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Congenital adrenal hyperplasia due to
11-beta-hydroxylase deficiency: functional
consequences of four CYP11B1 mutations

Soara Menabo!®, Seher Polat>®, Lilia Baldazzi!, Alexandra E Kulle?, Paul-Martin Holterhus?>,
Joachim Grétzinger4, Flaminia Fanelli’, Antonio Balsamo*''” and Felix G Riepe3’7

Congenital adrenal hyperplasia (CAH) is one of the most common autosomal recessive inherited endocrine disease. Steroid

11 B-hydroxylase deficiency (11-OHD) is the second most common form of CAH. The aim of the study was to study the
functional consequences of three novel and one previously described CYP11B1 gene mutations (p.(Arg143Trp), p-(Ala306Val),
p-(Glu310Lys) and p.(Arg332GIn)) detected in patients suffering from classical and non-classical 11$-OHD. Functional
analyses were performed by using a HEK293 cell in vitro expression system comparing wild type (WT) with mutant

11 p-hydroxylase activity. Mutant proteins were examined in silico to study their effect on the three-dimensional structure of
the protein. Two mutations (p.(Ala306Val) and p.(Glu310Lys)) detected in patients with classical 118-OHD showed a nearly
complete loss of 11p-hydroxylase activity. The mutations p.(Argl43Trp) and p.(Arg332GIn) detected in patients with
non-classical 118-OHD showed a partial functional impairment with approximately 8% and 6% of WT activity, respectively.
Functional mutation analysis allows the classification of novel CYP11B1 mutations as causes of classical and non-classical
118-OHD. The detection of patients with non-classical phenotypes underscores the importance to screen patients with a
phenotype comparable to non-classical 21-hydroxylase deficiency for mutations in the CYP11B1 gene in case of a negative
analysis of the CYP21A2 gene. As CYP11B1 mutations are most often individual for a family, the in vitro analysis of novel
mutations is essential for clinical and genetic counselling.
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INTRODUCTION

Congenital adrenal hyperplasia (CAH) is a family of inborn errors of
steroidogenesis, each characterized by a specific enzyme deficiency
that impairs cortisol production. The majority of cases are caused by
21-hydroxylase deficiency (21-OHD) followed by 11f-hydroxylase
deficiency (118-OHD; OMIM _202010) in about 5-8% of cases. 12
The 11f-hydroxylase converts 11-deoxycortisol (11-S) to cortisol (F)
and 11-deoxycorticosterone (DOC) to corticosterone (B), and its
deficit causes an accumulation of steroids with mineralocorticoid
activity and an overproduction of androgens. Therefore, the classical
form of 11-OHD, with an estimated frequency of 1:200000 live
births, is characterized by genital ambiguity in affected girls and
postnatal hyperandrogenism in both sexes resulting in precocious
pseudopuberty with rapid somatic growth, bone age acceleration and
hypertension in about two-thirds of patients.>* The milder non-
classical forms are very similar to the 21-OHD non-classical forms
characterized by mild virilization and precocious pseudopuberty.>

In these mild forms, whose frequency is unknown, hypertension does
not occur often.>>°

The 11-OHD is caused by mutations of the 11f-hydroxylase gene
(CYP11BI), located on chromosome 8q21, approximately 40 kb apart
from the highly homologous aldosterone synthase gene (CYP11B2),
which has 95% of sequence homology.7 To date, more than 60
missense and nonsense mutations are reported in the Human Gene
Mutation Database (www.hgmd.cf.ac.uk) localized all over the gene,
with a minor presence in exons 1 and 9.

The aim of the study was to describe and characterize five
individuals from four unrelated families: two patients with classical
11-OHD and three patients with non-classical 11-OHD. All of them
have compound heterozygous mutations, and three novel missense
mutations were detected. In vitro studies were conducted for the novel
mutations and for one previously reported but not functionally studied
mutation. The pathogenicity of the detected mutations was proven and
discussed with the help of a three-dimensional molecular model.
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PATIENTS

Patient 1

Patient 1 of northern Italian origin was born in 1970 at 36 weeks of
gestation (weight 2600 g) after an uneventful pregnancy with normal
female external genitalia. She came to attention in Switzerland at the
age of 6 years due to facial acne without pubarche or axillary hair
growth and advanced bone age (11 years). Hormonal diagnosis of
non-classical 115-OHD was conducted but the results are not
available to us. A treatment with hydrocortisone was initiated. She
got married and came to our observation at the age of 39 years for
genetic counselling because of failure to conceive. After the genetic
diagnosis of 11-OHD was assured, treatment with prednisone was
adjusted and the patient spontaneously conceived a healthy female
child.

Patient 2

The male patient, now 13.4 years old, is the first son of a family with
two affected siblings who was born at term (weight 3150g, length
52cm) after an uneventful pregnancy to parents originating from
northern Italy. The patient presented with premature pubarche, tall
stature and accelerated growth velocity at 5.3 years. The bone age was
advanced with 11.5 years at a chronological age of 6.3 years. The test
results of the adrenocorticotropic hormone (ACTH) stimulation
are shown in Table 1. Non-classical 21-OHD was suspected, and
the treatment was started with hydrocortisone and a GnRH analogue
to prevent an incipient precocious puberty (testicular volume 3—4 ml).
The CYP21A2 gene analysis showed a heterozygous intron 2 splice-site
mutation on the paternal allele. Blood pressure values tended to
undulate in the high normal range (119/78 mmHg). The elevated
concentration of 11-S and DOC during treatment has later prompted
the investigation of the CYPI1BI gene (Table 1). Near-final height is
170.6 cm (SD —0.93) with relevant obesity of 104.4kg and a BMI of
35.9 (SD +2.93).

Patient 3

The female patient is the sister of patient 2. She was born at term after
an uneventful pregnancy and is 10.9 years old now. She presented
with premature pubarche at the age of 5.5 years without genital
virilization. Results of steroid analysis with ID-LC-MS/MS after
ACTH administration are depicted in Table 1. Treatment with
hydrocortisone was started at the age of 6 years due to progressive
bone age advancement (7 years). Blood pressure was in the normal
range for age at that time. To date, she has not menstruated and has a
pubertal evaluation of Ph5 and B2-3. She does not carry the intron-2-
splicing mutation on the CYP21A2 gene.

Table 1 Hormone data of patients

In vitro studies of four CYP11B1 mutations
S Menabo et al

Patient 4

The female patient (46, XX), now 22.5 years old, was born at term
(weight 2950 g, length 51 cm) to healthy non-consanguineous parents
of northern Italian origin. She showed ambiguous, markedly pig-
mented, external genitalia (Prader genital stage II-IIT). Ultrasound
and X-ray examinations showed normal Mullerian structures and
normal adrenals. Hormonal analysis revealed normal 17-OH-proges-
terone (17-OHP) and F levels for age, with elevated plasma
testosterone (T) and ACTH levels (Table 1). There was neither
clinical evidence for hypertension nor obvious salt loss. Although
CAH different from 21-OHD was suspected, treatment with cortisone
acetate (43.0 mg/m?/cortisol Eq) and fludrocortisone (0.025 mg/day)
was started as assays for 11-S, DOC or 17-OH-pregnenolone were not
available. A subsequent assay performed after 2 days of treatment
withdrawal showed high levels of 11-S, which confirmed 115-OHD.
Menarche occurred at 13 years of age; she was regularly menstruating
when compliant to therapy and attained an adult height of 165 cm
(target height 162 cm).

Patient 5

The female patient (46, XX), now 13.3 years old, was born at term to
healthy parents of southern Italian origin with a birth weight of 2980 g
and a birth length of 48.5 cm. Neonatal screening for 21-OHD CAH
was negative. At the age of 3 months, genital ambiguity was noted
(Prader stage III) and she was first admitted to our endocrine clinic.
Hormone analysis revealed an elevation in the levels of 17-OHP,
A4-androstenedione (D4A), T and ACTH (Table 1). Electrolytes and
blood pressure were in the normal ranges. Ultrasound investigations
showed normal adrenals and ovaries. Genitography depicted a short
urogenital sinus with the insertion of the vagina into the sinus at
1.5cm from the perineal level. Treatment with hydrocortisone was
initiated and, although the parents affirmed good compliance, the
hormonal control was bad and GnRH analogue treatment had to be
started at 6.0 years of age because of clear signs of secondary central
precocious puberty. Additional hormone analyses at that time
revealed elevated levels of 11-S (Table 1). At present, the girl is
regularly menstruating (menarche at 12 years) and reached a final
height of 149 cm (SD —2.3; target height 154.5, SD —1.4).

MATERIALS AND METHODS

Molecular genetic analysis of the CYP11BI gene

The molecular analysis of the CYP11BI gene was performed on DNA extracted
from peripheral blood leukocytes following a standard procedure. The coding
sequence of the CYPIIBI gene including exon-intron boundaries was
amplified in three partially overlapping fragments using the following specific
primers: AF (from nt —80 to nt —59)—AR (from nt 2263 to nt 2281) for exons

Pt. 170HP (ng/dl) D4A (ng/dl) F (ng/mi) T (ng/ml) 11-S (ng/miP DOC (ng/mlP ACTH (pg/ml)
2 1811148 4265473 122172 0.5 24.58° 0.84° (<0.15) -
(10-143-104-488) (10-81-17-146) (39-218169-365) (<0.10-0.37) (0.09-1.09)
3 2482 2882 1822 0.32 2.94s 3.24° (<0.12) -
(41.2-295.4) (0.28-1.64) (47.4-199.7) (0.10-0.45) (< 1.08)

4 230 — 85 1.7 7.54b — 333
(<600) (40-150) (0.36-0.58) (0.08-0.84) (5-60)

5 2430 1400 — 1.8 9.51P — 329
(<600) (<1.46) (0.36-0.58) (0.28-1.64) (5-60)

Hormone data of patient 1 before treatment were not available.

Baseline —»ACTH-stimulated hormone concentrations; reference intervals in parentheses; Bold characters refer to hormonal levels out of reference intervals.

2Performed with ID-LC-MS/MS.
PAssayed at a different time than other hormones.
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1 and 2; BF (from nt 2115 to nt 2136)-BR (from nt 3787 to nt 3811) for exons
3, 4 and 5; CF (from nt 3699 to nt 3723)-CR (from nt 5605 to nt 5624) for
exons 6, 7, 8 and 9. The position of nucleotides used for primers is numbered
considering +1 as the A of the ATG translation initiation codon of the
reference sequences GenBank NG_007954.1. Direct sequencing was carried out
using an automated CEQ 8000 Sequencer (Beckman Coulter Inc., Brea, CA,
USA) with internal additional primers. Sequence variants were designated
according to Human Genome Variation Society recommendations
(www.hgvs.org/rec.html)  using the reference sequences GenBank
NM_000497.3 for ¢cDNA. All detected variants are accessible through the
NCBI  dbSNP-polymorphism repository ClinVar (www.ncbi.nlm.nih.gov/
clinvar).

Site-directed mutagenesis

A pcDNA3.1 expression vector construct with the CYP11BI1-cDNA as an insert
(pcDNA3.1-CYP11BI construct) was used as previously described.® The
mutagenesis was performed using the QuikChange XL Site-Directed
Mutagenesis Kit according to the manufacturer’s protocol (Stratagene,
Amsterdam, The Netherlands). The introduction of the mutations was
confirmed by sequencing the complete cDNA. To eliminate any undesired
mutation in the vector backbone, the mutated CYP11B1-cDNA fragments were
re-cloned into the Xbal/BamHI: the site of a newly restricted pcDNA
expression vector.

Transient transfection

Approximately 2.5 x 10° HEK293 cells were plated 24 h before transfection.
Cells were transiently transfected with 2.5ug of each pcDNA3.1-CYPI11BI
mutant construct with the addition of 0.5 ug of adrenodoxin (pECE-ADX),
0.5 ug of Adx reductase (pECE-ADR) expression vectors (kindly provided by
Professor WL Miller, Department of Pediatrics, University of California,
San Francisco, CA, USA) and 0.5ug of pRK-TK (Promega, Mannheim,
Germany) coding for renilla luciferase using the X-fect plasmid transfection
reagent according to the manufacturer’s protocol (Clontech Laboratories Inc.,
Mountain View, CA, USA). HEK293 cells were incubated with the transfection
reagents for 4h at 37°C with 5% CO, in DMEM supplemented with 1%
antibiotics and 10% fetal calf serum, followed by further 48h incubation in
fresh full DMEM media. The renilla luciferase activity was measured using a
standard renilla luciferase assay (Promega).

Enzymatic activity assay

The kinetic constants of CYP11BI in intact HEK293 cells were determined 48 h
after transfection. The cells were incubated for 270 min at 37 °C with 1 ml of
full DMEM medium containing 0.1, 0.25, 0.5, 1, 2 and 4 umol/l DOC and
11-deoxycortisol (11-S) with 10mM NADPH (Sigma-Aldrich, Hamburg,
Germany) as an electron donor for the ADR enzyme.

Hormone measurement

Hormone blood levels in patients were measured with the following: (a) radio
immunoassay (RIA, Immunotech, Beckman Coulter Inc.) for 17-OHP with
intra- and inter-assay coefficients of variation (c.v.) <10%; (b) immune-
chemiluminometric assay (ICMA, Siemens) for D4A with Immunolite 2001,
c.v. <8%, and for ACTH with Immunolite 2002, c.v. <10%; and (c) electro-
chemiluminescence immunoassay (ECLIA, Roche, Modular) for T and F, with
cv. <7% and <5%, respectively.

Serum concentration of the steroid hormones 11-S and DOC was
determined by a validated isotopic dilution-liquid chromatography—tandem
mass spectrometry (ID-LC-MS/MS) method. The assay description and
validation are reported in detail elsewhere.” Accuracy ranged between 83.7
and 106.2%; intra- and inter-assay c.v. ranged between 2 and 11% for all
analytes. Sensitivity in serum matrix was 0.08 ng/ml for 11-S and DOC.
Cortisol, 170HP, D4A and T in patient 3 were also determined by this method
with sensitivity values of 0.24 ng/ml, 0.08 ng/ml, 0.04 ng/ml and 0.02 ng/ml,
respectively.

The steroid concentrations of DOC, B, 11-S and F in vitro were
simultaneously determined in the cell culture supernatant by using an
UPLC-MS/MS method as previously described.!® Accuracy ranged between
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94.3 and 98.6%; intra- and inter-assay c.v. ranged between 3.3 and 8.7% for all
analytes. The limits of quantification were 0.05 ng/ml for DOC, 0.06 ng/ml for
B and 11-S and 0.8 ng/ml for E

Western blot

Transfected cells were lysed in the lysis buffer (Promega). Total protein content
was determined using the Bradford method. Western blot analysis using a
rabbit antihuman CYP11B1 antibody (kindly provided by Dr H Takemori,
Department of Molecular Physiological Chemistry, Osaka University Medical
School, Osaka, Japan) was performed on the basis of a standard protocol to
ensure the expression and translation of CYPIIBI wild-type and mutant
proteins.

Statistical analyses

The enzymatic activity assay was performed in at least three independent
triplicate experiments, and data are presented as means+ SD. Kinetic para-
meters were established by nonlinear regression, using the Michaelis—-Menten
equation to determine the Michaelis-Menten constants (K,,) and V..
Catalytic efficiency (cat. eff.) was defined as the ratio Vi,,,/Ky, expressed as
the percentage of wild-type activity. The 11f-hydroxylase activity of the
mutants was expressed as a percentage of substrate conversion in picomole
(pmol) per milligram (mg) of total protein per minute (min), defining
CYP11BI wild-type activity as 100% after correction for total protein and
renilla luciferase activity. Enzyme kinetic parameters and enzymatic activity
were calculated using the GraphPad Prism software version 5.0 (GraphPad,
Inc., San Diego, CA, USA). Height and BMI standard deviation scores (SDS)
were calculated according to the Italian Reference Standards.!!

Molecular modelling

The detailed generation of the human CYP11B1 three-dimensional structure
model using the X-ray structure of the mammalian cytochrome CYP2C5 (Pdb
code 1DT6) as a template has been described previously.®!> The structural
representation was generated with Ribbons software.!?

RESULTS

Molecular analysis of the CYP11B1 gene

The CYPIIBI gene analysis in patient 1 revealed that she was
heterozygous for the mutation c¢917C>T (p.(Ala306Val)) and
for the novel mutation ¢.427C>T (p.(Argl43Trp)) (Figure 1). The
mutation p.(Ala306Val) has been previously described but was not
studied in vitro.'* Parents were not available for genetic analysis,
and thus the status of compound heterozygosity is inferred only from
the phenotype. Gene analyses in patients 2 and 3 revealed that
they were compound heterozygous for the paternal mutation
c.896T>C (p.(Leu299Pro))® and for a novel mutation c.995G>A
(p.(Arg332GlIn)) inherited from the mother (Figure 1). Gene analysis
in patient 4 revealed that she was compound heterozygous for a novel
c928G>A mutation inherited from the father, resulting in the
amino-acid change p.(Glu310Lys) in the CYP11B1 protein and for
the previously described mutation ¢.896T>C leading to p.(Leu299-
Pro)? inherited from the mother (Figure 1). The analysis in patient 5
revealed that she was compound heterozygous for the paternally
inherited mutation ¢.1066C>T (p.(GIn356Ter)) and for the mutation
c917C>T (p.(Ala306Val)) inherited from the mother (Figure 1).
Both mutations have been previously described.!®!>

Functional 11p-hydroxylase in vitro assays

The enzymatic activity of the novel CYPIIBI mutations was
functionally analysed using transiently transfected HEK293 cells
measuring the conversion of DOC to B and 11-S to F, respectively
(Figure 2). The p.(Glu310Lys) mutation showed no residual activity
in both pathways. The p.(Ala306Val) mutation showed residual
activity of 1.1£0.1% of wild-type activity for the conversion of
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Figure 1 Molecular genetic analysis of the CYPI1BI gene. (a) Schematic localization of the mutations. Upper: known mutations. Down: novel mutations.
*previously reported without functional characterization. (b) Pedigrees of the five patients from four unrelated families with electropherograms of the

mutations.

DOC and 1.2+ 0.2% of wild-type activity for the conversion of 11-S.
Therefore, the p.(Glu310Lys) and p.(Ala306Val) mutations have to be
considered as severe mutations causing classical 11f-hydroxylase
deficiency. The functional analysis of p.(Argl43Trp) showed
8.110.8% of wild-type activity for B production and 8.4+ 0.8% of
wild-type activity for F production. The p.(Arg332Gln) mutation had
residual activities of 5.7 +£0.6% and 5.6 £ 0.4% of wild-type activity
for in vitro B and F production, respectively. As both mutants
show residual activity above 5% of wild-type activity, they can
be considered as mild or non-classical mutations. Therefore, the
apparent kinetic constants for the mutations p.(Argl43Trp) and
p-(Arg332GlIn) have been investigated. For the conversion of DOC
to B, both mutations had comparable K, values with significantly
lower Vi, values compared with the wild type (Figure 3). The kinetic
constants for the conversion of 11S to F had higher K, values and
significantly lower Vi, values compared with the wild type
(Figure 3). The apparent kinetic constants for the wild-type protein

and the mutants are depicted in Table 2. Western blot analysis
demonstrated that all mutations had similar translation efficiency
compared with the wild-type protein (data not shown).

DISCUSSION

In the present study, we describe the molecular background of three
patients suffering from non-classical 11-OHD and two individuals
showing the classical form of the disease.

Mutants causing non-classical 115-OHD

Non-classical 114-OHD is characterized by the reduced ability to
synthesize cortisol together with the elevation of adrenal androgens,
clinically apparent at childhood or later with, for example, premature
pubarche, acne, hirsutism or menstrual irregularity. Genital ambiguity
is not noticed in the non-classical form. The frequency of non-
classical 115-OHD is not known but may be underestimated as
the phenotype is clinically indistinguishable from non-classical
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Figure 2 Residual 11p-hydroxylase activity of the four CYP11B1 mutants compared with wild type measured in intact HEK293 cells expressing
the CYP11B1 enzyme. (a) Conversion of DOC to B. (b) Conversion of 11-S to F. Lineweaver-Burk plots of enzymatic activity of non-classical mutations.
(c) Conversion of DOC to B. (d) Conversion of 11-S to F.

aCYPllBl human HRMSLEPWVAYRQHRGHRCGVFLLNGPEWRFNRLBLNPEVL SPNAVQRF 157

CYP11Bl1 mouse CRMPLESWIVHRELRGLGRGVFLLNGPEWYFNRLELNPNVLSPRKAVQKF 159
CYP1l1lBl rat HRMPLEPWVAHRELRGLRRGVFLLNGADWRFNRLELNPNML SPKAIQSF 157
CYP11Bl macaca RRMSLEPWVAYRQHRGHRCGVFLLNGPEWRFNRLBLNPDVLSPRAVQRF 157
CYP11BZ human CRMILEPWVAYRQHRGHRCGVFLLNGPEWRFNRLBLNPDVLSPKAVQRF 157
CYP11Bl mouse RRMHLEPWVAHRELRGLRRGVFLLNGPEWRLNRLBLNRNVLSPRAVQRF 159
CYP11BZ rat RRMHLE PWVAHRE LRGLRRGVFLLNGADWRFNRL|SLNPNVL SPRAVQNF 159
CYP11BZ macaca HRMSLEPWVAYRQHRGHRCGVFLLNGPEWRFNRL|ZQLNPDVL SPRAVQRF 157

CYP11Bl human NAELSPDAIRERNSMBILTAGSVDTTVFPLLMTLFELABRNPNVQQALRQES 344
CYP11Bl mouse ERTLSMDAIQRANSMILIAGSTDTTVFPLLMTLFELARNPNVQQALRQES 345
CYP11Bl rat QSTLSMDATHRANSMILIAGSVDTTVFPLLMTLFELARNPNVQQALRQES 343
CYP11Bl macaca NAELSPDAIRERNSMILTAGSVDTTVFPLLMTLFELABRNPNVQQALRQES 344
CYP11BZ human RAELSLEATREINSMRLTAGSVDTTVFPLLMTLFELABRNPNVQQALRQES 344
CYP11Bl mouse QGSLPLDAIRERNSMBILTAGSVDTTVFPLLMTLFELABRNPNVQQALRQES 346
CYP11BZ rat QGALPLDATREANSMILTAGSVDTTVFPLLMTLFELARINPNVQQALRQES 346
CYP11BZ macaca NAELSLEAIRRNSMBLTAGSVDTTVFPLLMTLFELARNPNVQQALRQES 344

bCYPllBl human PEWRFNRI
CYP11BZ human PEWRFNRL
CYP11lAl human AAWRRDR
CYPZ1AZ human LLWRAHK
CYP1741 huwman AHWQLHR
CYP1941 human ELWRTTRE

LNPEVLSP-NAVQRFLPMVDAVARDFSQALRRKVLQNARG 182
LNPDVLSP-RAVQRFLPMVDAVARDFSQALRRKVLQNARG 182
LNQE VMAP-EATRKNFLPLLDAVSRDFVSVLHRRIRRAGSG 192
TRSALLLG--IRDSMEPVVEQLTQEFCERMRAQPGTP--- 158
TFALFkDGDQRLERIICQEISTLCDMLATHNGQS--- 164
FMRALSGP--GLVRMVTVCAESLRTHLDRLEEVTNESGY- 184

CYP11Bl human NAELSPDAIRRANSMILTAGSVDTTVFPLLMTLFELABRNPNVQQALRQES 344
CYP11BZ human KAELSLEATIREANSMILTAGSVDTTAFPLLMTLFELABRNPDVQQILRQES 344
CYP11Al human DSKMSFEDIREANVTIEMLAGGVDTTSMT LQWHLYE NLKVQDMLRAEV 356

CYPZ21AZ2 human SGQLLEGHV. LLIGGTETTANTLSWAVVFLLHPEIQQRLQEEL 325
CYP1741 human SELLSDNHILWTIGEIFGAGVETTTSVVKWTLAFLLBNPQVRRKKLYEEI 332
CYP1941 human ---LTRENVNECILIMLIAAPDTMSVSLFFMLFLIAMHPNVEEATITIREI 335

Figure 3 Multiple CYP11B1 COBALT (NCBI) alignments. The Argl43, Ala306, Glu310 and Arg332 residues of CYP11B1 and corresponding amino acids
of the aligned CYPs are shaded. (a) Alignment of human CYP11B1 with human CYP11B2, the mouse, rat and macaca orthologues. (b) Alignment of
different human steroidogenic CYP enzymes (type | enzymes, CYP11B1, CYP11B2, CYP11A1; type Il enzymes, CYP21A2, CYP17A1, CYP19A1).
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Table 2 Apparent kinetic constants for the CYP11B1 wild-type and
mutant proteins with residual activity (>2%) causing non-classical
11p-hydroxylase deficiency

Arg143Trp Arg332GIn
wT (patient 1)  (patient 2+ 3)

DOC— B

K (uM) 1.1£0.2 1.0+0.3 1.4+0.3

Vinax (pmol/min‘mg) 69047 51+5 50+5

Vimax/ Km 627 51 36

% cat. eff. 100 8.1 5.7
11-S—F

Kw (uM) 0.6+0.1 1.0+0.3 1.4+0.3

Vinax (pmol/min/mg) 370+21 52+5 48+4

Vinax/ K 617 52 34

% cat. eff. 100 8.4 5.6

Abbreviations: WT, wild type; DOC, deoxycorticosterone; B, corticosterone; 11-S, 11-deoxycortisol;
F, cortisol.

Data for 11-S and F are represented as mean + SD.

% cat. eff. =% catalytic activity = Viya/ K (mutant)/Viax/ Ky (wild type) x 100.

21-hydroxylase deficiency (21-OHD), which has a frequency of up to
1:800 depending on the population.? This underscores the importance
to screen patients with such a phenotype lacking elevated levels of
17-OHP or mutations within the CYP21A2 gene for 113-OHD. This
can be easily done by baseline and ACTH-stimulated determination of
11-S and DOC or by a 24 h urinary steroid gas chromatography mass
spectrometry (GC-MS) profile in order to improve the discrimination
between these two conditions.

Today, eight distinct mutations associated with non-classical
11-OHD have been described.!® Herein, we add two novel
mutations causing the non-classical form of the disease. Patient 1 is
heterozygous for the mutant p.(Arg143Trp), which showed a residual
11p-hydroxylase activity of approximately 8% of wild-type activity,
consistent with non-classical 115-OHD.'>!7:18 The kinetic constants
reflect steric changes not necessarily affecting substrate binding but
reaction velocity. The residue 143 is located in the C helix with a side
chain pointing into the solvent surrounding (Figure 4). Helix C is
most obviously involved in redox-partner binding, and the distur-
bance of this contact can cause slower substrate conversion due to
insufficient electron flux.!*2°

The siblings 2 and 3 originate from northern Italy. Both were
heterozygous for the mutation p.(Leu299Pro) and the novel
p-(Arg332Trp) mutant. They showed a typical non-classical pheno-
type, which has to be caused by the p.(Arg332Trp) variant as this is
the mutation with the higher residual activity of about 6% of wild-
type activity. The residue Arg332 is conserved between different
species in 11f-hydroxylase and aldosterone synthase as well as in type
I P450 enzymes (Figure 3) Again, Arg332 is located in the I helix, and
its cationic side chain is part of a salt bridge with the anionic side
chain of p.Glu327 (Figure 4). This salt bridge stabilizes helix I and
shields the hydrophobic core from the surrounding water. The loss of
this salt bridge in case of the p.(Arg332GIn) mutant will destabilize
the T helix and hereby reduce haem binding as well as the overall
stability of the protein.

Mutants causing classical 115-OHD
Classical 11-OHD is characterized by cortisol deficiency and elevated
adrenal androgens causing ambiguous external genitalia in the female
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Ala306

Figure 4 Ribbon representation of the model of the three-dimensional
structure of CYP11B1.8 The central | helix important for a proper haem
binding and orientation is coloured in light blue. Side chains of the mutated
amino-acid residues p.Argl43, p.Ala306, p.Glu310, p.Arg332 and, in
addition, the side chain of p.Glu327, which forms a salt bridge with
p.Arg332, are depicted.

individuals at birth as detected in patient 4 and 5 in this study. Both
showed elevated precursor steroids including 11-S together with low
levels of cortisol. No one showed elevated blood pressure at diagnosis
at the neonatal age, a symptom typically seen with older age and
insufficient or absence of treatment. Patient 4 was compound
heterozygous for the novel p.(Glu310Lys) mutation and p.(Leu299Pro).
The latter variant has been characterized by Krone et al showing an
enzymatic activity of 1.2%.3 As expected from the phenotype of
patient 4, the mutant p.(Glu310Lys) has no measureable residual
activity. The alignment of different steroidogenic type I and type II
cytochrome P450 enzymes reveals that an acidic residue (glutamic
acid or aspartic acid) at position 310 is conserved in different species
and enzymes showing its relevance for the enzyme function
(Figure 3). Glutamic acid 310 is located in the I-helix and directly
involved in haem binding (Figure 4). A charge reversal in case of
p.(Glu310Lys) results in a loss of haem binding and therefore causes
complete loss of activity.

Patient 5 is heterozygous for the mutation p.(GIn356Ter) described
by Curnow et al in patients with classical 11-OHD.!*> The second
heterozygous mutation was p.(Ala306Val), which has been described
in a male Chinese patient with classical phenotype in the
heterozygous form.'* As the function of the mutation was not
studied, so far we analysed the mutant in vitro and were able to
show a severely diminished activity of 1% of wild-type activity.
Alanine 306 is conserved in 11f-hydroxylase and aldosterone synthase
in different species as well as in the type I enzyme P450 side chain
cleavage (CYP11A1) (Figure 3). The residue 306 in type II enzymes is
different (21-hydroxylase methionine, 17-hydroxylase threonine and
C19 aromatase glutamine), what seems to be an essential difference
between mitochondrial and microsomal P450 enzymes. Residue 306 is
also located in the I-helix, which is responsible for haem binding
(Figure 4). Ala306 is involved in the hydrophobic core of the protein
and thereby responsible for the correct orientation of helix I. The
increased hydrophobicity of valine in the mutant p.(Ala306Val) will
either lead to a destabilization of the whole protein or at least to a
reorientation of helix I resulting in the loss of haem binding.

In conclusion, we were able to show the inactivating effect of
three novel CYPI1I1BI mutations as well as one reported mutant.
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Two mutations are responsible for a non-classical phenotype in which
a residual enzyme activity of 6% is enough to prevent genital
virilization and prenatal onset of 115-OHD. As CYP11BI mutations
are most often individual for a family, the in vitro analysis of novel
mutations is essential for clinical and genetic counselling.
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