
A Novel Mechanism for Adenylyl Cyclase Inhibition from the
Crystal Structure of Its Complex with Catechol Estrogen*,†

Clemens Steegborn‡,§,¶, Tatiana N. Litvin§,∥,**, Kenneth C. Hess∥, Austin B. CapperM‡‡,
Ronald Taussig‡‡, Jochen Buck∥, Lonny R. Levin∥, and Hao Wu‡,§§

‡Department of Biochemistry, Weill Medical College of Cornell University, New York, New York
10021
∥Department of Pharmacology, Weill Medical College of Cornell University, New York, New York
10021
‡‡Department of Pharmacology, University of Texas Southwestern Medical Center, Dallas, Texas
75390

Abstract
Catechol estrogens are steroid metabolites that elicit physiological responses through binding to a
variety of cellular targets. We show here that catechol estrogens directly inhibit soluble adenylyl
cyclases and the abundant trans-membrane adenylyl cyclases. Catechol estrogen inhibition is non-
competitive with respect to the substrate ATP, and we solved the crystal structure of a catechol
estrogen bound to a soluble adenylyl cyclase from Spirulina platensis in complex with a substrate
analog. The catechol estrogen is bound to a newly identified, conserved hydrophobic patch near
the active center but distinct from the ATP-binding cleft. Inhibitor binding leads to a chelating
interaction between the catechol estrogen hydroxyl groups and the catalytic magnesium ion,
distorting the active site and trapping the enzyme substrate complex in a non-productive
conformation. This novel inhibition mechanism likely applies to other adenylyl cyclase inhibitors,
and the identified ligand-binding site has important implications for the development of specific
adenylyl cyclase inhibitors.

Oxidative hydroxylation of the steroid hormone estrogen, which results in the formation of
catechol estrogens (CEs1; Fig. 1), is the first step in estrogen catabolism. CEs, however, are
not only catabolites; they are involved in a multitude of physiological processes and may
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contribute to many human diseases such as cancer and cardiovascular conditions (1, 2). High
concentrations of CEs are found in a number of tissues such as the brain, endocrine glands
(3), and mammary tumors (4). Although CEs elicit some physiological responses via the
classical estrogen receptor, other biological CE effects are not associated with activation of
this receptor (5, 6). In the latter regard, it has long been known that CEs exert effects in the
cAMP signaling system, as shown by their inhibition of cAMP accumulation in the
hypothalamus (7).

The conversion of ATP to cAMP in mammals is mediated by members of the class III
adenylyl cyclase family (AC; E.C. 4.6.1.1), which in humans comprises nine trans-
membrane AC enzymes (tmACs) and one soluble AC (sAC) (8, 9). tmACs are regulated by
heterotrimeric G proteins in response to the stimulation of G protein-coupled receptors and
therefore play a key role in the cellular response to extracellular signals (10). sAC, in
contrast, is insensitive to G proteins and the additional tmAC regulator calmodulin as well as
to the non-physiological diterpenic activator forskolin (11, 12). Instead, sAC is directly
activated by calcium and the metabolite bicarbonate, rendering the enzyme an intracellular
metabolic sensor (12, 13). Together, tmACs and sAC regulate a diverse set of essential
biological processes such as differentiation and gene transcription.

All mammalian ACs comprise two catalytic domains, and the crystal structure of a tmAC
enzyme revealed that these domains, C1 and C2, are structurally similar (14). The C1C2
heterodimer therefore resembles a homodimer, and the shared active site at the dimer
interface has a pseudo-symmetric site that is catalytically inactive due to the lack of several
catalytic residues. This pseudo-active site is partially exploited by the non-physiological
tmAC activator forskolin. By solving crystal structures of the cyanobacterial sAC homolog
CyaC, we recently showed that sAC enzymes, despite their unique regulation, have the same
overall structure as tmACs and employ the same two-metal ion mechanism for catalysis (15,
16).

The biological importance of AC enzymes calls for AC inhibitors, but there are currently no
potent specific inhibitors known. The best characterized AC inhibitors are the so-called P-
site inhibitors that occupy the binding site for the substrate ATP, show low AC isoform
specificity, and bear the potential to bind to a large number of cellular nucleotide-binding
proteins (17). A second class of AC inhibitors, which contain an adenine linked to ion
chelators, suffers from the same predicament (18). There are currently no efficient AC
inhibitors that bind to a site other than the ATP-binding pocket and which would therefore
promise a higher specificity for AC enzymes and among AC isoforms.

Given that CEs inhibited cAMP production in cell extracts rich in sAC (19), we attempted to
elucidate the molecular mechanism of CE action. We found that CEs directly bind to and
inhibit the catalytic domains of class III AC enzymes non-competitively with respect to
ATP. The crystal structure of the trimeric complex between the catalytic domain of CyaC,
an ATP analog, and a CE identifies a hydrophobic patch at the dimer center as the first AC
inhibitor-binding site outside the active site. The adjacent hydroxyls of the CE inhibitor
capture the catalytic magnesium ion via a pincer-like interaction and displace it from its
“catalytic” position. This novel inhibitor-binding site shows variations between different AC
isoforms, indicating its potential use for the development of highly specific AC inhibitors.

MATERIALS AND METHODS
Protein Purification and Activity Assay

[α-32P]ATP and [3H]cAMP were purchased from PerkinElmer Life Sciences, estrogen and
derivatives were from Steraloids, and all other chemicals came from Sigma. A glutathione
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S-transferase fusion of human sAC (20) and the soluble C1 and C2 domains of human tmAC
VII (21) were expressed and purified as described previously. Residues 998–1202 and
1005–1202, respectively, of CyaC from Spirulina platensis were expressed and purified with
an N-terminal His tag as described (16). The protein was stored at –80 °C for later
crystallization trials, and protein for activity assays was supplemented with 50% (v/v)
glycerol and stored at –20 °C. Individual mammalian adenylyl cyclase isoforms 1 (bovine),
2 (rat), and 5 (dog) were recombinantly expressed in Sf9 cells, and the adenylyl cyclase-
containing membranes were prepared as described (22).

Cyclase assays were performed in 100 μl of total volume in 50 mM Tris-HCl (pH 7.5) with
[α-32P]ATP as substrate and 10 mM MgCl2. Assays for sAC activity were supplemented
with 50 mM bicarbonate, and those for CyaC were also supplemented with 5 mM CaCl2;
reactions with tmAC VII were supplemented with purified Gsα protein (kind gift of
Shengyu Yang), 10 mM NaF, and 30 μM AlF3. Indicated amounts of catechol estrogen were
added using 100 mM stock solutions in methanol. Assays were started by adding purified
tmAC VII C1 plus C2, human GST-sAC, and CyaC-(998–1202), respectively. Reactions
were incubated for 30 min at 30 °C and stopped by adding 200 μl of 2% SDS. [α-32P]cAMP
was recovered using a two-column method described previously (23). Mixtures of equal
amounts of sample and scintillation fluid were counted for 1 min in a Beckman scintillation
counter. Initial velocity measurements were made under conditions where the conversion of
[α-32P]ATP did not exceed 10%. Activity values are the averages of at least three
independent determinations. Adenylyl cyclase activity of Sf9 membrane preparations was
measured using the procedure described by Smigel (24). All assays were performed for 12
min at 30 °C in a final volume of 100 μl containing 20 μg of membrane protein, 100 μM

forskolin, 10 mM MgCl2, and the indicated concentration of the inhibitor.

Crystallization and X-ray Data Collection
CyaC-(1005–1202) was crystallized in complex with the ATP analog α,β-methylene-
adenosine-5′-triphosphate (α,β-Me-ATP) by mixing 1 μl of protein solution (6 mg/ml in 20
mM Tris/HCl, pH 7.8, 5 mM α,β-Me-ATP, 5 mM MgCl2, and 5 mM CaCl2) with 1 μl of
reservoir solution and equilibrating against a 0.4-ml reservoir (100 mM cacodylate/NaOH,
pH 6.7, 6% (v/v) isopropanol, and 11% (w/v) polyethylene glycol 4000). Crystal plates of
~150 × 100 × 10 μm3 were soaked with 5 mM 2-hydroxyestradiol (2-CE) for 10 min. Soaked
crystals were frozen 60 s after the addition of two drop volumes of cryoprotectant solution
(25% (v/v) isopropanol in reservoir solution supplemented with 5 mM 2-CE). A complete
data set was collected at 100 K at the Brookhaven National Laboratory's beamline X4A
(Table I). Diffraction data were processed with DENZO and SCALEPACK (25). Soaking
with 2-CE changed the initial space group of the α,β-Me-ATP complex from P212121 with
two monomers in the asymmetric unit to P21 with four monomers in the asymmetric unit.

Structure Solution and Analysis
The structure was solved by using Patterson search techniques with the program MOLREP
(26) using data between 20- and 3-Å resolution. The protein part of the CyaC·α,β-Me-ATP
complex (16) was used as search model, yielding a prominent solution with four monomers
in the asymmetric unit, a correlation coefficient of 45%, and an R-factor of 48%. The model
was refined by simulated annealing and conjugate gradient minimization with CNS (27), and
rebuilding was done in O (28). An overall anisotropic B-factor and bulk solvent correction
were applied to the data. In a later stage of refinement, individual isotropic Debye-Waller
factors were refined. The final refined model of the CyaC·α,β-Me-ATP/2-CE complex
comprises residues 1002–1199 (monomer A), 1004–1108 and 1112–1199 (monomer B),
1004–1199 (monomer C), and 1005–1107 and 1110–1199 (monomer D) with 89.6% of the
residues in the most favored Ramachandran plot regions and no residues in disallowed
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regions. The model further contains one α,β-Me-ATP molecule and two metal ions per
monomer, a total of 139 solvent atoms, and one 2-CE molecule in monomer A and B,
respectively. For analysis and comparison of the structure, O, CNS, and LSQMAN (29)
were used. Structural figures were generated with MOL-SCRIPT (30) and RASTER3D (31)
(Figs. 3B and 4A), SETOR (32) (Fig. 3C), GRASP (33) (Fig. 4B), and PyMol (DeLano
Scientific; Figs. 3D and 4, C and D).

RESULTS
CEs Directly Inhibit Class III Mammalian and Bacterial Adenylyl Cyclases

To determine whether CEs (Fig. 1) directly inhibit sACs, we used purified catalytic domains
in adenylyl cyclase activity inhibition assays. CEs such as 2-CE, 4-hydroxyestradiol (4-CE),
and 2-hydroxyestrone inhibited recombinant human sAC in a concentration dependent
manner (Fig. 2A). In contrast the parent compounds estrone and estrogen did not influence
the enzymatic activity. The inhibition was reversible (data not shown), and the IC50 values
are in the low micromolar range. The cyanobacterial sAC enzyme CyaC was inhibited by 2-
CE (the major form of CE) and 4-CE with similar efficacy (Fig. 2B and Supplemental Fig.
3, available in the on-line version of this article).

To reveal whether CEs can also act on tmACs, we first used membrane preparations of
insect cells overexpressing human full-length tmACs I, II, and V, respectively. The adenylyl
cyclase activity assays showed that CE inhibited the generation of cAMP by these
membrane preparations in a concentration-dependent manner (Fig. 2C and Supplemental
Fig. 1, available in the on-line version of this article). We then performed the enzymatic
assay with purified soluble catalytic domains of human tmAC VII (21), which showed that
2-CE inhibited the enzyme with an IC50 value of ~2 μM (Fig. 2D). These results show that
CEs are general inhibitors of class III AC activity and that they act directly on the AC
enzymes. The increased IC50 values in our experiments with membrane preparations are
likely artifacts due to insertion of the hydrophobic inhibitor into the membrane, which
lowers the effective concentration of the compound.

2-CE Is Not Competitive with Respect to ATP and Binds to a Novel Hydrophobic Patch
Next to the Active Site

To determine the mode of inhibition of CEs, we assayed adenylyl cyclase activity of CyaC
as a function of ATP and 2-CE concentrations, which indicated that 2-CE inhibits the
enzyme non-competitively with respect to the substrate ATP (Fig. 3A). This suggests that
CEs do not bind to the hydrophobic adenosine recognition pocket of the active site. In
addition, CEs do not appear to utilize the known forskolin-binding pocket, the degenerate
site pseudo-symmetrically related to the active site in C1C2 heterodimeric ACs. This
conclusion is drawn from the observation that CEs are equally potent at inhibiting
homodimeric CyaC, which does not have the degenerate site. Therefore, we hypothesized
that CEs may interact with an unknown binding site on AC enzymes.

To identify the CE-binding site and determine the molecular mechanism of CE inhibition,
we solved the crystal structure of CyaC in complex with 2-CE and the ATP analog α,β-Me-
ATP (Table I). Two inhibitor molecules, one per active site, interact symmetrically with a
hydrophobic patch at the central depression of the dimer, adjacent to the active sites (Fig.
3B). The two molecules of the ATP analog α,β-Me-ATP still occupy the two active sites
located at the dimer interface (16, 34), as they do in the absence of 2-CE. Although the
depression at the dimer center is a prominent feature of the wreath-like structure of class III
cyclases, it has not been shown previously to interact with any regulators. The identification
of this site as the CE-binding site qualifies it as a novel inhibitor-binding site. There are two
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dimers in the crystallographic asymmetric unit, one with both of these binding sites
occupied by 2-CE molecules and one without any bound inhibitor. No obvious reasons
could be identified for this difference, such as lack of accessibility due to crystal lattice
interactions.

The central helix α4 (Asn-1146, Ala-1149, Arg-1150, Gln1152, and Glu1153), the active
site strands β2 and β3 (Val-1059, Ala-1062, and Val-1059*; where the asterisk (*) indicates
the partner monomer within the dimer), and the neighboring strand β1 (Phe-1015 and
Asp-1017) accommodate the non-polar ring system of 2-CE by interacting with its flat
surface and edges (Fig. 3C). The other flat side of the inhibitor shows limited interaction
with the protein; instead, in the CyaC complex this side faces the 2-CE molecule bound to
the partner monomer and possibly forms weak hydrophobic interactions. However, we did
not observe pronounced cooperativity in 2-CE inhibition of CyaC, suggesting that this
interaction does not contribute significantly to 2-CE binding and inhibition. The potential
cooperative behavior seen against soluble tmAC domains was not confirmed by our
experiments with tmAC-containing membranes. This lack of cooperativity is also more
consistent with the assumption that only one CE molecule can bind to a catalytic
heterodimer (see below). In the CyaC·2-CE complex, the end of 2-CE distal to the catechol
moiety also interacts with the adenine ring and the sugar from the symmetric active site; the
interaction is fairly localized, centering at C16 of 2-CE.

2-CE Captures the Catalytic Ion to Inactivate the Enzyme
Comparison of the CyaC·α,β-Me-ATP complex structures with and without 2-CE reveals
that this compound exploits a general feature of class III AC enzymes for inhibition. The
active site of these enzymes comprises two divalent metal ions in the so-called ion A and ion
B sites. The ion A site harbors a catalytic magnesium ion that acidifies the ribose 3′
hydroxyl and stabilizes the transition state, whereas the ion B serves as an anchoring point
for ATP by coordinating and stabilizing its β and γ phosphates (15, 16). The two adjacent
hydroxyl groups of 2-CE coordinate the magnesium ion at the A site (distances 2.2 and 2.5
Å, respectively) like a pair of pincers (Fig. 3D), stabilizing this ion at 3 Å away from its
original position and preventing its participation in catalysis. In contrast, the position of ion
B did not change significantly. The two adjacent inhibitor hydroxyls are also part of a
hydrogen bond network involving Glu-1153, Asp-1017, and a γ-phosphate oxygen of the
substrate analog (Fig. 3D). In addition, the 17-hydroxyl group of 2-CE is in H-bond distance
to Asn-1146.

In the 2-CE-inhibited structure, the α-phosphate of the ATP analog exhibits a non-
productive conformation not suitable for in-line attack, likely as a result of the coordination
of its β- and γ-phosphate oxygen atoms to the shifted ion A. This change in phosphate
conformation is also accompanied by active site closure (Fig. 4A), reflected in the
movement of helix α1 by ~4 Å and the movement of the small sheet β7/β8 by 2 Å toward
the dimer center (16, 34). Although active site closure is also a prominent feature of
productive catalysis, the conformation of the phosphates and the ion positions renders the
enzyme inactive rather than active.

The importance of the observed inhibitor-ion interaction suggests that only one CE molecule
binds to heterodimeric mammalian ACs (all known tmACs and sAC). Although the pocket
analog to the CE binding site exists on both C1 and C2, the inhibitor likely occupies only the
pocket on the surface of C1 that connects to the active site rather than the degenerate site,
which lacks the ion-binding aspartates. Without the metal ion interactions, the affinity of the
inhibitor to the C2 site will be predictably much lower. In addition, placing 2-CE to the C2
pocket of tmACs would create steric hindrance to the bound forskolin, which interacts with
tmACs at nanomolar affinity (35). The addition of 100 μM forskolin, however, has no effect
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on the inhibition by 2-CE (Supplemental Fig. 2, available in the on-line version of this
article). The importance of the 2-CE-ion interaction also suggests that 4-CE binds 180°
rotated along its long axis, which would keep its hydrophobic part in the non-polar binding
cleft and position its hydroxyl groups similarly to those of 2-CE for ion binding.

The CE Binding Site Contains Both Conserved and Variable Elements
The CE-binding site is largely formed by a surface depression at the center of the dimeric
class III AC enzymes that is present in all known crystal structures of this enzyme family
(14, 16, 36, 37). Although the existence of the patch is conserved, a sequence comparison
between CyaC and the mammalian heterodimeric ACs (Supplemental Fig. 4, available in the
on-line version of this paper) shows that among residues directly in contact with 2-CE, only
one is strictly conserved in the analogous C1 patch (residue Asp-1017), five are mostly
conserved (Phe-1015, Val-1059, Ala-1062, Gln-1152, and Ala-1149), and the remaining
three (Asn-1146, Arg-1150, and Glu-1153) are highly variable (Fig. 4B).

Almost all contacts between the protein and the mainly hydrophobic inhibitor are apolar,
with the exception of polar interactions with the 2-, 3-, and 17-hydroxyls in 2-CE. The
dominance of hydrophobic contacts in CE binding rationalizes the observed promiscuity of
CEs for the different AC isoforms. However, the inhibitor-binding pocket is formed and
flanked by several variable polar residues (Fig. 4B), suggesting that the CE-binding site
bears the potential for a more specific inhibition that has not been fully exploited by CEs. In
addition, the observed CE/enzyme interaction shows a non-ideal shape complementarity,
indicating another factor that could be exploited to yield more effective and specific AC
inhibitors.

The CE Inhibition Mechanism Predicts the Binding Mode for Other AC Inhibitors
The mode of AC inhibition by 2-CE predicts that, as in a catechol moiety, two adjacent
hydroxyl groups coupled to a hydrophobic scaffold are required for efficient AC binding and
inhibition. This insight on the structural requirement of this class of AC inhibitors explains
previous observations on a series of catechol estrogens and related physiological compounds
on cAMP production from sAC-containing extracts (19). Those that contain a catechol
moiety (2-CE, 4-CE, 2-hydroxyestrone, apomorphine, catechol, dopamine, L-dopa,
norepinephrine, and isoproterenol) inhibited sAC activity, although with varying efficacies
depending on the hydrophobicity of the compound parts linked to the catechol ring system
(Supplemental Fig. 5, available in the on-line version of this paper). In contrast, similar
compounds that do not have two adjacent hydroxyl groups (tyrosine, phenylephrine,
estradiol, and 6α-hydroxyestradiol) are much less effective (~100 ×).

More recently two other AC inhibitors, tyrphostins (38) and calmidazolium (39), were
identified as being non-competitive with ATP. Tyrphostins are a family of aromatic tyrosine
kinase inhibitors. The tyrphostins effective in AC inhibition also possess a catechol moiety
and likely use similar molecular mechanisms for AC inhibition as those observed here for
CEs. A model of the most effective tyrphostin A25 bound to CyaC may be generated
without creating steric clash by superposition of the tyrphostin on the CE of the CyaC·2-CE
complex (Fig. 4C). Calmidazolium is a largely hydrophobic calcium chelator, suggesting it
might also exploit the same binding site and inhibition mechanism, although the details of
this interaction are more difficult to predict from the CE-bound CyaC structure. Therefore, it
appears that the binding site identified from the CyaC·2-CE complex structure may be a
common site utilized by an emerging family of non-competitive AC inhibitors.
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DISCUSSION
The 10 mammalian AC subclasses control diverse sets of essential physiological processes,
rendering them interesting targets for therapeutic intervention. Successful drug development
based on this target has to date been limited, however, as most known AC inhibitors bind to
the enzyme's ATP binding site (10, 17). These nucleotide mimics tend to bind to a wide
range of nucleotide-binding proteins, potentially causing many unwanted side effects (e.g.
the potent P-site inhibitor 3′-dATP also inhibits DNA polymerase) (40). This binding mode
thus promises little opportunity for specific inhibition of ACs or AC subclasses. In contrast,
inhibitors binding outside the active site (allosteric inhibitors) tend to exploit more specific
features of a target protein and have been described, e.g. for protein tyrosine phosphatase 1B
(41) and G protein-coupled receptors (42). Examples of the successful application of this
principle to drug development are the non-nucleoside inhibitors (nevirapine, delavirdine,
and efavirenz) of reverse transcriptase (43) and the inhibition of chemokine receptors by
Repertaxin (44).

The CE-binding pocket described here constitutes a novel ligand-binding site in AC
enzymes specific to this protein family. Sequence variations in this binding pocket indicate
that it constitutes a promising starting point for the development of inhibitors specific to
ACs and even to AC subclasses. Adding a hydroxymethyl group at 2-CE position 1, for
example, would yield a compound compatible with the tmAC V-binding site but
incompatible with CyaC and sAC (Fig. 4D). In addition, the non-ideal complementarity
between 2-CE and its binding site suggests that modifications may be made to the estrogen
scaffold to increase both specificity and affinity. Consistently, compound classes completely
different from the steroids seem to be able to exploit the CE-binding site and inhibition
mechanism. Tyrphostins (38) as well as epinephrine and related compounds inhibiting ACs
(19, 45) still carry a catechol moiety, and the parts attached to the catechol ring strongly
influence the affinity of the respective compound. Calmidazolium (39) and the
benzimidazole derivative KH7,2 finally, are AC inhibitors that lack any structural similarity
to CEs. This structural diversity indicates that a large set of compounds and modifications
should be considered in order to identify inhibitors that further exploit the subclass-specific
features of this binding site and can potentially serve as highly specific AC-targeted drugs.

Are CEs physiological regulators of ACs? The affinity of the compounds we tested indicates
that AC inhibition can contribute to their physiological effects in tissues with elevated CE
levels. However, we cannot exclude the possibility that other unknown physiological
compounds with a hydrophobic scaffold might exploit the CE-binding site and constitute
physiological AC regulators of higher efficacy and specificity. This situation resembles the
findings for the tmAC-activating diterpene forskolin isolated from plant extracts (46). Its
hydrophobic binding cleft is conserved in eight of the nine human tmAC subclasses, but a
physiological ligand, probably displaying higher specificity, has not yet been identified.

In summary, we described here CEs as novel, non-competitive inhibitors of AC enzymes.
The crystal structure of a sAC CE complex reveals that the inhibitor binds to a pocket near
to the active site and “hijacks” the catalytic magnesium ion, a mechanism that likely also
applies to the CE inhibition of tyrosine hydroxylase (47) and 5-lipoxygenase (48).
Variations in the inhibitor-binding pockets of the various AC isoforms suggest that
exploiting this pocket might enable the development of highly specific AC-targeted drugs.

2J. H. Zippin, K. Hess, M. Kamenetsky, T. E. McGraw, J. Buck, and L. R. Levin, submitted for publication.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Chemical structures of estrogen and its metabolites
The catechol derivatives 2-CE, 4-CE, and 2-hydroxyestrone are major catabolites of the
steroid hormones estrogen and estrone. The hydroxyl group added to the sterol scaffold is
needed for subsequent conjugation and decomposition reactions.
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Fig. 2. Inhibition of CyaC and mammalian tmACs by catechol estrogens
A, inhibition of purified recombinant human sAC enzyme by catechol estrogens. 2-CE (◇),
4-CE (△), and 2-hydroxy estrone (□) inhibit sAC with comparable affinity, whereas the
parent compounds estrogen (◇) and estrone (■) as well as the metabolite 2-methoxy-2-CE
(●) have no effect on sAC activity. B, inhibition of the cyanobacterial sAC homolog CyaC
by 2-CE. The purified recombinant enzyme is inhibited with an IC50 of ~2 μM. C, dose-
dependent inhibition of Sf9 cell membrane preparations containing human tmAC I by 2-CE.
AC activity was assayed in duplicate in the presence of the indicated concentration of 2-CE
(■) or estrogen (▲). D, inhibition of the purified soluble catalytic domains of human tmAC
VII by CE. The tmAC VII activity is inhibited by 2-CE with an IC50 in the low micromolar
range.
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Fig. 3. Structure of CyaC in complex with CE
A, kinetic mechanism for the inhibition of CyaC by 2-CE. AC activities determined at
varying substrate and inhibitor concentrations are displayed in a double reciprocal plot. The
linear extrapolations intersect on the x-axis, indicating that CE inhibition is non-competitive
with the substrate ATP. B, overall structure of CyaC in complex with the substrate analog
α,β-Me-ATP and the inhibitor 2-CE. The two monomers of the homodimer are shown in red
and blue, respectively. Two inhibitor molecules occupy the center of the dimer, whereas the
active sites are still occupied by the substrate analog and two metal ions. C, detailed view of
the interactions between CyaC and the inhibitor 2-CE bound next to the active site, which
harbors the substrate analog α,β-Me-ATP and two diva-lent metal ions (one magnesium ion
colored cyan, and one calcium ion in gray). Fo – Fc omit electron density for the inhibitor is
shown contoured at 2.5 σ. Single letter amino acid abbreviations are presented with position
numbers. D, electrostatic surface of the 2-CE binding site showing its mainly hydrophobic
nature (blue, positively charged; red, negatively charged). The hydroxyl groups of the
inhibitor chelate the catalytic magnesium ion (ion A), removing it from its normal binding
site (indicated in gray).
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Fig. 4. Analysis of the CE binding site
A, overlay of the structures of CyaC·α,β-Me-ATP without inhibitor (blue) and after the
addition of 2-CE (yellow). Binding of the inhibitor induces large movements of β-strands 7
and 8 and of the small helix α1, resembling the bicarbonate-inducible active site closure
observed during CyaC activation. B, molecular surface of CyaC in complex with 2-CE. CE-
interacting residues conserved in all AC enzymes are colored blue, and those with low
variance are in green. Residues that vary between sAC and tmACs are in yellow, and those
that are not conserved between different AC enzymes are in red. C, model for binding of
tyrphostin A25 (left) to an AC enzyme based on the CyaC·2-CE complex (right). Tyrphostin
A25 (colored according to atom type) can be modeled on top of 2-CE (green) without
generating steric conflicts with CyaC (electrostatic surface). D, model for an AC complex
with 1-hydroxymethyl-2-hydroxy estrogen based on the CyaC·2-CE complex. The
compound can bind in a 2-CE-like fashion to a tmAC V pocket (left), but its hydroxymethyl
group at position one would generate steric hindrance when attempting to bind to CyaC
(right) or several other tmACs. The catalytic ion A is shown as a magenta sphere, and ion B
is colored gray.
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Table I

Data collection and refinement statistics

CyaC + α,β-ATP + 2-CE

Space group P21

Unit cell constants a = 53.4 Å; b = 70.2 Å; c = 106.7 Å; β = 96.0°

Resolution (Å) 38.2–2.3

Unique reflections 35,639

〈 I/σ 〉 8.7

Completeness (outermost shell) 98.5% (97.5%)

Rmerge
a
 (outermost shell)

6.3% (35.2%)

Resolution range for refinement (Å) 15.0–2.3

Total reflections used 28,605

Number of atoms in asymmetric unit

    Protein 6013

    Ligands 174

    Water 139

Root mean square deviations

    Bond length (Å) 0.01

    Bond angles (°) 1.2

Bonded B-factors (Å2) 1.8

Average B-factor (Å2) 35.9

Final R/Rfreeb,c
 (%)

20.7/25.7

a
Rmerge = Σ(I – 〈I〉)/ΣI; I is the intensity of an individual measurement, and 〈I〉 is the corresponding mean value.

b
R-factor = Σ∥Fobs| – k|Fcalc∥/Σ|Fobs|; |Fobs| is the observed and |Fcalc| the calculated structure factor amplitude.

c
Rfree was calculated from 7% of the measured reflections omitted from refinement.
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