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Several crystal structures of human estrogen recep-
tor a ligand-binding domain (hERa LBD) complexed
with agonist or antagonist molecules have previously
been solved. The proteins had been modified in cys-
teine residues (carboxymethylation) or renatured in
urea to circumvent aggregation and denaturation
problems. In this work, high-level protein expression
and purification together with crystallization screen-
ing procedure yielded high amounts of soluble protein
without renaturation or modifications steps. The
native protein crystallizes in the space group P3221
with three molecules in the asymmetric unit. The over-
all structure is very similar to that previously reported
for the hERa LBD with cysteine carboxymethylated
residues thus validating the modification approach.
The present strategy can be adapted to other cases
where the solubility and the proper folding is a diffi-
culture and induction conditions were tested as well as
culty. q 2001 Academic Press

Key Words: crystal structure; nuclear receptor;
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Steroid hormones regulate the transcription of target
genes in the cells by binding to transcription factors
which belong to the superfamily of nuclear receptors.
All the members of this family display a modular struc-
ture composed of six domains (A–F) (Fig. 1), the N-

terminal A/B region harbors a ligand-independent
transactivation function (AF-1), the C region forms the
DNA-binding domain, and the E region constitutes the
ligand-binding domain (LBD)2 with a ligand-dependent
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2 Abbreviations used: hERa LBD, human estrogen receptor alpha
ligand binding domain; E2, estradiol; NDSB, non detergent sulfobe-
taine; bM, b-mercaptoethanol; DIFP, diisopropylfluorophosphonate;
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transactivation function (AF-2) (1, 2). Several crystal
structures of estrogen receptor ERa LBD are known
(3). Crystal structures have been solved in complex with
estradiol (E2) (4) and the antagonists raloxifene (5) and
tamoxifen (6). The human ERb LBD has been solved
in complex with genistein and raloxifene (7).

The first crystallographic investigations were ham-
pered by the sensitivity of the protein to oxidation and
aggregation. In order to cope with these problems differ-
ent approaches have been used. One was to use a dena-
turation–renaturation process (4); the second was to
modify chemically the cysteine by carboxymethylation
(5). We present here the strategy used to express, purify,
and crystallize ERa LBD in order to solve the structure
in its native form without modification or renaturation.
The first step to optimize the production of large
amounts of soluble and functional protein in Esche-
richia coli was the choice of the cloned sequence (Fig.
1). This was based on sequence alignment analysis and
structural modeling. The different constructions were
tested for expression and the one that gave the largest
amount of expressed protein (His6-ER(302–552)) was
used for protein production optimization. Different cell
different cell lysis and affinity chromatography buffer
compositions. The purification and crystallization pro-
cedures were then refined together in order to obtain
good diffracting crystals.

MATERIALS AND METHODS
Expression Tests

Four different constructions (Fig. 1) were inserted in
the NdeI–BamHI sites of pET15b (Novagen) (8) using

PMSF, phenylmethanesulfonyl fluoride; DTT, 1,4-dithiothreitol; EG,
ethylene glycol; PEG, polyethylene glycol; CV, column volume.
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gave good quality crystals. The final purification proce-
FIG. 1. Schematic representation of the modular organization of nu
some physicochemical characteristics (molecular weight, pHi).

PCR leading to fusion proteins with a HIS-tag allowing
affinity chromatography. E. coli BL21(DE3) cells were
electroporated with 20 ng pET15b recombinant plas-
mid. The transformed cells were used for overnight pre-
cultures which were inoculated in 100 ml LB medium
supplemented with 100 mg/ml ampicillin and different
additives were tested (10% sucrose, 10 mM E2, 10%
glycerol, 10% ethylene glycol (EG), 0.1% n-octyl gluco-
side, 10 mM 3-(1-pyridino)-1-propanesulfonate (a non-
detergent sulfobetaine (NDSB)) (Fig. 2). The cells were
incubated at 378C, up to an OD600nm 5 0.6. The medium
temperature was then maintained at 378C or cooled at
25 and 158C. The expression of T7 RNA polymerase
was induced with 0.5 mM isopropyl-1-thio-b-D-galacto-
pyranoside in the presence of 10 mM estradiol, for 4 h
at 37 or 258C and overnight at 158C. Cells were har-
vested by centrifugation and washed in 10 ml ice-cold
buffers containing 50 mM Tris–HCl, pH 7.5, 50 mM
NaCl, 20 mM b-mercaptoethanol (bM), and the differ-
ent additives (Fig. 2). The cells were lysed by sonication
with a temperature probe to keep the extract below
108C. Diisopropylfluorophosphonate (DIFP) (0.1 mM)
phenylmethanesulfonyl fluoride (PMSF) (0.1 mM), and
protease inhibitor cocktail (leupeptin, pepstatin, aproti-
nin, antipain, and chymostatin at 1.25mg/ml) were
added before, during, and after sonication. The extracts
were centrifuged at 50,000rpm, 48C for 1 h. The expres-
sion of soluble protein was estimated on SDS–PAGE
by comparison of the amount (intensity of coloration) of
ERa LBD in the total extract and in the centrifugation
supernatant. A sketch showing this refinement proce-
dure is presented in Fig. 2. The results of the expression
optimization are shown in Fig. 3. The optimal condi-
tions were to use the His6-hERa LBD(302–552) con-

struct transformed in cells which were grown in LB
medium supplemented with estradiol and sucrose. In-
duction was carried out for 4 h at 258C. The cell disrup-
tion buffer contained 2 M of NDSB.
ear receptors and of the constructions used for expression tests with

Protein Recovery

The cell extract of the refined expression conditions
was loaded on an Zn2+ affinity chromatography column.
The optimal concentration of NDSB, glycerol, and NaCl
was determined as described in the following (Fig. 2).
The imidodiacetate sites of the column were saturated
with 30 column vol (CV) of 0.1 M ZnCl2, pH 4.5. Metal
excess was removed by a 10 CV wash in 0.5 M NaCl.
The column was equilibrated in 10 CV starting buffer
(100 mM Na/K phosphate, pH 7.5, 10mM estradiol, 20
mM b-mercaptoethanol, and the different additives
tested (Fig. 2)). The His6-ERa LBD was loaded on the
column. Nonspecific binding was removed by a 10 CV
wash in the starting buffer. Elution was performed in a
15 CV imidazole gradient from 0 up to 0.5M. The amount
of protein was determined by the Bradford assay. The
protein was then concentrated on Centricon 10 and ana-
lyzed on SDS–PAGE. The chosen affinity buffer (0.5 M
NDSB, 50 mM NaCl) was the one which allowed recovery
of the highest amount of protein after concentration.

Purification

The first purification protocol was to use a gel filtra-
tion column after the affinity chromatography. The pro-
tein obtained showed one band on SDS–PAGE and a
continuous smear on native gels. This protein led to
bad quality crystals. A second purification procedure
has been set up by adding an ion-exchange chromatog-
raphy after the affinity column followed by a gel filtra-
tion. The ion-exchange column separated the protein
into two peaks. On native gel the two peaks showed
discrete bands, one for the first peak, and three for the
second (Fig. 4). However, the protein from both peaks
166 EILER ET AL.
dure used is described in the following. The pellet of
a 2 liters cell culture under optimized conditions was
sonicated in 100 ml buffer (2 M NDSB, 50 mM NaCl,
100 mM Na/K phosphate, pH 7.5, 10 mM estradiol, and
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mercaptoethanol) at 30 ml/min. Nonspecific binding
FIG. 2. Sketch summarizing the refinement procedure of protein pr
the His6-ERa LBD(302–552) construct was chosen, the bacterial cul
by a 4-h induction at 258C, and the cell disruption was done in presenc
amount of protein after concentration was 0.5 M NDSB and 50 mM

20 mM b-mercaptoethanol). DIFP (0.1 mM), PMSF (0.1
mM), and protease inhibitor cocktail (leupeptin, peps-
tatin, aprotinin, antipain, and chymostatin at 1.25mg/
ml) were added before, during, and after sonication.
The extract was centrifuged at 50,000 rpm, 48C for 1 h

in a Beckman R60Ti rotor. The supernatant was then
diluted in order to decrease NDSB concentration (0.5
M NDSB, 50 mM NaCl, 100 mM Na/K phosphate, pH
7.4, 10 mM estradiol, 20 mM b-mercaptoethanol). This
duction. The optimal conditions at each step are highlighted in gray:
ure medium was supplemented with estradiol and sucrose, followed

of 2 M NDSB. The affinity chromatography buffer giving the highest
aCl as seen on SDS–PAGE.

extract was then loaded on a Zn2+-affinity chromatogra-
phy (Poros MC, 20.1 ml bed volume) equilibrated in 10
CV starting buffer (0.5 M NDSB, 50 mM NaCl, 100 mM
Na/K phosphate, pH 7.4, 10 mM estradiol, 20 mM b-
ERa LBD OVEREXPRESSION, PURIFICATION, AND CRYSTALLIZATION 167
was removed by a 10 CV wash in the starting buffer.
Elution was performed in a 15 CV imidazole gradient
from 0 to 0.5 M. Fractions of interest were pooled and
diluted in order to decrease salt concentration at 10 mM
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optimization of the cell culture conditions (10% sucrose 1 estradiol,

induction at 258) and the lysis buffer composition (2 M NDSB, 50
mM NaCl, 50 mM Na/K phosphate. pH 7.4, 20 mM bM). Most of the
insoluble protein in standard conditions became soluble under the
optimized conditions.

for the second purification step which was an anion-
exchange chromatography on Poros HQ (1.7 ml bed
volume). The column was equilibrated in 10 CV starting
buffer (10 mM NaCl, 10 mM Tris-HCl, pH 8, 10mM
estradiol, 50 mM b-mercaptoethanol). The diluted zinc
pool was loaded on the column at 5 ml/min. A salt
gradient from 10 mM to 2 M NaCl over 100 CV was
used for elution. Fractions were analyzed on SDS and
native PAGE and separated into two different pools
which were processed separately. The protein was con-
centrated to 2–3 ml on Amicon YM-10 before gel filtra-
tion on a 120-ml Fractogel EMD BioSec (S) (Merck).
The column was equilibrated with the following buffer:
50 mM NaCl, 50 mM Tris–maleate, pH 8, 10 mM estra-
diol, 50 mM b-mercaptoethanol. Peak fractions with an
apparent molecular weight of a dimer were pooled and
concentrated by ultrafiltration (Centricon-10) to 10 mg/

ml for crystallization trials. Protein concentration was
determined by the Bradford assay. With this procedure
we obtained 7 mg of pure protein for 2 liters of culture.
Both peaks obtained after ion exchange were used for
crystallization assays.
T AL.

Functional Characterization

Functional characterization of the protein was done
by measuring its estradiol binding ability. Crude ex-
tracts of recombinant E. coli BL21(DE3)-expressing
His6-ERa LBD were used for ligand binding assay. The
concentration of His6-ERa LBD was determined by in-
cubating increasing amounts of crude extract with 1028

M 40 Ci/mmol [6,7-3H(N )]-estradiol (NEN, Du Pont De
Nemours) for 5 h at 48C in the absence (for total binding)
and in presence of 1000-fold excess of nonlabeled estra-
diol (for nonspecific binding). Bound (B) and free (F)
ligands were separated by dextran-coated charcoal (9)
(4% Norit A charcoal, 0.4% dextran T-70 in the binding
buffer: 1 M NDSB, 50 mM NaCl, 50 mM Tris–HCl pH
8, 1 mM EDTA, 1 mM DTT). This mixture was left on
ice for 5 min and centrifuged at 12,000g for 5 min. The
supernatant was removed for scintillation counting.
Each measure was performed in triplicate. For Scatch-
ard analysis, the protein was incubated with increasing
concentrations of radiolabeled estradiol (from 10210 to
1027 M) for 20 h at 48C. The samples were processed
as described before. The change of B/F as a function of
F was analyzed by a least square fitting method which
determines the dissociation constant Kd, the receptor
concentration Bmax, and the nonspecific binding rate
(10). The dissociation constant for the recombinant mol-
ecule (Kd 5 0.26 nM) is in agreement with the previous
published results (11).

Crystallization

Crystallization trials were carried out at two different
temperatures (4 and 248C) by varying the geometry of
the system, screening various precipitating agents and
additives, and using salting-in and salting-out meth-
ods. Hanging drops were performed on siliconized cov-
erslips in Linbro plate and sitting drops using
Cryschem Hampton plates (final drop volume 1–10 ml).
For microbatch technique we used the IMPAX crystalli-
zation robot (final drop volume 1–4 ml), the mixture
was dropped on a NUNC HLA 72 3 10 plate filled
previously with decane. Dialysis assays were done us-
ing the Zeppezauer technique (12). For crystallization
in gel we used the Hampton silica hydrogel in capillar-
ies. The refinement of crystallization conditions was
mostly done with the hanging drop technique. For the
screening of precipitating agent, additives, speed of
equilibration, and protein concentration, we mixed pro-
tein solution to reservoir solution and/or additives with
different ratio of precipitating agent concentration be-
168 EILER

FIG. 3. Coomassie blue-stained 12% SDS–PAGE of His6-ERa LBD
expression assays. Molecular weights of protein size markers are
indicated on the left side in kDa. Lanes 1 and 2 represent, respectively,
the total cell extract and supernatant obtained before optimization
under standard cell culture conditions (LB medium, induction at
378C) with a standard lysis buffer (150 mM NaCl, 50 mM Tris–HCl,
pH 8): all the protein remains in the pellet. Lanes 3 and 4 represent,
respectively, the total cell extract and supernatant obtained after
tween reservoir and drop. This was performed using the
Hampton sparse matrix solutions and/or more specific
additives (imidazole, NDSB, detergents). Diffracting
crystals were obtained in droplets of 2 to 8ml containing
5 mg/ml of protein (in 50 mM NaCl, 50 mM
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a unique band indicating a pure protein, the native PAGE shows a co
quality crystals. An ion-exchange chromatography was then added to
the separation of two protein populations (peak 1 and peak 2). The SD
shows one band for peak 1 and three discrete bands for peak 2 indic
from both peaks led to good diffracting crystals.
Tris–maleate/HCl, pH 8, 10mM estradiol, 50 mM b-
mercaptoethanol), 2 to 10% polyethylene glycol (PEG)
400, 150 to 400 mM NaCl, 50 mM b-mercaptoethanol,
and 50 mM imidazole at various pH around pH 7.3.
tinuous smear reflecting an heterogeneity. This procedure led to bad
he purification protocol shown in (b). The anion-exchange permitted
–PAGE shows a unique band for both peaks while the native PAGE

ting a reduced heterogeneity compared to (a). However, the protein
ERa LBD OVEREXPRESSION, PURIFICATION, AND CRYSTALLIZATION 169

FIG. 4. Refinement of the purification and the crystallization procedure. (a) The procedure after an affinity and a gel filtration chromatogra-
Droplets were equilibrated at 48C against a 500 ml res-
ervoir of 4 to 20% PEG400, 350 to 950 mM NaCl, 50
mM imidazole at the same pH that the droplet, and
50 mM b-mercaptoethanol in order to concentrate the



FIG. 5. (a) The conditions which gave microcrystals after a large screening on the protein obtained after affinity, ion-exchange, and gel
g
a
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filtration chromatography are presented. The conditions giving the lar
(b) Refinement of conditions using ethylene glycol as precipitating
crystallization conditions using PEG400 as precipitating agent led t
very sensitive to the PEG/NaCl ratio.
droplet twice. The ratio PEG/NaCl was critical for crys-
tal growth and was screened for each protein prepara-
tion (Fig. 5). About 5 weeks was necessary for these
crystals (350 mM NaCl, 10% PEG400) to achieve their
final size of about 70 3 70 3 500mm3.
est microcrystals have been refined for crystal growth (EG, PEG400).
gent led to crystals without diffraction capacity. The refinement of
crystals diffracting up to 2.9 Å resolution. The crystal growth was
170 EILER ET AL.
Protein Characterization in Crystals

In order to analyze the crystal content, they were
washed in mother liquor and dissolved in water. The
protein was analyzed on SDS–PAGE and transferred
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average intensity of reflection h, o
h

is the sum over all reflections,
ERa LBD OVEREXPRESSION, PURI

to a nitrocellulose membrane for a Western blot analy-
sis. The primary rabbit antibody (1:10,000) was raised
against the hexahistidine-tag; the second antibody was
a goat anti-rabbit IgG (1:10,000) linked to horseradish
peroxidase. Enhanced chemiluminescence reagents
were added for detection (Amersham Pharmacia Bio-
tech). N-terminal sequencing was performed on protein
transferred to PVDF membrane using the Edman tech-
nique. The SDS gel, Western blot, and sequencing con-
firmed the presence of a full-length ERa LBD plus the
His-tag peptide in the crystals.

Structure Determination

The wild-type ERaLBD crystallizes in the trigonal
space group P3(2)21. Crystals were transferred in
mother liquor containing a cryoprotectant agent before
being flash-cooled in liquid ethane and stored in liquid
nitrogen. The cryoprotectant used was 6% PEG400,
25% ethylene glycol for crystals grown at low PEG
amounts or 30% PEG400 for crystals obtained in pres-
ence of 20% PEG400. X-ray data were collected at 1208K
in a nitrogen gas stream using synchrotron radiation
(ESRF, LURE). Data were integrated and reduced us-
ing the programs DENZO and SCALEPACK (13). Ini-
tial phases were obtained with AMORE (14) using a
mutant (Cys → Ser) monomer structure (15) as a search
model. The correct solution corresponding to one dimer
and a monomer of ERa LBD in the asymmetric unit
had a correlation coefficient of 45.6% and a R-factor of

40.8% after AMORE rigid body refinement. Refinement

change the medium viscosity and slow down the protein
was performed with CNS (16) using bulk solvent correc-
tions and non crystallographic restrains. All data be-
tween 30 and 2.9 Å resolution were included with no
sigma cutoff (Table 1).

RESULTS AND DISCUSSION

The structure exhibits the predominantly a helical
fold observed for other nuclear receptor structures (Fig.
6a). The asymmetric unit contains three monomers: one
of them forms a dimer through the crystallographic two
fold, and the two other form the noncrystallographic
dimer. The superposition of the three monomers led to
an rmsd of 0.2 Å over 235 Ca-atoms. H12 is lying in
the “agonist position” (4) and the antagonist cleft is
filled by packing contacts with the loop H3–H4 from
another molecule. The superposition with antagonist
structures or in complex with a coactivator peptide
(GRIP1) (6) shows that the packing contact is similar
to the coactivator–receptor contact or H12–receptor
contact (Fig. 6b). To prevent aggregation of LBDs we

suggest that residue Leu372 could be mutated in some
more hydrophilic residue like a serine. The comparison
of this structure with the carboxymethylated one (6)
showed no significant differences (rmsd of 0.38 Å over
and o
i

is the sum of all measurements of reflection h.

a The value in parentheses corresponds to the last shell of resolution
(3.1–2.9 Å)

235 Ca-atoms). In particular the position of hydropho-
bic residues lining the ligand binding pocket are highly
conserved with a rmsd of 0.2 Å. Despite these similar-
ities, the side chains of Arg394 and Glu353 which an-
chors the estradiol in the ligand pocket have a slight
shift of 1 Å that does not affect the estradiol positioning.
All these results show that carboxymethylation does
not affect the structure of the ERa LBD.

The different steps for the production of large
amounts of stable and pure protein (sequence limits
of the expressed domain, overexpression conditions of
functional protein, cell disruption, purification) have
been optimized. These steps are summarized in Fig. 2.
For protein expression the cells were grown in presence
of estradiol and sucrose, the induction was done at 258C.
The need of estradiol for expression and purification
could be explained by the fact that ERa LBD is unstable
without ligand. The addition of sucrose is thought to
ICATION, AND CRYSTALLIZATION 171

TABLE 1

Data Processing, Phase Determination, and Refinement
Statistics (P3221, a 5 b 5 105.5 Å, c 5 136.08 Å,

a 5 b 5 908, g 5 1208)

Data Processing

Space group P3221
Resolution (Å) 2.9
Unique reflections 18142
Completeness (%)a 91.0 (78.0)
Multiplicity 1.8
Rsym (%) 8.0

Refinement (three molecules per asymetric unit)

Resolution (Å) 15–2.9
Number of reflections in working set 16364
Number of reflections in test set 1778
Number of protein atoms 5886
Number of heterogen atoms 60
Number of water molecules 165
Working R factor (%) 24.1
Free R factor (%) 31.0
Rmsd bond lengths (Å) 0.014
Rmsd bond angles (deg) 1.5
Average B-factor (Å2) 61.2

Protein 62.1
Ligand 35.6
Water 40.8

Note: Rsym 5 o
h

o
i

.I(h) 2 ^I(h)i&./o
h

o
i

I(h)i , where ^I(h)i& is the
synthesis after induction allowing a proper folding. It
has been used successfully to increase the amount of
soluble protein in several cases (17, 18). Lowering the
induction temperature has the same effect. Among the



FIG. 6. (a) 3D structure of the wild-type ERa LBD dimer. One monomer is shown in gray, and the other one in black. The activation helix
h
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thus raising a question about the effect of the anion
H12 (blue) is in the agonist position. Estradiol is shown in red and t
view on the loop between helix 3 and 4 (in dark gray), making pack
coactivator binding groove. This molecule has been superposed on th
The interaction of Leu372 is similar to that observed with the coacti

different additives tested for the cell disruption buffer,
the highest amount of protein was obtained using 2 M
NDSB while the buffer used for the affinity chromatog-
raphy contained 0.5 M NDSB, which had the best yield
in protein recovery after concentration. NDSB has a
solubilizing effect (19) which is different in the purified
protein solution compared to the crude extract probably
due to the presence of contaminant proteins lowering
its effective concentration in solution. High amounts of
reducing agent like b-mercaptoethanol were added at
each step of the procedure to prevent oxidation of the
accessible cysteines. The purification procedure was op-
timized by the addition of an ion-exchange column be-
fore the gel filtration (Fig. 4). This ion-exchange column
separated the protein into two peaks, similar on SDS–
PAGE, but different on native PAGE (one band for peak
1 and three bands for peak 2). When submitted to a gel
filtration column each peak elutes with the apparent
molecular weight of a dimer. These heterogeneity arose
certainly from adsorbed NDSB molecules on the protein
surface as suggested by mass spectrometry experiment
(data not shown).

The crystallization screening was done on protein
issued from the purification with and without ion ex-
change. After the first purification, microcrystals have
been obtained in PEG6000 and the crystallization con-
ditions have been refined. These crystals obtained in

salting in conditions did not diffract. After the addition
of an anion-exchange column, microcrystals appeared
in various conditions from the Hampton screen I and
II for the two peaks. Each of these hits were then refined
e position of the four cysteines is shown as yellow dots. (b) Close-up
ng contacts with a symmetry related molecule (in light gray) in the

structure of the complex with a peptide from a coactivator protein.
ator peptide (shown in gold).

(carboxylic acids such as tartrate, acetate, formate, non-
volatile polyalcohols of different size (EG, methylpen-
tane diol, PEG). Most of them stayed as microcrystals.
Two conditions gave crystals of reasonable size and
were then refined (EG and PEG400) (Fig. 5). Crystals
obtained in EG had no diffracting capacity whereas
crystals obtained in PEG400 diffracted up to 2.9 Å reso-
lution. Interestingly protein from peaks 1 and 2 gave
good quality crystals suitable for X-ray analysis while
protein obtained without ion exchange did not. It shows
that the heterogeneity of protein from peak 2 seen in
native gels does not influence the quality of crystals,
172 EILER ET AL.
exchange on crystallization. It could be that this purifi-
cation removes part of the heterogeneity (smear → dis-
crete bands on native gel) due to small charged mole-
cules (NDSB).

CONCLUSION

In this work we were able to set up a strategy that
allowed us to optimize the procedure for protein expres-
sion, purification, and crystallization, leading to the
production of large amounts of soluble and functional
protein as well as reproducible hERa LBD X-ray suit-
able crystals. The different steps in this procedure are
the following: (i) for the expression several protein se-

quences were used and then the composition of the
culture medium, the temperature, and duration of in-
duction were varied; (ii) for the protein recovery we
investigated various buffer composition for cell lysis
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A. G., Engstrom, O., Ljunggren, J., Gustafsson, J. A., and Carl-and affinity chromatography; and (iii) the crystalliza-
quist, M. (1999) Structure of the ligand-binding domain of oestro-
tion process was refined together with the purification

protocol. The rationalization of the protein expression
and purification (Figs. 1–3) together with the crystalli-
zation screening procedure (Figs. 4 and 5) yielded large
quantities of protein that allowed us a successful study
by X-ray crystallography (Fig. 6).
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