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Abstract: 11b-Hydroxysteroid dehydrogenase type 1 (11b-HSD1) is a key enzyme in the conversion
of cortisone to the functional glucocorticoid hormone cortisol. This activation has been implicated

in several human disorders, notably the metabolic syndrome where 11b-HSD1 has been identified

as a novel target for potential therapeutic drugs. Recent crystal structures have revealed the
presence of a pronounced hydrophobic surface patch lying on two helices at the C-terminus. The

physiological significance of this region has been attributed to facilitating substrate access by

allowing interactions with the endoplasmic reticulum membrane. Here, we report that single
mutations that alter the hydrophobicity of this patch (I275E, L266E, F278E, and L279E in the human

enzyme and I275E, Y266E, F278E, and L279E in the guinea pig enzyme) result in greatly increased

yields of soluble protein on expression in E. coli. Kinetic analyses of both reductase and
dehydrogenase reactions indicate that the F278E mutant has unaltered Km values for steroids and

an unaltered or increased kcat. Analytical ultracentrifugation shows that this mutation also
decreases aggregation of both the human and guinea pig enzymes, resulting in greater

monodispersity. One of the mutants (guinea pig F278E) has proven easy to crystallize and has been

shown to have a virtually identical structure to that previously reported for the wild-type enzyme.
The human F278E enzyme is shown to be a suitable background for analyzing the effects of

naturally occurring mutations (R137C, K187N) on enzyme activity and stability. Hence, the F278E

mutants should be useful for many future biochemical and biophysical studies of the enzyme.

Keywords: 11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1); recombinant protein expression;
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Introduction
The interconversion of cortisol and its inactive 11-keto

form, cortisone, is performed by the two isoforms of

the enzyme 11b-hydroxysteroid dehydrogenase. The

type 1 enzyme (11b-HSD1) is expressed in the liver,

brain, and adipose tissue with a predominant NADPH-

dependent reductase activity (reviewed in1), whereas

the type 2 enzyme (11b-HSD2), which acts predomi-

nantly as a NADþ-dependent dehydrogenase, is

expressed mainly in the kidney.2 The 11b-HSD iso-

forms constitute an important ‘‘prereceptor’’ mecha-

nism to regulate the physiological effects of active
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glucocorticoid.3 It has been hypothesized that a dysre-

gulation of cortisol at a tissue level, which would indi-

cate abnormal 11b-HSD1 activity, may be the underly-

ing pathology behind a range of conditions such as

type 2 diabetes and the metabolic syndrome (a condi-

tion comprising insulin resistance, abnormal lipid and

glucose metabolism, hypertension, and central obe-

sity).4 Recent animal studies have shown that 11b-
HSD1 is an important regulator of hepatic glucose out-

put and visceral adiposity. Transgenic mice overex-

pressing 11b-HSD1 in liver and adipose tissue recapitu-

late features of the metabolic syndrome.5–7 In

contrast, recombinant mice lacking 11b-HSD1 show

improved glucose tolerance, enhanced insulin sensitiv-

ity, and reduced weight gain when given a high-fat

diet.8,9 11b-HSD1 has therefore emerged as a novel

therapeutic target to treat patients with obesity and in-

sulin resistance, selective 11b-HSD1 inhibitors being

tested in rodent10 and mammalian models.11

11b-HSD1 is a microsomal12 34 kDa integral mem-

brane glycoprotein, which is postulated to exist as a

homodimer,13 although some studies have suggested it

might also exist naturally as a homotetramer.14 11b-
HSD1 is a member of the short-chain dehydrogenase

reductase (SDR) superfamily of enzymes. Unusually

for an SDR enzyme, 11b-HSD1 has an N-terminal

membrane anchor,15,16 with a small portion of the N

terminal segment of the enzyme present in the cytosol.

The C-terminus, which includes the catalytic domain,

exists in the lumen of the endoplasmic reticulum.16,17

Although glycosylation was postulated to be essential

for activity based on a putative role in maintaining the

SDR scaffold,18 it has been shown that 11b-HSD1 is

active as a nonglycosylated form when expressed

in bacteria.17,19 Ten high-resolution structures of

recombinant mouse (PDB entries: 1Y5M, 1Y5R),

guinea pig (1XSE), and human (2ILT, 2IRW, 2BEL,

3BYZ, 2RBE, 1XU7, and 1XU9) 11b-HSD1 are currently

available. The structures of these proteins are all

extremely similar and possess a Rossman fold typical

of SDR family members.20,21

Interestingly, comparing the 11b-HSD1 structures

from the different species shows that the last two heli-

ces (a2 and a3) at the C-terminus in all structures pro-

trude and form a long helical structure near to the ste-

roid-binding site. The residues on the surface of these

C-terminal helices are in the form of a nonpolar pla-

teau encircled by positively charged residues (see

Fig. 1).24 The existence of this region, which is con-

served across all species, probably explains previous

difficulties with expression and purification of this

protein in a bacterial system, because it presumably

promotes aggregation and precipitation in the absence

of the membrane. If one of the suggested orientations

of 11b-HSD1 in vivo24 is to be believed, this plateau

exists in the nonpolar center of the ER membrane,

Figure 1. Putative membrane-dipping region of the guinea pig 11b-HSD1 structure (PDB code:1XSE). Structures and

sequences are colored by the experimentally determined hydrophobicity scale for proteins at membrane surfaces,22 with

hydrophobicity shown as increasing green. (A) Surface representation of a ‘‘:side’’ view of 11b-HSD1 with the putative

membrane-associating region at the bottom of the structure, showing protrusion of the hydrophobic patch. (B) ‘‘Bottom’’ of

the protein showing the hydrophobic surface region that might come into contact with the membrane. Hydrophobic residues

contributing to this region are labeled for one of the two chains. (C) Sequence alignment of the C-termini of mammalian 11b-

HSD1 proteins, showing the conserved hydrophobicity. Residues mutated in this study are asterisked. Structural images

produced using UCSF Chimera from the Resource for Biocomputing, Visualization, and Informatics at the University of

California, San Francisco (supported by NIH P41 RR-01081).23
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with the charged residues forming salt bridges with

the displaced phospholipid and sulfolipid head groups.

Because of the hydrophobic nature of the substrates of

11b-HSD1, this could constitute a potential ‘‘membrane

dipping’’ mechanism to funnel hydrophobic substrates

from the membrane into the 11b-HSD1 active site.24 A

similar ‘‘membrane dipping’’ mechanism has been pro-

posed for the mammalian microsomal cytochrome

P450 monooxygenase.25,26 However, it has alterna-

tively been suggested that this nonpolar plateau in

11b-HSD1 could be involved in dimer–dimer interac-

tions, forming a ‘‘closed’’ tetrameric form of the

enzyme.14

To initiate investigations into the importance of

this hydrophobic region, we have replaced a series of

key residues within human and guinea pig 11b-HSD1

with the hydrophilic residue glutamate. Here, we

report the effects of these mutations on the solubility,

monodispersity, and activity of the proteins expressed

in E. coli, and on the crystal structure of one of the

guinea pig mutants, F278E.

Results

Effect of mutations on the expression and

purification of recombinant 11b-HSD1
A series of single-point mutations were made to

hydrophobic residues at the C-terminus of both guinea

pig and human 11b-HSD1 proteins. Target residues for

mutation were chosen by analysis of the crystal struc-

tures for the human and guinea pig 11b-HSD1 (pdb

2BEL and 1XSE, respectively). The positions of these

hydrophobic residues are shown in Figure 1.

The human mutants L266E, I275E, F278E, and

L279E and the guinea pig mutants Y266E, I275E,

F278E, and L279E were analyzed for their effect on

protein expression. Analysis of bacterial lysates using

SDS-PAGE showed that the solubility of recombinant

11b-HSD1 was dramatically increased by the mutations

I275E, F278E, and L279E in the guinea pig sequence

and F278E in the human sequence (see Fig. 2). This

was not simply because of an increase in total protein

expression, as there was not only an increase of pro-

tein in the soluble fraction but also a concomitant

decrease in the amount of protein in the insoluble

fraction (data not shown). The effect of the various

mutations on the final yield of soluble protein when

the protein was purified from larger cultures by IMAC

and gel-filtration is shown in Figure 3. All the muta-

tions increased the final yield of soluble protein, with

the human F278E and guinea pig I275E mutants

showing the most dramatic increases (�8- and 23-fold

increases compared with respective wild-type

constructs).

Effect of mutations on enzyme kinetics

The effect of the mutations on the kcat and Km for the

steroid substrates of 11b-HSD1 was analyzed in both

dehydrogenase and reductase directions (Tables I and

II). For the guinea pig enzyme, the F278E mutant had

virtually unchanged Km and kcat compared with wild

type, in both dehydrogenase and reductase directions

(Table II). The Y266E and L279E mutants showed a

slight decrease in turnover rate but with little change

in Km. The only pronounced variation from wild type

was seen with the I275E mutant, which showed a

marked decrease in Km for cortisol and a dramatic

increase in Km for cortisone (Table II). In the case of

the human enzyme, the Km for the F278E mutant

was virtually unchanged compared with wild type in

both directions, although the kcat increased approxi-

mately four- and twofold for the dehydrogenase and

reductase reactions, respectively (Table I). The con-

stants for the L266E mutant were virtually identical

to the F278E mutant, except that there was a �50%

increase in Km for cortisone. In contrast, both the

L279E and I275E mutants showed an increase in Km

and kcat for dehydrogenase and reductase reactions

(Table I).

Figure 2. SDS-Page analysis of wild-type (WT) and mutant

11b-HSD1 recombinant proteins. Supernatant fractions

from lysates of bacterial cultures expressing (A) guinea pig

11b-HSD1 proteins and (B) human 11b-HSD1 proteins

indicate that the I275E, F278E, and L point mutation

dramatically increased the production of soluble 11b-HSD1.

Arrows indicate positions of respective guinea pig and

human recombinant proteins.
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Effect of naturally occurring mutations, R137C

and K187N, on 11b-HSD1 activity

Recent sequencing efforts (Walker, personal communi-

cation) have revealed two naturally occurring muta-

tions in the coding region of the human HSD11B1

gene, which result in K187N and R137C substitutions

in the 11b-HSD1 protein sequence. Expression of the

R137C and K187N mutants in the wild-type protein

background did not yield any soluble protein in the

recombinant E. coli system [Fig. 4(A)]. This was also

true for the active-site mutant K187N in the human

F278E background [Fig. 4(B)]. However, expression of

the R137C mutation in the human F278E background

did result in soluble protein, albeit with an 80% reduc-

tion in protein yield. Kinetic analysis of the R137C/

F278E mutant showed a pronounced reduction of the

kcat of the enzyme (compared with the F278E control),

with little effect on the Km (Table I).

Effect of mutations on aggregation state
Guinea pig and human F278E and WT proteins were

analyzed by sedimentation analytical ultracentrifuga-

tion (AUC) to assess their aggregation state in vitro

(see Fig. 5). Both the guinea pig and human wild-type

proteins exhibited a rather broad peak with a maxi-

mum at around 200 kDa. Because the 11b-HSD1 dimer

has a size of 68 and 64 kDa for the guinea pig and

human enzymes, respectively, these data suggest that

the recombinant wild-type proteins aggregate signifi-

cantly in solution, with a size averaging around a hex-

amer. Interestingly, it was observed that the F278E

mutation in the guinea pig enzyme converted the main

species to a much narrower peak with a size indicative

of a tetramer. This is shown by a peak at �120–140

kDa. The human F278E mutant at 0.5 mg mL�1 also

showed a main peak at 130 kDa, but in addition had a

second major peak at 65 kDa, indicating the majority

of protein existed as tetramer with a lesser amount as

a dimeric protein. To probe the equilibrium between

the dimeric and tetrameric forms, three different con-

centrations of guinea pig and human F278E were ana-

lyzed by AUC (see Fig. 5). Dilution of the guinea pig

F278E protein did not affect its aggregation state, with

all dilutions showing one peak at around 140 kDa,

indicating a stable tetrameric form. The human F278E

mutant, however, showed a significant increase in the

ratio of dimer to tetramer as the concentration of pro-

tein was decreased, indicating a concentration-depend-

ent equilibrium between dimeric and tetrameric forms.

Crystal structure of guinea pig F278E

Because of a large yield of protein, we were able to

determine the crystal structure of guinea pig F278E

mutant protein to check for changes in structure. Crys-

tals were grown as per Materials and Methods with

the data collection and refinements statistics given in

Table III. Each monomer in the guinea pig F278E

structure had the same overall Rossman fold as the

other published 11b-HSD1 structures14,24,28 and had a

quaternary assembly of a tetramer made up of a

dimer-of-dimers [Fig. 6(A)]. Analysis using the PISA

server30 suggested tetramer to be the most probable

quaternary structure for the guinea pig F278E protein,

Figure 3. Relative yields of wild-type and mutant human

and guinea pig 11b-HSD1 proteins in the bacterial

expression system. Proteins were produced and purified as

per Materials and Methods. Levels of purified protein

produced are shown in mg protein per liter LB broth and

are representative of more than one experiment.

Introduction of glutamate at position 275, 278, and 279 in

the guinea pig sequences, and 278 in the human sequence,

dramatically increased the yield of recombinant 11b-HSD1

protein.

Table I. Kinetic Analysis of Human 11b-HSD1 Wild-Type and Mutant Proteins

Dehydrogenase Reductase

Mutant Km (lM) kcat (min�1) Km (lM) kcat (min�1)

Wild type 7.05 � 2.15 0.31 � 0.04 8.95 � 0.80 0.18 � 0.00
L266E 6.63 � 0.50 1.29 � 0.03 15.26 � 1.58 0.31 � 0.01
I275E 11.68 � 1.13 0.98 � 0.04 27.93 � 1.80 0.22 � 0.01
F278E 6.16 � 0.44 1.27 � 0.03 10.61 � 1.49 0.31 � 0.01
L279E 12.57 � 1.05 0.65 � 0.00 18.93 � 2.26 0.14 � 0.01
F278E/R137C 4.82 � 0.67 0.48 � 0.02 15.42 � 5.93 0.09 � 0.01

Assays were carried out as per Materials and Methods. Km values are given in lM with kcat values in min�1 (mean � SEM).
Results were analyzed using nonlinear regression by VisualEnzymics (Softzymics).
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whereas the previously published wild-type structure

(1XSE)24 was suggested to exist as a dimer. The struc-

ture of the guinea pig F278E dimer is largely identical

to 1XSE with the dimers superimposable with a root

mean square displacement (RMSD) of 0.48 Å RMS.

Slight differences in the backbone exist in the loop

region Glu221 to Pro234 and in the final helix from

Leu267 to Ala291. One clear difference is evident

between chains A and D and chains B and C in the

guinea pig F278E structure [Fig. 6(B)]. In chains A

and D, Tyr123 points toward the active site bound

NADPþ, whereas in chains B and C, the Tyr123 points

away from the active site. Both orientations have good

electron density in both the 2fofc map and the omit

map calculated by PHENIX. Interestingly, strong elec-

tron density can be seen for NADPþ [Fig. 6(C)] even

though none was added at any point in the purifica-

tion or crystallization process. Our structure also

shows that the C-terminal residue, Trp299, in each

chain has bound into a hydrophobic pocket consisting

of residues Phe129, Val152, Met155, Leu197, and

Phe201. The position of this Trp residue has not been

reported in any other 11b-HSD1 structure.

Estimation of proportion of active molecules in

the human F278E and wild-type enzymes

Because the crystal structure indicated the enzyme

contained bound cofactor, we used fluorescence to

monitor the single turnover of cofactor on addition of

excess steroid to a known amount of protein, as a

means to estimate the proportion of molecules that

contained bound cofactor and were active. Addition of

cortisol to enzyme resulted in a rapid rise in fluores-

cence because of conversion of endogenous NADPþ to

NADPH, which reached a plateau from which the orig-

inal concentration of NADPþ was estimated. By con-

trast, addition of cortisone resulted in no change in

fluorescence, confirming that the cofactor was present

in the enzyme in the oxidized form. Measurements on

several preparations of the human F278E enzyme indi-

cated that between 62 and 69% of the protein mole-

cules contained NADPþ and were active. In contrast,

measurements on wild-type enzyme yielded values of

20–48%.

Discussion

It has been hypothesized24 that because of the unusual

charge distribution across the C-terminal helices in the

11b-HSD1 structures, this area could be involved in

‘‘membrane dipping,’’ with residues in this region

forming a nonpolar plateau encircled by positively

charged residues (see Fig. 1). This plateau could exist

in the nonpolar center of the membrane, with the

charged residues forming salt bridges with the dis-

placed phospholipid and sulfolipid head groups. This

conformation might increase accessibility of the

enzyme to membrane-embedded steroid substrates.

One way to test this hypothesis is to mutate the non-

polar residues in this region of 11b-HSD1 to the hydro-

philic residue glutamic acid and observe the effect on

activity of full-length protein in vivo. First, however,

the effect of such mutations on enzyme activity and

protein structure in vitro, in the absence of mem-

branes, had to be established. For this purpose, we

chose to introduce mutations into an N-terminally

truncated, His-tagged enzyme, produced in the bacte-

rial expression system we had previously developed

and validated.17 C-terminal mutations introduced into

the human enzyme were L266E, I275E, F278E, and

Table II. Kinetic Analysis of Guinea Pig 11b-HSD1 Wild-Type and Mutant Proteins

Dehydrogenase Reductase

Mutant Km (lM) kcat (min�1) Km (lM) kcat (min�1)

Wild Type 459 � 0.49 1.02 � 0.04 4.09 � 0.35 0.57 � 0.01
Y266E 2.86 � 0.22 0.47 � 0.01 3.67 � 0.58 0.20 � 0.01
I275E 1.35 � 0.40 0.24 � 0.02 31.1 � 9.8 0.37 � 0.04
F278E 5.73 � 1.13 1.12 � 0.08 3.13 � 0.63 0.48 � 0.02
L279E 3.23 � 0.29 0.53 � 0.01 5.27 � 1.33 0.41 � 0.03

Assays were carried out as per Materials and Methods. Km values are given in lM with kcat values given in min�1 (mean �
SEM). Results were analyzed using nonlinear regression by VisualEnzymics (Softzymics).

Table III. X-Ray Data and Refinement Statistics

Data collection statisticsa

Cell parameters a, b, c (Å) 78.1, 85.9, 176.3
Space group P212121
Resolution (Å) 2.2 (2.33–2.20)
Completeness (%) 99.2 (96.6)
Multiplicity 4.7
I/rI 11.43 (2.8)
No. of observations 288,334 (39,957)
No. of unique observations 60,915 (9432)
Rsym 9.5 (54.5)

Refinement statistics
Average B factor 43.8
No. of nonhydrogen atoms/waters 9153/452
RMSD bond (Å)/angle (�) 0.005/0.923
Ramachandran (%)b 90.1/9.0/0.7/0.2
R/Rfree

c 20.0/25.5
PDB code 3DWF

a Statistics as reported by XDS.
b Percentage of nonglycine, nonproline residues in the core/
allowed/generously allowed/disallowed regions of the Rama-
chandran plot.
c Five percent of reflections set aside for cross-validation.
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L279E, whereas the equivalent guinea pig mutants cre-

ated were Y266E, I275E, F278E, and L279E. On

expression in E. coli, all mutations increased the yield

of soluble 11b-HSD1, with human F278E and guinea

pig I275E and F278E showing the most dramatic

increases compared with wild-type protein (see Fig. 3).

Presumably, the pronounced surface hydrophobicity of

the C-terminal region of the wild-type protein enhan-

ces the chance of misfolding and aggregation under

the high-level expression conditions of the bacterial

expression system. The lack of membrane association

via the N-terminal anchor may also compound the

problem. The mutations to glutamate introduced here

not only decrease hydrophobicity but also promote

repulsion between these regions, and thus aid correct

folding and solubility. This was evidenced by a

reduced formation of insoluble inclusion bodies in

addition to an increase in soluble protein production.

A similar increase in solubility has been previously

been engineered into several other proteins by muta-

tion of surface hydrophobic residues31–33 often by sub-

stitution with negatively charged amino acids,34,35

indicating the general applicability of this approach to

improving protein expression. Also of interest is that

this study indicates that the wild-type guinea pig

enzyme is naturally more soluble than its human

counterpart. This may also be related, at least in part,

to surface hydrophobicity of the C-terminal region, in

that the guinea pig enzyme has a number of residues

with reduced hydrophobicity in this area when com-

pared with the human protein (e.g., Y266 vs. L266,

R262 vs. L262).

Sedimentation AUC analysis of purified wild-type

and mutant proteins endorsed the concept that aggre-

gation was reduced by the C-terminal mutations (see

Fig. 5). Both human and guinea pig wild-type

recombinant proteins existed in solution as a collec-

tion of aggregated species, with broad peaks averaging

�200 kDa. In contrast, the F278E mutants showed a

much lower degree of aggregation and a greater degree

of monodispersity, with the guinea pig F278E protein

appearing to be a stable monodisperse tetramer and

the human F278E protein existing as a concentration-

dependent equilibrium of dimer and tetramer.

All the mutant proteins had similar kinetics (kcat
and Km) for the steroid substrate as the wild type, in

both dehydrogenase and reductase directions—a pre-

requisite for the use of these proteins in the analysis

of the membrane-dipping hypothesis. The F278E

mutants, in particular, seem promising for future

studies. The guinea pig F278E protein showed unal-

tered substrate affinity or turnover rate in either

reaction direction, while the human F278E protein

also showed unaltered Km values, although, in com-

mon with the other mutations to this enzyme, the

apparent kcat was significantly higher than wild type.

Because it had previously been shown that bacterially

expressed wild-type human 11b-HSD1 may have only

�20% active enzyme molecules,36 it seemed likely that

the increased specific activity seen with these mutations

was due to an increased proportion of active molecules

in these preparations. To get an estimate of the propor-

tion of active molecules in our enzyme preparations, we

used fluorescence to monitor the single turnover of

enzyme-bound NADPþ to NADPH on addition of an

excess of cortisol. This indicated that 62–69% of the

human F278E protein molecules contained bound

cofactor and were functional, whereas the proportion

for the wild type was lower at 20–48%. This supports

the hypothesis that the increased observed kcat of this

mutant is at least in part because of an increased pro-

portion of active molecules in the preparation. It is

nevertheless possible that the decreased aggregation

status of the mutant also contributes to the increase in

turnover rates.

To investigate the effect of the C-terminal muta-

tions on the structure of 11b-HSD1, the guinea pig

Figure 4. SDS-Page analysis of expression in E. coli of the

human 11b-HSD1 mutants (R137C and K187N) in both

wild-type (A) and F278E (B) backgrounds. (A) Insoluble

(pellets) and soluble (supernatant) fractions from lysates of

cultures expressing R137C and K187N mutants in the wild-

type background. Expression levels of both recombinant

proteins were low, and neither mutant was expressed in a

soluble form. (B) Insoluble (pellets) and soluble

(supernatant) fractions from lysates of cultures expressing

the double mutants R137C/F278E and K187N/F278E.

Arrows indicate position of the recombinant proteins.

Although the protein produced was still largely insoluble,

some soluble protein was evident in the supernatant for the

F278E/R137C mutant.
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F278E protein was crystallized. The structure of

guinea pig F278E reported here is of a higher resolu-

tion with a lower Rfree than that of the previously pub-

lished wild-type guinea pig structure (PDB code:

1XSE24). Of importance, the conditions required to

crystallize the guinea pig F278E protein were different

from those used previously; in particular, it was not

necessary to include guanidinium hydrochloride to

Figure 5. AUC analysis of the aggregation states of the human (A) and guinea pig (B) wild-type and F278E proteins; also

shown is the effect of dilution on the oligomerization state of the human and guinea pig F278E enzymes. Wild-type proteins

demonstrate marked heterogeneity and aggregation, whereas both F278E mutants appear far less aggregated, with the

guinea pig enzyme resolving to a monodisperse tetramer, and the human protein existing as a concentration-dependent

equilibrium of dimeric and tetrameric forms. Data were analyzed using SedFit27 with density, viscosity, and v-bar

measurements calculated by Sednterp.
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enhance monodispersity of the enzyme.24 The crystal

structure we obtained indicated that the enzyme exists

as a tetramer made up of a dimer-of-dimers [Fig.

6(A)]. This contrasts with the 1XSE structure, which is

seen to exist as a single dimer. Analysis of our struc-

ture using the PISA server30 showed that the interface

for the two dimers is sufficient to make the tetramer

the most likely quaternary assembly, which is in agree-

ment with the AUC findings that the guinea pig F278E

protein exists as a stable tetramer in solution. Apart

from this quaternary difference, the structure of each

of the guinea pig F278E dimers is largely identical to

1XSE. Interestingly, all monomers of the F278E pro-

tein contained a well-defined NADPþ molecule, even

though none was added during any step of the purifi-

cation or crystallization [Fig. 6(C)]. This supports pre-

vious suggestions that cofactor is required for correct

protein folding and conformational stability.36

Figure 6. Crystal structure of the guinea pig F278E enzyme. (A) Tetrameric arrangement of the two 11bHSD1 dimers; the

three-dimensional structure can be superimposed on the previously published guinea pig structure to a value of 0.48 Å

RMSD. Two views are shown to illustrate the orientation of the two dimers. (B) The two orientations of Tyr123 seen in the

active site of the guinea pig F278E mutant; one shows the Tyr123 residue pointing toward the active site, which would block

substrate binding; the other shows the Tyr123 residue pointing away from the active site toward bulk solvent, which would

allow substrate to bind. (C) The bound NADPþ molecule seen in all monomers of the guinea pig F278E tetramer. Map shown

in (B) and (C) is the 2fofc map produced by Refmac5 to a value of 1.0 sigma. Image produced using PyMOL.29
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The only significant difference that exists between

the previously published 1XSE and the guinea pig

F278E structure reported here is the orientation of the

residue Tyr123. In the 1XSE structure, the Tyr123 in

both chains A and B is pointed toward the bound

NADPþ molecule. This would not be expected because

in the active site of the murine 11b-HSD1 structure

(PDB code: 1Y5R), the equivalent Gln123 residue is

pointing away from the active site allowing the steroid

substrate to bind.20 If the 1XSE structure is superim-

posed on 1Y5R, it can be seen that the Tyr123 in this

orientation would sterically prevent glucocorticoid

binding. To explain this orientation, Ogg et al.

hypothesized that a conformational change must be a

prerequisite for substrate binding.24 In our structure,

two orientations of Tyr123 can be seen. In chains A

and D, the Tyr123 is in the same orientation as the

1XSE structure, whereas in chains B and C, the Tyr123

is pointing away from the active site, toward bulk sol-

vent [Fig. 6(B)]. These two conformations of Tyr123

have also been seen in an unpublished wild-type

guinea pig 11b-HSD1 structure (Loh and Ding, perso-

nal communication). Each dimer, therefore, has one

Tyr123 pointing into the active site and one Tyr123

pointing toward bulk solvent. Although this conforma-

tion is highly suggestive of cooperative kinetics for

11b-HSD1,13 the data from this study and others37–39

do not support this concept. The fact that the protein

is not in its physiological environment could mean

that the kinetics seen here and elsewhere are not in-

dicative of the in-cell situation.

11b-HSD1 is involved in a rare form of polycystic

ovary syndrome (PCOS) known as cortisone reductase

deficiency (CRD), with two mutations having recently

been found in the gene encoding 11b-HSD1 (HSD11B1)

in patients presenting with CRD (Walker, personal

communication). These mutations resulted in K187N

or R137C substitutions in the protein sequence and,

when expressed in a mammalian cell line, led to a

reduction in enzyme activity. However, no kinetic data

on these mutations have been reported. To assess the

effect of these mutations on the kcat and Km of 11b-
HSD1, these mutations were engineered into both the

human WT and F278E backgrounds for expression

and purification from bacteria. Expression of either

mutant in the WT background did not yield any solu-

ble protein, with bands only seen in the insoluble (pel-

let) fractions on SDS-PAGE analysis of bacterial

lysates (see Fig. 4). Attempts to express the active-site

mutant K187N in the human F278E background also

resulted in a protein that would not express in a solu-

ble form in the recombinant E. coli system. Because

the K187 residue is known to be involved in cofactor

binding,14,20,24,28 these results again suggest that the

interaction with NADP(H) is required for correct fold-

ing and stability, at least in E. coli. This is supported

by the observation that high-level expression of human

11b-HSD1 in a soluble form in bacteria requires addi-

tion of an inhibitor compound,36 for example, the ste-

roid analogue carbenoxolone used in these studies,

which also presumably requires prior cofactor binding.

Expression of the R137C mutation in the human

F278E background resulted in an 80% reduction in

expression with pronounced effects on the apparent

kcat of the enzyme, but with little effect on the Km (Ta-

ble I). This can perhaps be explained by the interfer-

ence with the salt bridges between adjacent mono-

mers. We assume that the disruption of the salt

bridges between R137 of one monomer and E141 of

the other leads to a certain amount of incorrect fold-

ing, leaving a protein of unchanged affinity but a

reduced apparent kcat.

In summary, we have shown that mutations to the

C-terminus of recombinant 11b-HSD1 can increase

yield of soluble protein without adversely affecting ac-

tivity. We have also shown, using one of the mutants

as an example (guinea pig F278E), that these muta-

tions have no adverse effects on structure compared

with wild-type protein. We have also shown that the

human F278E enzyme is a suitable background for

analyzing the effects of naturally occurring mutations

on enzyme activity/stability, which is not possible with

the wild-type protein. Hence, we have engineered 11b-
HSD1 mutants that will be useful, not only for probing

membrane interactions but also for many other future

biochemical and biophysical studies of the enzyme.

Materials and Methods

Cloning and expression of recombinant
11b-HSD1

A bacterial expression construct containing residues

24–292 of the human 11b-HSD1 protein was generated

in pET28b(þ) (Novagen) by PCR amplification from a

previous construct.17 A guinea pig expression construct

containing residues 24–300 was a kind gift from Dr. P

Rejto (Pfizer, La Jolla, CA). Both constructs incorpo-

rated an N-terminal His6-tag to aid purification. Quik-

Change site-directed mutagenesis (Stratagene, La

Jolla, CA) was used to make the mutations L266E,

I275E, F278E, and L279E for the human protein and

Y266E, I275E, F278E, and L279E for the guinea pig

protein. In addition, mutant constructs were generated

containing two previously identified naturally occur-

ring mutations in the human 11b-HSD1 protein,

namely R137C and K187N (Lavery, personal communi-

cation). These additional mutations were also gener-

ated in the human F278E construct, giving the double

mutants F278E/R137C and F278E/K187N.

After verification, constructs were used to trans-

form the BL21(DE3) E. coli expression strain (Nova-

gen). E. coli BL21(DE3) cells carrying the human gene

were cotransformed using the pBAD-ESL plasmid (gift

of Dr. P Lund40), which contains the genes for the E.

coli chaperonins GroEL/ES. For the expression of the

guinea pig protein, cells were grown in LB broth

1560 PROTEINSCIENCE.ORG Mutations to 11b-Hydroxysteroid Dehydrogenase

http://firstglance.jmol.org/fg.htm?mol=1XSE
http://firstglance.jmol.org/fg.htm?mol=1XSE
http://firstglance.jmol.org/fg.htm?mol=1Y5R
http://firstglance.jmol.org/fg.htm?mol=1XSE
http://firstglance.jmol.org/fg.htm?mol=1Y5R
http://firstglance.jmol.org/fg.htm?mol=1XSE


supplemented with 30 lg/mL kanamycin with shaking

(220 rpm) at 37�C. Cells were induced with isopropyl-

b-D-thiogalactoside (IPTG,1 mM) when A600 had

reached a value of 0.8–1. Cells were grown with shak-

ing for a further 30 min at 37�C, then transferred to

15�C, and grown with shaking overnight. For the

expression of the human protein, cells were grown

with shaking in LB broth supplemented with 30 lg/
mL kanamycin and 50 lg/mL ampicillin at 37�C.

Arabinose (0.1% w/v) was added to the cultures at an

A600 of 0.8–1 to induce the expression of the chapero-

nin proteins. Cells were grown with shaking for 1 h at

37�C, before addition of 1 mM IPTG. The 11b-HSD in-

hibitor carbenoxolone (CBX, 0.1 mM) was also added

at this stage. Following a further incubation of 30 min

at 37�C, cultures were transferred to 15�C and grown

with shaking for 16 h.

Purification of 11b-HSD1

Cells were pelleted (3000g, 15 min) and then resus-

pended in Bugbuster reagent (Novagen) containing

protease inhibitors (Mini-Complete EDTA free, Roche

Molecular Biochemicals) and Benzonase DNase (Nova-

gen). Cells were incubated with shaking at room tem-

perature for 40 min and then cell debris was pelleted

at 38,000g for 30 min at 4�C. Supernatant was loaded

onto a His-Select (Sigma Aldrich) column and washed

with buffer containing 25 mM sodium phosphate,

300 mM NaCl, 5% glycerol, 2 mM TCEP, and 0.005%

Anapoe X-100 (Anatrace), pH 8.0. Loosely bound pro-

tein was washed off with three column volumes of the

same buffer containing 17.5 mM imidazole. Protein

was then eluted with three volumes of buffer contain-

ing 175 mM imidazole. Fractions containing protein

were separated by size-exclusion chromatography on a

Superdex-200 HR10/30 column (Pharmacia) running

at 0.4 mL min�1 in 25 mM sodium phosphate, 5%

glycerol, and 0.005% Anapoe X-100, pH 8.0.

Measurement of 11b-HSD1 activity

Dehydrogenase activity of 11b-HSD1 was assayed at

37�C in 25 mM sodium phosphate, pH 8.0, with 200

lM NADPþ and cortisol concentrations ranging from

0.5 to 32 lM, using a Perkin-Elmer LS-5 spectro-

fluorimeter. Excitation and emission wavelengths were

340 and 456 nm, respectively. Amount of enzyme

added was adjusted so that a linear rate of reaction

was obtained for 5 min after cortisol addition. A cali-

bration curve was constructed using 0–1 lM NADPH.

Reductase activity of 11b-HSD1 was assayed by meas-

uring the cortisone to cortisol ratio using HPLC. In

this reaction, an enzyme concentration that gave no

more than 20% substrate conversion was incubated

for 5 min at 37�C in 25 mM sodium phosphate, pH

8.0, containing 200 lM NADPH and an NADPH-

regenerating system (6 mM MgCl2, 1 U/mL glucose-6-

phosphate dehydrogenase (Sigma-Aldrich), 1 mM glu-

cose-6-phosphate). Reactions were started by addition

of 1–128 lM cortisone and incubated for 20 min.

Reactions were terminated by addition of 3 mL

dichloromethane. Samples were then centrifuged for

5 min at 1000g and the aqueous layer removed. After

evaporation of the dichloromethane, samples were

redissolved in 60 lL of 50% (v/v) aqueous acetonitrile

and loaded onto an RP-HPLC system consisting of a

Prevail Select C-18, 5 lm column (Grace), a GP50 gra-

dient pump, and a UVD170S detector (Dionex). Sam-

ples were eluted with a gradient of 54–69% aqueous

methanol over a period of 15 min. Substrate and prod-

uct were monitored by UV absorbance at 242 nm with

retention times of �11 and 12 min, respectively.

Measurement of turnover of enzyme-bound

NADP1

To estimate the proportion of protein molecules with

bound NADPþ, human F27E or wild-type enzyme

(1 lM) was incubated in 25 mM sodium phosphate pH

8.0 at 37�C, and the fluorescence of cofactor moni-

tored as described earlier. An excess of cortisol was

then swiftly added to a final concentration of 50 lM,

and the single turnover of the NADPþ in the enzyme

preparation monitored. The fluorescence increased

and reached a plateau from which the original concen-

tration of NADPþ could be estimated. The system was

calibrated by subsequent addition of a known substoi-

chimetric amount of NADPþ and monitoring the fluo-

rescence increase. Control reactions with cortisone in

place of cortisol showed no change in fluorescence.

Analytical ultracentrifugation
Sedimentation velocity measurements were made

using a Beckman XLI analytical ultracentrifuge. Sam-

ples were centrifuged at 40,000 rpm in an X rotor at

4�C for 8 h. The concentration of protein within the

cells was analyzed by scanning each cell at 280 nm, a

total 200 scans being made during each run. These

data were then processed using the C(M) model imple-

mented in SEDFIT27 using parameters for protein and

buffer determined using SEDNTERP.

Structure determination of the F278E mutant

Crystals were grown using the sitting-drop vapor diffu-

sion method with a 10 mg/mL protein stock solution

in 25 mM sodium phosphate, 5% glycerol, 0.005%

Anapoe X-100, pH 8.0, equilibrated against a reservoir

containing 0.1M Tris-HCl, 1.75M ammonium sulfate,

and 5% glycerol (pH 8.0). The sitting drop contained

2 lL of protein solution and 2 lL of reservoir. No

NADPþ was added during purification or crystalliza-

tion. Crystals of the F278E 11b-HSD1 were soaked for

10 min in each of a series of artificial mother liquor

solutions containing glycerol in 5% increments. In the

final solution containing 25% glycerol, crystals were

soaked for 45 min before being flash-cooled by plung-

ing into liquid nitrogen. Data were collected at 100 K

at the European Synchrotron Radiation Facility,
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Grenoble, France, using beam line ID14-1. All data

were indexed, integrated, and scaled using XDS.41 Full

data collection statistics are shown in Table III. The

structure was determined by molecular replacement

using the program Phaser with 1XSE as the search

molecule. After initial refinement, the model was

improved using Arp/wArp42 and then refined using

phenix.refine.43 The refinement statistics are listed in

Table III.
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