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The Kinase Homology Domain of Receptor Guanylyl Cyclase C: ATP Binding and
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ABSTRACT. The role of the kinase homology domain (KHD) in receptor guanylyl cyclases is to regulate
the activity of the catalytic guanylyl cyclase domain. The KHD lacks many of the amino acids required
for phosphotransfer activity and, therefore, is not expected to possess kinase activity. Guanylyl cyclase
activity of the receptor guanylyl cyclase C (GC-C) is modulated by ATP, and computational modeling
showed that the KHD can adopt a structure similar to protein kinases, suggesting that the KHD is the site
for ATP interaction. A monoclonal antibody, GCC:4D7, raised to the KHD of GC-C, fails to react with
GC-C in the presence of ATP and ATP analogues that regulate GC-C catalytic activity, indicating that a
conformational change occurs in the KHD on ATP binding. Mapping of the epitope of the antibody
through the use of recombinant protein constructs and phage display showed that the epitope for GC-C:
4D7 lies immediately C-terminal to a critical lysine residue (Lys516 in GC-C), required for ATP interaction

in protein kinases. By employing a novel approach utilizing ATP-agarose affinity chromatography, we
demonstrate that the intracellular domain of GC-C and the KHD bind ATP. Mutation of Lys516 to Ala
abolishes ATP binding. Thus, this report is the first to show direct ATP binding to the pseudokinase
domain of receptor guanylyl cyclase C, as well as to identify dramatic conformational changes that occur
in this domain on ATP binding, akin to those seen in catalytically active protein kinases.

The presence of kinase homology or pseudokinase do-pseudokinase (JH2) domains cause a dramatic increase in
mains (KHD} as fusions to other effector domains in a the catalytic activity of the C-terminal functional kinase (JH1)
number of proteins suggests that these domains are integralomain @, 10). A profound regulatory role for KHDs has
for the activity of the full-length proteinl-3). The KHDs also been shown in the case of the receptor guanylyl cyclases
possess some of the residues that are present in active protei(iL1). These receptors serve as ligands for diverse polypep-
kinases, but residues that are required for mediating thetides, and ligand binding to the extracellular domain results
phosphotransfer reaction are either missing or mutaded ( in activation of the C-terminal guanylyl cyclase domain,
4). Given the sequence similarity between the KHDs and increasing intracellular levels of cGMRZ). The receptors
the protein kinases, it has been possible to computationallyhave a single transmembrane spanning domain and exist as
model the KHDs of a number of proteins, and these results preformed dimers prior to ligand binding, (13, 14). In the
suggest that KHDs can indeed adopt a structure similar tointracellular juxtamembrane region, a KHD has been identi-
that of classical active kinase5-7). However, given the  fied that regulates the catalytic activity of the receptds, (
diversity in the means by which kinases are regulated as is16). The KHDs across different members of the receptor
evident from a number of crystal structurey, (it is to be guanylyl cyclase family are approximately-205% identical
expected that the KHDs could also have fine differences in in terms of primary sequence, and ATP has been shown to
structural detail that are not apparent from modeling studies.regulate the activity of these receptors, presumably by
To date, there is no reported crystal structure of any KHD binding to the KHD ¢, 17—19).

that is found to naturally occur in a protein. Guanylyl cyclase C (GC-C) is the receptor for the guanylin
A family of proteins that contain KHDs are the Janus apily of gastrointestinal peptide2(), as well as the family
kinases (Jaks). Deletion of or point mutations in these uf hacterial heat-stable enterotoxins (ST) that are one of the
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! Abbreviations: 8-ME, 2-mercaptoethanol; AMP PNP-&denylyl activation of the receptor2f, 28), while another indicates
imidodiphosphate; DTT, dithiothreitol; GC-C, receptor guanylyl cyclase that the mutant receptor is unresponsive to ligand addition
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xanthine; JH1, JAK kinase domain; JH2, JAK pseudokinase domain; in vivo (28). Ligand-mediated activation of GC-C in vitro,

KHD, kinase homology domain; PMSF, phenylmethylsulfonyl fluoride; resulting in cGMP accumulation, is observed even in the
ScFv, single chain antibody; ST, stable toxin. absence of ATP29, 30), as has recently been shown for
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GC-A (31). ATP inhibits guanylyl cyclase activity measured
in vitro in the presence of a nonionic detergent and MgGTP
as substrate, or when using MnGTP as substB&e These

observations suggest that binding of ATP to the receptor must

Biochemistry, Vol. 45, No. 6, 2006.889

ug/mL leupeptin, Sug/mL aprotinin, 1 mM sodium ortho-

vanadate, and 20% glycerol. The protein was estimated by

using a modification of the Bradford protein ass&g)(
Expression of Recombinant @CProteins in Sf21 Cells.

induce a profound conformational change in the receptor that The generation of a clone representing the entire intracellular

regulates the guanylyl cyclase activity.

We have earlier modeled the KHD of GC-C, based on
the structure of a tyrosine kinasg?j. Our results indicated

domain of GC-C (from residues 459073) was obtained
by amplifying this region of GC-C by PCR and cloning the
PCR product into pFastBacHTb (Invitrogen) at t8al—

that Lys516 of human GC-C corresponds to the conservedNot sites to generate plasmid pHTb-ICD. For ease of

lysine in tyrosine kinases that is involved in coordinating
the a andj phosphates of ATP. Mutation of the conserved
Lys516 to alanine in full-length GC-C dramatically reduced
ligand-stimulated activity both in vitro and in viv@2), while

guanylyl cyclase activity measured using MnGTP was
unimpaired. Interestingly, ATP-mediated potentiation of
ligand-stimulated activity was abolished in a mutant GC-C,
where Lys516 was mutated to Ala, as was the inhibition of

detergent-stimulated activity in the presence of ATP. These

results suggest that ATP can allosterically regulate the
activity of GC-C, presumably by interacting with the KHD.

Earlier, we generated a monoclonal antibody, GCC:4D7,

subsequent manipulation, a unigBanH| site in GC-C
present in the KHD was mutated by site-directed mutagenesis
using the primer 5GAA TAC TGT GAG AGA GGA TCT
CTC CGG G 3 and the pHTb-ICD plasmid as template,
utilizing a Dpnl-based approach described earligf)( This
generated the plasmid pHTb-IGR which was used
subsequently for generation of the recombinant bacmid by
procedures described earli€y].

pHTb-ICDAgam Was used as template for the generation
of the K516A and K519A mutants in the KHD of GC-C,
using the K516A mutagenic primer{&TG CTT GAG ATC
AGC GAG AAT CAC TCG-3) and the K519A mutagenic

raised to a bacterially expressed protein encompassing thé?fimer (3-GAT TCT CAA AGA CCT CGC GCA CAA

KHD of GC-C. The binding of this antibody appeared to be
sensitive to the presence of ATP, as it failed to react with
GC-C when ATP was present during the immunoprecipita-
tion reaction 82). This suggests that GCC:4D7 is sensitive
to the conformational change that occurs in the KHD of GC-
C, and also that ATP binding occurs in this domain of GC-
C. In this study, we have identified the region that appears
to alter its conformation on ATP interaction by mapping the
epitope to which GCC:4D7 is directed. Interestingly, this
region is immediately adjacent to the Lys516 residue. We
also show direct binding of ATP to the KHD of GC-C and

demonstrate that this interaction is dependent on Lys516.

Therefore, conformational changes that occur in protein
kinases on ATP binding and involve repositioning of this

critical lysine residue could be observed in the KHD. Our

results therefore provide evidence for ATP binding to and
ATP-mediated alterations in a KHD. This antibody may

therefore serve to monitor subtle conformation changes in
GC-C that occur under a variety of physiological states.

MATERIALS AND METHODS

Culture and Maintenance of Cell LineStable cell line
HEK293:hGCC has been described earlidg)(and was
cultured in DMEM:F12 containing 10% fetal calf serum and
100ug/mL G418 at 37C in a 5% CQ humidified incubator.
Sf21 insect cells were maintained in Grace’s insect cell
medium containing 10% fetal calf serum in a humidified
incubator at 27C.

Preparation of Membrane Fraction from HEK293:hG&C
Cells. Cells were washed with chilled phosphate buffered
saline (10 mM sodium phosphate buffer, pH 7.5, 0.9%
sodium chloride) and scraped into homogenization buffer (50
mM Hepes, pH 7.5, 100 mM NaCl, 5 mM EDTA, 1 mM
dithiothreitol (DTT), 5 ug/mL soybean trypsin inhibitor
(SBTI), 5 ug/mL leupeptin, 5ug/mL aprotinin, 2 mM
phenylmethylsulfonyl fluoride (PMSF), and 1 mM sodium

TGA TG-3), respectively 84). This resulted in the genera-
tion of the pHTb-lCQBang,leA and pHTb-|CQBamK519A
plasmids.

Primers (1401f BamHI, '5sCCG CGG ATC CAG AAA
ATA TAG AAA AG-3', and 2463r Hindlll, 5CCA TTT
CAG AGA CTT TTC GAA CCC G-3) were designed in
order to amplify the KHD and putative coiled-coil region of
GC-C (KHD-CC) spanning residues 45810 from pHTb-
ICDagam (35). The PCR product~1027 bp) was cloned as
a BanHI—HindlIIl fragment into similarly digested pFast-
BacHTDb to generate the plasmid pHTb-KHD-CC that would
express the KHD-CC of GC-C fused to a hexahistidine tag
at the N-terminus encoded by the vector.

pHTb-KHD-CC was used as template for the generation
of the K516A mutation in the KHD-CC construct using the
K516A mutagenic primer to generate the plasmid pHTb-
KHD-CCxsi6a (34).

The region of KHD spanning residues 47451 of GC-C
was amplified by PCR using the forward primer, GCC:1447
5-AAATGGATCCACATTCCTCTT-3, and reverse primer,
GCC:2315 5TTTTGGGAATTCTAAAGTCCAAATATC-

3. The PCR product was cloned into a pCRII TA cloning
vector (Invitrogen). The KHD fragment from pCRII-GCC-
KHD 474-75;was cloned as xhd —HindlIl fragment into the
PRSET C vector to generate pRSETC-GCC-KfADrs1
plasmid. AgainXhd —HindlIll fragment was then cloned into
similarly digested pFastBacHTb to generate a plasmid
(pHTb-KHD) that would express the GCC-KHD protein in
insect cells along with an N-terminal hexahistidine tag.

All clones generated were sequenced to ascertain the
absence of missense mutations (Macrogen, S. Korea).

Expression of proteins in Sf21 cells was achieved using
the Bac-to-Bac baculovirus expression system (Invitrogen,
USA) as described earlieB%), following the generation of
recombinant bacmids. Extracts from Sf21 cells expressing
the proteins (as detected by Western Blot using the GCC:
C8 monoclonal antibody or GCC-CTD antibody) were

orthovanadate). The cell lysate was sonicated and centrifugedorepared by harvesting cells in lysis buffer (50 mM Hepes,

at 1200@ for 1 h at 4 °C. The pellet obtained was

pH 7.5, 100 mM NaCl, 5 mM 2-mercaptoethangB¥IE), 5

resuspended in a buffer containing 50 mM Hepes, pH 7.5, 5 ug/mL aprotinin, 5ug/mL leupeptin, 2 mM PMSF, and 10%
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glycerol). Cells were subjected briefly to sonication, centri- added TG1 cells for the infection to occur. Infected TG1
fuged at 12 00@9 for 60 min at 4°C, and the supernatant cells were plated on selection medium containing ampicillin
was used for in vitro guanylyl cyclase assays or interaction (20 «g/mL). Clones that interacted with the KHE-75; were

with ATP-agarose after protein estimation using a modified rescued by helper phage infection and were subsequently
Bradford method 33). screened for binding to the KHD protein by ELISA.

In Vitro Guanylyl Cyclase AssaySrude lysates prepared Individual clones were induced with IPTG (1 mM) at log
from infected insect cells or membranes from HEK293: phase, and the cells were pelleted. The phages present in
hGC-C cells were taken for guanylyl cyclase assay. Protein the culture supernatant were incubated with the KHD protein
(5 ug) was incubated in assay buffer (60 mM Tris-HCI, pH coated on microtiter wells fo2 h at 37°C, followed by
7.5, containing 50Q«M isobutylmethyl xanthine (IBMX), incubation with anti-E-tag monoclonal antibody for 2 h.
and an NTP regenerating system consisting of 7.5 mM Positive clones were detected with horseradish peroxidase
creatine phosphate and 4@ of creatine phosphokinase) in  conjugated anti-mouse antibody. The phages that bound to

the absence or presence of 20@ ATP for 20 min at 4°C. KHD were used to infect HB215#. coli cells for production
The assay was initiated by the addition of metal-GTP, with of soluble ScFv.

free metal concentrations maintained at 10 mM. The
concentrations of free Mg and M@sTP/ATP complexes
present in assays were calculated using WinmaxC (http://
www.stanford.eduftcpatton/maxc.html). Assays were incu-
bated at 37C for 10 min; the assay was terminated by the ) S
addition of 400uL of 50 mM sodium acetate buffer, pH Expression qnd Pur|f|cat|.0n of Solu_ble GCC:4D7 $CF
4.75, and boiling of the samples. After centrifugation, the HB2151E. coli cells were infected with the recombinant

supernatant was taken for cGMP radioimmunoassay asantigen-positive phages for production of soluble ScFv. Cells
described earlier3Q). were grown at 30C until Asgo= 0.6 and were induced with
Immunoreactiity of Monoclonal Antibody GCC:4D7 with ~ IPTG (1 mM) for 11 h at 30°C. Cells were pelleted by
GC-C. Membrane protein (300g) prepared from HEK293:  centrifugation at 150§ and the soluble ScFv was concen-
hGCC cells was solubilized in immunoprecipitation buffer trated and enriched from the culture supernatant by 50%
(20 mM Tris-HCI, pH 7.5, containing 1% Triton X100, 150 ammonium sulfate precipitation. The precipitate was solu-
mM NaCl, 2 mM MgCh, and 5ug/mL each of aprotinin bilized in and desalted into 10 mM sodium phosphate buffer,
and leupeptin) in the presence of 1 mM concentration of PH 7.5, containing 0.9% (w/v) NaCl using an Akta FPLC
either ATP, ATR'S, ADP, AMP PNP, AMP, adenosine, or  System (GE Healthcare).
GTP for 1 h at 4°C. The fraction was centrifuged for 20 Immunodetection of GC by GCC:4D7 Sck. Membrane
min at 12 00@, and to the supernatant was added GCC:4D7 protein (30Qug) prepared from HEK293:hGC-C expressing
(2 ug/mL), raised against the KHD of GC-C (residues Arg GC-C was solubilized in immunoprecipitation buffer in either
454 to Leu 785), and incubation was continued for 10 h at the absence or presence of ATP (1 mM). Solubilized protein
4 °C, following which the immune complex was recovered \yas incubated with GCC:4D7 ScFv (5@/mL total protein)
by incubating with protein A agarose beads 2oh at 4°C. for 10 h at 4°C, after which the immune complex was
The protein A agarose beads were subsequently washed thregscovered by incubation with anti-E-tag antibody bound to
times with detergent containing wash buffer (20 mM Tris- protein A agarose beads. The recovered immune complexes
HCI, pH 7.5, containing 0.1% Triton X100, 150 mM NaCl, \yere washed and subjected to 7.5% SIPAGE followed
and 2 mM MgC}) followed by two washes with wash buffer by Western Blot analysis using the GCC:C8 antibodg) (
without Triton X100. The immune complex bound to protein . . . . i
Generation of Plasmids Expressing Various Domains of

A agarose beads was subjected to 7.5% SBPSGE : . ;
o e . GC-C and Expression of Recombinant Proteifiie plas-
followed by Western Blot analysis using monoclonal anti mids pGEX-GCC-ED2, coding for residues-1616 of the

body GCC:C8 as described earli&?2). . s )
: ) : extracellular ligand binding domain, pRSET-GC-C-ID2,
Generation of Sck of GCC:4D7 Monoclonal Antibody. coding for residues 5671073 of the intracellular domain,

Total RNA was isolated from an actively secreting GCC: : .
4D7 hybridom cel Ine and RNA prepared. Random primed 20 ! 0 (IO (S Lo e
cDNAs were synthesized from i) total RNA using reverse earlier G2). The KHD fragment from pCRI-GCC-KHRs 701

transcriptase (MBI Fermentas). The Recombinant Phage .
Antibody System-ScFv Module (GE Healthcare) was used was expressed from the pRSET C vector as described above
and expressed a 39 kDa protein with an N-terminal hexa-

to construct the ScFv according to protocols supplied by the = =~
manufacturer. The assembled PCR product was digested witH'iStidine tag.

Sfi andNotl and ligated into the phagemid expression vector, Plasmids were transformed into tle coli strain BL21
pCANTABSE. (DE3), and protein expression was induced using IPTG (1
A recombinant phage antibody library for GCC:4D7 was mM) for 3 h at 37°C. Cells were collected by centrifugation,
generated irE. coli TG1, and the antigen-reactive phages resuspended in sonication buffer (20 mM Tris, pH 8.0, 1

that display ScFv were enriched through solid phase panning.mM EDTA, 5 mM -ME, 1 mM PMSF, 1 mM benzamidine
Microtiter wells (Nunc) coated with bacterially expressed HCI, and 1% Triton X100), and lysed by sonication. The
and purified KHD74-751 (32) (200 ng/well) were incubated  cell lysate was centrifuged at 15§@ obtain the inclusion
with phages fo2 h at 37°C. Unbound phages were removed body pellet. The protein bands corresponding to various
by washing three times with 10 mM sodium phosphate, pH domains of GC-C were purified by electroelution as de-
7.5, containing 0.9% NaCl (PBS). To the bound phages werescribed earlier32), and proteins (200 ng) were subjected to

Two independent ScFv clones were sequenced, and the
immunoglobulin sequence was analyzed using the Kabat
database (http://www.bioinf.org.uk/abs/) to define framework
and complementary determining regions (CDRS).
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12% SDS-PAGE followed by Western Blot analysis with A

GCC:C8 or GCC:4D7 antibodies. 100
Epitope Mapping of GCC:4D7 Using Random Hexamer 75
Peptide Library.The random hexamer library constructed
in fuse5 vector for phage display was a kind gift provided
by Dr. G. P. Smith, University of Missouri, Columbia. 25
Biopanning and sequencing of the clones was carried out as 0
described earlier2?2), with GCC:4D7 monoclonal antibody é\Q
as ligate. After three rounds of biopanning, the phages were
prepared from individual clones, and 2Qphages were
subjected to 10% SDSPAGE followed by Western Blot B
analysis with GCC:4D7. Normalization of phages was done
by Western Blot analysis using a gplll monoclonal antibody
(2:50 000 dilution), which was a kind gift from Prof. Vijay
K. Chaudary, University of Delhi South Campus. Phage
DNA was prepared from GCC:4D7 reactive phages, and
DNA sequencing was carried out by employing a modified
Sanger’s dideoxy chain termination method as described
earlier 2).

Interaction of ATP-Agarose Beads with GC Crude Ficure 1. Effect of ATP and its analogues on the guanylyl cyclase

: : . activity of GC-C. (A) In vitro guanylyl cyclase assays were
lysate protein prepared from Sf2l cells was diluted in performed with 5x4g of membrane protein in the presence of

interaction buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, MmgGTP (1 mM) and 0.1% Lubrol-PX, in the absence or presence

10 mM MgCh, 1 mM DTT, 10ug/mL aprotinin, 1Qug/mL (1 mM) of the indicated adenine nucleotides. Values show the mean

leupeptin, and 0.1% Triton X100). Kinase-Bipebhosphate- + S.E.M. of triplicate Qetermi.ne}tio.ns of a representative assay, with

linked high substitution ATP resin {812 umol/mL, Innova assayi Op(;e(;formtla/d t.""/'ce- Activity '(”B;hg azselnce of ATP ane;llc;gues
S - . was~ pmol/min/mg protein. rude lysates prepared from

Biosciences, UK) was washed three times with wash buffer infected Sf21 cells (xg) were taken for in vitro guanylyl cyclase

(50 mM Hepes, pH 7.5, 150 mM NaCl, 10 mM MgC1mM assays in the absence or presence of ATP (@0pusing MgGTP

DTT, and 0.1% Triton X100), and 10L of beads (repre- (1 mM) as substrate, in the presence of 10 mM free metal. Values

senting 20Q«M ATP concentration on the beads) was added shown are of a representative assay, with assays performed at least

to the solubilized membrane or the insect cell lysates in athree times, with each determination in duplicate. The activity

. - observed in untransfected lysates is3Lpmol/min/mg protein.
total volume of 50QuL. Incubation was continued fd. h at GCC-ICDagam represents the entire intracellular domain of GC-C

4 °C. The ATP-agarose beads were subsequently washeqyith the wild-type sequence or with a mutation of a lysine residue
three times with detergent containing wash buffer followed to an alanine residue (GCC-IGBymks16s). GCC-Catbac refers to
by two washes with wash buffer without Triton X100. Beads & protein containing only the catalytic domain of GC-C, without
were boiled in Laemmli buffer and eluted proteins then the KHD.

subjected to SDSPAGE followed by Western Blot analysis
using monoclonal antibody GCC:C8 as described ea@y (

% activity
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constitutive guanylyl cyclase activity3p). We have also
shown that a protein comprising only the guanylyl cyclase
RESULTS domain of GC-C (residues 732073; GCC-Catbac) is also
expressed in a catalytically active fori®6). We generated
Modulation of Guanylyl Cyclase Actty by Adenine a mutant GCC-ICD protein (GCC-ICRamks164), Wherein
Nucleotides. Adenine nucleotides have been shown to the lysine residue (Lys516) shown to be important for ATP-
regulate the activity of GC-C, presumably by binding to the mediated effects in the full-length receptor was mutated to
KHD. Ligand-mediated enhancement of the guanylyl cyclase an Ala residue. We monitored the activity of all these
activity of GC-C is seen in the presence of ATP with MgGTP recombinant proteins (GCC-IGRam GCC-ICDagamksi6a
as substrate, bligand-independerguanylyl cyclase activity =~ and GCC-Catbac) in the presence of ATP, with Mg as the
(i.e., assays performed in the presence of detergent andmetal cofactor during guanylyl cyclase assays.
MgGTP, or MnGTP alone as substrate) is inhibited in the  As shown in Figure 1B, ATP inhibited the activity of
presence of ATP 7). Membranes were prepared from GCC-ICDygam by ~80%, whereas GCC-ICRamks16aShowed
HEK293 cells expressing GC-C and subjected to in vitro no inhibition with ATP in the presence of Mg. This is in
guanylyl cyclase assays using MgGTP as substrate in theagreement with the results that we had observed with the
presence of detergent and adenine analogues. A significanfull-length receptor, wherein the K516A mutation compro-
inhibition of guanylyl cyclase activity was seen in the mised the inhibition of guanylyl cyclase activity mediated
presence of ATP and ATFS, whereas adenosine had little by ATP (32). To see if this inhibitory effect was due to ATP
effect on GC-C activity (Figure 1A). A similar inhibition of  interaction with the KHD, we also performed similar assays
guanylyl cyclase activity was also seen in the presence ofwith GCC-Catbac. No inhibition of cyclase activity was seen
AMP PNP (a nonhydrolyzable ATP analogue), thus sug- with GCC-Catbac (Figure 1B), suggesting that the ATP
gesting that the effects of ATP on GC-C activity are due to effects in the presence of Mg may be mediated via binding
a binding event, and do not require ATP hydrolysis and to the KHD alone.
phosphorylation (Figure 1A). Conformational Change Induced upon ATP Binding.
Earlier studies in our laboratory have shown that the Earlier studies have shown that ATP could modulate GC-C
intracellular domain of GC-C expressed in insect cells has activity by altering its oligomeric state, which could be
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A - gy o & \&9‘2 CDRH1
Pl gIRC eo b Sar Al il ARQPAMAQVKLQESGAELVKPGASVKLSC TASGENIKDTY IHWVKQRPEQ
CDRH2
145 kDa —» - GLEWIGRIDPADGNTKYDPKFOGKATI I TDASSNTAYLOLSSLTSEDTAV
130 kDa — ] —
CDRH3 LINKER
GCC:4D7 ip. YYCSKVEDYWGQGTTVTV SSGGGGSGEEESGEEESDIELTQSPSSLAVSA
CDRL1 CDRL2
B GEKVTMTCKSSQSLLNSRTRKNYLAWYQOKPGQS PKLLI YWASTRESGVP
- ATP GTP
CDRL3
]gg Egg e’ ARFTGSGSGTDFTLTISSVQAEDLAVY YCKOSYNLFTGSGTKLEIKRARA
GCC:CTDip B
Ficure 2: GCC:4D7 immunoreactivity is inhibited in the presence >
of adenine nucleotides. (A) GC-C was solubilized in the presence & R
of various adenine analogues or GTP (1 mM each), followed by S 5
immunoprecipitation using GCC:4D7 antibody. The immune 145kDa__, |
complex was subjected to SB®AGE, followed by Western Blot 30 kDa—» 130 kDa— | -
analysis using GCC:C8 antibody. Data shown are representative GCC:C8
of experiments performed three times. (B) Membrane was solubi-
lized in the absence or presence of ATP or GTP (1 mM each) and E-tag

immunoprecipitated with a polyclonal antibody directed to the - - )
C-terminal domain of GC-C (GCC-CTD). Immune complexes were FIGURE 3: GCC:4D7 ScFv does not interact with GC-C in the
collected and subjected to SBEAGE and Western Blot analysis ~ presence of ATP. (A) The predicted amino acid sequence of the
using GCC:C8 antibody. Data shown are representative of experi- SCFv clone obtained from the GCC:4D7 hybridoma cells. Regions
ments performed three times. corresponding to variable domains were predicted from the Kabat
database §0). Complementary determining regions (CDR) are

. . . Lo . indicated in bold and underlined letters, and the linker is italicized
associated with a dramatic alteration in the conformation of and underlined. (B) Partially purified ScFv was detected by Western

_the receptorZ9, 30, 32)_- A monoclt_)nal antibody, GCC:4D7,  jot analysis using E-tag antibody (left panel). GC-C was solubi-
is unable to recognize GC-C in the presence of ATP, lized from membranes prepared from HEK293:hGCC cells in either

suggesting that this antibody is a sensitive tool to detect the absence of presence of ATP (1 mM) followed by interaction
conformational changes in GC-C on interaction with ATP With ScFv and collection of the immune complex on immobilized
(32). Since other adenine nucleotides, such as ASRNd anti-E-tag antibody. The immune complex was subjected to Western
o ; Blot analysis using GCC:C8 antibody (right panel). Data shown
AMP PNP, were able to mimic the actions of ATP and are representative of experiments performed twice.
modulate GC-C activity, it was of interest to see whether
these and other ATP analogues had any effect on GCC:4D7sequence confirmed the expected CDR1, CDR2, and CDR3
reactivity. Membranes prepared from HEK293 cells express- regions, which were characterized by the positions of
ing GC-C were solubilized in the presence of either AMP conserved amino acids adjacent to these domains.
PNP, ATR'S, ATP, ADP, AMP, adenosine, or GTP followed  Soluble ScFv was expressed in HB2151coli cells, and
by immunoprecipitation of GC-C using GCC:4D7. As shown since a high amount of protein was detected in the super-
in Figure 2A, there was a significant loss of reactivity in the natant of cells (data not shown), the culture supernatant was
presence of ATP, ATPS, and AMP PNP, which was fractionated by ammonium sulfate precipitation to enrich and
correlated with the effect of these nucleotides on GC-C concentrate the soluble ScFv. Partially purified soluble GCC:
activity (Figure 1A). This suggested that a specific interaction 4D7 ScFv was recognized by the E-tag antibody (Figure 3B).
of the adenine nucleotide with GC-C induced a conforma- Membranes prepared from HEK293:hGC-C cells were solu-
tional change that resulted in an alteration of the presentationpjlized in either the absence or presence of ATP, followed
of the epitope to which GCC:4D7 was directed. by immunoprecipitation of GC-C using the partially purified
To check whether the effect of ATP is specific to GCC: GCC:4D7 ScFv. The immune complex recovered was
4D7 monoclonal antibody or a general effect on interaction subjected to SDSPAGE followed by Western Blot analysis
of GC-C with any antibody, GC-C was solubilized in either using GCC:C8 monoclonal antibody. Recombinant GCC:
the absence or presence of ATP or GTP, followed by 4D7 ScFv did not bind to GC-C in the presence of ATP in
immunoprecipitation using GCC:CTD, a polyclonal antibody a manner similar to that of the full-length antibody molecule
raised against the C-terminal domain of GC32,(37, 38). (Figure 3B). These results indicate that the sensitivity of the
The polyclonal antibody GCC:CTD immunoprecipitated the antibody to conformation change in GC-C on ATP binding
receptor in the presence of ATP or GTP (Figure 2B), was a property of the antibody and not due to steric hindrance
indicating that loss of immunoreactivity was specific to the from other regions in the intact I1gG.

GCC:4D7 antibody. Epitope Delineation of the GCC:4D7 Monoclonal Anti-
Cloning and Expression of SeFTo test that the loss of  body. To identify the region in GC-C to which GCC:4D7
immunoreactivity in the presence of adenine nucleotides washinds, that is, the antibody epitope, and thereby the region

a property of the paratope of GCC:4D7 and not due to stericin GC-C that alters its conformation on ATP interaction,
hindrance contributed by the constant regions of the intact recombinant proteins encompassing various domains of
antibody, a single chain antibody (ScFv) was generated usinghuman GC-C were expressed and purified. Most of the
the recombinant phage antibody system. The complimentarityproteins were present within inclusion bodies and were
determining region (CDR) of variable regions of GCC:4D7 electroeluted from the gel. The eluted proteins were subjected
ScFv in both heavy and light chains were delineated usingto SDS-PAGE to check for purity (Figure 4, top panel).
the Kabat database (Figure 3A). The predicted amino acid Western Blot analysis was performed with GCC:4D7, and
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Coomassie sequence is highly conserved in the GC-C of several species
2 o ,9«"’,\«,\ and is absent in other receptor GCs (Figure 5C). Aihguilla
ARG A anguilla ortholog of GC-C also appears to contain a similar
el = 2 sequence with conserved amino acid substitutions, but it is
ampne | s not known at this time whether GCC:4D7 antibody cross-

reacts with the eel protein.
Effect of a Mutation in the Epitope of GCC:4D7 on ATP-

Western Blot Mediated Effectdnspection of the phage sequences indicated
GCC:4D7 that only the first Asp residue was conserved in all phages
e as well as in the GC-C sequence. In addition, it appeared

= that the basic residue at the third position in the epitope (Lys

Gee:cs or Arg) was also present in the GC-C sequence. Interestingly,
- +—66 kDa a change in this basic residue to an Ala in phage 14 markedly
i reduces interaction of the phage with GCC:4D7 antibody

_ - _ _ (Figure 5B). We therefore generated a mutant protein (GCC-
Ficure 4: Epitope mapping of GCC:4D7 antibody. Various

] : . - ICDagamks104) Where a mutation in Lys519 to an alanine
recombinant proteins expressing regions of GC-C were expressed ~ q both th . for thi
and purified as described in Materials and Methods. The top panel "€SI0U€ was generated, to test both the requirement for this

shows the Coomassie staining of purified proteins, and numbersresidue in GCC:4D7 immunoreactivity as well as the role
represent the range of amino acids expressed in the recombinanf this residue in bringing about ATP-mediated effects. As
protein. Western Blot analysis_, of purif_ied protei_ns using GCC:4D7 shown in Figure 6A, no immunoreactivity with GCC:4D7
and GCC:C8 monoclonal antibodies is shown in the lower panels. was seen with either the mutant GCC-IGns10a protein

or the GCC-ICQgamksi6aproteins, indicating that the Lys519
was also a critical residue in the epitope of GCC:4D7.
However, high immunoreactivity was observed with the
GCC:C8 monoclonal antibody. Interestingly, the guanylyl
cyclase activity of GCC-IClsamksi9a in the presence of
MgATP was inhibited to a similar extent as that of the wild-
type GCC-ICD\gam (Figure 6B), in contrast to the results
seen with the K516A mutant. Therefore, Lys519 may not
directly interact with ATP, and more importantly, the critical
role of Lys516 in modulating the guanylyl cyclase activity

only fragments 474751 and not regions from 16 to 516,
732 t0 1073, or 567 to 1073 were recognized by the antibody.
These results led to the conclusion that the epitope lies in
the region of residues 51568 in GC-C. Interestingly, this
sequence is immediately carboxyl-terminal to Lys516, which
we have shown to be essential for mediating adenine
nucleotide effects32). Therefore, GCC:4D7 is sensitive to
an epitope that is close to the region where adenine
nucleotides interact with GC-C and where a conformational

change presumably occurs consequent to ATP mteractlon.in the presence of ATP has been shown since a mutation at

What is s_triking is that_ this is also a region Which un_dergoes three amino acids C-terminal to this residue did not alter
a dramatic conformational change on ATP binding in many ATP-mediated effects

active protein kinases3g, 40). . In summary, the results described until now indicate that
The GST fusion proteins were not expressed in a soluble 5 gramatic conformational change occurs in GC-C in the
form, and hence immunoprecipitation experiments in either presence of ATP, in a region C-terminal to Lys516 that
the absence or presence of ATP could not be performed (dataappears to be critical for ATP interaction.
not shown). Binding of ATP to GGC. The results thus far described
Fine Epitope Mapping by Phage Displafine epitope  have identified the critical role of Lys516 in bringing about
mapping was achieved by the phage display method, andATP-mediated effects on guanylyl cyclase activity, strongly
selection of specific phages interacting with GCC:4D7 was suggesting that there may be a direct interaction of ATP with
achieved after three rounds of biopanning. Immunoreactivity the KHD of GC-C. To date, only one report has indicated
of the phages with GCC:4D7 antibody was confirmed by binding of ATP to the KHD of GC-A, but these assays were
Western Blot analysis with the phage suspension and GCC:carried out with a radiolabeled analogue of ATP which may
4D7 mAb, and the number of phages loaded on the gel wascross-link nonspecifically to a proteid1). To show direct
normalized using anti-gplll mAb (Figure 5A). Positive ATP interaction with the receptor, in a manner similar to
phages were sequenced, and the peptides encoded as fusiofisat seen in protein kinases, we utilized ATP-agarose beads,
with gplll were deduced from the DNA sequence. Deduced which have been used earlier for the purification of protein
amino acid sequences are shown (Figure 5B), and most ofkinases 42). This affinity matrix covalently couples ATP
the phages have a conserved sequence, DXKFXD. Howeveryia its modified y-phosphate to agarose beads. In crystal
differential immunoreactivity was observed, with phage 14 structures of protein kinases, ATP is positioned such that
showing lowest recognition to GCC:4D7. This indicates that the adenosine ring is buried in the protein and thghos-
perhaps the presence of a hydrophobic residue in position 4phate projects into the solven8)( On the basis of our
of the peptide sequences (Phe in all phage sequences excepfomology modeling studies, we anticipated that the adenos-
14) and a basic residue (Lys or Arg) in position 3 confer a ine ring of ATP would also be positioned between the two

higher affinity of interaction with GCC:4D7. lobes of the KHD in GC-C, in a manner similar to that seen
The sequence alignment of the conserved phage sequencim active protein kinases3p).
with human GC-C protein sequence in the 5568 region We expressed the wild-type and mutant GCC-ICD proteins

suggests that a stretch corresponding to the 517DLKHND522in insect cells and interacted lysates with ATP-agarose beads,
residues, immediately carboxyl-terminal to the Lys516, is in the absence or presence of ATP or GTP to test for
the probable epitope for the antibody. Interestingly, this specificity of binding. The beads were washed, and protein
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1 DVKFED

Phage 1 2 3 91417 2 DFRFNL

3 DFKFLD

GCCZ4D7|—-— i e = ...|4—46 kDa g DPKFMD

14 DTALGS3

gplll [ = — — = | 1‘? DLRFLD

GC-C DL KHND

917 522
Ple0e6e hGC-A AYYKGNLVAVKRVNEK--—--RIELTRKVLFELKHMRDVONEHLTRFVGACTDPP 606
P20594 hGC-B GHFKGNVVAIKHVNKK----RIELTROVLFELKHMRDVQFNHLTRFIGACIDPP 590
P25092 hGC-C CKYDKKRVILKDLKHN----DGNFTEKQKI ELNKLLQIDYYNLTKFYGTVKLDT 555
P55204 pig GC-C CKYDKKRVILKDLKHN-——-DGNFTEKQKIELNKLLQIDYYNLTKFYGTVKLDS 555
P70106 guinea pig GC-C CKYDPKRAILKDLKYS-——-DGNFSEKQKIELDKLLPSDFYSLTKFYGTVKLDT 558
P23897 rat GC-C CKYDKKKVILKDLKHC----DGNFSEKQKIELNKLLQSDYYNLTKFYGTVKLDT 554
BAAQBE38 Xenopus GC-C RKYDKKVVILKDLKH———— DENFTEKQKMELNKLLRIDYYNLTKFYGTVKLDN 547
CACH2729 Eel GC-C GRYDQKPIILKELENT--——EGYFSEEKRIELNTLLRIDYYNLTKFYGTVKFEY 403
Q02846 human retGC-D GVYEGDRVWLKKFPG—--DQHIAIRPATKTAFSKLOQELRHENVALYLGLFLARG 603
P51841 human retGC-F ATIYEGDWVWLKKFSLGDFGDLKSIKSRASDVFEMMKDLRHENINPLLGFFYDS- 616
ARCO1752 rat GC-C GLYQGNHVALCYIGEEA--EARTKKPTVLREVWLMCELKHENIVPFFGVCTEPP 626
P11528 A.punctulata GC GTYRGTICAIHAVHKN----HIDLTRAVRTELKLMRDMEHDNICPFIGACIDRP 636
AAR300515.purpurata GC GTYRGTVCALHAVHKN------ DLTRAVRTELKIMRDMRHDNICPFIGACIDRP 639

Ficure 5: Fine epitope mapping of GCC:4D7 antibody by phage display. Phage display was performed using immobilized GCC:4D7
antibody. (A) Specific phages<(L0Y), isolated from GCC:4D7 reacting clones, were resolved by-SPSGE followed by Western Blot

analysis using GCC:4D7 antibody (upper panel) or anti-gplll monoclonal antibody (lower panel) to normalize for phage loading. (B)
Deduced amino acid sequences of the hexapeptide fused to the gplll coated protein in reactive phages, aligned with the epitope in GC-C.
(C) Alignment of the intracellular domains of membrane guanylyl cyclases generated by Clustal W. The proteins are indicated by their
SWISS-PROT accession nhumbers. The amino acids are numbered with the first residue including the signal sequence.

& oF indicating that the protein could interact with ATP. Signifi-
Qg@ Q’,‘,@* 0@6* cantly, binding could be completely abolished in the presence
A (9 liat O of ATP, but not GTP. We then used mutant proteins to test
GQQOOO @C’O for interaction with the ATP-agarose beads. Most interest-
ingly, GCC-ICDxgamks16a Was unable to bind to the ATP
77 kDQ—p | = GCC:4D7 affinity matrix, while GCC-ICD\gamks19a Showed binding
equivalent to the wild-type protein (Figure 7A, right panel).
77 kDO —> | o | GCC:C8B6 These results are in agreement with the earlier biochemical
data, indicating that mutation of Lys516 abolished ATP-
120, B Control mediated effects (Figure 1B and r&®). Thus, the loss of
i it i ATP binding is clearly the cause for the absence of ATP-
1004 i mediated effects on GC-C. The mutant protein containing
> 80 Lys519Ala, however, continues to show ATP-mediated
= effects because it retains the ability to interact with ATP.
@ 601 These results also validate the use of these ATP-agarose
Caiflrd beads for identifying the region in the intracellular domain
5 of GC-C that binds ATP.
i To identify the domain in GC-C to which ATP binds, a
0 Ju ] 0 series of proteins representing various domains of GC-C were
o & &° expressed in insect cells and lysates and were then used for
© Qgib& 03@@@ studying ATP interaction. Thus, GCC-KHD-CC, GCC-KHD,
© O and GCC-Catbac were interacted with ATP-agarose beads,

and as shown in Figure 7B, only GCC-KHD-CC showed
effects, but abolishes GCC:4D7 reactivi®) Western Blot analysis  binding to the beads. This is the first demonstration to our
of Sf21 lysates {20 g protein) prepared after infection with virus - 1 nowledge of a kinase homology domain binding to ATP

encoding wild-type or mutant GCC-ICD proteins. (B) Guanylyl . L : s )
cyclase activity in crude lysates prepared from Sf21 cells expressing !n a manner similar to that seen in protein kinases. Interest

the indicated proteins. Assays were performed in the absence oriNgly, GCC-KHD, a shorter protein construct comprising only
presence of 200M ATP, 1 mM MgGTP, and 10 mM free Mggl the sequences that align with protein kinasg&®),(did not

Values shown represent the mearS.E.M. of an assay repeated  pind to the beads, indicating that perhaps the coiled-coil
at least three times, with triplicate determinations. region C-terminus to the KHD, as well as a longer N-
terminus, is required for achieving a conformation that is
bound to the beads were checked by Western Blot analysiscompetent to bind ATP. GCC-Catbac showed no binding to
using GCC:C8 monoclonal antibody. As shown in Figure the ATP-agarose beads. Therefore, ATP effects on the
7A (left panel), GCC-ICRgam bound efficiently to the beads, catalytic activity of GC-C in the presence of Mg as a cofactor

Ficure 6: Mutation of Lys519A does not alter ATP-mediated
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398 in the cleft between two kinase lobes, albeit in a position
© @ not favorable for phosphotransfer.
A 3 EIP . :
© o R ) Yg%)‘;bo In summary, with these experiments, we have shown that
2N O@ '\6)00' the KHD of GC-C is the site for ATP binding and identified

\ & & a region of the KHD that undergoes a conformational change

- |« 77 kDa : on ATP interaction, thereby bringing about a reduction in

; 77000 s |- -] the catalytic activity of GC-C.
DISCUSSION
. The studies described here are the first to show direct ATP
GCC-ICD o y——
Ak lysate binding to the KHD of GC-C and indeed ATP binding to

any pseudokinase domain, indicating that despite the low
degree of sequence identity20%) between protein kinases

B g o® V{,(’*@%@O‘? and pseudokinases, structural features required for ATP
@b' ,\b\ &ga‘ ,\<o\ 45 kDo 7 binding appear to be conserved. The successful expression
P\ N P\ s of the KHD of GC-C in insect cells in a functional form,
O O™ L O™ - - .
8 R )Y GCC-Catbac and its enrichment through ATP-agarose that we describe
Ooc’ Goo @oc’ Ooc’ here, may facilitate the structural elucidation of KHDs and,
b\b‘” K2 indeed, the intracellular domains of proteins that possess
. o Fo &F kinase-like domains fused to additional catalytic domains.
LRSS o ;
& & & We have also shown the critical role that Lys516 plays in
rnd -l. Qpc’qoogpo“pm binding ATP.
LR )gg There is earlier evidence to suggest that monoclonal
GOOOOQOC;O@QO antibodies can be used to infer structural alterations in
proteins as a consequence of ATP binding. In one study,

decreased reactivity of mAb UIC2 specific to the ATP-
dependent multidrug transporter P-glycoprotein (PgP) is seen

(A) Lysates prepared from Sf21 cells expressing the indicated n tfre pres?n;:r? of AtTP ADI?’ an(:_ nor;h;r/]drolyzable ATP
proteins were interacted with ATP-agarose beads, in either the analogues. In this protein, contormational changes may occur

absence or presence of 2 mM ATP or 2 mM GTP. Following In the presence of ATP, which regulates the process of
interaction, the beads were washed and bound proteins subjectegppumping drugs out of the celtd)). In an independent study,

to Western Blot analysis with GCC:C8 antibody. The left panel the epitope of a mAb raised against the nucleotide binding

shows that the intracellular domain of GC-C binds to ATP-agarose, ; _hindi )
and this binding is inhibited in the presence of excess ATP, but subunit MalK of the maltose ATP-binding cassette trans

not GTP. In the right panel, wild-type and mutant proteins were POrter ofSalmonella typhimuriurbecame less accessible in
used for interaction. Aliquots of the crude lysates were taken for the presence of ATP, suggesting that there is an ATP-induced
direct Western Blot analysis to normalize for the levels of expressed structural alteration45). To our knowledge, our study is
proteins taken for interaction. Data shown are representative of the first to show that a monoclonal antibody is sensitive to

experiments performed at least three times. (B) Individual domains P ; ; ;
representing the KHD, the KHD-CC (wild-type and mutant K516A changes on ATP binding in a pseudokinase domain. An

proteins), and the catalytic domain of GC-C were expressed in insecta”tiboqy to phosphorylase k_inase shows increased reac_tivity
cells and interacted with ATP-agarose beads. Western Blot analysison activation of the kinase in the presence of magnesium,
was performed with aliquots of the lysates taken for interaction put similar studies were not performed in the presence of

and proteins bound to the beads using either GCC:C8 antibody (for i i i i
KHD proteins) or GCC-CTD antibody for GCC-Catbac (represent- ?‘425) and neither was the epitope for this antibody mapped

ing the catalytic domain of GC-C). Data shown are representative o ) . ) )
of experiments performed at least three times. The JH2 domain is the site for interaction of Jaks with

STATSs @7). It has also been demonstrated that an intramo-

lecular interaction between the JH2 domain and the catalytic
are indeed brought about by binding of ATP to the KHD of kinase domain occurs through co-immunoprecipitation and
GC-C. independent co-expression of pseudokinase and kinase

To show the specificity of the interaction of the KHD with  domains 8), and this could account for the autoinhibitory

ATP, we mutated Lys516 to an Ala in the KHD-CC construct effects of the pseudokinase domain. Similarly, in GC
and interacted the expressed protein with ATP-agarose. Asreceptors, the KHD could have a regulatory role in signaling
shown in Figure 7B, the mutant protein was unable to bind and may serve as a docking region for interacting proteins,
to the affinity matrix, clearly showing the critical role of or perhaps the guanylyl cyclase domain itself, in an intramo-
this Lys residue in the KHD of GC-C in binding ATP. Itis lecular interaction, rather than being involved in a phospho-
interesting to note at this time that mutations of the rylation reaction. Indeed, there is evidence to suggest that
corresponding lysine residue in active protein kinases, suchHSP90 #8) and a specific phosphataséd) are associated
as protein kinase A and Erk, did not appear to abolish ATP with GC-A in its KHD region.
binding @0, 43). It perhaps can be suggested that the The results described in this report have identified a region
requirement for this Lys residue in pseudokinase domainsin the KHD of GC-C that alters its conformation with ATP
may be more stringent than that seen in active protein interaction. On the basis of the homology modeling that we
kinases, where additional residues could allow ATP binding have performed earlier, as well as our results with ATP-

lysate Beads Llysate Beads
FiGure 7: Binding of the intracellular domain of GC-C to ATP.
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agarose beads suggesting the KHD can adopt a structurgoresence of ATP, there is a change in the oligomeric state
similar to that of protein kinases, it is instructive to consider of the receptor 30, 32). Both full-length GC-C and the
conformational changes that have been shown to occur inintracellular domain of GC-C35) are expressed in mono-
kinases with ATP binding and activation and extrapolate meric and higher oligomeric forms, and interaction with ATP
these to the KHD of GC-C. converts the larger oligomer into a smaller-sized protady (

Increasing numbers of crystal structures of several protein 32). In the case of ERK2 kinase, the activation loop has the
kinases provide an insight into the regulation and specificity capacity to undergo large conformational changes that result
of kinases. The conformational flexibility generated in the in rearrangement of molecular interactions and modulates
absence or presence of ATP allows switching of the kinase its oligomeric state, resulting in the formation of dime5g)(
from an “off” to “on” state, which is a central feature of the Itis conceivable that the presentation of hydrophobic surfaces
regulatory mechanism4(). Crystal structures of protein on GC-C is also altered in the presence of ATP, and this
kinases have revealed a common two-domain core structureaccounts for changes in its oligomeric state, perhaps masking
with enzyme-specific variations8). The small amino-  the epitope of GCC:4D7 and resulting in loss of antibody
terminal domain consists of five antiparalfebtrands and a  interaction.

C-helix. The large carboxyl-terminal domain consists of the =~ We can therefore propose a model where membrane-
substrate-binding site and is predominantly helical. ATP associated GC-C is present in a conformation that is unable
binds in the deep cleft between these two domab®. to bind ATP, in a manner similar to that seen in the inactive
There is no single conformation for the ATP-bound com- conformations of many protein kinases. Ligand binding to
plexes of various protein kinases, but it is clear from GC-C may then induce a conformational change that
extensive crystallographic evidence that the mechanism ofactivatesthe guanylyl cyclase domain, as well as alters the
regulation utilizes the upper domain of the conserved three- conformation of the KHD in such a way as to allow ATP to
dimensional template. In several kinases, there is a considerbind since ATP concentrations are high intracellularly 81
able difference in the conformation of the protein in the mM). This ATP binding may then stabilize the active
presence or absence of ATR1( 52). conformation, thereby leading tnhanceccGMP produc-

In some kinases, two critical residues, Lys and Glu, interact tion. In contrast, the detergent-stimulated state of GC-C, as
in the presence of ATP, inducing a slight closure of the cleft well as the entire intracellular domain of GC-C, may adopt
(50). For example, in the case of active, ATP-bound protein entirely different and perhaps nonphysiological conforma-
kinase A, Lys72 that makes crucial contacts withdhend tions, which allow ATP binding to the KHD, resulting in an
B-phosphate groups of ATP is buried deep within the inhibition of the catalytic activity. These remain speculations
interlobe cleft, where it is stabilized and oriented properly as of now, and we are attempting to demonstrate ATP
by an ionic interaction with Glu913@). In the absence of  binding to the membrane-associated form of GC-C, as has
ATP, the two lobes are swung apart. On the basis of our been demonstrated recently for GC-B9J.
previous analysis by computational modeling, it can be In conclusion, these studies represent the first evidence
hypothesized that, in the presence of ATP, the phosphatethat shows ATP binding with the KHD of GC-C and identify
groups of ATP could interact with the conserved Lys516, a critical residue that is required for ATP interaction. Further
which could form a salt bridge with Glu532, as predicted mutational analyses will reveal the role of other residues in
by the homology model of the KHD of GC-@2). Hence the KHD vis-avis their role in the protein kinases. The
there could be closure of the lobes and the region aroundconservation of both the sequence and structural elements
Lys516, whereby the epitope for GCC:4D7 is no longer across diverse groups in the protein kinase family provides
accessible for interaction with the antibody. evidence that these sites involved in modulation of activity

The crystal structures of active CDK3) and inactive represent evolved physiological control mechanisms. Using
CDK (54) suggest that, in the presence of ATP, Lys33 and a monoclonal antibody to GC-C, the results described in this
Glu51 come together, and this induces a slight closure of study predict that the dramatic alteration in conformation
the cleft. In the absence of ATP, these invariant residues that is observed upon the binding of ATP in protein kinases
are positioned apart. In inactive CDK2 and inactive down- is also mimicked in the KHD of GC-C. This could bring
regulated Src and Hck, the C-helix is swung outward and about both local and global conformational changes in the
rotated by about 90relative to its position in the active receptor, which could result in alteration of the interaction
kinase structures. Thus the ion pair between the Glu from of KHD with other domains of GC-C or its associated
the C-helix and the Lys that chelates theandS-phosphates  proteins, thereby regulating GC-C activity. In addition, these
of ATP is not made %2). The openness of lobes was also conformational changes which appear to occur upon binding
observed in inactive FGF receptor kinasg5)( insulin of ATP to the KHD of GC-C could be mimicked in the large
receptor tyrosine kinas&§), MAP kinase ERK2 %7), and number of pseudokinase domains that have been identified
p38 mitogen-activated protein kinass8]. On the basis of  in diverse proteins.
these findings, it can be suggested that Lys516 and the GC-

C:4D7 epitope in GC-C may be available for the antibody ACKNOWLEI_DGMENT _ ) _

interaction in the absence of ATP due to an “open” structure _ We would like to thank Dr. John Kuriyan, University of
of the two lobes, and “closure” of the lobes occurs on ATP California, Berkeley, USA, for valuable input. We acknowl-
binding, thereby precluding antibody access. edge the help of Ms. Vani R. lyer for culture of cell lines.
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