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Abstract

A full-length ¢cDNA clone for NADP " -dependent malate dehydrogenase (NADP-MDH; EC 1.1.1.82)
from the facultative CAM plant, Mesembryanthemum crystallinum has been isolated and characterized.
NADP-MDH is responsible for the reduction of oxaloacetate to malate in the chloroplasts of higher
plants. The cDNA clone is 1747 bp in size and contains a single open reading frame encoding a 441
amino acid long precursor polypeptide with a predicted molecular weight of 47949. The predicted,
mature NADP-MDH polypeptide sequence from M. crystallinum shares 82.7% to 84% amino acid
identity with other known higher plant sequences. Genomic Southern blot analysis of M. crystallinum
DNA indicates that MDH is encoded by a small gene family. Steady-state transcript levels for
chloroplast NADP-MDH decrease transiently in the leaves after salt stress and then increase to levels
greater than two-fold higher than in unstressed plants. Transcript levels in roots are extremely low and
are unaffected by salt-stress treatment. In vitro transcription run-on experiments using isolated nuclei
from leaf tissue confirm that the accumulation of NADP-MDH transcripts is, at least in part, the result
of increased transcription of this gene during salt stress. The salt-stress-induced expression pattern of
this enzyme suggests that it may participate in the CO, fixation pathway during CAM.

Abbreviations: CAM - Crassulacean acid metabolism; DHAP - dihydroxyacetonephosphate; NADP-
MDH - NADP-malate dehydrogenase; NAD-MDH — NAD-malate dehydrogenase; OAA — oxaloace-
tate; PEPC — phosphoenol/pyruvate carboxylase

Introduction pathways. Chloroplasts contain a unique, nuclear

encoded, NADP-specific malate dehydrogenase

Higher plants contain various NAD- and NADP-
dependent isoforms of malate dehydrogenase
that catalyze the reduction of oxaloacetate
(OAA) to malate in different subcellular loca-
tions in the context of several different metabolic

* The nucleotide sequence data reported in this paper will
appear in the EMBL, GenBank and DDBJ Nucleotide Se-
quence Databases under the accession number X63727.

(malate oxidoreductase, EC 1.1.1.82; NADP-
MDH) that exhibits light-dependent activation
via the thioredoxin/ferredoxin system (Ferte
1986, Scheibe 1987). In C, plants, NADP-MDH
is essential for balancing reducing equivalents
between the chloroplast and the cytoplasm via
the malate/oxaloacetate shuttle (Heber 1974). In
C, plants, an abundant NADP-MDH activity is
located exclusively in the mesophyll chloroplasts



16

where it functions to reduce oxaloacetate
{OAA), the product of primary CO, fixation by
phosphoenolpyruvate carboxylase (PEPC), to
malate which is then transported info adjacent
bundle sheath cells. The CO, released during the
decarboxylation of malate is then refixed by
RUBISCO to enter the Calvin-Benson cycle
(Hatch and Slack 1969, Ray and Black 1979}
The partial amino acid sequence of the C, form
of NADP-MDH has been determined in pea
(Fickenscher et al. 1987, Scheibe et al. 1991). In
C, plants, NADP-MDH has been extensively
studied (Kagawa and Bruno 1988) and complete
amino acid sequences have been deduced from
¢DNA or genomic clones from maize {Metzier et
al. 1989} and Sorghum (Cretin et al. 1990,
Luchetta et al. 1998, Luchetta et al. 1991},

In Crassulacean acid metabolism (CAM)
plants, the exact role of NADP-dependent ma-
late dehydrogenases in photosynthetic CO, fixa-
tion has not been clearly established. CAM
plants separate carboxylation reactions temporal-
ly, rather than spatially, as in C, plants. The
majority of CO, uptake and fixation into C,
acids occurs at night. During the day, plants
close their stomata which results in reduced
evaporative water loss and draw upon the stored
malate as a carbon source for refixation via the
Calvin~Benson (C,) photosynthesis cycle.

In the facultative CAM plant, Mesembryan-
themum crystaliinum, the ability to perform
CAM can be brought about by water stress in
the form of high salinity or drought {(Winter
1985). During the transition from C, to CAM,
the activities of both NADP- and NAD-depen-
dent malate dehydrogenase increase (Holtum
and Winter 1982, Winter et al. 1982). The chlo-
roplast localized NADP-MDH activity (OAA
-» MAL) shows a pH optimum of 8.0 and is
dependent upoa preincubation with dithiothrei-
tol. The extrachloroplastic (mitochondrial and
cytosolic) NAD-MDH activity {OAA — MAL)
has a pH optimum of 6.5 and does not require
dithiothreitol pretreatment. The reduction of
OAA to malate during dark CO, fixation is
thought to be catalyzed primarily by the NAD-
dependent form of MDH. Thus, the increased
NADP-MDH activity that occurs during CAM
induction is difficult to explain because a specific
role for this enzvme in CAM has not been

described. To better understand the role this
important enzyme plays in CAM, a full-length
¢DNA clone encoding a chloroplast localized
form of NADP”-dependent malate dehvdro-
genase (NADP-MDH) from M. crystallinum was
isolated and characterized. The expression of
this genc increases as a result of transcriptional
induction during the transition from C, photo-
synthesis to CAM brought about by sait stress,
The elevated expression levels of NADP-depen-
dent MDH in CAM suggest that this enzyme
may participate in CO, fixation reactions both in
the dark and the light.

Materials and methods
Plant material

Common ice plants {Mesembryanthemum crys-
tallinum} were grown from seed in vermiculite
irrigated with half-strength Hoagland’s solution
in a growth chamber on a 12-h light (23 °C)/12-h
dark (18 °C) cvcle. Fluorescent lighting provided
a photon flux density of 300-350 uEm *s™%
Three-week-old seedlings were transferred to 25
liter black tubs containing Hoagland’s solution
and grown hydroponically with constant aera-
tion. Six-week-old plants were stressed by the
addition of NaCl to a final concentration of 400
mM, Plant material was harvested at various
times after the stress treatment (as indicated in
figure legends), frozen in liquid nitrogen and
stored at —70 °C until use.

Construction and screening of cDNA libraries

¢DNA libraries were constructed from polyA”™
RNA isolated from leaf tissue from unstressed or
plants in A-Uni-ZAP XR (Stratagene, Inc., La
Jolla, CA) according to manufacturer’s instruc-
tions, Libraries were prepared from leaf tissue
from plants that had been stressed for 30 h and
from root tissue from plants that had been
stressed for 6 or 30 h. Libraries were screened
using a partial cDNA clone for NADP-MDH
kindly provided by Dr T. Nelson (Yale) by three
rounds of plaque hybridization (Benton and
Davis 1977). Positive A Uni-ZAP-XR clones



were excised and propagated as plasmids accord-
ing to manufacturer’s instructions.

DNA sequencing and sequence data analysis

Single-stranded Bluescript SK-plasmid DNA was
made according to Vieira and Messing (1987).
Deletion subclones for sequence analysis were
generated using the technique of Dale et al.
(1985). A ‘bandaid’ oligomer having the se-
quence: 5-GAACAAAAGCTGGAGCTCCC-
CCC-3' was used to linearize the single-stranded
DNA with Sacl prior to digestion with the 3'-5’
exonuclease activity of T4 polymerase. To se-
quence the opposite strand, the full-length insert
was excised using Kpnl/Spel and recloned into
these same sites in Bluescript KS-. Sequencing
reactions were then conducted using single-stran-
ded DNA and two synthetic primers whose com-
plementary sequences are shown (italicized) in
Fig. 2. All sequencing was performed using the
dideoxy chain termination method with a modi-
fied form of T7 DNA polymerase (Sequenase
2.0) (Tabor and Richardson 1987). Oligonucleo-
tides were synthesized by the University of
Arizona Macromolecular Facility, Department
of Biotechnology.

DNA sequence data was compiled using the
DNA Inspector Ile sequence analysis program
(Textco, Inc., W. Lebanon, NH). Database
searches were conducted using the FASTA
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Fig. 1. Physical map and sequencing strategy of the full-
length NADP-malate dehydrogenase ¢cDNA clone from
Mesembryanthemum crystallinum. The predicted protein cod-
ing region is indicated by a solid box and the putative transit
sequence is designated by a shaded box. Selected restriction
endonuclease sites are shown as indicated. Arrows (—)
indicate the direction and extent of sequencing of deletion
clones or of synthetic oligonucleotide primed sequencing
(o).
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search algorithm described by Pearson and Lip-
man (1988) as part of the University of Wiscon-
sin Genetics Computer Group program package
(UWGCQG) (Devereux et al. 1985). Pairwise se-
quence alignments were conducted using the
GAP program of the UWGCG package (De-
vereux et al. 1985). Multiple sequence align-
ments were conducted using the CLUSTAL pro-
gram (Higgins and Sharp 1989).

RNA isolation and Northern and Slot-blot
analysis

Total RNA was isolated as described (Ostrem et
al. 1987). For Northern blot analysis, 10 pg total
RNA per lane was denatured and resolved
on 1.2% agarose gels containing 2.2 M formald-
hyde prior to capillary transfer to nitrocellulose
(Maniatis et al. 1982). Total RNA was slot-
blotted onto nitrocellulose using a Minifold II
apparatus according to the protocol supplied by
the manufacturer (Schleicher and Schuell,
Keene, NH). The baked (2h at 80°C) nitro-
cellulose filters were then prehybridized for 1 h
at 42°C in 6X SSC (SSC=0.15M Na(Cl, 0.01 M
Na, Citrate) containing 50% (v/v) formamide
and 0.25% (w/v) non-fat dry milk and then
hybridized overnight with a 1.8 kbp Kpnl/Spel
insert of MDH-4R that was radiolabeled using
the random-priming method (Feinberg and Vog-
elstein 1983). Filters were washed twice for
15 min in 2X SSC/0.1% SDS and then twice for
15 min in 0.1X SSC/0.1% SDS at 60 °C . Filters
were then exposed to X-ray film (X-Omat AR-5,
Kodak) at —70°C with intensifying screens.

Genomic Southern blot analysis

Total genomic DNA was isolated according to
the method of Steinmiiller and Apel (1986).
After restriction digestion and separation on 1%
agarose gels, DNA was blotted onto 0.45 um
nylon membranes (Magna® MSI) followed by
3min cross-linking with UV (254nm) light
(Stratalinker, Stratagene, La Jolla, CA). Filters
were then prehybridized in 5X SSC, 1% blocking
reagent (Boehringer Mannheim), 0.1% N-
lauroylsarcosine, 0.02% SDS for 1h at 65°C.
Prehybridization solution was discarded and re-
placed with hybridization solution containing
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random-primed probe and hybridized overnight. ly using a Betascope 603 Blot Analyzer (Be-
Filters were washed for 15 min in 2X SSC/0.1% tagen, Inc., Waltham, MA).

SDS at RT (low stringency) and then twice for

15min in 0.1X SSC/0.1% SDS at 65°C (high

stringency). Results

In vitro transcription assays Isolation and nucleotide sequence determination
of ice plant NADP-MDH
Nuclei isolation and in vitro transcription assays

were conducted as previously described (Cush- cDNA libraries were screened using a hetero-
man et al. 1989). Blots were quantitated direct- logous cDNA probe from Zea mays (Metzler et
. 20 40 . 60 . 80 100

CTCACTCAGTCCCCTGTTTTCTCCTTCTGAACCAGAAAATTCAL11L1L1L1LL1b111AGTA11L1LLbu1bCCATGGCAGTGGCAGAGCTTTCTCCTT
M A V A E L s P
. 120 140 160 . 180 . 200
CATATAAAACCCAACTTAAAACTTGCCAGCAGCTCTCATCATCACTATCGACCCGCCTTTCCGATCACCGAAAATTCTCTCTTCGCCTCCTTCCTCGTCC
S Y K T QL KTCOQOQULS S$ S L ST RUL SDHRIKY FSLRIULILUPTRP
220 240 . 260 . 280 . 300
TGTAAGTGTAAGGGGTGGAATTCGTTGCTCGGTTGCACCAAATCAAGTTCAAGCTCCGGTCGCTGTTCCCGCTGAAGGGCAGACTGGCAAGCCGGAGTGC
V S VR GG I RC SV APNOQVQAP VAV PAETGH QTSGTI K?©PEC
320 . 340 360 . 380 400
TATGGAATCTTTTGCTTGACGTATGATTTGAAAGCCGAAGAGGAGACTAAAACATGGAAAAAAATGATCACGATTGCAGTTTCAGGTGCTGCTGGGATGA
Y 6 I F C L T YDIULXKAETETETI KTWI KU KMMTITTIA AV S G A AGM
420 . 440 . 460 480 . 500
TATCAAACCATCTGTTATTCAAACTTGCTTCTGGTGAGGTATTTGGACCAGATCAACCAATTGCTTTGAAGTTACTGGGCTCCGAGCGGTCATTCAATGC
I S N HLLF KLASGEVF FGPDAOQZPTIALI KT LULSGSEITRSTFNA
. 520 540 . 560 . 580 . 600
TCTAGAAGGAGTAGCTATGGAACTTGAGGACTCGTTATATCCTTTGTTGAGGGCAGTCAGCATTGGTATTGACCCTTATGACATATTCCAAGATGCGGAA
L E 6V A MELED S L YPLULRA AV S I GIODU®PYDTITF QDAE
. 620 640 . 660 . 680 . 700
TGGGCCCTTCTAATTGGAGCAAAACCTCGTGGGCCTGGCATGGAACGAGCTGACTTATTAGATATAAATGGGCAGATTTTTGCAGAGCAGGGGAAAGCTC
W AL L I GA KPURGUPGMEU RA ADIULTULUDTINGTZ GQTIT FA AEZ QG GTIK KA
B 720 740 . 760 . 780 . 800
TTAATGCTGTAGCATCTCGTAATGTGAAAGTCATAGTGGTGGGAAATCCCTGCAACACCAATGCATTGATCTGCTTGAAAAATGCTCCAAATATACCTGC
L N AV A S RNV KV I VVGNUZPTCNTNA BATLITC CTILI KN APNTIUPA
. 820 . 840 . 860 880 . 300
AAAGAATTTTCATGGTCTCACTAGATTAGATGAAAACCGAGCAAAGTGCCAGCTGGCTCTCAAAGCTGGTGTCTTTTACGATAAGGTATCAAATATGACC
K N F H GG L TRULDENUZRA AIKT COGQLA ALI KA AGV VU FYDI KUV S NMT
. 920 . 940 960 . 980 . 1000
ATTTGGGGGAACCACTCGACCACTCAGGTCCCAGATTTTTTAAATGCCAAAATTGATGGATTACCTGTCAAAACTGTCATCAAGGACCACAAGTGGTTGG
I WG N H S TTOGQUV?PDFIL N AIKTIDSGTLU®PV KTV VIZKUDUHI KWL
. 1020 1040 . 1060 . 1080 . 1100
AAGAGGAGTTCACAGTGATGATTCAAAAAAGAGGTGGGGCGCTTATTCAGAAATGGGGAAGATCTTCTGCTGCTTCAACTGCTGTGTCAATTGCTGATGC
E E E F T V MI QKR G G AL I Q K WG R S S A A S TA AUV s I A DA
. 1120 1140 1160 . 1180 1200
CATTAAATCTCTGGTCACCCCTACTCCAGAGGGTGACTGGTTTTCTTCTGCAGTATATACGAATGGGAATCCTTACGGTATAGCTGAGGATCTTGTTTTC
I K S L v T©PTUPESGDWTPFS S AV YTNGNZPYOG I AEUDTLVF
. 1220 1240 . 1260 . 1280 . 1300
AGTATGCCATGCAGATCAAAGGGAGATGGTGATTATGAGCTTGTCAAGGATGTGGTGTTTGATGACTACCTTCGTCAGCGAATAAAGAAGAGTGAGGAGG
S M P CR S K G D G DY EULV KDV VFDDYTULIRQRTIIKIKSEE
1320 . 1340 . 1360 . 1380 . 1400
AACTGTTGGCTGAGAAGCGATGCACGGCACACCTCACAGGAGAGGGTGTGGCTGTTTGTGATCTTCCTGCTGGAGACACAATGCTTCCAGGAGAAATGTA
E L L AEZ KU RT CTA AUHILTGETGVAUVCDULZPA AGTDTMMTLUZPGEM Y

1420 - 1440 . 1460 . 1480 . 1500

GATCTTATATGTCATACCCTTCCAACTCAACTAGAAATCGGCATTGATATTATTGACCTACATAGAAGATCTCTACTGTGTGATTTATTCAGCACAAAIA

. 1520 . 1540 . 1560 . 1580 . 1600

AATGTACCTTTTTTGCAATAAATTGAGAGAGAGATGGGGACTGAGATGCTCATTGAGCCCTTGGCCTGTACAATACCCAGCAAACTGGAGGAAGCGGCGG

. 1620 1640 . 1660 . 1680 . 1700

GTAGGACTGTGGGGGTTGCAGCAACCTGCGTTTACAATTCATTCTTTTTCGGGATCTCGATTTGAAAACAAGATCTTGGTTGGTTAGGATTGTCACCTTC
. 1720 . 1740

CCTTTTCAATGGTACCCTIGIGTITICTTACAAAAAAAAAAAAAAAAAA

Fig. 2. Nucleotide sequence and deduced amino acid residues of a full-length chloroplastic M. crystallinum NADP-MDH. The
deduced single letter amino acid sequence is given below the center nucleotide of each codon triplet. An asterisk (*) designates
the TAG termination codon. Two putative polyadenylation signals are underlined along with a conserved YGTGTTYY motif
thought to be involved in efficient transcript processing. Italicized sequences designate complementary oligonucleotides used for
sequencing the opposite strand.



al. 1989). DNA was isolated from positively
hybridizing plaques from root (6 h stress) and
leaf libraries (30 h stress) and screened by re-
striction analysis for insert lengths equivalent to
the expected size of a full-length transcript of
approximately 1.8kbp. One clone designated
MDH-4R was sequenced according to the
strategy outlined in Fig. 1 and was found to be
full-length. This cDNA is 1747 nucleotides long
including a poly-A tail of 18 adenine residues. A
single open reading frame of 1323 bp begins with
an AUG initiation codon at position 76 and ends
with a TAG termination codon at position 1399
as shown in Fig. 2. The nucleotide sequence that
surrounds the initiation codon at position 76 is
identical to the consensus sequence for plant
translational start sites (AACAAUGGC) at six
out of nine places (Litcke et al, 1987). Two
polyadenylation signals that exactly match the
consensus polyadenylation signal AATAAA de-
scribed for higher plants (Joshi et al. 1987) are
located 95 and 116 bp downstream of the TAG
termination codon. A sequence located 196 bp
downstream of the 3' polyadenyiation signal
matches perfectly the YGTGTTYY motil re-
garded as being important for efficient transcript
processing (Ingelbrecht et al. 1989),

Genomic Southern blot analysis

To assess the complexity of the NADP-MDH
gene family in M. crvstallinum, genomic South-
ern blots of DNA digested with four different
restriction endonucleases were probed with the
full-length ¢DNA clone. Duplicate blots were
washed at low (room temperature) or high
(65°C) stringency as shown in Fig. 3. At low
stringency, multiple fragments are detected,
whereas at high stringency many of these bands
are absent. At high stringency, one major band
remains along with one or two weaker bands.
These results suggest that there is probably a low
copy number of NADP-MDH genes encoding
the chloroplast form described here and encod-
ing the mitochondrial and cytosolic isoforms
present on the common ice plant genome.

Amino acid sequence alignmenis with higher
plant NADP-MDH

The open reading frame shown in Fig. 2 encodes
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Fig. 3. Genomic Southern blot analysis of the NADP-MDH
genc family in the commoen ice plant. Total genomic DNA
isolated from ice plant leaf tissue was digested with BamHI,
EcoRI, HindIIl and Xbal. The DNA samples (5 pg/lanc)
were then separated on a 1% agarose gel, blotted onto nylon
membranes and hybridized as described in Methods and
materials. Duplicate blots were then washed at low (room
temperature. RTY or high {65 °C) stringency conditions.

a 441 amino acid long polypeptide with a pre-
dicted molecular weight of 47 949. This predicted
protein sequence was compared to other known
higher plant NADP -malate dehydrogenase se-
quences as shown in Fig. 4. The ice plant
NADP-MDH preprotein is slightly larger than
the Sorghum {429 or 432 AA) or maize (432
AA) forms. This difference is accounted for
almost entirely by the predicted NH,-terminal
transit peptide in the ice plant. The amino acid
sequence surrounding the experimentally deter-
mined cleavage site for Sorghum (RC" SV, posi-
tions 51-54 in Fig, 4)(Cretin et al. 1990} is
completely conserved in all five amino acid se-
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Fig. 4. Comparison of the predicted amino acid sequences of higher plant chloroplast NADP-MDH. The predicted aminc acid
sequences of higher plant chloroplast NADP-MDH are aligned to the Mesembryanthemum crystaliinum (MC) sequence. Amino
acid sequence from Pisum sativum (PS) was derived from peptide sequencing (Fickenscher et al. 1987, Scheibe et al. 1991) with
X’s denoting unsequenced portions of the protein. Amino acid sequences from Sorghum vulgare cv. INRA 450 (8VI1) {Luchetta
et al. 1990, 1991}, Sorghwm vulgare cv. INRA 450 (SVI2) {Luchetta et al. 1991}, Sprghum vulgare cv. Tamaran (SVT) {Cretin ot
al. 1990} and Zea mays (ZM) (Metzler et al. 1989), were deduced from nucleotide sequences. Sequences were aligned using the
CLUSTAL multialignment program (Higgins and Sharp 1989). Gaps to optimize alignments are designated by (-). Residues
identical to the MC sequence are not shown for simplicity. Conserved cysteine reaidues at positions 80 and 85 that participate in
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quences determined to date. Furthermore, the
region proximal to the processing site in M.
crystallinum has the sequence (SVRGG-IRC"),
which resembles the conserved region just before
the small subunit of RUBISCO cleavage site
(SN-GGRVRC") (Keegstra et al. 1989). If this
processing site is used, the predicted ice plant
transit peptide would be 51 amino acids long. In
maize, however, the N-terminal amino acid se-
quence of the mature NADP-MDH was de-
termined to occur at position 70 in Fig. 4 that
predicts a 57 amino acid transit peptide. The
predicted, mature ice plant NADP-MDH poly-
peptide shares between 82.7% to 84% amino
acid identity (96.9% to 97.9% similarity) with
the mature C, enzymes from maize (Metzler et
al. 1989) and Sorghum (Cretin et al. 1990,
Luchetta et al. 1990, 1991). Comparable levels of
amino acid identity and similarity to the Pea
sequence are expected if a complete amino acid
sequence were available (Fickenscher et al. 1987,
Schiebe et al. 1991).

Salt-induced expression of NADP-MDH

Plants were grown hydroponically until six weeks
old and then stressed with 400mM NaCl to
characterize the expression pattern of NADP-
MDH in the common ice plant during the initial
stages of the transition from C, photosynthesis to
CAM. Northern blot analysis shows a single
transcript of about 1.8 kb in size that decreases
after 6 h of salt stress. After a transient decrease
at 6 h of stress, transcript levels begin to increase
again by 12 h of stress and continue to accumu-
late to a maximum level after 78 h of stress (Fig.
5A). Unstressed control plants harvested over
the same time course did not display any changes
in transcript levels (data not shown). To quanti-
tate the increases in steady-state mRNA levels in
leaf and root tissues, serial dilutions of total
RNA isolated during the same time-course of
salt stress were slot-blotted and hybridized with a
NADP-MDH radiolabeled ¢cDNA probe and
quantitated by laser densitometry (Fig. 5B).
Steady-state mRNA levels in leaves decline tran-
siently after 6-12h of salt stress and then in-
crease to reach maximal levels by 78 h. In con-
trast, NADP-MDH transcripts were present at
very low levels in root tissue harvested from the
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same plants and did not change during the salt
stress treatment (Fig. 5SB).

Transcriptional activation of NADP-MDH by
salt stress

To verify that the observed increases in NADP-
MDH transcript accumulation were due to tran-
scriptional activation of this gene, changes in
transcription rates during stress were examined.
Amounts of NADP-MDH transcripts synthe-
sized by nuclei isolated from leaves of unstressed
or 78-h salt-stressed plants were quantitated by
RNA-DNA slot-blot hybridization. Filters were
washed at high stringency (0.1X SSC/0.1% SDS
at 60°C) to distinguish only those transcripts
specific for the NADP-dependent MDH gene in
ice plant. As shown in Fig. 6, salt stress caused
over a 100% increase in transcription rates for
NADP-MDH in comparison to rates in un-
stressed leaves. This transcriptional activation is
like that previously observed for a CAM specific
isogene (Ppcl) of phosphoenolpyruvate carbox-
ylase, which is also transcriptionally induced by
salt stress (Cushman et al. 1989). In contrast, the
transcription rates of constitutively expressed
genes such as the C; form of PEPC (Ppc2) and
the chloroplast localized phosphoribulokinase
(PRK) remains relatively unchanged by salt
stress (Cushman et al. 1989, Michalowski et al.
1992). However, the transcription rate of a sec-
ond chloroplast localized enzyme, ferredoxin-
NADP” reductase (FNR), decreased almost
two-fold as the result of the salt stress treatment
in agreement with previous findings (Michalow-
ski et al. 1992).

Discussion

In response to salinity or drought stress, the
facultative, halophytic CAM plant M. crystal-
linum will shift from a C; to a CAM mode of
photosynthesis. This transition provides a unique
opportunity to study the molecular basis of CAM
photosynthetic carbon fixation. A stress-induced
c¢DNA clone for the NADP-dependent form of
malate dehydrogenase from M. crystallinum was
isolated and characterized. Steady-state tran-
script levels of NADP-MDH in the common ice
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Fig. 5 Northern and slot blot analysis of NADP-MDH steady-state transcript levels during salt stress. {(A) Total RNA was
isolated from leaves of six-week-old plants that had been irrigated for 1, 6, 12, 30, 72 and 126 h with 0.4 M NaCl. Equal amounts
(10 ng) of total RNA were loaded in each lane and resolved by elecirophoresis through a 1.2% Agarose gel containing
formaldyhyde, RNA was then transferred to nitrocellulose and probed with the full-length 4R ¢DNA clone of NADP-MDH.
Arrow indicates the single major transcript of about 1.8 kb. (B) Quantitation of the accumulation of steady-state transcript levels
in ice plant leaves and roots was carried out by slot-blot hybridization. Equal amounts of total RNA isolated from leaf and root
tissue isolated from ice plants stressed with 0.4 M NaCl for 1, 6, 12, 30, 72 and 126 h were slot-blotted onto nitrocellulose filters as
two-fold serial dilutions (5.0 g to 0.15 ng), hybridized and washed as described in methods and materials. Filters were then
exposed to X-ray film and quantitated by laser desitometry. The relative percent hybridization signal was then plotted over time
of salt stress.



plant increase in leaf tissue during the transition
from C, to CAM initiated by high salinity. Prior
to this increase, transcript levels declined tran-
siently in a manner similar to that observed for
transcripts of other chloroplast localized proteins
such as SSU of Rubisco, chlorophyll a/b binding
protein (Michalowski et al. 1989a) and PRK
(Michalowski et al. 1992). This transient decline
may be the result of changes in transcript stabili-
ty or a decline in transcription rates immediately
after the initial stress treatment. Fluctuations in
steady-state transcript levels, however, are not
due to diurnal expression patterns of NADP-
MDH (DeRocher EJ, Michalowski CB and
Cushman JC, unpublished). Roots contained
low, but detectable levels of NADP-MDH mes-
sage that did not increase as a result of salt
stress. This result is not unexpected considering
that the chloroplast localized gene product of
NADP-MDH may function primarily in a photo-
synthetic capacity.

To confirm that increases in NADP-MDH
transcript accumulation in leaves were due to
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transcriptional activation, in vitro transcription
run-on experiments using nuclei isolated from
leaves of unstressed or 78-h stressed plants were
conducted. Salt stress leads to an increase in
transcription rates for NADP-MDH (Fig. 6).
The induction for NADP-malate dehydrogenase
transcription is less pronounced than Ppcl tran-
scription (Cushman et al. 1989) and correspond-
ingly leads to lower levels of transcript accumula-
tion (2-3-fold), when compared to the very large
accumulation of Ppcl transcripts (over 30-fold)
induced by salt stress (Cushman et al. 1989). The
transcriptionally induced expression of NADP-
MDH resembles that of other CAM genes up-
regulated by salt stress such as Ppcl (Cushman
et al. 1989) and NADP-malic enzyme (Cushman
1992). This observation suggests that a common
mechanism is involved in the induction of certain
CAM pathway enzymes by salt stress in the
common ice plant. In comparison, the expression
patterns for the constitutively expressed Ppc2
gene (Cushman et al. 1989) and the chloroplast
localized phosphoribulokinase (PRK), another

% Change iIn Transcription Rate
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-200 v
Ppci MDH

Ppc2 PRK AR

Gene

Fig. 6. Salt-stress induction of NADP-MDH transcription. Radiolabeled in vitro transcripts synthesized by nuclei isolated from
unstressed or 78-h salt-stressed plants were hybridized to nitrocellulose filters containing 5 ug cloned DNA sequences from Ppcl,
NADP-MDH (MDH), Ppc2, phophoribulokinase (PRK), and ferredoxin-NADP + reductase (FNR). The fold increases in
transcription rates were normalized to both actin or tubulin (from M. crystallinum, unpublished), the transcription rates of which
do not change during salt stress. The data represent the average of two independent experiments.
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thioredoxin/ferredoxin regulated enzyme, re-
main relatively unaffected by the salt stress treat-
ment (Michalowski et al. 1992). In contrast,
ferredoxin-NADP" reductase (FNR) transcrip-
tion rates decline almost two-fold during salt
stress (Michalowski et al. 1992) despite constant
levels of steady-state messenger RNA (Mich-
alowski et al. 1989b).

Two malate dehydrogenase activities, one
NAD-dependent and the other NADP-depen-
dent, increase during CAM induction, suggesting
that both enzymes participate in CAM (Holtum
and Winter 1982, Winter et al. 1982). The NAD-
dependent form is thought to carry out the ma-
jority of malate synthesis during the period of
nocturnal CO, fixation by PEPC. In contrast, the
NADP-dependent form of the enzyme may par-
ticipate in CO, fixation reactions under both
dark and light conditions. NADP-MDH activity
requires that disulfide bridges on the protein be
reduced by thioredoxin, which receives electrons
from ferredoxin and the photosynthetic electron
transport system (Buchanan 1980). This covalent
modification system for regulating the enzyme
operates in CAM plants via the ferredoxin/
thioredoxin system (Hutcheson and Buchanan
1983a,b). Two highly conserved cysteine residues
located at positions 80 and 85 (see Fig. 4) partici-
pate in the formation of covalent disulfide
bridges that are responsible for the activation of
the enzyme under reducing conditions in the
light (Dicottignies et al. 1988, Scheibe et al.
1991). The light activation of NADP-MDH by
reduction of disulfide linkages suggests that the
highest activities of the enzyme occur primarily
during the daytime.

NADP-MDH involvement in photosynthetic
CO, fixation in the light is further supported by
the observation that CAM plants typically dis-
play a large burst of CO, uptake just after
illumination under laboratory (Winter and
Tenhunen 1982, Kluge et al. 1982) and under
natural conditions (Lange et al. 1975, Osmond et
al. 1979, Schuber and Kluge 1981). During the
early part of this burst, the majority of CO,
fixation results in malate formation via the com-
bined actions of PEPC and NAD(P)-MDH. This
‘morning burst’ of CO, fixation may contribute
substantially to total net carbon gain (Winter
1980). The light-induced activation of the

NADP-dependent form of MDH in CAM plants
(Gupta and Anderson 1978, Osmond and Hol-
tum 1981, Hutcheson and Buchanan 1983a) sug-
gests that it may be responsible for this burst of
CO, fixation. Direct evidence for the apparent
light activation of NADP-MDH has been
documented in Opuntia erinacea where the en-
zyme showed increased activity during the morn-
ing burst (Littlejohn and Ku 1984). The light-
inducible nature of NADP-MDH and the salt-
stress-inducible expression pattern documented
in this work both support the suggestion that this
enzyme may contribute to CO, fixation by
catalyzing malate formation during certain times
of the daily diurnal CAM cycle.

The suggestion that NADP-MDH is also func-
tional in CAM plants in the dark is supported by
the observation that chloroplasts can fix CO, in
the dark via the DHAP shuttle if they are sup-
plied with DHAP and OAA (Werdan et al.
1975). This shuttle yields ATP production and is
dependent upon NADP-MDH activity for the
reoxidation of NADPH in the stroma. This pro-
cess would require 3-phosphoglycerate, a prod-
uct of glycolysis, which is a process normally
operative during nocturnal CO, fixation in M.
crystallinum. The operation of the DHAP shuttle
has recently been proposed to contribute to the
generation of intraplastidic ATP for fatty acid
biosynthesis in root plastids (Kleppinger-Sparace
et al. 1992). Furthermore, inhibition of NADP-
MDH in both C, and C, plants can be overcome
in the dark by anaerobic conditions (Nakamoto
and Edwards 1983, Vivkanandan and Edwards
1987). The source of reducing power for activat-
ing NADP-MDH under dark conditions comes
from glycolysis presumably via the DHAP shut-
tle. Despite the light-activated regulation of
NADP-MDH, there is apparently enough activi-
ty in various CAM species to sustain sufficient
levels of carbon flow in the dark (Gupta and
Anderson 1978, Hutcheson and Buchanan
1983a). These observations suggest that NADP-
MDH is functional in the dark in CAM plants
and can potentially participate in dark CO, fixa-
tion reactions. The detection of NADP-MDH
specific transcripts in roots and the isolation of
cDNA clones for NADP-MDH from root lib-
raries of M. crystallinum serves to reinforce the
possible participation of this enzyme in dark CO,



fixation reactions. More detailed analysis of the
activity of NADP-MDH in CAM plants grown
under dark conditions is needed.

A third possible role for NADP-MDH, which
is similar to the role of the enzyme in C; plants,
may be to balance reducing equivalents between
the chloroplast and the cytosol via the malate/
OAA shuttle (Heber 1974). In this capacity,
NADP-MDH is not directly involved in photo-
synthetic carbon metabolism, but instead serves
as a ‘malate valve’ that readily transports reduc-
ing equivalents in the form of malate via the
dicarboxylate translocator located on the inner
chloroplast envelope membrane, which is nor-
mally impermeable to pyridine nucleotides
(Scheibe 1987). During CAM, starch breakdown
via glycolysis occurs in the dark to supply PEP as
a substrate for CO, fixation into OAA by PEPC.
If PEP supply during glycolysis involves the ex-
port of 3-phosphoglycerate rather than glyceral-
dehyde 3-phosphate from the chloroplasts, then
NADP-MDH may serve to regenerate chloro-
plastic NADP (Osmond and Holtum 1981). In
C, plants, the activity of NADP-MDH is corre-
lated with electron flux through Photosystems I
and II (Harbinson et al. 1990). In Mesembryan-
themum, there is no evidence of any pronounced
changes in the photosynthetic apparatus or elec-
tron transport activities during CAM induction
brought about by salt stress (Koster and Ander-
son 1988) that might alter redox status within the
plastid stroma. Thus, the increased activity of
this enzyme during salt stress is likely to be the
direct result of increased amounts of this enzyme
caused by the transcriptional induction of the
NADP-MDH gene described here and not the
result of changes in redox state.
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