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Expression, crystallization and preliminary X-ray
characterization of the Drosophila transcription

factor Doublesex

Doublesex (DSX) is a transcription factor in Drosophila melanoga-
ster that regulates somatic sexual differentiation. Homologues have
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been found in diverse metazoans, suggesting a conserved role in
development. Here, the expression, purification and crystallization of
a novel 63-amino-acid dimerization domain and selenomethionine
analogue are described. Native crystals belong to space group P2,2,2,
and diffract to a resolution of 1.6 A with synchrotron radiation.
Selenomethionine-containing crystals provide anomalous dispersion

for phasing.

1. Introduction

Doublesex (DSX) is a downstream component
of the well described sex-determining hier-
archy of Drosophila melanogaster. In this
genus sex is determined by the ratio of X
chromosomes to autosomes. When the ratio is
22 (XX genotype), the sex lethal gene
(encoding an RNA splicing factor) is activated,
leading to the expression of Transformer
(TRA), a second RNA-splicing factor. TRA,
together with TRAZ2, regulates the female
splicing isoform of DSX (DSX"). When the
ratio of X chromosomes to autosomes is 1:2
(XO genotype), sex lethal is not expressed and
the male isoform of DSX (DSX™) is produced
by default. Messenger RNAs encoding DSX™
and DSXF contain the same first three exons;
the C-terminal region of DSX" is encoded by
exon four, whereas the C-terminal region of
DSXM is encoded by exons five and six (Burtis
& Baker, 1989). Thus, as a consequence of sex-
specific splicing, male and female isoforms are
identical for the first 397 residues but differ for
the remainder of the proteins.

The N-terminal domain of DSX (residues
35-105) contains a DNA-binding motif, desig-
nated the DM domain (Doublesex and MAB-3
domain; Raymond er al, 1998). As the
acronym implies, this domain is also found in
Caenorhabditis elegans transcription factor
MAB-3, which is required for male somatic
differentiation. Indeed, studies of transgenic
worms have demonstrated that the male (but
not female) isoform of DSX can rescue male
features in C. elegans in the absence of MAB-3
(Raymond et al., 1998). Recently, the DM
domain’s role in sexual differentiation has
been shown to be conserved among metazoans.
In humans, for example, deletion of three
contiguous DM-containing genes on chromo-
some 9 is associated with XY sex reversal and
gonadoblastoma (the 9p syndrome; Ottolenghi
et al., 2000). The structure of the DM domain,

determined by NMR spectroscopy, contains a
novel zinc module that binds in the minor
groove of DNA (Zhu et al., 2000).

The C-terminal domain of DSX (residues
350-427 in DSX' and 350-549 in DSXM)
contains both sex-specific and non-sex-specific
residues. This domain is responsible for oligo-
merization and presumably for the differential
transcriptional regulation effected by male and
female isoforms (Erdman er al, 1996). A
mutation in XX (genetically female) fruit flies
at position 398 (G398D) results in an intersex
phenotype. This mutation impairs dimerization
in vitro, implying that dimerization is required
for the function of DSX" in vivo (Erdman et al.,
1996). Homologues of the dimerization domain
are not recognizable outside of insects. Given
the broad conservation of the DM domain,
however, it is possible that the three-dimen-
sional structure of the dimerization domain
will be shared by proteins with limited
sequence similarity. In this report we describe
the expression, purification and crystallization
of the DSX" dimerization domain, its labeling
with selenomethionine, and preliminary crys-
tallographic X-ray characterization.

2. Materials and methods
2.1. Protein expression and purification

Coding sequences corresponding to the
C-terminal domain of DSX" (residues 350-
427) and a truncated analogue (residues 350—
412) were ligated into expression plasmid
pMW127 (Hinck et al., 1993; Ukiyama et al.,
2001). The truncated analogue was designed
based on prior yeast two-hybrid studies
showing that residues 413427 are not required
for dimerization (Erdman et al., 1996);
sequence analysis suggests that this tail is
unstructured. The domains were expressed in
Escherichia coli strain BL21(DE3)pLysS
(Invitrogen, Carlsbad, California, USA) as
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Table 1

Data-collection and analysis statistics.

Values in parentheses are for the highest resolution shell.

Native SeMet
Wavelength (A) 0.9000 0.9788
Unit-cell parameters a =398, a=394,
(A) b = 46.6, b =468,
c=598 c =586
Resolution range 19-1.6 32.7-1.8
(A) (1.66-1.60)  (1.86-1.80)
No. measured reflections 164648 145768

No. unique reflections 15159 (1467) 19414 (1905)
Redundancy 10.9 7.5

Completeness (%) 99.1 (96.9) 100 (100)
Ruerge (%) 3.8 (0.182) 8.7 (0.456)
Average I/o(I) 62.3 (11) 24.0 (34)

thrombin-cleavable fusion proteins with an
N-terminal Hiss tag under the transcrip-
tional control of isopropyl-B-p-thiogalacto-
side (IPTG; Roche, Indianapolis, Indiana,
USA). Essentially identical protocols were
employed for protein purification. In each
case, a 120 ml starter culture containing 2YT
medium and antibiotics was grown overnight
with shaking at 310 K and subsequently
inoculated into 4.51 of 2YT containing
ampicillin - (AMP; Roche, Indianapolis,
Indiana, USA) and chloramphenicol (CA;
Boehringer Mannheim GmbH, Mannheim,
Germany). Cultures were grown to an
optical density at 600 nm (ODgy) of ~0.6
and then induced with 0.5 mM IPTG. Cells
were grown to an ODgy of ~1.0 and
harvested by centrifugation at 3500g for
15min at 277 K. The cell pellet was
harvested, resuspended in extraction buffer
(20 mM imidazole, 20 mM Tris—-HCI pH 7.0,
200 mM NaCl) with 0.75 mg ml™" lysozyme
and 0.174 mgml™' phenylmethylsulfonyl
fluoride (PMSF; Sigma, St Louis, Missouri,
USA) and incubated for 20 min at room
temperature. The mixture was then exposed
to three freeze—thaw cycles followed by
sonication on ice. The lysate was centrifuged
at 17 400g for 1 h at 277 K. The supernatant
was reserved, and the pellet was resus-
pended in extraction buffer, sonicated and
centrifuged again. The supernatants were
combined, incubated with Co**-affinity resin
(BD Biosciences, Palo Alto, California,
USA), and applied to an FPLC column at
277 K. The column was washed with two to
three column volumes of extraction buffer.
The fusion protein was eluted from the
column with elution buffer (250 mM imida-
zole, 20 mM Tris-HCl pH 7.0, 200 mM
NaCl) and dialyzed into cleavage buffer
(5 mM imidazole, 20 mM Tris—-HCI pH 7.9,
200mM NaCl) overnight at 277 K.
Thrombin cleavage was accomplished at
room temperature with ca one unit of

thrombin (Sigma, St Louis, Missouri, USA)
per milligram of fusion protein until
completion as assayed by SDS-PAGE,
usually ~4 h. The mixture was applied to a
Co®*-affinity column, and the flowthrough
containing the protein of interest was
collected. Eluted fractions containing the
domain were concentrated using an Amicon
ultrafiltration system with a YM1000 filter
(Millipore, Billerica, Massachusetts, USA).
The protein was purified to near-homo-
geneity by gel filtration (Superdex 75;
Amersham Pharmacia, Uppsala, Sweden) in
the case of the truncated domain and by
anion exchange (DEAE-5PW; Toso Haas,
GmbH, Stuttgart, Germany) in the case of
the intact domain.

Selenomethionine-labeled protein was
expressed in B834(DE3)pLysS competent
cells (Novagen, Madison, Wisconsin, USA)
grown in M9 minimal medium supple-
mented with all amino acids except
methionine at 40 mg1~" and selenomethio-
nine (Sigma, St Louis, Missouri, USA) at
50mgl™'. A 140ml starter culture
containing 135 ml supplemented M9 media,
and 5ml 2YT media and antibiotics was
grown overnight at 310 K. The starter
culture (120 ml) was inoculated into 4.51
supplemented M9 medium together with
6 ml 2YT medium to facilitate cell growth.
Induction, harvest and purification were as
described for the native domains.

2.2. Crystallization

The purified native fragment (residues
350-412) was concentrated in an Amicon
ultrafiltration cell using YM1000 filters to
~10mgml~" in GPC buffer (20 mM Tris—
HCI pH 7.4, 200 mM NacCl). Crystallization
trials were performed with Crystal Screen I
and II and PEG/Ion Screen using the
hanging-drop  vapor-diffusion = method
(Hampton Research, Laguna Niguel, Cali-
fornia, USA). Drops were formed by mixing
1-4 pl protein stock with 1-4 pl reservoir
solution. Crystallization drops were allowed
to equilibrate at either room temperature or
277 K for 1-6 weeks over 1 ml of reservoir
solution. Conditions initially producing
crystals were optimized by varying the
precipitant and protein concentrations.
Optimal crystallization conditions for the
dimerization domain were determined to
be 1.85M ammonium sulfate and 7%
2-propanol with a protein stock concentra-
tion of 12mgml~'. Crystallization condi-
tions for the SeMet-containing analogue
were identical to those given above. Crystals
were not obtained for the intact C-terminal

domain (residues 350-427) under any of the
conditions tested.

2.3. Data collection and processing

Native X-ray diffraction data were
collected under cryoconditions on beamline
14-ID-B at Argonne National Laboratories.
Prior to data collection, crystals were
washed in a solution containing reservoir
solution and 15%(v/v) glycerol, mounted in
nylon loops and flash-frozen in liquid
nitrogen. Data collection was at 0.9000 A at
a crystal-to-detector distance of 110 mm and
an oscillation range of 1°. Single-wavelength
anomalous dispersion (SAD) data were
collected under cryoconditions on beamline
X9B at Brookhaven National Laboratories.
Data reduction was performed using
DENZO (native) or HKL2000 (SAD).
Scaling was performed with SCALEPACK
(native) or HKL2000 (SAD) (Otwinowski &
Minor, 1997). Substructure determination
and phasing were accomplished using the
SHELX suite of programs (Sheldrick, 1990).
Data-collection statistics are given in Table 1.

3. Results and discussion
3.1. Expression and purification

Protein expression was tested with 2 ml
cultures grown from single colonies. Those
cultures showing greatest overexpression, as
determined by SDS-PAGE, were selected
for large-scale protein expression. After
elution from the first cobalt column, a band
of slightly less than the molecular weight of
the fusion protein (36.5 kDa for the dimer-
ization domain, 34.5 kDa for the analogue)
was in each case observed by SDS-PAGE.
DSX has been noted to migrate abnormally
on SDS-PAGE gels (Burtis et al., 1991; Cho
& Wensink, 1996). The purified proteins
were assayed by mass spectrometry and
found to correspond to the predicted mole-
cular weights of the domain plus Gly-Ser
derived from the thrombin-cleavage site
(9.402 kDa for the dimerization domain,
7.737 kDa for the truncated analog). It was
noted that protein purified by reverse-phase
high-performance liquid chromatography
(HPLC) was unusually susceptible to
oxidation and aggregation. Purification of
the domains by gel filtration or ion exchange
under non-denaturing conditions resulted in
each case in a stock solution stable at room
temperature and amenable to crystallization
trials. Selenomethionine protein was puri-
fied similarly. Protein yields were typically
8mg per litre of culture under native
conditions and 6 mg per litre of culture for
incorporation of selenomethionine.
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Figure 1
Crystals of DSX" WT (residues 350-412) grown in
1.9 M ammonium sulfate and 7% 2-propanol.

Figure 2

X-ray diffraction pattern of native DSX" WT 350-
412 collected at APS. Exposure time 2 s, distance
110 mm, oscillation range 1.0°. An ADSC Q4 CCD
detector was used to record the image. The frame-
edge close-up is 1.6 A.

3.2. Crystallization

Initial trials of DSX" WT 350427 failed
to yield crystalss. NMR and circular-
dichroism (CD) studies suggest that this
domain consists of a well ordered core dimer
with a disordered tail (unpublished results).
Reasoning that this tail might be impairing
crystallization, we pursued crystallization of
a dimeric fragment lacking this tail (residues
350-412). Trials were initially started with an
8.5 mg ml™! protein stock solution. Crystals
were observed after three weeks in 2.0 M
ammonium sulfate and 5% 2-propanol.
Conditions were optimized to 1.85M
ammonium sulfate and 7% 2-propanol with
a 12 mg ml™" protein stock solution. Under
these conditions, crystals (Fig. 1) began
forming within 3 d, with the most useful
crystals forming within one week at room
temperature. Crystal dimensions ranged
from 0.1 x 0.1 x 0.l mm to 0.5 x 0.5 x
0.3 mm, the best diffracting crystals being
0.3 x 0.3 x 0.2 mm in size. Selenomethio-
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Figure 3

Harker section from anomalous scattering Patterson map showing selenium positions.

nine crystals were grown under the same
conditions as the native crystals. The
morphology of the selenomethionine crys-
tals varied slightly from that of the native
crystals. Whereas both were roughly square-
shaped, the selenomethionine crystals were
generally thinner with an ‘X’ across the face.
As indicated by the X-ray diffraction
pattern, this ‘X’ did not appear to arise from
satellite crystal formation.

3.3. Data collection and preliminary X-ray
characterization

Native crystals diffracted to 1.6 A reso-
lution on beamline 14-ID-B at Argonne
National Laboratories (Fig. 2). The crystal
belongs to space group P2,2,2;, with unit-
cell parameters a = 39.773, b = 46.623,
¢ = 59771 A. Assuming one dimer per
asymmetric unit (15.4 kDa), the Matthews
coefficient is 1.79 A>Da~! with a solvent
content of 30%. To obtain experimental
phases, an SeMet-derivative crystal was
measured at the Se peak (A = 0.9788 A).
Data to 1.8 A resolution were collected on
beamline X9B at Brookhaven National
Laboratory. The crystal parameters were
similar to those of native crystals (space
group  P2,2,2;; unit-cell parameters
a =39.414, b = 46.759, ¢ = 58.596 A). Four
selenium sites were located in the asym-
metric unit (Fig. 3). Although the intact
dimerization domain (residues 350-427)
appears to be refractory to crystallization, it
is possible that NMR spectroscopy may
enable extension of the pending structure of
the 350412 domain to include the missing
tail.
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