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Crystallization of the NADP-dependent f-keto acyl-
carrier protein reductase from Brassica napus

The NADP-dependent S-keto acyl-carrier protein reductase (BKR)
from Brassica napus has been crystallized by the hanging-drop
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vapour-diffusion method using polyethylene glycol of average
molecular weight 1500 as the precipitant. The crystals belong to the
hexagonal space group P6,22, with unit-cell parameters a = b = 129.9,
c=931 A, o= =90, y=120°. Calculated values for V,,, the use of
rotation and translation functions and consideration of the packing
suggest that the asymmetric unit contains a monomer. The crystals
diffract to beyond 2.8 A resolution and are more amenable to X-ray
diffraction analysis than those reported previously for the Escherichia
coli enzyme. The structure determination of B. napus BKR will
provide important insights into the catalytic mechanism of the
enzyme and into the evolution of the fatty-acid elongation cycle by
comparisons with the other oxidoreductase of the pathway, enoyl

acyl-carrier protein reductase (ENR).

1. Introduction

Fatty-acid biosynthesis is critical for several
essential cellular functions. These include
membrane biogenesis, cell signalling and
energy storage through the formation of
triglycerides (Slabas & Fawcett, 1992). The de
novo biosynthesis of fatty acids is catalyzed by
fatty-acid synthetase (FAS) and involves
elongation of a fatty-acid chain through the
reiterative use of four enzymes at each cycle of
elongation. Each cycle results in the incor-
poration of a two-carbon unit from malonyl
acyl-carrier protein (ACP) and the loss of a
molecule of carbon dioxide. The enzymes
catalyze sequentially a condensation, a reduc-
tion, a dehydration and a final reduction
(Slabas & Fawcett, 1992). Two types of FAS
exist. Type I has the enzymes which catalyze
individual steps in the pathway, with the asso-
ciated ACP, on one or two multifunctional
polypeptide chains, whereas type 11 has each
catalytic domain individually located on sepa-
rate polypeptide chains (Rock & Cronan,
1996). Plants and many bacteria contain the
type II FAS.

The first reductive step of the FAS pathway
catalyzes the reduction of the keto group of a
B-ketoacyl ACP substrate to its hydroxy
product and is catalysed by the NADP(H)-
dependent enzyme fS-keto acyl-carrier protein
reductase (BKR; Sheldon et al, 1992). It
catalyzes the reversible reduction of 3-oxoacyl
ACP to the p-(—)-B-hydroxyacyl ACP isomer;
the L-isomer is completely inactive as a
substrate (Shimakata & Stumpf, 1982). The
enzyme has a strong preference for the aceto-

acetyl ester of ACP over model substrates such
as cysteamine or CoA derivatives (Sheldon et
al., 1992).

R—CO—CH,—CO—S—ACP + NADPH«—>
R—CH(OH)—CH,—CO—S—ACP + NADP*

In plants, the enzyme has been successfully
isolated from spinach leaves (Shimakata &
Stumpf, 1982), avocado mesocarp (Sheldon et
al., 1990) and oilseed rape (Sheldon et al,
1992). The monomer of BKR from B. napus
has an M, of approximately 28 kDa as deter-
mined from the amino-acid sequence derived
from the cDNA (Slabas et al, 1992) and is
composed of 260 amino acids. Gel-filtration
studies on the enzyme are consistent with it
being a tetramer in spinach (Shimakata &
Stumpf, 1982), oilseed rape (Sheldon et al.,
1992) and avocado (Sheldon et al., 1990).
Sequence analysis has shown a high degree
of similarity (34% completely conserved with
respect to the B. napus sequence) between the
known BKR enzymes from a range of species
(Slabas et al, 1992) and provides an initial
indication that the overall structure of BKR
from plants and bacteria will be very similar
and that this similarity might extend to the
details of the catalytic mechanism. Further
sequence analysis has also suggested that BKR
belongs to a short-chain alcohol de-
hydrogenase (SDR) family for which the
structures of a number of members have been
determined, including that of 3¢,208-
hydroxysteroid dehydrogenase (HSD) from
Streptomyces hydrogenans (Ghosh et al., 1994).
The SDR family members possess a char-
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acteristic sequence motif formed by a triad
of conserved serine, tyrosine and lysine
residues involved in the catalytic mechan-
isms of the enzymes of the family (Jornvall ez
al., 1995).

BKR has also been noted to possess 25%
sequence identity to enoyl reductase (ENR),
the second reductive enzyme of the fatty-
acid elongation cycle, hence prompting the
suggestion of an evolutionary relationship
(Rafferty et al, 1995). Although both
enzymes carry out reductive steps in fatty-

Figure 1
An X-ray diffraction image recorded at room temperature on a
large MAR Research image plate on station 9.5 at the CLRC
Daresbury SRS. The diffraction limit to the edge of the image is
2.8 A and a rotation angle of 2° was used.

acid biosynthesis, they reduce quite different
targets, with BKR reducing a carbon—
oxygen double bond whereas ENR reduces
a carbon—carbon double bond. The structure
of the ENR from B. napus has been deter-
mined (Rafferty er al, 1995), thus making
possible a comparison with BKR and
examination of the molecular differences
underlying the two reductive processes.
Solving the structure of the B. napus BKR
should give a greater understanding of the
mechanism and substrate binding of the
BKR family than is currently
available and should provide an
opportunity to study the evolu-
tionary relationship to B. napus
ENR.

2. Experimental

B-Keto reductase from B. napus
was purified from an over-

expressing E. coli  strain
BL21(DE3) which had
previously been transformed

with the pETJRS10.1 plasmid, a
construct of pET11d containing
the cloned B. napus mature
protein sequence. PCR primers
had been designed to enable
insertion and ligation of the
mature coding sequence for the
B. napus BKR cDNA (Slabas et
al., 1992). Cells were grown at
310 K with ampicillin selection in
LB medium, induced with
100 M IPTG  and  then

Figure 2

A section from the translation function for BKR obtained using a monomer of HSD as a search model in space
group P6,22. The section (at 0.488 of the cell on Z and showing the whole cell in X and Y) shows the major peak
in the map which gave a clear solution (180) consistent with packing considerations.

harvested by centrifugation and frozen. All
subsequent steps were carried out at 277 K.

The cells were resuspended in 40 mM
Tris—HCl pH 8,2 mM EDTA (buffer A) and
cell disruption was achieved by sonication at
4 x 20s in a Soniprep-200 sonicator with
amplitude 16-18 pm. Debris was removed
by centrifugation at 25 000g for 15 min. The
resulting crude cell extract showed a high
level of BKR activity in an optical assay
employing the substrate analogue aceto-
acetyl-CoA (Sheldon et al, 1990). The
supernatant was treated with protamine
sulfate at a concentration of 5mgml™" of
crude extract and centrifuged at 25 000g for
10 min. The supernatant was then loaded
onto a DEAE-Sepharose column equili-
brated in buffer A. BKR did not bind to this
column but many contaminants were
removed, increasing the protein purity. 4 M
ammonium sulfate was added to the protein
sample until a concentration of 1.5 M was
reached; it was then re-centrifuged at
25000g for 10 min. The supernatant was
then loaded onto a butyl-Toyopearl 650s
column equilibrated with 1.5 M ammonium
sulfate in buffer A and eluted with 1.3 M
ammonium sulfate. A sample of protein was
run on an SDS-PAGE gel and the purity of
BKR was calculated to be approximately
60-70%. The purified sample was concen-
trated using a VIVASPIN 15 (30kDa
molecular-weight cutoff PED membrane)
concentrator (Vivascience Ltd, UK) to a
concentration of ~7-10mgml™" and
dialysed in 10 mM Tris—HCI pH 8 overnight.
Precipitated contaminants were removed by
centrifugation at 28 000g for 5 min. The final
BKR enzyme preparation was approxi-
mately 80% pure as estimated by SDS-
PAGE.

2.1. Crystallization

For the crystallization trials, BKR protein
samples were dialysed against 50 mM
sodium phosphate pH 6.0, 1mM DTT.
Samples of the protein were mixed prior to
crystallization trials with NADP" to give a
final NADP" concentration of 5 mM. Small
volumes (5-10 ul) of the protein plus
cofactor samples were mixed with an equal
volume of a precipitant solution of poly-
ethylene glycol average molecular weight
1500 over the concentration range
8-12%(w/v) in 100 mM sodium citrate
buffer pH 4.0 and were allowed to equili-
brate by vapour diffusion with reservoirs of
precipitant solution at 290 K. Crystals with a
hexagonal bipyramidal morphology and
maximum dimensions of 0.25 x 0.40 x
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0.25 mm were obtained after approximately
one week.

3. Results and discussion

A diffraction data set was collected at room
temperature by the rotation method with 2°
rotations per frame at an X-ray wavelength
of 1.1 A on station 9.5 at the CLRC
Synchrotron Source, Daresbury, using a
large MAR Research image plate (Fig. 1).
The crystals contain a hexagonal lattice and
diffract to better than 2.8 A resolution.
Accurate unit-cell parameters were deter-
mined to be a = b = 1299, ¢ = 93.1 A,
a=B=90,y=120°, with a resultant unit-cell
volume of 136 x 10°A% Data were
processed and analysed using the HKL suite
of programs (Otwinowski & Minor, 1997)
and the CCP4 suite of programs (Colla-
borative Computational Project, Number 4,
1994) in space group P6 and gave a data set
79.0% complete to 2.8 A resolution, with
25934 measurements of 17 685 unique
reflections with an overall multiplicity of 1.5
and a merging R factor of 7.5%. A view of
the hk0 plane using the program HKLVIEW
(Collaborative ~ Computational  Project,
Number 4, 1994) indicated the presence of
additional twofold axes and suggested the
space group could be a derivative of point
group P622. This analysis implied that there
was a monomer in the asymmetric unit,
giving a value for the V,, of 4.05 A’Da™!
and a solvent content of 70%, which lies on
the high side of the normal range for
proteins (Matthews, 1977). The data were
reprocessed in space group P622 and gave a
data set 89.3% complete to 2.8 A resolution
with 25 915 measurements of 10 096 unique

reflections with an overall multiplicity of 2.6
and a merging R factor of 8.5% [with a
merging R factor of 32%, a multiplicity of
2.4 and an I/o(I) of 2.1 in the highest reso-
lution shell, 2.87-2.80 A] The morphology
and fragility of the crystals made attempts to
obtain measurements of reflections along
the sixfold axis difficult and thus it was not
possible to determine whether a screw axis
was present simply by looking for patterns of
systematic absences. An attempt was made
to determine a molecular-replacement solu-
tion for BKR using the known structure of
HSD as a search model. A cross rotation
function for the tetramer was calculated on
data from 8-3.5 A resolution with a 25 A
radius of integration using the program
POLARRFN (Kabsch, unpublished work;
Collaborative ~ Computational ~ Project,
Number 4, 1994). A clear solution was
obtained and a translation function was
calculated for all space groups derived from
point group P622 using the program TFFC
(Collaborative ~ Computational ~ Project
Number 4, 1994). A unique solution was
obtained with a signal-to-noise ratio of over
180 (the root-mean-square deviation from
mean density on the map) for space group
P6,22, with the second peak having a signal-
to-noise ratio of 4.5¢0 (Fig. 2). The packing
was checked using the program FRODO
(Jones, 1978).

Attempts to refine the structure based
upon the molecular-replacement solution
phases are currently under way.
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