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In peripheral target tissues, levels of active glucocorticoid hor-
mones are controlled by 11β-hydroxysteroid dehydrogenase type
1 (11β-HSD1), a dimeric enzyme that catalyzes the reduction of
cortisone to cortisol within the endoplasmic reticulum. Loss of this
activity results in a disorder termed cortisone reductase deficiency
(CRD), typified by increased cortisol clearance and androgen ex-
cess. To date, only mutations in H6PD, which encodes an enzyme
supplying cofactor for the reaction, have been identified as the
cause of disease. Here we examined the HSD11B1 gene in two
cases presenting with biochemical features indicative of a milder
form of CRD in whom the H6PD gene was normal. Novel hetero-
zygous mutations (R137C or K187N) were found in the coding
sequence of HSD11B1. The R137C mutation disrupts salt bridges
at the subunit interface of the 11β-HSD1 dimer, whereas K187N
affects a key active site residue. On expression of the mutants in
bacterial and mammalian cells, activity was either abolished
(K187N) or greatly reduced (R137C). Expression of either mutant
in a bacterial system greatly reduced the yield of soluble protein,
suggesting that both mutations interfere with subunit folding or
dimer assembly. Simultaneous expression of mutant and WT 11β-
HSD1 in bacterial or mammalian cells, to simulate the heterozy-
gous condition, indicated a marked suppressive effect of the
mutants on both the yield and activity of 11β-HSD1 dimers. Thus,
these heterozygous mutations in the HSD11B1 gene have a domi-
nant negative effect on the formation of functional dimers and
explain the genetic cause of CRD in these patients.

The interconversion of inactive glucocorticoids (cortisone in
man and 11-dehydrocorticosterone in rodents) and hormon-

ally active glucocorticoids (cortisol and corticosterone) is cata-
lyzed by 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1),
an ER-localized membrane-bound enzyme (1). 11β-HSD1 is a
member of the short-chain dehydrogenase reductase (SDR) su-
perfamily of enzymes and naturally exists as a homodimer (2–5),
although some studies have suggested that it also may function as
a homotetramer (6). Unusually for an SDR enzyme, 11β-HSD1
has an N-terminal membrane anchor (7, 8), with a small portion
of the N-terminal segment of the enzyme present in the cytosol.
The glycosylated catalytic C-terminal domain exists in the lumen
of the endoplasmic reticulum (8) and putatively dips into the
membrane lipid bilayer to facilitate access to steroid substrates
(4, 5). The reaction direction that 11β-HSD1 catalyzes is deter-
mined by the relative abundance of NADP+ and NADPH (9, 10).
When purified, 11β-HSD1 acts more readily as a dehydrogenase,
inactivating cortisol to cortisone; however, in the presence of
a high NADPH/NADP+ ratio, generated in vivo through the activity
of microsomal hexose-6-phosphate dehydrogenase (H6PDH)
(11), 11β-HSD1 switches to ketoreductase, with the generation of
active glucocorticoid in key target tissues of glucocorticoid ac-
tion, such as liver and adipose. In these tissues, 11β-HSD1 ketor-
eductase activity has been shown to enhance hepatic glucose
output (12) and adipogenesis (13), respectively.

Cortisone reductase deficiency (CRD) is a disorder in which
there is a failure to regenerate the active glucocorticoid cortisol (F)
from cortisone (E) via 11β-HSD1 (1). A lack of cortisol regen-
eration stimulates ACTH-mediated adrenal hyperandrogenism,
with males manifesting in childhood with precocious pseudopub-
erty and females presenting in adolescence and early adulthood
with hirsutism, oligoamenorrhea, and infertility. Biochemically,
CRD has been diagnosed through the assessment of urinary cor-
tisol and cortisone metabolites, such as measuring the ratio of
tetrahydrocortisol (THF) plus 5α-THF to tetrahydrocortisone
(THE) and the ratio of cortols to cortolones (Fig. 1A). In CRD
patients, the THF+5α-THF/THE ratio is typically<0.1 (reference
range, 0.7–1.2) (1).
CRD was first described more than 20 years ago (14). To date,

11 individuals have been reported (14–19), and the HSD11B1
gene has been analyzed in seven CRD kindreds. Although no
functional mutations were found in the coding regions of the
HSD11B1 gene, the analysis revealed an A insertion and a T-G
substitution in intron 3 in some patients. This 83557A/83597T-G
haplotype was associated with a 28-fold reduction in 11β-HSD1
mRNA in adipose tissue with complete loss of ketoreductase ac-
tivity, indicating a potential biomarker for CRD. However, due to
the heterozygous presence of this locus in 25% of normal indi-
viduals and homozygous presence in 3%, these mutations cannot
account for the CRD phenotype. Based on the critical need of
11β-HSD1 for NADPH, we focused our attention on H6PDH,
aG6PDH-like enzyme responsible for NADPH generation within
the endoplasmic reticulum. We reported four novel homozygous
mutations in the H6PD gene in four individuals with florid CRD
(THF+5α-THF/THE ratio ≤0.05). None of these patients had
mutations in the HSD11B1 gene (20), and accordingly, the term
“apparent” cortisone reductase deficiency (ACRD) was applied.
Eachmutation abolished H6PDH activity and resulted in a lack of
NADPH cofactor to support the ketoreductase activity of 11β-
HSD1 (20).
Here we report the first examples of heterozygous mutations

in the coding sequence of the HSD11B1 gene in two patients
presenting with hyperandrogenism and premature pseudopub-
erty with biochemical features indicative of CRD, in whom the
H6PD gene was normal. Using both bacterial and mammalian
cell expression systems, we investigated the effect of the muta-
tions expressed either alone or together with WT 11β-HSD1.
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This study included developing a bacterial system that facilitates
the purification of recombinant heterodimers (mutant/WT).

Results
Urinary Steroid Metabolite Analysis. Results for the two index
cases, A and B, are presented in Table 1 and Fig. 1B. Mea-
surement of urinary cortisone and cortisol metabolites revealed
abnormally low THF+5αTHF/THE ratios, 0.26 in case A and

0.16 in case B, both lower than age- and sex-specific reference
cohorts. The ratio of cortols to cortolones, which also reflects the
secondary metabolism of cortisol and cortisone, was also low
compared with age- and sex-specific reference cohorts (Fig. 1B).
In addition, measurement of absolute levels of cortisol and
cortisone metabolites revealed low to normal levels of cortisol
metabolites but very high levels of cortisone metabolites com-
pared with age- and sex-specific reference cohorts (Fig. 1B),
again in keeping with a blockage in 11β-HSD1–mediated
cortisone-to-cortisol conversion. We extended this analysis to the
parents of cases A and B and found a maternal inheritance of the
biochemical phenotype. The mothers had urine biochemistry
identical to that found in their offspring, with lower THF+5α-
THF/THE and cortol/cortolone ratios, whereas both fathers
demonstrated normal values for these parameters (Table 1). To
examine secondary activation of the hypothalamic-pituitary-
adrenal axis, we summed the values of all cortisol and cortisone
metabolites to provide an index of total secretion rate (reported
as μg/24 h) (21). An increased cortisol secretion rate was clearly
suggested in both patients and their mothers, but levels for the
fathers were within the reference range (Table 1).
Cases A and B exhibited higher levels of excreted androster-

one, etiocholanolone, and dehydroepiandrosterone (DHEA).
The cumulative excretion of androsterone + etiocholanolone +
DHEA reflects the degree of adrenal androgen output, which
was 4,945 μg/24 h (sex- and age- adjusted reference range, 352–
1,774) for case A and 7,740 μg/24 h (sex- and age- adjusted
reference range, 2,960–4,880) for case B. Similarly, the mothers
of cases A and B showed androgen metabolite excretion levels
either at the upper range of normal (mother of case A, 5,579 μg/
24 h) or higher (mother of case B, 8,248 μg/24 h) (reference
range, 1,152–5,828). In contrast, androgen excretion in the
fathers of cases A and B were normal at 5,639 μg/24 h and 6,354
μg/24 h, respectively (reference range, 2,650–7,863) (Table 1).

Molecular Analysis of H6PD and HSD11B1 Genes. No mutations were
identified in H6PD. However, sequencing of HSD11B1 revealed
two sequence variants in cases A and B, one each in the hetero-
zygous state, which were not detected in 120 control chromosomes.
Case A was heterozygous for a maternally inherited c.409C > T
mutation in exon 4 generating an arginine-to-cysteine missense
mutation (R137C) (Fig. 1C). Case B was heterozygous for a ma-
ternally inherited c.561G > T mutation in exon 5 generating a ly-
sine-to-asparagine missense mutation (K187N) (Fig. 1C).

Functional Analysis of HSD11B1 Mutations. Sequence alignments
indicate that Arg137 and Lys187 are strictly conserved within 11β-
HSD1 proteins from different species (Fig. 2 A and B). Exami-
nation of the position of Arg137 in crystal structures of 11β-HSD1
(Protein Data Bank entries 2BEL, 2IRW, 3FCO, 1XU7, and
1XU9) reveals a potentially vital role in dimerization of the
enzyme. Arg137 on helix αE of the A subunit is positioned at
the edge of the dimer interface and forms a salt bridge with the
highly conserved residue Glu141 on the B subunit (Fig. 2 C and
D). A corresponding interaction between Arg137 on the B sub-
unit and Glu141 on the A subunit forms a second bridge.

Expression of 11β-HSD1 Homodimers in Mammalian Cells. To further
address the functional consequence of these mutations, the
R137C and K187Nmutants were stably expressed in vitro in HEK
293 cells, and 11β-HSD1 enzyme activity was measured by the
conversion of cortisone to cortisol within the intact cells. HEK
293 cells mock-transfected with empty vector had no detectable
activity (Fig. 3A). Upon transfection with WT 11β-HSD1, robust
activity was seen; however, transfection of cells to similar levels
(as evidenced by similar mRNA expression; Fig. 3B) with the two
mutant 11β-HSD1 constructs produced only ∼5% of WT activity
from the R137C mutant and no activity from the K187N mutant
(Fig. 3A). Western blot analyses of total cell lysates indicated that
compared with WT, low levels of 11β-HSD1 protein accumulated
from the R137C mutant (Fig. 3C), whereas the K187N construct

Fig. 1. Urinary steroid analysis and molecular genetic assessments of cases A
and B. (A) Schematic representation of the interaction between 11β-HSD1
and H6PDH. H6PDH generates NADPH, enabling 11β-HSD1 ketoreductase
activity to convert cortisone (E) to cortisol (F). Cortisone and cortisol are
metabolized by 5α reductases to produce THE and 5β reductases to produce
5α-THF and THF. The 20α- and 20β-HSDs further metabolize these to corto-
lones and cortols. These metabolites are detectable in urine and serve as
biomarkers of 11β-HSD1 activity. (B) Urinary cortisol and cortisonemetabolite
levels/ratios for case A (•) and case B (♦). Normal ranges for urinary steroid
analysis are depicted as box-and-whisker plots and were determined using
sex and age specific normal cohorts, which for the purposes of this report are
drawn from a cohort of males age 10–16 y. (C) HSD11B1 gene mutations in
CRD cases A and B. Pedigrees for each case are shown with the affected male
being the filled square. The gene structure for HSD11B1 is shown as filled
boxes for exons and intervening lines for introns. A sequencing trace is shown
indicating the affected nucleotide. The position and alteration at the nucle-
otide and protein levels are given above each trace. The position of the
K187N missense mutation relative to the highly conserved YxxxK catalytic
motif is shown below the gene schematic.
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was capable of producing some 11β-HSD1 protein, although the
K187 protein was clearly inactive.
Bacterial expression systems were then used to fully charac-

terize the effect of these mutations on kinetic parameters of the
enzyme and also to investigate their possible effects when pro-
duced as WT/mutant heterodimers, as would be found in vivo in
cases A and B. The expression system used entailed the expres-
sion of an N-terminally truncated version of 11β-HSD1 (i.e., mi-
nus the transmembrane anchor), which contained an additional
mutation (F278E) designed to promote solubility and mono-
dispersity of the protein without affecting enzyme activity (22).

Analysis of 11β-HSD1 Homodimers Expressed in Bacteria. Expression
of WT homodimeric 11β-HSD1 protein from either the pRSF-1
(His-tag) or pET-51 (Strep-tag) vector in Escherichia coli yielded
similar amounts of purified soluble protein with similar kcat and
Km values to those reported previously (22) for a pET-28 (His-
tag) construct (Fig. 4). However, the introduction of the K187N

mutant into pRSF-1 resulted in a complete absence of any sol-
uble protein, whereas the equivalent R137C construct yielded 6-
times less soluble protein than WT (Fig. 4A). The yield of total
protein (soluble + insoluble) from these types of vectors is not
significantly affected by the mutations (22). Thus, both mutations
drastically affected either subunit folding or dimer assembly/
stability in this expression system. The purified homodimeric
R137C mutant protein also showed a small decrease in turnover
rate (kcat), but with no significant change in Km (Fig. 4 B and C).
This is in agreement with findings of a previous preliminary study
using pET-28 constructs (22) and parallels the results obtained
from the mammalian expression system (Fig. 3).

Analysis of 11β-HSD1 Heterodimers. To fully investigate the effects
of the R137C and K187N mutations on heterodimer formation
and activity, bacterial cells were simultaneously transformed with
both the pRSF-1 and the pET-51 plasmids, with one vector
containing WT 11β-HSD1 and one vector containing either the
R137C mutant or the K187N mutant. The effect of this dual
expression of WT and mutant constructs was initially estimated
by assaying total enzyme activity and relative amounts of His/
Strep tag in cleared lysates of the bacterial cells (Fig. 5). When
both plasmids contained WT protein, the pET-51 plasmid
expressed more soluble protein than the pRSF-1 plasmid (Fig.
5B). This could be due to either greater promoter efficiency or
a higher copy number of pET-51. When the R137C or K187N
mutations were present in the pRSF-1 plasmid, a 40–50% de-
crease in total enzyme activity was observed (Fig. 5A). There was
also a significant reduction (by 55–65%) in the amount of mutant
polypeptide found in the soluble fraction, although the level of
soluble WT subunit (from pET-51) was much less affected (Fig.
5B). A greater decrease in enzyme activity (of 85–95%) was
observed in the reverse situation, when the mutants were present
in the pET-51 plasmid with pRSF-1 expressing WT protein (Fig.
5A). This was accompanied by substantial decreases in the
amounts of both WT and mutant polypeptide in the soluble
fraction (Fig. 5B). This suggests that in this situation, because of
the greater mutant protein production by the pET-51 plasmid,
more WT monomers were interacting with mutant monomers
and forming unstable/insoluble heterodimers or other com-
plexes, resulting in the reduced enzyme activity. To confirm that
the effects seen were not due to anomalies of the chosen bac-
terial expression system or the tags, full-length untagged mutant

Table 1. Diagnostic ratios and summation of urinary cortisol
and androgen metabolites as assessed by GC/MS in patients and
their family members

(THF+5α-THF)/
THE

Cortols/
cortolones

Total
androgens,
μg/24 h

Total cortisol
metabolites,

μg/24 h

Case A
(46,XY)

0.26* 0.13* 4,945† 10,770†

Mother A 0.29* 0.13* 5,579 12,701†

Father A 0.95 0.61 5,639 9,211
Case B
(46,XY)

0.16* 0.14* 7,740† 8,151

Mother B 0.50* 0.17* 8,248† 15,073†

Father B 0.75 0.33 6,354 11,319

Total metabolites reflect 24-h secretion rates of adrenal cortisol and
androgens, respectively. Total androgens represent androsterone + etiocho-
lanolone + dehydroepiandrosterone. Total cortisol metabolites represent
THF + 5α-THF + THE + cortols + cortolones + free F + free E.
*Decreased below the minimum of the sex- and age-specific reference
cohort.
†Increased above the maximum of the sex- and age-specific reference
cohort.

Fig. 2. The structural importance of the 11β-HSD1 muta-
tions R137C and K187N. (A) Alignment showing the strict
conservation of Arg137 (marked with *) in 11β-HSD1 pro-
tein sequences from different species. Arg137 interacts to
form a salt bridge with conserved residue Glu141 (under-
lined on the alignment) on the opposing subunit. (B)
Alignment showing the conservation of Lys187 (marked
with *) across species. Lys187 forms part of the catalytic
tetrad, which includes the adjacent residue Tyr183 (under-
lined in the alignment). (C ) A ribbons representation of
the crystal structure of the 11β-HSD1 dimer (Protein Data
Bank code: 2bel, chains A and B) showing the salt bridges
between Arg137 and Glu141 on the αE helices of opposing
subunits. Arg137 and Glu141 are represented in ball-stick
format colored by heteroatom. (D) A closer view of the
side-chain interactions between the two pairs of Arg137

and Glu141 residues at the subunit interface of 11β-HSD1
(Protein Data Bank code: 2bel, chains A and B), showing
the close interaction (<4Å) between the heavy atoms. The
salt bridges are of the fork-fork class (35) in this structure,
although other 11β-HSD1 crystal structures are of the fork-
stick type. These interactions may promote correct orien-
tation of the subunits during dimer formation, as well as
stabilize the final assembly. Structural images were pro-
duced using UCSF Chimera from the University of Cal-
ifornia San Francisco’s Resource for Biocomputing, Visualization, and Informatics (supported by National Institutes of Health Grant P41 RR-01081) (36).
Distances calculated between nitrogen and oxygen atoms are shown in Å.
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and WT sequences were coexpressed in mammalian (HEK293)
cells using a bicistronic vector. Lysates of stably transfected cells
reproducibly demonstrated a dramatic reduction in 11β-HSD1
activity when either of the mutants was coexpressed with the WT
sequence (Fig S1A). A reduction in total 11β-HSD1 protein in
the cleared lysates was also observed when the mutants were
included (Fig S1C), although the reduction with K187N was less
dramatic than that with R137C.
To elucidate the true effect of both the R137C and K187N

mutants on heterodimer formation and activity, a protocol was
developed to purify mutant/WT heterodimers from bacterial
lysates. This procedure exploited the different N-terminal tags
on the different constructs and involved diluting the protein
solutions heavily to ensure the presence of dimeric protein, but
not tetrameric protein (22). After the procedure, the presence of
true heterodimers was also confirmed by analysis of the relative
proportions of His and Strep tags by standardized Western blot
analyses. All purified preparations showed equal levels of the two
tags (Fig. S2), as would be expected for true heterodimers. An
analysis of heterodimer properties revealed that the WT-His/
WT-Strep hybrid dimer control had unchanged kcat and Km
values compared with the pET-51– and pRSF-1–derived WT
homodimers (Table 2). The yield of soluble protein was not that
high, which is not surprising given the number of chromato-
graphic steps in the procedure. However, the WT/R137C hybrid
dimer showed a pronounced reduction in yield (>80%) com-
pared with the WT/WT hybrid dimer (Table 2), along with
a slight reduction in kcat. The WT/K187N hybrid dimer exhibited
a similar large decrease in yield compared with WT/WT; how-
ever, the protein produced in that case was completely inactive
(Table 2). Thus, including mutant strands in the expression system
resulted in reduced levels of soluble WT 11β-HSD1, as well as
reduced enzyme activity of the WT subunits when present
in heterodimers.

Discussion
Before the present work, deficient reduction of cortisone to cor-
tisol had been attributed only to mutations in the gene encoding
H6PDH, the enzyme that supplies NADPH to 11β-HSD1 (20),
a condition subsequently termed apparent cortisone reductase
deficiency (ACRD). Individuals with an inactivating mutation
in H6PD lose 11β-HSD1 ketoreductase activity but gain dehy-
drogenase activity, leading to a dramatically increased cortisol
clearance rate and an extreme biochemical phenotype typified by
very low THF+5αTHF/THE ratios. However, our findings sug-
gest that mutations in the coding region of the HSD11B1 gene
itself also may be important in some cases, even when present in a
heterozygous state. We examined the HSD11B1 gene in two
patients presenting with hyperandrogenism and premature
pseudopuberty with biochemical features indicative of a milder
form of CRD, in whom the H6PD gene was normal. Given these
patients’ milder defect in cortisol metabolism, we hypothesized
that the underlying genetic cause in these cases might be inacti-
vatingmutations inHSD11B1. Suchmutations would result in loss
of both ketoreductase activity and dehydrogenase activity, as seen
in 11β-HSD1 KO mice (12), manifesting as a less severe bio-
chemical phenotype compared with H6PD mutations in man and
H6PDH KO mice; indeed, in cases A and B, the urinary THF
+5αTHF/THE ratio was ∼0.2, compared with the value of <0.05
seen in ACRD. Two novel mutations (R137C and K187N) in
HSD11B1 were identified in cases A and B. Although these two
cases were heterozygous for the mutations rather than homozy-
gous, it was possible that because of the dimeric nature of 11β-
HSD1, the expression of mutant subunits could interfere in some
way with the activity of the coexpressed WT subunits; that is, the
mutations could have a dominant-negative character. We
addressed this question using our previously developed bacterial
expression system (22, 23), together with a mammalian cell
expression system.
Sequence alignment indicated that both Arg137 and Lys187 are

strictly conserved within 11β-HSD1 proteins from different spe-
cies (Fig. 2 A and B). Lys187 is a component of the YxxxK motif
that is strictly conserved within the SDR family, being part of the

Fig. 3. 11β-HSD1 ketoreductase activity, mRNA levels, and protein expression
from homodimers expressed in stably transfected HEK293 cells. (A) 11β-HSD1
enzyme activity assays in HEK 293 cells mock-transfected or stably transfected
with theWT andmutant cDNA constructs expressed as pmol cortisol produced/
mg of protein/h (mean ± SEM; n = 3). Mock-transfected cells exhibited no 11β-
HSD1ketoreductase activity.Activitywas 53.1± 3.1 in cells transfectedwithWT
11β-HSD1 and 4.1 ± 0.4 for the R137C mutant. No ketoreductase activity was
detectable for the K187N mutant. (B) Real-time PCR assessment of HSD11B1
gene expression in stably transfected clones compared with mock-transfected
controls, indicating overexpression of HSD11B1 mRNA in transfected lines,
expressed in arbitrary units (AU). (C) Western blot analysis of whole cell
extracts from HEK293-transfected cells. High levels of WT protein were pro-
duced with significantly lower levels from the R137C and K187N mutants.

Fig. 4. Yield of soluble protein and kinetic parameters of homodimers of
11β-HSD1 in the bacterial expression system. (A) Yield of soluble, purified
11β-HSD1 protein. Values are given in mg of protein purified per L of LB
broth. Bars represent SEM (n = 3). (B) Turnover rates (kcat) for the conversion
of cortisol to cortisone. The decrease observed for the R137C mutant is
statistically significant (P < 0.05, ANOVA). No data are available for the
K187N mutant, because no soluble protein was produced. (C) Km values for
cortisol for WT and mutant proteins. The increase observed for the R137C
mutant compared with WT is not statistically significant. No data are pre-
sented for the K187N mutant, because no soluble protein was produced.
Bars represent SEM (n = 3).
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core catalytic tetrad of Asn, Ser, Tyr, and Lys required for enzyme
activity (24). In most of the SDR enzymes characterized to date,
the highly conserved Tyr residue functions as general acid/base
catalyst, whereas the Lys facilitates catalysis, acting as part of
a proton relay and interacting with the nicotinamide cofactor. In
a previous study, site-directed mutagenesis of this residue in rat
11β-HSD1 resulted in complete loss of enzyme activity (25). The
present study confirms the importance of this residue to human
11β-HSD1 activity; no enzyme activity could be detected when the
K187N mutant was expressed in either mammalian or bacterial
cells. In the bacterial system, no soluble protein could be detected

at all, indicating the probable additional importance of this resi-
due to structural stability. Lys187 is known to ligate the 2- and 3-
ribose hydroxyls of the nicotinamide cofactor in 11β-HSD1 (6),
and cofactor binding may be essential for correct folding/stability.
Inability to bind cofactor also would impair binding of the in-
hibitor carbenoxolone, which is added to the bacterial system to
promote the expression of properly folded, soluble protein—
hence probably explaining the even lower levels of soluble pro-
tein found in the bacterial system compared with the mammalian
cell system.
11β-HSD1 is a dimeric enzyme, and although a mutant K187N

homodimer would be expected to be inactive, the effect of het-
erodimer formation between WT and mutant subunits (as could
occur in heterozygous humans, such as case B) was uncertain.
The two subunits of 11β-HSD1 are closely intertwined, facili-
tating a close structural interplay between the monomers (4, 5).
Thus, the K187N mutation in one subunit possibly could nega-
tively affect the activity of an adjacent WT subunit. This type of
effect has been reported for the enzyme biotin carboxylase,
where an inactivating mutation in the active site of one monomer
of the protein was found to have a dominant negative effect on
the other monomer, resulting in a 285-fold decrease in activity
(21). The experimental evidence from the hybrid WT/K187N
dimer constructed in the present study suggests that this is in-
deed the case for 11β-HSD1. The purified heterodimer had no
detectable enzyme activity. However, the simultaneous expres-
sion of the K187N mutant had a second, unexpected effect on
the coexpressed WT 11β-HSD1, substantially reducing the yield
of soluble WT polypeptide. Therefore, it seems likely that the
mutant subunit is capable of interacting with WT subunits to
cause unstable and ultimately insoluble aggregates; that is, the
mutation exerts a dominant negative effect on protein yield as
well as activity.
Expression of the R137C mutation as a homodimer in either

mammalian or bacterial cells also resulted in a dramatic decrease
in the yield of functional soluble protein, coupled with a more
minor effect on the kcat of the purified enzyme. An explanation
for this effect lies in the potentially vital role of Arg137 in di-
merization of the 11β-HSD1 enzyme. This conserved residue
forms two interfacial salt bridges with the similarly conserved
Glu141 between each pair of subunits. Salt bridges, particularly
those involving arginine, can play a prominent role in protein
stability (26–28), including stabilizing intersubunit interactions
(29) and guiding the subunits to the correct docked arrangement
(30, 31). Of relevance here is that an Arg–Asp salt bridge at the di-
meric interface of another SDR, 3α-hydroxysteroid dehydrogenase/
carbonyl reductase, has recently been shown to be essential for
conformational stability, oligomeric integrity, and enzymatic ac-
tivity (32). Thus, salt bridgesmay be a commonway in which dimer
formation is promoted, and dimer integrity maintained, in the
SDR family.
As with the K187N mutant, coexpression of the R137C mutant

with WT 11β-HSD1 resulted in a marked suppression of soluble
proteins, including WT strands. Interestingly, purifying the WT-
R137C hybrid dimer from this system led to similar reductions in
yield (∼80%) and kcat (∼20%) to those seen when homodimeric
R137C was compared with homodimeric WT (Fig. 3). This
implies that the deleterious effects of the R137C mutation can
extend across the dimer interface to influence activity of the
other, nonmutant monomer.
In conclusion, we have shown that K187N and R137C have

deleterious effects on 11β-HSD1 activity by compromising the
production and stability of the dimeric protein, and thus true
CRD due to mutations in HSD11B1 may be a further monogenic
cause of hyperandrogenism/premature pseudopuberty. There
remains intense interest in the potential role of 11β-HSD1
inhibitors in treating facets of the metabolic syndrome, notably
insulin resistance, glucose intolerance, and obesity (33). Our
cases were young boys referred from outside our center, and to
date we have not been able to perform metabolic phenotyping
studies. Nonetheless, the two cases illustrate a potential pitfall of

Fig. 5. Effect of coexpression of mutant and WT 11β-HSD1 constructs in
E. coli. (A) Specific enzyme activity of cleared lysates of bacteria transformed
with two plasmids: pET-51, encoding a Strep-tagged protein, and pRSF-1,
encoding a His6-tagged protein. Enzyme activity was measured in the de-
hydrogenase direction (conversion of cortisol to cortisone) at saturating
substrate concentrations. Expression of the mutants from the pRSF1 plasmid
resulted in a decrease in enzyme activity, but to a much lesser degree than
when the mutants were in pET-51. Bars represent SEM (n = 3). (B) Western
blot densitometry analysis of relative concentrations of His and Strep tags in
cleared bacterial lysates. Expression of either mutant caused a reduction in
both mutant and WT polypeptides found in soluble form, with a greater
effect when the mutants were in pET-51. Note the greater expression of
Strep-tagged protein driven by pET-51 compared with His-tagged protein
from pRSF-1 in the WT/WT control.

Table 2. Yield of soluble protein and kinetic parameters and for
the various hybrid dimers of 11β-HSD1 purified from the
bacterial expression system

Construct

pRSF-1
(His tag)

pET-51
(Strep tag)

Yield
(mg l−1)

kcat
(min−1)

Km

(μM)

WT WT 0.047 ± 0.003 2.29 ± 0.18 7.62 ± 1.52
R137C WT 0.008 ± 0.001 1.73 ± 0.15 14.72 ± 2.81
K187N WT 0.008 ± 0.004 — —

The kcat and Km values for the WT-His/WT-Strep heterodimer construct are
not significantly different from the previous homodimeric WT constructs, al-
though the yield of the heterodimer is lower. Heterodimeric R137C/WT con-
structs have decreased kcat values and increased Km values. There also is
a significant reduction in the yield of soluble protein compared with the
WT/WT equivalent. Heterodimeric K187/WT constructs have no detectable
enzyme activity, in addition to a significant reduction in the yield of soluble
protein. Yield values are given inmgof protein per L of LB broth± SEM (n = 3).
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selective 11β-HSD1 inhibition: adrenal hyperplasia and hyper-
androgenism. Future clinical studies are needed to define the
relevance of this finding in older subjects.

Materials and Methods
Further details regarding the materials and methods used are provided in SI
Materials and Methods.

Cases. Approval for all studies was obtained from the local hospital Ethics
Committees. Cases A and B were minors, and parental consent was obtained.
Case A presented at age 8 y with features of premature pubarche and ad-
vanced bone age. Case B presented at age 13 y with recent onset obesity
(body mass index, 32.5 kg/m2), clinical signs suggestive of insulin resistance
(acanthosis nigricans), and hyperandrogenemia.

Urinary Steroid Metabolite Analysis. Adrenal-derived urinary steroid metab-
olites were measured on complete 24-h collections by GC/MS-selected ion
monitoring, as reported previously (17,34).

Functional Analysis: Mammalian Cell Expression of Homodimers and
Heterodimers. Full-length homodimers were expressed from WT or mutant
HSD11B1 cDNA contained in pCR3 (Invitrogen). In addition, WT and mutant
HSD11B1 sequences were cloned into the pIRES vector (Clontech) to allow
high level expression of both genes from the same bicistronic mRNA tran-
script. Mammalian HEK 293 cells were transfected with WT and/or mutant

HSD11B1 constructs, and three cell lines were derived from three separate
transfection experiments.

Bacterial Expression and Purification of Recombinant 11β-HSD1 Homodimers.
All experiments used an N-terminally truncated version of 11β-HSD1 (i.e.,
minus the transmembrane anchor), which contains an additional mutation
(F278E) designed to promote solubility and monodispersity of the protein
without affecting enzyme activity (22). Constructs were expressed from pRSF-
1b or pET-51b(+) vectors (Novagen) with either His or Strep tags. Enzymes
were purified and activity was measured as described previously (22).

Bacterial Expression and Purification of 11β-HSD1 Heterodimers. To enable
expression of WT and mutant 11β-HSD1 heterodimers, E. coli BL21(DE3) cells
were cotransformed with pET-51b(+) and pRSF-1b containing the WT or
mutant 11β-HSD1 constructs. Heterodimers were purified by repeated-
affinity chromatography.

Measurement of 11β-HSD1 Activity. Dehydrogenase activity of bacterially
expressed 11β-HSD1 was monitored by spectrofluorimetry.
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