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Protein N-terminal methionine (Met) excision (NME) is carried out by two types of Met aminopeptidases (MAPs), MAP1 and
MAP2, in eukaryotes. Three enzymes, MAP1A, MAP2A, and MAP2B, have been identified in the cytoplasm of Arabidopsis
(Arabidopsis thaliana). MAP transcript quantification revealed a predominance of MAP2B and developmental and organ-specific
regulation of both MAP1A and MAP2s. By combining reverse genetics and reverse chemogenomics in transgenic plant lines, we
have devised specific and reversible switches for the investigation of the role of cytoplasmic NME in Arabidopsis and of the
respective contributions of the two types of cytoplasmic MAPs throughout development. dsRNA interference and knockout (KO)
plant lines targeting either MAP1A alone or both MAP2s simultaneously were constructed and shown to display wild-type
phenotypes. In the MAP1A KO context, modulating MAP2 activity by treatment with various concentrations of the specific drug
fumagillin impaired plant development, with particularly strong effects on the root system. Reciprocally, complete MAP2
inhibition in various MAP1A knocked-down genetic backgrounds also generated a gradient of developmentally abnormal plants,
but the effects on the root system were milder than in the KO context. In the absence of MAP2 activity, the severity of the phenotype
in the MAP1A knocked-down lines was correlated to the extent of MAPTA mRNA accumulation. Complete cytoplasmic NME
inactivation blocked development after plant germination. Thus, in plants, (1) cytoplasmic NME is essential; (2) MAP1A and
MAP2s are functionally interchangeable, which is not the case in fungi and animals, as a complete block of either MAP-type
activity does not cause any visible molecular or phenotypic effect; and (3) a minimal level of cytoplasmic MAP is required for

normal development.

In living organisms, whatever the cell compartment,
proteins are always synthesized with Met as the first
residue even if a nonconventional initiation codon (i.e.
non-AUG) is used (for review and references, see
Giglione and Meinnel, 2001; Giglione et al., 2004).
However, this first Met is specifically removed from
most mature proteins (Meinnel et al., 1993; Bradshaw
et al., 1998; Giglione and Meinnel, 2001). In the course
of protein N-terminal Met excision (NME), the free
amino-terminal Met is removed by Met aminopepti-
dase (MAP) cleavage. Unlike eubacteria, which pos-
sess only one type of MAP (MAP1), eukaryotes
possess a second type of MAP, MAP2, which has
similar substrate specificity to MAP1 (Kendall and
Bradshaw, 1992; Chen et al., 2002). MAP2s and MAP1s
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play identical enzymatic roles and have very similar
three-dimensional (3D) structures, but their amino
acid sequences differ considerably. In contrast, levels
of sequence identity are high for MAPs of the same
type (Lowther and Matthews, 2002; Giglione et al.,
2004). The recent discovery that cytoplasmic MAP2s
are the specific cellular target of natural compounds
like fumagillin, acting as antiangiogenic, antitumoral,
or immunosuppressive agents, has revived interest
in NME (Ingber et al., 1990; Griffith et al., 1997, 1998;
Sin et al., 1997; Turk et al., 1999; Towbin et al., 2003).
Several of these compounds have also been shown to
have antiproliferative effects in unicellular eukaryotes,
such as ameba (Killough et al., 1952), microsporidians
(Weiss et al., 2001), trypanosomatida, and apicomplexa
(Zhang et al., 2002), all of which cause severe parasitic
diseases in humans. Significant progress has recently
been made in the characterization of this process
in higher eukaryotes (for review, see Giglione et al.,
2004). NME has been shown to occur in all compart-
ments in which de novo protein synthesis occurs: the
cytoplasm, mitochondria, and plastids. Experimental
data have shown that MAPI1s are found in both the
organelles and the cytoplasm (MAP1As) of all higher
eukaryotes, including mammals and plants (Giglione
et al., 2000; Serero et al., 2003). Unlike MAP1s, MAP2s
are found specifically in the cytoplasm (Giglione et al.,
2004). In higher plants, various organelle-targeted
MAPs (MAP1B, MAP1C, and MAPI1D; Giglione et al.,
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2004) and three cytosolic MAPs (MAP1A, MAP2A,
and MAP2B) have been characterized as members of
the NME machinery (Giglione et al., 2000). The cyto-
plasmic NME machinery in animals and plants dis-
plays the same specificity because proteins having
their N-terminal Met removed with the MAP cleav-
age rule (Meinnel et al., 1993) were identified in each
reign (perform at http://www.expasy.org/srs5/
query “FtKey = INIT_MET” and combine with query
“Organism = Arabidopsis for instance”).

Various studies involving attempts to inactivate
MAP genes have shown that NME is an essential
process in bacteria (for review, see Giglione et al,,
2004). NME is also essential in the yeast Saccharomyces
cerevisiae, as the inactivation of both the MAP1 and
MAP?2 genes is lethal (Li and Chang, 1995). However,
MAP1 inactivation alone results in a large decrease in
growth rate, which is indicative of the dominant role
of MAP1 in fungal NME (Chang et al., 1992; Dummitt
et al., 2003). In animals, MAP2s, also known as p67,
behave as bifunctional proteins. Their N-terminal
domain maintains the translation initiation factor
elF2 in a fully active form by protecting its a-subunit
from phosphorylation (Ray et al., 1992). This so-called
protection of elF2« phosphorylation (POEP) activity is
mediated by the N-terminal Lys-rich domain I and is
independent of NME activity. The down-regulation of
MAP?2 leads to the phosphorylation of elF2«, resulting
in the inhibition of protein synthesis, which ultimately
triggers apoptosis (for review, see Datta, 2000). The
C-terminal domain of animal MAP2s displays NME
activity (Liu et al., 1998; Yang et al., 2001). Natural
compounds like fumagillin do not impair the interac-
tion of MAP2 with elF2«, but completely inhibit NME
activity. As animal MAP2 has both NME and POEP
activity, any change in the concentration of this en-
zyme in the cell is likely to reduce both activities. This
seems to be the case in Drosophila melanogaster, in
which MAP2 gene inactivation has been shown to im-
pair tissue growth and lead to early embryo death
(Cutforth and Gaul, 1999). Clearly, functional studies
in which the production of MAP2 is not affected are
required to determine the impact of cytoplasmic NME
in these eukaryotes, as decreasing the amount of
MAP?2 is also likely to decrease POEP activity. Plant
and fungal MAP2s do not have the POEP domain
(Giglione et al., 2000) and are therefore unlikely to
display POEP activity. This hypothesis is supported
by the observation that yeast MAP2 knockout (KO)
mutants are fully viable (Li and Chang, 1995).

As they are unlikely to display a MAP2-dependent
POEP effect, plants appear particularly suitable for in-
vestigations into the respective contributions of the two
types of MAP to cytoplasmic NME in a higher eukary-
ote by means of reverse genetics-mediated functional
strategies. We have already used Arabidopsis (Arabi-
dopsis thaliana) as a model to elucidate the role of NME
in another cell compartment and the impact of this
process on development. Plastid NME, despite the fact
that it involves only a few dozen target proteins, has
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been shown to be essential in plants. The inactivation of
plastid NME prevents the immature plastid from de-
veloping into a functional chloroplast. This effect
results from the strong instability of certain essential
plastid-encoded proteins when plastid NME is blocked
(Giglione and Meinnel, 2001; Serero et al., 2001;
Giglione et al.,, 2003). In this study, we investigated
the impact of NME in the cytoplasm during the de-
velopment of Arabidopsis. This process involves 55%
of the proteome, i.e. more than 15,000 different protein
targets (Boisson et al., 2003). Using an integrated array
of experimental approaches, we were able to show that
(1) cytoplasmic NME is essential for plant develop-
ment; (2) a minimal level of total cytoplasmic MAP is
required for correct plant development; (3) low levels of
MAP2 cannot compensate for the absence of or very
low levels of MAP1A; and (4) the natural compound
fumagillin specifically targets the activity of both
MAP2A and MAP2B, but not that of MAP1A in plants,
as previously demonstrated in animals and fungi.

RESULTS

Quantification of MAP Transcripts Shows the
Predominance of MAP2B RNA and the Developmental
and Organ-Specific Regulation of Both MAP1A

and MAP2s

As observed in other species, Arabidopsis contains
two types of cytosolic MAPs, MAP1A and two MAP2s,
MAP2A and MAP2B. These are the only cytosolic
MAPs isolated (Table I; Giglione et al., 2000). The three
corresponding genes are MAPIA, MAP2A, and
MAP2B. MAP2A and MAP2B have identical intron-
exon organizations, produce mRNAs of the same size,
and their open reading frames are 86% identical over-
all (Giglione et al., 2000). MAP2A and MAP2B catalytic
domains are more than 90% identical. The amino acid
sequence of the MAP1A catalytic domain is approxi-
mately 50% identical to those of the 3 organellar
MAP1s. Low levels of identity occur between MAP1s
and MAP2s (Supplemental Fig. 1). The data concern-
ing the MAP protein family from Arabidopsis are
summarized in Table I. Except for MAPIA (this
article), no specific antibody is yet available for the
other MAPs, including both MAP2s.

Few data on cytoplasmic MAP expression and reg-
ulation in a whole higher eukaryote are available. We
therefore investigated the expression profiles of all
three genes in various organs and during plant de-
velopment by means of real-time PCR experiments. A
cytoplasmic MAP transcript was present in all tissues
and at all developmental stages examined. MAP2 tran-
scripts accumulated in all organs tested, but the
amount depended on the organ considered (Fig. 1A).
MAP2B transcripts were the most abundant of the two
MAP2s. MAP1A transcripts were observed in all organs
tested, except siliques, in which they were undetect-
able. MAP1A transcripts were strongly induced during
the early stage of development, beginning at root
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Table I. Various MAP genes and corresponding proteins in Arabidopsis

No. of Open Reading Frame

Percent Identity with MAPTA? Cellular Localization of

Gene Name TAIR Entry” Codons (Size)® (MAP2B/MAP2A) the Protein®
MAP2A Ar2g44180 440 (49) <207 (100) Cytoplasm
MAP2B At3g59990 439 (49) <199 (86) Cytoplasm
MAPTA At2g45240 398 (44) 100 Cytoplasm
MAP1B At3g25740 369 (35) 50 Chloroplast
MAPIC At1g13270 344 (31) 46 Chloroplast, mitochondrion
MAP1D At4g37040 350 (33) 48 Chloroplast, mitochondrion

‘Experimental data are from Giglione et al. (2000). Note the nomenclature used in this article was updated recently (Giglione et al.,

2004). PTAIR, The Arabidopsis Information Resource (http:/arabidopsis.org/).

“Deduced protein size is expressed in kilodaltons and

corresponds to that of the fully processed protein, taking into account NME and signal peptide cleavage as determined at http://www.cbs.dtu.dk/

services/TargetP.

d< indicates that only local identity in the catalytic domain was obtained and that the value indicated corresponds to that of the

highest value determined for 10 contiguous amino acids (for an alignment of MAP1 and MAP2, see Supplemental Fig. 1).

emergence on day after imbibition (DAI) 2. Significant
levels of induction were also observed for both MAP2
transcripts until DAI 4 (Fig. 1A).

Strong Decrease in the Level of Expression
of the Genes of the Two MAP Groups
Reveals No Apparent Phenotype

Functional analysis of cytoplasmic NME in Arabi-
dopsis by insertional reverse genetics is difficult be-
cause three genes are involved in the process (Table I)
and MAP2A (At2g44180) and MAP1A (At2g45240) are
very close neighbors on chromosome 2, making it
difficult to identify double mutants if KO plants were
isolated for each gene. To investigate NME by reverse
genetics, we used dsRNA interference (RNAi) to con-
struct plant lines with knocked-down (KD) MAP ex-
pression. First, two RNAi vectors, one targeting
MAPIA and the other targeting both MAP2A and
MAP2B, were constructed. We selected 50 drug-resis-
tant T; plants at random for each construct and fol-
lowed their development until seed production. All
were shown to have the relevant construct target gene-
inverted repeats, as shown by PCR analysis, and pro-
duce the RNAIi transcript, as shown by northern
blotting (data not shown). Various MAP1A and MAP2
KD T, lines (WmaplA, ¥map2) were selected with this
method. The level of the relevant target MAP gene
transcript was determined by semiquantitative reverse
transcription (RT)-PCR in 10-DAl-old plantlets grown
on normal medium (Fig. 1B). MAP1A, MAP2B, and
MAP2A transcript levels were compared with those in
wild-type plants, and progeny from one of the ct/ T,
lines were examined. The plants from each ¥maplA
line had much lower levels (8% = 1% of wild type) of
MAP1A than wild type (Fig. 1, A and B). However, we
also isolated several ¥map1lA lines with various, small-
er decreases in MAP1A transcripts (data not shown). In
the ¥map2 progeny plant, MAP2B and MAP2A tran-
script levels were strongly reduced (7% = 3% and
29% = 3% of wild type, respectively). MAP transcript
levels were unaffected in the progeny of the ctl T, line.
No obvious abnormalities in morphology (growth rate
and size) or rate of development (germination time,
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flowering time, and seed yield) were detected after
systematic comparisons with wild-type plants. In line
with this, no difference was observed when the protein
patterns of plants from several ¥YmaplA and ¥map2
lines were compared with those of the wild-type or ct!
line (data not shown).

Together, these data strongly suggested that both
MAP types were functionally interchangeable. To ex-
clude that the small remaining amount of functional
MAP1 or MAP2 observed in either RNAi line could be
sufficient to allow normal plant development, KO
mutants for both MAPs were searched. We screened
various Arabidopsis T-DNA mutant collections in vitro
or in silico for insertions in MAP1A and MAP2 genes.
No true KO lines have yet been obtained for MAP2A. In
the putative MAP2B-inserted line, SALK_100162, the
T-DNA insertion turned out to have occurred outside
the open reading frame, in contrast to the sequence
data available. We therefore excluded this line from
the analysis. One putative mutant line was identified
for MAP1A with a T-DNA insertion point within the
first intron of the gene (Fig. 2A). Lines homozygous for
a T-DNA insertion resulting in MAPIA inactivation
(maplA-1) were obtained and purified. The T-DNA
insertion in line map1A-1 is located downstream of the
first Cys codon of the first exon. As this Cys, which is
part of the double zinc finger motif that is crucial for in
vivo MAP1A activity in yeast (Zuo et al., 1995), line
maplA-1 was expected to correspond to a true MAP1A
KO mutant. RT-PCR analysis confirmed the absence of
any detectable full-length MAPIA transcript in line
map1lA-1 in contrast to wild type (Fig. 2B). Accordingly,
western-blot experiments showed that line map1A-1
contained no detectable MAP1A and corresponded to
a true MAPIA inactivation (Fig. 2C). Line maplA-1
behaved similarly to wild type and displayed no visible
mutant phenotype under standard greenhouse growth
conditions. We investigated the expression profiles of
the MAP genes by real-time PCR and noticed that both
MAP2 transcript levels were identical to those of wild
type (Fig. 1A). To definitely exclude the occurrence of
any subtle differences between line maplA-1 and
wild type, comparison of their two-dimensional gel
electrophoresis (2-DE) protein patterns were performed
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Figure 1. Relative transcript levels for Arabidopsis cytoplasmic MAPs
in various organs, during development, and in the RNAi mutants. A,
Levels of transcripts for cytoplasmic MAPs are expressed relative to
EF1A transcript levels. Measurements were made by real-time PCR. For
comparison with the levels of the various transcripts in the RNAI
mutants, the percentage of cytoplasmic MAP levels in wild-type
plantlets at 10 DAI was taken as 100%. The sb [d(x/y)] corresponding
to each x:y (i.e. MAP:EFTA) ratio was calculated for each value using
the following formula, where d(x) and d(y) correspond to the individ-
ual deviation of each x and y measurement, respectively: d(x/y) =
[dx)*y + X2-d(y)*/y*1'"%. B, Semiquantitative PCR in various RNAI lines
from one representative experiment. The experiment was repeated with
new plants and equivalent decreases in MAP levels with respect to
controls were observed. All products were of the expected size, with
the exception of a minor, high-M, band resulting from MAP2B PCR;
negative controls were at background levels. Additional cycles were
performed for MAP2B PCR and the two fragments isolated and
sequenced. The predominant lower M, fragment corresponded to the
MAP2B cDNA sequence, the higher M, band corresponded to the
mRNA sequence plus an unspliced intron (nucleotides 90,507-90,742;
GenBank AL138647) yielding a truncated, nonfunctional protein.

(Fig. 2D). No qualitative difference on a set of several
hundred of the major protein spots was observed by
pairwise analysis. This was indicative that line map1A-1
behaved similarly to wild type, and that the function of
MAPIA is compensated by that of MAP2.

Challenging Plant Cytoplasmic NME with L-Met

As no MAP2 (i.e. MAP2A + MAP2B) KO line is yet
available, we investigated the role of plant cytoplasmic
NME further using an inhibitor active against cyto-
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plasmic MAPs. Few such inhibitors are known
(Giglione et al., 2004). Recently, L-Met, the product of
the reaction catalyzed by MAPs, was shown to inhibit
both Homo sapiens MAPs (HsMAPs), but with different
binding constants: 0.15 mm for MAP2 and 5 mwm for
MAP1A (Dummittetal., 2003). The 3D structures of the
complex of L-Met with MAP1 and MAP?2 are available
under protein data bank (PDB) entries 1C21 and 1KQ9.
These structures show that L-Met binds to conserved
residues in the active site of both MAP species (Fig. 3A;
Li et al., 2004). We expected L-Met to bind to both
AtMAP1A and AtMAP2s, as the catalytic domains of
these two enzymes displayed an extremely high level
(>75%; see alignment in Giglione et al., 2000) of identity
to HsMAP2 (Giglione et al., 2004). The 3D structure of
Arabidopsis MAP2s was modeled based on the struc-
ture of HSMAP2 complexed with L-Met. The 3D struc-
ture of the active site of AIMAPIA was modeled from
the 3D structure of Escherichia coli MAP (EcMAP)
complexed with L-Met. The models generated showed
overlapping 3D folds of the active site of both MAP
types when shown in the same orientation (Fig. 3A).
They also revealed that all the residues involved in
L-Met recognition were conserved in both plant MAP
types, with the exception of Cys-59, which was re-
placed by an Ala in AtMAP1A (Fig. 3A). This sub-
stitution does not interfere with substrate or L-Met
analog recognition (Li et al., 2004).

L-Met impairs the growth of a maplA yeast line by
inhibiting MAP2 in the millimolar range of concentra-
tion (Dummitt et al., 2003). Wild-type and maplA-1
Arabidopsis seedlings were grown in the presence of
equivalent amounts of 1-Met. At a concentration of
2 mM L-Met, maplA-1 KO plants displayed strongly
impaired development (Fig. 3B). Increasing the con-
centration of L-Met blocked development completely.
These data suggested that AtMAP2s could be inhib-
ited by L-Met in vivo. Nevertheless, L-Met caused
wild-type plants to grow more slowly (Fig. 3B). We
concluded that the inhibition of wild-type seedling
growth by L-Met may have resulted from either (1)
nonselective inhibition of both cytoplasmic MAP
types, suggesting that cytosolic NME is essential; or
(2) the metabolism of L-Met to generate compounds
that play a major role in the plant (Ravanel et al., 1998),
for which changes in concentration could retard plant
development. Hence, to delineate the role of cytosolic
NME, an inhibitor with no effect on wild type was
required.

Modulating MAP2 Activity with Fumagillin Affects
Plant Development in the map1A-1 Context

Fumagillin is a natural compound produced by the
fungus Aspergillus fumigatus (McCowen et al., 1951).
Fumagillin and its derivatives, such as TNP-470 (also
known as AGM-1470; Ingber et al., 1990), fumagillone
(compound 4 in Turk et al., 1998), or ovalicin (Corey
et al., 1994), specifically and covalently bind and
inactivate MAP2s, with low nanomolar binding con-
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Figure 2. Characterization of a map1A-7 plant line. A, Schematic representation of MAP1A gene disruption in Arabidopsis line
SALK_021985 (map1A-T). The exon-intron structure of the gene is shown. Translation initiation and termination codons are
indicated. The T-DNA insertion is shown with the border sequences of the insert (LB and RB) labeled to indicate the orientation of
the insertion. The location of T-DNA end insertion was checked by DNA sequencing, PCR amplification, and restriction frag-
ment length analysis. LB, Left border; RB, right border. B, RT-PCR analysis showing the absence of the MAPTA transcript in line
map1A-1. MAPTA expression analysis in map1A-T and wild-type lines was performed by RT-PCR analysis using cDNA of either
line as template. cDNA synthesis is described in ““Materials and Methods.” The amount of cDNA to be used in each experiment
(about 2 ng) was estimated by real-time PCR analysis to yield the same amplification level for EF1A. The MAPTA cDNA-specific
primers used in this experiment were 5'-CAGATGCATCGAGCATTGCTACTCTTTCCTGTC and 5'-ATTCGGTTCAACTTTGGG-
AGTCCCATC and were expected to yield a 382-bp amplification band. The DNA ladder (lane 1) corresponded to the 1-kb plus
ladder (Bio-Rad). For each cDNA (wild type or map1A), the amplification resulting from three distinct cycle numbers (23, 26, and
30) is shown. C, Western-blot analysis of 10-DAl-old seedlings. WT, Wild type. We analyzed 80-ug aliquots of total protein by
10% denaturing PAGE, followed by electroblotting and probing of the resulting membrane with anti-MAP1A antibody. D, 2-DE
patterns of wild type (left) and line map1A-1 (right). MW, Molecular weight (M,). The lowest molecular mass visible in the second
dimension was 21 kD. The image shown is the most representative of the various experiments performed knowing that
quantitative differences for the high-M, spots were observed in various analysis of the same protein extract.

stants, but have no physiological effect on MAP1s
(Griffith et al., 1997, 1998; Sin et al., 1997; Liu et al.,
1998; Turk et al., 1998; Brdlik and Crews, 2004). The
chemical structure of these four related compounds is
shown in Figure 4A. As fumagillin has been shown to
strongly inhibit all MAP2s tested, both in vitro and in
vivo, and as we identified no particular phenotype
with either Wmap RNAI transgenic plant lines or the
KO mutant line map1A-1, we thought to use this drug
to investigate further the role of cytoplasmic NME in
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Arabidopsis in vivo. The 3D structure of Arabidopsis
MAP2s with fumagillin was modeled from that of
HsMAP2 complexed with fumagillin (Liu et al., 1998).
This 3D model (Fig. 4B) revealed that all the residues
involved in fumagillin recognition, including the cru-
cial His residue (His-231; see Fig. 4B) responsible for
covalent attachment of the drug, were conserved in
both plant MAP2s. The only nonidentical residue was
the Phe-366 of HsMAP2, which was replaced by a Cys
in AtMAP2A. However, it was recently demonstrated
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Figure 3. Challenging cytosolic NME with L-Met. A
A, In silico model of the active binding sites
of AtMAP2 and AtMAP1A bound to L-Met. The
structure of L-Met is indicated by blue sticks. A
closeup of the active site of cytosolic MAPT (left)
and MAP2 (right), in the vicinity of the metal
cation, is shown in the same orientation. The
numbering and nature of residues is indicated in
white (substrate-binding pocket) and pink (metal
ligands). The two cobalt cations (Col and Co2)
are shown as gray spheres. Hydrogen atoms are
not shown. Left, The model structure of AtMAPTA
is shown in purple and the crystal structure
of ECMAP in green. Right, Model structure of
AtMAP2B is shown in purple and the crystal
structure of HsMAP2 in green. B, Effect of L-Met
on plant growth. Wild-type or map7A-1 plant

MAP1:L-Met 3D complex MAP2:L-Met 3D complex

Fi66 )
M7
: E459 ; "

lines were grown in the presence of the indicated L-Met
(top) concentration of L-Met for 2 weeks. B (mM) 0 2 5
WT
maplA-1 "

that the Phe-366Cys substitution has no effect on the
binding of fumagillin to HsSMAP2 (Brdlik and Crews,
2004). The greater specificity of fumagillin for both
AtMAP2s than for AtMAP1A was fully expected as
AtMAP1A (1) has the Thr residue (Thr-202) involved
in fumagillin selectivity between MAP1 (Ala-362) and
MAP2 (Fig. 3A; Brdlik and Crews, 2004); and (2)
possesses a Cys residue (Cys-70) rather than the crucial
His-231 of MAP2s (Figs. 3A and 4B). These residues are
conserved in all Arabidopsis MAP1s, including the
three organellar isoforms (Giglione et al., 2000). Fuma-
gillin, a commercially available compound, therefore
appeared to be a useful chemical tool for the specific
inhibition of both cytosolic MAP?2 activities in plants.

Arabidopsis seeds were therefore sown in the pres-
ence of various concentrations, up to 15 um, of fuma-
gillin. No effects on wild-type plants (Fig. 4C) were
observed, indicating that this drug did not impair plant
development at the concentrations used and did not
inhibit any essential target protein. When line map1A-1,
which produced only MAP2A and MAP2B, the puta-
tive fumagillin-sensitive isoforms, was grown under
similar conditions, it was found to be highly sensitive to
the drug (Fig. 4C). Similar data were obtained when
TNP-470, fumagillone, or ovalicin were used (Fig. 4, A
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and D). In contrast, actinonin, a specific inhibitor of
organellar NME that blocks peptide deformylase ac-
tivity (Giglione and Meinnel, 2001; Serero et al., 2001;
Giglione et al., 2003), had no effect within the same
range of concentration (data not shown). These results
are consistent with fumagillin being highly specific for
the two MAP2s and demonstrate that the effect ob-
served is dependent on MAP2 inhibition only. At
extremely low concentrations (0.01 uM) of fumagillin,
line map1A-1 displayed a dwarf phenotype (Fig. 4E)
with very few secondary roots. These plants continued
to grow slowly in the presence of the drug but de-
veloped a bushy leaf appearance (data not shown).
Increasing the concentration of fumagillin increased
the severity of the mutant phenotype, together with the
effects on the root system. Finally, a strong block in
development after germination was observed at fuma-
gillin concentrations exceeding 1 uM (Fig. 4, C and F).
These plants failed to turn green at or develop beyond
the two-cotyledon stage. We compared wild-type and
line maplA-1 seeds sown in the presence of 1 um
fumagillin with a wild-type or a maplA-1 mature
embryo sown in the absence of the drug in which the
primary seedling structure was morphologically rec-
ognizable and identified no structural differences. All
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G WT maplA-1

Figure 4. Fumagillin specifically targets and inhibits MAP2. A, Chemical structures of fumagillin and various structural analogs
showing potent inhibition of MAP2. B, In silico model of the active binding site of AtMAP2B bound to fumagillin. See details in
Figure 3A. The structure of fumagillin is indicated with blue sticks. Links between the metal cations and protein side chains are
shown as red lines. The orientation of the fumagillin molecule is upside-down compared to A. C, 2-DAl-old wild-type or map1A-1
line plants grown in the presence of the indicated (top) concentration of fumagillin (micromolar). D, 10-DAI-old map1A-1line plant
grown in the presence of 5 um of the indicated drug (structure shown in A). E, 10-DAl-old map1A-T line plant grown in the presence
of the indicated (top) concentration of fumagillin (micromolar). F, Comparison of the size and morphology of a wild-type mature
embryo stained with di-acetate fluorescein (top left inset) with a map7A-T1 line seedling germinating in the presence of 1 um
fumagillin. The scale for both is shown below the figure. G, 1D PAGE (12%) analysis of protein extracts originating from Arabidopsis
plant lines (wild type or map1A-1) grown in the presence of the indicated concentration of fumagillin (micromolar). The gel was
silverstained (Amersham). Molecular mass ranges corresponding to the first lane are indicated on the left border of the gel (Biolabs).
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major structures were detected, including root, hypo-
cotyls, and cotyledons, in both plants (Fig. 4F), indicat-
ing that MAP?2 activity alone was sufficient for embryo
formation but that development could not progress
much beyond the mature embryonic stage if this
activity was also inhibited. This suggested that fuma-
gillin impaired cell expansion and the few early cell
divisions in line map1A-1.

Next, experiments were performed with protein
samples extracted from the map1A-1 or wild-type lines
grown in the absence or presence of 1 uM fumagillin (i.e.
a concentration allowing complete inhibition of both
MAP? activities in fungi). When one-dimensional (1D)
or 2-DE experiments were performed with a wild-type
plant grown in the presence of 1 um fumagillin, no
discrepancy was observed compared to the control, and
the patterns were similar to those shown in Figure 2D.
This indicated that the absence of MAP2 activity was
likely to be compensated by that of MAP1A. In contrast,
the protein pattern of line maplA-1 grown in the
presence of more than 0.01 uM fumagillin was signifi-
cantly modified compared to the control, as expected
for the inhibition of an essential process that involves
a majority of the proteins of the cytoplasm (Fig. 4G).

Thus, fumagillin specifically targets and inhibits
both MAP2A and MAP2B, but not MAP1A, in plants.
Moreover, our data indicate that (1) cytoplasmic NME
(i.e. MAP1A + MAP2A + MAP2B activity) is an es-
sential process in plants; (2) the function of both cyto-
solic MAP2 can be compensated by that of MAP1A; and
(3) in the absence of MAP1A, the intrinsic level of
MAP2 activity is crucial for correct development. As
plantlines grew normally and showed identical protein
patterns in the absence of either cytosolic MAP-type
activity (i.e. MAP1A or MAP2A/B), we concluded that
the two MAPs were interchangeable in plants.

Complete Inhibition of MAP2 Causes a Range of
Developmental Perturbations in Plant Lines
Producing Various Amounts of MAP1A

Having evaluated the impact of MAP2 activity on
Arabidopsis cytoplasmic NME in genetic backgrounds
devoid of MAP1A proteins, we then investigated the
contribution of MAP1A proteins to this process. We
sowed all the ¥maplA and ¥map2 lines separately in
a growth medium containing the concentration of
fumagillin previously shown to yield the maximal
effect in line map1A-1 (5.4 uM). We used concentrations
of fumagillin up to that used in the experiments with
maplA-1 lines that completely blocked plant develop-
ment, suggesting that the activity of the two MAP2
enzymes was completely inhibited. Seeds from wild-
type plants, ctl, and ¥map2 T, lines germinated and
developed normally on fumagillin (Fig. 5A), with
normal dark-dependent skotomorphogenesis (data
not shown). In contrast, developmentally abnormal
plants were observed in the progeny of all the ¥maplA
lines grown in the presence of the drug. The most
extreme phenotype, which was observed at various
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frequencies in the progeny from all ¥maplA T, lines,
was a complete block of plant development after
emergence from the seed (Fig. 5A). The plants failed
to turn green or to develop beyond the stage indicated
and closely resembled maplA-1 plants grown in the
presence of high concentrations of the drug (see Fig. 4,
C and E). Nevertheless, most of the progeny from the
most affected WmaplA T, lines grown in the presence
of fumagillin displayed a lesser effect on the roots than
was observed in KO map1A-1 plants (Fig. 4C).

The progeny from some of the ¥maplA T, lines
showed a gradient of less severe phenotypes on fuma-
gillin medium than that typified by the complete de-
velopmental arrest occurring before leaf emergence.
Such less extreme phenotypes included discolored and
malformed cotyledons and leaves (Fig. 5B; see also Fig.
6) and slow growth. Such plants never reached the
flowering stage. Light is known to cause an inhibitory
effect on hypocotyl elongation. Because light-grown
maplA-1 and YmaplA seedlings in the presence of
fumagillin showed extremely reduced hypocotyl elon-
gation, we examined whether the hypocotyl was able to
elongate in the dark. Similarly to wild type, all ¥maplA
seedlings had strong elongation of the hypocotyl when
grown in the dark in the absence of the drug (Fig. 5C).
However, the most severely affected WmaplA-1 seed-
lings failed to exhibit hypocotyl elongation, even by 10
DAIin the dark (Fig. 5C), when grown in the presence of
fumagillin. This indicated that ¥maplA was severely
defective in hypocotyl cell expansion/elongation and
not responsive to dark treatment.

We assessed the correlation of MAPIA transcripts
with the mutant phenotype. We used semiquantitative
RT-PCR to determine MAP1A transcript levels in prog-
eny plants of the same age from a single T; Wmap1A line
sown on fumagillin, which expressed the RNAi con-
struct and displayed a severe or intermediate mutant
phenotype or appeared normal. The values obtained
were compared with those for wild-type and ct! T,
progeny plants of equivalent age, producing RNAi
transcripts, and sown on fumagillin. MAPIA transcript
levels clearly decreased with increasing severity of the
mutant phenotype (Fig. 5, B and D). These results are
consistent with those reported for map1A-1 KO plants
(Fig. 4) in that these data demonstrate the need for
aminimal level of cytoplasmic MAP activity for correct
plant development. However, the greater sensitivity of
maplA-1 KO plant roots to fumagillin than of ¥maplA
lines suggests that a small amount of MAP1A can still
ensure root development.

The Fumagillin-Induced NME Inactivation Phenotype
Can Be Mimicked in an RNAi Plant Line Targeting
the Complete Set of Cytoplasmic MAPs

We thought it should be possible to obtain viable
transgenic plant lines displaying the above-described
gradient of developmental arrest phenotypes by si-
multaneously using RNAi-mediated targeting of all
cytoplasmic MAP transcripts with a single construct.
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Figure 5. A gradient of developmental mutant phenotypes induced by fumagillin in ¥map1A RNAIi plant lines, according to
MAPI1A transcript levels. Various RNAi plant lines were grown in the presence or absence of the indicated concentration of
fumagillin. WT, Wild type; ctl, corresponds to the control line (see text). A, Three-DAl-old T, progeny. The most divergent
phenotypes attainable in the T, ¥ map1A progeny are shown. B, The T, progeny from a T, ¥map1A line was sown on fumagillin.
(X) indicates various plants for which MAP1A, MAP2B, and MAP2A RNA levels were analyzed. C, ¥ map1A T, progeny grown in
the dark for 10 DAI in the absence (top) or in the presence (bottom) of 5.4 um fumagillin. D, MAPTA/EF1A RNA levels of the
plants selected in B, with wild-type values set to 100. E, Triple RNAi lines (¥ map1A2) were grown for 10 DAI in the presence or
absence of 5.4 um fumagillin.
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A

maplA

+ Fumagillin [5.4 pM]

No Fumagillin

10 Days later

C  ¥maplia

+ Fumagillin [5.4 pM]

3 weeks later

maplA-1

+ Fumagillin [5.4 uM]

No Fumagillin

No Fumagillin

2 weeks later on soil

Figure 6. Reversible and irreversible effects of fumagillin on Arabidopsis ¥map7A and mapTA-T1 seedlings, respectively.
Arabidopsis ¥map1A or map1A-1 seeds were sown in a growth medium without fumagillin, synchronized in the dark at 4°C for
2 DA, and then incubated in a growth cabinet. Representative seedlings were photographed before and after sowing in the
presence of the indicated concentration of fumagillin. A, ¥ map1A seedlings grown for 15 DAl before the addition of fumagillin.
B, map1A-1 seedlings grown for 3 DAl before the addition of fumagillin. C, Three-week-old ¥map1AT, plants previously grown
on 5.4 um fumagillin and with a mild phenotype (left) were transferred to fumagillin-depleted growth medium for 3 more weeks
(middle). The seedlings were then planted in soil and photographed 2 weeks later (right).

In the absence of fumagillin, the progeny of 11 out of 22
randomly selected Finale-resistant T, lines (¥map1A2)
displayed the range of mutant phenotypes character-
istic of YmaplA T, lines sown on fumagillin (Fig. 5E),
with a milder effect on roots than observed with the
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map1A-1 KO line (Fig. 4, C and E). However, fumagil-
lin increased the number of mutants with the most
severe phenotype. This was demonstrated when the
progeny from four T, WmaplA2 construct lines, to-
gether with wild-type plants and the progeny of
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a strong mutant phenotype (observed with fumagillin)
YmaplA T, line as controls, were grown in the pres-
ence or absence of fumagillin. These data confirmed
our aforementioned conclusions on the essential role
of NME in plant development. When transferred to
soil, the least severely affected WmaplA2 T, lines gave
rise to plants with multiple emerging primary inflo-
rescence of similar sizes (data not shown).

Irreversible and Reversible Effects of Postgermination
NME Inactivation on Plant Development

We investigated whether the cytoplasmic NME
machinery was crucial for plant development in
YmaplA plants sown directly on fumagillin either
because this machinery was inhibited from the begin-
ning of plant growth or because it also plays a role in
later developmental stages. Our demonstration that
fumagillin specifically inhibited the two MAP2s and
the construction of KD and KO maplA-1 plant lines
provided us with appropriate tools for specific cyto-
plasmic NME inactivation at any developmental stage.
Two-week-old ¥maplA lines previously grown in the
absence of fumagillin were transferred to a medium
containing 5.4 uM of this drug. Under these conditions,
in plant lines with very low MAPIA transcript levels,
the drug slowed down development and plants pre-
maturely underwent senescence, leading to the for-
mation of necrotic lesions on the leaves (Fig. 6A). No
effect was observed in ¥maplA lines containing larger
amounts of this transcript. In maplA-1 KO lines, we
observed an almost immediate block of development,
accompanied by rapid senescence of the apical region
(Fig. 6B).

We then investigated the effects of transferring the
progeny of ¥maplA T, lines to fumagillin-free me-
dium to determine whether the effects of this drug
were reversible. Three-week-old ¥maplA T, lines pre-
viously grown on fumagillin medium were trans-
ferred to fumagillin-depleted growth medium. Those
with the most severe mutant phenotypes, similar to
line 4 in Figure 5B, did not recover on fumagillin-free
medium (data not shown). In contrast, mutants that
had continued to develop, but slowly, similar to line 2
in Figure 5B, developed a bushy leaf appearance on
transfer to fumagillin-free medium (Fig. 6C, middle),
with shoots unable to grow upward away from the
medium. These less severely affected mutants pro-
duced a large number of axillary buds rather than
a single apical bud. Consistent with these findings,
multiple inflorescences emerged following transfer to
soil (Fig. 6C, right), rather than the more usual single
main inflorescence, as seen in wild-type plants. Sim-
ilar, but more marked phenotypes were observed with
maplA-1 lines: the higher the initial concentration of
fumagillin, the longer the delay observed in the
transition from the vegetative to the flowering stage.
These results indicate that NME is crucial for devel-
opment after the initial germination stages and that the
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plant can recover from an inhibited NME system, but
with perturbed development.

DISCUSSION

The general mechanism of action of MAPs has been
extensively studied in yeast and bacteria and the
removal or retention of the initiator Met seems to
be directed by the second residue (for review, see
Giglione et al.,, 2004). MAPs cleave the N-terminal
L-Met only if the second residue is small. Hence, by
means of MAP substrate specificity, NME contributes
to the diversity of the N-terminal amino acids occur-
ring in mature proteins.

MAP2s Versus MAP1s: Overlapping or Redundant
Functions in Higher Eukaryotic NME?

In the cytoplasm of eukaryotes, two different MAP
types, MAP1 and MAP?2, exist. The significance of the
occurrence of two types of MAPs is unclear. In yeast,
the only organism in which this issue has been
addressed, MAP1 is the dominant isoform; inactiva-
tion of MAPI results in a slow-growth phenotype,
whereas MAP? inactivation has no great effect. These
data suggest that MAP2 is redundant, with MAP1 the
chief enzyme in fungal NME (Dummitt et al., 2003).
Recent data have suggested that the catalytic efficien-
cies of MAP1 and MAP2 might be slightly different
in vivo for some substrates (Turk et al., 1999). For
example, in yeast, MAP1 is the most efficient enzyme
in NME, whereas MAP?2 increases the efficiency of this
process for some substrates only if overproduced
(Chen et al., 2002). However, both MAPs were less
efficient if the second residue was Val, and MAP2 was
less efficient than MAP1 if the second residue was Cys,
Gly, or Thr.

The importance of these MAPs in animal cell growth
and tumor progression has been investigated, partic-
ularly since the identification of MAP2 as the molec-
ular target for the antiangiogenic agent fumagillin and
the discovery that this enzyme has POEP activity.
Fumagillin and its derivatives specifically block the
NME activity of MAP2, selectively inhibiting endo-
thelial cell proliferation by arresting the cells in the
G1 phase (Zhang et al., 2000). The mechanism under-
lying this selective inhibition remains unclear. Recent
data suggest that MAP?2 is tightly regulated through-
out development and tumorigenesis. Regulation has
been shown to occur at the transcriptional and post-
transcriptional levels. MAP2 seems to accumulate in
a cell- and tissue-specific manner. In insects, MAP2
transcripts are uniformly distributed during early em-
bryonic development, but at later stages, they accumu-
late only in specific tissues (Cutforth and Gaul, 1999).
MAP2 seems to be strongly and selectively expressed
in germinal center B cells and some neoplastic cells,
such as B-cell lymphoma cells, hepatoma cells, and
mesothelioma cells (Wang et al., 2000; Catalano et al.,
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2001; Kanno et al., 2002). These findings are consistent
with the observation that MAP2 (p67) expression is
inhibited in starved mammalian cell cultures and
induced in proliferating cells (Gupta et al., 1997).
Finally, MAP2 KD by RNAIi caused germ cell pro-
liferation defect in the worm Caenorhabditis elegans
(Boxem et al., 2004).

The existing data for higher eukaryotes are slightly
at odds with those for yeast. To reconcile these results,
it has been suggested that free Met inhibits MAP2
activity (Dummitt et al., 2003). Met concentration in
the yeast cytosol is close to the binding constant for
MAP2 (0.1-1 mwm), accounting for the lesser role of
MAP2 in this lower eukaryote. In contrast, in animal
endothelial cells, Met concentration is in the range of
5 to 30 uM. Met is found at quite similar low concen-
trations (approximately 15 um) in plants (Shen et al.,
2002) and this concentration is tightly controlled
(Ravanel et al., 1998). The low concentration of free
Met in the cytosol may make it possible for MAP2 to
play a greater role in higher eukaryotes, including
plants. However, a low cellular Met concentration
alone cannot account for the tissue selectivity of
fumagillin in mammalian cells. We clearly know too
little about MAP1 expression in higher eukaryotes to
draw any clear conclusions as yet. A decrease in total
MAP activity or an increase in the demand for NME in
specific tissues, such as angiogenic cells, might ac-
count for such observations. The blocking of MAP2
activity would probably lead to the retention of Met in
a limited number of proteins. Proteins starting Met-Val
would probably be affected in this way as they are
already known to be in the least efficiently processed
category for both MAPs. In any case, the down-
regulation or inhibition of MAP2 activity would prob-
ably result in the production of some proteins with
unprocessed N termini.

What the Plant Genetic System Contributes to Our
Understanding of the Function of Cytoplasmic NME

To understand the roles of the two types of MAP
enzyme in cytoplasmic NME, we need to modulate the
activity of each type of MAP separately in a whole-cell
system or in a whole, developing organism. This study
of the cytoplasmic NME and the roles of MAP1 and
MAP2 in a higher eukaryote is uncommon in that it is
essentially based on the availability of: (1) a higher
eukaryotic system devoid of MAP2-borne POEP activ-
ity; (2) a KO for cytoplasmic MAP1 (line map1A-1); and
(3) a dual-compatibility epigenetic control system com-
bining RNAi-triggered KD lines and drug susceptibil-
ity, making it possible to induce a loss-of-function or
gain-of-function of all cytoplasmic MAPs at various
developmental stages. We were therefore able to mod-
ulate NME production and activity at any time point.
Various MAP KD mutants (YmaplA, Wmap2, and
YmaplA2) were isolated. Lines WmaplA, Ymap2, and
maplA-1 displayed a wild-type phenotype, indicating
that the two types of MAPs are fully interchangeable in
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plants. Our data show that plant MAP2s do not have
POEP activity, as predicted from examination of their
N-terminal domains. If these enzymes had POEP
activity, line ¥map2 would display an apoptotic phe-
notype. Our data, showing that all maplA-1 mutants
were viable, and the observation of aberrant develop-
mental phenotypes in the presence of L-Met or fuma-
gillin suggest that MAP2 plays an expanded role in
higher eukaryotes, as previously suggested. Our data
also showed that cytoplasmic NME (i.e. MAP1A +
MAP2A + MAP2B activity) as a whole is essential for
plant development and that each individual compo-
nent is dispensable, provided that other components
are present. Finally, our data suggest that a true triple
MAP KO mutant would be embryo lethal. These find-
ings were confirmed by the occurrence of extremely
severe mutant phenotypes in the triple RNAI lines.
Moreover, in the absence of MAP1A, MAP2 levels
become especially important for developmental prog-
ress, and root development in particular.

Recently, Kim et al. (2004) has proposed that human
MAP? is not the target for the antiangiogenic effect of
fumagillin, suggesting that the drug could also target
other important cellular molecules in animal epithelial
cells. With the plant system, we found that fumagillin
has no effect on wild-type and ¥map2 KD lines. This
implies that the drug has no other antiproliferative tar-
get in Arabidopsis, confirming the strong specificity of
fumagillin for MAP2, as reported in fungi and animals
(Griffith et al., 1997, 1998; Sin et al., 1997). To get more
insight into the specificity of fumagillin, we used
several other drugs known to be highly specific for
MAP2 and obtained similar results (Fig. 4D). Our data
show that, in line map1A-1, MAP2 inhibition strongly
impairs plant cell elongation/expansion (Fig. 5D) and
suggest that it also blocks cell division. This latter
conclusion is in line with earlier reports describing the
inhibitory effect of the fumagillin analog TNP-470 on
animal cell cycle (Abe et al., 1994; Yeh et al., 2000;
Zhang et al., 2000; Lien et al., 2004).

A gradient of developmentally abnormal plants was
observed in the progeny of ¥maplA lines grown in the
presence of saturating concentrations of fumagillin,
with a clear relationship between MAP1A content and
phenotype severity. These mutants had a phenotype
similar to that observed with map1A-1 plants grown in
the presence of various concentrations of fumagillin.
However, the roots of these plants were less severely
affected than those of maplA-1 KO plants grown in
similar conditions. The higher sensitivity of maplA-1
KO plant roots to fumagillin than the ¥maplA line in
the presence of the drug suggests that MAP2 level or
activity is limiting in this organ as a whole or in
specific cell types. The much later flowering of the
maplA-1 KO line replanted in the absence of fumagil-
lin, correlated with the initial concentration of fuma-
gillin, is also consistent with these conclusions. Our
results suggest that MAP1A plays a major role in root
development and in the transition between the vege-
tative and reproductive stages. This effect is not due to
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reduced MAP?2 transcript levels in the roots. MAP2
transcript levels were found to be similar in different
organs and these transcripts were the most abundant
of the three MAP transcripts. The strong induction and
accumulation of all three MAP transcripts, particularly
those corresponding to MAPIA, at the beginning
of plant development (Fig. 1A), together with the
fumagillin-induced stimulation of senescence in
maplA-1 KO adult plants and the most severely af-
fected WmaplA lines, suggest that adequate cytoplas-
mic NME in the leaves is essential for plant growth.
Taking into account our results and those of cytoplas-
mic MAPs of other eukaryotes, we could speculate on
various nonexclusive hypotheses. First, in specific
tissues, MAP2 is somehow more strongly inhibited,
for instance, by a local higher concentration of free
Met, in keeping with our data showing Met-induced
inhibition of NME (Fig. 3). Second, there are some
specific or fastidious substrates whose accumulation is
strictly required for defined plant development path-
ways, and for which NME can still be ensured by a low
concentration of MAP1A but not of MAP2. This is in
line with the data indicating that MAP1 and MAP2
exhibit different cleavage efficiencies against the same
substrates in yeast (Dummitt et al., 2003). As a result,
MAP2s will efficiently ensure the cleavage of these
substrates if present at their physiological limiting
concentration or if overproduced.

Our studies generate a model of the functions of the
three components of cytoplasmic NME from a higher
eukaryote. The demand for cytoplasmic NME in-
creases during development, as revealed by the tran-
scriptional induction of all three MAPs, especially
MAP1A (Fig. 1A). Transcript levels are strictly con-
trolled and kept constant by the induction of a given
MAP in most organs, including those in which MAP1A
transcription has been reduced or stopped, as in
flowers and siliques. In siliques, to compensate for
the disappearance of MAP1A mRNA, there is a strong
induction of the otherwise minor MAP gene, MAP2A,
thereby restoring optimal MAP levels. Thus, the plant
tries to compensate for artificially reduced MAP levels
by increasing the levels of other MAPs.

MATERIALS AND METHODS
Plants and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia seeds were surface
sterilized and sown on 0.5 X Murashige and Skoog (Sigma, St.-Quentin
Fallavier, France) medium supplemented with 0.8% agarose (Becton Dick-
inson, Le Pont de Claix, France) and 1% Suc (Sigma). When a MAP2 inhibitor
like fumagillin was used, all media, whatever the concentration of the drug,
including the control without any MAP2 inhibitor, contained 0.05% methanol
(final concentration). After sowing in petri dishes, seeds were imbibed for 2
d in the dark at 4°C for vernalization purposes. Petri dishes were next
incubated in a growth chamber (22°C, 16 h of daylight, light intensity 100 uE
m2s7") for up to 5 weeks. Plant growth kinetics were measured in DAI (i.e.
the number of days of incubation in the growth chamber at 22°C). Arabidopsis
lines were propagated under greenhouse conditions, as previously described
(Giglione et al.,, 2000). Salk T-DNA insertion lines (Alonso et al., 2003),
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SALK_021985 (maplA-1) and two putative map2B lines, SALK_100162 and
SALK_038477, were obtained from the Nottingham Arabidopsis Stock Centre
(http:/ /nasc.nott.ac.uk). We followed the usual recommendations for naming
true KO plant lines (Meinke and Koornneef, 1997). RNAi plant lines with KD
expression were named Wxyz-i with XYZ corresponding to the name of the
corresponding gene and each subline with a number (i or ii) following a dash.
For instance, ¥maplA-i refers to a given MAP1A KD line.

Materials and General Molecular Biology Methods

All chemicals were purchased from Sigma except TNP-470, ovalicin, and
fumagillone, which were kindly provided by J.O. Liu (Baltimore). Fumagillin
and its analogs were dissolved in 100% methanol as 10-mm solutions. Re-
striction enzymes and T4 DNA ligase were purchased from New England
BioLabs (Ozyme, Saint-Quentin en Yvelines, France). The buffers used were
those indicated by the manufacturer. Oligonucleotides were synthesized by
MWG-BIOTECH (Courtaboeuf, France). Nucleotide sequences were deter-
mined by the big-dye terminator V3 method, with a 16-capillary ABI PRISM
3100 genetic analyzer (PE-Applied Biosystems, Courtaboeuf, France), using
DNA templates purified with the QIAprep mini-prep or QIAquick gel
extraction kits (Qiagen, Courtaboeuf, France). PCR was performed with
Eurobiotaq II (Eurobio, Les Ulis, France), on an Omn-E thermal cycler (Hybaid,
Coger, Paris), unless otherwise stated. All PCR-derived fragments for cloning
were amplified with Pfu DNA polymerase (Stratagene, La Jolla, CA) and
sequenced after cloning to check that they were identical to the original
fragment. Southern blotting was performed as described elsewhere (Sambrook
et al., 1989), using positive nylon membranes (Qbiogene, Illkirch, France). The
Megaprime DNA labeling system (Amersham BioSciences, Orsay, France) was
used to label probes with [a-*?P]-dCTP (Amersham), according to the manu-
facturer’s instructions. Hybridization and posthybridization washes were
systematically carried out under stringent conditions. Radioactive signals
were detected and quantified on a Storm-840 phosphorimager (Amersham),
using ImageQuant 5.2 software (Molecular Dynamics, Amersham).

Plant RNAi Constructs

A strategy similar to that previously described by Chuang and Meyerowitz
(2000) was followed. First, three RNAi vectors, the first targeting MAPIA, the
second targeting both MAP2A and MAP2B, and the third targeting the three
cytosolic MAP genes, were constructed. Coding sequences were inserted as
inverted repeats on either side of a B-glucuronidase (GUS) gene spacer, the
whole sequence being transcribed under the control of a strong promoter
(double-p35S) in the binary vector pMS101, facilitating selection on Finale
(AgrEvo, Montvale, NJ), a phosphinothricin herbicide. A 280-bp sequence
originating from the 5’ sequence of the cDNA encoding the MAP1A-specific
zinc-binding domain was used (nucleotides 206-485; GenBank AF250960) to
prevent the down-regulation of organellar MAP1D genes (see Table I). We used
a 359-bp MAP2B cDNA sequence (nucleotides 598-956; GenBank AF300880) to
target both MAP2A and MAP2B transcripts. This nucleotide sequence displays
a high level of identity to the MAP2A sequence, with a significant number of
identical stretches of 25 to 30 bp. We therefore fully expected both MAP2s to be
targeted via dicer nuclease activity. Second, a construct including inverted ctl
sequences (326 bp; nucleotides 298-623; EMBL V00618) was produced to serve
as a control. RNAi constructs were generated by a two-step procedure in which
the target gene-specific sequences were first amplified and cloned as inverted
repeats on either side of an EcoRI/EcoRV fragment containing the GUS gene
sequence (nucleotides 2,252-3,317; GenBank M14641) derived from plasmid
PPR76. The inverted repeats separated by the GUS spacer sequence were then
inserted into a plant transformation and expression vector, pMS101. Gene-
specific fragments were amplified, using MAP cDNA fragments (Giglioneetal.,
2000) or plasmid pPR98 for the neomycin phosphotransferase gene (nptil) for
control purposes, as templates. Complete details of the constructions are
available (see supplemental material).

Constructs were used for the electrotransformation of Agrobacterium
strain EHA105 (Hood et al, 1993), which was then used to transform
Arabidopsis Columbia plants by the floral-dip method (Clough and Bent,
1998). Transgenic plants (T;) were germinated and selected on sand contin-
uously soaked with 10% Finale (AgrEvo) in the greenhouse. Resistant plants
were transferred to soil at the two-leaf stage. The control line (ctl) corresponds
to a line expressing the nptll inverted repeats instead of the given MAP
constructs. Line ct! has no target for nptIl inverted repeats.

635



Ross et al.

Semiquantitative RT-PCR

Total RNA was prepared using the RNeasy kit (Qiagen) and treated with
amplification grade DNase I (Invitrogen, Cergy-Pontoise, France) according to
the manufacturer’s instructions. We used approximately 350 ng of RNA for
first-strand cDNA synthesis in the SuperScript system (Invitrogen), according
to the manufacturer’s instructions, using the provided oligo(dT) primer in the
presence or absence (control) of the reverse transcriptase. Individual PCR
reactions for each primer couple were carried out for three sets of different
cycles. A logarithmic plot of signal strength for each cycle chosen was used to
confirm that products were amplified in the linear range of the reaction.

We analyzed the MAP1A to EF1A transcript ratios in T, plants in which the
MAPIA transcript was targeted. These plants displayed a range of mutant
phenotypes with fumagillin. We sowed T, plants from one weak ¥map1A line
on fumagillin, along with T, plants from a ct! line and wild-type plants to act
as controls. Plant tissues were harvested after the same amount of time of
growth from each plant. For plants with a strong mutant phenotype, we
collected all the material from a number of plants together. The presence of the
inverted nptll gene sequences in ctl plant tissue was confirmed. The entire
procedure for obtaining MAPI1A/EFIA ratios was repeated at least three
times, using different initial cONA from various plants. For plants analyzed in
the absence of fumagillin, total leaf and cotyledon material was collected from
10-DAI-old plants at the 2-leaf stage displaying equivalent development. We
analyzed a single T, plant from each T, line and a wild-type plant in a single
RT-PCR experiment, and the entire experiment was then repeated with a differ-
ent set of plants. T, plants were selected at random from plants possessing
both arms of the inverted MAP or nptIl gene sequences. DNA was prepared as
previously described (Edwards et al., 1991). Full details and oligonucleotide
sequences are available (see supplemental data).

Real-Time Quantitative RT-PCR

Total RNA was extracted from Arabidopsis 10-DAI-old plants as pre-
viously described (Kay et al., 1987). Poly(A)” RNA was isolated on oligo(dT)
25 Dynabeads (Dynal, Compiegne, France). We then subjected 200 ng of
mRNA to reverse transcription. The cDNA (about 2 ng) was then amplified by
PCR, using the specific oligonucleotides. Real-time PCR was optimized with
the LightCycler FastStart DNA Master SYBR Green kit (Roche, Meylan,
France) for each primer pair (amplification efficiency was always >90%),
using a standard cDNA. Each cDNA sample was quantified at least twice,
with respect to a standard ¢cDNA quantified in the same conditions. All
experiments were performed with a LightCycler and the data were processed
with LightCycler version 1.0 quantitative software (Roche). Full details and
oligonucleotide sequences are available (see supplemental data).

3D Modeling of the Structures of Cytosolic MAPs
from Arabidopsis

The amino acid sequences of AtMAP2A and AtMAP2B were aligned with
that of HSMAP2 and the amino acid sequence of AtMAP1A was aligned with
that of EcMAP, using InsightIl software (Accelrys, San Diego). The 3D
structures of HsMAP2 bound to fumagillin (PDB entry 1BOA; Liu et al,,
1998) or L-Met (PDB entry 1KQ9) and EcCMAP bound to L.-Met (PDB entry 1C21;
Lowther etal., 1999) were used to construct several 3D models of AAMAP2B and
AtMAP1A with the homology modeler module. In each case, the lowest energy
structure was further minimized with the CharmM forcefield and super-
imposed onto the structure of fumagillin or L-Met bound to HsMAP2 or
EcMAP. We used the numbering systems of HSMAP2 and ECMAP to refer to the
corresponding identical residues in AIMAP2B and AtMAP1A, respectively.

2-DE and Other Protein Analysis

The 8-DAl-old Arabidopsis plantlets were frozen in liquid nitrogen and
disrupted in a MM 300 mixer mill (Qiagen). To extract total protein, the samples
were resuspended in a prechilled 50 mm HEPES buffer, pH 7.2, containing
150 mm NaCl, 10% glycerol, 1.5 mm MgCl,, 1% Triton X-100, 1 mM EGTA, 2 mm
PMSE, and protease inhibitor cocktail (Roche) and incubated under agitation at
4°C for 1 h to allow solubilization. The supernatant was separated from the
insoluble fraction by centrifugation at 13,300g at 4°C for 1 h.

For 2-DE, the supernatant was further purified with a Plus One 2D clean-
up kit (Amersham). Protein concentrations were measured with the Bio-Rad
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(Marnes-La-Coquette, France) protein assay. Bovine serum albumin was used
as the protein standard. For the first dimension, immobiline dry strips (18 cm;
pH 4-7; Amersham) were rehydrated overnight in a solution (final volume 500
L) containing 7 M urea, 2 M thiourea, 0.4% (v/v) immobiline pH gradient
buffer 4 to 7 (Amersham), 0.2% Triton X-100, 2% (w/v) CHAPS, and 20 mm
dithiothreitol plus the protein sample (400 ug) at 20°C. The hydrated strip was
then electrofocalized for 4 h at 100 V followed by 4 h at 300 V, 12 h at 1,600 V,
and finally by 7.5 h at 3,000 V at 20°C in a Protean IEF cell (Bio-Rad). For the
second dimension, the strip was reequilibrated prior to separation by
electrophoresis in SDS denaturing, 11% polyacrylamide gels (1 mm thick, 20
cm long), which was performed in a PROTEAN II xi cell (Bio-Rad). Protein
silver staining was performed with a Plus One silver staining kit (Amersham).
The gels were scanned with a GS800 imaging densitometer and analyzed with
the PD-Quest 7.1 software (Bio-Rad). Each experiment was repeated at least
four times.

Western blotting was performed as previously described (Giglione et al.,
2003). To produce specific antibodies against MAP1A, a specific N-terminal
fragment of MAP1A (codons 1-138) was overproduced in vector pET16B as
a C-terminal His-tag fusion in strain Rosetta(DE3)pLysS (Novagen, VWR
International, Fontenay-sous-Bois, France). The protein was purified on a Hi-
Trap chelating HP (0.7 X 2.5 cm; Amersham) nickel affinity column. Rabbit
antisera against AtMAP1A were raised by Eurogentec (Herstal, Belgium) and
purified before use by differential ammonium sulfate precipitation and DEAE
chromatography.

Upon request, all novel materials described in this publication will be made
available in a timely manner for noncommercial research purposes, subject to
the requisite permission from any third-party owners of all or parts of the
material. Obtaining any permissions will be the responsibility of the requester.
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