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ABSTRACT. P-site inhibitors are adenosine and adenine nucleotide analogues that inhibit adenylyl cyclase,
the effector enzyme that catalyzes the synthesis of cyclic AMP from ATP. Some of these inhibitors may
represent physiological regulators of adenylyl cyclase, and the most potent may ultimately serve as useful
therapeutic agents. Described here are crystal structures of the catalytic core of adenylyl cyclase complexed
with two such P-site inhibitors,’2leoxyadenosine’3nonophosphate {21-3-AMP) and 2,5'-dideoxy-
adenosine ‘3triphosphate (25'-dd-3-ATP). Both inhibitors bind in the active site yet exhibit non- or
uncompetitive patterns of inhibition. While most P-site inhibitors require pyrophosphate 48R
coinhibitor, 2,5'-dd-3-ATP is a potent inhibitor by itself. The crystal structure reveals that this inhibitor
exhibits two binding modes: one with the nucleoside moiety bound to the nucleoside binding pocket of
the enzyme and the other with tifeand y phosphates bound to the pyrophosphate site of Hte3-
AMP-PR complex. A single metal binding site is observed in the complex wit-2-AMP, whereas

two are observed in the complex with,2-dd-3-ATP. Even though P-site inhibitors are typically 10
times more potent in the presence of ¥nthe electron density maps reveal no inherent preference of
either metal site for Mf over M¢?*. 2,5'-dd-3-ATP binds to the catalytic core of adenylyl cyclase with

a Ky of 2.4 uM in the presence of Mg and 0.2uM in the presence of MiT. Pyrophosphate does not
compete with 25'-dd-3-ATP and enhances inhibition.

Adenylyl cyclase is an integral membrane protein com- established to be on adenylyl cyclase itsé-9) and, more
posed of alternating pairs of membrane and cytoplasmic specifically, localized to the catalytic cleft of the enzyme in
domains. The two major conserved cytoplasmic domains, studies of purified ¢ and G, domains 10). P-site inhibitors
Ciaand G, form the catalytic core of the enzyme with the occur naturally in vivo, and as such may represent physi-
active site at their interfacel(2). The catalytic core also  ological regulators of adenylyl cyclasg&l 12).
contains the primary binding sites for activators of adenylyl  Kinetic and structural analysis of P-site inhibition dem-
cyclase such as &' and the diterpene forskolin. Early onstrate that the reaction coordinate of the chemical trans-
studies demonstrated that adenosine and certain adenosinfermation catalyzed by adenylyl cyclase is complex and
derivatives could inhibit the production of cAMP in intact involves several conformational statd$). P-site inhibitors
cells 3). Such analogues required the presence of an intactare not competitive with activators such as W¥nforskolin
adenine ring4), and their locus of action has been designated or Gq, and they are much more potent inhibitors of the
the “P”-site. The locus for P-site inhibition was eventually activated than the basal enzyn&. (Inhibition with respect
to ATP is typically un- or noncompetitive in the presence
. 1 R.K.?].évas squ]E)(r:ted bc)l/ aﬁ)_cr)]_stdoctiral fellowship from the Medical of Mg?* or Mn?*, respectively 13), but is competitive with
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cAMP, before PPis releasedq, 14). Indeed, high-resolution  after dialysis for 24 h at 4C with rotation. Duplicate 15
crystal structures show that the P-site inhibitbd23-AMP- uL aliquots from each chamber were analyzed by liquid
PR binds to the active site of the enzyme in a manner scintillation spectrometry.
analogous to that of ATP or, perhaps more accurately, Crystallization and Formation of P-Site Complex€s,,
CAMP-PR (2). Recently, adenosiné-polyphosphates have  C,, and trypsin-treated & were mixed to form a ternary
been developed as a new class of P-site inhibitors with complex in the presence of forskolin {£C,,Gs) and then
enhanced potencyL®, 15). Extrapolating from the structure  purified by gel filtration. Crystals were grown as described
of 2-d-3-AMP-PR in complex with adenylyl cyclase, it has previously @). The crystals were then soaked for various
been proposed that thg and y phosphates of adenine lengths of time at room temperature in harvesting solution
nucleoside-3triphosphates occupy the Ainding site (6, (10% PEG 8000, 30% PEG 400, 100 mM MES pH 5.6, 20
17). mM NaHEPES, pH 8.0, 3.33 mM dithiothreitol, 500 mM
Reported here are biochemical and crystallographic studiesNaCl, 200 uM 7-deacetyl-7-D-(N-methylpiperazino)-
aimed at understanding the mechanism of action and metalbutyryl]-forskolin, 166 uM GTPyS) that also contained
dependence of P-site inhibitors, in particular the adenine various combinations of inhibitors and metal ions. For the
nucleoside-3polyphosphates. The biochemical studies ex- 2'-d-3-AMP-PR-Mg?" complex, crystals were soaked in
amine the mode of inhibition, and the binding constants of harvesting solution that in addition contained 5.5 mM MgCl
2',5-dd-3-ATP for the catalytic domains of adenylyl cyclase 2.9 mM 2-d-3-AMP, and 2.9 mM NaPR for 1.75 h; for
in the presence of either Mgor Mn?*, assess the require- 2'-d-3-AMP-PR-Mn?*, 500 uM MgCl,, 250 uM MnCls,
ment for PRPand look for competition with adenosine and 2.9 mM 2-d-3-AMP, and 2.9 mM NaPR for 1.5 h; for
ATP analogues. Six high-resolution crystal structures are 2'-d-3-AMP-PR-Zn?", 500 uM MgCl,, 500 uM ZnCl,,
reported: those of adenylyl cyclase with@®3-AMP-PR 2.9 mM 2-d-3-AMP, and 2.9 mM NgPR for 1.5 h; for
or 2,5-dd-3-ATP, each with three different combinations 2',5-dd-3-ATP-Mg?", 5 mM MgCk and 1 mM 2,5-dd-3-
of metal ions. One structure for each P-site inhibited complex ATP for 1 h; for 2,5-dd-3-ATP-Mn?*, 2504M MnCl; and

is described in detail. 0.5 mM 2,5-dd-3-ATP for 1.5 h; for 2,5-dd-3-ATP-Zn?*,
250uM ZnCl, and 1.0 mM 25-dd-3-ATP for 1.5 h. Mg*
EXPERIMENTAL PROCEDURES was present in these last two soaks only in residual amounts,

as crystals were grown in the presence of MgCl

Structure Determination®iffraction maxima from each
complex were collected on a 2k 2k Quantum 4 CCD area
detector at beam line F1 at the Cornell High Energy
Synchrotron Source (CHESS). The wavelength of the
incident beam was 0.921 A. The data were integrated and
reduced using MOSFLM and SCALA of the CCP4 pro-
gramming suiteZ3). Data collection statistics are shown in
Table 1. Initial phases were generated by molecular replace-
ment using the previously reported 2.8 A resolution structure
of adenylyl cyclase in complex with'2-3-AMP-PR with
the inhibitor coordinates omitted from the modg).(After
one round of rigid body refinement, Powell minimization
and simulated annealing with the program CNEJ)( a
SIGMAA-weighted|F,| — |Fc] omit map was generated to
locate and fit the inhibitor and metals in each structure. At
this point, three difference Fourier maps were calculated
for each P-site inhibitor]|Fo,,| — [Foy,l, |Fo,| — |Fay,l and
|Foyal = |Fozl, Where|Fo, |, [Fo,,|, and|Fo,,| are the observed
structure factor amplitudes for crystals of the ¥MgMn?t,
and Zrf" complexes, respectively. Because these maps
revealed no significant differences among the three data sets,

sured for 10 min at 30C in a final volume of 10QuL as 4y the data sets judged to be the best for each inhibitor,
previously describedl1Q). Inhibition kinetics were deter-  pocaq on the quality of the data (mergiRgfactor and

mined on enzyme assayed with concentration of divalent [ié:0) and electron density map, '(8-3-AMP-PR-Zn2*
cation fixed in excess of the ATP concentration as described 5,4 2,5-dd-3-ATP-Mn2*) were used in subsequent refine-

previously (4, 21). o ment of the respective models by alternating rounds of Powell
Equilibrium Dialysis Equilibrium dialysis was performed  minimization, individual B-factor refinement, and model

essentially as describe@). Each chamber contained 20  pyjlding. In each of these models, both metal A and metal

mM NaHEPES (pH 8.0), 5 mM Mgg|2 mM dithiothreitol, B were refined as M&. Anisotropic overallB-factors and

50 mM NQ_CI, 2,5'-dd-[_y-32P]-3’-ATP (0.1—12-8#M)_, and a bulk solvent mask were used throughout refinement. For

other additions as indicated. One chamber containgt¥14 the 2,5-dd-3-ATP-Mn2* data set, the inhibitor electron

active G4(591), Ga and GTR'S-Gy,. The opposite chamber  gensity was modeled as a molecule 52dd-3-AMP and

contained buffer in lieu of proteins. Samples were removed 5 triphosphate group. The Bhosphate of '25'-dd-3-AMP

and thea phosphate of the triphosphate occupy the same

22R. A. Johnson, unpublished observation. position in this model. The occupancies of these two groups

Materials.2',5-dd-3-ADP and 2,5-dd-3-ATP were syn-
thesized as described previoush2(15). 2,5-dd-[y-32P]-
3'-ATP was synthesized by substrate level phosphorylation
from 2,5-dd-3-ADP and %?P.2 Carrier-free3?P; (ortho-
phosphoric acid, typically 10 m@ ~67 uL of water) was
from New England Nuclear Corp.

Preparation of ProteinsCanine type V &, domain, rat
type Il C,, domain, and bovine @ (short form) were
synthesized irEscherichia coliand purified as described
previously @, 18, 19). The G, construct includes an amino-
terminal hexahistidine tag. The amino acids included in each
construct are as follows: & residues 364591 for the
biochemical analyses and residues-3680 for the crystal-
lographic analyses; & residues 8741081; Ga, residues
1-396 (numbering reflects the sequence for the long form
of Gs). Gsoo was activated by incubation with G7B and
Mg?" at 35 C for 3 h asdescribed 20) to yield GTR/S—
Gqo. For the crystallographic studies, GI&-Gso. was
treated with trypsin as describetdj; the resulting fragment
spans residues 33889.

Adenylyl Cyclase AssaySynthesis of CAMP was mea-
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Table 1: Summary of Data Collection and Refinement Statfstics
crystal 2d3AMPMg 2d3AMP-Mn 2d3AMP-Zn dd3ATPMg dd3ATPMn dd3ATPZn
cell constants (A)
a 118.6 118.5 118.5 118.6 118.2 118.0
b 134.0 134.4 134.5 134.6 133.6 133.9
c 70.9 71.1 71.3 71.8 70.6 70.8
no. of crystals 1 1 1 1 1 1
Dmin (A, alonga* andb*) 2.9 2.8 25 2.8 2.4 2.5
unique reflections 22 650 16 552 39 407 27 520 36 169 39186
avg redundancy 2.8 3.6 3.0 3.4 2.7 3.4
Rsyr? (%) 13.6 9.1 10.9 13.1 11.7 14.3
completeness (%) 88.7 60.4 98.4 95.2 82.4 99.0
00 5.0 7.1 6.1 4.4 54 4.3
resolution range for refinement (A) 15-2.5 15-24
total reflections used 36 050 32910
no. protein atoms 5647 5641
no. water molecules 77 83
no. heterogen atoms 119 124
rmsd bond lengths (A) 0.007 0.007
rmsd bond angles (deg) 1.22 1.22
rmsd bonded-factors (&) 2.45 2.80
Ruork? (%0) 21.6 21.6
Riree” (%) 26.4 26.3
avgB-factor (A2 50.9 48.4

aTable abbreviations: 2d3AMP;-8-3-AMP; dd3ATP, 2,5-dd-3-ATP. ® Rym = Y13 [I(h) — I(h)il/3nYil(h)i wherel(h) is the mean intensity
after rejections® Due to anisotropy, data with an | index greater than 20 were omitted from refinefriRitc = Sn||Fo(h)| — [Fc(h)[|/3nFo(h)],
whereFq(h) andF¢(h) are observed and computed structure factordjmautoff was used during refinemer§tl0% of the complete data set was
excluded from refinement to calculafgee.

were set to 50%, and the van der Waals interaction terms(PR). Both metals are expected to stabilize the pentavalent
between them were omitted during refinement. No residuestransition state of the reaction by coordinating the pro-R
from either model exhibited main chain conformations oxygen of thea-phosphate.

corresponding to disallowed regions of the Ramachandran Only metal B was observed in previous structure deter-
plot. Final refinement statistics are given in Table 1. minations of adenylyl cyclase complexed withd23-AMP-
Coordinates for the'2d-3-AMP-PR-Mg?* and 2,5'-dd-3- PPR. A second metal might be expected to be present because
ATP-Mg*" complexes have been deposited in the Protein adenylyl cyclase and certain other enzymes that catalyze
Data Bank with the codes 1CS4 and 1CUL, respectively. phosphoryl transfer use a two metal ion mechani2én30).
Furthermore, the 'ohosphate of '2d-3-AMP is in close
proximity to PRand two aspartic acid side chains and a metal
cation seems necessary to complement the excess negative
charge. It is possible that the lower resolution (2.8 A) of the
PR-Mg?* at 2.8 A resolution was previously reporte?).( previous structure determination was insufficient to reveal
The inhibitor binds in the interface between thg éd G. metal A. To examine this issue in more detail, we have
domains and interacts with conserved residues known to bedetermined higher resolution structures of this inhibitor bound
involved in catalysis, ATP binding, and P-site inhibiti@b). to adenylyl cyclase in the presence of three different metal
It was hypothesized that ATP binds in a similar fashion, and ions. Because 211 preferentially binds in the metal A site

a model of ATP was docked into the active site such that its when adenylyl cyclase is complexed with ATP analogues
purine ring superimposed with that o£@-3-AMP, and its (28), Zr*™ was used in one of the structure determinations
B andy phosphates superimposed with those of FRis in an attempt to enhance electron density at site A. The
model was later corroborated by site-directed mutagenesisstructure of the complex was also determined in the presence
(26, 27) and further refined by the recent structures @ C ~ of Mn®". Enhanced density at site B would help explain the
C.+Gso. complexed with the competitive ATP analogues, lower Kq and increased potency of P-site inhibitors in the
B-L-2',3-dideoxyadenosin€ Sriphosphate and ATeES (R,) presence of this activating cation.

(28). In these structures, it was conclusively shown thattwo  However, metal B is likewise the only metal observed in
metal ions, called A and B, bind in the active site of adenylyl the three structures of thé-@-3-AMP-PR complex reported
cyclase and that these metal sites have a preference¥or Zn here. There are no significant electron density peaks in a
and Mr?t, respectively, over the presumed physiological difference Fourier map generated between theé-2-AMP-

RESULTS

Crystal Structures of '2d-3-AMP-PP, ComplexesThe
structure of a complex of 5CoxGsat with 2'-d-3-AMP-

metal Mg*. Zn?* is an inhibitor of adenylyl cyclase with
an IG of 15uM, whereas MA" is an activator that typically
increases the activity of £C,-+ G 10-fold. Metals A and

the basis of modeling studie28), metal A coordinates and
reduces the I§, of the 3-hydroxyl of ATP, the nucleophile

PR-Zr?* and 2-d-3-AMP-PR-Mg?* data sets, and there is
no electron density or room in the active site for metal A.
There are also no significant electron density peaks in the
B play important roles in binding ATP and in catalysis. On difference Fourier map between thed23-AMP-PR-Mn?*

and 2-d-3-AMP-PR-Mg?" data sets. This seems to indicate
that Mr?* does not replace Mg at site B in the complex

of the adenylyl cyclase reaction. Metal B coordinates and with this inhibitor. Because Mii is more electron dense
shields the developing negative charge of the leaving groupthan Mg*, any mixture of MA* + Mg?" at site B should
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have resulted in a positive peak in the Mn— Mg?*
difference map. The observed lack of difference density
indicates that the mole fraction of Mhis low at this site.
However, the metal ion specificity observed in complexes
with competitive inhibitors still leads us to expect that¥n
activates adenylyl cyclase for P-site inhibition by binding at
the metal B site and coordinating RRore tightly than would
Mg?*. Mn?* could also enhance inhibition by accelerating
production of PR the coinhibitor, in addition to lowering
theKy of the inhibitor. We may be unable to observe binding
of Mn?" at the metal B site because thg;C,»Gs0. complex

Biochemistry, Vol. 39, No. 47, 20004467

For enzyme activated with &, binding of 2,5-dd-
[y-32P]-3-ATP was approximately 2-fold greater in the
presence of Mfi than with Mg*" (Figures 3 and 4).
However, for enzyme activated with« and forskolin,
Mn?* had a much smaller effect. TH& for binding 2,5'-
dd-[y-%?P]-3-ATP was significantly lower in the presence
of Mn?* (0.2uM versus 2.4«M with Mg?*), as determined
by Scatchard analysis with only a single molecule of inhibitor
binding per molecule of adenylyl cyclase (Figure 4).

Competition between' 5-dd-3-ATP and ATP analogues,
P-site inhibitors and cAMP are consistent with the binding

used for our experiments was isolated in the presence ofof 2,5-dd-3-ATP at the active site. In contrast, Rfdhances

forskolin, and Mi&*™ has negligible effect on the potency of
P-site inhibition under these conditions (see below).

Biochemical Studies of '®-dd-3-ATP with Soluble
Adenylyl Cyclase2',5'-dd-3-ATP is one of the most potent
P-site inhibitors known with an 1§ of 40 nM against native
adenylyl cyclase from rat brain in the presence ofPM(i2,

15). Its mode of inhibition is either noncompetitive or
uncompetitive, depending on the conditions of enzyme
activation, and 25-dd-[y-*?P]-3-ATP has been demon-
strated to bind directly to native adenylyl cyclas8s)( It

is important to assess the ability of this ligand to bind and
inhibit the recombinant G and G, proteins used for our

crystallographic studies and to assess competition with ATP

analogues, RPor cAMP.

Inhibition of the Goa-stimulated activity of the ¢ and
C,a cytoplasmic domains of adenylyl cyclase by52dd-
3'-ATP was noncompetitive with respect to MgATP and
exhibited an apparen; of 4 uM (Figure 2). The 100-fold
decrease in affinity of '25'-dd-3-ATP for the GaCsa
complex relative to that for native enzyme might be attributed

binding of the inhibitor (Figures 3 and 5). Consistent with
the requirement for RRor inhibition of adenylyl cyclases
by adenine nucleosides and adenine nucleoside monophos-
phates, inhibition of 25'-dd-[y-3?P]-3-ATP binding by
2'-d-3-AMP was also enhanced by RFigure 5). Further,
a Dixon plot of 1/velocity versus the concentration of BP
different fixed concentrations of' &'-dd-3-ATP yields a
family of intersecting lines above the [PRxis (Figure 6).
The increase in binding noted with Afas consistently been
demonstrated in experiments with thezC,, complex, as
shown here, as well as with native and recombinant wild-
type enzyme31).2 These observations suggest paradoxically
that both 25-dd-3-ATP and PP bind adenylyl cyclase
simultaneously.

Crystal Structures of '5'-dd-3-ATP ComplexesAs for
the three complexes of-8-3-AMP-PR, no significant peaks
appeared in the difference Fourier maps computed with the
data set for the'5'-dd-3-ATP-Mg?" complex with respect
to that for either 25'-dd-3-ATP-Mn?* or 2,5-dd-3-ATP-
Zn2*, This result appears contrary to the observation that
Mn?* enhanced P-site inhibition by,2-dd-3-ATP (Figures

to the absence in the latter of a covalent linkage between3 and 4). However, because forskolin was included in the
domains, and of other missing polypeptide segments thatformation of the ternary complex of ,@CoxGsar used for
may promote interactions between domains in the native our crystal studies, there may be no dramatic difference in
enzyme. This kinetic behavior is nevertheless consistent with the affinity of the metal B site for M&§ and that for MiA*

that demonstrated preViOUSly with native and recombinant (Figure 3) The absence of any noticeable difference peaks

wild-type enzyme 15). Native and recombinant wild-type
adenylyl cyclases exhibit an apparent high affinity {662
dd-3-ATP [ICso 40—280 nM (12, 15, 32)], which can be
measured by a filtration binding assay usingy2dd-[y-32P]-
3'-ATP (31).2 However, because of the comparatively high
Kq of the GaCoa complex Kqg ~ 1 uM (14)] and the
accordingly higherK; for inhibition of these domains,
equilibrium dialysis was used to quantify binding df53>
dd-[y-32P]-3-ATP to the GaCza complex in the presence
of Gsow and Mg* (Figure 3). Binding of 25-dd-[y-%2P]-
3-ATP with the G+C,, complex in the absence of PP
was consistent with a noncompetitive pattern of inhibition.
Inclusion of forskolin increased inhibitor binding (Figure 3),
which was similar to results previously described for
[®H]2'-d-Ado (14). Binding of 2,5-dd-[y-3?P]-3-ATP
required both &, and G, and was not observed with the
individual domains at the protein concentrations tested.
Previous covalent labeling experiments with the irreversibly
binding affinity probe, 25-dideoxyadenosine 'Jy-(1-
methylimidizole)-triphosphate], suggested that the inhibitor
interacts with individual ¢, and G, domains 17). However,

no binding of 2,5-dd-[y-*?P]-3-ATP could be detected by
equilibrium dialysis using the individual domains, despite
the inclusion of M§", Mn?" or Mg?"-PR.

for Zn?* again indicates that the metal A site, if extant, has
no apparent preference for either 2ZZnor Mr?*t. Mg?*
apparently predominates at both sites, despite the fact that it
was not specifically included in the soaks for’Zmor Mn?*.
Alternatively, Zrf* or Mn?* may be bound at such a low
mole fraction that they are indistinguishable from a fully
occupied Mg".

The electron density omit map fot,2-dd-3-ATP-Mn?*
bound to adenylyl cyclase is shown in Figure 1B. A single
model of the inhibitor could not be fit into the electron
density with reasonable stereochemistry. Therefore, the
inhibitor was modeled as the structurally overlapping frag-
ments 2,5-dd-3-AMP and triphosphate. The phosphate
of 2',5'-dd-3-AMP and thex-phosphate of triphosphate both
correspond to ther-phosphate of '25'-dd-3-ATP and are
partially overlapping. The ligand therefore appears to exhibit
static disorder such that it contacts the enzyme either via its
triphosphate tail or its nucleoside moiety, but neither at the
same time. After refinement of this model for thge52dd-
3'-ATP-Mn?* complex, the average temperature factors of
forskolin and GTRS (which is bound in the active site of
Gs) are 33 and 32 A respectively. Both are assumed to
bind at 100% occupancy. The average temperature factor of
the 2,5-dd-3-AMP fragment is 37 A suggesting nearly
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Ficure 1: Complexes of adenylyl cyclase with P-site inhibitors. (A) Complex 'efi-3-AMP-PR with the catalytic core of adenylyl
cyclase. 2d-3-AMP-PR binds in the active site of adenylyl cyclase, within the cleft between the@ G, domains. Protein side chains

and 2-d-3-AMP and PPmolecules are drawn as stick models. Thin black lines depict the octahedral coordination of the metal ion, which
is shown as a metallic magenta sphere. Structural elements donated to the active site Qyattte@&, domains of adenylyl cyclase are
shown in tan and mauve, respectively. Carbon atoms are gray, nitrogens blue, oxygens red, and phosphorus green. Amino acids are labeled
according to their position in canine type V adenylyl cyclase foradd rat type Il adenylyl cyclase for,& The blue wire cage corresponds

to electron density from a 2.5 A resolutiof,,,| — |Fc] omit map contoured ata (B) Complex of 2,5-dd-3-ATP with the catalytic core

of adenylyl cyclase.'5'-dd-3-ATP cannot be modeled into the observed electron density, and thus was modeled as two fragh®ents: 2
dd-3-AMP and triphosphate. The structure suggests that there are two binding modes for the inhibitor, the first via its nucleoside, and the
second via its triphosphate tail. Two metals bind concurrently with the inhibitor (magenta). Metal A has only four obvious ligands while
metal B has five. Secondary structure is labeled as defined previd®)slyHe blue wire cage corresponds to electron density from a 2.4

A resolution|F,,,| — |F] omit map contoured atd3 (C) Superposition of '2d-3-AMP-PR (green) and 25-dd-3-AMP/triphosphate
(yellow) within the active site of adenylyl cyclase. Due to its smallesubstituent, the ribose ring of,2-dd-3-AMP binds deeper in a
pocket formed between the2 anda4 helices. In addition, its'hosphate is further away from D440, allowing metal A to bind. The view

is rotated 20 around a vertical axis with respect to panels A and B. (D) Model of the cANAR.omplex of adenylyl cyclase. The structure

of CAMP is based on three high-resolution crystal structu8&s-87), and was positioned by superimposing its purine and ribose rings on
those of a model of ATP (yellow) in the active si8]. PR is the same as in thé-8-3-AMP structure. The phosphate of CAMP is within

1 A of the binding site of the 'Phosphate of '2d-3-AMP. As modeled, the phosphate of CAMP is too close to the carboxyl side chain of
D440 and the cyclic phosphate ring will probably have a different pucker in the true eraatect complex. Therefore, the energetically
preferred conformation of cAMP, if it indeed corresponds to that found in small molecule crystal structures, is not compatible with the
active site. Such would explain why cAMP leaves the active site beforeaP®ving P-site inhibitors such as-8-3-AMP to later bind

and lock the enzyme in a dead-end complex.

complete occupancy. Hence, when binding by its nucleoside The fact that 25'-dd-3-ATP exhibits static disorder upon
moiety, the triphosphate tail of' ,3'-dd-3-ATP is poorly binding to adenylyl cyclase might reflect the inability of the
ordered and probably lies along the same general path asrystalline enzyme, composed of truncated domains from two
the triphosphate fragment. The average temperature factoradenylyl cyclase isozymes, to attain a “fully closed” con-
for triphosphate is 89 A indicating much greater disorder formation. A partially open active site would thus not allow
or much lower occupancy. the nucleoside and pyrophosphate moieties of the inhibitor
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a FicURe 4: Binding of 2,5-dd-[y-32P]-3-ATP to adenylyl cyclase
10 F in the presence of Mg or Mn?*. Cy,, Cy, and GTR'S—Ge were
incubated with 0.312.8uM 2',5-dd-[y-32P]-3-ATP for 24 h as
described under Experimental Procedures. (A) equilibrium dialysis
0 . - L reactions contained 4M of each protein and 5 mM Mggl (B)
Individual C{,C5,  C,andC, C,and C, reactions contained 2M of each protein and 2.5 mM Mngl
oF Ggg protein G, G,, +Fsk Dissociation constants were calculated by Scatchard analysis

(insets). The relative amount of boung3>dd-3-ATP (R) repre-
Ficure 3: Binding of 2,5-dd-[y-32P]-3-ATP to adenylyl cyclase.  sents the total concentration of bound ligand divided by the total
The individual proteins (1QM) C14(591), Ga or GTRYS—Gs concentration of active adenylyl cyclase. These results are repre-
were incubated with 1.6M 2',5-dd-[y-32P]-3-ATP for 24 h at 4 sentative of three experiments.

C. Equilibrium dialysis was performed in the presence of either 4
mM MgCl,, 2 mM MnCL, or 4 mM MgCk and 2 mM PR Binding : : ,
of 2',5-dd-[y-*2P]-3-ATP was also measured in the presence of tetraphosphat.e. In the active site of tH&SEﬂd-S’-ATP

all three proteins [&M C14591), Ga and GTR'S—G] in the complex, there is room for a fourth phosphate. This would
presence or absence of 100/ forskolin. Results shown are  not be possible if the active site were compressed such that

representative of two experiments. it could accommodate’'%'-dd-3-ATP in a single binding
mode.
to bind simultaneously (their respective sites ar@A too After refinement of the model for the statically disordered

far apart in the refined structure). However, the kinetic data 2',5-dd-3-ATP complex, a weak (22 standard deviations
supports the observed static disorder. First, s not above he mean value of he map) peak was observed in the
compete with, but rather augments binding df52dd- |Fo — F| difference Fourier mapclose to the position of
[y-%2P]-3-ATP (Figure 3,5). This is consistent with the metal A seen in complexes with ATP analogues. The peak
observed electron density, which suggests that the triphos-was modeled as Mg and is locatd 2 A from the oxygen
phate of 25-dd-3-ATP binds with low affinity and, substituents of both the'-phosphate of '25'-dd-3-AMP
therefore, could easily be displaced by;P8econd, the  fragment and the triphosphategphosphate. The metal is also
greater potency of' 5-dd-3-A4P (ICso~ 7.4 nM) compared  coordinated by D396 and D440 (Figure 1B). Thus, the
with the corresponding'driphosphate (16 ~ 40 nM) (33) number of observed ligands is less than four. Poorly ordered
is consistent with an active site large enough to accommodatewater molecules could serve as additional ligands.
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and Mg*-PR (2 mM). Results shown are representative of three
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and 400 nM activated Gs The indicated concentrations of Mg
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DISCUSSION

Tesmer et al.

AMP (ICsp~ 2.7 uM) reported for native enzymd); Ribose
rings with less substitution are inherently more flexible than
their fully substituted counterparts. Therefored2oxy and
2',5-dideoxy ribose groups and especially acyclic adenine
derivatives 84) would allow the inhibitor to adopt confor-
mations that better conform to the active site. Such flexibility
may be especially important when the inhibitor has a bulky
3'-substitution as does ,#'-dd-3-ATP.

Comparison of the '2d-3-AMP-PR structure with that
of 2',5-dd-3-ATP vyields further insights (Figure 1C).
Compounds with ribose rings lacking-Bydroxyl groups
inhibit 2—7 times more efficaciously than their substituted
counterparts. From the structures reported here, the removal
of a 5-oxygen allows the ribose ring to slip further back
into the nucleoside binding pocket, where therethylene
groups packs against helx4 of Gy This interaction is
apparently more favorable than maintenance of a hydrogen
bond between the' Hiydroxyl and the side chain of Thr401,
as occurs in the'2d-3-AMP-PR structure.

Adenine-nucleoside’ olyphosphates are the most potent
P-site ligands, with the successive addition of phosphate
groups to the 3position adding substantially to potency:
2',5-dd-3-AMP (ICso ~ 460 nM), 2,5'-dd-3-ATP (ICs ~
40 nM); 2,5'-dd-3-A4P (ICso ~ 7.4 nM) with native enzyme
(12, 15, 33). These potencies are consistent with each
successive phosphate contributing—4 kcal of binding
energy. On the basis of th&2-dd-3-ATP structure reported
here, 3-polyphosphate inhibitors are statically disordered in
the active site with the'3olyphosphate being most poorly
ordered. However,'3olyphosphates could enhance inhibi-
tion in a number of other ways besides contribution of
binding energy. First, the polyphosphate group can interact
with and neutralize the positive charges in the active site.
Second, the polyphosphate could stabilize the enzyme in a
closed conformation required for tight binding of the
adenosine moiety of the inhibitor. Finally-Bolyphosphate
moieties can be thought of as covalently linked R&gs”.
P-site inhibitors that possess such tags will have an entropic
advantage, arising from approximation of functional moieties,
over inhibitors that require binding of two separate molecules
(e.g., 2-d-3-AMP-PR) for effective inhibition.

The a-phosphate group of'A'-dd-3-ATP occupies a
different position from that in'2d-3-AMP (Figure 1C). As
a consequence, the-phosphate of the latter inhibitor
occludes metal ion site A. Therefore, P-site inhibitors with
3'-polyphosphates could also be more potent because they
bind concurrently with two metal ions. The extra metal helps
to neutralize excess negative charge in the active site such
as that found in the '2d-3-AMP-PR complex. The weak

The crystal structures reported here allow speculation on electron density observed for metal A in tHeb2dd-3-ATP
the molecular basis of the relative potency of P-site inhibitors. complex could result from static disorder of the inhibitor.

All P-site inhibitors require an intact adenine ring, reflecting

The relatively low affinity P-site inhibitors'2d-Ado and

the fact that their purine rings use the same binding pocket 2'-d-3-AMP display uncompetitive inhibition with respect
as the substrate ATP. The removal ¢fahd 3 hydroxyl

groups from P-site ligands enhances their potency-b300-
fold, depending on other modificationd, (12, 15). These
deletions remove potential collisions of thet#¥/droxyl with

nearby protein superstructure. A-l2ydroxyl group in the
structure of the 2d-3-AMP-PR complex (Figure 1A) would
collide with the side chain of D440 and the backbone the enzymePR complex. Although there is no direct
carbonyl of residue 438. This may be reflected in the reduced evidence for the simultaneous binding 662dd-3-ATP and

potency of 3AMP (ICso &~ 9 uM) compared with 2d-3-

to ATP in the presence of &/Mg?" and exhibit noncom-
petitive inhibition when adenylyl cyclase is activated by
Mn2?* (13, 14). In either case, these inhibitors are believed
to bind to the enzyme as an enzysRB-inhibitor complex.
The noncompetitive inhibition exhibited by,2-dd-3-ATP
may reflect its ability to bind to both the free enzyme and

PR, the observation that pyrophosphate enhances binding
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of 2',5-dd-[y-3?P]-3-ATP suggests that this may occur. In
this scenario, PRvould displace the poorly ordergtiand
y phosphates of'5'-dd-3-ATP. Alternatively, synergistic
activity of PPi could be due to hysteretic behavior of the
enzyme, such that the active conformation promoted by PPi
might persist after that ligand dissociates and thereby favor
subsequent binding of &'-dd-3-ATP.

In contrast, 25'-dd-3-ATP in the presence of M could
be classified as an inactivator of adenylyl cyclase. If the
binding of 2,5-dd-3-ATP-Mn?" traps a fraction of adenylyl

cyclase in a dead-end complex, an apparent noncompetitive 13.

pattern of inhibition will result because the effective total
enzyme concentration (and hengg,) is reduced while,
is unchanged.

It seems clear from its uncompetitive mode of inhibition,
its requirement for PPand its ability to inhibit the reverse
reaction of adenylyl cyclase competitively that the typical
P-site inhibitor is essentially a cAMP analogue that binds to
the enzyme before the second product iBPeleased4).

By comparison, P-site inhibitors with' 3olyphosphates
appear to function as covalently linked analogues of CAMP
and PR, whose greater affinity arises in part from their
inherent entropic benefits. By superimposing the structure
of CAMP onto that of 2d-3-AMP (Figure 1D), we can
generate a reasonable model for the enzpnoeluct complex

for activated adenylyl cyclase which we can compare to the
model for the enzymsubstrate complex2@). Unlike P-site
inhibitors, which adopt 2endo, 3-exo ribose conformations,
CcAMP is constrained in the'&ndo, 2-exo conformation.
To facilitate nucleophilic attack of thé-Bydroxyl upon the
5'-phosphate, ATP must also adopt'aeBdo conformation

in the activated complex, and its polyphosphate backbone
must adopt a conformation that brings 'Q@thin van der
Waals contact distance of the-phosphate. This may
engender some steric strain. THepdlyposphate backbone
of 2'-d-3-ATP and the 3monophosphate of'21-3-AMP

in conjunction with PPare able to occupy the active site
without internal strain and therefore are efficacious inhibitors.
These models, developed with truncated chimeric constructs,
provide an excellent starting point for the rational develop-
ment of conformation-selective drugs that are specific for
native adenylyl and guanylyl cyclases.
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