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Abstract
Human cytochrome P450c21 (steroid 21-hydroxylase, CYP21A2)1 catalyzes the 21-hydroxylation
of progesterone (P4) and its preferred substrate 17α-hydroxyprogestrone (17OHP4). CYP21A2
activities, which are required for cortisol and aldosterone biosynthesis, involve the formation of
energetically disfavored primary carbon radicals. Therefore, we hypothesized that the binding of
P4 and 17OHP4 to CYP21A2 restricts access of the reactive heme-oxygen complex to the C-21
hydrogen atoms, suppressing oxygenation at kinetically more favorable sites such as C-17 and
C-16, which are both hydroxylated by cytochrome P450c17 (CYP17A1). We reasoned that
expansion of the CYP21A2 substrate-binding pocket would increase substrate mobility and might
yield additional hydroxylation activities. We built a computer model of CYP21A2 based
principally on the crystal structure of CYP2C5, which also 21-hydroxylates P4. Molecular
dynamics simulations indicate that binding of the steroid nucleus perpendicular to the plane of the
CYP21A2 heme ring limits access of the heme oxygen to the C-21 hydrogen atoms. Residues
L107, L109, V470, I471, and V359 were found to contribute to the CYP21A2 substate-binding
pocket. Mutation of V470 and I471 to alanine or glycine preserved P4 21-hydroxylase activity,
and mutations of L107 or L109 were inactive. Mutations V359A and V359G, in contrast, acquired
16α-hydroxylase activity, accounting for 40% and 90% of the P4 metabolites, respectively. We
conclude that P4 binds to CYP21A2 in a fundamentally different orientation than to CYP17A1
and that expansion of the CYP21A2 substrate-binding pocket allows additional substrate
trajectories and metabolic switching.

The biosynthesis of cortisol requires the concerted action of several enzymes of the adrenal
cortex, particularly the steroid dehydrogenases and cytochrome P450 hydroxylases (1).
Cytochromes P450c17 (steroid 17-hydroxylase/17,20-lyase, CYP17A1) and P450c21
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(steroid 21-hydroxylase, CYP21A2) are microsomal steroid hydroxylases, which participate
in cortisol biosynthesis. These enzymes exhibit 29% amino acid identity and share common
substrates, and their genes show equivalent intron/exon organization, attesting to the
similarity in the two enzymes (2). The biochemistry of CYP17A1 has been studied in detail
due to its biological importance (3) and mechanistic intrigue (4), and these studies have been
aided by the procedures for its purification after expression in E coli (5). In contrast, the
enzymology of CYP21A2 has received little attention, in part because CYP21A2 expression
in E coli is relatively poor (6). CYP21A2 and CYP17A1 represent an important pair of
similar enzymes for which comparative enzymology studies could yield information of
theoretical interest and therapeutic importance.

Despite their similarities, the chemistries of CYP21A2 and CYP17A1 differ in several
important respects. CYP17A1 substrates include 3-keto-Δ4-steroids (i.e. progesterone, P4),
3β-hydroxy-Δ5-steroids (i.e. pregnenolone), and 5α-reduced pregnanes (7) as substrates.
CYP17A1 catalyzes not only the 17α-hydroxylase reaction but also the 17,20-lyase reaction
with 17α-hydroxylated steroids (8), the 16α-hydroxylation of P4 (9), and the formation of
5(16)-androstadien-3β-ol from pregnenolone (4). Computer modeling studies suggest that
the geometry of substrate binding, with the 4-ring cyclopenanophenanthrene nucleus parallel
to the plane of the heme ring, enables CYP17A1 to execute a diverse repertoire of chemistry
using a variety of substrates (10). Energetic considerations suggest that the ~4:1 preference
for P4 hydroxylation in the 17α-position versus the 16α-position derives from the lower
activation barrier to formation of a tertiary radical at C-17 compared to the less stable
secondary radical at C-16, despite comparable proximity of these hydrogen atoms to the
heme-oxygen complex (10). Residue A105 enables P4 trajectories favorable for 16α-
hydroxylase activity, as substitution of the more bulky leucine in mutation L105A restricts
nearly all P4 hydroxylation to the 17α-position (11).

The rich chemistry of CYP17A1 contrasts with the rather restricted chemistry of CYP21A2,
which is limited to the 21-hydroxylation of P4 and of its preferred substrate, 17α-
hydroxyprogesterone (17OHP4) (12). The exclusive 21-hydroxylation of the complex
substrates P4 and 17OHP4 is unusual for a cytochrome P450, because 21-hydroxylation
chemistry requires the formation of a relatively unstable and electron-deficient primary
carbon radical at C-21 in the presence of more reactive hydrogen atoms within 3 Å of C-21.
Computer modeling studies of CYP21A2 have appeared recently (13, 14), but little insight
to substrate binding and chemistry was probed with these models. Instead, the models were
used to rationalize the activity loss in common mutations causing 21-hydroxylase
deficiency, an autosomal recessive disorder that afflicts 1:14,000 newborns (15) and
primarily arises by gene conversion from the CYP21A1P pseudogene to the CYP21A2 gene
encoding the CYP21A2 enzyme (16). Here we tested the hypotheses that P4 binding to
CYP21A2 restricts access of the heme-oxygen complex to the C-21 hydrogen atoms and that
expansion of the active site will confer additional substrate trajectories and cause metabolic
switching.

EXPERIMENTAL PROCEDURES
Reagents and General Methods

Unless otherwise noted, reagents were obtained from Sigma-Aldrich Inc. (St. Louis, MO) or
Fisher Scientific (Pittsburgh, PA). Steroids were obtained from Sigma-Aldrich or Steraloids
(Providence, RI). Radiochemicals were obtained from PerkinElmer Life Sciences (Waltham,
MA).
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Computer Modeling
The model of CYP21A2 was built by the procedure used for CYP17A1 (10) using an Octane
workstation (Silicon Graphics, Mountain View, CA). The amino acid sidechains of
CYP21A2 (residues 24-494) were substituted onto the backbone structure of rabbit CYP2C5
(17) (residues 12-473, pdbid 1DT6) using MidasPlus version 2.1, and energy minimization
and molecular dynamics were performed with Amber 7 (both University of California, San
Francisco). The alignments (18) of human CYP21A2 and rabbit CYP2C5, as well as human
CYP17A1 for comparison, is shown in Figure 1. Direct side-chain substitution only was
used for CYP21A2 residues 24-97 and 119-183. For residues 184-253, 254-272, and
280-460, and 461-494, length discrepancies were accommodated by manually adding or
deleting residues and turns, aided by the backbone fragments of the corresponding regions in
the P450BMP (CYP101, a fatty acid hydroxylase) structure and human CYP17A1 model
(pdbid 2HPD and 2C17, respectively). The P450BMP structure was used as template for
residues 98-118 due to the long B-C region predicted to contain a B’ helix. The C-terminus
was extended by adding residues 489-494 in β-sheet conformation, and all modified
segments were subjected to energy minimization. The model was assembled by manually
displaying and bonding the fragments, followed by energy minimization and molecular
dynamics using the sander module of Amber 7 to obtain the final structure. Docking of P4
and 17OHP4, followed by molecular dynamics, was performed using the sander and carnal
modules as described for CYP17A1 to obtain distances from the modeled ferryl oxene to
steroid hydrogen atoms (10). Structure analysis with PROCHECK showed that 94% of non-
glycine mainchain residues scored in either the most favored or additionally allowed regions
of the Ramachandran plot.

Mutagenesis and Enzyme Assays
Site-directed mutagenesis was performed using overlapping PCR reactions followed by
sequencing of the amplicons and subcloning all or part of the cDNAs into eukaryotic and
yeast expression vectors pcDNA3 and V60 (19), respectively. CYP21A2 mutations were
screened for activity by expression in transiently transfected HEK-293 cells (human
embryonic kidney cells, ATCC #1573), and active mutations were studied with human
P450-oxidoreductase in microsomes prepared from yeast using strain YiV(B) as described
(19). Enzyme incubations, extraction, thin-layer chromatography (TLC), and quantitation of
steroid metabolites were performed as previously described (20). In a typical experiment,
steroid (0.1-10 μM, 100,000-400,000 cpm when [3H]-labeled) was incubated with 10-40 μg
of microsomal protein (~1 pmol P450) in 0.2 mL 50 mM potassium phosphate (pH 7.4) at
37C for 30 min, and the products were extracted with 0.4 mL 1:1 ethyl acetate:isooctane.
High-performance liquid chromatography (HPLC) was performed on a Breeze 1525 system
with a C18 Symmetry column (150 × 4.6 mm, 5 μm, Waters, Woburn, MA) and methanol/
water gradients (7, 21). Data were exported as ACII files and graphed with Origin version
7.5 (OriginLab, Northampton, MA). Protein determinations used the Coomassie Plus
Reagent (Pierce, Rockford, IL). P450 content was determined by substrate-induced
difference spectroscopy, the difference in absorbance at 386 nm and 420 nm using ε = 110
mM−1•cm−1, with versus without 10 μM substrate for wild-type CYP17A1 and CYP21A2
(21). Some CYP21A2 mutations could not be quantified accurately by difference
spectroscopy and tended to be unstable with freeze-thawing of microsomes; consequently,
rates for all enzymes are expressed per mg protein. Apparent Km and Vmax values were
obtained by fitting means of 2-3 experiments to the Michaelis-Menton equation using Origin
7.5 (all r values exceeded 0.89). DNA sequencing was performed at the McDermott Center
for Molecular Genetics core facility at UT Southwestern.
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Preparation of 4-Pregnene-16α,17α-diol-3,20-dione and 4-Pregnene-16β-ol-3,20-dione (16β-
hydroxyprogesterone)

The 4-pregnene-16α,17α-diol-3,20-dione was prepared by refluxing the acetonide of this
compound with p-toluenesulfonic acid in refluxing methanol. The 16β-hydroxyprogesterone
was prepared by oxidation of protected 16α-hydroxyprogesterone and stereoselective
reduction. Full details of chemical synthesis and characterization are given in the Supporting
Information.

RESULTS
Computer modeling of CYP21A2 and P4 docking

A computer model of CYP21A2 was generated using the x-ray structure of rabbit CYP2C5,
which is also a P4 21-hydroxylase (22), as the primary template. We manually docked P4
with the planes of the heme ring and the steroid nucleus parallel, perpendicular, or obliquely
oriented. We then performed molecular dynamics calculations, while monitoring the
distances between hydrogen atoms of P4 and the modeled ferryl oxene during the last 40 ps
of a 100 ps simulation. Only docking with the steroid nucleus perpendicular to the heme ring
(Figure 2A) placed the C-21 hydrogen atoms closest to the ferryl oxene and excluded the
more reactive hydrogen atoms at C-17 and C-16 (Table 1).

The model suggested that V470 and I471 at the turn of β-sheet 4, L107 and L109 in the B’-
helix, and V359 in a loop following the K-helix all participate in P4 binding (Figure 2B,C).
These amino acids reside within the substrate-recognition sequences (SRSs) SRS-6, SRS-1,
and SRS-5, respectively (23). We endeavored to increase substrate mobility by reducing the
size of these large, hydrophobic residues using site-directed mutagenesis.

Mutagenesis of L107, L109, V470 and I471
When expressed in HEK-293 cells or in yeast strain YiV(B) with human P450-
oxidoreductase (19), wild-type CYP21A2 21-hydroxylates 17OHP4 at a maximal rate 28
times faster than for P4, yielding 11-deoxycortisol and 11-deoxycorticosterone, respectively
(21). Mutations L107A and L109A were inactive when expressed in HEK-293 cells.
Mutation V470A retained 21-hydroxylase activity, and the double mutation V470A+I471A
displayed a reversal of substrate preference from wild-type CYP21A2. Mutation V470A
+I471A 21-hydroxylates P4 2.4 times faster than 17OHP4, both due to increased turnover of
P4 and to much reduced activity with 17OHP4 (Table 2). Mutations V470G and I471G also
retained 21-hydroxylase activity with P4 and 17OHP4 substrates (not shown). Thus, we
were unable to engineer additional P4 hydroxylase activities onto CYP21A2 by mutating
residues L107, L109, V470, or I471.

Mutations V359A and V359G
Mutations V359A and V359G both produced an additional metabolite of P4, which was
identified as 16α-hydroxyprogesterone (16OHP4) by co-chromatography with standard both
on TLC and reverse-phase HPLC (Figure 3) and was also distinguished from 16β-
hydroxyprogesterone (Figure S1 of the Supporting Information). Mutation V359A yielded a
60:40 mix of 21- and 16α-hydroxylated products, whereas mutation V359G gave 90%
16OHP4 (Figure 3). When mutation V359G was expressed in transfected HEK-293 cells,
16OHP4 was again the dominant product (not shown). The identity of the new product was
confirmed as 16OHP4 by liquid chromatography-mass spectrometry (LC-MS), with
molecular ion of m/z = 331 (Figure S2 of the Supporting Information). These data
demonstrate that expansion of the CYP21A2 substrate-binding pocket by substituting the
less bulky A and G for V359 progressively shifts hydroxylation from C-21 to the more
reactive hydrogen atoms at C-16, as predicted from computer modeling studies and
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theoretical considerations. Control experiments indicated that this product was not formed
by control microsomes (prepared from YiV(B) yeast strain without CYP21A2 expression),
that these products were not formed in the presence of the P450 inhibitor ketoconazole, and
that neither catalase nor superoxide dismutase inhibited their formation (Table S1 and
Figure S3 of the Supporting Information). These control experiments indicate that the
products were formed by the CYP21A2 mutations and not an artifact of endogenous yeast
enzymes or nonenzymatic products derived from reactive oxygen species released into the
incubations.

Metabolism of 17OHP4 by CYP21A2 Mutations
Because 17OHP4 is the preferred substrate for CYP21A2, we also studied 17OHP4
metabolism by the CYP21A2 mutations. The 17OHP4 metabolites formed by mutations of
V470 and I471 included a second, unidentified product. Both mutations V359A and V359G
also metabolized 17OHP4 to 11-deoxycortisol and this second product, and for mutation
V359G, the unidentified compound was the major product (Figure 4). The second
compound was not androstenedione and was neither the 16α- nor 6β-hydroxylation products
(4-pregnene-16α,17α-diol-3,20-dione and 4-pregnene-6β,17α-diol-3,20-dione, respectively),
as the mobilities of the unknown compound on TLC and HPLC are different than those of
standards. This unknown compound appears to be a hydroxylated metabolite of 17OHP4,
based on the molecular ion of m/z = 347 (Figure S2 of Supporting Information). These data
show that expansion of the CYP21A2 substrate-binding pocket also affords an additional
metabolism pathway for 17OHP4, but the identity of this product is unknown, and the
physiochemical basis of this result is not readily rationalized as are results with P4
metabolism.

Other Substrates for CYP21A2
Pregnenolone, 17α-hydroxypregnenolone, and 5α-pregnane-3α-ol-20-one
(allopregnanolone) are all are excellent substrates for human CYP17A1 (7). In contrast,
wild-type CYP21A2 in yeast microsomes did not appreciably metabolize these substrates,
and none of these compounds significantly inhibited 21-hydroxylation of P4. However, we
found that CYP21A2 metabolizes 5α-pregnane-3,20-dione (5α-dihydroprogesterone) with
an apparent Km of 2.6 μM (not shown). These results suggest that substrate binding to
CYP21A2 requires a 3-keto group, at least for common pregnanes.

DISCUSSION
The engineering of novel activities to hepatic cytochromes P450 has received considerable
attention after the cDNAs for these enzymes were isolated. These studies are useful for
confirming which residues comprise SRS regions and for understanding the metabolism of
xenobiotics (24). The capacity of xenobiotic-metabolizing P450s to utilize a variety of
substrates and to tolerate both naturally-occurring and artificial amino acid substitutions
while retaining activity is consistent with the broad scope of catalysis embodied by these
versatile enzymes. In contrast, the activities of the P450s essential for the biosynthesis of
steroids, sterols, and bile acids are considered highly restricted and vulnerable to mutations
(25, 26), as evidenced by human genetic diseases such as 21- and 17-hydroxylase
deficiencies (3, 27). The major new finding of this study is that human CYP21A2 can be re-
engineered to a P4 16α-hydroxylase with a single amino acid substitution. Our data are
consistent with a model in which, as the steric bulk provided by V359 is progressively
reduced in mutations V359A and V359G, the mobility of bound substrate increases, which
thus changes the trajectories of P4 and enables 16α-hydroxylation. Consistent with this
model and the observed shift from 21- to 16α-hydroxylation in this series, the average
distances from the ferryl oxene to hydrogen atoms of P4 at C-21 increases (3.4 to 3.9 to 7.2
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Å), while the average distances to H16α-falls (7.8 to 6.6 to 4.6 Å) based on molecular
dynamics calculations (Table 1). To our knowledge, our data provide the first example of
metabolic switching to change the product distribution for the natural substrate (P4) of a
steroidogenic P450 using rational mutagenesis.

We used CYP2C5 as principal template for the CYP21A2 model because CYP2C5 is a P4
21-hydroxylase (22), although 16OHP4 accounts for 3% of its P4 metabolites. In addition,
the major activities of other rabbit CYP2C isoforms using P4 substrate are 16α- and 6β-
hydroxylation (28). P4 metabolism by human CYP2C9 and CYP2C19 is dominated by 21-
hydroxylation, and CYP2C19 has significant 16α- and 17α-hydroxylase activities with P4
while CYP2C9 does not (29). Thus, it is not surprising that the first additional activity that
we could engineer onto CYP21A2 is 16α-hydroxylation. Apparently, elimination of some
steric bulk in SRS-5 enables P4 to tip sufficiently in the CYP21A2 substrate-binding pocket
(Figure 2) to allow access of the 16α-hydrogen atom to the ferryl oxene. Our data also
suggest that P4 binds to the active site of CYP2C5 and probably other CYP2C family
enzymes that 21-hydroxylate P4 in a similar orientation.

Despite their similarities, the chemistries of human CYP17A1 and CYP21A2 reflect
fundamentally different catalytic strategies. The major 17α-hydroxylase and minor 16α-
hydroxylase activities of CYP17A1 are consistent with preferential formation of the tertiary
carbon radical at C-17, which is more energetically favorable than the secondary carbon
radical at C-16. We proposed that these activities are a consequence of steroid docking into
the substrate binding pocket parallel to the plane of the heme ring, and molecular dynamics
calculations confirmed that both the 17α-hydrogen and 16α-hydrogen atoms are accessible
to a ferryl oxene in this docking orientation (10). In fact, these studies demonstrated that the
hydrogen atoms at C-21 of P4 are also within 4 Å of the reactive oxygen center. We
rationalized that CYP17A1 lacks 21-hydroxylase activity because formation of a primary
carbon radical at C-21 is far less energetically favorable compared to abstraction of the more
reactive hydrogen atoms at C-17 and C-16, which are simultaneously accessible.

We reasoned that CYP21A2 must bind P4 in a fundamentally different orientation than
CYP17A1 and force 21-hydroxylation by precluding access of other hydrogen atoms. Our
modeling studies of CYP21A2 identified one orientation, with the four-ring steroid nucleus
of P4 perpendicular to the plane of the heme ring, which favors 21-hydroxylation (Figure 2),
and molecular dynamics calculations support the preferential access of the 21-hydrogen
atoms to the ferryl oxene (Table 1). This binding orientation, which restrains the majority of
the steroid away from the heme and dangles only one methyl group adjacent to the ferryl
oxene, might also explain why the chemistries of CYP21A2 are so limited. Of other
common pregnanes that we studied, the 3β-hydroxy-Δ5-steroids pregnenolone and 17α-
hydroxypregnenolone, as well as the 3α-hydroxysteroid allopregnanolone were neither
substrates nor high-affinity inhibitors of CYP21A2, consistent with earlier studies of bovine
CYP21A2 (12), and only 5α-pregnane-3,20-dione was found to be a fair substrate. In
addition, previous studies have shown that bovine CYP21A2 has 20β-oxdiase activity with
pregn-4-en-20β-ol-3-one and pregn-4-ene-17α,20β-diol-3-one substrates (30). Although we
did not study 20β-hydroxypreganes directly, our modeling studies suggest that hydrogen
atoms on C-20 might also be accessible to the ferryl oxene of human CYP21A2, enabling
20β-oxidase activity at this more reactive carbon center for these substrates versus the 21-
methyl group.

We mutated residues adjacent to the docked P4 in our CYP21A2 model: L107 and L109,
V470 and I471, and V359, which distribute to the SRS-1, SRS-6, and SRS-5, respectively.
SRS-1 appears critical for CYP21A2 function, based on the absence of detectable activity in
the relatively conservative mutations L107A and L109A. Consistent with this finding,
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residues in SRS-1 have been shown to account for much of the variability in P4 21-
hydroxylase activity for CYP2C1, 2, and 5 (31). The residues corresponding to V359 are L
in CYP2C5 (Figure 1) and N in CYP2C9 and CYP2C19; consequently, the V359G
substitution is not one that would have been predicted to change activity from homology
considerations alone. Alignment of CYP21A2 sequences from several species reveals
complete conservation of not only V359 but also the adjacent residues, supporting the
importance of SRS-5 in restricting activities with P4 substrate to 21-hydroxylation (Figure
S4 of Supporting Information).

In contrast, results with 17OHP4 metabolism by our CYP21A2 mutations are not as readily
explained as the results of P4 metabolism. CYP21A2 mutations with A or G in place of
V470, I471, or V359 all 21-hydroxylated 17OHP4 and yielded an additional metabolite,
which is neither the 16α- nor 6β-hydroxylation product. Furthermore, mutation V470A
+I471A has significantly increased activity with P4 substrate such that the Vmax for P4
exceeded that of 17OHP4 (Table 2). Mutagenesis and chimerism (32) of the corresponding
residues in SRS-6 of rabbit CYP2C2 is sufficient to confer P4 21-hydroxylase activity to
this enzyme, without altering SRS-1. In particular, CYP2C2 mutation S473V has high P4
21-hydroxylase activity (33); however, exhaustive mutagenesis experiments, including
mutations S473A and S473G, were not reported. In addition, residues in SRS-6 appear to
constrain the motion of the F-G loop, which regulates substrate entry and exit in CYP2C5
and CYP2C9 (34, 35). Results with CYP21A2 mutation V470A+I471A reflect a
combination of impaired 17OHP4 oxygenation and augmented P4 oxygenation, which
derives from several of these factors. Although other mechanisms might explain these
results with 17OHP4, our data and interpretations regarding P4 metabolism are internally
consistent.

Congenital adrenal hyperplasia due to 21-hydroxylase deficiency is one of the most common
autosomal recessive human diseases, afflicting 1:14,000 newborns throughout most of the
world (15), with higher prevalence in certain isolated populations (36). Despite years of
study, treatments remain inadequate, mechanisms of therapeutic benefits are poorly
understood, and optimal management of children who survive to adulthood has received
little attention (37). Most cases of 21-hydroxylase deficiency derive from gene conversion
events (16), although several de novo mutations have been described (14, 38). None of the
human mutations in CYP21A2 so far identified have been shown to possess a second
activity besides 21-hydroxylation, although this mechanism is unlikely to be significant for
the common alleles derived from gene conversions. Nevertheless, a better understanding of
the structural basis for the 21-hydroxylase activity of CYP21A2 and the comparative
biochemistry of related enzymes might enable strategies to better treat 21-hydroxylase
deficiency by exploiting and optimizing the 21-hydroxylase activities of other human
cytochromes P450.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Alignment of human CYP21A2 and CYP17A1 with modified CYP2C5 (17). Residues
chosen for mutagenesis in this study are underlined.
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Figure 2.
Computer model of CYP21A2 with heme and ferryl oxene in red, docked P4 in yellow, and
sidechains of the labeled residues studied here in green. Panel A, entire structure showing
backbone atoms of protein, looking down axis of I-helix, plus all atoms of heme, P4, and
residues L107, L109, V359, V470, and I471. Panels B and C, expanded views of active site
with P4 hydrogen atoms at C-21 and C-16 labeled as viewed from side (Panel B) or top
(Panel C). Distances in Table 1 are derived from the last 40 ps of a 100 ps molecular
dynamics simulation with P4 docked in the orientation shown.
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Figure 3.
HPLC chromatograms of products formed upon incubation of yeast microsomes containing
CYP17A1 or CYP21A2 and mutations with P4. The top panel shows absorbance at 254 nm
from standards (Stds) of P4, 17OHP4, 11-deoxycorticosterone (DOC), androstenedione
(AD), and 16OHP4. Lower four panels show radioactivity derived from P4 metabolism by
CYP17A1, wild-type CYP21A2, CYP21A2 mutation V359A, and CYP21A2 mutation
V359G. Small arrows atop each panel track elution positions of standards.
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Figure 4.
HPLC chromatograms of products formed upon incubation of yeast microsomes containing
CYP17A1 or CYP21A2 and mutations with 17OHP4 as labeled. Chromatographic
mobilities of standards (Stds) are indicated by arrows, including 17OHP4, 11-deoxycortisol
(S), androstenedione (AD), and 4-pregnene-16α,17α-diol-3,20-dione (P4diol). The unknown
metabolite at 19 min does not co-chromatograph with any of the known standards, and the
mobility of 4-pregnene-6β,17α-diol-3,20-dione is similar to that of P4diol (not shown).
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