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Figure 2. Electrophoretic patterns of clostripain cleavage products of
a 40-kD protein with MTD activity (B) and a 42-kD protein with no
MTD activity (C). Clostripain fragments were prepared from proteins
separated on an NAD-agarose affinity column by gradient elution
and were electrophoresed on a 10 to 20% gradient SDS minigel.
Lane A contains low-range molecular mass markers (GIBCO-BRL).

agarose-purified MTD probed with anti-MTD serum
showed a single major immunoreactive band correspond-
ing to an apparent molecular mass of 40 kD (Fig. 4). Blots
probed with preimmune serum had no immunoreactive
bands (Fig. 4). Inmunoblot analyses of crude extract from
celery and celeriac root tissue also showed a single major
cross-reactive band corresponding to a molecular mass of
40 kD (Fig. 5). The anti-MTD serum was also cross-reactive
with a 40-kD protein in extracts from the innermost leaves
of parsley (Fig. 5.). MTD activity measured in parsley sink
(innermost) leaves was 3.9 units g~ ' fresh weight, whereas
no MTD activity was detected in source leaves of parsley.

Immunotitration of MTD with preimmune and anti-
MTD sera indicated that anti-MTD serum inhibits enzy-
matic activity of the purified MTD, whereas preimmune
serum has no effect on the MTD activity (Fig. 6).

DISCUSSION

In this paper we describe a rapid and efficient protocol
for purifying the NAD-dependent MTD, previously re-
ferred to as mannitol:Man 1-oxidoreductase (Stoop and
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Figure 3. SDS-PAGE analysis of MTD purified from celery suspen-
sion-culture cells grown on mannitol as the sole carbon source.
Proteins were separated on a 12% SDS gel at 25°C and visualized by
Coomassie brilliant blue R250 staining. Lane A, 20 ug of crude
extract; lane B, 20 ug of resuspended PEG fraction; lane C, 20 ug of
Fractogel DEAE ion-exchange fraction; Iaﬂa}v)mzoﬁe?fgwﬁied MID.
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Figure 4. Immunoblot of crude and purified MTD fractions after
separation by SDS-PAGE. Lanes A and C, 20 ug of crude extract from
celery suspension cells grown on mannitol; lanes B and D, 0.1 ug of
purified MTD. A and B, Probed with preimmune serum; C and D,
probed with anti-MTD immune serum (Immune).

Pharr, 1992), from celery suspension cultures grown on
p-mannitol as the sole carbon source. This enzyme cata-
lyzes the oxidation of p-mannitol to p-Man. MTD was
purified 589-fold to apparent electrophoretic homogeneity
and a final specific activity of 365 units mg ™" protein. The
three-step protocol yielded 4.4 mg of protein from 260 g of
cells, representing 37% of the initial activity in the crude
homogenate. Previously, the MTD was partially purified to
a specific activity of 201 units mg™~" protein using celeriac
roots (Stoop and Pharr, 1992). Cell-suspension cultures
were chosen for this study because of the higher specific
activity and ease of obtaining large quantities of cells. The
high purity of MTD is indicated by the presence of only a
single polypeptide of 40 kD on SDS gels together with the
presence of a single polypeptide after native PAGE.
MALDI analysis of the purified MTD also gave a signal
consistent with a single protein. We were also able to
obtain defined peptide sequences from the final purifica-

Figure 5. Immunoblot of 0.1 pg of purified MTD and crude extracts
(20 pg) from celery suspension cells (cultured cells), celeriac young
roots (celeriac), celery young roots (celery), and parsley innermost
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Figure 6. Immunotitration of MTD activity of the NAD-agarose-
purified fraction with preimmune serum or anti-MTD serum.

tion fraction, supporting the notion that this fraction is
homogeneous. The molecular mass of the purified native
MTD estimated by gel filtration was approximately 43 kD.
This result together with the MALDI and SDS molecular
mass determination indicates that MTD is a monomer of 40
kD. The latter has important implications for genetically
engineering plants in that no coordinate expression of mul-
tiple subunits is required to express the MTD protein in
transgenic plants. Lower organisms, such as the hetero-
thallic fungus Absidia glauca, also contain an NAD-depen-
dent monomeric mannitol dehydrogenase (Ueng et al,
1976). However, the mannitol dehydrogenase purified
from A. glauca has a molecular mass of 67 kD and oxidizes
mannitol to Fru (Ueng et al., 1976). Thus, although several
reports exist of NAD-mannitol dehydrogenases in lower
organisms (Martinez et al., 1963; Ueng et al., 1976; Quain
and Boulton, 1987), caution is needed in comparing them
with the MTD from celery, which is a 1-oxidoreductase,
whereas mannitol dehydrogenses from lower organisms
are 2-oxidoreductases.

Immunotitration studies using antiserum against MTD
showed that the purified MTD enzymatic activity is com-
pletely inhibited by the antibody. No loss in activity was
observed when purified MTD was incubated with preim-
mune serum. This indicates that the antiserum raised
against the gel-purified MTD reacted with a protein re-
sponsible for MTD activity.

Rabbit polyclonal antibodies against MTD reacted with a
40-kD protein in immunoblots of crude protein extracts
and purified MTD from mannitol-grown celery cells sub-
jected to SDS gel electrophoresis. These antibodies were
recently used to isolate and identify a clone encoding MTD
from a ¢cDNA library constructed from poly(A)* RNA iso-
lated from mannitol-grown celery cells (Williamson et al.,
1995). The amino acid sequence deduced from the Mtd
¢DNA indicated that the predicted protein product of the
c¢DNA had a molecular mass of 39.7 kD. This is consistent
with molecular mass estimates for MTD based on SDS-
PAGE and MALDIL Furthermore, the amino acid sequence
of three peptide fragments obtained from the tryptic digest
of MTD was identical with the deduced amino acid se-
quence of three regions from the cDNA clone, indicating
that the cDNA clone encoded the MTD protein (William-
son et al., 1995).
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Immunoblot analysis of SDS-PAGE-separated proteins
of crude extracts from celery and celeriac showed a single
dominant immunoreactive band, demonstrating that the
antiserum was cross-reactive with root tissue of celery and
celeriac. This allowed us to determine the amount of MTD
in salt-stressed celery plants, and the results indicated that
the amount of MTD in root extracts was proportional to the
MTD activity in these extracts (Pharr et al., 1995).

MTD activity was also observed in parsley (Petroselinum
crispum L.), which is a member of the Apiaceae and closely
related to celery and celeriac. As in celery, the MTD activity
observed in parsley leaves was dependent on the develop-
mental stage of the tissue analyzed, with high activity
expressed in sink leaves. Antibodies raised against the
celery MTD were also cross-reactive with a 40-kD protein
in extracts from sink leaves (Fig. 5.). Further investigations
of the presence of the mannitol catabolic pathway in plants
will be useful in determining how widespread the use of
MTD is in the plant kingdom.

Continued work toward a more detailed analysis of the
physical and kinetics properties of the MTD, as well as a
more thorough understanding of the regulation of this
catabolic enzyme, is presently underway. Further areas
that need attention are the determination of the intracellu-
lar localization of the MTD to better understand the trans-
port physiology of mannitol under normal and stressed
conditions.

ACKNOWLEDGMENTS

The authors thank Mara Massel for her technical assistance and
Dr. Joseph Leykam and the Macromolecular Structure Facility at
Michigan State University for molecular mass determination by
MALDI, production of tryptic digests, and protein sequencing.

Received December 19, 1994; accepted March 17, 1995.
Copyright Clearance Center: 0032-0889/95/108/1219/07.

LITERATURE CITED

Bieleski RL (1982) Sugar Alcohols. In FA Loewus, W Tanner, eds,
Plant Carbohydrates. I. Intracellular Carbohydrates, Encyclope-
dia of Plant Physiology, Vol 13A, New Series. Springer-Verlag,
New York, pp 158-192

Bradford MM (1976) A rapid and sensitive method for the quan-
tification of microgram quantities of protein utilizing the prin-
ciple of protein-dye binding. Anal Biochem 72: 248-254

Everard JD, Gucci R, Kann SC, Flore JA, Loescher WH (1994) Gas
exchange and carbon partitioning in the leaves of celery (Apium
graveolens L.) at various levels of root zone salinity. Plant Physiol
106: 281-292

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227: 680-685

Lewis DH (1984) Physiology and metabolism of alditols. In DH
Lewis, ed, Storage Carbohydrates in Vascular Plants. Cambridge
University Press, Cambridge, UK, pp 143-184

Loescher WH, Tyson RH, Everard JD, Redgwell R], Bieleski RL
(1992) Mannitol synthesis in higher plants. Evidence for the role
and characterization of a NADPH-dependent mannose-6-phos-
phate reductase. Plant Physiol 98: 1396-1402

Martinez G, Barker HA, Horecker BL (1963) A specific mannitol
dehydrogenase from Lactobacillus brevis. J Biol Chem 238: 1598-
1603

Downloaded on November 25, 2020. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.


https://plantphysiol.org

Purification of NAD-Dependent Mannitol Dehydrogenase 1225

Murashige T, Skoog F (1962) A revised medium for rapid growth
and bioassays with tobacco tissue cultures. Physiol Plant 15:
473497

Pharr DM, Stoop JMH, Williamson JD, Studer-Feusi ME, Massel
MO, Conkling MA (1995) The dual role of mannitol as osmo-
protectant and photoassimilate in celery. ] Am Soc Hortic Sci (in
press)

Quain DE, Boulton CA (1987) Growth and metabolism of manni-
tol by strains of Saccharomyces cerevisiae. ] Gen Microbiol 133:
1675-1684

Rumpho ME, Edwards GE, Loescher WH (1983) A pathway for
photosynthetic carbon flow to mannitol in celery leaves. Activity
and localization of key enzymes. Plant Physiol 73: 869-873

Stoop JMH, Pharr DM (1992) Partial purification and character-
ization of mannitol:mannose 1-oxidoreductase from celeriac
(Apium graveolens var. rapaceum) roots. Arch Biochem Biophys
298: 612-619

Stoop JMH, Pharr DM (1993) Effect of different carbon sources on
relative growth rate, internal carbohydrates, and mannitol 1-ox-
idoreductase activity in celery suspension cultures. Plant
Physiol 103: 10011008

Stoop JMH, Pharr DM (1994a) Growth substrate and nutrient salt
environment alter mannitol to hexose partitioning in celery pet-
ioles. ] Am Soc Hortic Sci 119: 237-242

Stoop JMH, Pharr DM (1994b) Mannitol metabolism in celery

stressed by excess macronutrients. Plant Physiol 106: 503-511

Tarczynski MC, Jensen RG, Bohnert HJ (1992) Expression of a
bacterial mtID gene in transgenic tobacco leads to production
and accumulation of mannitol. Proc Natl Acad Sci USA 89:
2600-2604

Tarczynski MC, Jensen RG, Bohnert HJ (1993) Stress protection of
transgenic tobacco by production of the osmolyte mannitol.
Science 259: 508-510

Thompson MR, Douglas TJ, Obata-Sasamoto H, Thorpe TA
(1986) Mannitol metabolism in cultured plant cells. Physiol Plant
67: 365-369

Ueng STH, Hartanowicz P, Lewandoski C, Keller J, Holick M,
McGuinness ET (1976) p-Mannitol dehydrogenase from Absidia
glauca. Purification, metabolic role, and subunit interactions.
Biochemistry 15: 17431749

Williamson JD, Stoop JMH, Massel MO, Conkling MA, Pharr
DM (1995) Sequence analysis of a mannitol dehydrogenase
¢DNA from plants reveals a function for the PR protein EL13.
Proc Natl Acad Sci USA (in press)

Zimmermann MH, Ziegler H (1975) List of sugars and sugar
alcohols in sieve-tube exudates. In MH Zimmermann, JA Mil-
burn, eds, Transport in Plants. I. Phloem Transport, Encyclope-
dia of Plant Physiology, Vol 1, New Series. Springer-Verlag,
New York, pp 408-503

Downloaded on November 25, 2020. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.


https://plantphysiol.org



