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Aldosterone is the major mineralocorticoid in the human
body controlling blood pressure and salt homeostasis. Over-
production of aldosterone leads to primary aldosteronism,
which is the most common form of secondary hypertension
with limited treatment options. Production of aldosterone by
cytochrome P450 11B2 (CYP11B2, aldosterone synthase) re-
quires two reduction events with the electrons delivered by the
iron/sulfur protein adrenodoxin. Very limited information is
available about the structural and functional basis of adreno-
doxin/CYP11B2 interaction, which impedes the development
of new treatment options for primary aldosteronism. A sys-
tematic study was carried out to determine if adrenodoxin
interaction with CYP11B2 might also have an allosteric
component in addition to electron transfer. Indeed, local in-
creases in adrenodoxin concentration promote binding of the
substrate 11-deoxycorticosterone and the inhibitor osilodrostat
(LCI699) in the active site—over 17 A away—as well as enhance
the inhibitory effect of this latter drug. The CYP11B2 structure
in complex with adrenodoxin identified specific residues at the
protein—protein interface interacting via five salt bridges and
four hydrogen bonds. Comparisons with cholesterol-
metabolizing CYP11A1 and cortisol-producing CYP11Bl1,
which also bind adrenodoxin, revealed substantial structural
differences in these regions. The structural and functional
differences between different P450 interactions with adreno-
doxin may provide valuable clues for an orthogonal treatment
approach for primary aldosteronism by specifically targeting
the interaction between CYP11B2 and adrenodoxin.

The steroid hormone aldosterone is the primary mineralo-
corticoid in the human body (1). It controls blood pressure by
regulating water and sodium retention and potassium release
(1). The final steps of aldosterone biosynthesis are catalyzed by
cytochrome P450 11B2 (CYP11B2, also known as aldosterone
synthase, E.C. 1.14.15.4) (2). CYP11B2 is expressed in the zona
glomerulosa, the outermost layer of the adrenal gland.
CYP11B2 performs a three-reaction series, starting with 11-
deoxycorticosterone 11B-hydroxylation to yield corticoste-
rone. Corticosterone is then hydroxylated at position 18 to
form 18-hydroxycorticosterone, and finally position 18 is
further oxidized to yield aldosterone (3).

* For correspondence: Emily E. Scott, scottee@umich.edu.

SASBMB

Although aldosterone is an essential hormone in healthy
individuals, its overproduction leads to primary aldosteronism,
the most common defined cause of secondary hypertension
(3). Primary aldosteronism is associated with a higher risk of
severe cardiac disease and stroke and leads to a higher mor-
tality compared with hypertension due to unknown causes,
called primary hypertension (4, 5). Inhibition of CYP11B2-
mediated aldosterone production is thus a promising, yet un-
realized, treatment option for primary aldosteronism and the
resulting secondary hypertension. An impediment to the
development of selective inhibitors is the similarity of
CYP11B2 with CYP11B1, which generates cortisol. These two
enzymes share 93% sequence identity overall and 100% con-
servation of active site amino acids (2). Although small
molecule inhibitors have been investigated for more than
30 years, they lack selectivity, with those targeted to CYP11B2
also suppressing cortisol production by CYP11B1 (6).

In 2020, the US Food and Drug Administration approved
LCI699 (Isturisa or osilodrostat) as a CYP11B1 inhibitor for
the treatment of excess cortisol production leading to Cush-
ing’s syndrome. This drug is a second-generation derivative of
the breast cancer drug fadrozole (6, 7). LCI699 was actually
initially developed as CYP11B2 inhibitor to treat primary
aldosteronism (8), but when the relative selectivity was
discovered to be opposite of that intended it was repurposed as
a CYP11B1 inhibitor to treat Cushing’s. However, LCI699 still
retains significant inhibition of both human CYP11B enzymes.
This leaves patients with primary aldosteronism without an
effective CYP11B2 inhibitor as a treatment option. Further
functional and structural insights into the aldosterone
biosynthetic system are required to facilitate drug design for
primary aldosteronism.

CYP11B2 is a mitochondrial class I cytochrome P450 (9).
This means that its biosynthetic activity relies on both the
membrane-associated, NADPH-dependent flavoprotein adre-
nodoxin reductase and the soluble [2Fe-2S] iron—sulfur pro-
tein adrenodoxin (also called ferrodoxin 1) (Fig. 14) (10, 11).
Aldosterone synthesis is initiated by the transfer of two elec-
trons from NADPH to adrenodoxin reductase (12). Reduced
adrenodoxin reductase transfers one electron at a time to
adrenodoxin. Soluble adrenodoxin diffuses to membrane-
bound CYP11B2 and transfers one electron at a time to its
heme. CYP11B2 requires two electrons for each of the three
reactions (Fig. 1B) (13). Thus, biosynthesis of one molecule of

J. Biol. Chem. (2021) 296 100794 1

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jbc.2021.100794
https://orcid.org/0000-0002-3036-9285
Delta:1_given name
https://orcid.org/0000-0002-5538-5716
mailto:scottee@umich.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2021.100794&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Aldosterone synthase-adrenodoxin interactions

A Adrenodoxin

NADP*

NADPH + H*

Adrenodoxin
Reductase

Inner Mitochondrial
Membrane

c O~
B-o—

Fadrozole

Matrix

180H-corticosterone

(Adx) OH

Aldosterone

LCI1699 (Osilodrostat, Isturisa®)

Figure 1. CYP11B2 catalytic system, reactions, and inhibitors. A, the aldosterone synthase catalytic system is composed of CYP11B2 and FAD-containing
adrenodoxin or ferredoxin reductase in the inner mitochondrial membrane plus the soluble iron-sulfur protein adrenodoxin. In the first step NADPH
transfers two electrons to the FAD of adrenodoxin reductase. This FAD then transfers one electron at a time to the iron-sulfur cluster of soluble adre-
nodoxin. Finally, adrenodoxin binds and transfers one electron at a time to CYP11B2 to enable catalysis. B, CYP11B2 converts the substrate 11-
deoxycosterone to corticosterone, which is subsequently hydroxylated at position 18 yielding 180H-corticosterone. A final oxidation at position 18 re-
sults in aldosterone. Each of the three reactions requires two electrons, for a total of six electrons. C, the inhibitor fadrozole was initially developed as breast
cancer drug and is produced as racemate containing the R and S enantiomer. The (R)-fadrozole derivative LCI699 was initially designed as aldosterone
synthase inhibitor, but the selectivity was opposite that desired and this compound is now the first US Food and Drug Administration-approved drug for

CYP11B1 inhibition to treat Cushing’s disease.

aldosterone requires adrenodoxin to deliver six electrons to
CYP11B2.

Relatively few details are known about CYP11B2 interac-
tion with adrenodoxin. When CYP11B2 and adrenodoxin are
incubated together and cross-linking reagents added, a
number of cross-linked peptides were identified consisting of
positively charged residues from the proximal CYP11B2
surface and negatively charged acidic amino acids from the
adrenodoxin surface near the iron—sulfur cluster (14). The
CYP11B2 residues that were identified are largely conserved
in other human mitochondrial P450 enzymes using the same
redox system (15), suggesting this interface might be
conserved. Another informative study was a structure of the
mitochondrial cytochrome P450 11A1 (CYP11A1) fused to
adrenodoxin (16). Although the relative orientations of
CYP11A1l and adrenodoxin to each other were generally
consistent, based on the two different types of information,
adrenodoxin may form fewer interactions with CYP11A1l
than with CYP11B2 (a detailed tabular comparison can be
found in (14)). However, because of limited structural in-
formation it is not clear if or how the protein—protein in-
teractions might differ for individual mitochondrial P450
enzyme interactions with the common adrenodoxin redox
partner.

In addition to adrenodoxin serving as electron donor, it
has been suggested that adrenodoxin may also act as
allosteric effector, at least for some P450 enzymes.
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Experimental evidence suggests that adrenodoxin binding
to the proximal surface of CYP11A1 allosterically modu-
lates the position of the intermediate substrate 22R-
hydroxycholesterol some 18 A away in the CYP11Al
active site to ensure reaction processivity (17, 18). For
vitamin D3-metabolizing CYP24A1, adrenodoxin increases
the population of enzyme that binds substrate (19). These
studies raise the possibility of an allosteric effect of
adrenodoxin on CYP11B2 substrate and inhibitor binding
and catalysis.

Herein is provided a detailed examination of adrenodoxin-
induced effects on and interactions with CYP11B2. Com-
plementing ligand binding and catalytic studies, the first
structure of an adrenodoxin—CYP11B2 complex identifies
interacting residues. These studies provide an enhanced un-
derstanding of the aldosterone biosynthetic system and
thereby support the development of expanded treatment op-
tions for aldosterone-derived hypertension.

Results
Generation and characterization of an adrenodoxin-CYP11B2
fusion protein

In an attempt to encourage more stable complex formation
between CYP11B2 and adrenodoxin, a fusion protein was
generated consisting of N-terminal adrenodoxin, the linker
AAKKTSS, truncated CYP11B2, and a C-terminal His tag.
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SDS-PAGE analysis revealed a single band at the expected
molecular weight of 70 kDa for the purified protein (Fig. S1).
The Soret absorbance maximum was 419 nm, consistent with
water coordination to the ferric heme iron. The reduced-
carbon monoxide difference spectrum had a A of 450 nm,
which is consistent with a properly incorporated heme pros-
thetic group. Furthermore, the adrenodoxin—CYP11B2 fusion
bound both the 11-deoxycorticosterone substrate (Fig. 1B) and
fadrozole and LCI699 inhibitors (Fig. 1C) with the expected
respective blue and red shifts in the Soret peak (vide infra). It
also converted 11-deoxycorticosterone to corticosterone, then
18-hydroxycorticosterone, and then aldosterone in the pres-
ence a 40-fold excess of added adrenodoxin (Fig. 1B and
Fig. S2) (vide infra). The extinction coefficient for the adre-
nodoxin iron-sulfur cluster is much weaker, and the oxidized
peaks normally found at 414 and 455 nm were occluded by the
stronger heme absorbance. This protein was used in its
oxidized form to identify allosteric effects from redox effects.
In summary, all indicators are that fusion of adrenodoxin to
the N terminus of CYP11B2 does not adversely affect the
CYP11B2 structure or function.

Impact of adrenodoxin on CYP11B2 substrate binding

The impact of adrenodoxin on CYP11B2 binding of the
substrate 11-deoxycorticosterone was examined using UV-
visible spectroscopy. In general, addition of the substrate to
CYP11B2 induces a blue shift of the Soret absorbance to
390 nm. This is consistent with the binding of many substrates
to P450 enzymes in which a water molecule bound to the
active site ferric heme iron is displaced by the incoming
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substrate. This spectral shift can be used to monitor substrate
binding under different conditions.

In the absence of adrenodoxin, the CYP11B2 dissociation
constant for 11-deoxycorticosterone (Fig. 24, black line) was
10.39 uM (Fig. 2C, row 1). When equimolar, 10-fold, and 40-
fold amounts of isolated or free adrenodoxin protein was
present in solution with isolated CYP11B2 (Fig. 2A4), the same
spectral shifts occurred but the dissociation constant
decreased to 3.94, 3.38, and 3.42 uM, respectively (Fig. 2C,
rows 2—4). Thus, the presence of only an equimolar amount of
adrenodoxin increases CYP11B2 affinity for its substrate by
2.6-fold. The population of CYP11B2 molecules binding sub-
strate is represented by the maximal absorbance upon satu-
ration with ligand (AAp..x) and steadily increased from 0.083
for CYP11B2 alone to 0.086, 0.093, and 0.096 in the presence
of equimolar, 10-fold, and 40-fold adrenodoxin, respectively
(Fig. 2, A and B). Thus, adrenodoxin appears to both increase
the population of CYP11B2 molecules binding substrate and
increase the substrate affinity.

The same 11-deoxycorticosterone binding assays were
performed with the adrenodoxin—-CYP11B2 fusion enzyme
(Fig. 2C), in which the ratio is intrinsically 1:1 for the two
proteins, but wherein the local concentration of adrenodoxin
adjacent to CYP11B2 is increased and presumably the likeli-
hood of protein—protein interaction as well. In this setting, the
dissociation constant for the substrate was 1.88 uM (Fig. 2, B
and C, row 5). This is the highest affinity observed, an increase
of 5.5-fold increase over the substrate affinity in the absence of
adrenodoxin and a 2-fold increase in affinity compared with
when the two enzymes were separate polypeptides but
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Figure 2. Effects of adrenodoxin on CYP11B2 substrate binding. Changes in absorbance observed upon CYP11B2 titrated with increasing 11-
deoxycorticosterone substrate in the absence and presence of increasing amounts of adrenodoxin (A) and for the adrenodoxin—-CYP11B2 fusion protein
(C). For each experiment a CYP11B2 concentration of 1 pM was used. Data shown are technical triplicates. Analysis using a one-site hyperbolic binding
equation yields the fitted dissociation constants and maximum absorbance change at saturation (AA.,.,) in the bottom panel (B).
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coincubated at 1:1. This higher affinity is consistent with
adrenodoxin—-CYP11B2 interaction allosterically increasing
substrate affinity. In addition, the AA ., for the fusion binding
substrate was 0.097 (Fig. 2B, row 5), which is slightly higher
than even the 1:40 CYP11B2:adrenodoxin situation (Fig. 2B,
row 4). Correspondence between the trends seen in adreno-
doxin increasing CYP11B2 substrate binding and affinity and
the exacerbated results for the adrenodoxin—CYP11B2 fusion
suggest that fusion enhances the protein—protein interaction.

Impact of adrenodoxin on CYP11B2 catalysis

Although CYP11B2 performs three enzymatic steps to form
aldosterone (Fig. S2), the impact of adrenodoxin focused on
the first step, conversion of 11-deoxycorticosterone to corti-
costerone, because the subsequent products are not normally
produced in high yields. Reaction times were kept short to
minimize the production of the latter products. For CYP11B2
catalysis to occur some adrenodoxin must be present, so the
1:1, 1:10, and 1:40 ratios were used to determine the
Michaelis—Menten kinetics for 11-deoxycorticosterone 11p3-
hydroxylation to corticosterone (Fig. 34). The amount of
substrate turnover (k.,) systematically increased with
increasing adrenodoxin concentrations from 7.38 to
14.86 min ", to 52.86 min" for k., for equimolar, 10-fold, and
40-fold adrenodoxin, respectively (Fig. 3B, rows 1-3). The
highest 40-fold excess of adrenodoxin is consistent with
literature reports of in vitro CYP11B2 assays that frequently
employ such high concentrations to obtain high turnover. The

amount of adrenodoxin present in the adrenal gland zona
glomerulosa is unknown, but unlikely to be this high. In these
experiments, decreases in K, were generally observed upon
adding higher concentrations of adrenodoxin. The K, values
were 17.05, 7.82, and 10.53 puM for equimolar, 10-fold, and 40-
fold adrenodoxin, respectively (Fig. 3B, rows 1-3). Although
the K, decreases were not as systematic, both 10-fold and 40-
fold adrenodoxin yielded significantly lower K, values. Thus,
adrenodoxin clearly both promotes CYP11B2 113-hydroxyl-
ation (k) and decreases the K, although this latter effect
may be more complex.

The same activity assays were performed with the adreno-
doxin—CYP11B2 fusion enzyme (Fig. 3C). In the presence of a
40-fold excess of free adrenodoxin, the fusion protein
demonstrated a K, value of 6.56 uM (Fig. 3B, row 4), which is
the lowest value observed under any condition herein. The
fusion protein exhibited a k., of 2.17 min~' (Fig. 3C, row 4),
which is also the lowest turnover observed. This latter result is
consistent with formation of a relatively stable interaction
between the 2Fe-2S surface and CYP11B2, which would be
expected to decrease turnover because the 2Fe-2S would be
poorly available to accept catalytically necessary electrons from
adrenodoxin reductase.

Impact of adrenodoxin on CYP11B2 inhibitor binding

The next logical set of experiments compared the effects of
adrenodoxin on substrate binding observed above with its ef-
fects on inhibitor binding. The inhibitor LCI699 binds both

A 60— Non-fused proteins c Adx-CYP11B2 fusion
A
e d e 40-fold Adx o o
L]
- 40 °
£
E
> 20-
~- - -= 10-fold Adx
> —— -o— 1-fold Adx
0 T T T T 1 0.0# T T T T T 1
0 25 50 75 100 125 150 0 25 50 75 100 125 150
B 11-deoxycorticosterone [uM] 11-deoxycorticosterone [uM]
Row K [ M] 95% confidence Kk P 95% confidence kcatIKm
m LW interval [uM] cat [MiN 11| Singerval fmin) [(1M*min)-']
CYP11B2 + 1-fold Adx 17.05 | 14.39t0 20.21 7.38 7.06to 7.72 0.43
CYP11B2 + 10-fold Adx 7.82 59210 10.25 14.86 14.06 to 15.73 1.91
CYP11B2 + 40-fold Adx 10.53 8.15t0 13.57 52.86 49.94 to 56.03 5.04
Adx-CYP11B2 fusion +
4 40-fold Adx 6.56 5.35t07.99 217 2.09to0 2.26 0.33

Figure 3. Effect of adrenodoxin on CYP11B2-mediated catalysis. Michaelis-Menten kinetics for CYP11B2-mediated metabolism of 11-
deoxycorticosterone in the presence of 1-fold, 10-fold, and 40-fold excess of adrenodoxin (A) and for the adrenodoxin—-CYP11B2 fusion enzyme with
40-fold excess of adrenodoxin (C). Rates were determined for corticosterone formation from 11-deoxycorticosterone. For experiments with 1-fold adre-
nodoxin, a CYP11B2 concentration of 0.2 uM was used. For experiments with 10-fold and 40-fold adrenodoxin, a reduced CYP11B2 concentration of 0.05 uM
was used to prevent substrate depletion. For experiments with the adrenodoxin-CYP11B2 fusion protein, 0.4 uM protein concentration was used. Product
profiles did not change under these conditions. Note the differences in the two y-axes. Data are shown in technical triplicates and was fit to the Michaelis—

Menten equation to derive the kinetic parameters K, and k.. (B).
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isolated CYP11B2 and the adrenodoxin—CYP11B2 fusion with
a red shift indicative of the inhibitor nitrogen coordinating the
heme iron. LCI699 binding to isolated CYP11B2 (Fig. 4A)
demonstrated a Ky of 40.12 nM and an A, was 0.019
(Fig. 4B). Fusing adrenodoxin to CYP11B2 altered inhibitor
binding (Fig. 4A4), increasing by ~1.7-fold both the Ky to
72.25 nM and the A, to 0.032 (Fig. 4B). Thus, the population
of CYP11B2-binding inhibitor increased as was observed for
substrate, but the affinity decreased, which was the opposite
observed for substrate.

Impact of adrenodoxin on CYP11B2 inhibition

Inhibitory studies were performed with different adreno-
doxin concentrations to determine the effect on the half-
maximal inhibitory concentration (ICsq) of LCI699. The
same CYP11B2: adrenodoxin ratios (1:1, 1:10, 1:40) were used
as for many of the previous studies (Fig. 4C). The LCI699 ICsq
with equimolar adrenodoxin was 155.90 nM, but decreased to
24.46 and 35.68 nM, when the ratio was increased to 1:10 and
1:40, respectively (Fig. 4D). Like the adrenodoxin effects on 11-
deoxycorticosterone K, the relationship is complex. However,
the presence of higher concentrations of adrenodoxin resulted
in a 4- to 6-fold increase in the efficacy of the LCI699 inhibitor.
In addition to illustrating the allosteric effects of adrenodoxin
on inhibitor action in the distant buried active site, this in-
formation suggests one source of the variability between

Aldosterone synthase-adrenodoxin interactions

reports in the literature that use different amounts of
adrenodoxin.

Structural basis for adrenodoxin interaction with CYP11B2

The above data supported the integrity of heme, substrate,
and inhibitor binding to the P450 domain of the adrenodoxin—
CYP11B2 fusion protein. Furthermore, trends with the fusion
protein mirrored those with high free adrenodoxin. Since the
fusion had catalytic activity only upon addition of high con-
centrations of free adrenodoxin, the logical hypothesis was that
the P450 and adrenodoxin domains were stably interacting as
desired for X-ray structure determination. As crystallization
typically occurs in the presence of higher salt concentrations
(>350 mM in this work) and this protein—protein interaction
is thought to be electrostatically mediated, there was a concern
that the two domains might not be interacting in the crystal.
However, in the resulting 2.94 A resolution (Table 1) structure
it was immediately clear from the electron density that both
protein domains were interacting (Fig. 5A4). In the most
complete chain, the last 14 adrenodoxin residues (171-184),
the nonnative AAKKTSS linker, and the first two CYP11B2
residues (20, 21) are not visible in the electron density to verify
whether the interaction is intermolecular or intramolecular.
The distance between the last visible residue of adrenodoxin
(T170) and the first visible residue of CYP11B2 (R35) is 17.5 A,
compatible with an intramolecular interaction formed by the
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Figure 4. Effects of adrenodoxin on CYP11B2 inhibitor binding and inhibition. A, spectral shifts for LCI699 binding to CYP11B2 alone compared with
LCI699 binding to the adrenodoxin—CYP11B2 fusion protein. For each experiment a CYP11B2 concentration of 0.2 uM was used. Data are shown in technical

triplicates and were analyzed using the tight-binding or Morrison equation to

determine the dissociation constants (B). C, CYP11B2 11-deoxycorticosterone

11B3-hydroxylase activity was measured with increasing LCI699 inhibitor concentration in the presence 1-fold, 10-fold, and 40-fold adrenodoxin (46). For
experiments with 1-fold adrenodoxin, a CYP11B2 concentration of 0.2 uM was used. For experiments with 10-fold and 40-fold adrenodoxin, a CYP11B2
reduced concentration of 0.05 pM was used to prevent substrate depletion. Data were measured in technical triplicates and fit to the dose-response

inhibitor (four-parameter) equation to determine the half-maximal inhibitory
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Table 1
X-ray data collection, refinement, and validation statistics

Adrenodoxin—CYP11B2 fusion protein

Parameters bound to the inhibitor fadrozole
Data collection
Space group C2
Cell dimensions
a, b, c (A) 140.58, 208.70, 124.92

a By () . 90.00, 114.07, 90.00
Resolution (A)? 50.00-2.94 (2.99-2.94)
Redundancy” 7.7 (7.0)

Ryim’” 0.073 (0.612)
Mn(I/sd)* 11.06 (1.2)
CC »%* 0.991 (0.560)
Completeness” (%) 100.0 (99.7)
Total Reflections® 535,603

Unique Reflections® 69,937 (3458)

Refinement

Resolution (A) 48.16-2.93
No. reflections 63,799
Ruvoric/ Riree 0.21/0.24
Number of non-hydrogen atoms/
B factor
Protein 13,182/52.4
Ligand 51/40.7
Heme 117/36.9
Iron/sulfur cluster 12/54.92
RMS deviations
Bond lengths (A) 0.012

Bond angles (°) 1.2
Coordinate error (maximum- 0.39

likelihood) (A)
Ramachandran plot: preferred/

allowed/outliers (%)

96.19/3.69/0.12

“ Highest resolution shell is shown in parenthesis.

23 disordered intervening residues (Fig. 5A). However, the
closest intermolecular interaction between the last visualized
adrenodoxin residues and the first visualized CYP11B2 resi-
dues is 27 A, so an intermolecular arrangement cannot be
ruled out.

The CYP11B2 domain has fadrozole in the active site
(Fig. 5A). Consistent with a previous CYP11B2 structure (22),
electron density in the CYP11B2 active site identified only the
(R) enantiomer of fadrozole (Fig. S3), even though the enzyme
was cocrystallized with a racemic mixture of S and R fadrozole.
As reported previously, the (R)-fadrozole imidazole nitrogen
coordinated the heme iron and its benzonitrile was directed
toward Argl20.

Adrenodoxin was bound to the proximal surface of
CYP11B2 (the CYP11B2 surface nearest the heme-
coordinating Cys) with the shortest distance between the
CYP11B2 heme prosthetic group and the adrenodoxin iron—
sulfur cluster of 17.8 A (Fig. 5A). Interactions between
adrenodoxin and CYP11B2 are mainly mediated on the adre-
nodoxin side by the meander enclosing the iron—sulfur cluster
and the acidic a helix 3 with multiple components of
CYP11B2. First, the carbonyl oxygen of Leu50 in the adreno-
doxin iron-sulfur meander interacts with the side chain of
Argd54 in CYP11B2 (Fig. 5B). Second, three negatively
charged residues in the adrenodoxin a3 helix (Asp72, Glu73,
and Asp-76) form interactions with positively charged residues
of the CYP11B2 K helix (Arg366 and Lys370) and the meander
immediately preceding the heme-containing loop (Arg432)
(Fig. 5B). Third, CYP11B2 Asn437 and Phe438 further stabilize
the interaction by interacting with the carbonyl oxygens of
adrenodoxin Ala81 and Asp79, respectively. Fourth, the
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carbonyl oxygen of adrenodoxin Leu80 forms a hydrogen bond
with the side chain of CYP11B2 GIn101 (Fig. 5B).

Discussion

Adrenodoxin enhances CYP11B2 binding of the substrate 11-
deoxycorticosterone

Adrenodoxin is required to deliver electrons to CYP11B2 to
support its catalysis (2). In the human steroid hormone
biosynthetic pathway adrenodoxin is also crucial for
CYP11Al-mediated removal of cholesterol’s side chain and
CYP11B1-mediated cortisol biosynthesis (23). Studies with
CYP11A1 and CYP24A1 suggested that adrenodoxin might
also act as an allosteric modulator (17, 19). To investigate the
possibility of an allosteric effect on CYP11B2 binding of the
substrate 11-deoxycorticosterone, substrate binding studies
were performed with increasing amounts of oxidized adreno-
doxin present. Adrenodoxin increased the affinity of CYP11B2
for its substrate up to 3.1-fold (Fig. 2C). When performed with
the adrenodoxin—CYP11B2 fusion enzyme, the affinity
increased 5.5-fold compared with the isolated CYP11B1
enzyme and 2-fold compared with the unfused isolated pro-
teins at the same ratios (Fig. 2C). Thus, adrenodoxin and
CYP11B2 colocalization favors CYP11B2 substrate binding in
the buried active site. Furthermore, as observed for CYP24A1,
both increasing adrenodoxin concentrations in the unfused
protein system and protein fusion increased the substrate-
bound enzyme population, as indicated by increases in the
maximal absorbance change (AA..). As the substrate is
sequestered in the CYP11B2 active site, CYP11B2 must open
to accept substrate, close after substrate is bound, perform
catalysis, then open to release product. Thus a logical expla-
nation for both the increase in enzyme binding substrate at
saturation and the decrease in the dissociation constant is that
adrenodoxin binding may allosterically promote conforma-
tional changes in CYP11B2 to favor substrate binding and
promote the enzyme—substrate complex. Similar findings have
been reported for increased affinity of CYP11B2 for the in-
termediate product/substrate corticosterone when adreno-
doxin was present (24). The relative amounts of adrenodoxin
to CYP11B2 to adrenodoxin in the human adrenal gland is
currently unknown. However, it has been reported that, in the
adrenal gland, adrenodoxin mRNA is 5.5-folder higher than
CYP11B2 mRNA (genome.ucsc.edu). Thus, although the
CYP11B2:adrenodoxin protein level is unlikely to be as high as
the 1:40 ratio that is often used for in vitro experiments, the
current data indicate that only low amounts of adrenodoxin
are required to substantially modulate substrate binding.

Comparison of adrenodoxin effects on CYP11B1 and
CYP11A1 may provide insights into the flow of the steroido-
genesis pathway. A fusion enzyme of adrenodoxin and
CYP11A1 did not bind its cholesterol substrate with higher
affinity than CYP11A1 alone (16), but our data for CYP11B2
do indicate a significant effect. Cholesterol is available in
abundance (25), whereas 11-deoxycorticosterone is present at
much lower levels (26). Thus an allosteric effect of adreno-
doxin for increased cholesterol binding might not provide any
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Figure 5. X-ray protein structure of the adrenodoxin-CYP11B2 fusion protein in complex with (R)-fadrozole (magenta) bound in the active site. A,
the proximal face of CYP11B1 (blue ribbons) binds the adrenodoxin domain (brown). B, interactions between CYP11B2 and adrenodoxin include hydrogen
bonds and electrostatic interactions between positively charged CYP11B2 amino acids and negatively charged adrenodoxin amino acids.

biological advantage for the CYP11Al reaction but could
facilitate CYP11B2 function. Regardless, this demonstrates
differences in adrenodoxin effects on even different steroido-
genic P450s.

Adrenodoxin availability modulates CYP11B2 catalysis

Following substrate binding, CYP11B2 catalysis requires a
number of different reactants: adrenodoxin binding and elec-
tron transfer, oxygen binding, a second adrenodoxin binding
event and transfer of a second electron, and two protonation
steps to finally form the catalytic iron-oxo reactive interme-
diate. Since adrenodoxin can only deliver one electron at a
time, two separate adrenodoxin interactions must occur with
CYP11B2 for one reaction cycle. Thus, it is logical that
CYP11B2-mediated turnover of 11-deoxycorticosterone is
higher with 40-fold adrenodoxin (by 7-fold, Fig. 3B) than with
equimolar adrenodoxin. In fact, across the CYP11B2 literature
in vitro systems employ CYP11B2:adrenodoxin ratios up to
1:60 to drive all three catalytic cycles to generate the end
product aldosterone (27), but again this is likely far outside the
physiological conditions in which the enzyme normally oper-
ates. The current studies report increases in k., and decreases
in K, even at much lower adrenodoxin concentrations (2-fold
for both parameters for 1:10 versus 1:1). The result is that the
catalytic efficiency (ke./Ky,) increases from 0.43 for equimolar
to 1.91 for 1:10 and 5.04 for 1:40. As so many steps are
involved in a single reaction cycle, it is difficult to discern from
the current studies the origin of these effects, but as substrate
binding is one of them, it is possible that at least part of these
observations derives from the adrenodoxin-induced increases
in substrate affinity and occupancy demonstrated above.

The adrenodoxin—-CYP11B2 fusion enzyme is not active
when supplemented with only adrenodoxin reductase. This is
consistent with a fairly stable complex between the P450 and
adrenodoxin domains, which would prevent adrenodoxin
reduction by adrenodoxin reductase. However, low amounts of
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substrate metabolism do occur when relatively high amounts
of free adrenodoxin are added (e.g, 40-fold, Fig. 3C). Low
turnover was also observed for an adrenodoxin—-CYP11A1l
fusion protein (16).

The CYP11B2 catalysis in this situation is low, whereas the
Ky, of 656 puM for CYP11B2 is also the lowest observed in
these studies. In combination with the binding studies above,
the low K, suggests that the deficit is not related to substrate
binding but rather a later step in the catalytic cycle. Two
possibilities were entertained. One is that the fusion protein
undergoes a conformational change such that the fused
adrenodoxin domain can occasionally release the CYP11B2
domain, thereby making the adrenodoxin iron—sulfur cluster
available for reduction by adrenodoxin reductase. Subse-
quently the adrenodoxin domain can reassociate with the
fused CYP11B2 domain for electron transfer. Because no
turnover was observed from the fusion protein in the presence
of adrenodoxin reductase but without free adrenodoxin, this is
less likely, but it is also possible that turnover is so low as to be
below the limits of detection. The other logical possibility is
that the CYP11B2-fused adrenodoxin domain can be out-
competed by high concentrations of free adrenodoxin, and
when this adrenodoxin has already been reduced by adreno-
doxin reductase then electron delivery can occur to support
catalysis.

Adrenodoxin increases the potency of the drug LCI699

LCI699 was initially developed for treating primary aldo-
steronism by inhibiting CYP11B2 but is now the first US Food
and Drug Administration—approved drug targeting CYP11B1
and is used for Cushing’s disease (8). The impact of adreno-
doxin on LCI699 binding was investigated by comparing iso-
lated or free CYP11B2 and the adrenodoxin—CYP11B2 fusion.
Although the dissociation constant was 1.8-fold higher for the
fusion protein, this was offset by a similar 1.7-fold increase in
enzyme population binding the inhibitor at saturation (AA.,)
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(Fig. 4B), yielding almost identical AA,, /Ky values. More
striking were the effects on the LCI699 ICs,. Although the low
turnover of the fusion protein precluded its analysis, increasing
concentrations of adrenodoxin in the isolated protein system
resulted in 4- to 6-fold decreases in the IC5y compared with
the equimolar situation (Fig. 4, B and C). It is difficult to
compare these results to other literature values. Reported I1Csq
values have been determined in systems such as kidney cell
culture or transfected V79 cells, with unknown or uncon-
trolled adrenodoxin concentrations, resulting in quite variable
results (28, 29). Regardless, observation of this effect un-
derscores the importance of controlling adrenodoxin con-
centrations when evaluating inhibitor efficacy for CYP11B2,
and also the desirability of evaluating potential antihyperten-
sive drugs under physiologically relevant adrenodoxin
concentrations.

The structural basis for CYP11B2 interaction with adrenodoxin

The adrenodoxin—-CYP11B2 fusion protein X-ray structure
revealed adrenodoxin binding to the proximal CYP11B2 sur-
face via a network of electrostatic interactions and hydrogen
bonds. The CYP11B2 part of the fusion has an RMSD of 0.38 A
compared with the isolated CYP11B2 structure also bound to
fadrozole (Protein Data Bank [PDB] 4FDH (22), Fig. S4A),
indicating few changes in the overall structure. Like the iso-
lated CYP11B2 structure, the CYP11B2 part of the fusion
protein has a channel from the active site to the substrate
exterior passing between helices A’, G’, and B’ and a narrower
channel along the N-terminal portion of the H helix. The
fusion protein, but not the isolated protein, has another
channel that exits the active site between the stretches leading
to and from the B’ helix, but this could be due to differences in
modeling the side chain of Ile112, a residue just at the protein
surface whose density is poorly defined in both structures.

The adrenodoxin part of the fusion protein complex could
be modeled in its entirety. This is in contrast to the only other
P450/adrenodoxin structure, in which only the parts of adre-
nodoxin associated with the P450 interface could be modeled
(16). This could be due to packing because in the current
structure adrenodoxin also packs against another symmetry-
related copy of the complex. Comparison of the adrenodoxin
domain herein with isolated adrenodoxin (PDB 3P1M) yields
an RMSD of 0.5296, indicating very little differences in adre-
nodoxin conformation upon binding CYP11B2 (Fig. S4B).

Three notable aspects of the residues forming the CYP11B2
positively charged interface deserve particular comment. First,
almost all of residues forming the CYP11B2 part of the
protein—protein interface are in either the K helix (Arg366 and
Lys370) or the meander region (Arg432, Asn437, and Phe438)
and subsequent loop containing the heme-coordinating Cys
(Arg453 and Arg454) (Figs. 5B and 6B). The only CYP11B2
residue that contributes to the adrenodoxin interface but that
is not part of this sequential series is GIn101 from the loop
between the B and B’ helices. Second, although Arg453 does
not directly participate in the adrenodoxin interaction, it sta-
bilizes the neighboring Glu449. Glu449 is immediately adja-
cent to the heme-coordinating Cys450 and might play a role in
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electron transfer, as has been suggested for CYP11A1 (16).
Finally, several of these residues are conserved in CYP11B1
and are key in its function as demonstrated in clinical cases.
Patients with single mutations of Arg366, Argd53, or Argd54
to Cys in CYP11B1 are catalytically deficient (30-32), which
could derive from abrogated adrenodoxin interaction and/or
electron transfer.

The adrenodoxin negatively charged interface is composed
of the loop enclosing the iron—sulfur (Leu50) and a helix 3
(Asp72, Glu73, Asp76, Asp79, Leu80, and Ala81) (Figs. 5B and
6A). The iron-sulfur-enclosing Leu50 forms a hydrogen bond
via its backbone carbonyl with the side chain of Arg454. Since
the interaction involves the backbone, one might think that
mutation at this position would not be problematic. However,
deletion mutants in this loop all decreased stability and redox
potential, but those at Gly48, Leu50, or Ala51 decreased
binding to CYP11A1 (20). The acidic adrenodoxin Asp and
Glu residues of the a3 helix have previously been implicated in
interactions with several other mitochondrial P450s (21), but
the role of Leu80 in the protein—protein interaction is not as
clear and may differ between mitochondrial P450s. The cur-
rent adrenodoxin—CYP11B2 fusion structure reveals a
hydrogen bond between the adrenodoxin Leu80 backbone
carbonyl oxygen and the side chain of GIn101 in CYP11B2. A
similar bond is observed in the adrenodoxin—-CYP11A1 fusion
structure between adrenodoxin Leu80 and Trp418 (16)
(Fig. 6A). In the CYP11B2 fusion structure, the side chain of
Leu80 is also in proximity of CYP11B2 Val441 and Phe438 and
these hydrophobics may also play a role in adrenodoxin—P450
interactions. Mutation of adrenodoxin Leu80 to lysine nearly
abolished 11pB-hydroxylase activity in both CYP11B enzymes
(14). Conversely, for vitamin Ds-metabolizing rat CYP24Al,
the mutation L80K led to a tighter binding of adrenodoxin and
did not abolish enzyme activity (33). In CYP11B1, mutation of
the conserved Val441 to glycine is reported to abolish cortisol
production in patients (34) and this could also be due to
decreased interactions. Thus, hydrophobic, electrostatic, and
hydrogen bonding interactions appear to be important in the
adrenodoxin—P450 interaction but vary for different P450
proteins.

The network of interactions observed herein are also use-
fully compared with those identified from cross-linking ex-
periments. Human CYP11B2 and adrenodoxin were incubated
with ethyl-3-[3-(dimethylamino)propyl]carbodiimide or EDC.
This zero-length cross-linker reacts with a carboxyl and amino
group to form an amide bond between them. The resulting
peptides identified by mass spectrometry, revealed cross-links
between adrenodoxin Asp and CYP11B2 Lys residues (Arg366
was mutated to Lys to work with the EDC cross-linker). Of the
three different cross-links identified, one pairing matches the
structure (adrenodoxin Asp76 with CYP11B2 Lys370), another
involves residues identified in the interface but with different
interactions (adrenodoxin Asp79 with CYP11B2 Arg/Lys366),
and the third identifies residues not interacting in the structure
(adrenodoxin Asp113 and Lys357). It is possible that these
complementary approaches might have captured two different
events, one of which is the initial encounter complex and the

SASBMB



A Adrenodoxin residue

Aldosterone synthase-adrenodoxin interactions

CYP11B2 CYP11A1
Ala-45 (Fe-S cluster) Lys-109 Hydrogen bond
Leu-50 (Fe-S cluster) Arg-454 Hydrogen bond
Ala-51 (Fe-S cluster) Glu-422 Hydrogen bond
Asp-72 (o helix 3) Arg-432 Salt bridge Lys-339 Salt bridge
Glu-73 (o helix 3) Arg-366 Salt bridge
Asp-76 (o helix 3) Arg-366 Salt bridge Lys-343 Salt bridge
Lys-370 Salt bridge
Arg-432 Salt bridge
Asp-79 (a helix 3) Phe-438 Hydrogen bond
Leu-80 (a helix 3) GIn-101 Hydrogen bond Trp-418 Hydrogen bond
Ala-81 (o helix 3) Asn-437 Hydrogen bond
B K helix Meander Heme binding loop L helix
339 343 418 422
CYP11Al 336- PLLKASIKETLRLH - 399- TRWLSKDKNITYFRNLGFGWGVRQCLGRRIAELEMTIFLINML
CYP11B1 363- PLLRAALKETLRLY - 426- QRWLDIRGSGRNEFHVPFGFGMRQCLGRRLAEAEMLLLLHHVL
CYP11B2 363- PLLRAALKETLRLY - 426- QRWLDIRGSGRNEHHVPFGFGMRQCLGRRLAEAEMLLLLHHVL

366 370

432 437/438 454

Figure 6. Comparison of sequences and interacting residues. A, adrenodoxin residues (left column) interacting with CYP11B2 (middle column) and
CYP11A1 (right column) with indications of the type of interaction. B, sequence alignment between CYP11A1, CYP11B1, and CYP11B2 highlighting residues
participating in adrenodoxin binding (red). The single amino acid difference between CYP11B1 and CYP11B2 in these regions is boxed (position 439). The
red asterisk above the sequences indicates the heme-coordinating cysteine residue.

other being formation of a stable complex for electron transfer.
Both states have been detected for the soluble bacterial
P450cam with its redox protein putidaredoxin (35). Different
amino acid pairing could be relevant for each of these states.

Following formation of the CYP11B2-adrenodoxin com-
plex, electron transfer must occur to support catalysis. The
distance between the closest iron of the adrenodoxin iron—
sulfur complex and the heme iron is 17.8 A, which is consis-
tent with the corresponding distance between adrenodoxin
and CYP11A1 (174 A) (16) and a complex of the soluble
bacterial P450cam with its redox partner protein (16 A) (35).

Structural comparisons of adrenodoxin binding among
human P450 enzymes

Seven of the 57 human P450 enzymes are located in the
mitochondria and rely on the class I redox system composed of
adrenodoxin and adrenodoxin reductase. Three of these en-
zymes are involved in steroid hormone biosynthesis:
CYP11A1, CYP11B1, and CYP11B2. If the functional differ-
ences observed with adrenodoxin interaction are reflections of
structural differences in the individual P450—adrenodoxin in-
teractions, then it could be possible to exploit those differences
for selective P450 inhibition for various disease states.

The only other structural information available for a human
P450 complex with adrenodoxin is for the similarly designed
adrenodoxin—CYP11A1 fusion protein (16). CYP11A1 cleaves
the side chain cleavage of cholesterol and thus acts upstream
of all other steroidogenic P450 enzymes (36). Comparison of
the two fusions with adrenodoxin reveals general conservation
of the relative protein orientations—adrenodoxin similarly
binds on the proximal face of CYP11A1—but there are sub-
stantial differences in the detailed interactions. Although
positively charged residues (arginine or lysine) conserved
among mitochondrial P450s participate in adrenodoxin bind-
ing for both P450 enzymes, they do so in different numbers
and with different residue pairings (Fig. 6). Although three of
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the six CYP11B2 residues interacting with adrenodoxin are
identical or conservatively substituted (Arg for Lys) in
CYP11A1 (Fig. 6B), there are substantially fewer interactions
for the latter complex. The adrenodoxin—CYP11B2 complex
has five salt bridges, but only two are observed for adreno-
doxin—-CYP11A1 owing to sequence differences at the other
positions. Similarly, the CYP11B2 complex is stabilized by four
hydrogen bonds, whereas the CYP11A1 complex demonstrates
two such interactions. In addition, the side chains of acidic
residues in the adrenodoxin o helix 3 demonstrate different
rotamers (Fig. 7A) depending on the P450.

The most striking structural difference between these two
fusion enzymes is the meander region immediately preced-
ing the heme-binding loop (Fig. 7B). In CYP11B2, Arg432,
Asn437, and Phe438 interact with adrenodoxin, but in
CYP11A1 the meander is in close proximity to adrenodoxin
but without such specific interactions. In fact, the positive
charge at CYP11B2 Arg432 is substituted by a negative
charge because Asp occurs at the corresponding position in
CYP11A1 (Fig. 6B). This is consistent with the idea that the
meander region could be at least partially responsible for
differential adrenodoxin interactions for individual mito-
chondrial P450s. These findings begin to outline how the
same adrenodoxin protein can interact with differences in
the proximal surface topology for seven different human
mitochondrial P450s. If the individual P450 interactions with
adrenodoxin were well understood, differences in the bind-
ing modes could potentially be exploited by tailoring small
molecules or peptides to the relevant and distinctive part(s)
of each P450 surface to prevent adrenodoxin binding and
selectively inhibit them (37).

Although no structure is available for the complex of
CYP11B1 and adrenodoxin to compare the current results
with, each of the CYP11B2 residues interacting with adreno-
doxin is also conserved in CYP11B1, which might obviate the
idea of selectively inhibiting one of the CYP11B enzymes via
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Arg-432¢cyp11g2 ,"

Arg-432¢ypi1p1 o helix 3

Tyr-439¢yp1181
His-439¢yp1182

Figure 7. Structure comparisons of the adrenodoxin-CYP11B2 fusion
with adrenodoxin-CYP11A1 fusion and with the isolated CYP11B1
enzyme (PDB 6M7X). Comparison of adrenodoxin—-CYP11B2 fusion with
adrenodoxin-CYP11A1 fusion highlights differences in the interactions with
adrenodoxin a3 (A) and the P450 meander preceding the heme-
coordinating loop (B). Comparison of the adrenodoxin-CYP11B2 fusion
with the isolated CYP11B1 also identifies significant conformational differ-
ences in the meander (C). The meander region of the adrenodoxin-
CYP11A1 fusion differs from that of adrenodoxin—-CYP11B2 meander region
(B) owing to multiple sequence differences, but this region of the isolated
CYP11B1 (light pink) and adrenodoxin-CYP11B2 fusion (C) differ by a single
amino acid residue at position 439 (Tyr in CYP11B1, His in CYP11B2).
Adrenodoxin-CYP11B2: P450 domain, light blue and fused adrenodoxin
domain, brown. Adrenodoxin-CYP11A1 P450 domain, light cyan and fused
adrenodoxin domain, gray. CYP11B1 isolated structure, pink.
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this interface. However, two lines of evidence suggest that
there may still be structural differences between complexes of
adrenodoxin with the two human CYP11B enzymes. First,
cross-linking studies suggest slight differences in the mode of
interaction between the CYP11B enzymes (14). Second, now
that it is known which surface of CYP11B2 interacts with
adrenodoxin, one can compare this CYP11B2 interface with
the corresponding surface from the one available CYP11B1
structure (PDB 6M7X, (38)). This CYP11B1 structure was also
determined for an inhibitor-bound complex, but in the
absence of adrenodoxin. However, comparison of these two
CYP11B structures reveals significant structural differences in
the meander region involved in CYP11B2 binding of adreno-
doxin. Although the two CYP11B enzyme sequences are
identical in the meander region except for one residue, this
region adopts a totally different conformation (Fig. 7C). One of
the few amino acid differences between the CYP11B enzymes
occurs at position 439 and may be responsible for the differing
meander conformations. His439 in CYP11B2 is substituted
with Tyr439 in CYP11B1 (Fig. 6B). In CYP11B1 the larger
tyrosine side chain is positioned slightly toward the meander
backbone and may sterically reposition it, whereas in CYP11B2
His439 interacts with meander residue Arg436, colocalizing
these side chains (Fig. 7C). Of interest, in some individuals, a
residue swap at this precise position (H439Y) in CYP11B2
leads to increased CYP11B2 activity (39). It is possible that the
increased activity might result from enhancing adrenodoxin
interaction and/or electron transfer. However, a structure—
function analysis of CYP11B1 interaction with adrenodoxin
is needed to explore these ideas further.

Conclusions

The current work provides a systematic evaluation of
adrenodoxin interactions with human aldosterone synthase,
CYP11B2, and finds significant allosteric effect. A local in-
crease of adrenodoxin concentration promotes binding of
the substrate 11-deoxycorticosterone and the inhibitor
LCI699, as well as enhances the inhibitory effect of this
drug. Moreover, the structure of CYP11B2 in complex with
adrenodoxin identifies specific interactions. Comparisons
with steroidogenic CYP11A1 and CYP11B1 revealed sub-
stantial differences in the interacting structures. Overall, the
structural and functional differences between different P450
interactions with adrenodoxin may provide valuable clues
for an orthogonal treatment approach in which primary
aldosteronism could potentially be treated by specifically
targeting the interaction between CYP11B2 and adreno-
doxin (37).

Experimental procedures
Materials

LCI699 (osilodrostat or Isturisa) (CAS 928134-65-0) was
purchased from Selleckchem. Progesterone (CAS 57-83-0),
corticosterone (CAS 50-22-6), 11-deoxycorticosterone

SASBMB



(CAS 64-85-7), and fadrozole (CAS 102676-31-3) were
purchased from Sigma-Aldrich.

Protein expression and purification

Generation of an adrenodoxin—-CYP11B2 fusion protein for
functional studies

Since the interaction between adrenodoxin and CYP11B2 is
normally transient, a fusion protein was constructed to poten-
tially stabilize the protein—protein interaction. The fusion
construct was designed as the cDNA for full-length mature
human adrenodoxin (residues 60—184: before the mitochondrial
import peptide removal, residues 1-125 after removal), fused to
alinker sequence coding for AAKKTSS, followed by residues 31
to 503 of the CYP11B2 wildtype protein, and a 4xHis tag. The
nucleotide sequence was codon-optimized for E. coli and syn-
thesized (GenScript). The resulting gene was cloned into the
pCWori+ vector and transformed into the E. coli strain DH5a
already containing the pGro7 vector for expressing the GroEL/
ES chaperone system. A single colony from a lysogeny broth
(LB) agar plate containing 100 pg/ml carbenicillin for pCW
selection and 20 pg/ml chloramphenicol for pGro7 selection
was used to initiate a 30-ml LB starter culture grown at 37 °C
overnight with the same antibiotics. Expression cultures con-
sisted of 800 ml terrific broth with 2X potassium phosphate
buffer (from a 20X stock solution of 4.62 g KH,PO, and
25 g KHPO, per 100 ml buffer), the same antibiotic concen-
trations, and 8 ml overnight culture in a 2.8-1 Fernbach flask.
These flasks were incubated at 37 °C and 210 rpm until an
absorbance at 600 nm (Aggo) of 0.4 to 0.6 was reached. Expres-
sion of the adrenodoxin—CYP11B2 fusion protein was then
induced with 1 mM isopropyl B-D-1-thiogalactopyranoside and
the GroEL/ES chaperone with 4 mg/ml arabinose. At this point,
cultures were also supplemented with 1 mM §-aminolevulinic
acid heme precursor. Cultures were subsequently grown at 27
°C and 190 rpm for an additional 48 h, after which bacterial cells
were collected by centrifugation at 6690g and 4 °C for 15 min.
The cell pellet was resuspended in 300 ml lysis buffer (50 mM
potassium phosphate buffer, pH 7.4, 20% (v/v) glycerol, 500 mM
sodium acetate, 1.5% (w/v) 3-[(3-cholamidopropyl)dimethy-
lammonio]-1-propanesulfonate [CHAPS], 1.5% (v/v) Tween 20,
phenylmethylsulfonyl fluoride [PMSF], 0.1 mM dithiothreitol
[DTT], and a SIGMAFAST Protease Inhibitor Tablet [one per
150 ml]), homogenized with a Dounce homogenizer, and
treated with lysozyme (60 mg/100 ml) for 1 h at 4 °C. The
resuspended cells were disrupted by sonication with an ampli-
tude of 10% (Fisher Scientific Model 100 Ultrasonic Dis-
membrator with a Qsonica Microson XL2000 Microprobe) for
ten pulses of 30 s each while on ice. Membranes and cellular
debris were then removed by ultracentrifugation at 142,414¢ for
50 min at 4 °C. The resulting supernatant was loaded on a Ni-
NTA column (25 ml Ni-NTA Superflow, Qiagen) equilibrated
with three column volumes of equilibration buffer (50 mM
potassium phosphate, pH 7.4, 20% (v/v) glycerol, 500 mM so-
dium acetate, 1% (w/v) CHAPS, 1% (v/v) Tween 20, 0.1 mM
PMSF, 0.1 mM DTT). The column was washed with five column
volumes of wash buffer I (50 mM Tris base, pH 7.4, 20% (v/v)
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glycerol, 500 mM sodium acetate, 50 mM KCI, 20 mM MgCl,,
1% (w/v) CHAPS, 1% (v/v) Tween 20, 4 mM histidine, 0.1 mM
PMSF, 0.1 mM DTT) containing 0.1 mM ATP to promote
release of GroEL/ES from CYP11B2. The column then was
washed with wash buffer II (50 mM Tris base, pH 7.4, 20% (v/v)
glycerol, 1% (w/v) CHAPS, 1% (v/v) Tween 20, 4 mM histidine,
0.1 mM PMSF, 0.1 mM DTT) to decrease the salt content and
wash out ATP. The adrenodoxin-CYP11B2 fusion protein was
then eluted with 80 mM histidine buffer (20 mM Tris base, pH
8.0, 20% (v/v) glycerol, 1% (w/v) CHAPS, 1% (v/v) Tween 20,
80 mM histidine, 0.1 mM PMSF, 0.1 mM DTT). The eluting
adrenodoxin—CYP11B2 protein had a maximal absorbance at
423 nm due to histidine binding. Subsequently, anion exchange
chromatography was performed using a HiTrap Q HP column
(1 ml, GE Healthcare) equilibrated with five column volumes of
20 mM Tris-HCI, pH 8.0, 20% (v/v) glycerol, 1% (w/v) CHAPS,
0.1% (v/v) Tween 20, 0.1 mM PMSF, and 0.1 mM DTT. After
loading, the column was washed with ten column volumes of the
same equilibration buffer and then eluted with a gradient from
0 to 500 mM NaCl in 50 mM Tris base buffer, pH 7.4, 20% (v/v)
glycerol, 1% (w/v) CHAPS, 0.1% (v/v) Tween 20, 0.1 mM PMSE,
and 0.1 mM DTT. Fractions with at least equal absorbance at
280 and 419 nm were pooled. Finally, the oligomeric state of the
adrenodoxin—CYP11B2 fusion protein was examined by size-
exclusion chromatography (SEC) (GE Healthcare HiLoad 16/
600 Superdex 200 pg) using 50 mM potassium phosphate buffer,
pH 7.4,20% (v/v) glycerol, 1% (w/v) CHAPS, 0.05% (v/v) Tween
20, and 0.1 mM PMSF. Fractions with at least equal absorbance
at 280 and 423 nm were pooled, flash frozen, and stored at —80
°C until use. Purified adrenodoxin—-CYP11B2 fusion protein
had a Soret peak at 419 nm, consistent with water coordinated to
the ferric heme iron. Purity was examined using SDS-PAGE
analysis, which yielded a single band at the expected molecu-
lar weight of 70 kDa. The ratio of absorbance of the heme Soret
peak (419 nm) versus total protein absorbance (280 nm) for this
adrenodoxin—CYP11B2 fusion protein was typically ~1.12.

Recombinant adrenodoxin-CYP11B2 fusion protein generation
for crystallography

For X-ray protein crystallography, all purification buffers
above were supplemented with 30 uM fadrozole (dissolved in
ethanol). The purification by Ni-NTA affinity and anion ex-
change chromatography was performed as described above,
but SEC was run with 50 mM potassium phosphate buffer (pH
7.4), 20% (v/v) glycerol, 500 mM NaCl, and 0.1 mM PMSF to
deplete detergents. The resulting purified protein was flash
frozen and stored at -80 °C until further use. SDS-PAGE
analysis revealed a single band at the expected molecular
weight of 70 kDa. The ratio of absorbance of the fadrozole-
bound heme Soret peak (423.5 nm) versus total protein
absorbance (280 nm) was 0.99.

Recombinant CYP11B2

An E. coli codon-optimized CYP11B2 gene was synthesized
(GenScript). This construct coded for N-terminally truncated
CYP11B2 with the sequence MAKKTSS preceding the 30th
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amino acid of the wildtype sequence and a 4xHis tag at the C
terminus. The modified gene was cloned into the pCWori+
vector. The resulting construct was transformed into the E. coli
strain DH5a already containing the pGro7 vector encoding the
GroEL/ES chaperone. A single colony from a LB agar plate
containing 100 pg/ml carbenicillin for pCW selection and 20 pg/
ml chloramphenicol for pGro7 selection was used to initiate a
30 ml LB starter grown at 37 °C overnight with the same anti-
biotics. Expression cultures consisted of 800 ml terrific broth with
2X potassium phosphate buffer, the same antibiotics, and 8 ml
overnight culture in a 2.8-1 Fernbach flask. These flasks were
incubated at 37 °C and 210 rpm until an absorbance at 600 nm
(As00) of 0.4 to 0.6 was reached. CYP11B2 expression was then
induced with 1 mM isopropyl p-D-1-thiogalactopyranoside and
the GroEL/ES chaperone with 4 mg/ml arabinose. At this point,
cultures were also supplemented with 1 mM &-aminolevulinic
acid heme precursor. Cultures were incubated at 27 °C at
190 rpm for an additional 48 h, after which bacterial pellets were
collected by centrifugation at 6690g and 4 °C for 15 min. The cell
pellet was resuspended in 300 ml lysis buffer (50 mM potassium
phosphate buffer, pH 7.4, 20% (v/v) glycerol, 500 mM sodium
acetate, 1.5% (w/v) sodium cholate, 1.5% (v/v) Tween 20, 0.1 mM
PMSF, 0.1 mM DTT), homogenized with a Dounce homoge-
nizer, and treated with lysozyme (30 mg/100 ml) for 1 h at 4 °C.
The cells were disrupted by sonication with an amplitude of 10%
(Fisher Scientific Model 100 Ultrasonic Dismembrator with a
Qsonica Microson X1.2000 Microprobes) and ten pulses of 30 s
while on ice. The cell debris was removed by ultracentrifugation
at 142,414¢ for 50 min at 4 °C. The resulting supernatant was
loaded on a Ni-NTA column (25 ml Ni-NTA Superflow, Qiagen)
equilibrated with three column volumes of equilibration buffer
(50 mM potassium phosphate buffer, pH 7.4, 20% (v/v) glycerol,
500 mM sodium acetate, 1% (w/v) sodium cholate, 1% (v/v)
Tween 20, 0.1 mM PMSF, 0.1 mM DTT). The column was first
washed with five column volumes of washing buffer I (50 mM
potassium phosphate buffer, pH 7.4, 20% (v/v) glycerol, 500 mM
sodium acetate, 1% (w/v) sodium cholate, 1% (v/v) Tween 20,
4 mM histidine, 0.1 mM PMSF, 0.1 mM DTT) and then with five
column volumes washing buffer II (50 mM potassium phosphate
buffer, pH 7.4, 20% (v/v) glycerol, 1% (w/v) sodium cholate, 1% (v/
v) Tween 20, 4 mM histidine, 0.1 mM PMSF, 0.1 mM DTT)
containing 0.1 mM ATP to promote removal of GroEL/ES from
the CYP11B2 protein. CYP11B2 was eluted with 80 mM histidine
buffer (20 mM potassium phosphate buffer, pH 7.4, 20% (v/v)
glycerol, 1% (w/v) sodium cholate, 1% (v/v) Tween 20, 80 mM
histidine, 0.1 mM PMSF, 0.1 mM DTT) and concentrated in a 50-
kDa centrifugal device. The eluting CYP11B2 protein had a
maximal absorbance at 424.5 nm owing to histidine binding.
Subsequent cation exchange chromatography was performed
using a HiTrap SP HP column (5 ml, GE Healthcare) equilibrated
with five column volumes of 20 mM potassium phosphate, pH
74, 20% (v/v) glycerol, 1% (w/v) sodium cholate, 0.1% (v/v)
Tween 20, 0.1 mM PMSF, and 0.1 mM DTT. After loading, the
column was washed with 15 column volumes of the same
equilibration buffer and then eluted with a gradient from 0 to
500 mM NaCl in 50 mM potassium phosphate buffer, pH 7.4,
20% (v/v) glycerol, 1% (w/v) sodium cholate, 0.1% (v/v) Tween 20,
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0.1 mM PMSF and 0.1 mM DTT. Fractions with at least equal
absorbance at 280 and 421.5 nm were pooled. Finally, the olig-
omeric state of CYP11B2 was examined by SEC (GE Healthcare
HiLoad 16/600 Superdex 200 pg) using 50 mM potassium
phosphate buffer, pH 7.4, 20% (v/v) glycerol, 1% (w/v) sodium
cholate, 0.1% (v/v) Tween 20, and 0.1 mM PMSF. The resulting
purified protein was flash frozen and stored at —80 °C until use.
Purity was examined using SDS-PAGE analysis, which yielded a
single band at 55 kDa. The ratio of absorbance of the heme Soret
peak (421.5 nm) versus total protein absorbance at 280 nm for
CYP11B2 purified using this method was typically ~1.07.

Redox proteins

Recombinant human adrenodoxin (adrenodoxin) and
adrenodoxin reductase were expressed and purified as
described (38).

Crystallization and structural determination

The adrenodoxin—CYP11B2 fusion protein (15 mg/ml) in
50 mM potassium phosphate buffer, pH 7.4, 20% (v/v) glycerol,
500 mM Na(l, and saturated with fadrozole (Soret maximum
at 423.5 nm) was screened for crystal formation with multiple
commercial crystallization kits. Initial small crystals were
observed after 24 h from 0.75 pl of the above adrenodoxin—
CYP11B2/fadrozole stock mixed with 0.75 ul of 0.2 M lithium
sulfate, 0.1 M Tris hydrochloride, pH 8.5, and 30% (v/v) PEG
4000 in a sitting drop equilibrated against 200 pl of the same
precipitant solution at 20 °C. Since subsequent de novo crystal
growth from the same condition was not successful, a seed
stock from the original crystals was prepared to promote
nucleation. Fresh sitting drop vapor diffusion experiments
were conducted with 0.75 pl 15 mg/ml adrenodoxin—CYP11B2
mixed with 0.75 pl of the undiluted seed stock equilibrated
against 200 pl of the precipitant solution at 20 °C. Crystals of
the same morphology were observed after 48 h, harvested,
transferred into the mother liquor with glycerol increased to
18% (v/v) to serve as the cryoprotectant, and cryocooled in
liquid nitrogen for transport to the synchrotron. X-ray
diffraction data were collected on beamline 21-ID-G of the
Argonne Photon Source and processed using HKL2000 (40).
The adrenodoxin—CYP11B2 structure in complex with
fadrozole was solved by molecular replacement using Phaser
(41) and a search model consisting of CYP11B2 bound to
fadrozole (PDB 4FDH (22)) and human adrenodoxin (PDB
3P1M). Model building and refinement were performed iter-
atively with Coot (42) and Phenix.refine (43), respectively. The
ligand (R)-fadrozole was generated using elBOW in Phenix
using the PDB file (PDB 0T3) (43). The final structure model
and structure factors are deposited in the Protein Data Base
(PDB 7M8I). Structural comparisons were accomplished and
RMSDs calculated using the Secondary Structure Matching
algorithm in Coot (44).

Ligand binding assays

The effect of adrenodoxin on CYP11B2 binding of sub-
strates and inhibitors (binding mode and dissociation constant,
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Ky) was investigated by monitoring changes in UV-visible
absorbance during ligand titration. For CYP11B2 binding of
the physiological substrate 11-deoxycorticosterone, 1 pM
CYP11B2 was diluted in 50 mM potassium phosphate, pH 7.4,
and 20% (v/v) glycerol in quartz cuvettes with a 1-cm path-
length. When studying the effect of adrenodoxin, one of three
different concentrations of adrenodoxin was added to the
sample cuvette: 1 uM (for 1:1 CYP11B2:adrenodoxin), 10 uM
(for 1:10), or 40 uM (for 1:40). For all binding experiments,
increasing amounts of the 11-deoxycorticosterone substrate
(0.63-151.25 pM, dissolved in dimethyl sulfoxide [DMSO])
were titrated into CYP11B2, while DMSO alone was added to
the reference cuvette. After each substrate addition, samples
were mixed by inverting and incubated for 8 min at room
temperature. Difference spectra were then recorded from 300
to 500 nm. The maximal differences in absorbance (local
absorbance maximum located between 386.5 and 391 nm
minus minimum located between 417.5 and 423 nm) for each
ligand concentration were plotted against substrate concen-
tration. The resulting data were fit using the one-site-binding
equation (45) in GraphPad Prism version 8.0.0 for Mac OS X
(GraphPad Software) to determine values for the maximal
absorption change at saturation (AAp,) and dissociation
constant (Ky).

The inhibitor LCI699 binds CYP11B2 so tightly that mod-
ifications of the experimental parameters were required.
LCI699 (dissolved in DMSO) was titrated into a reduced
concentration of 0.2 uM CYP11B2 or adrenodoxin—-CYP11B2
fusion protein in 50 mM potassium phosphate, pH 7.4, 20% (v/
v) glycerol, and 0.5% (w/v) CHAPS in quartz cuvettes. To
compensate for the lower signal with a 5-fold decrease in
CYP11B2 concentration, the path length was increased 5-fold
to 5 cm. Otherwise titrations were performed as described
above. The resulting plot of changes in absorbance (local
absorbance maximum, located between 427.5 and 434 nm,
minus minimum, located between 408.5 and 413 nm) versus
LCI699 concentration still required using the tight-binding
Morrison equation to account for ligand depletion (45).

All binding assays were completed in triplicate, with all
values shown for each titration, although the points overlap
substantially, so this is not always obvious in the graphs
(Figs. 2, A and B, and 4B). Adrenodoxin was used in its
oxidized form to identify allosteric effects separate from redox
effects.

Determination of kinetic parameters

To determine the kinetic parameters of CYP11B2 for 11p-
hydroxylation, in vitro activity assays were conducted with the
native initial substrate 11-deoxycorticosterone. To examine
the effect of adrenodoxin on catalysis, different experiments
were conducted with 1:1, 1:10, and 1:40 ratios with excess
adrenodoxin over CYP11B2. The catalytic system was recon-
stituted in a total reaction volume of 500 pl using 0.2 pM
CYP11B2, 0.2 uM adrenodoxin reductase, and 0.2 pM adre-
nodoxin in 50 mM potassium phosphate buffer, pH 7.4, 20%
(v/v) glycerol for assays examining the impact of equimolar
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adrenodoxin amounts. For examining 10-fold adrenodoxin
excess, 0.05 pM CYP11B2, 0.05 uM adrenodoxin reductase,
and 0.5 pM adrenodoxin were used. For examining 40-fold
adrenodoxin excess, 0.05 uM CYP11B2, 0.05 uM adreno-
doxin reductase, and 2 puM adrenodoxin were used. For ex-
periments with the adrenodoxin-CYP11B2 fusion enzyme, 0.4
pM adrenodoxin-CYP11B2 protein, 0.4 pM adrenodoxin
reductase, and 16 pM adrenodoxin were used with a reaction
time of 1 min. The enzymes were mixed and incubated for
20 min at room temperature. Metabolism of 11-
deoxycorticosterone (1-150 uM, dissolved in DMSO; total of
0.5% (v/v) DMSO) was initiated by the addition of 5 mM
NADPH and allowed to proceed at 37 °C. For experiments
with equimolar adrenodoxin amounts, reactions proceeded for
1 to 5 min. For 10-fold and 40-fold adrenodoxin excess, re-
action times were reduced to 30 s to prevent >10% substrate
depletion. All reactions were quenched with 500 pl chloroform
and 40 pM progesterone (in DMSO) added as an internal
standard. Steroids were extracted twice with 500 pl chloro-
form, dried, and resuspended in 100 pl 20% (v/v) acetonitrile,
and 40 pl was injected on a reverse-phase HPLC column
(Phenomenex, Luna, 5 pm, C18, 150 x 4.6 mm) using an
acetonitrile-water gradient (Phase A: 10% (v/v) acetonitrile,
Phase B: 100% acetonitrile) run as follows: 0 to 6 min 20% B
(step), 6 to 11 min 40% B (linear gradient), 12 to 22 min 80% B
(linear gradient), 23 to 25 min 80% B (step), 26 to 30 min 20%
B (step), all at 40 °C and a flow rate of 0.8 ml/min. Steroids
were detected by UV absorbance at 240 nm. Retention times of
main products, substrate, and internal standard were the
following in elution order: 18-hydroxycorticosterone 7.4 min,
aldosterone 8.5 min, corticosterone 139 min, 11-
deoxycorticosterone 17.2 min, and progesterone (internal
standard) 21.6 min. Quantification of the steroids was per-
formed determining the ratio of the peak area for the product
corticosterone and the peak area of the internal standard
progesterone using a calibration curve. Under these condi-
tions, formation of  subsequent products (18-
hydroxycorticosterone and aldosterone) was <5%. Initial re-
action velocities were plotted against the respective 11-
deoxycorticosterone concentration and analyzed with the
Michaelis—Menten equation using GraphPad Prism version
8.0.0 for Mac OS X (GraphPad Software). All experiments
were repeated in triplicate and all values for all reactions
shown in the plots (Fig. 3, A and B), although they overlap
enough at the lower ratios of adrenodoxin that this is not al-
ways obvious.

Determination of the half-maximal inhibitory concentration

The effect of adrenodoxin on the ICs, of LCI699 on the 11p-
hydroxylation of 11-deoxycorticosterone by CYP11B2 was
determined using 1:1, 1:10, or 1:40 excess of adrenodoxin over
CYP11B2. In vitro activity assays were conducted with the
physiological substrate 11-deoxycorticosterone (dissolved in
DMSO) at the K,, determined under these reaction conditions
(3.5 uM). The catalytic system was reconstituted in a total
reaction volume of 500 pl using 0.05 uM CYP11B2, 0.05 uM
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adrenodoxin reductase, and 2 puM adrenodoxin in 50 mM
potassium phosphate buffer, pH 7.4, 20% glycerol, and 0.5%
(w/v) CHAPS for examining 40-fold adrenodoxin excess with a
reaction time of 20 s. For 10-fold adrenodoxin excess, 0.05 pM
CYP11B2, 0.05 uM adrenodoxin reductase, and 0.5 uM adre-
nodoxin were used and the reaction time increased to 30 s,
which was still under 10% substrate depletion. For equimolar
adrenodoxin, 0.2 uM CYP11B2, 0.2 uM adrenodoxin reduc-
tase, and 0.2 pM adrenodoxin were used with a reaction time
of 30 s. Inhibitor (dissolved in DMSQO) concentrations from
0.76 nM to 12.5 pM were used, with the total DMSO con-
centration maintained at 0.5% (v/v) for all reactions. Meta-
bolism of 11-deoxycorticosterone was initiated by the addition
of 5 mM NADPH and proceeded at 37 °C. Reactions were
quenched with 500 pl chloroform, and progesterone (dissolved
in DMSO) was added as internal standard. Steroids were
extracted and analyzed by HPLC as described above. All ex-
periments were repeated in triplicate, and all data points are
shown (Fig. 4A). The relative percentage of inhibition
compared with the reaction without inhibitor was plotted
against the respective inhibitor concentration and analyzed
using GraphPad Prism version 8.0.0 for Mac OS X (GraphPad
Software) using a dose-response inhibitor (four-parameter)
equation.

Data availability

All of the data are included in this article or the supple-
mental information statement, with the exception of the
structure coordinates and structure factors. This latter infor-
mation has been deposited with the PDB under accession code
7M8L.

Supporting article  contains

information.
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