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A triple cysteine mutant of sorghum leaf NADP-malate dehydrogenase has been constructed by site-directed mutagenesis, combining the previously 
obtained mutation of the two N-terminal cysteines with the mutation of the most internal of the two C-terminal cysteines. The construct, 
over-expressed in E. coli, yielded an always acttve, dithiol-insensitive enzyme. It can be concluded that the dithiol activation of the unmodified 

enzyme involves a maximum of two different dtsulfides per subunit, and that none of the mutated cystemes is Implicated in catalysis. 

Malate-dehydrogenase; Thioredoxin: Light activation; Dtsulfide and site-directed mutagenesis 

1. INTRODUCTION 

The NADP-dependent malate dehydrogenase 
(NADP-MDH) (EC 1.1.1.82) is present in the chloro- 
plasts of mesophyll cells of all photosynthetic plants. It 
plays a major role in the CO, fixation pathway of C, 
species [l]. Unlike the always active, NAD-dependent 
forms, it is inactive in the dark and activated in the light. 
Previous studies established that the activation is corre- 
lated with a reductive cleavage of disulfide bonds on the 
inactive (oxidized) enzyme through a reversible dithiol/ 
disulfide interchange with photosynthetically reduced 
thioredoxin m [24]. 

More detailed chemical modification studies on corn 
enzyme showed that a disulfide bridge located near the 
N-terminus of each subunit was reduced upon activa- 
tion [.5]. The occurrence of a unique N-terminal disul- 
fide bridge was also reported for the pea chloroplast 
enzyme subunit [6]. However, chemical quantitation of 
thiols on the previously denatured, then chemically re- 
duced, corn enzyme indicated the possible presence of 
2 or even 3 disulfides per monomer [7], and cDNA 
sequencing revealed the existence of a total of 8 cys- 
teines per subunit of either corn or sorghum maturated 
enzyme [8,9]. Compared to the sequences of the NAD- 
dependent enzymes, all the NADP-MDH’s sequenced 
so far were shown to possess 2 extensions, one N-termi- 
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nal, bearing the 2 previously identified regulatory cys- 
teines, and the other C-terminal, bearing one cysteine, 
and bordered by another one which has no counterpart 
in the NAD-dependent forms. None of the 4 other cys- 
teines which are present in the core part of the molecule 
is conserved in the NAD forms [8,9]. 

Recently, we confirmed the role of the N-terminal 
disulfide bridge in activation by performing site-di- 
rected mutagenesis on the full-length cDNA coding for 
sorghum leaf NADP-MDH [lo], however, the replace- 
ment (separately or together) of the 2 N-terminal cys- 
teines by serines did not suppress the requirement for 
reduced thioredoxin. but dramatically changed the 
time-course of activation: the activation process, which 
took more than 10 min to reach completion with the 
unmodified enzyme was almost instantaneous with the 
mutated protein. These results suggested that, while the 
reduction of the N-terminal disulfide bridge constituted 
the limiting step of the activation, the reduction of a 
second thioredoxin-reducible disulfide bridge was nec- 
essary to get an active enzyme. The involvement of two 
disulfides, with different reduction properties, was also 
proposed independently in two recent papers dealing, 
respectively, with maize leaf NADP-MDH [7] and pea 
leaf NADP-MDH [ll], based on data obtained by a 
biochemical approach. 

In the present study, we provide evidence that mutat- 
ing one cysteine, located in the C-terminal part of the 
protein, in addition to the two cysteines of the N-termi- 
nal disulfide bridge, yields an always active, dithiol- 
insensitive enzyme. 

Abbrewations: DTT, dithiothreitol: NADP-MDH. NADP-dependent 

malate dehydrogenase; PAGE, polyacrylamide gel electrophoresis; 
SDS, sodium dodecyl sulphate; Tris. tri(hydroxymethy1) aminom- 
ethane; WT. wild-type. 

2. MATERIALS AND METHODS 

2.1. Materials 
The E. coli strains used for high-yield plasmid production, dU- 
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substituted DNA template synthesis and mutated CM7 cDNA [9] 
expression were the same as in [lo] and they were grown in similar 

conditions. 
Spinach thioredoxm m was prepared as already described [12]. 
All enzymes for molecular biology as well as ohgonucleotides for 

DNA sequencing and site-directed mutagenesis were purchased from 
Appligene, Boehrmger-Mannheim. and Bethesda Research Laborato- 

ries. Radiolabels were from Amersham. Chromatographic supports 
were from Sigma and Grace-Amicon. Reagents for ammo acid se- 

quencing were supplied by Applied Biosystems Inc. 

2.2. We-dvected mutagenem atid construction of a cDNA codrng for 
a mutant NADP-MDH with three subsmuted cystemes 

All methods for molecular biology are described m [I 31 The C405A 
mutation was introduced into the CM7 cDNA by the method de- 
scribed by Kunkel et al. [14] The following oligonucleotide: pGA- 
GAAGAAAGCCGTTGCCCATC was used to replace the codon 

coding for Cys-405 (sequence numbering based on [9]) with a codon 
coding for an alanme (underhned). The BgllIIXhoI fragment encom- 
passmg the mutagenesis site was transferred into the pETmdh expres- 
sion system [lo] using pUC9 as vehicle. Then. the ApaI cassette from 
the previously obtained C64/69S CM7 cDNA [IO] was exchanged with 
the corresponding wild-type fragment. The DNA sequence was con- 
trolled at each clomng step. 

2.3. Productron und purl$catmz of the modified NADP-MDH protern 

The protocols for expression of the mutated CM7 cDNA m the PET 
system [15], as well as for preparation of soluble protein extracts from 
E co/l were the same as previously detailed [IO] Proteins from the 
crude extract were fractionated by ammomum sulfate precipitation. 
The precipitate obtained between 35 and 60% of saturation was dis- 
solved in 20 mM sodium phosphate (pH 7.2) buffer contaimng 1 mM 
EDTA (PE buffer) and dialyzed overnight agamst 50 vols of the same 
buffer. The fractionated extract was loaded onto a DEAE-Sephacel 
column (3 cm diameter. 22 cm long) equihbrated with PE buffer. After 
extensive washing of the column with the same buffer, elution was 
carried out with a linear gradient (2 x 250 ml) of O-600 mM NaCl in 
PE buffer. Fractions enriched in NADP-MDH were pooled and di- 
rectly loaded onto a Matrex red A column (1.5 cm diameter. 13 cm 
long). After washing with PE buffer, the enzyme was eluted from the 
affinity column with a linear gradient of O-3 M NaCl (2 x 250 ml) m 
PE buffer The peak fractions were pooled and dialysed against 30 mM 
Tris-HCl. pH 7.4, 1 mM EDTA buffer. Then. the purified preparation 
was concentrated to 1 -1.5 mg protein/ml m an Amicon ultrafiltration 
cell equipped with a YMIO membrane. 

2.4 Chaructertation of the nlutmt NADP-MDH protem 

Enzyme activity assay, kinetic parameters determination and poly- 
acrylamide gel electrophoresis were performed as m [lo]. NADP- 
MDH was detected on gels by Western immunoblottmg procedure 
already described in [16]. An Apphed Biosystems model 476A se- 
quencer with on line HPLC detection of phenylhydantom ammo acids 
was used for N-termmal ammo acid sequence analysis of wild-type 
(WT) and mutant NADP-MDH. 

3. RESULTS AND DISCUSSlON 

The triple cysteine mutant of sorghum leaf NADP- 
MDH was constructed by combining the previously 
constructed C64/69S mutant (numbering used in [9] and 
starting at the beginning of the transit peptide) lacking 
the N-terminal disulfide bridge [lo] with the replace- 
ment of the most internal of the 2 C-terminal cysteines 
by an alanine (C405A). The decision to construct a 
combined mutation was reached because the single mu- 
tation C405A yielded a protein which still needed a 
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Fig. 1. (A) SDS-polyacrylamide gel electrophoresis (10%) stained by 
Coomassie brilliant blue. Lane 1. crude soluble extract of E colz 
producing the mutant NADP-MDH: 2. purified triple cysteine mutant 
NADP-MDH; 3. purified sorghum leaf NADP-MDH. (B) Im- 
munoblottmg of the same samples probed with anti-recombmant 
NADP-MDH IgG The positions of molecular mass standards are 

Indicated m kDa. 

preactivation with reduced thioredoxin to be active 
(data not shown). In the soluble crude extract of E. coli 
cells expressing the triple cysteine mutant cDNA, a 
strong NADP-MDH activity could be measured with- 
out any activating pretreatment. while all the NADP- 
MDHs expressed so far in E. coli needed a preactivation 
with reduced thioredoxin to be detectable [lo]. The 
whole purification process could be followed by directly 
measuring the NADP-MDH activity. The chromato- 
graphic behaviour of the mutant protein was unchanged 
on ion-exchange chromatography on DEAE-Sephacel, 
but its elution from Matrex red A required higher NaCl 
concentrations (2.5 M instead of 1.3 M, data not shown) 
suggesting a more ‘open’ conformation towards the dye 
which mimicks the structure of the cofactor. After puri- 
fication close to homogeneity, as judged by SDS-PAGE 
(Fig. lA), the protein still exhibited high spontaneous 
activity. Its molecular mass was very similar to the one 
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Fig 2. Effect of premcubatton wtth dithiols on the activity of triple 
cysteine mutant (TM), compared to unmodtfied (WT) NADP-MDH. 
The enzymes were preincubated in 30 mM Trrs buffer. pH 7.9, supple- 
mented with 10 mM DTT (DTT) or 1 mM DTT + 15 ,uM thtoredoxm 
(DTT + TRX) where indicated. Aliquots were wtthdrawn after the 

indicated times of incubation and assayed for activity. 

of the protein purified from plant leaves, suggesting the 
processing of the recombinant preprotein in E. coli, as 
already observed for the recombinant WT enzyme [IO]. 

This was confirmed by amino acid sequencing of the 
N-terminal part of the pure protein, which showed that 
the longest form which could be identified in the prepa- 
ration started at Ser-41, as reported for the plant en- 
zyme [9]. Like for the WT recombinant enzyme [lo]. 
forms shortened by several amino acids could also be 
detected, suggesting some N-terminal nonspecific prote- 
olysis. 

The mutated protein was recognized by antibodies 
raised against the WT recombinant protein (Fig. 1B). 
In crude extracts. a faint higher molecular weight band 
could also be detected. Taking into account the pre- 
dicted size of the transit peptide [9], it could correspond 
to the unprocessed form of the protein. It has never been 
visualized in plants, nor in our previous, less efficient 
expression system [17], however, it was always present 
in crude extracts when the improved pETmdh expres- 
sion system was used [lo], and lost during purification. 

Table I 

Effect of preincubation with NADP on the actrvity of the triple cyste- 
ine mutant NADP-MDH 

Time of premcubation 
(min) 

NADP-MDH activity (U/mg protein) 

No NADP 400 ,uM NADP 

0 400 400 
1 400 400 
5 380 380 

The enzyme was premcubated with or without NADP, in a 30 mM 
Tris buffer. pH 7.9, 10 mM DTT and 15 PM thloredoxin. Aliquots 
were removed pertodtcally and assayed for activity. The same results 

were obtained when the reductant was omitted from the medium 

The specific activity of the purified mutant protein 
ranged from 400 to 500 U/mg, similar to the values 
reported for the WT protein. The Km for the substrates 
were also in the range of the standard WT values [lo] 
(data not shown). Clearly, the mutation did not alter the 
catalytic properties of the enzyme, but simply locked it 
in a fully activated conformation. As a matter of fact, 
treatments known to affect, either positively or nega- 
tively, the activation of the enzyme had no effect on the 
mutant. Thus, the activity could not be increased by 
preincubation with either DTT or DTT-reduced thiore- 
doxin (Fig. 2). On the other hand, preincubation with 
NADP, a well-known inhibitor of activation [ 181 did not 
decrease the activity (Table I). This confirms the previ- 
ous assumptions that NADP prevented the enzyme at- 
taining an active conformation but did not interfere 
with catalysis. 

Taken together with our previous findings [lo], these 
results provide evidence that the activation of NADP- 
MDH involves the reduction of no more than 2 disul- 
fides per subunit. Besides the previously identified N- 
terminal disulfide, the reduction of which is rate-limit- 
ing for activation, an additional disulfide, involving 
Cys-405, must certainly be reduced. The full demonstra- 
tion of this will be achieved after identification of the 
partner cysteine of Cys-405. Further mutagenesis exper- 
iments are in progress for this purpose. Considering the 
better binding of the triple cysteine mutant to triazine 
dye columns, it can be speculated that the opening of 
the second disulfide facilitates the access of NADPH. 
From present evidence. we can conclude that Cys-405 
has no catalytic function, as its replacement by an alan- 
ine yields a fully active enzyme. 
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