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Cytochrome P450 21A2 is a key player in steroid 21-hydroxylation and converts progesterone to
11-deoxycorticosterone and 17a-hydroxy progesterone to 11-deoxycortisol. More than 100 mu-
tations in P450 21A2 have been established in patients thus far; these account for the vast majority
of occurrences of congenital adrenal hyperplasia (CAH), which is among the most common heri-
table metabolic diseases in humans. CAH phenotypes range from the most severe, salt-wasting
(SW), to the simple virilizing (SV), and nonclassical (NC) CAH forms. We recently determined the
crystal structure of human P450 21A2 in complex with progesterone. To gain more insight into the
structural and stability changes underlying the phenotypes of individual mutations, we analyzed
24 SW, SV, and NC mutants in the context of the crystal structure of the human enzyme. Our
analysis reveals clear differences in the localization of SW, SV, and NC mutations, with many of the
first type mapping to the active site and near the heme and/or substrate and mostly resulting in
complete loss of enzyme activity. Conversely, NC mutations are often found near the periphery
and close to the surface of the protein, and mutant enzymes retain partial activity. The main
conclusion from the mutation-structure-activity study is that the severity of the CAH clinical
manifestations can be directly correlated with the degree of mutation-induced damage in terms
of protein fold stability and active site changes in the structural model. Thus, the NC phenotype is
typically associated with mutations that have a compensatory effect, ie, H-bonding replacing

hydrophobic interactions and vice versa. (Molecular Endocrinology 29: 1375-1384, 2015)

ytochrome P450 (P450 or CYP) 21A2 is the major

steroid 21-hydroxylase, is primarily expressed in the
adrenal cortex, and catalyzes conversion of progesterone
and 17a-hydroxy (OH) progesterone to 11-deoxycorti-
costerone and 11-deoxycortisol, respectively (1-3). Mu-
tations in P450 21A2 are responsible for more than 95%
of cases of congenital adrenal hyperplasia (CAH), an au-
tosomal recessive disorder that is among the most com-
mon heritable metabolic diseases in humans (1, 2, 4), with
an overall incidence worldwide of about 1 in 15 000
births (5, 6). More than 100 different amino acid variants
have been catalogued in the clinic to date, and phenoytpes
include classical and nonclassical (NC) CAH forms (1, 2,
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7). The first form is characterized by a complete or almost
complete loss of enzymatic activity, leading to salt-wast-
ing (SW) and simple virilizing (SV) CAH, respectively.
The SW type is the most severe form with patients exhib-
iting impaired cortisol synthesis and aldosterone deficits,
whereby treatment during the neonatal period is required
to prevent life-threatening salt loss and hypotonic shock.
By contrast, SV CAH patients show no defects in aldoste-
rone biosynthesis and are able to maintain sodium ho-
meostasis. However, other symptoms, eg, ambiguous
genitalia in female neonates as well as growth accelera-
tion in childhood, are reminiscent of the SW phenotype.
In the NC form, mutant P450 21A2 enzymes retain be-

Abbreviations: CAH, congenital adrenal hyperplasia; CYP, cytochrome P450 enzyme; 3D,
3 dimensional; NC, nonclassical; OH, hydroxyl; P450, cytochrome P450 enzyme; SV,
simple virilizing; SW, salt wasting; wt, wild type.
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tween about 20% and 60% of the 21-hydroxylation ac-
tivity, resulting in a milder form of CAH that does not
cause a cortisol deficiency but is associated with signs of
postpubertal androgen excess (2, 7). Interestingly, in most
cases the CAH genotype and phenotype appear to be cor-
related (8).

The region on chromosome 6 that the 21-hydroxylase
gene (CYP21A2) maps to is characterized by mutations
and variations in gene size and copy number. The bi-
modular haplotype in chromosome band 6p21.3 found in
more than 70% of all Caucasians includes the nonfunc-
tional or pseudogene of P450 21A2 (CYP21A1P). Cross-
overs, sequence exchanges, and apparent gene conver-
sions between the functional gene and the corresponding
pseudogene (that is 98 % identical to the former) contrib-
ute to the frequent variations, with only about 5% of
disease-causing CYP21A2 alleles harboring mutations
whose origin cannot be traced to the pseudogene. The
number of these more rare, spontaneous mutations con-
tinues to expand (eg, Ref. 9). An updated list of P450
21A2 mutations (irrespective of origin, along with the
clinical phenotypes and, where known, in vitro activities
of mutant enzymes in regard to the conversions of pro-
gesterone and 17a-OH progesterone) can be found at
http://www.cypalleles.ki.se/.

Using a 3-dimensional (3D) model of the human P450
21A2 structure derived from our crystal structure of the
bovine P450 21A2 (10), which exhibits 80% sequence
identity with the human enzyme, New and coworkers
carried out a comprehensive correlation of structure and
clinical CAH phenotypes (7). They concluded from this
analysis that there is good agreement between the extent
and type of structural disruption caused by the CYP21A2
mutations and the clinical CAH phenotype and the sever-
ity of the disorder. Thus, mutations that alter heme bind-
ing or the substrate binding pocket or interfere with the
anchoring of the enzyme within the membrane result in
the SW phenotype and typically destroy enzyme activity.
Similarly, the most severe CAH phenotype can also be
caused by mutations that lead to significant destabiliza-
tion of the P450 fold. The authors concluded that this
includes approximately 35% of the amino acids sur-
rounding the heme and ligand pocket (7). Conversely,
mutations that go along with a near-loss of enzyme activ-
ity and are located near the transmembrane domain or in
conserved hydrophobic patches are associated with
the less severe SV disease type. Lastly, mutations that
affect nonconserved hydrophobic patches, salt bridges,
H-bonds, interactions with partner proteins or that can be
compensated by other residues or accommodated steri-
cally, track with the milder NC form of CAH. A potential
shortcoming of any correlative analysis is that the activity
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of P450 21A2 mutants has only been assessed at the level
of recombinantly produced protein in a few cases (11-16)
or is unknown. Another point to be made is that correla-
tion of clinical cases with biochemical and structural re-
sults is complicated by the fact that there are 2 gene cop-
ies; in almost all cases, the individuals are heterozygotes,
and a detailed description of the properties of one mutant
protein must be considered in the context of the other
allele of the patient.

Recently, we expressed human P450 21A2 in Esche-
richia coli, purified and crystallized the enzyme, and de-
termined its crystal structure in complex with progester-
one at 2.64-A resolution (Figure 1) (17). We also carried
out a detailed kinetic analysis that provided evidence that
human P450 21A2 is more catalytically efficient than the
bovine enzyme and appears not to be limited by product
dissociation but by the rate of C-H bond breaking (17).
Comparison of the human and bovine crystal structures
revealed significant conformational deviations between
the two with a root mean square deviation for main chain

220

Figure 1. Crystal structure of human P450 21A2 in complex with
progesterone (PDB ID code 4Y8W) (17). The protein main chain is
shown in ribbon mode and rainbow coloring, from N terminus (blue)
to C terminus (red). Carbon, nitrogen, and oxygen atoms of the heme
moiety are colored in black, blue, and red, respectively, and Fe3™ is
shown as an orange sphere. Carbon and oxygen atoms of proges-
terone are colored in magenta and red, respectively. Secondary
structure elements are labeled and the residue ranges for a-helices A
to M and B-strands 1 to 9 are as follows (every 10th residue in the
chain is labeled): B1 32-36, A 45-56, B2 59-64, 33 67-72, B 75-84,
B 86-89, C 115-131, D 136-153, E 161-178, F 188-202, F 205—
212, G 224-246, H 257-264,1279-310, J 312-322, K 344-356, B4
364-368, 5 372-374, 36 377-379, 37 384-387, L 389-394, M
432-447, B8 450-454, and B9 479-483.
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atoms amounting to 4.7 A. The availability of the struc-
ture of human P450 21A2 and the fact that its structure
deviates considerably from the structure of the bovine
enzyme (10) and the humanized model based on the latter
(7) prompted us to revisit the correlation between struc-
ture, CAH phenotype, and P450 21A2 enzymatic activity.

Materials and Methods

Structural data

Coordinates and crystallographic structure factors for the
complex between human P450 21A2 and progesterone are de-
posited in the Protein Data Bank (http://www.rcsb.org) with the
ID code 4Y8W. The asymmetric unit of this crystal contains 3
complexes (A to C), and we used coordinates of complex A for
the analysis of side chain interactions of mutant P450 proteins.
The sequence of crystallized human P450 21A2 enzyme is that
of the human 21-hydroxylase B gene with GenBank number
M26856.1 (GI: 180963), based on the work by Rodrigues et al
(18). Owing to the polymorphic nature of the 21A2 gene, the
numbering of amino acids in the protein encoded in M26856.1
differs by +1 for most residues from that encoded in the human
21-hydroxylase gene with GenBank number M12792.1 (GI:
187895), based on the work by Higashi et al (19). The different
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numberings arise as a consequence of a single deletion in the
N-terminal region of the hP450 21A2 (M12792.1 gene) with the
sequence M L,L;L,GsLLLgLoP,. . . relative to hP450 21A2
(M26856.1 gene), with the sequence M,L,L;L,G;L L LgL,
L,oPy;. .. (bold face letters highlight the different number of
leucine residues in the two proteins). Information on P450 21A2
mutants and their phenotypes and activities was taken from the
Human Cytochrome P450 (CYP) Allele Nomenclature Data-
base (http://www.cypalleles.ki.se/). Note that the amino acid
numbering of P450 21A2 proteins in the database refers to
products of the (mutated) genes with GenBank number
M12792.1 (19). To avoid confusion, we have used a single
numbering system for P450 21A2 amino acids in the present
contribution. Thus, residue numbers in the text and illustrations
refer to proteins encoded by the human 21-hydroxylase gene
with GenBank number M26856.1 (wild-type [wt] protein) or
the corresponding genes with mutations and are therefore con-
sistent with the numbering used in the publication reporting the
crystal structure of human P450 21A2 (17).

Side chains of amino acids for which mutation gives rise to
the SW, SV, and NC CAH phenotypes are mapped separately in
the crystal structure of human P450 21A2 (Figure 2). All struc-
tural illustrations were generated with the program UCSF
Chimera (20). Activities of P450 21A2 mutant enzymes in the
conversions of progesterone to 11-deoxycorticosterone and
17a-OH progesterone to 11-deoxycortisol are depicted in sep-

—

Figure 2. Amino acids whose mutation gives rise to the (A) SW,

B) SV, and (C) NC CAH phenotypes mapped in the crystal structure of P450

21A2. Carbon atoms of wt residues are highlighted in blue (SW), green (SV), and purple (NC). The orientation of P450 in the top panels

corresponds approximately to that in Figure 1.
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Figure 3. Activities of hP450 21A2 mutant enzymes giving rise to the
(A) SW, (B) SV, and (C) NC phenotypes. See also Supplemental Tables
1-3.

arate panels for the SW, SV, and NC forms in Figure 3. Infor-
mation on all mutants, including the nucleotide change at the
c¢DNA level, the amino acid change, and activities with the pro-
gesterone and 17a-OH progesterone substrates are also pro-
vided in tabulated form (Supplemental Tables 1-4 and Supple-
mental Materials and Methods). Regarding the activities, it is
important to keep in mind that most of these were measured
using cell-based assays, where mutant P450 21A2 enzymes are
transiently expressed and radioactively labeled substrates are
used to estimate conversion to the corresponding products (at a
fixed time point) by liquid scintillation spectrometry after ex-
traction and separation by thin layer chromatography, in the
absence of kinetic considerations (see, eg, Ref. 9).

Site-directed mutagenesis and protein purification
The human P450 21A2 mutants described for steady-state

kinetic analysis were generated using the Quick Change mu-

tagenesis method. The sequences of primers designed for point

Mol Endocrinol, September 2015, 29(9):1375-1384

mutations are listed in Supplemental Table 5. The PET17b plas-
mid containing the gene encoding human P450 21A2 was used
as a template to generate P450 21A2 mutants. cDNAs with the
desired mutations were cotransformed with a chaperone
pGro12 plasmid into E. coli BL21-Gold DE (3) competent cells.
Recombinant mutants of P450 21A2 were overexpressed and
then purified using the previously described purification proce-
dures (17).

Catalytic activity assays

The catalytic activity measurements were carried out as de-
scribed previously (17). The enzyme concentration and incuba-
tion time were varied for different P450 21A2 variants, depend-
ing on the catalytic activity of the mutants. Optimal conditions
for steady-state kinetic assays were determined by time course
experiments. The extracted steroid products were separated and
analyzed using Ultra Performance Liquid Chromatography as
described (17), and catalytic rate constant (k_,,) and Michaelis
constant (K,) values were estimated using hyperbolic plots in
GraphPad Prism software (GraphPad).

Results and Discussion

Differences between the experimental and
modeled structures of human P450 21A2

Before the crystal structure determination of the com-
plexes between human P450 21A2 and progesterone sub-
strate (17), Haider et al derived a model of the 3D struc-
ture of the human enzyme based on the crystal structure
of bovine P450 21A2 (7). The sequence identity between
the bovine and human enzymes is high (80%), motivating
a threading approach combined with energy minimiza-
tion to build the “humanized model.” However, compar-
ison of the crystal structures of bovine (complex with
17a-OH progesterone) (10) and human P450 21A2 pro-
teins (complex with progesterone) (17) revealed consid-
erable deviations between the two that vary along the
chain and are more pronounced in the loop regions. Be-
cause the humanized model was used to examine the con-
sequences of mutations for structure and stability and a
correlation of the severity of the changes caused by mu-
tation, the experimental model of the 3D structure of
human P450 21A2 offers a chance to reevaluate the po-
tential effects of mutations on 21A2 fold and stability.
Thus, the availability of the human P450 21A2 crystal
structure provides a more reliable model for the structure-
based interpretation of CAH phenotypes.

The coordinates of the humanized model (7) are not
deposited and we therefore relied on published illustra-
tions of interactions among side chains in the computed
structure for comparison with our crystal structure of the
P450 21A2 progesterone complex in order to demon-
strate similarities and differences between the two for a
subset of interactions. Thus, the configurations of some of
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Figure 4. Comparisons between amino acid side chain interactions in
the crystal structure of the human P450 21A2 progesterone complex
(17) and the humanized model of the enzyme based on the crystal
structure of bovine 21A2 (insets) (7). Notice the difference of 1
between residue numbers in the calculated and experimental models.
Predicted and actual configurations of salt bridges involving (A) D408,
(B) D112, (C) E141, and (D) E352. E, The V305D mutant was assumed
to result in salt bridge formation with K473 and increased rigidity (7).
However, in the crystal structure of hP450 21A2, K473 and V305 are
spaced far apart with M474 inserted between them. Selected contacts
in the experimental model are indicated with thin solid lines and
distances in A.

these salt bridges in the crystal structure and in the hu-
manized model are compared in Figure 4, A-D. With the
exception of the interaction shown in Figure 4A (between
D408 and R317; crystal structure numbering), the rela-
tive orientations of interacting partners in the crystal
structure differ significantly from those in the computa-
tional model (7). The predicted direct interaction between
D112 and R367 is instead water-mediated in the crystal
structure, as the 2 side chains are not as tightly spaced as
anticipated in the computational model (Figure 4B). The
side chain of E141 was modeled in a conformation that
would allow formation of an ideal salt bridge with
R4445. However, the crystal structure reveals that the
carboxylate moiety of E141 interacts with the guanidino
group of R334 (Figure 4C). This arginine also contacts
E137, whereas R445 is too far removed to interact with
either glutamate. The crystal structure confirms that

press.endocrine.org/journal/mend 1379

E352, R355, and R409 in the highly conserved EXXR
motif are closely spaced and forming interactions, but the
comparison with the computational model nevertheless
exposes significant differences in the relative orientations
of residues at that site (Figure 4D).

As far as the consequences of mutation on structure are
concerned, V305D that results in the SV phenotype (7)
offers a good example of the alternative interpretations
that one can arrive at by either considering the computa-
tional model or the experimental structure of P450 21A2.
Thus, the former placed the aspartate moiety in the mu-
tant in H-bonding distance from K473 (Figure 4E). Such
an interaction was expected to impart rigidity on the loop
region preceding 89 by tying it together with helix I (Fig-
ure 1). This view is not supported by the crystal structure,
in that K473 is situated at a distance of more than 10 A
from V305 and a direct interaction between aspartate (in
the mutant) and lysine is blocked by M474 (Figure 4E).

Location, structural context, and altered activity of
protein mutants

Visualizing the locations of SW, SV, and NC CAH-
causing mutations in the 3D structure of P450 21A2 re-
veals clear differences in the distribution of residues (Fig-
ure 2). Thus, SW-causing mutations appear to be quite
evenly spread throughout the entire protein, including the
N- and C-terminal regions. In addition, a look at the side
chains in the illustrations (ie, carbon only vs presence of
oxygen or nitrogen) shows that many of the mutations
involve hydrophobic amino acids (see also Supplemental
Table 1). Mutations causing the SW type are also scat-
tered around the active site and the heme binding pocket,
whereas the SV and NC type mutations clearly concern
areas that are farther removed from the heart of the P450
enzyme. Mutations causing the more severe SW CAH
form are also more common relative to SV (Figure 2, A
and B, and Supplemental Tables 1 and 2), whereby there
appears to be an absence of the latter in many regions of
the P450 fold, eg, in helices F, G, and I as well as in the N-
and C-terminal B-sheets. NC-type mutations are more
numerous relative to SV and are probably even more com-
mon than is suggested by the list shown in Supplemental
Table 3, because such mutations may often remain unde-
tected owing to a lack of clear symptoms and the need for
clinical intervention. From the illustration in Figure 2C, it
is also apparent that many NC mutations map to the
protein surface, where they probably do not affect P450
fold or stability, or are seemingly of little consequence for
interactions with auxiliary proteins, such as P450 reduc-
tase (21) or cytochrome b (22-24).

Turning to the consequences of CAH-causing muta-
tions for P450 21A2 activity, an overview of the activities
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of SW, SV, and NC type mutations (Figure 3) shows a
clear trend in that SW mutations that cause the most
severe form of the disease generally abolish activity. This
is also supported by the kinetic activity data gathered for
a selection of P450 21A2 mutants and listed in Table 1.
Conversely, SV mutations retain a low level of activity in
many cases and NC mutations often only affect activity
marginally. These observations, along with the notion
that protein structure and activity are tightly linked, raise
the possibility that inspection of 3D structural models of
P450 21A2 and the visualization of potential changes at
the tertiary structural level caused by mutations can lead
to a better understanding of the relation between muta-
tion/structure and severity of CAH and that a correlation
of the two is meaningful, at least at a qualitative level (7).

For example, a mutation that has dire consequences
for P450 21A2 function and activity concerns the switch
from proline to glutamine at position 31 (SW type) (Sup-
plemental Table 1). The N-terminal region anchors mi-
crosomal P450s such as 21A2 to the cytoplasmic side of
the membrane (25), and one can imagine that the P31Q
mutation does not just affect conformation but also hy-
drophobicity and therefore association with the mem-
brane. On the contrary, the P31L mutation exhibits the
NC CAH clinical phenotype (Supplemental Table 3). Ap-
parently leucine is better tolerated than glutamine and
may actually aid in tying the protein to the membrane.
The structural context of a mutation is crucial in terms of
the functional consequences and that the SW type is not
only caused by drastic amino acid changes, as demon-
strated by the A363V mutation. This conservative change
causes SW CAH, and the absorption spectrum of the pro-
tein is devoid of a ferrous-carbon monoxide complex
spectral peak at 450 nm but instead shows a maximum at
420 nm (Lei, L., unpublished data). Inspection of the
P450 21A2 crystal structure at that site and replacement
of the methyl group with an isopropyl reveals that the
larger side chain of valine results in a steric conflict with
heme, perhaps causing the latter to shift slightly and re-
sulting in the loss of activity (Supplemental Table 3). An-
other relatively conservative change concerns residue
L301, which is located in helix I (Figure 1), and somewhat

Human P450 21A2 Structure, Mutation, and Phenotype
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farther away from the heme moiety (~8-A distance to Ca)
than A363. The L301F mutation causes SV CAH, with the
activity of the mutant protein reduced to less than 10% of wt
P450 21A2 (Supplemental Table 2). L301 juts into a hydro-
phobic pocket lined by F165, 1168, T169, A298, V305,
V442,1.439, and 1443, and accommodating phenylalanine
at that position is expected to only require minor adjust-
ments of surrounding residues. However, some of these are
in direct contact with the heme, eg, 1439, and this may
explain the SV phenotype rather than the milder NC form.
In the next sections, we discuss in more detail the anticipated
structural consequences for 24 selected P450 21A2 muta-
tions found in patients and correlate structural changes with
CAH phenotype and altered enzyme activity.

Structural changes caused by mutations exhibiting
the SW phenotype

P31Q

The first residue (from the N terminus) completely vis-
ible in the electron density of the P450 21A2 crystal struc-
ture is L30. The next residue, P31, is lodged in a hydro-
phobic cavity constituted by L30, 159, V70, 1374, Y377,
and I379 on the surface of the protein (Figure 5A). Thus,
it changes the direction of the chain together with P32,
serves as an anchor for the hydrophobic N-terminal tail that
protrudes from the surface at this site, and helps attach the
P450 to the membrane. In addition to the above hydropho-
bic contacts, a H-bond between the keto oxygen of P31 and
N€ofR61 helps tie down the proline. Mutation to glutamine
disrupts this hydrophobic network, induces steric conflicts
with 159 and V70, and likely affects the flexibility of the
tether between P450 and the membrane.

G65E

G635 is embedded in a hydrophobic patch of the N-ter-
minal B-sheet and surrounded by B-strand residues 138,
L40, L64, and L66, plus V212 and 1213 from helix F°
(Figure 5B). Mutation to E abolishes activity (Table 1),
inserts a bulky, negatively charged moiety into this hydro-
phobic environment, results in a steric clash with V212, and
alters the interaction between the B-sheet and the loop re-

Table 1. Summary of Kinetic Data for P450 21A2 Mutant Proteins With the PROG or 170HP Substrates
P450 21A2 Substrate k..« (min~") K., (nm) koo Ky (pM~1 min~") Activity (%), wt
wt PROG 170 £ 4 0.21 £0.03 800 = 120 (100)
170HP 240 £5 1.5 *=0.1 160 £ 11 (100)
G65E (SW) PROG 3.7*x0.2 55+0.8 0.67 = 0.10 0.08
170HP 19=*0.2 132 0.14 £ 0.03 0.08
T296N (SV/SW) PROG 0.46 = 0.16 1.1+0.2 0.42 £0.16 0.05
170HP 2.7+0.3 0.46 0.2 6.0+ 2.7 3.7

PROG, progesterone; 170HP, 17a-OH progesterone.
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of the a-helical bundle and possibly
creates repulsions with E137 and
E438, which reside in the core and jut
away from the outside of the bundle,
respectively. Because one of the edges
of heme is wedged between helices T
and M (Figure 1), tampering with the
coil-coil interface will likely have dire

Figure 5. Selected mutations causing the SW phenotype. (A) P31Q, (B) G65E, (C) L108R, and
(D) V140E. Side chain carbon atoms of mutated amino acids are turquois and selected residues

are labeled.

gion between helices F and G on the surface of the protein
(Figure 1). Preliminary steady-state kinetic analysis of this
variant showed that the effects of the substitution are seen in
both the k_,, and K,,, parameters (Table 1), although the
exact meaning of these is not yet clear.

L108R

L108 is located in a loop that precedes helix C (Figure 1)
and is in direct contact with methyl and propionic acid sub-
stituents of heme. It also lies less than 10 A away from the
progesterone substrate and direct hydrophobic neighbors
include A285 and 1.430. Basic amino acids that interact
directly with the carboxylate moiety of the propionic acid
substituent adjacent to L108 include R92, K121, and R427.
Mutation of L108 to R introduces an additional charged
residue to the existing trio of positively charged amino acids
and would likely upset the balance of interactions that sta-
bilize heme. In particular, the L108R mutation could lead to
repulsions with the above lysine and arginine residues that
will affect the orientation of heme and may in fact result in a

direct clash with heme as well as neighboring amino acids
(eg, T124) (Figure SC).

V140E

V140 is located in helix D, which is part of an a-helical
bundle with helices E, I, and M, whereby hydrophobic res-
idues of helix D stabilize coil-coil interactions with helices E
and M (Figure 1). V140 is surrounded by hydrophobic res-
idues 1143, 1172, 1434, 1437, and V441 (Figure 5D). Re-
placing valine with glutamate disturbs the hydrophobic core

consequences.

For additional examples of
SW mutations (T296N, W303R,
R355C, and F405S), see Supplemen-
tal Materials and Methods and Sup-
plemental Figure 1.

Structural changes caused by
mutations exhibiting the SV
phenotype

178T

178 is situated in helix B and sur-
rounded by hydrophobic residues
L72, M82, P387, L389, 1.420, and
C424. Mutation to the more polar threonine is expected
to somewhat destabilize the among
hydrophobic residues (Figure 6 A). However, residue 178
is preceded by T77 and followed by E79, and H393 is
situated nearby. A water molecule could potentially enter
the site and link the side chain of one of these residues to
T78 in the mutant enzyme. In any case, I78 lies at some

interactions

distance from both heme and substrate and the mutation
is not expected to result in a dramatic change of protein
stability, although the activity of the I78T mutant was
reported to be reduced to less than 10% of that of the wt
enzyme (Figure 3B).

C148R

C148 is located near the C-terminal end of helix D
(Figure 1), with the sulfhydryl group on the surface and at
the floor of a shallow depression. The rim of this depres-
sion is lined by polar residues Q145, E149, R152, S333,
R445, Q448, and R484 (Figure 6B). Introduction of an-
other arginine at that site will likely result in Coulombic
repulsions with R145 and R445 that can be relieved by
slightly pushing apart helix D and the 88/89-sheet at the
very C-terminal end of the P450 enzyme (Figure 1).

C170R

C170 lies near the C-terminal end of helix E, at a site
where it crosses helix F in a perpendicular fashion (Figure
1). Its neighbors on helix E are L167 and C174, and the
hole on helix F that fits the C170 methylenesulfhydryl peg
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a-helical segment, helix H (Figure 1,
middle right, in the background).
Residues A266 to N276 of this loop
are not visible in the electron den-
sity. The very N-terminal section of
helix I and all of helix H engage in a
coil-coil interaction, whereby V282
forms a hydrophobic patch together
with H-helix amino acids M258,

Figure 6. Selected mutations causing the SV phenotype. (A) 178T, (B) C148R, (C) C170R, and

(D) V282G.

is made up of M188, Y191, Y192, and I195. Mutation to
arginine is certain to lead to clashes, as the longer and
charged side chain cannot be accommodated at the tight
crossover of helices (Figure 6C). Thus, the arginine side
chain cannot protrude from the space between helices E,
F, and I, and relief may require pushing away the N-ter-
minal half of helix F (Figure 1).

V282G
V282 is located near the N-terminal end of helix I,
which is connected via a flexible loop region to a short

M261, 1262, and V265 (Figure 6D).
Mutating V265 to glycine would
weaken the interface at the periphery
of the protein and loosen the anchor-
ing of helix I to some extent. Some 16
A away (G293), helix I passes by the
heme, and, despite the relatively mi-
nor change from V to G, this mutation
reduces the activity to just 4% of that
of the wt enzyme (Figure 3B).

For additional examples of SV
mutations (L309F, R342P, L364W,
and G425S), see the Supplemental Materials and Meth-
ods and Supplemental Figure 2.

Structural changes caused by mutations exhibiting
the NC phenotype

H120R

H120 is located in helix C and pairs with H281 from
helix I near the surface of the protein (Figure 1). Mutation
to arginine does not disrupt the in-
teraction between the histidine side
chains. Thus, Ne of the guanidino
moiety can maintain the contact to
H281, but the longer arginine side
chain brings NH1 and NH2 into vi-
cinity of the keto oygens of residues
P106, D107, and L108 that are lo-
cated in the loop region preceding
helix C (the average N(H). . . O dis-
tance is 3.44 A) (Figure 7A). It ap-

T29

T295

196

Figure 7. Selected mutations causing the NC phenotype. (A) H120R, (B) K121Q, (C) I1172N, and

(D) 1195N.

\N

1—N19

pears that arginine can be accommo-
dated at this site with relatively
minor adjustments, consistent with
the activity of the H120R mutant
that amounts to approximately

F178

Y19 32% of the activity of wt P450 21A2
A enzyme.
C194
.zﬁ% K121Q

Carboxylate groups of heme pro-
pionic acid substituents are con-
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tacted by protonated side chains and, for one of them, the
interacting residues include R92, K121, and R427, with
formation of 4 H-bonds (Figure 7B). The vicinity of K121
to heme should render its mutation potentially detrimen-
tal to P450 21A2 activity. However, the K121Q mutant
enzyme retains between 14% (17a-OH progesterone) and
20% (progesterone) of the activity of the wt enzyme (Figure
3C). Modeling reveals that although the mutation alters the
electrostatic character of the residue at position 121, the
glutamine side chain is able to maintain a H-bond to the
heme carboxylate.

1172N

1172 sits in helix E and is surrounded by residues of
mixed polarity that are contributed by helices D (V139,
E140, and L143), E (L168), and M (L434 and E438).
Although mutation significantly alters activity (reduction
to <1%) (Figure 3C), most likely as a result of weakened
hydrophobic interactions, the amino group of the side
chain of N172 is in H-bonding distance from the carbox-
ylate moiety of E438 (Figure 7C). H-bond formation
could partly offset the change in stability caused by the
loss of hydrophobic interactions.

I1195N

1195 is located in helix F and 1 and 2 helical turns away
from V198 and W202, respectively, that are directly con-
tacting the substrate at the ceiling of the active site (Figure 1).
Its environment is of mixed polarity as in the case of the
above 1172, and neighboring residues include 1.290, 1291,
and T294 from helix I as well as R170 from helix E. Upon
mutation, the side chain amino group of N195 lies in H-
bonding distance from Ne of R170 and Oy of T294 (Figure
7D). A further H-bond can be established between the main
chain amine of 1291 and the side chain oxygen of N195.
Taken together, this swapping of hydrophobic and electro-
static interactions appears to be of little consequence for
enzyme activity (33% and 47% of wt for 17a-OH proges-
terone and progesterone, respectively) (Figure 3C).

For additional examples of NC mutations (R234G,
$302Y, N388K, and P454S), see the Supplemental Mate-
rials and Methods and Supplemental Figure 3.

Conclusions

Visualization of P450 21A2 mutations with the SW, SV,
and NC phenotypes of CAH mapped onto the crystal
structure of the human enzyme reveals some clear trends
as far as the severity of the disease and the locations of
mutations underlying the clinical manifestations are con-
cerned. The same applies to changes in P450 21A2 en-

press.endocrine.org/journal/mend 1383

zyme activity as a result of mutations. Those generating
the SW form are scattered throughout the enzyme and are
more common than those generating the SV form. The
former are in many cases associated with the core of the
enzyme that includes conserved hydrophobic regions as
well as motifs stabilizing the fold via H-bonds or salt
bridges. Although most SW mutations involve amino ac-
ids near heme and substrate, there are also some that are
more removed from the active site. These elicit indirect
changes that affect nearest neighbors lining the active site,
or perhaps exerting their negative effects allosterically.
SW mutations mostly result in a sharp downturn in activ-
ity and commonly destroy most of the activity.

By comparison, SV mutations appear to be more rare
and asymmetrically distributed along the protein chain
(eg, they are absent in helices D, F, and G). Compared
with the SW type, they are more typically located nearer
to peripheral regions or the surface, although they abro-
gate enzyme activity in many cases. The hypothesis that
the severity of the CAH phenotype is correlated with the
degree of structural perturbation caused by an amino acid
change is borne out the NC mutations at the other end of
the disease spectrum. Many of the amino acids affected
are far removed from the active site and in quite a few
cases are located near the surface or just below. However,
there are a few examples of SV or NC mutations that are
located close to the heme/substrate or directly interact
with one of them. Thus, L364W (SV) is very likely to
affect both heme and substrate directly, and K121Q (NC)
and R234G/K (NC) concern amino acids in the active site
that contact heme and substrate, respectively. The last 2
NC type mutations, one replacing arginine with lysine
and the other with glycine, offer insight into the role of the
H-bond established by R234 to the O3 keto oxygen at the
ceiling of the active site. Although lysine is expected to be
a good mimic of arginine, the mutation to glycine removes
the H-bond to the substrate. One may conclude from this
observation and the NC phenotype displayed by both
mutations that this H-bond does little to orient the sub-
strate or enhance enzyme activity.

The crystal structure of the human cytochrome P450
21A2 enzyme provides a useful model for interpreting the
structure and stability changes triggered by CAH-causing
mutations and supersedes earlier structures of the bovine
enzyme and a humanized model based on it (7). As men-
tioned earlier, biochemical and structural data on a vari-
ant protein must be considered in the context of a second
allele in correlating our predictions with clinical pheno-
types. However, detailed analysis of mutant proteins is an
established method of approaching the metabolic basis of
inherited disease. With the experimental structure of the
human enzyme now in hand and clear evidence, as dem-
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onstrated here, that this model allows a better under-
standing of the consequences of SW, SV, and NC CAH
mutations for P450 21A2 folding and stability, it is now
important to expand these insights using experimental
data. Thus, crystal structures of selected P450 21A2 mu-
tant enzymes, in combination with kinetic investigations,
will discern the actual causes of the negative effects on
structure and activity and to some degree dynamics. Such
studies are currently underway in our laboratories.
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SW mutations

T296N: T296 is located in the longest a-helical segment in the structures of P450 enzymes, helix I,
and is positioned above one side of the heme and in close vicinity of the progesterone substrate (Figure
S1A). Mutation to asparagine may result in steric hindrance of the substrate and prevent it from reaching
the required proximity to the iron atom. The amino group of N296 is situated as close as 3.7 A from C21
of progesterone and less than 4 A from the iron. T296N is also listed among SV CAH causing mutations
(Tables S1, S2). The mutation basically eliminates the activity with progesterone; however, the mutant
retains a 4% activity with the 17a-OH-progesterone substrate (Table 1). Preliminary steady-state kinetic
analysis showed that the K, parameter was not affected by the mutations but the k., was severely

compromised (Table 1). The physical basis for this is yet unknown.

W303R: W303 is boxed in by R357, V359, L462, P464, and M474, such that the indole moiety of
the tryptophan is sandwiched between the Ce methyl group of methionine and two of the methylene groups
of the arginine side chain (Figure S1B). With the exception of W303, all other residues are contributed by
a meshwork of loops that occupy the space above helix I. Introducing an arginine at position 303 changes
the balance of hydrophobic and polar interactions at that site and would result in numerous clashes that

affect the orientation of helix I relative to heme.

R355C: R355 participates in the highly conserved EXXR motif (Figure 4D) at the C-terminal end
of helix K (Figure 1). R355 forms a salt bridge with E352 and the latter also interacts with R409 (Figure
4D), thus tying together helix K and the extended loop region connecting helices L and M (Figure 1).
R355 forms additional H-bonds with the C=0 of P402 and C=0O of H393 that caps the K helix. Mutation
of R355 to cysteine disrupts this network of salt bridges and H-bonds and should loosen constraints on
helix K. This would have severe consequences for the stabilization of the heme because L354 is engaged

in hydrophobic interactions with the methyl and vinyl moieties of the heme (Figure S1C).
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F405S: F405 is part of a hydrophobic pocket near the surface of the protein that also includes
V306, F307, 1314, T349, L356, P407, and L462. F405 is wedged between P407 and F307 and forms a
stacking interaction with the latter residue from helix I (Figure S1D). At first inspection, the location near
the surface would render the F405S mutation relatively benign, even considering a potential collapse of the
hydrophobic pocket by introducing the much smaller serine. However, just as in the above EXXR motif,

the interacting partners of F405 also involve an amino acid from the C-terminal end of helix K, namely

helix K and likely affect the position of heme (Figure S1D).

L356 )

L356. Removing the stacking interaction and hydrophobic contact with L356 will loosen the constraints on
R~ C35 «
A419

V359 /
1300
W~ Ryps
P358
L354 O

Figure S1. Selected mutations causing the SW phenotype. Side chain carbon atoms of mutated amino

acids are turquois and selected residues are labeled.
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SV mutations

L309F: L309 constitutes the penultimate amino acid in helix I, with P312 at the junction between
helices I and J (Figure 1), P454 at the end of B8, and P460 in the loop between 8 and 9 forming a lid on
top of L309. The mutation to phenylalanine results in sterically unfavorable interactions with L452 and
V479 from the C-terminal -sheet (Figure S2A). A nearby phenylalanine, F477, is not optimally placed to
engage in face-to-face or edge-on stacking interactions with F309. One way to accommodate the more

bulky side chain is to push out the 38 and §9 strands on the surface of the protein.

R342P: R342 resides on the surface of the protein and forms a salt bridge with D339. Both are part
of a loop region connecting helices J and K that is highly flexible between L1326 and S333 (this region is
not resolved in the electron density; Figure 1). Mutation to proline removes the charge but may not affect
conformation to a significant extent, as the adjacent residue on the surface, 344, is also a proline (Figure
S2B). The mutation likely does little to change the flexibility of the loop, as the loss of the above salt
bridge may be compensated by introduction of the more rigid proline. Indeed, this mutation is also listed
among those resulting in the NC CAH phenotype (Tables S2, S3), despite resulting in a drastic loss of

activity (0.7%; Figure 3B).

L364W: L364 is situated above the methylene moieties of the two propionic acid substituents on
one side of heme and its side chain C81 and C82 methyl carbons are at 3.8 A and 3.6 A from carbons C18
and C21, respectively, of progesterone (Figure S2C). The mutation to tryptophan may affect the
interactions with heme to a lesser extent than those with the substrate. Inspection of tryptophan side chain
rotamers reveals one conformation that may allow insertion of the indol moiety between Y98 and
progesterone, without creating obvious clashes. However, it is difficult to imagine how this mutation
would not reduce activity significantly and consequently lead to severe clinical manifestations (i.e. SW

CAH).
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G425S: G425 is part of a 37-residue long loop region that connects helices L and M (Figure 1).
The segment between A431 and G431 winds underneath the heme, thus creating a platform. However,
G425 is relatively far removed from the heme (the distance between Co. and the iron atom exceeds 13 A).
The mutation to serine would not affect the stacking of the loop at that site on top of W86, and modeling of
the serine side chain shows that the hydroxyl group would be located 2.2 A from the keto oxygen of M82
(Figure S2D). Only a slight adjustment of the B’ helical curl and the local loop region (Figure 1) might

result in formation of a H-bond that would stabilize the loop conformation and thus the heme platform.

Figure S2. Selected mutations causing the SV phenotype.
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NC mutations

R234G: R234 forms a H-bond to the keto oxygen (O3) in ring A of progesterone (Figure S3A).
Although the activity of the R234G mutant is not known, the NC CAH phenotype of the mutation is
perhaps surprising. Incidentally, the R234K mutation shares the NC phenotype and lowers the activity to
about 10% (Table S3). However, this observation is not unexpected because K234 likely maintains the H-
bond to O3. The NC phenotype of the R234G mutation argues against an important role of this H-bond in
anchoring the substrate at the ceiling of the active site. Instead, a host of hydrophobic interactions between
active site residues and progesterone rings and methyl substituents appears to be more important for

stabilizing the orientation of the substrate molecule.

S302Y: S302 is located in helix I, just below the edge of the $8/B9 sheet near the C-terminal end
of the protein (Figure 1). The only interaction of Oy in its side chain is to the carbonyl group of A298 one
turn away. The much larger tyrosine side chain cannot be accommodated at this site without clashes. The
majority of neighboring residues is hydrophobic and includes 1161 and F165 from helix E and F477 from
B9 (Figure S3B). It is conceivable that the -strand and the loop region preceding it (less constrained at
the C-terminus) could move somewhat to accommodate the bulkier tyrosine, with the phenyl moiety of the

latter engaging in edge-on stacking interactions with F165 and F477.

N388K: N388 sits between 37 and helix L and behind a gate formed by P46 at the end of helix A
and P361 that is located in the loop region between helix K and p5 (Figure 1). Its direct neighbors are N73
in $3 and Q390 in helix L and there are H-bonds between the side chains of N73 and N388 and between
the latter and the main chain amine of G391 (Figure S3C). Mutation to lysine will disrupt these
interactions but could bring NT into H-bonding distance from C=0 of G391. However, the longer lysine

side chain can likely only be accommodated by a slight adjustment in the relative orientation of helices A

and L (Figure 1).
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P454S: P454 is the last amino acid in the B8 sheet and the chain enters a sharp turn at that site
before winding back to 39 following an extensive loop (Figure 1). The proline is positioned on the surface
and the next residues are S455, G456, and D457 (Figure S3D). Mutation to serine poses no steric
challenges, and the hydroxyl group of the modeled side chain forms an ideal H-bond with C=0 of G456
(2.8 A). Therefore this mutation may not affect the flexibility of the loop to a significant extent either.
Indeed, the mutant enzyme retains about 50% activity with both the 17-OH-progesterone and progesterone

substrates (Figure 3C).

Figure S3. Selected mutations causing the NC phenotype.
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Clinical P450 21A2 mutations are listed in Tables S1 to S4. All data were taken from the Human
Cytochrome P450 (CYP) Allele Nomenclature Database (http://www .cypalleles.ki.se/). Note that the
amino acid numbering of P450 21A2 proteins in the database refers to products of the (mutated) genes
with GenBank number M12792.1 (1). Residue numbers in the main text differ from those in Tables S1 to
S4 by +1. An asterisk marks data taken from (2) and mutant proteins for which phenotype and/or activities
have not yet been determined are labeled ‘nd’. “0%” indicates what was reported and does not specify a
limit of detection. The reader should be aware that the activity results were obtained in different

laboratories under variable experimental conditions and are not necessarily optimized.
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Table S1. SW CAH causing mutations.

cDNA nucleotide Amino acid Clinical Activity in vitro
change change phenotype 170H-prog/prog
89C>A P30Q SW 0.2%/0%
160A>T K54X SW nd
166G>A G56R CL/SW 0.7%/1.4%
191G>A G64E SW 0%/0%
220A>T K74X SW nd
268G>T Goov SW 0%/0%
291C>A Y97X SW nd

320T>G L107R SW* 0.4%/0.3%
416T>A V139E SW nd

425T>C L142P SW 4%/0.4%
500T>C L167P SW 0.7%/0.4%
533G>C G178A SW* 19%/0%
532G>A G178R SW 0.4%/0%
682C>T Q228X SW nd

707T>A 236N SW* 1%/2.4%
710T>A V237E SW* 0%/0.1%
782T>C L261P SW nd

784C>T Q262X SW nd
871G>A G291S SW 0.8%/0.8%
871G>T G291C SW 0%/0%
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871G>C

875G>A

884C>A

904T>C

906G>A

946C>T

1061G>A

1060CT

1067G>C

1066C>T

1185C>T

1093C>T

1096C>T

1123G>A

1128C>A

1140G>C

1157C>G

12117>C

1214G>A

1222C>T

1223G>T

1277G>A

1276C>T

G291R

G292D

T295N

W302R

W302X

R316X

R354H

R354C

R356P

R356W

A362V

H365Y

R366C

G375S

Y376X

E380D

P386R

F404S

W405X

R408C

R408L

R426H

R426C

SW
SW
SW
SW
SW
SW
SW*
SW*
SW
SW
SW
SW
SW
SW
SW
CL/SW*
SV-SW

SW*

S10

nd
0.5%/0.7%
nd
0.1%/0%
nd

nd

0%/0%

nd
0.15%/1.5%
0%/0%
0%/0%

nd

nd
<1%/<1%
nd

30% ?

nd

nd

nd
1.3%/0.6%
nd
0.5%/0.4%

0%/0%



1330C>T
13377>C
1348A>C
1442A>C;1444C>T

1447C>T

R444X
L446P
T450P
Q481P,P482S

R483W

SV-SW

SW

SW

S11

nd
0.5%/0%
nd
nd

nd



Table S2. SV CAH causing mutations.

cDNA nucleotide Amino acid Clinical Activity in vitro
change change phenotype 170H-prog/prog
113A>T H38L Y nd

230T>C 77T Y 3%/5%
166G>A G56R Y 0.7%/1.4%
439T>C C147R NC/SV nd

505T>C C169R Y 0.1%/0%
515T>A 172N Y <2

842T>G V281G Y 3.9%/3.9%
884C>A T295N SV/SwW

898C>T L300F Y 9.5%/4.4%
905G>C W302S Y 3%/3%
922C>T L308F Y

1022G>C R341P NC/SV 0.7%/0.7%
1051G>A E351K Y 1.1%/1.2%
1067G>A R356Q Y 0.65%/1.1%
1088T>G L363W Y

1270G>A G424S Y 1.6%/2%
1277G>A R426H SV-SW 0.5%/0.4%
1295C>T P432L Sv*

1301C>T A434V Y 14%/12%
1337T>C L446P SV-SW 0.5%/0%
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1375C>T P459S SV

1388C>T P463L SV 2.6%/3%
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Table S3. NC CAH causing mutations.

cDNA nucleotide Amino acid Clinical Activity in vitro
change change phenotype 170HP/Prog
89C>T P30L NC 60%/30%
140A>G Y47C NC nd

185A>T H62L NC 45%/21%
356A>G H119R NC 32%/32%
361A>C K121Q NC* 14%/20%
371G>A R124H NC

394C>T R132C NC* nd

439T7>C C147R NC/SV nd

445C>T R149C NC* nd

497T>C L166P NC* 0.35%/0.4%
503C>A T168N NC nd

512T>A 171N NC* 0.7%/0.6%
581T>A 194N NC* 33%/47%
670C>T R224W NC 52%/46%
689T>C 1230T NC 63%/71%
697A>G R233G NC

698G>A R233K NC* 15%/8.1%
746T>C V249A NC*

794C>T A265V NC* 92%/100%
841G>C V281L NC 50%/20%
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847A>G

902C>A

910G>A

949C>A

949C>G

959G>A

965A>C

1021C>T

1022G>C

1105C>T

1161C>G

1171G>A

1219G>A

1291G>A

1303C>T

1357C>T

1376C>A

1419G>T

1436G>T

1444C>T

1448G>C

1448G>A

M283V

S301Y

V304M

L317M

L317V

E320K

D322G

R341W

R341P

A369W

N387K

A391T

D407N

E431K

R435C

P453S

P459H

M473lI

R479L

P482S

R483P

R483Q

NC
NC
NC
NC
NC
CL/NC*
NC*
NC*
NC/SV
NC
NC*
NC*
NC
NC*
NC
NC
NC*
N/NC
NC*
NC
NC*

NC

S15

46%-26%

4.6%/4.5%

18%/27%

0.7%/0.7%

46%/49%

38%/23%

73%/74%

50-68%/20-46%

76%/80%
70%/72%
1%/2.2%

1.1%/3.8%



Table S4. Mutations without an assigned clinical phenotype or known enzymatic activity.

c¢DNA nucleotide
change

613G>C
943C>T

1008C>G

Amino acid Clinical

change
V211L
Q315X

Y336X

phenotype

nd

nd

nd

S16

Activity in vitro
17HOP/Prog

nd
nd

nd



Table S5. Human P450 21A2 site-directed mutagenesis primers.

Name Sequence (5°-3")
G65E TAC AGG CTC CAC CTT GAA CTG CAA GAT GTG GTG
T296N ATC GGT GGC ACT GAG AAC ACA GCA AAC ACC CTC

S17
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