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ABSTRACT. In photoreceptor outer segments, particulate guanylyl cyclase (RetGC) is stimulated at low
intracellular C&" concentrations by guanylyl cyclase activating protein (GCAP),d-Gansitive activator,

to resynthesize light-depleted cGMP. In washed outer segment membranes, we find that GCAP-stimulable
RetGC is rapidly inactivated at physiological temperatures-@C). Under the same conditions, RetGC
remains competent for stimulation by S-100 protein preparations &t/Niiton X-100, indicating that

the cyclase catalytic domain remains functional. GCAPs and adenine nucleotides protect against
inactivation. Protection by GCAPs is independent of‘Gaoncentration, suggesting that there is &€a
independent interaction between GCAP and RetGC. Protection by AT ¢EC50uM) is not due to
phosphorylation, since the nonhydrolyzable analogue adenylyl imidodiphosphate (AMP-PNP) protects
equally well. In addition to their roles in protection, ATP and AMP-PNP also slowly stimulate cyclase
activity. In parallel with the functional change in RetGC at physiological temperatures, we also observe
a structural change. A 62-kDa intracellular fragment of RetGC-1 becomes more sensitive to cleavage by
trypsin after preincubation at 3@ unless ATP, AMP-PNP, or GCAP is present. Adenine nucleotides
and GCAPs thus protect RetGC structurally, as well as functionally.

Photoreceptor membrane guanylyl cyclases (Ret&tmy in response to binding of peptide hormone to the extracellu-
key roles in the responses of photoreceptor cells to flasheslar domain. In RetGCs, the extracellular domain is not
of light, continuous illumination, and darkness. Upon light required for stimulationX7, 18). Instead, two intracellular
excitation, cGMP is depleted in photoreceptor outer segmentsCa*-binding proteins, GCAP-1 and GCAP-2, stimulate
(OS) by a cGMP-phosphodiesterase (for reviews seelrefs RetGCs at low CH concentrations 5, 6, 19, 20). Re-
and2). This causes closure of cGMP-gated cation channels, cently, it was also reported that €ebinding proteins of the
which hyperpolarizes the cell, slows neurotransmitter release,S-100 family activate RetGC but at highaoncentrations
and lowers intracellular Ca. RetGC is stimulated by (21, 22).
lowered C&" levels to convert GTP to cGMR{6). The Modulation of GC activity has been demonstrated in GC-
newly synthesized cGMP can bind to and reopen the cGMP-A, GC-C, and RetGC in the form of an ATP-stimulatory
gated channels, returning the cell to the depolarized “dark” effect which can be reproduced with nonhydrolyzable
state. analogues of ATP. ATP appears to be required for activation

Two forms of photoreceptor-specific membrane guanylyl of GC-A by hormoneZ3) and enhances, but is not required
cyclases, RetGC-1 and RetGC-2, were initially identified for, activation of GC-C 24) and RetGC 17, 25-28).
from a human retinal cDNA library7( 8). Subsequently, Althoughitis clear that ATP enhances GC activity in these

bovine and rat homologues were clon&d 10). RetGC-1 in vitro assays, the general mechanism through which this
and RetGC-2 are in the family of membrane guanylyl Occurs has not been well established.

cyclases, which includes the natriuretic peptide receptors [N this study, we identify a discrete functional domain of
GC-A and GC-B (1-13), the heat-stable enterotoxin RetGC thatis essential for mediating activation by GCAP-

receptor GC-C14), and the sea urchin sperm cell GT5), 2. This domain is temperature-sensitive and is separate from
These proteins each contain an extracellular domain, a singlehe catalytic domain and from the domain mediating activa-
transmembrane domain, a conserved kinase homology doion by S-100. ATP, AMP-PNP, and GCAPs stabilize the

main (KHD), and a catalytic domain that converts GTP to {emperature-sensitive domain both structurally and function-
cGMP (reviewed in refl6). ally. GCAPs stabilize this domain at both low and hig¥ Ca

concentrations, suggesting that they associate with RetGCs
under both activating and nonactivating conditions. ATP
or AMP-PNP, in the presence of GCAP, also causes a slow
time-dependent stimulation of activity.

With the exception of RetGCs, the membrane GCs form
a family of peptide hormone receptors that synthesize cGMP
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toylated GCAP-2 and myristoylated recoverin were prepared
as described previous|y9, 30).

OS Preparation. Outer segments from frozen bovine
retinas were isolated using sucrose flotation by the technique
of McDowell and Kuhn 81), with modifications. Bovine
OS membranes were washed in the dark three times in GC
wash buffer [5 mM Tris-HCI, pH 7.5, 1 mM Mggl10 mM
2-mercaptoethanol, 0.05 mM phenylmethanesulfonyl fluo- : ‘
ride, and 5% (v/v) glycerol]. Between washes, membranes 0 20 40 60
were pelleted in a TLA100.1 rotor at 80 000 rpm for 5 min Time (min)
at 4°C. Membranes were resuspended in wash buffer at 2 30
mg/mL, aliquoted, and frozen at70 °C until use. For
preincubations and GC assays, membranes were diluted in
2x GC buffer (200 mM KCI, 100 mM MOPS, 14 mM
2-mercaptoethanol, 20 mM Mg&£16 mM NacCl, and 2 mM
EGTA) to a rhodopsin concentration of 0.48/uL. Pre-
incubations were then carried out typically at 3D for the
indicated times. Preincubations were stopped by placing on ‘
ice and, when specified, adding ATP and/or GCAP-2. 0 10 20 30

GC Assays.Measurement of guanylyl cyclase activity was Time (min)

carried out .as previously describe@0). Washed .OS Ficure 1: Photoreceptor GC rapidly loses GCAP sensitivity at 30
membranes in 2 GC buffer (12.5uL, 6 ug of rhodopsin)  °c () Time course of GC inactivation. Washed OS membranes
were combined with additional factors (detailed in figures) were preincubated for various times at 3D in 2x GC buffer.
and 10 uM dipyridamole (to inhibit phosphodiesterase Stimulated GC activity®) was measured as detailed in Materials

activity) to a volume of 2QuL. The reaction was initiated g;gjgg;gog;?ums gfr eGség%e; f((()) ';MTMBQST; ’achCi“t@ %(;Ivg,sand
by the addition of sl of a 5x sg?strate solution (5 mM measured in the presence of 0.5 mM ATP, 1 mM EGTA, and 0.9
GTP, 25 mM cGMP~2 uCi of [0-*P]GTP, and~100 000 mm CaC}. (B) Time course of GC activity stimulated by S100 or
dpm of [8H]cGMP) and incubated at 3€ for the indicated Mn2*+/Triton X-100. Washed OS membranes were incubated<in 2
period of time (usually 10 min). GC buffer (without MgC}J) for indicated times at 36C. GC activity
; ; was assayed for 10 min in 1 mM Ca@ind either 1% Triton X-100

Soprolf/?"T'y.s's' \ga;ge‘ic?s ,\’}l‘e,\;l“br?”e?%‘g Oh; ';h) M and 10 MM MnC} (Mn/Tx, O) or 9.64M bovine brain S100 and

m ns, p o m gCl an m -mer- 10 mM MgCl, (S100,@). Points represent the means of duplicate
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captoethanol were preincubated either at°@0or on ice. determinations from a representative of several experiments.
Trypsin-treated samples were incubated for 10 min £tG0
with trypsin at a concentration of 1:70@@ of total protein, Protection by ATP.Since ligands often stabilize proteins,

as detailed in figure legends. Samples were boiled for 4 we examined the stabilizing effects of factors known to
min and run on a 10% an SD®olyacrylamide gel. influence GC activity, such as ATP, GCAPs, and S100. ATP
Immunoblotting was performed using the polyclonal antibody protects against inactivation at 3@ with an EGo of
CAT-AD corresponding to Mi—Si0s2 0f RetGC-1. Prepara-  approximately 15Q«:M (Figure 2A). ATP (1 mM) slows
tion and characterization of this antibody will be described inactivation significantly (0.008 mitt, t;, = 86 min). The
elsewhere (Laurat al, manuscript in preparation). temperature- dependence of this effect is shown in Figure
RESULTS ZB._ _In the abs_ence of ATR®), GCAP-stimulated cyclase
activity was fairly stable fo1 h atroom temperature (20
Photoreceptor GC Rapidly Loses GCAP Sensitiat 30 °C), but at 30°C, 86% of the initial activity was lost. The
°C. Incubation of washed OS membranes af@licits a protective effect of ATP®) was most significant at 30C
rapid and sustained loss of GCAP-stimulated guanylyl (4.6-fold activity) and 37°C (4.2-fold activity).
cyclase activity (Figure 1A®), with half of the activity lost Protective Effect of ATP Is Not Mediated by Phosphory-
within 5 min. The rate of inactivation is initially very rapid  lation. Since previous studies have shown that ATP analogs
(0.1364 0.02 mir?!) but slows after 10 min (0.03¢ 0.002 can elicit similar effects as ATP on RetGC activitl/( 25,
min~1). Basal activity (Figure 1AQ) also decreases, but 27), we examined the stabilizing effects of various nucle-
more slowly. otides and analogues (Figure 3). Washed OS membranes
The loss of activity could represent a specific loss of were preincubated at 30 for 30 min in the presence or
sensitivity to GCAP, rather than a general loss of catalytic absence of 1 mM nucleotide or analogue then assayed for
ability. To determine this, we examined the sensitivity of stimulation by GCAP-2. Adenine nucleotides and analogues
RetGC to other activators after incubations. S100 prepara-significantly protect GC. At 1 mM, ATPS protects most
tions appear to activate RetGC through a different mechanismeffectively, followed by AMP-PNP, ATP, and then ADP.
than GCAP 21). GCs can generally be constitutively GTP and guanine analogs are less effective, while TTP has
activated by MA" and nonionic detergen8®). Figure 1B no effect. Since the nonhydrolyzable ATP analogue AMP-
shows that incubating OS membranes af@0causes only ~ PNP stabilizes equally well as ATP, these results suggest
a relatively small loss of activity when assayed in the that phosphorylation and hydrolysis are not involved in
presence of either S100 and 1 mM?C#®) or Mn?" and stabilization.
Triton X-100 ©). Taken together, these results show that  Protectie Effects of GCAPsWe also tested activators
RetGC remains competent for catalytic activity but loses its of RetGC for their abilities to maintain RetGC in a GCAP-
ability to respond to GCAP-2. sensitive state. GCAP-1 and GCAP-2 are*Csensitive
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8 10 + FiIGURE 4: GCAPs, but not other Cabinding proteins, stabilize
£ GC activity. Washed OS membranes were preincubated for 30 min
at 0 or 30°C in the presence of 5.2M recoverin (Rv), 5.1uM
GCAP-1, 0.84«M GCAP-2, or 6.4uM S100. Preincubations were
0 ‘ ; done in 0.5 mM CaGl (Ca&*, hatched bars) or 3 mM EGTA
0 10 20 30 (EGTA, solid bars). Subsequently, GC activity was measured in
. . the presence of 5.kM recoverin, 5.1uM GCAP-1, 0.84uM
Time (min) GCAP-2, 0.5 mM CaGl| 3 mM EGTA, and 0.5 mM ATP. Maximal

activity (26.094 0.32 nmol of cGMP min! (mg of rhodopsim)!

for samples preincubated in &a 24.02+ 0.61 nmol of cGMP

30 B min~! (mg of rhodopsin)! for samples preincubated in EGTA)
corresponds to samples incubated on ice in the presence @b.1
recoverin, 5..uM GCAP-1, 0.84uM GCAP-2, and 0.5 mM ATP.

20 Bars represent the means of duplicate determinations from a
representative of several experiments.

101 —e—no ATP

GC Activity
(nmol cGMP / min / mg Rh)

—o—ATP activate RetGC at high Gaconcentrations21). Washed

0OS membranes were preincubated at°80with Ca&* or
0 ' ' + EGTA and in the presence of either recoverin (Rv), GCAP-
0 10 2 30 a0 1, GCAP-2, or bovine brain S100 (Figure 4). Following this
Temperature (°C) preincubation, recoverin, GCAP-1, and/or GCAP-2 were

FiGURE 2: ATP protects GC from loss of GCAP sensitivity. (A) ~added so that all samples contained equivalent amounts of
ATP titration and time course of inactivation. Washed OS mem- proteins during the assay for cyclase activity. In addition,
branes were preincubated for various times at@@t the indicated either C&* or EGTA was added so the free &a&oncentra-

concentrations of ATP. Subsequently, samples were brought to 0.5 ;
mM ATP and GC activity was measured in the presence of 0.33 tion WaSGtCI;IEPS?meéch?Dllzsamples‘; ‘EOO m\?r)n durlng tf;)e fi
uM GCAP-2 and 1 mM EGTA. (B) Temperature dependence of assay. -1 or -z present dunng the preincubation

inactivation. Washed OS membranes were preincubated at theprotect against loss of GCAP sensitivity, while recoverin,
indicated temperaturesifd h in thepresence®) or absence®) S100, or BSA (not shown) do not. The specific protection

of 1 mM ATP. Stimulated GC activity was measured as described by GCAPs was unaffected by the presence or absence of
Iﬂ;n‘iaQ?'eﬁ;eF;‘QQ&{VeErgfigbglg"e‘iggfinﬂ';?,‘ﬁﬁ"cate determinationszp+ during the preincubation. Since recoverin, a protein
that associates with membranes only in the presence?f Ca
30 (35, 36), has no effect on stability in either the presence or
o°Cc 30°C absence of Cd, stabilization by GCAPs is not due merely
to protein binding to the membranes.

Stimulatory Effect of ATP.During a cyclase assay, OS
membranes are typically incubated for a length of time at
elevated temperatures (typically 30 or 32). Protection
by ATP and/or GCAPs during the assay time could account
for an apparent stimulatory effect. However, ATP could also
have a stimulatory effect independent of a stabilizing effect.
nnmn . L We examined GCAP-2-dependent cyclase activity after
"NA ATP ATPS NA ATP ADP ATP/S AMP-TTP GTP GTPsS preincubating washed OS for 10 min at O or ¥ (Figure
PNP 5). OS were incubated alone (no addition) or with either

) . I AMP-PNP, GCAP-2, or AMP-PNP/GCAP-2. The samples
Ficure 3: Effect of nucleotide analogs on stabilization of photo- . -
receptor GC. Washed OS membranes were preincubated at O olvere then assayed for 4 min at 3G in the presence of
30 °C in the presence or absence of the indicated nucleotides andooth AMP-PNP and GCAP-2. When membranes were
analogs. NA indicates no addition. After 30 min, samples were incubated at 0°C, there was no difference in activity.
diluted in 1 mL of GC W&Sh buffer containing 0.5 mM ATP and However, at 30C, |arge differences were observed depend_
e s oo vt A e ™ Ing on which aciors were present during he preincubation
was measured with 0.33M GCAP-2 and 1 mM EGTA as With no add|t|_0n, GCAP-dependent activity |s_I(_)st. In the
described previously. Bars represent the means of duplicate presence of either AMP-PNP or GCAP-2, activity remains
determinations from a representative of several experiments. stable for the preincubation time (compare with activity of

samples at °C). With both AMP-PNP and GCAP-2,

proteins that stimulate RetGC-1 and RetGC-2 at lowW'Ca activity increases. This increase is linear and time-dependent
concentrationsy, 6, 20, 34). Preparations containing S100 and gradually reaches a maximum [(1.88 0.36)-fold

[
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FIGURES: Slow time-dependent stimulation by adenine nucleotides. - e e L
Washed OS membranes were resuspended xnGC buffer preinc. | GCAP-2 M I
containing 1 mM EGTA. Samples were preincubated at 0 iG30 other - TTP CaM - Aup. .
for 10 min with no addition, 0.75 mM AMP-PNP, 081 GCAP- |
2, or 0.75 mM AMP-PNP/0.5uM GCAP-2. Following the
preincubation, AMP-PNP and/or GCAP-2 was added for the assay. o .
GC activity was measured for 4 min. Points represent the meansFIGURE 7: Limited proteolysis of RetGC-1. (A) Loss of GCAP

of duplicate determinations from a representative of several Sensitivity is not due to intrinsic proteolysis. Washed OS membranes
experiments. (30ug of Rh) were preincubated for 30 min at 0 or . Samples

were immunoblotted with CAT-Ab, which recognizes the RetGC-1

Loecd | 30°C

trypsin -+ + + + + + + o+ 4+

7 catalytic domain. (B) Limited proteolysis of RetGC-1. Membranes
were boiled or treated with trypsin (1:7000 w/w) for 10 min at 30
o ® °C. Samples were run on a gel that also contained lanep G
25 Figure7C. Immunoblotting was as in panel A. (C) Preincubation
o alters the tryptic sensitivity of a 62-kDa fragment of RetGC-1.
2 4 Washed OS membranes (29 of Rh) were preincubated for 20
53 min at 0 or 30°C. During the preincubation, samples contained
° >, indicated additional factors at concentrations of 1 mM (nucleotides
= and analogues) and AM [GCAP-2 or calmodulin (CaM)]. For
1 proteolysis, all samples contained 1 mM ATP andM GCAP-2.
0 Lanes h and i contained 1 mM AMP-PNP in addition to ATP and
GCAP-2 during proteolysis. Samples were boiled (lane a) or treated
time 0-30min 0°C 30°C 30°C 30°Cc with trypsin (1:7000 w/w) for 10 min at 30C. Immunoblotting
time 30 - 60 min 0°C 0°C  30°C  30°C was as in panel A.

(ATP) (ATP/GCAP-2)
FiGURE 6: Inactivation of photoreceptor cyclase is irreversible. Ab, Specific to the catalytic domain of RetGC-1. Intact
Washed OS membranes were preincubated for 30 mir@t (@) RetGC-1 is indicated by a band of approximately 115 kDa.
or 30°C (b—d). Subsequently, samples were either assayed (b) orIn the absence of protease, there was no difference in
incubated another 30 min at 3T in the presence of 0.75 MM RetGC-1 immunoreactivity between OS preincubated for 30

ATP (c) or 0.75 mM ATP and 0.&M GCAP-2 (d). Stimulated . . C
GC activity was measured as previously described. Samples wereN at 0 or at 30C (Figure 7A), indicating that endogenous

normalized tox-fold increase over minimal activity, represented Proteases are not responsible for the temperature-dependent
by (b). Bars represent the means of duplicate determinations fromloss of GCAP sensitivity. Further support for this conclusion

a representative of several experiments. comes from our observations that the protease inhibitors
leupeptin, pepstatin, and aprotinin do not prevent loss of
increase over OCC samples] after 1015 min (data not GCAP sensitivity (data not shown).
shown). When ATRS or ATP was substituted for AMP- When we partially digest RetGC-1 with trypsin, a rela-
PNP, the results were the same. tively stable 62-kDa fragment appears (Figure 7B). Since
The increase in activity could represent restoration of the antibody we used to detect RetGC-1 recognizes only the
GCAP sensitivity lost during isolation of membranes. To catalytic domain, this fragment represents much of the
investigate this, we tested whether ATP and GCAP could intracellular domain of the protein including catalytic and
reverse loss of GCAP sensitivity (Figure 6). We first kinase homology domains. With more trypsin, this 62-kDa
incubated OS membranes at3Dfor 30 min in the absence  band disappears and a number of smaller proteolytic products
of ATP and GCAPs. We then either assayed the membranesappear (not shown). Studies in our lab using domain-specific
immediately (Figure 6b), or added ATP (c) or ATP/GCAP-2 antibodies indicate that the initial proteolytic sites in the 62-
(d) and incubated 30 min further. Data are expressed askDa fragment are within the kinase homology domain (Laura
x-fold increase over minimal activity, represented by (b). et al., manuscript in preparation). Thus, factors that protect
Neither ATP nor ATP/GCAP-2 restored the activity lost the KHD would increase protease resistance of the 62-kDa
during the first 30 min incubation. Samples containing ATP/ band, while destabilizing factors would increase protease
GCAP-2 showed a small (1.3-fold) increase in GCAP- sensitivity.
stimulated activity (compare b with d), but this increase was  We therefore examined the protease sensitivity of the 62-
maximal after 15 min (data not shown). kDa band after preincubating membranes af@0with or
Limited Proteolysis.To uncover any structural changes without ATP or GCAP-2 (Figure 7C). Membranes were
that might correlate with a loss of GCAP sensitivity, we preincubated on ice (lanes a and b) or a@lanes ¢&j),
performed limited proteolysis on RetGC-1. To detect in the presence or absence of ATP and/or GCAP-2. Fol-
proteolytic fragments, we used a polyclonal antibody, CAT- lowing preincubation, ATP and/or GCAP-2 was added so
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that all samples contained equal amounts of these duringprotected from inactivation by adenine nucleotid24 ¢2).
proteolysis. Preincubation of OS membranes at °80 In RetGC, we also find a major role for ATP in protection.
consistently increased the protease sensitivity of the 62-kDaBoth ATP and GCAP appear to maintain RetGC in a GCAP-
band over that preincubated on ice (compare lane c with lanesensitive state in the presence of destabilizing influences.
b). This suggests that a structural rearrangement takes plac@hese results may explain discrepancies in reports of ATP
at 30°C. GCAP-2 (lane d) or ATP (lane e) present during effects. Laurat al.(17) reported an enhancement of activity
the preincubation prevents the increase in protease sensitivityby ATP of >2-fold in a recombinant system but only 1.2-
of the 62-kDa fragment. However, presence of TTP (lane fold in OS. The assays in the recombinant cells used
g), calmodulin (lane h), or recoverin (not shown) during the subsaturating levels of GCAP-2, a factor that stabilizes
preincubation does not protect this fragment. ATP and RetGC. Additionally, the assay time was especially lengthy
GCAP-2 therefore appear to provide structural stability in (30 min). Thus, the effect of ATP would appear to be much
addition to the functional stability we described in the greaterthanin OS. Using OS homogenates, Kristatah.
preceding sections. The stability conferred by ATP is not (25), Gorczyceet al. (27), and Aparicio and Applebury2g)

due to phosphorylation, since AMP-PNP protects equally each reported an approximate 2-fold enhancement of GC

well (compare lanes i and ). activity in the presence of ATP or nonhydrolyzable ATP
analogues, similar to what we report.
DISCUSSION Ligand sensitivity of several membrane GCs correlates

hi . . he th | ity of with phosphorylation state. GC-A and sperm cell cyclase
In this study, we investigated the thermal stability of a e poth desensitized to ligand upon dephosphorylation and

specific functional domain of photoreceptor membrane regain activity upon rephosphorylatio2 33). RetGC can
guanylyl cyclase. Elevated temperatures cause RetGC to 10sg, ;o pe phosphorylated sitro (28), but two results suggest

its ability o be activate_d by GCAP. Catalytic gbility, that phosphorylation is not involved in ATP-mediated
however, is preserved, since basal as well as'imiton stabilization. First, both ADP and nonhydrolyzable ATP
X-100 and S100-mediated activities are retained. In parallel analogues are as effective as ATP (see Figure 4). Second
with this loss of function, we observe a structural change in Mg?* is not required for stabilization by ATP (déta not ’
RetGC-1. The loss of GCAP sensitivity correlates with the shown), while it is required for phosphorylatio.

increased rypsin cleava_ge of a relatively stable 62-kD_a We specifically investigated whether ATP has a regulatory
fragment of RetGC-1. This fragment contains both catalytic 4|6 in addition to its protective role. Inclusion of both ATP

and kinase homology domains, and the site of cleavageand GCAP-2 during a 30C preincubation causes a slow

appeallrs 'tol be .\c/jvithin the' kinzse dpmain .]E:_)ased 'gnd'im- increase in GCAP-stimulated RetGC activity. Direct phos-
munological evidence using domain-specific antibodies v jation is not responsible for this increase since the

(Laura et al, manuscript in preparation). The increased ,npydrolyzable analogue AMP-PNP is as effective as ATP.
sensitivity to trypsin is likely to arise from a change to a The effect is also unlikely to be caused by refolding of

m?crr.e. unfol%ed fstate. Singe th.e.catillytic domailn rzetains enzyme that became thermally inactivated during isolation
sy 'C'Smﬁ.r heir lor e?zy;nat$hact|V|ty, tl's strgcturahc aKrI?S of membranes, since ATP and GCAP cannot restore lost
must be highly localized. These resufts point to the activity (Figure 7). The effect of ATP may be allosteric,

as a thermally unstable region of RetGC that can be protected erhaps inducing a slow change in the affinity of cvclase
by ATP and GCAPs, and whose ordered structure is essentia or G(? AP. g g y y

for activation by GCAP. Although GC-C also loses activity24, 42), we find
Evidence from a number of sources further implicates the notable differences between this protein and RetGC. Loss
KHD as the unstable domain. The KHD is structurally of GC-C activity is enhanced by stimulatory factors, such
similar to ATP-binding domains of protein kinases and so as peptide ligand or detergents. In contrast, RetGC is
is a likely region for ATP to bind RetGCl(, 37). Studies  stabilized by its activator, GCAP. The variance between
of GC-A support this, since deleting the KHD eliminated GC-C and RetGC may reflect fundamentally different modes
ATP dependencel() and point mutations at corresponding  of activation of these proteins: GCAP stimulates RetGC
sites crucial for ATP binding to kinases knocked out activity intracellularly, whereas peptide ligands stimulate GC-C
(38). Furthermore, direct binding of ATP to RetGC at a extracellularly. Stabilization by GCAPs is likely due to
site distinct from the catalytic GTP binding site was recently formation of a complex between GCAP and the intracellular
shown @8). Our results showing specific loss of sensitivity domain of RetGC. Since GCAPs stabilize GC at both high
to GCAP but not S100 also correlate with a localized Change and low CéJr Concentrationsl our results Suggest that GCAPs
in the KHD. S100-mediated stimulation, which does not nteract with RetGCs under nonactivating as well as activat-
require the KHD R1), is not significantly affected by  ing conditions. Consistent with this, a recent study showed
incubation at 30C. In contrast, GCAP-mediated stimula-  that the C&™-loaded form of GCAP-2 competes with and
tion, which does appear to require the KHIBJ, is greatly jnhibits stimulation of RetGC by an activating (&dfree)
diminished. Finally, studies of several protein kinases show form of GCAP-2 @9). In another study, GCAP-1 was cross-
these domains to be thermally unstable regions. pp60 linked to RetGC independently of &alevels (L8).
EGFR, and smMLCK all undergo temperature-dependent |n this report we have dissected out the individual roles
loss of activity unless protected by adenine nucleoti@®s(  of modulators of RetGC with respect to their contributions
41). Thermodynamic analysis of EGFR suggested that to maintenance of a GCAP-responsive state. Our findings
inacti\_/ation was due to a local reorganization of the kinase reinforce the importance of examining the activity of proteins
domain @1). under physiological conditionsln zivo, the regulation and
The membrane cyclase GC-C loses hormone-stimulatedmaintenance of RetGC activity appears to be a complex
activity upon incubation at elevated temperatures and is process in which individual effectors play multiple roles.
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