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Fig. 4. The contrasting ligand density in molecules C/D (A) compared with molecules A/B (B) in the 2.2 A structure of CYP17A1 with orteronel supports binding of
different enantiomers of orteronel in different molecules of the structure [(S)-orteronel in (A); (R)-orteronel in (B)]. Simulated annealing 2F, — F. composite omit maps
(contoured to 1.0 o) are shown as blue mesh. (R)-orteronel, modeled into molecules A/B of the structure (B), does not fully satisfy electron density as indicated by the
simulated annealing composite omit F, — F. map for molecule A (negative density shown in red mesh and positive density shown in green mesh, contoured to 3.0 o), which
may indicate a small amount of disorder. The same F, — F. map for (S)-orteronel indicates an excellent match between the density and the ligand model and thus is not

shown for clarity.

and steroidal inhibitors, (S)-orteronel is oriented toward the G helix (Fig.
5A) instead of the F helix. The amide substituent hydrogen bonds with
arginine 239 (R239; H-bonding distances of 2.7 and 3.0 A for molecules
C and D, respectively) and aspartic acid 298 (D298; H-bonding distances
of 2.7 and 2.8 A for molecules C and D, respectively) on the I helix.
Even though the F and G helices and other features of the active sites are
essentially the same, these differential interactions are correlated with
the two distinct conformations of the intervening F/G region.

Crystal Structure of CYP17A1 with (S)-Seviteronel. Of the two
nonsteroidal CYP17A1 inhibitors to enter clinical trials, (S)-seviteronel
was reportedly the most selective, with 10-fold more potent 17,20-lyase
inhibition (Rafferty et al., 2014). The crystal structure of CYP17A1
bound to (S)-seviteronel was determined at 3.1 A in the space group

P2,2,2,. The asymmetric unit comprised four copies of CYP17Al,
which were similar to previous structures of CYP17A1 with substrates
and inhibitors, including that of CYP17A1 with orteronel. As described
previously for the CYP17Al/orteronel structure, molecules A and B
demonstrated very similar overall conformation, as did molecules C and
D. Less structural similarity was observed between molecules A/B and
C/D because of the same conformational differences at the N-terminus
and F/G loop observed in the previous CYP17A1 structures.

Density corresponding to (S)-seviteronel was present in all four copies
of CYP17A1 (Fig. 6A), and was consistent between all copies. The
density clearly indicates that the ligand is coordinated to the heme iron,
consistent with the spectral shift observed upon ligand binding. As with
orteronel, the naphthalene ring is positioned flat against the I helix.

Fig. 5. Interaction of (A) (S)-orteronel and (B) (R)-orteronel with CYP17A1 active-site residues. All distances shown are averages for molecules A and B (in A) or C and D

(in B).

€202 ‘72 YoRIN U0 SPUINOC 13dSY e BIO'SfeuIno fiadse puip Wwoly papeojumod



Structure and Function of Cytochrome P450 17A1 Inhibitors

641

Fig. 6. The 3.1 A structure of CYP17A1 with (S)-seviteronel. (A) (S)-seviteronel (orange sticks) binds in the CYP17A1 active site coordinated to the heme (black sticks) iron
(red sphere). Electron density for ligand and heme (blue mesh) is a simulated annealing 2F, — F. composite omit map contoured to 1.00 o. B) Interactions between
CYP17ALl active site and (S)-seviteronel. Distances shown are averages from all four molecules.

However, unlike the structures with all other CYP17A1 inhibitors, (S)-
seviteronel does not appear to form hydrogen bonds with any residues in
the F and G helices (Fig. 6B). Instead, the hydroxyl group participates in
a hydrogen bond with the backbone carbonyl of V482 (average distance
over four molecules = 2.9 + 0.1 A), while one of the nitrogens of the
triazole coordinated to the heme iron is positioned within the hydrogen
bonding distance of the T306 side chain (average distance over four
molecules = 3.1 * 0.2 A). The difluoromethoxy substituents of the
inhibitor can be modeled in varied orientations within the CYP17A1
active site depending on the molecule, but generally position the fluorine
atoms within 3.0 A of active site residues including asparagine 202 and
arginine 239. It is possible that the difluoromethoxy substituents
participate in weak dipolar or multipolar interactions with the side
chains of these residues.

Peripheral Ligand Binding Site. In all CYP17A1 complexes, both
those determined here with nonsteroidal inhibitors and those reported
previously with steroids, two distinct, well-defined conformations were
observed for the residues between the F and G helices, although the
positions of the flanking helices were largely conserved (Fig. 7). The
membrane-embedded region between these helices has been implicated
in access of hydrophobic ligands to the otherwise buried active site. In
the orteronel structure reported herein, strong, continuous density
consistent with binding of a peripheral ligand was observed between
the F/G loop and N-terminal residues (F, — F. map at 30 in Fig. 7), but
in only one of the two CYP17A1 conformations (teal in Fig. 7). This is
the same CYP17A1 conformation (molecules C/D) that binds (S)-
orteronel. The CYP17A1 conformation to which (R)-orteronel binds in
the active site (molecules A/B) has a conformation of the F/G loop that
does not permit peripheral ligand binding (magenta in Fig. 7). In the
structure of CYP17A1 with (S)-seviteronel, electron density was
observed in the peripheral binding site only for the CYP17A1 C/D
conformation that also binds (S)-orteronel, but this electron density was
weaker in the (S)-seviteronel structure. This may be due to lower ligand
affinity, more disorder, or more likely the lower resolution of the (S)-
seviteronel structure. Most of the residues surrounding this peripheral
ligand are hydrophobic, suggesting a site that might have relatively
low specificity. In the higher resolution structure with orteronel, this

peripheral density was experimentally modeled as either an orteronel
enantiomer or as a combination of enantiomers, and at partial occupancies.
Based on decreases in the R and Ry values and comparison of the electron
density and the ligand contours, (R)-orteronel was the best match, but not

Fig. 7. (R)-orteronel (magenta) and (S)-orteronel (teal) bind selectively to two
distinct conformations of CYP17A1. A major structural difference between the two
formations is the structure of the F/G loop, a region implicated in ligand entry and
exit for other mammalian cytochrome P450 enzymes. An unknown ligand (F, — F.
map in green mesh at 3.0 o) is present only in the conformation that binds (S)-orteronel
(teal).
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good enough to unambiguously model (R)-orteronel. A partially occupied,
low-affinity peripheral steroid binding site has been identified in the F/G
region of structures of the steroidogenic CYP21A2 (Zhao et al., 2012;
Pallan et al., 2015b).

Inhibition of Targeted 17,20-Lyase Reaction. To probe and
compare the relationships between the Fe-N binding mode observed in
the crystals and in the solution with the functional consequences, steroidal
inhibitors (abiraterone and galeterone), nonsteroidal inhibitors from
clinical trials [(S)-orteronel and (S)-seviteronel], and their corresponding
enantiomers [(R)-orteronel and (R)-seviteronel] were initially evaluated
for inhibition of the 17,20-lyase reaction, which is desirable for treatment
of prostate cancer. Determination of the ICs, value was conducted using
the physiologically relevant substrate 17a-hydroxypregnenolone at a
concentration corresponding to the previously determined K, value of
this reaction (1.2 wM) (Petrunak et al., 2014) and in the presence of
cytochrome bs, which is the physiologically relevant stimulator of the
lyase reaction. The resulting ICs values are given in Table 3.

The Food and Drug Administration approved, first-in-class CYP17A1
inhibitor abiraterone demonstrated the highest potency for 17,20-lyase
inhibition. The other steroidal inhibitor, galeterone, was approximately
3-fold less potent than abiraterone, but still showed higher potency than
any of the nonsteroidal inhibitors. Of the nonsteroidal inhibitors, (S)-
orteronel exhibited only 6-fold lower potency than abiraterone, while (R)-
orteronel exhibited nearly 13-fold lower potency compared with abiraterone.
Finally, (S)-seviteronel and (R)-seviteronel were 12-fold and ~140-fold
less potent than abiraterone, respectively.

Inhibition of Off-Target Progesterone and Pregnenolone Hy-
droxylation Reactions. Each inhibitor was subsequently also evaluated
for inhibition of progesterone and pregnenolone hydroxylation reactions.
Such inhibition is undesirable for treating prostate cancer. Consistent with
the 17,20-lyase inhibition assay, these reactions were also performed using
purified human CYP17A1 and NADPH-cytochrome P450 reductase
and substrate concentrations equal to the previously determined K,
values of these reactions (10 and 1 uM for progesterone and pregnenolone
hydroxylation, respectively) using the same experimental parameters.
Since the hydroxylase reactions do not appear to require cytochrome
bs physiologically, this protein was not included in the in vitro enzyme
system to prevent subsequent conversion of the hydroxylase product to
the corresponding 19-carbon androgen via the 17,20-lyase reaction.
The ICs values are given in Table 3.

The rank order potencies for inhibition of the off-target hydroxylation
reactions were similar to that of 17,20-lyase inhibition. Abiraterone
displayed the greatest potency, followed by the other steroidal inhibitor,
galeterone. All four nonsteroidal inhibitors demonstrated less potency
than abiraterone and galeterone. Of the nonsteroidal inhibitors evaluated,
(S)-orteronel was the most potent inhibitor of both pregnenolone and
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progesterone hydroxylase reactions, but was still 6- or 13-fold less
potent than abiraterone, respectively. The other nonsteroidal inhibitor,
(S)-seviteronel, was an equipotent inhibitor of the pregnenolone
hydroxylation compared with (S)-orteronel and the second most potent
nonsteroidal inhibitor of the progesterone hydroxylase reaction. (R)-
orteronel demonstrated significantly lower affinity than its § enantiomer
for inhibition of both hydroxylation reactions. Consistent with poor
inhibition of the 17,20-lyase reaction and low binding affinity, (R)-
seviteronel exhibited the lowest potency for inhibition of progesterone
hydroxylation and thus was not evaluated further.

Comparison of the ICsq values for 17,20-lyase inhibition and
progesterone or pregnenolone hydroxylation can be used to evaluate
inhibitor selectivity for the targeted reaction (17,20-lyase) over the
nontargeted reactions (progesterone and pregnenolone hydroxylase);
representative data are shown in Fig. 8 (see Table 3). The most selective
inhibitors exhibit high ICs, values for the off-target hydroxylase reaction
and low ICs values for the targeted 17,20-lyase reaction. Selectivity is
defined herein as the ratio of 17-hydroxylase 1Cs0/17,20-lyase ICso. A
selectivity factor of 1 therefore indicates no selectivity for 17,20-lyase
reaction, while higher selectivity factors indicate more selectivity toward
desired inhibition of the 17,20 lyase reaction. All inhibitors evaluated
were more effective in suppressing the 17,20-lyase reaction than either
17-hydroxylase reaction, and therefore all have selectivity factors greater
than 1. The steroidal inhibitors abiraterone and galeterone demon-
strated between 1.3- and 3.3-fold selectivity for 17,20-lyase inhibition
over hydroxylase inhibition. The S enantiomer of nonsteroidal orteronel
showed little selectivity against pregnenolone hydroxylation (3.3-fold)
and only slightly higher selectivity (4.5-fold) against progesterone
hydroxylation (Fig. 8A). Its enantiomer, (R)-orteronel, exhibited greater
selectivity for inhibition of the targeted 17,20-lyase reaction over both
progesterone hydroxylation (Fig. 8B) and pregnenolone hydroxylation
(8- and 11-fold, respectively). In contrast, the nonsteroidal inhibitor (S)-
seviteronel did not demonstrate significant selectivity for 17,20-lyase
inhibition compared with the steroidal inhibitors (2.7- and 2.1-fold
selectivity against progesterone and pregnenolone hydroxylation, re-
spectively). Similarly, (R)-seviteronel demonstrated only 2.3-fold
selectivity for 17,20-lyase inhibition against progesterone hydroxylase
inhibition. Due to its poor potency and lack of observed selectivity
against progesterone hydroxylation, (R)-seviteronel was not evaluated
for inhibition of pregnenolone hydroxylation.

Discussion

Cytochrome P450 17A1 inhibitors that have undergone clinical trials
have all been individually functionally evaluated in one context or
another. These in vitro studies typically determined ICs, values, which

TABLE 3

Summary of ICsq values for 17a-hydroxypregnenolone 17,20-lyase inhibition (targeted reaction), progesterone and pregnenolone hydroxylation (off-target reactions), and
resulting selectivity ratios

The ICs, values are the average of two independent experiments + S.E. Within each experiment, each inhibitor concentration was evaluated in duplicate or triplicate.

Progesterone Hydroxylase ICs,

Pregnenolone Hydroxylase ICs,

Inhibitor Lyase ICs Progesterone Hydroxylase ICs, Lyase ICs Pregnenolone Hydroxylase ICs, Lyase ICs
nM nM nM

Abiraterone 36 £2 76 £ 5 2.1 +02 121 =7 33+03
Galeterone 100 = 10 130 £ 10 1.3 =02 150 = 20 1.5*+03
(S)-orteronel 210 £ 20 950 = 70 45 x05 700 = 100 3306
(R)-orteronel 460 = 90 4000 = 300 8§ 2 5000 £ 1000 11+3
(S)-seviteronel 430 = 40 1170 £ 90 27 *03 700 £ 100 21 *+04
(R)-seviteronel 5000 = 1000 11,300 = 900 23+ 05 N/D N/D

N/D, not determined.
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Fig. 8. Differences in 17,20-lyase inhibition (solid lines) and progesterone hydroxylase inhibition (dashed lines) demonstrate less selectivity for 17,20-lyase inhibition by (A)

(S)-orteronel compared with (B) (R)-orteronel.

can vary depending on substrate concentration and other experimental
conditions. This is demonstrated by the wide range of reported values
for abiraterone (Table 1), making it exceedingly difficult to compare
between studies. Such comparisons are becoming more essential with
development of second-generation steroidal and nonsteroidal inhibitors
targeting selective inhibition of the 17,20-lyase reaction over 17a-
hydroxylation. The current study uses tightly defined conditions to
determine ICsq values across inhibitors. Such comparisons establish
rank order potency and determine whether selective inhibition of the
17,20-lyase reaction is indeed possible for compounds that likely coor-
dinate the heme.

Steroidal abiraterone and galeterone were the most potent for the
desired inhibition of the 17,20-lyase reaction. This is consistent with
binding data demonstrating very high affinity of these compounds for
the CYPI7A1 active site (DeVore and Scott, 2012). Abiraterone
exhibited the highest potency overall (IC5o = 36 = 3 nM), broadly
consistent with previous studies in microsomes and purified protein
systems (3 and 27 nM) (Potter et al., 1995; Yamaoka et al., 2012;
Rafferty et al., 2014). Galeterone exhibited ~3-fold lower potency.
Since abiraterone and galeterone are both based on the steroidal scaffold,
these differences suggest the galeterone’s benzimidazole coordinates the
heme iron less effectively than abiraterone’s pyridine. A previous
report of galeterone as a more potent inhibitor than abiraterone in a whole
cell system may reflect other factors including differences in cellular
penetration (Handratta et al., 2005).

The most potent nonsteroidal inhibitor was (S)-orteronel (ICsy =
210 = 20), which was 5.8-fold less potent than abiraterone for inhibiting
the 17,20-lyase reaction. (S)-seviteronel exhibited lower potency (ICsq =
430 * 40 nM; 12-fold lower than abiraterone). The R enantiomers of
both nonsteroidal inhibitors demonstrated even lower potency for 17,20-
lyase inhibition. (R)-orteronel was 2.2-fold less potent than (S)-orteronel,
while (R)-seviteronel was ~12-fold less potent than its S enantiomer.
(R)-seviteronel also binds the CYP17A1 iron with a much lower affinity
than (S)-seviteronel. Overall, these results suggest S stereochemistry is
advantageous for potent 17,20-lyase inhibition in these nonsteroidal
agents.

Rank order potency determined by the current study is broadly
consistent with the clinical success of CYP17A1 inhibitors pursued to
date. Abiraterone was highly successful in clinical trials, improving
overall survival in phase III clinical trials (Fizazi et al., 2012). Decreased
potency for 17,20-lyase inhibition by (S)-orteronel when compared with
abiraterone is consistent with its failure to achieve a similar endpoint
(Saad et al., 2015). Based on these results, it is improbable that an even

less potent inhibitor of 17,20-lyase activity such as (S)-seviteronel would
demonstrate improved efficacy in a clinical setting—if overall survival
is solely modulated by CYP17A1 inhibition. However, this is almost
certainly not the case since steroidal inhibitors have been reported to
both antagonize (Handratta et al., 2005; Richards et al., 2012) and
cause degradation of the androgen receptor (Yu et al., 2014), and (S)-
seviteronel has also been reported to act as an anti-androgen (Toren
etal., 2014). Nonetheless, inhibition of 17,20-lyase activity of CYP17Al is
a primary contributor to success of these compounds in a clinical
setting.

CYP17A1 inhibitors can also block 17a-hydroxylation necessary for
glucocorticoid biosynthesis, resulting in side effects including hyper-
tension and peripheral edema (Attard et al., 2012; Fizazi et al., 2012).
Abiraterone selectivity for the 17,20-lyase reaction over the 17a-
hydroxylation reportedly ranges from 0.1- to 1.4-fold depending on
the conditions used (Potter et al., 1995; Yamaoka et al., 2012; Rafferty
et al., 2014). Using purified CYP17A1 and partner proteins, we
observed 2- and 3.3-fold selectivity for 17,20-lyase inhibition over
progesterone and pregnenolone 17a-hydroxylation, respectively. Gale-
terone demonstrated ~1.5-fold selectivity for 17,20-lyase inhibition
over inhibition of either hydroxylation reaction, suggesting it may cause
similar side effects.

Nonsteroidal inhibitors (S)-orteronel and (S)-seviteronel are reported
to be 5- and 10-fold more selective for 17,20-lyase inhibition compared
with 17a-hydroxylase inhibition (Yamaoka et al., 2012; Rafferty et al.,
2014). Thus, they have been developed as CYP17A1 inhibitors with
potentially improved side effect profiles. In the current study, (S)-
orteronel demonstrated 3.3- to 4.5-fold selectivity for 17,20-lyase
inhibition. It is unknown if this slight increase in selectivity compared
with abiraterone would significantly improve the side effects since (S)-
orteronel was still coadministered with prednisone in clinical trials
(Saad et al., 2015).

In the current study, (S)-seviteronel demonstrated only 2- and 3-fold
lyase selectivity, contrasting with the 10-fold selectivity for lyase
inhibition over pregnenolone 17a-hydroxylase inhibition previously
reported in yeast microsome studies (Rafferty et al., 2014). There are
several possible explanations for this apparent discrepancy. In earlier
studies the ratios of CYP17A1 to cofactors NADPH-cytochrome P450
reductase and cytochrome b5 were either not known or not reported, and
may have an effect on the enzymatic turnover and the K, and ICs,
values. Additionally, the hydroxylase substrate concentrations may
have differed from the K, values. Substrate concentrations greater than the
K, values introduce bias against competitive inhibitors and could result
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in artificially high hydroxylase ICsq values. Clinical trials for (S)-
seviteronel are still recruiting, but similar selectivity to abiraterone suggests
that this nonsteroidal inhibitor may produce similar side effects.

Both nonsteroidal inhibitors in clinical trials include stereocenters
with an S configuration. These enantiomers were pursued in the clinical
trials because they were more potent 17,20-lyase inhibitors than their R
enantiomers (Kaku et al., 2011; Rafferty et al., 2014). There have been
no previous reports on the selectivity of inhibition by the R enantiomers.
In the current study, (R)-seviteronel demonstrated significantly lower
potency than (S)-seviteronel, with no significant difference in selectivity
for the 17,20-lyase reaction compared with progesterone hydroxylation.
Although (R)-orteronel is much less potent for lyase inhibition, it
exhibited better selectivity. (R)-orteronel inhibited the 17,20-lyase reac-
tion 8-fold better than progesterone hydroxylation and 11-fold better
than pregnenolone hydroxylation. This indicates that the configuration
of orteronel’s stereocenter can have an impact on selectivity for 17,20-
lyase inhibition.

Although (R)-orteronel’s decreased potency in suppressing 17,20-
lyase activity would make it a poor candidate for clinical development, it
could provide insights into possible mechanisms for selective 17,20-
lyase inhibition. The 2.2 A crystal structure of CYP17A1 cocrystallized
with a racemic mixture of (S)- and (R)-orteronel revealed that (R)-
orteronel binds exclusively to one of the two conformations typically
observed for CYP17A1. In this CYP17A1 conformation (molecule
A/B), (R)-orteronel is coordinated to the heme iron and also hydrogen
bonds with N202 of the F helix, like steroidal inhibitors (DeVore and
Scott, 2012). The second conformation of CYP17A1 (molecule C/D),
differing especially in the region between helices F and G, appears to
selectively bind (S)-orteronel (Fig. 7). (S)-orteronel also coordinates the
heme iron but does not interact with F-helix residues, instead hydrogen
bonding with R239 on the G helix and D298 on the I helix. Only this
latter CYP17A1 conformation has an F/G loop that forms a peripheral
ligand binding site. This region of membrane cytochrome P450 enzymes
is highly flexible and embedded in the endoplasmic reticulum mem-
brane. Although both F/G conformations are observed in all CYP17A1
structures with various steroidal inhibitors and substrates determined to
date, all of these ligands adopt the same orientation, regardless of
CYP17A1 conformations. However, a mix of (R)- and (S)-orteronel
is not observed in the CYP17A1 active site. Instead (S)-orteronel is
selectively bound to the CYP17A1 F/G conformation accommodating a
peripheral ligand, while (R)-orteronel selectively binds the active site of
CYP17A1 displaying the alternate conformation of this loop that does not
bind a peripheral ligand.

Differing conformations of this F/G loop have generally been
implicated in substrate access to cytochrome P450 active sites (Poulos
and Johnson, 2005). In telost fish the processivity of the CYP17A1
reactions is correlated with whether orteronel is selective for 17,20-lyase
inhibition over hydroxylase inhibition (Pallan et al., 2015a). For sub-
strates more likely to leave the active site after the initial hydroxylation
and prior to the 17,20-lyase reaction, (S)-orteronel demonstrated ~10-fold
selectivity for 17,20-lyase inhibition. In contrast, for substrates less likely
to dissociate from the active site between 17-hydroxylase and 17,20-lyase
reactions, only 2-fold selectivity for 17,20-lyase inhibition was observed.
Similar processivity studies for human CYP17A1 with different substrates
have not yet been reported.

Steroid binding in the F/G region has now been reported for several
human cytochrome P450 enzymes. A structure of steroidogenic
CYP21A2 was revealed with a low-affinity, partially occupied steroid
in this region (Pallan et al., 2015b). CYP3A4, the major human drug
metabolizing cytochrome P450, binds progesterone in this region
(Williams et al., 2004). The F/G region is typically a major component
of the most hydrophobic surface of mammalian cytochrome P450
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enzymes. It is also thought to be buried in the membrane and the major
entry point for generally hydrophobic substrates to access the active
site. Thus, steroid binding in this region may be adventitious association
driven by hydrophobic interactions or part of an initial substrate
docking region before steroids advance into the buried active site.
Although cooperativity is not apparent in (S)-orteronel binding to
CYP17Al, ligand binding to cytochrome P450 enzymes is detected by
observing spectral changes associated with interactions near the heme
and peripheral ligand binding would not necessarily be apparent. It is
known that F/G residues play a role in the homotrophic cooperativity of
progesterone metabolism in CYP3A4 (Harlow and Halpert, 1998;
Domanski et al., 2001), but the physiologic significance of peripheral
ligand binding should be further evaluated.

In conclusion, rank order potency and selectivity were established for
in vitro inhibition of CYP17A1, with steroidal compounds more potent
than the nonsteroidal inhibitors seviteronel and orteronel. The 10-fold
selectivity for 17,20-lyase inhibition previously reported for (S)-
seviteronel was not observed, but less potent (R)-orteronel was more
selective (8- to 11-fold). Structures with nonsteroidal inhibitors reveal
coordination of the heme iron, but demonstrate that different confor-
mations of the F/G region can correlate with the binding of distinct
orteronel enantiomers in the active site and the capacity for peripheral
binding of a ligand molecule. While iron coordination of inhibitors in the
active site is consistent with competitive, nonselective inhibition, both
conformational selection for binding of some inhibitors and the differ-
ential presence of a peripheral ligand raise the possibility of differen-
tially modulating CYP17A1 function via features outside the active site.
Improved understanding of CYP17A1 structure/function relationships
could help inform the development of more selective inhibitors, thereby
improving prostate cancer treatment.
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