R641 E649 Agonist Biel et al., 1993
Drosophila L485 R548 D556 Agonist Baumann et al., 1994
Tax4 C. elegans F549 K612 D620 Agonist Komatsu et al., 1996

and 37% at+80 mV. These results illustrate the importance Rp-cGMPS activates rat olfactory CNG channels
of the side chain of residue 604 in current activation. Webut not a catfish olfactory-like rod mutant
conclude, then, that the presence of Glu at position D604 on
the putative C helix permits Noxide CAMP to bind to the ~RP~CGMPS and Sp-cGMPS are altered only at the phos-
rat olfactory channel. phate p_o_smon of the_rlbofuran(_)se (Fig. 1). Rp-cG_MPS is a
We then asked whetheroxide cAMP could activate COMpetitive antagonist of native and homomeric catfish
the F533Y/K596R/D604E mutant. Results from a typical©lfactory channels (Kramer and Tibbs, 1996) although it is
patch activated with cGMP, cAMP, andéxide CAMP are & full agonist of both native and homomeric rod channels,
shown in Fig. 4. In the presence of 5 mM-ixide cAMp ~ With @Ko 5 value 0f~1200uM (Zimmerman et al., 1985).
we observe channel openings that are not present in the bagP"CGMPS, however, activates both rod and olfactory chan-
trace. These channels appear to have longer openings thAR!S: We asked whether Rp-cGMPS activates the rat olfac-
those activated with CAMP, although we did not character{ory channel. Rp-cGMPS is a full agonist in this olfactory
ize the single channel properties. Similar results were seef@nnel, in contrast to that of the catfish, as shown in Fig.
in two other patches. In contrast, no channel activity wa B The averagé, sfor Rp-cGMPS was 20.AM. We also
seen in three patches excised from the F533Y/K596Hested Rp-8-CPT-cGMPS, a membrane-permeant analog of
mutants. Rp-cGMPS. The addition of the C8 substituent increases the
In previous experiments with the rat olfactory-like apparent affinity, as shown in Fig.& and the averagk, s
F533Y/K596R/D604E mutant, saturating concentrations oialue was 1.4uM for this analog.
CcAMP activated~8% of the maximal cGMP-activated cur-  Activation of the rat, but not the catfish, olfactory channel
rent (Scott and Tanaka, 1998). This fraction of currentoy Rp-CGMPS is quite surprising because the degree of
represents an eightfold increase over the 1% fraction ohomology between these channels is very high. Even more
maximal current activated by saturating concentrations operplexing is the realization that the contacts of the ribo-
cAMP in the homomeriax bovine rod channel. Although furanose are conserved in all the CNG channels. Our pre-
the N-terminus (Gordon and Zagotta, 1995; Goulding et al.yious modeling suggested that differences in the ribo-
1994) and C-linker regions (Zong et al., 1998) of the ratfuranose packing would alter the purine contacts in these
olfactory channel are important regulators of nucleotidechannels. Because the rat and catfish olfactory channels
gating in CNG channels, the activation of the rat olfactory-differ at two of the three positions contacting the purine, we
like mutant by N-oxide cAMP and the increase in the examined the effect of mutating the bovine radsubunit
relative cAMP-activated currents seen with this mutant unwith the catfish olfactory channel residues at these posi-
derscore the role of these three residues in current activatioions. A double-mutant K596R/D604Q was tested, but we
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FIGURE 3 N-oxide cAMP binds to the triple-mutant F533Y/K596R/D604, (but not the double-mutant F533Y/K596R) (of the bovine rod channel.

Rat olfactory-like bovine rod mutant channels were heterologously expressed as described in the Methods. Currents were recorded at 20 myhintervals f
—80 mV to 80 mV. Currents were sampled at 20 MHz and double-pole active-filtered at 1 KHz. Recorded currents with leak current subtracted are shown
from 10 to 85 ms for each voltage. The left sidefofhows the current in the F533Y/K596R mutant elicited byu2® cGMP, and the right side shows

20 uM cGMP plus 2.5 mM N-oxide cAMP. Currents in the absence of ligand were subtracted from all traces. No change is seen in the currents. At holding
potentials of—80 and+80 mV, the raw (un-subtracted) currents averag@2.2 + 3.5 pA and 31.2+ 4.2 pA for cGMP alone, and-22.5+ 3.4 pA and

35.0 = 4.5 pA with cGMP and R-oxide cAMP both presenB shows currents recorded from the F533Y/K596R/D604E mutant with the same solutions

as inA. In this mutant, the net currents decreased in the presence of‘tbeide CAMP. Raw currents at80 mV and+80 mV were—11.8 + 3.2 and

23.6 = 3.0 pA with cGMP alone, and-7.4 = 2.2 and 15.1*+ 2.7 pA in the presence of cGMP and-Nxide cAMP.

were unable to record cGMP-activated currents in exciseWlolecular modeling of several CNG binding
patches. We then examined a triple-mutant F533Y/K596Rd4omains provides insight into selective
D604Q, which replaced F533 with tyrosine in addition to ligand activation

the two catfish olfactory channel replacements. The rat dvo
olfactory channel has a Tyr, Y512, at the corresponding’/€ constructed molecular models to address hovoride

position. As shown in Fig. 5, this mutant expressed cGMPLAMP and Rp-cGMPS might selectively activate rat olfac-

activated currents and, consistent with previous reports on 1Y channels. The models were based on earlier models
singly substituted D604Q mutant (Varnum et al., 1995) (Scott et al., 1996) constructed from the coordinates of the

CAMP activated large currents relative to the currents acticAMP binding domain of thée. coli CRP (McKay et al.,
vated by cGMP. In three patches from this mutant, 1 mm1982; Weber and Steitz, 1987). The overall architecture of
cAMP activated the same or more current than was actithe binding domain is an eight-strand@dbarrel with an
vated with 500uM cGMP. When Rp-cGMPS concentra- N-terminala helix and two C-terminad helices (Fig. 64).
tions as high as 5 mM were tested on these mutants, therghe ribofuranose interacts with a number of conserved
was less than a 2% increase in the mean current and a smég@isidues in theg barrel of CRP, and presumably these
increase in the current noise. These results are identical @Pntacts are preserved in the channel-binding domains. It
those reported by Kramer and Tibbs (1996) for catfishseems possible, then, that nonconserved residues in the
olfactory channels. We conclude, therefore, that substitutingurrounding region may change the overall packing in dif-
the bovine roda subunit residues that contact the purine ferent proteins.

with those of the olfactoryr subunit converts the response  Activation of the channel is dependent on contacts be-
to Rp-cGMPS from a rod-type to a catfish olfactory-type tween the purine and the binding pocket, particularly con-
channel. Furthermore, because the F533Y/K596R/D604@acts located on the putativextelix andB5 strand. Based
mutant has a Tyr at position 533 and Arg in position 596,0n the homology modeling, the communication between
similar to the rat olfactory channel, the major determinant ofthese two secondary structural elements is facilitated by the
the loss of Rp-cGMPS activation is the GlIn in position 604.binding of the ligand (Scott and Tanaka, 1998). However,
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FIGURE 4 Activation by 2 mM N-oxide cAMP in the triple mutant F533Y/K596R/D604E. Currents are displayee-id&0 ms at a holding potential

of —80 mV and+80 mV. No activated currents are seen in the bath traces, but in the presentexititl CAMP, infrequent channel-like openings are

seen. Currents activated with saturating concentrations of cCAMP and cGMP are also shown for this patch. The mean current activated by 500 mM cGMP
was 38+ 0.53 pA at+80 mV. Mean current for 2.5 mM cAMP activation was 5:71.6 pA, and for the bath and’Mxide cAMP activation, both mean

currents were 5.3 pAf 0.53 pA for bath and- 1.0 pA for N'-oxide cAMP). Similar N-oxide cAMP activity was seen in this mutant in three other patches.

the contacts will differ depending on whether the nucleotidein all members of the channel family, and that Sp-cGMPS is
is bound in thesyn or the anti conformation (see Fig. 1). a full agonist in the catfish olfactory channel. Our models
Using AMMP, the energetically favored conformation of show that the equatorial sulfur of Rp-cGMPS, but not the
the bound ligand was calculated for the rat and catfishaxial sulfur of Sp-cGMPS, is buried within thgbarrel. By
olfactory channels and the bovine rod channel-binding dousing AMMP we calculated the binding energies of beyh
main. As discussed in detail previously (Scott et al., 1996)and anti cGMP, Rp-cGMPS, and Sp-cGMPS. We used
the energetically favored conformation is determined fromthese energies to predict preferred configurations in Table 2.
the absolute energy difference between #ym and anti Differences smaller than-7 kcal/mol are not considered
conformations of the bound ligand (Fig. B). In the rat selective. Clearly, thesyn conformation is favored for
olfactory binding domain, R575 on thexelix selects for cGMP in the bovine rod and the rat olfactosy subunit
theanti conformation of the cAMP (Scott et al., 1996). The binding domains, but thanti conformation is preferred in
models show that in this conformation, the-bikide is  catfish olfactory channels.
positioned away from Y512, on thg5 strand of the model, Replacing the exocyclic oxygen of cGMP with sulfur
and E583, on the & helix. In contrast, the rod binding altered some of the contacts between the ribofuranose and
domain models show no energetically favored conformatiorthe binding domain, but the actual displacements were
for cAMP (Scott et al., 1996) and with tlynconformation  small. From models of Rp- and Sp-cGMPS, bound in the
of N*-oxide cAMP, the highly negative oxygen would likely preferred configuration, we computed the displacements of
disrupt the communication between the purine and@he three atoms relative to their positions when cGMP is bound.
strand and @ helix. The experimental results with the rat The atoms were located on the side chains of conserved
olfactory-like mutants show that the acidic residue (D604 inresidues E544, R559, and T560 (bovine rod sequences), all
bovine rod), presumed to lie on thex@elix, is an important  of which contact the ribofuranose. The results are presented
determinant of whether Noxide cAMP binds to the chan- in Table 3. Inspection of theanti conformation of
nel. The additional length of the Glu in the mutant, com-Rp-cGMPS in the catfish olfactory binding domain shows
pared to the Asp in the bovine rod channel, may provide thehat the largest displacement is seen with the conserved Glu
required flexibility so that the negatively charged side chainon the 86 strand.
can avoid electrostatic repulsion from thé-dbkide. The important insight to emerge from the modeling of the
An explanation of why Rp-cGMPS does not activate phosphorothioate analogs is that the sulfur induces changes
catfish olfactory channels must take into account the factn the nucleotide packing that propagate through the linked
that the residues contacting the ribofuranose are conservethg systems, causing a tilt in the bound purine. The purine
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FIGURE 5 A catfish olfactory-like mutant, F533Y/K596R/D604Q, no longer responds to Rp-cGMPS. The bovine rod triple-mutant F533Y/K596R/
D604Q was expressed in tSA201 cells. Current activation by BA&GMP (upper lef) and 1 mM cAMP (pper righ) are shown. The mean current for
cGMP was 87+ 7.1 pA, that for cAMP was 9& 6.5 pA. The lower traces show current responses to 2 mM Rp-cGlMR@I(lef) and bath lpower right).

The Rp-cGMPS mean current was #£11.6 pA,; the bath current was 38 1.1 pA. All traces were held at 0 mV and steppedH80 mV for 80 ms. See

the text for a description of the catfish olfactory wild-type channel to Rp-cGMPS.

displacement, which differs among the models, alters th¢hat the rat olfactory channel is preferentially activated by
purine contacts with residues on t§8& strand and the C these analogs because of contacts with the purine at Y512,
helix as shown by the displacements of, ©° and N R575, and E583. The power of site-directed mutagenesis in
purine atoms in Table 3. The models of the rat olfactorystudying ligand recognition is that the overall fold of the
channel show strong interactions between the Rp-cGMP$rotein should be conserved, and all changes in the behavior
purine and residues Y512 (residue F533 of bovine rod) anadf the mutant can be attributed to the amino acid substitu-
E583 (residue D604 of bovine rod). In the catfish olfactorytions. These substitutions may lead to changes in the overall
binding domain, the purine anti Rp-cGMPS is unable to protein folds and changes in ligand contacts, but this issue
contact the conserved T530, which lies on {8 strand is of much more concern with chimera constructs where a
(residue T560 of bovine rod). Furthermore, the ligand tiltfunctional channel is formed from different regions of the
results in less favorable purine contacts with F503 orghie  bovine rod and rat olfactory channels.

strand and Q574 on thedaChelix. The loss of Rp-cGMPS Molecular modeling provides insights about the channel-
activation in the catfish olfactory-like mutant of the bovine selective activation by these analogs. First, small shifts in
rod channel provides experimental support for the modelinghe position of the ribofuranose are caused by changes in the
predictions. There is no equivalent purine displacement irpacking caused by the addition of the sulfur in the analogs.
the synconformation of Rp- or Sp-cGMPS in the rat olfac- These shifts are larger in the catfish olfactory channel and
tory or bovine rod binding domain, or witnti Sp-cGMPS  they propagate through the coupled ring system of the
in the catfish olfactory binding domain. The modeling is nucleotide and alter the purine contacts with residues on the
therefore consistent with Sp-cGMPS acting as a universg85 strand and the & helix that influence binding and
agonist. activation. Second, the modeling suggests that the selective
activation of the rat olfactory channel by*Mxide cAMP is
largely due to the preference for tlamti conformation of
DISCUSSION the ligand in this binding site compared to tken confor-
N*-oxide cAMP and Rp-cGMPS are cyclic nucleotide ana-mation in the bovine rod channel. The conformation of
logs that selectively activate rat olfactory CNG channelscAMP is determined, in part, by R575 of the rat olfactory
N-oxide cAMP does not bind to the rod channel andchannel, which is long enough to interact with the purine.
Rp-cGMPS is a competitive antagonist of the catfish olfac-The conformation is also influenced by the acidic residue on
tory CNG channel. We show with site-specific mutationsthe Ca helix. In the catfish olfactory channel, the Gin at
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FIGURE 6 () Predicted second-
ary structure of the cyclic nucleotide
binding domain is represented by the
rat olfactory CNG channel witlnti
N-oxide cAMP. The cyclic nucleo-
tide binding domain surrounds the li-
gand. The purine ring lies between
the g5 strand and the & helix, and
the ribofuranose lies buried within
the otherB strands. B) A close view
of the contacts shown iA. The ribo-
furanose binding pocket is formed, in
part, by E523, R538, and T539. The
purine ring interacts with Y512,
R575, and E583.

Thr 539

position 604 forces cGMP into themti conformation. This

Glu 523

Thr 539

o
=
¢’

N

Arg 575

Glu 523

nucleotide analog, which is identical to cGMP except for the

unfavorable interaction of GIn with cGMP is likely the replacement of the TCoxygen with hydrogen, does not bind
reason that cGMP is a poor agonist in our F533Y/K596R#to rod channels (Tanaka et al., 1989). Subsequently, two
D604Q mutant and in the D604Q mutant of Varnum et al.other inactive cyclic nucleotide analogs were identified:
(1995). In both of these mutants, cGMP is a much weakeN*-oxide-cAMP and N-monosuccinyl-cAMP (Scott and
agonist than in the wild-type bovine rod channel, with anTanaka, 1995). More recently, PET-cGMP was shown to be
increasedK, 5 value and a relative current similar to that a competitive antagonist of rod channels, capable of bind-

activated by cAMP.

The activation properties of N'-oxide cAMP and
Rp-cGMPS strengthen the hypothesis that the g5
strand and the Ca helix communicate in the
presence of an activating ligand

The first clue that protein contacts with the' nd ¢

ing, but not activating, these channels (Wei et al., 1996).
The important and shared feature of all of these analogs is
that they are all altered at either thé dr C° on the purine.
Coupled with the recognition that changes in other positions
of the purine are well tolerated by CNG channels, this result
implies that contacts with the binding domain at th&¥@¥$
positions of the purine are crucial for channel activation.
Based on the modeling and previous mutagenesis show-

positions of the purine are required for ligand activation ofing the importance of the communication between @&e
CNG channels was seen with 2-amino-cPNP. This cyclicstrand and the & helix (Scott and Tanaka, 1998), we
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TABLE 2 Energetically favored purine ring conformation determined from the overall energy differences between the models

CNG channel Egyn (kcal/ Eqnii
model Ligand mol) (kcal/mol) |AE] Conformation Activity

Bovine rod cGMP -83 -76 7 Syn Agonist
Sp-cGMPS —82 —76 6 Syn Agonist*
Rp-cGMPS —78 —-67 11 Syn Agonist*

Catfish olfactory cGMP -89 —-100 11 Anti Agonist*
Sp-cGMPS -90 —104 14 Anti Agonist*
Rp-cGMPS -89 —103 14 Anti Antagonist*

Rat olfactory cGMP -119 —-88 31 Syn Agonist
Sp-cGMPS —122 —96 26 Syn Agonist
Rp-cGMPS -121 —109 22 Syn Agonist

*Taken from Kramer and Tibbs, 1996.

"Predicted.

suggest that Noxide cAMP in the rod channel is not able experiments and the modeling with Rp-cGMPS suggest that
to bind because the negative oxide prevents theu@ino  the rat olfactoryB5 strand interacts with the purine through
substituent from interacting with F533 on t8 strand and Y512, whereas the equivalent F503 in the catfish olfactory
D604 on the @ helix. The contrasting situation with the rat channel is unable to interact with the purine. The other
olfactory channel is due to the preferradti conformation  important residue on the C helix is the basic residue, K596
of N*-oxide cAMP and the additional flexibility of the Glu in the bovine rod channel and R575 in the rat olfactory
side chain. Here, the MNoxide faces away from Y512 on the channel. Arginine, but not the lysine, is capable of interact-
B5 strand and E583 on theaChelix, which allows the €  ing with the purine ring (Scott and Tanaka, 1998). The
amino to interact with both residues. Similar reasoningN*-oxide cAMP activation of the rat olfactory channel, but
holds for Rp-cGMPS in the catfish olfactory channel. With not the bovine rod channel, supports the idea that this
this analog, the large tilt of the purine in the catfish olfactoryresidue is a determinant of the ligand conformation. Using
channel prevents the®@xygen from interacting with F503  this information, we predicted the response of other CNG
on theB5 strand. channels to Rp-cGMPS. Notably, despite wide species and
tissue diversity, only the catfish olfactory CNG channel
lacks an acidic residue on thex@elix. We predict, there-
fore, that Rp-cGMPS will activate the other CNG channels
listed in Table 1. This prediction is also based on the
The ability of Rp-cGMPS to activate a particular CNG conservation of aromatic residues on {8 strand, except
channels depends on the strength of the purine interactiorfer the DrosophilaCNG channel. Thérosophilachannel
with four residues (Altenhofen et al., 1991; Scott andalso has L485 in the position of the aromatic in the other
Tanaka, 1998; Varnum et al., 1995). The threonine on thehannels (F533 in bovine rod), making it difficult to predict
B7 strand is conserved in all CNG channels, but residues athether Rp-cGMPS will activate these channels. Although
the other positions vary among the family members. Theco-expression of thg8 subunit could modify our predic-

Predicting whether Rp-cGMPS will be an agonist
or antagonist for other homomeric CNG channels

TABLE 3 Atomic position displacements, relative to their positions with cGMP in the binding domain, caused by binding of
phosphorothioate cGMP analogs in the binding domain models of the bovine rod, catfish olfactory, and rat olfactory

Nucleotide Atomic Displacemerits

Ligand Glu: Arg: Thr:
Channel Conformation Ligand CD1* NH1 0G1 P c ct N® RMS
Bovine rod Syn Sp-cGMPS 0.23 0.18 0.14 0.05 0.13 0.09 0.10 0.178
Rp-cGMPS 0.07 0.15 0.07 0.11 0.24 0.19 0.24 0.366
Catfish olfactory Anti Sp-cGMPS 2.26 0.49 0.11 0.63 0.12 0.26 0.30 0.681
Rp-cGMPS 1.70 0.31 0.58 0.65 0.47 0.52 0.51 0.385
Rat olfactory Syn Sp-cGMPS 0.60 0.14 0.21 0.33 0.15 0.16 0.12 0.213
Rp-cGMPS 0.40 0.12 0.11 0.45 0.15 0.16 0.16 0.152

All displacements are in A. All ligands are bound in their preferred conformation (from Table 2).

*Glu:CD1 refers to the carboxyl oxygen of ttéecarbon, Arg:NH1 refers to a terminal nitrogen in the arginine side chain, and Thr:OG1 refersyto the
oxygen in the threonine side chain.

P is the phosphate atom on the ribofuronosg; @, and N are the atoms in the purine.

*Bovine rod sequences: E544 on tBé strand, R559 and T560 on ¥ strand. Catfish olfactory sequences: E514, R529, T530.

SRat olfactory sequences: E523, R538, T539.
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tions, studies with Rp-cGMPS showed that homomeric rodrhis work was supported by National Institutes of Health Grants EY-06640
and olfactory channels display similar properties to the(J-C.T.) and EY-07035 (Training Grant for S-P. S.).

native channels (Kramer and Tibbs, 1996; Zimmerman et

al., 1985).
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