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Eukaryotic ~ phosphomannomutases
(PMMs) catalyze the interconversion of
mannose-6-phosphate to mannose-1-
phosphate and are essential to the
biosynthesis of GDP-mannose. As such, plant
PMMs are involved in ascorbic acid (AsA)
biosynthesis and N-glycosylation. We report
on the conditional phenotype of the
temperature-sensitive  Arabidopsis thaliana
pmm-12 mutant. Mutant seedlings were
phenotypically similar to wild-type seedlings
when grown at 16 to 18°C, but died within
several days after transfer to 28°C. This
phenotype was observed throughout both
vegetative and reproductive development.
Protein extracts derived from pmm-12 plants
contained lower PMM protein and enzyme
activity levels. In vitro biochemical analysis of
recombinant proteins showed that mutant
PMM protein was compromised in its
catalytic  efficiency (Kea/Kn).  Despite
significantly decreased AsA levels in pmm-12
plants, AsA deficiency could not account for
the observed phenotype. Since, at restrictive
temperature, total glycoprotein patterns
were altered and glycosylation of protein
disulfide isomerase was perturbed, we
propose that a deficiency in protein
glycosylation is responsible for the observed
cell death phenotype.

Phosphomannomutases (PMMs) catalyze
the interconversion of mannose-6-phosphate
and mannose-1-phosphate, and are required for
the synthesis of GDP-mannose (Fig. 1). Both
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prokaryotes and eukaryotes utilize GDP-
mannose in the synthesis of complex structural
carbohydrates.  Accordingly, this  sugar
nucleotide contributes to the synthesis of
different structural carbohydrates in plant cell
walls (1) and fulfils a key role in the
biosynthesis of ascorbic acid (AsA) in plants
(2). GDP-mannose is also essential for post-
translational modifications such as protein
glycosylation and glycosylphosphatidylinositol
(GPI) anchoring in eukaryotes, as mannose,
derived from GDP-mannose, is a crucial
building block of the core glycan chain attached
to the modified proteins (3, 4).

Because of their involvement in such
fundamental processes, mutations in PMM
genes often lead to severe and pleiotropic
phenotypes. In the yeast Saccharomyces
cerevisiae, a temperature-sensitive (ts) mutant
affected in the PMM homolog SEC53 is arrested
in growth at restrictive temperature. In fact,
SEC53 has been classified as an essential gene
because of the lethal phenotype of its null
mutant (5, 6). Furthermore, PMM gene deletion
mutants of the protozoan parasite Leishmania
mexicana remain viable but are no longer able
to establish an infection (7). In humans,
mutations in PMM2 lie at the basis of Jaecken
syndrome (also termed carbohydrate-deficient
glycoprotein syndrome type la), a severe
clinical disorder that provokes severely
impaired neurological development and
increased childhood mortality (8). In both S.
cerevisiae and humans, defects in protein



glycosylation due to lack of GDP-mannose have
been pinpointed as the underlying cause for the
observed phenotypes (6, 8).

The AsA deficiency of the Arabidopsis
thaliana vitamin c¢ 1 (vtcl) mutant demonstrated
that GDP-mannose is also involved in the
biosynthesis of AsA (9). The VTC1 locus
encodes a GDP-mannose pyrophosphorylase
(GMPP), the enzyme that produces GDP-
mannose from mannose-1-phosphate and acts
immediately downstream of PMM (Fig. 1). As a
consequence, Vicl plants only contain
approximately 25% of wild-type AsA levels (9,
10). Very recently, evidence has been provided
for the role of PMM in AsA biosynthesis in
plants (11). Reduction of PMM expression
levels through virus-induced gene silencing
caused a substantial decrease in AsA content in
Nicotiana benthamiana leaves, whereas raising
PMM expression levels using viral-vector-
mediated ectopic expression resulted in an
increase in AsA content. Consistently,
overexpression of PMM in Arabidopsis also
increased AsA  content. However, no
Arabidopsis T-DNA insertional knockout
mutants were reported and attempts to produce
knockdown plants using RNAi technology were
unsuccessful, suggesting that the PMM gene is
essential. This inability to obtain plants with
permanently decreased PMM levels impeded
further studies into the possible involvement of
PMM in other cellular processes (11).

Here, we screened an EMS-mutagenized
population of Arabidopsis seeds in search for ts
mutations  affecting plant growth and
development. Screening for conditional mutants
provides an unbiased means to identify essential
genes. Contrary to null mutants generated via T-
DNA insertional mutagenesis, conditional
mutants generally allow for straightforward
cultivation and propagation under specific
(permissive) conditions. Ts mutations are the
most widely used type of conditional mutations
and are usually characterized by a marked drop
in activity of the gene product when the gene is
expressed above (or below) a certain
temperature. We describe the identification,
positional cloning, and detailed characterization
of a ts Arabidopsis mutant affected in the PMM
gene. Upon exposure to restrictive temperature,
pmm-12 mutant plants were marked by reduced
PMM enzyme activity and protein levels,

developmental arrest, and subsequent cell death.
The pmm-12 mutant plants also had a lower
AsA content, but it is demonstrated that this
AsA deficit cannot account for the cell death
phenotype. Instead, we propose that a ts
deficiency in protein  glycosylation is
responsible for the observed cell death
phenotype.

Experimental procedures

Plant material, growth conditions, and
screening procedure--Arabidopsis thaliana (L.)
Heyhn. (ecotype Col-0) plants were grown
either on Murashige and Skoog (MS) medium
including 10 g/L sucrose or in soil at continuous
light (approximately 60 pmol photons m™ s™),
unless otherwise stated. The permissive
temperature used was either 16 or 18°C, the
restrictive temperature was 28°C.

The pmm-12 line was generated by
treating approximately 200,000 seeds with 15
uM ethyl-methane sulfonate (EMS) for 24 h at
24°C. Mutagenized seeds (M;) were subdivided
into batches consisting of approximately 1000
individual seeds (25 mg), grown at 18°C, and
allowed to self-pollinate, resulting in the
corresponding M, seed batches. For 150 M,
batches, aliquots of 25 mg of seeds were plated,
grown at permissive temperature for 7 days, and
subsequently screened for ts growth defects at
restrictive temperature. Seedlings grown on MS
medium containing 1 uM 1-naphthaleneacetic
acid (NAA) showing growth defects within 4
days after transfer to restrictive temperature
(compared to wild-type) were considered
putative mutants and subsequently rescued by
transferring them back to the permissive
temperature on fresh MS medium. Heritability
of the observed phenotype was tested with M;
plants produced by self-fertilization of M,
plants of putative mutants. M; seeds were used
to characterize the identified mutants.

For complementation, the AtPMM cDNA
was first cloned into pDONR221 and
subsequently cloned into the binary vector
pK7WG2D (12) using Gateway technology
(Invitrogen, Carlsbad, CA). M; plants were
transformed at permissive temperature via the
floral dip method (13).

DNA extraction--Individual plants were

ground and mixed with 400 puL buffer



composed of 200 mM Tris-HCI (pH 7.5), 2 M
NaCl, 50 mM ethylenediaminetetraacetic acid
(EDTA), and 2% N-cetyl-N,N,N-trimethyl-
ammonium bromide, followed by a 60-min
incubation at 65°C. After 15 min on ice,
samples were extracted once with 250 pL
chloroform/iso-amylalcohol (24:1). The
aqueous phase was mixed with 200 pL
isopropanol and samples were centrifuged. The
DNA pellet was rinsed once with 70% ethanol,
air-dried, and resuspended in 50 pL of 1 mM
Tris-HCI (pH 8.0) and 0.1 mM EDTA.
Map-based cloning and fine mapping--
To obtain pmm-12 mutants with a more
homogeneous genetic background, pmm-12 M;
mutants were back-crossed (BC) into the Col-0
wild-type genetic background. Resulting BC,
plants were self-fertilized to obtain BC,F, seeds
and the 3:1 (wild-type : mutant) segregation
ratio was tested at restrictive temperature.
Subsequently, mutant BC;F, plants were
rescued by transfer to soil and growth at the
permissive temperature. Self-pollination of
these mutant plants led to lines whose genetic
background was purified for 50%. Homogeneity
of the resulting BC M3 mutant lines was verified
by growing at least 50 plants and checking the
consistency of the mutant phenotype at
restrictive temperature. To generate mapping

populations, BC M; mutant lines were
reciprocally crossed with Landsberg erecta
(Ler) wild-type.

In a first step, a genome-wide mapping
procedure using the physical AFLP map
described by Peters et al. (14, 15), was applied
to 310 F, plants to determine the chromosomal
location of the PMM gene. All AFLP markers,
including the 85 Col-0/Ler framework AFLP
markers resulting from a standard set of AFLP
Sacl/Msel primer combinations, were generated
as described (16). AFLP markers were scored
co-dominantly with the aid of the specific image
analysis software AFLP-QuantarPro (Keygene
Products, Wageningen, The Netherlands). For
fine-mapping, a large population of 9,900 F,
segregants were phenotyped and 1,317 F,
mutants (13.3%) were selected for further fine-
mapping the mutant locus. In case of a
monogenic recessive trait, F, mutants are the
individuals of choice. These 1,317 mutant F,
segregants were subsequently genotyped for
insertion/deletion (InDel) polymorphisms of the

Cereon InDel collection (17). In the subsequent
steps, gradually decreasing subsets of
recombinants were genotyped with pairs of
InDel markers flanking the genomic area
containing the PMM gene until no recombinants
were left. InDel polymorphisms were scored co-
dominantly. PCR primers were designed based
on the Arabidopsis genome sequence
(www.arabidopsis.org) using Primer3 software
(18). The conditions used for PCR amplification
were: 2 min at 94°C; 10 cycles of 15 s at 94°C,
30 s at 63°C, 30 s at 72°C with a touch-down of
1°C per cycle; 35 cycles of 15 s at 94°C, 30 s at
53°C, 30 s at 72°C; 2 min at 72°C.

Sequence analysis--PCR primers were
designed based on the Arabidopsis information
resource (TAIR) annotation
(www.arabidopsis.org) using Primer3 software
(18) to amplify 500 bp exonic and intronic
fragments having a minimal overlap of 100 bp.
Amplicons were amplified by PCR using 50 ng
genomic DNA template, Silverstar DNA
polymerase (Eurogentec, Seraing, Belgium) and
a final concentration of 0.5 pM for each primer.
The conditions used for the PCR amplification
were: 2 min at 95°C; 35 cycles of 30 s at 95°C,
30 s at T,,, (depending on the primer sets), 2 min
at 72°C. PCR products were purified with
ExoSAP-IT (USB, Cleveland, Ohio) and
transferred to a 96-wells PCR plate
(approximately 10 ng/100 bp) together with
50 uM of primer. After the plate had been dried
at 65°C for 30 to 120 min, sequencing mix and
buffer were added. The conditions for a second
PCR were: 2 min at 95°C; 40 cycles of 10 s at
95°C, 10 s at 48°C, 2 min at 60°C. Samples
were sequenced with an automated sequencer
(ABI3700, ABI377; Applied Biosystems Inc.,
Foster City, CA).

Production of recombinant proteins--The
open reading frame of PMM (at2g45790) and its
mutant isoforms were PCR-amplified using
c¢DNA obtained from wild-type or mutant plants
as a template. The pmm-1 mutation was
introduced using the
ATGGCGGCGAAAATTCCCAG primer, the
pmm-2 mutation with cDNA from pmm-12
plants and the above primer adapted to the wild-
type sequence. Fragments were cloned into
pDONR221, verified by DNA sequence
analysis, and then cloned into pDEST17 using
Gateway technology (Invitrogen). Escherichia



coli (strain BL21(DE3)pLysE) harboring the
various constructs were, by means of a
preculture, inoculated at OD 0.15 in 5 mL Luria
Broth medium containing 100 pg/mL ampicillin
and 25 pg/mL chloramphenicol. Cultures were
subsequently grown for 1.5 h at 37°C and
induced with 0.2 mM isopropylthio-B-
galactoside. After 5 h of incubation at room
temperature, 1 mL of bacteria was harvested.
Recombinant proteins were purified with
TALON metal affinity resin (Clontech,
Mountain View, CA), using 50 mM Hepes (pH
7.5), 300 mM NaCl, 10% glycerol, 1 mM
phenylmethylsulfonylfluoride (1:1.5 w/v) as
equilibration buffer, and equilibration buffer
including 250 mM imidazole as elution buffer.
Protein  concentrations were  determined
according to Bradford (19).

Enzyme activity assays--PMM activity
was determined via a coupled assay: the
conversion of mannose-1-phosphate  to
mannose-6-phosphate was coupled to the
reduction of NADP" to NADPH (catalyzed by
glucose-6-phosphate dehydrogenase) through
the activities of phosphomannose isomerase and
glucose-6-phosphate isomerase. The reaction
was monitored through the increase in
absorbance at 340 nm as a result of the increase
in NADPH. In planta PMM activity was
determined essentially as described (20). In
short, leaf tissue ground in liquid nitrogen was
resuspended in 50 mM Hepes (pH 7.6), 10 mM
MgCl,, 5 mM dithiothreitol, 1| mM EDTA, 1
mM ethylene glycol-bis(B-aminoethyl ether)
N,N,N',N'-tetraacetic acid, 1 mM benzamidine
hydrochloride, and 0.5 mM
phenylmethylsulfonylfluoride (1:1.5 w/v). Cell
debris was removed by centrifugation and
sample supernatants were desalted on Sephardic
G25 NAPS5 columns (GE-Healthcare, Little
Chalfont, UK). PMM activity was determined
in a reaction mixture consisting of protein
extract, 50 mM Hepes (pH 7.6), 10 mM MgCl,,
0.1% bovine serum albumin, 1 mM NADP,
50 uM glucose-1,6-biphosphate (as a hexose
biphosphate activator), 0.5 U/mL glucose-6-
phosphate dehydrogenase, 0.5 U/mL
phosphoglucose isomerase, and 0.5 U/mL
phosphomannose isomerase. The reaction was
initiated by addition of the relevant
concentration of D-mannose-1-phosphate and
the absorbance at 340 nm was recorded for

120 min. For each sample, material from at least
40 seedlings was pooled. In vitro activity of
purified recombinant PMM was measured
similarly in the same reaction mixture. The
PMM content of each recombinant protein
fraction was verified by protein gel blot analysis
using Penta-His antibody (Qiagen, Hilden,
Germany).

Ascorbate measurements and protein gel
blotting--The AsA and chloropyll contents of
control and mutant Arabidopsis leaves were
determined as described previously (21, 22).

For concanavalin A (ConA) staining, 5
pg of total soluble (NAPS column purified)
protein from Arabidopsis leaves was resolved
on a 12.5% SDS-PAGE gel and blotted onto a
Hybond ECL membrane (GE-Healthcare). The
membrane was incubated for 1 h in PBSCT
buffer (138 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,4, 1.8 mM KH,PO,, 1 mM MgCl,, 1
mM CaCl,, 0.5% Tween-20, pH 7.2) and then
for 1 h in PBSCT buffer containing 0.1 mg/L
ConA conjugated to horseradish peroxidase
(Sigma-Aldrich, St. Louis, MO). The membrane
was washed five times for 5 min with PBSCT.
ConA-binding glycoproteins were detected with
Western Lightning Chemiluminescence Reagent
(PerkinElmer, Waltham, MA).

Wild-type and pmm-12 protein extracts
for western blotting were prepared as described
(23). Protein extracts were separated on a 8%
SDS-PAGE gel and transferred onto a
polyvinylidene fluoride membrane (Immobilon-
P, Millipore, Billerica, MA). Rabbit antiserum
against Arabidopsis PMM was raised using
purified recombinant protein as the antigen
(Eurogentec, Seraing, Belgium). The AtPMM
antibody was used at a dilution of 1 to 2,500,
and antibodies against Arabidopsis protein
disulfide isomerase (PDI) and SKUS5 were used
at a dilution of 1 to 2,500 and 1 to 1,000,
respectively. Reacting material was visualized
with goat antirabbit IgG secondary antibody
conjugated to horseradish peroxidase (GE-
Healthcare) followed by a Iuminescence
reaction (PerkinElmer). For each sample,
material from at least 40 seedlings was pooled.

Results

Identification of a ts cell death mutant--
An EMS-mutagenized  population of



approximately 200,000 Arabidopsis thaliana
(ecotype Col-0) seeds was screened for
deficiencies in growth and development, when
grown at a restrictive temperature of 28°C.
Candidate mutants with severe growth-related
phenotypes were rescued by transfer to
permissive temperature (16 to 18°C) to allow
self-pollination. M; progenies were re-screened
to confirm the heritability of the ts phenotype,
resulting in the isolation of 12 ts lines. General
phenotypic analysis allowed classification of the
12 mutants into two categories: one category
consisted of four mutants, specifically impaired
in the formation of particular plant organs, and
the other of eight mutants that were inhibited in
overall plant growth. The observed phenotype
was either reversible or irreversible, which, at
restrictive temperature, resulted in growth arrest
or lethality, respectively (24). One of the
identified mutants, initially designated defective
in growth 1 (dgrl), showed a growth arrest
followed by cell death at restrictive temperature.
After back-crossing dgrl M; plants to Col-0
wild-type plants, a segregation analysis of the
BC,F, families revealed the recessive nature of
the mutation (data not shown).

Map-based cloning of the mutant locus--
F, mapping populations were obtained by
reciprocal crosses of back-crossed dgrl mutant
plants (Col-0) with Ler wild-type plants. Each
F, cross was checked for heterozygosity with
the SSLP marker ‘nga8’ that is polymorphic
between Col-0 and Ler (25). Segregating F,
populations were used for the subsequent map-
based cloning process.

In a first step of the genome-wide
mapping of dgrl, a total of 126 F, plants
together with the BC dgrl mutant plants (Col-0)
and Ler as parental lines, were analyzed with an
initial set of eight primer combinations (14).
Segregation analysis of the 85 AFLP markers
revealed complete linkage of the mutant
phenotype to a 4.7 Mb region on chromosome
II bordered by the upper flanking marker
SM240 4482 and the lower end of
chromosome II. In a next step, 13 additional
primer combinations, amplifying AFLP markers
in the vicinity and within the defined region of
interest, were used for further linkage analysis.
This way, the region containing the mutant
locus could be narrowed down to 1.3 Mb,
delimited by SM26 495.4 and the lower end of

chromosome II. Because analysis of eight
additional AFLP markers did not resolve any
further recombinant for the 1.3 Mb region, an
additional population of 184 F, plants was
analyzed with other Sacl/Msel AFLP markers
polymorphic between Col-0 and Ler, localized
within the defined 1.3 Mb interval. This step
allowed further mapping of the affected gene to
a 673 kb region delineated by the upper
flanking marker SM120 153.8 and the lower
flanking marker SM190 142.6. AFLP markers
SM61 _107.7 and SM117 193.1, localized
within the 673 kb region (Fig.2) showed
complete linkage to the mutant phenotype.

For further fine-mapping of the mutant
locus, an F, population of 9,900 plants was
grown. Since the DGR1 gene harbored a
recessive  mutation,  homozygous  and
heterozygous wild-type plants could not be
distinguished solely based on their phenotypes.
Therefore, to avoid the time-consuming step of
selfing the relevant wild-type recombinants and
growing the F; progeny to determine their
genotype, we only used the mutant F,
individuals for further analysis. In total, 1,317
F, mutants (13.3%) were identified, harvested,
and submitted to linkage analyses using InDel
markers developed from the Cereon InDel
collection  (17). [Initially, two InDel
polymorphisms (CER452389 and CER449256)
flanking the previously defined 673 kb interval
were identified and used to screen the F, mutant
population. Forty recombinants were isolated
and subsequently analyzed with six additional
InDel markers localized in the region delineated
by the two originally flanking InDel markers.
As a result, the interval could be narrowed
down to 224 kb with CER452385 and
CER452346 as the upper and the lower flanking
marker, respectively. The remaining nine
recombinants were screened with 11 additional
InDel markers localized within the 224 kb
interval, finally resulting in a 35 kb region
delimited by CER449813 and CER452353/54
that contained the DGR1 gene (Fig. 2).

According to the gene annotations for
chromosome II in the Arabidopsis genome
database (www.arabidopsis.org), the 35 kb
region comprising the DGR1 gene encompassed
12 (putative) genes. To determine which of
them carried the dgrl mutation, the 35 kb
region was sequenced both in the mutant and



wild-type background. In mutant plants, we
detected two differences (G19A and G101A) in
gene at2g45790, relative to the sequence of
bacterial artificial chromosome clone F4118. In
the remaining 11 genes no differences were
detected. To verify the presence of the two
mutations, the at2g45790 gene was sequenced
in 20 Col-0 plants and in the 40 mutant
recombinants, which were identified and used
during the fine-mapping of dgrl. Both
mutations were absent from the wild-type gene
and present in all 40 mutant recombinants (data
not shown).

The mutant locus encodes a PMM --The
at2g45790 gene that contained the two point
mutations encoded for a eukaryotic PMM. In
the Arabidopsis genome, only one PMM gene is
present (11). Therefore, we will from here on
refer to the dgrl mutant as the pmm-12 mutant.
The two point mutations, designated pmm-1 and
pmm-2, both occur in the first exon.
Comparison of wild-type and mutant cDNAs
and their deduced amino acid sequences
revealed that point mutation pmm-1 resulted in a
GGA to AGA codon change (codon # 7),
leading to a substitution of a neutral glycine
residue with a basic arginine. The pmm-2
mutation resulted in a CGA to CAA codon
change (codon # 37), thereby replacing an
arginine by a neutral glutamine (Fig. 3). PMMs
are phosphotransferases belonging to the
superfamily of haloalkanoic acid dehalogenases
(HADs) (26). Members of the
phosphotransferase branch share a conserved N-
terminal DXDX(T/V) domain that is directly
involved in the phosphoryl transfer (27). Both
mutations were located outside  this
DXDX(T/V) motif. However, the pmm-2
mutation affected a highly conserved arginine
residue, whereas the pmm-1 mutation involved
the substitution of an apparently less conserved
amino acid (Fig. 3).

Complementation and identification of a
T-DNA insertional mutant--To confirm that the
mutations in the at2g45790 locus were
responsible for the pmm-12 phenotype,
homozygous pmm-12 plants were transformed
with a construct containing the wild-type
at2g45790 coding region under control of the
CaMV 35S promoter. T, seeds with a 3:1
segregation ratio on selective medium,
indicative for a single insertion locus, also

unambiguously displayed a 3:1 phenotypic
segregation ratio when grown on non-selective
medium at restrictive temperature (data not
shown). This indicated that the pmm-12 mutant
phenotype could be complemented by
overexpression of the at2g45790 locus.

We retrieved T-DNA insertion line
045D04 from the GABI-Kat collection (28).
This line contains an insertion 5 bp upstream
from the start codon of the PMM gene, as
verified via the standard GABI-Kat quality
control on DNA extracted from T, seedlings
(28). Unfortunately, none of the T, plants grown
from the received seeds gave T; seeds that were
100% resistant to sulfadiazine. In other words,
no transgenic lines homozygous for antibiotic
resistance could be recovered. A closer look at
T; plants revealed that the siliques of plants
resistant to sulfadiazine lacked approximately
25% of the seeds, whereas siliques of non-
resistant T5 plants were undistinguishable from
wild-type siliques (data not shown), strongly
suggesting that a knock-out mutation in
at2g45790 causes embryo lethality.

The pmm-12 mutant has a ts cell death
phenotype--When grown in Vitro at permissive
temperature, 2-week-old pmm-12 mutant
seedlings did not show any obvious phenotype
when compared to wild-type Col-0 seedlings.
However, when transferred to 28°C, growth was
inhibited and seedlings died within several days
(Fig. 4A). The first signs of cell death visible to
the naked eye consisted of tissue browning at
the base of developing leaves and in the shoot
meristem (Fig. 4B) and became apparent after 4
days at 28°C. In 6-week-old plants grown in soil
at 16°C under a 10 h photoperiod, cell death
became visible only after exposure to 28°C for
at least 2 weeks (Fig. 4C). In addition, mutant
pmm-12 plants were germinated and grown in
soil at 16°C under continuous light conditions
until flowering. These plants also displayed
strong growth inhibition and completely wilted
within two weeks after transfer to 28°C

(Fig. 4D).
Growth analysis of the primary root of
germinating seedlings disclosed that, at

permissive temperature, the growth rate of
pmm-12 roots was slightly decreased compared
to that of wild-type roots (Fig.5A). Upon
transfer to restrictive temperature, seven days
after germination, root growth rates of wild-type



plants significantly increased, until plants were
transferred back to 18°C, 4 days later. In
contrast, root growth of 7-day-old pmm-12
seedlings was rapidly inhibited upon transfer to
28°C. Root growth was completely arrested
within two days and could not be rescued by
placing the seedlings back to 18°C after 4 days
at 28°C (Fig. 5, B and C). When root explants
were transferred to callus-inducing medium and
placed at 28°C, pmm-12 explants, in contrast to
wild-type explants, could not induce callus
formation (data not shown). Taken together, we
demonstrated that the ts cell death phenotype is
conferred throughout both vegetative and
reproductive  development, and that the
progression of cell death depends on the plant’s
developmental stage.

pmm-12 plants exhibit decreased PMM
enzyme activity and protein levels--To
determine the effect of the pmm-12 mutation on
PMM activity in planta, total PMM activity was
monitored in extracts from wild-type and pmm-
12 plants. Plants were first grown for 2 weeks at
16°C and then transferred to 28°C, or kept at
16°C. Shoot tissue was harvested 0, 24, 48 h,
and 4 d after transfer and PMM activity was
monitored via a coupled assay. When grown at
16°C, pmm-12 plants had significantly lower
PMM activity than wild-type plants. At the
beginning of the experiment (0 h), the
conversion velocity (V) measured in pmm-12
extracts was approximately 30% of that in wild-
type samples. After transfer to 28°C, wild-type
plants showed a decrease in activity of
approximately 25%, whereas that in the mutant
plants remained relatively stable (Fig. 6A).

Western blotting using a polyclonal
AtPMM antibody revealed that pmm-12 plants
contained considerably decreased PMM protein
levels, both at 16 and 28°C. Furthermore, the
temperature shift to 28°C had a negative effect
on protein levels in wild-type and in mutant
plants (Fig. 6B). We conclude that pmm-12
plants suffer from a considerable reduction in
both total PMM activity and PMM protein
levels.

The different mutant PMM isoforms have
altered Kinetic properties--We assessed the
impact of each of the identified point mutations
on recombinant enzyme activity. Consequently,
four different Arabidopsis PMM isoforms were
tested: the wild-type enzyme (PMM-WT), two

isoforms containing one of the identified
mutations each (PMM-1 and PMM-2), and one
isoform containing both point mutations (PMM-
12). Kinetic parameters of the His-tagged
purified proteins were determined at both 18°C
and 28°C. The different PMM isoforms
displayed distinct kinetic properties. At 18°C,
the turnover numbers (K ) of PMM-WT and
PMM-1 were nearly identical, while those of
both PMM-2 and PMM-12 were markedly
reduced, with K., values of 11 and 4% relative
to wild-type values, respectively. The K, value
of PMM-WT was 387428 uM, comparable to
that of PMM-1 (475+34 uM). Unexpectedly,
the K, of PMM-12 was roughly 2-fold lower.
Nevertheless, the stacked mutations resulted in a
catalytic efficiency (K../K,,) that was only 8%
of the wild-type value. No differential effects of
assay temperature on K./K, were observed
(Table 1). Taken together, these data indicate
that the decrease in catalytic activity of the
mutant PMM-12 enzyme is largely due to the
pmm-2 mutation. Secondly, the strong decrease
in catalytic efficiency of PMM-12 observed at
28°C is comparable to that at 18°C.

The pmm-12 cell death phenotype is not
caused by AsA deficiency—Reduction of PMM
expression levels through virus-induced gene
silencing in N. benthamiana has been shown to
result in decreased AsA levels (11). Therefore,
we measured AsA levels in pmm-12 after
transfer to restrictive temperature, using the
ascorbate-deficient vtcl mutant (9, 10) as a
reference. In wild-type plants, AsA levels
increased significantly after transfer to 28°C,
whereas in pmm-12 plants they remained
relatively stable and amounted to only 20 to
50% of wild-type levels. In fact, AsA content in
pmm-12 seedlings was very comparable to that
in vtcl (Fig.7). However, despite their
relatively low AsA content, vicl seedlings
showed neither enhanced growth retardation nor
cell death following transfer to 28°C. In
addition, we tried to complement the ts
phenotype of pmm-12 with L-galactono-1,4-
lactone, the immediate precursor of AsA.
Although in pmm-12 seedlings grown on MS
medium supplemented with 6 mM L-galactono-
1,4-lactone AsA levels increased, cell death
could not be prevented after transfer to 28°C
(data not shown). Taken together, these results
indicate that the cell death phenotype observed



in pmm-12 plants is not caused by AsA
deficiency.

Protein glycosylation in the pmm-12
mutant is temperature-sensitive--GDP-mannose
is required for the synthesis of the core glycan
chain that is attached to N-linked glycoproteins
(4). Therefore, we studied the effect of the
temperature shift on total glycoproteins by
affinodetection with concanavalin A (ConA), a
lectin that binds to the terminal mannose residue
of N-linked oligosaccharides (29). Several
differences in protein composition were
observed in extracts from pmm-12 mutant plants
transferred to 28°C displayed compared to
extracts from plants kept at 16°C or wildtype
plants. For example, there was a small but
marked shift in the position of some bands at
about 66 kDa protein, which moved to a lower
molecular weight. Moreover, two new bands of
approximately 30 kDa were detected following
transfer to 28°C (Fig. 8A).

A defect in N-glycosylation has been
shown to result in the perturbed addition of N-
glycans to protein disulfide isomerase (PDI), a
phenomenon that can be detected as a band-shift
on a protein gel blot (23, 30). PDI is an
abundant protein of the endoplasmatic reticulum
that is posttranslationally modified with N-
linked glucans (31, 32). We therefore analyzed
the effect of the temperature shift on the
mobility of PDI extracted from wild-type and
pmm-12 seedlings by using specific antibodies.
PDI obtained from wild-type seedlings, initially
grown at 16°C and subsequently transferred to
28°C, had a stable molecular mass of
approximately 62 kDa (Fig. 8B). However, with
PDI obtained from pmm-12 mutant seedlings,
two bands of lower molecular mass appeared 48
h after transfer to 28°C (Fig.8B). On
overexposed films, these bands were detectable
24 h after transfer to 28°C (data not shown).
Note that the cell death phenotype only became
apparent 4 days after the temperature shift
(Fig. 4).

Another posttranslational protein
modification depending on GDP-mannose is the
addition of a GPI membrane anchor (33). We
used antibodies to Arabidopsis SKUS, a protein
that has been shown to be degraded in the
absence of a functional GPI anchor (34), to
investigate whether in pmm-12 the temperature
shift might also trigger a defect in GPI

anchoring. SKUS5 protein levels were decreased
in mutant plants, 7 days after transfer to 28°C
(Fig. 8C) and 3 days after the appearance of the
cell death phenotype (compare to Fig. 4B).

Discussion

Map-based cloning of the pmm-12
mutation locus--During a genetic screen, aimed
at identifying EMS-induced ts mutations in
Arabidopsis genes involved in growth and
development, we isolated a ts mutant that died
within several days upon transfer to restrictive
temperature. The mutation was initially mapped
to a 673 kb region on the lower arm of
chromosome II by scoring a limited set of
physically mapped AFLP markers segregating
in 310 F, individuals. AFLP markers
segregating in the F, population were co-
dominantly  scored (see  Experimental
Procedures). Co-dominant scoring of AFLP
markers makes it possible to unequivocally
distinguish homozygous from heterozygous
plants based on quantitative measurements of
the band intensities. This strategy allows for the
extraction of additional genetic information
from the AFLP fingerprints resulting in a more
precise delineation of the region of interest.
Further fine-mapping eventually revealed that
the affected gene (at2g45790) encoded a PMM
and, remarkably, that there were two point
mutations present in the DNA sequence of the
gene cloned from the pmm-12 mutant,
compared to the wild-type gene present in the
public database.

The  temperature-sensitive  pmm-12
mutant offers a unique tool for functional
characterization of plant PMM--Based on
sequence similarity, the Arabidopsis genome
contains a single PMM gene (at2g45790).
During the preparation of our manuscript it was
reported that the encoded protein indeed
showed PMM activity, effectively converting
mannose-1-phosphate to mannose-6-phospate
(11). Overexpression and virus-induced gene
silencing  knockdown  experiments in
Arabidopsis and N. benthamiana, respectively,
indicated a role for PMM in AsA biosynthesis.
However, no pmm knock-out mutants were
reported, and efforts to obtain knockdown lines
via RNAi were unsuccessful. The lack of such
mutants impaired assessment of the possible



involvement of PMM in processes other than
AsA biosynthesis (11). Thus, the conditional
phenotype of the ts pmm-12 mutant described
here has enabled us to further characterize
PMM functions in plants. The data presented
show that the ts pmm-12 mutant is a unique tool
with which to study the molecular function of
the Arabidopsis PMM gene and to characterize
the role of PMM and GDP-mannose in plant
growth and development.

PMM enzyme activity is differentially
affected by the pmm-1 and pmm-2 mutations--
PMMs are members of the magnesium-
dependent phosphotransferase superfamily of
HADs that catalyze phosphoryl group transfer
reactions (26). All members of the HAD
superfamily, including PMMs, possess a tertiary
structure consisting of a typical o/p core domain
and a second cap domain, with the active site
located at the domain-domain interface.
Transfer of the phosphoryl group is mediated by
a strongly conserved aspartate nucleophile in
the core domain (27) that has a highly
conserved tertiary structure, whereas the cap
domain that determines substrate specificity is
more divergent in sequence and length (35, 36).
Both the pmm-1 and pmm-2 mutations are
located in the core domain. However, by using
the PSIRED tool (37), the GenTHREADER
tool (38), and the crystal structure of human
PMMI1 as a template (36), we inferred that the
affected amino acid residues are most probably
not essential for catalysis or substrate binding
(data not shown). Nevertheless, the identified
point mutations might disrupt the highly
conserved tertiary structure of the core domain,
since both amino acid substitutions are rather
drastic. The pmm-1 mutation changes a neutral
aliphatic glycine residue into a positively
charged basic arginine, whereas pmm-2 results
in the substitution of an arginine into a
negatively charged acidic glutamine. In
addition, the arginine affected by pmm-2 is
highly conserved among virtually all PMMs
present in public databases (data not shown),
suggesting that it is important for adequate
functioning of the protein.

In vitro assays with the different
recombinant mutant PMM isoforms (performed
at both 18 and 28°C) showed that the pmm-2
mutation resulted in a significant reduction in
PMM enzyme activity, whereas the pmm-1

mutation only marginally affected enzyme
kinetics (Table 1). This result implies that, due
to the location and/or nature of the amino acid
substitution, the pmm-1 mutation alone would
have few biological consequences. The activity
assays also revealed that the observed decrease
in catalytic efficiency of PMM-12 is
independent of the assay temperature. When
viewed together with the observed decreases in
PMM protein and enzyme activity observed at
18°C (Fig. 6), these results indicate that the
pmm-12 mutant is not a typical ts mutant in the
sense that the protein becomes inactive or
unstable only at restrictive temperature. Rather,
the data suggests that Arabidopsis plants
growing at 18°C can cope with reduced PMM
enzymatic capacity, whereas this becomes lethal
in plants growing at 28°C.

Aberrant protein glycosylation precedes
the cell death phenotype--Disturbed PMM
enzyme activity will probably lead to GDP-
mannose deficiency and have pleiotropic
effects. PMM has been described to play an
important role in the biosynthesis of AsA (2,
11). Therefore, it was first tested whether pmm-
12 contained less AsA than wild-type plants.
Our measurements indicated that, after transfer
to restrictive temperature, AsA levels in the
pmm-12 mutant were only 20 to 50% of those in
wild-type plants and comparable to those in the
AsA  mutant vtcl (Fig.7). This result
strengthens the genetic evidence for PMM
involvement in AsA biosynthesis. During this
experiment, it was noted that vtcl, unlike pmm-
12, did not display cell death when transferred
to 28°C. Moreover, supplying the pmm-12
mutant with the immediate precursor of AsA, L-
galactono-1,4-lactone, did not prevent the
occurrence cell death after transfer to 28°C (data
not shown). Taken together, these results
demonstrate that the ts cell death phenotype
observed in the pmm mutant is not caused by
AsA deficiency.

Besides its role in AsA biosynthesis,
GDP-mannose also plays a key role in
posttranslational modifications such as protein
glycosylation. N-glycosylation is essential for
proper folding, targeting, and function of many
secreted proteins. The core glycan attached to
N-linked glycoproteins is assembled on a
dolichol phosphate and contains nine mannose
residues, which are transferred to it from GDP-



mannose (3). The results presented here indicate
that, shortly after the temperature shift, a
deficiency in N-glycosylation occurs in pmm-12
plants. In addition, GPI-anchoring, a second
posttranslational protein modification
depending on GDP-mannose (33), is affected
several days later (Fig.8). Based on these
observations, we propose that the cell death
phenotype of pmm-12 plants at restrictive
temperature and the embryo lethality observed
in the T-DNA insertion knockout line are
caused by strongly decreased PMM activity,
eventually leading to a deficiency in N-

glycosylation.
Various examples in the literature
support the hypothesis that glycosylation

defects can result in cell death and lethality. In
both yeast and animals, aberrations in protein
glycosylation have been linked to cell death.
Mutations that block early steps in the assembly
of core glycans (e.g., algl, alg2, alg4, and vig9)
are lethal (39, 40) as is the knockout mutation of
the yeast PMM gene SEC53 (5). Furthermore,
glycosylation mutants with defects in the
oligosaccharyltransferase (OST) protein
complex were reported to undergo programmed
cell death (41, 42). In Arabidopsis, mutant
alleles of the gene encoding GCS1/KNF, a
protein necessary for complex N-glycan
formation, and the genes encoding DGL1 and
STT3, two different subunits of the Arabidopsis
OST complex, have been described to result in
aborted embryos or to produce non-viable seeds
(30, 43-45).

The Arabidopsis cytl mutation abolishes
GMPP gene function and results in embryo
lethality by arresting embryonic development at
a very early stage, providing strong evidence for
the lethality of a severe GMPP deficiency.
Characteristic aspects of the cytl phenotype can
be mimicked with tunicamycin, an inhibitor of
N-glycosylation. This observation led to the
conclusion that a deficiency in this process can
account for most of the phenotypic features of
cytl (23). It is interesting to note that GMPP
acts directly downstream of PMM in the GDP-
mannose biosynthesis pathway (Fig. 1).
However, similar to the pmm-12 mutant, cytl
could not be rescued by exogenously applied
AsA (23), suggesting that in both cases the lack
of AsA is not sufficient to explain the
developmental arrest and subsequent cell death.
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The cytl mutant is allelic to vtcl, a mutant
deficient in its AsA biosynthesis (10) that was
isolated by virtue of its sensitivity to oxidative
stress (46). In marked contrast to the lethality
caused by cytl mutations, vtcl plants are viable
and fertile, indicating that the vtcl mutation is
weak. Consistently, GMPP activity is reduced
but not absent from vtcl protein extracts (9).

The  evidence  described  above
demonstrates that the lethality of the pmm-12
mutation results from glycosylation defects
rather than AsA depletion. It remains intriguing
why the GDP-mannose depletion in pmm-12 is
severe enough to result in cell death, while its
AsA levels remain comparable to those in vtcl.
The presence of alternative biosynthesis or
recycling pathways for AsA that are
independent of mannose would provide an
explanation for this paradox (47). However, a
recent analysis of the vtc2 vtc5 double mutants
has revealed that the GDP-mannose pathway is
the only significant source of AsA in
Arabidopsis seedlings (48). Another potential
explanation would be that pmm-12 prioritizes
the flux through GDP-mannose towards AsA
biosynthesis at the expense of glycosylation.
More detailed comparisons of the regulation of
AsA synthesis in the vic mutants and pmm-12
are required in order to determine whether any
form of prioritization exists in planta. While this
comparison is beyond the scope of the present
paper, it is possible to consider factors that
might influence the path of metabolite flow
such as toxic effects of elevated mannose-6-
phosphate or a role for mannose-1-phosphate in
cell survival.
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FIGURE LEGENDS

FIGURE 1. PMM has diverse biological roles in higher plants. PMM is required for the synthesis of
GDP-mannose, and GDP-mannose is essential for AsA biosynthesis, posttranslational modifications,
such as protein glycosylation and GPI anchoring, and the synthesis of different structural
polysaccharides in the cell wall. Abbreviations of the enzymes that catalyze the depicted conversions
are: PGI, phosphoglucose isomerase; PMI, phosphomannose isomerase; PMM,
phosphomannomutase; GMPP, GDP-D-mannose pyrophosphorylase; GME, GDP-D-mannose 3',5'-
epimerase; GGP, GDP-L-galactose phosphorylase; GP, L-galactose-1-P-phosphatase; GDH, L-
galactose dehydrogenase; GPI, L-galactono-1,4-lactone dehydrogenase.

FIGURE 2. Identification of the DGR1/PMM gene via map-based cloning. A standard set of 8 AFLP
primers was applied to 126 F, individuals and identified a 4.7 Mb area at the bottom of chromosome
II. Additional mapping with AFLP markers (vertical bars) on 184 F, individuals delineated the
DGR1/PMM locus to 673 kb. AFLP markers are identified by the SM code referring to the
corresponding Sacl/Msel enzyme combination, followed by the code referring to the primer
combination used and the estimated molecular size of the DNA fragment. Subsequently, 1,317 F,
mutant individuals were screened with flanking InDel markers (stacked triangles; CER452389 and
CER449256) and 40 recombinants (not shown) were used for fine-mapping by means of InDels,
which defined the locus to 35 Kb flanked by markers CER449813 and CER452353/54. Arrows
mark recombinants relevant for further delineation of the region of interest. The 35 kb region
contained 12 genes and was spanned by BAC clone F4118. Two point mutations were identified in
gene at2g45790 that encodes a PMM. The gene structure of PMM is outlined with exons as boxes
and the two nucleotide changes are indicated.

FIGURE 3. Multiple alignment of part of the amino acid sequences of PMM proteins from
Arabidopsis (AtPMM), tobacco (NtPMM), rice (OsPMM), budding yeast (Sec53p), and human
(HsPMM1 and HsPMM2). Asterisks indicate conserved amino acids. The shaded region marks the
conserved amino-terminal DVDGT motif. Both nucleic acids replacements in the mutant (pmm-1
and pmm-2) are indicated.

FIGURE 4. Effects of transfer to 28°C on the Arabidopsis pmm-12 mutant. A, Mutant plants, grown
for 2 weeks at 16°C appeared essentially identical to wild-type Col-0 plants. Five days after transfer
to 28°C, mutant seedlings displayed growth arrest and severe browning of shoot tissue. B, The first
signs of cell death became visible after 4 days at 28°C at the base of developing leaves and in the
shoot meristem (arrows). C, Wildtype and mutant plants germinated and grown in soil for 6 weeks at
16°C under a 10-h photoperiod, 2 weeks after transfer to 28°C. D, Wildtype and mutant plants
germinated and grown in soil at 16°C under continuous light conditions until the first flower buds
appeared. The picture was taken 2 weeks after transfer to 28°C.

FIGURE 5. Inhibition of pmm-12 root growth upon transfer to restrictive temperature. Primary root
growth rates (in pm/h) of Col-0 wild-type (black) and pmm-12 mutant (grey) plants grown (A) for 16
days at 18°C or (B) for 7 days at 18°C, 4 days at 28°C, and finally placed back to 18°C for 5 days.
Each data point was calculated by dividing the average root length difference by the time. Standerd
errors are indicated (n = 8§ to 14). (C) Typical plate with 7-day-old Col-0 wild-type and pmm-12
mutant seedlings (grown at 18°C), 4 days after transfer to 28°C.
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FIGURE 6. PMM enzyme activity and protein levels are reduced in pmm-12 plants. A, PMM
activity of total protein extracts isolated from both wild-type (Col-0) and pmm-12 mutant seedlings,
initially grown at 16°C and subsequently transferred to 28°C for 24, 48 h, and 4 days. Proteins were
isolated from at least 40 pooled seedlings and equal amounts of total protein were used for each
sample. As a substrate, 1 mM D-mannose-1-phosphate was used. Values are averages of three
measurements. B, Western blot of protein extracts used in enzyme activity measurements probed
with polyclonal Arabidopsis PMM antibody detecting a protein of approximately 30 kDa. Equal
amounts of protein (25 pg) were loaded in each lane. Error bars depict standard errors.

FIGURE 7. Leaf AsA content of 2-week-old wild-type (Col-0), pmm-12, and vtcl seedlings grown
at 16°C, after transfer to 28°C. AsA levels were calculated from three independent observations.
Error bars depict standard errors.

FIGURE 8. Effect of the pmm-12 mutation on protein glycosylation and GPI anchoring. Protein was
extracted from both wild-type (Col-0) and mutant seedlings, initially grown at 16°C, and
subsequently transferred to 28°C for 6, 24, 48 h, 4, or 7 days. A, Affinodetection of glycoproteins
containing high-mannose type N-glycans with ConA. Protein sizes (in kDa) are indicated on the
right. B, The N-glycosylation of PDI, visualized via protein gel blotting, in pmm-12 plants is affected
by transfer to restrictive temperature. Arrows on the right point out the electrophoretic migration of
the mono- and nonglycosylated forms of PDI, in contrast to the upper band corresponding to the
fully (di)-glycosylated protein. C, Protein gel blot detection of SKUS in wild-type and pmm-12
plants after transfer to restrictive temperature.
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Km (M) Kear/ Km (sTM™)
assay temperature: 18°C 28°C 28°C
PMM-WT 387 + 28 200 + 15 4.13+0.11 10.01 +0.23 10.7 x 10° 50.1 x 10°
PMM-1 Gly7Arg 475+ 34 229 +18 418 +0.11 10.31+£0.25 8.8 x 10° 45.1x 10°
PMM-2  Arg37GIn 294 +21 111+8 0.44 +0.01 0.67 +0.01 1.5x10° 6.0 x 10°
puMm-12  CV7AG 204 + 13 68+5 0.18 + 0.00 0.24 % 0.00 0.9 x 10° 3.7 x 10°

Arg37GIn

TABLE 1. Kinetic properties of purified recombinant wild-type (PMM-WT) and mutant (PMM-1,
PMM-2, or PMM-12) Arabidopsis PMM, determined at 18°C and 28°C. Enzymes were assayed by

monitoring NADPH formation in a coupled assay. The indicated values are averages + SD (n=3).
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