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Abstract

Crystals of chloroplast NADP-dependent malate dehydro-
genase have been grown both with and without the cofactor
NADP present. The enzyme has a molecular weight of 43 kDa
per subunit and exists as a dimer in solution. The crystals
diffract to 2.8 AÊ and belong to the space group P3221 with cell
dimensions a = 148.1, c = 65.5 AÊ .

1. Introduction

NADP±malate dehydrogenase (E.C. 1.1.1.82) is a chloroplast
enzyme that undergoes rapid reversible light-dependent acti-
vation (Edwards et al., 1985). The enzyme is part of the C4

pathway of photosynthesis in monocot plants such as maize,
sugar cane and sorghum and the dicot plants such as Flaveria
bidentis. The light activation is achieved by photosynthetic
electron transport-dependent reduction of enzyme disul®de
bonds. The activation can be mimicked in vitro by treatment of
the enzyme in extracts with thiol reducing agents such as
dithiothreitol or the reduced form of the protein thioredoxin.
Similarly the deactivation that occurs in darkened leaves can
be mimicked by thiol oxidants. This thiol-dependent regulation
of activity is also a property of the puri®ed enzyme. The
puri®ed oxidized enzymes from both maize and F. bidentis are
essentially completely inactive but can be activated many 1000-
fold by thiol reducing agents (Ashton & Hatch, 1983a;
Trevanion & Ashton, 1998). Covalent regulation of enzyme
activity by reversible reduction and re-oxidation of regulatory
disul®de bonds accounts for the light-dependent activation of
at least six chloroplast enzymes (Buchanan, 1991). This regu-
latory mechanism seems to function as a chloroplast equivalent
of covalent regulation by protein phosphorylation that occurs
in all organisms. Chloroplast NADP±malate dehydrogenases
are homologous to NAD±malate dehydrogenases that occur in
the cytoplasm and other organelles of bacteria, plants and
animals but, in addition, contain N- and C-terminal polypep-
tide extensions that are not found in the NAD-dependent
enzymes. These extensions contain conserved cysteines that
are believed to be the regulatory disul®des that mediate the
light- and redox-dependent activation of NADP±malate
dehydrogenase (Miginiac-Maslow et al., 1997). The cysteines in
the terminal extensions are not essential for catalytic activity
since they can be all mutated to Ala or Ser with little or no loss
of catalytic activity. However, such mutant enzymes are now
permanently active and resistant to thiol oxidants (Issakidis et
al., 1994). The molecular basis for the dramatic change in

activity between oxidized and reduced NADP±malate dehy-
drogenase is not known although the change is accompanied
by a 100-fold change in the relative binding af®nities for
NADP+ and NADPH. The coenzyme NADP+ also profoundly
alters the redox potential of one of the regulatory dithiol/
disul®de groups (Ashton & Hatch, 1983b) which may have
signi®cance for the light-dependent regulation of the enzyme
in vivo (Trevanion et al., 1997; Furbank et al., 1997).

We have recently puri®ed and cloned the NADP±malate
dehydrogenase from the C4 plant F. bidentis (Trevanion &
Ashton, 1998). Here we report the crystallization and preli-
minary X-ray analysis of the protein in its oxidized form.

2. Puri®cation of NADP±malate dehydrogenase

NADP±malate dehydrogenase was puri®ed from darkened
leaves of F. bidentis essentially as described previously for the
enzyme from maize (Ashton & Hatch, 1983a; Ashton et al.,
1990). Brie¯y puri®cation involves ammonium sulfate fractio-
nation, polyethylene glycol fractionation and pH precipitation
followed by dye-ligand af®nity chromatography on reactive
red 4-Sephacryl S-300 and gel ®ltration through Sephacryl S-
300 (Trevanion & Ashton, 1998). The enzyme was puri®ed as
the oxidized form in the absence of thiol-reducing agents and
could be activated more than 10 000-fold by incubation with
dithiothreitol and thioredoxin to a speci®c activity of more
than 400 mmol mina1 (mg protein)a1. N-terminal amino-acid
sequencing showed that the puri®ed enzyme consisted of two
species. The sequence of the longer species began at residue 69
of the primary translation product (SwissProt entry:
MDHC_FLABI) while the second species started at residue
79. The longer form is the full-length mature chloroplast
enzyme after removal of the transit peptide.

3. Crystallization

The Hampton Crystal screen II which is based on the sparse-
matrix sampling of Jancarik & Kim (1991) was used to test 48
crystallization conditions. The screen was carried out at 277 K
using 2 ml of protein solution at a concentration of
10.6 mg mla1 or protein solution and NADP (1:4 molar ratio),
added to 2 ml of reservoir in a sitting drop set up in Crystal
Clear Strips from Hampton Research. From the screens three
different conditions produced crystals to a size of approxi-
mately 0.25 � 0.22 � 0.18 mm over a period of 6±12 d. All the
conditions contained ammonium sulfate, together with
PEGMME (polyethylene glycol monomethyl ether) 5 K at pH
6.0, K+/Na+ tartrate at pH 5.6 or glycerol at pH 8.5. Screening
around these conditions continued at 277 and 291 K in Linbro
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