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Protein l-isoaspartyl methyltransferase is a widely distributed repair enzyme that initiates the conversion of abnormal
l-isoaspartyl residues to their normal l-aspartyl forms. Here we show that this activity is expressed in developing corn (Zea
mays) and carrot (Daucus carota var. Danvers Half Long) plants in patterns distinct from those previously seen in winter
wheat (Triticum aestivum cv Augusta) and thale cress (Arabidopsis thaliana), whereas the pattern of expression observed in rice
(Oryza sativa) is similar to that of winter wheat. Although high levels of activity are found in the seeds of all of these plants,
relatively high levels of activity in vegetative tissues are only found in corn and carrot. The activity in leaves was found to
decrease with aging, an unexpected finding given the postulated role of this enzyme in repairing age-damaged proteins. In
contrast with the situation in wheat and Arabidopsis, we found that osmotic or salt stress could increase the methyltrans-
ferase activity in newly germinated seeds (but not in seeds or seedlings), whereas abscisic acid had no effect. We found that
the corn, rice, and carrot enzymes have comparable affinity for methyl-accepting substrates and similar optimal tempera-
tures for activity of 45°C to 55°C as the wheat and Arabidopsis enzymes. These experiments suggest that this enzyme may
have specific roles in different plant tissues despite a common catalytic function.

A widely distributed enzyme, the protein l-iso-
Asp- (d-Asp) methyltransferase (EC 2.1.1.77) can spe-
cifically recognize proteins containing altered aspar-
tyl residues. This enzyme catalyzes the methyl
esterification of l-isoaspartyl (and with less affinity
d-aspartyl) residues using S-adenosyl-l-methionine
as the methyl group donor, and this reaction can
initiate its conversion back into the normal l-aspartyl
forms (Lowenson and Clarke, 1991, 1992; Brennan et
al., 1994). The substrates for this enzyme are gener-
ally considered to arise from the deamidation, race-
mization, and isomerization of l-asparaginyl and
l-aspartyl residues, which give rise to l-aspartyl,
d-aspartyl, and d- and l-isoaspartyl residues (Geiger
and Clarke, 1987; Patel and Borchardt, 1990; Tyler-
Cross and Schirch, 1991; Clarke et al., 1992; Capasso
et al., 1993). However, l-isoaspartyl residues can also
possibly arise as the result of the incorporation of
mischarged aspartyl residues during protein synthe-
sis (Momand and Clarke, 1990). In either case, the
accumulation of such altered residues in proteins can
affect their function and lead to their inactivation
(Manning et al., 1989; Stadtman, 1990; Liu, 1992;
Paranandi and Aswad, 1995; Cacia et al., 1996; Ca-
passo et al., 1996).

The l-isoaspartyl methyltransferase has been de-
tected in gram-negative bacteria (Li and Clarke, 1992;
Ichikawa and Clarke, 1998), plants (Trivedi et al.,
1982; Johnson et al., 1991; Mudgett and Clarke, 1993,
1996; Kester et al., 1997; Mudgett et al., 1997; Kumar
et al., 1999), nematodes (Kagan and Clarke, 1995),
flies (O’Connor et al., 1997), and several mammals
including humans (Clarke, 1985; O’Connor and
Clarke, 1985). Mice lacking the methyltransferase
show an accumulation of damaged proteins and die
of seizures at an early age (Kim et al., 1997, 1999).
Caenorhabditis elegans mutants having a disruption in
the gene encoding this enzyme show poor dauer
phase survival (Kagan et al., 1997), whereas Esche-
richia coli mutants lacking this enzyme are more sen-
sitive to oxidative and other stresses in the stationary
phase (Visick et al., 1998).

We are interested in the role of this enzyme in
plants and in characterizing its expression and regu-
lation. The methyltransferase activity is widely dis-
tributed both in dicots and monocots, and the activity
has been found to be primarily localized in seeds,
although vegetative tissues of certain plant species
do display some activity (Mudgett and Clarke, 1993,
1994; Mudgett et al., 1997; Kumar et al., 1999). A role
for this enzyme in seed aging was suggested from the
findings that naturally aged barley seeds have re-
duced l-isoaspartyl methyltransferase levels and
higher accumulation of “unrepaired” l-isoaspartyl
residues coupled with lower germination rates
(Mudgett et al., 1997). Seeds aged prematurely by
heating do not have lower enzyme levels but still
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accumulate damage and have reduced viability indi-
cating that the level of methyltransferase in seeds
may not be sufficient to repair all of the damage
(Mudgett et al., 1997). Furthermore, it has been
shown that accelerated aging of tomato seeds at 45°C
decreases germination as well as methyltransferase
activity, whereas priming the aged seeds with KNO3
restores the activity to the control level (Kester et al.,
1997). On the other hand, Kumar et al. (1999) found
that the methyltransferase activity increases in aged
potato tubers, suggesting a response to a possible
increase in damaged substrates. These results sug-
gest that individual plant species may differentially
control the expression of this enzyme with respect to
aging.

Analysis of this enzyme in the monocot winter
wheat (Triticum aestivum cv Augusta) indicated that
the expression of the enzyme is developmentally reg-
ulated and is the highest in dry seeds, decreasing
rapidly as the seeds germinated (Mudgett and
Clarke, 1994). The decline in the activity correlated
well with the decline in its mRNA. A relatively low
and constant level of activity in leaves and whole
seedlings is present after germination. Kester et al.
(1997) also found that the methyltransferase activity
is developmentally regulated in tomato where the
activity is maximal in seeds, remains constant for
48 h postimbibition, and then declines. In wheat
seedlings, the activity was found to be responsive to
hormonal and stress applications. Abscisic acid
(ABA) as well as dehydration and salt stress were
found to induce both methyltransferase mRNA and
activity (Mudgett and Clarke, 1994).

Analysis of mRNA levels and methyltransferase
activity in the dicot Arabidopsis yielded a different
profile. Although activity was also found in the
seeds, it was undetectable in the vegetative tissues
(Mudgett and Clarke, 1996). The mRNA levels of this
enzyme did not correlate with the activity as in
wheat. Here, methyltransferase mRNA was detected
in the vegetative tissues but not in seeds. As in
wheat, the mRNA was inducible by ABA but unlike
wheat, drought and salt stress did not up-regulate
mRNA expression. All of these results indicate that
the regulation of this enzyme in different plants can
be quite distinct and suggests it may be useful to
examine the situation in other types of plants.

In the present study, we directly compared the
l-isoaspartyl methyltransferase activity in the tissues
of three plants: a dicot (carrot [Daucus carota var.
Danvers Half Long]) and two economically impor-
tant monocots (corn [Zea mays] and rice [Oryza sati-
va]). We have analyzed the activity levels in each
tissue as a function of the development of the plant.
Because the Arabidopsis and the wheat enzymes re-
spond differently to stress conditions, we have also
analyzed the effect of similar stresses on the corn
enzyme activity. In addition, we have performed
biochemical studies on the three plant enzymes to

determine their temperature optima and kinetic con-
stants. These data provide evidence that the role of
the l-isoaspartyl methyltransferase in plants may be
more complex than originally thought and suggest
that an evolutionary adaptation of the enzyme may
have occurred to meet the individual needs of each
plant species.

RESULTS

Pattern of Expression of L-Isoaspartyl Methyltransferase
Activity in Developing Tissues of Corn, Rice,
and Carrot

We measured methyltransferase activity in corn,
rice, and carrot seeds, seedlings, and young plants.
Activity levels were first measured in the dry seeds
and imbibed seeds as described in “Materials and
Methods.” Seeds were then sown in soil and allowed
to germinate. As the seedling emerged and the plant
developed roots and leaves, activity levels were mea-
sured in the stem, first leaf, and roots and were
correlated with the amount of protein and fresh tis-
sue weight.

In corn plants, we found that the methyltransferase
activity is abundant in the seeds on both a per gram
protein and per gram tissue basis but decreases
sharply as the seed undergoes hydration and germi-
nates (Fig. 1, A and B). Germination of the corn seeds
took approximately 4 to 5 d and was characterized by
the emergence of the coleoptile. Developing tissues
were then sampled at 5, 10, 15, 25, and 45 d post-
germination. By the 15-d time point, the specific ac-
tivity in the remnant seed was barely detectable.
However from the 10-d time point, we found signif-
icant enzyme activity in the vegetative tissues with
the highest specific activity in the stem. In the first
leaf, the activity declined at longer times, whereas in
stems and roots, the levels were fairly constant. Be-
cause the specific activity of the enzyme in the veg-
etative tissues was less than that seen in the original
seed, we then wanted to ask whether the enzyme
present in the vegetative tissues might arise from a
redistribution of the seed protein. We thus compared
the total activity in each tissue as the plant devel-
oped. As seen in Figure 1C, up to 25 d the total
activity in all tissues was less than that originally
present in the seed, but at 45 d the combined activity
in the leaves and stem was over five times that of the
seed. The data for leaves in Figure 1, A and B show
the profile of the methyltransferase activity in the
first leaf. In Figure 1C, we show data for both the first
leaf and for the sum of all leaves. At the 45-d time
point the plants had not yet developed ears and
tassels.

The unexpected presence of significant levels of
methyltransferase activity in the corn leaves led us to
examine it in the juvenile and adult leaves in greater
detail. As the leaves are formed sequentially, the
juvenile leaves are the oldest, whereas the younger
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leaves are found in the more adult population. At
45-d post-germination, leaves were excised for prep-
aration of soluble extracts and assayed. As shown in
Figure 2A, older leaves (leaves 1–5) have lower spe-
cific activity as compared with the younger leaves
(leaves 6–10). However, in terms of total activity
present in the leaf (Fig. 2B), the activity peaks for the
8th leaf and then declines due to the small size of the
younger leaves. We next monitored the activity levels

in non-senescent individual leaves as they aged.
Leaves of corn arising sequentially (numbered 1–10)
were excised at different leaf stages, and their soluble
extracts were assayed for methyltransferase activity.
As shown in Table I, as the plant ages the activity in
each individual leaf declines. For instance, the oldest
1st leaf shows more than a 3-fold decline in its activ-
ity at the 10-leaf stage versus the 1-leaf stage. A
similar trend was observed for the other corn leaves.
Reduction in the activity of the methyltransferase
with age may reflect either developmental regulation
of the enzyme or an age-dependent accumulation of
methyltransferase inhibitors in the leaves. To assay
the potential buildup of inhibitors, we performed a
mixing experiment where the activity of the purified
Arabidopsis recombinant methyltransferase (Thapar
and Clarke, 2000) was monitored in the absence and
presence of soluble extracts of corn leaves. No de-
crease in the activity of the recombinant enzyme
activity was observed (data not shown). It is some-
what surprising that the total activity of the mixed

Figure 2. Activity of L-isoaspartyl methyltransferase in developing
corn leaves. The numbering of the leaves refers to the sequence of
their emergence from the plant; the first leaf is the oldest. Reactions
were done as described in Figure 1, in duplicate, and the values
represent the mean 6 range. A, Specific activity of methyltransferase
(F) and activity per unit tissue fresh weight in each corn leaf (l); B,
total activity in each corn leaf (�). When no error bar is shown, the
error is smaller than the width of the line.

Figure 1. Activity of L-isoaspartyl methyltransferase in developing
corn tissues. Days represent the time elapsed after germination of the
seed. The leaf assayed was always the first leaf on the plant. The
methyltransferase assay was performed as described in “Materials
and Methods” with VYP-L-isoAsp-HA as a methyl-acceptor. Each
reaction was done in duplicate and the values represent the mean 6
range. A, Specific activity of L-isoaspartyl methyltransferase in solu-
ble extracts of seeds and vegetative tissues of corn. F, Seeds; l,
stem; f, first leaf; Œ, root. B, Activity per unit tissue fresh weight. C,
Total activity in each corn tissue; M, the sum total activity in all
leaves. When no error bar is shown, the error is smaller than the
width of the line.
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samples was slightly larger than expected from the
contributions of the Arabidopsis enzyme and the
corn leaf extracts. From the above results, it is clear
that the decrease in the methyltransferase activity in
the leaves with age is not due to the accumulation of
endogenous inhibitors but rather reflects a develop-
mental cue. The fact that the l-isoaspartyl methyl-
transferase activity was either present at very low
levels or not detected in wheat and Arabidopsis
leaves, respectively (Mudgett and Clarke, 1994;
Mudgett and Clarke, 1996), suggests that in corn this
enzyme may play a specific role.

To ask how general the situation with corn might
be, we then monitored the methyltransferase activity
in developing rice plants. Figure 3, A and B show the
distribution of the enzyme activity in different tis-
sues as a function of growth stage. As seen with corn
in Figure 1, high levels of activity were found in dry
seeds, but these levels declined as the plant devel-
oped. We also found that the vegetative tissues had
methyltransferase activity that remained fairly con-
stant with age. In terms of the total activity, the stem
had higher levels than leaves and roots and showed
a marginal increase at d 45 post-germination (Fig.
3C). The decline in methyltransferase activity in ger-
minating seeds and the relatively low level of activity
in leaves and roots is similar to the situation previ-
ously observed in developing wheat (Mudgett and
Clarke, 1994).

We then decided to analyze the methyltransferase
activity in the dicot carrot to compare the situation
with the dicot Arabidopsis where activity was only
detected in seeds (Mudgett and Clarke, 1996). In
carrot, the maximum specific activity was seen in the
dry seeds but this decreased to barely detectable
levels at d 5 post-germination (Fig. 4A). However,
activity was also detected in the developing vegeta-

tive tissues (Fig. 4, A–C). The roots had significantly
higher methyltransferase levels especially at d 45
post-germination when the root comprises the major
portion of the plant. Relatively high methyltrans-
ferase activity in carrot roots was described previ-
ously (Mudgett and Clarke, 1993). We also measured
activity in the individual leaves at different ages (Fig.
5, A and B). We found, as with corn leaves, that the
older leaves had the lowest activity (Fig. 5A). Leaves
from carrot were also sampled at different leaf stages
of the seedling/plant (Table II) and found to exhibit

Figure 3. Activity of L-isoaspartyl methyltransferase in developing
rice. Days represent the time elapsed after germination of the seed.
Assays were performed as indicated in Figure 1, in duplicate, and the
values represent the mean 6 range. A, Specific activity of methyl-
transferase in soluble extracts of seeds and vegetative tissues of rice.
F, Seeds; l, stem; f, first leaf; Œ, root. B, Activity per unit tissue
fresh weight; C, total activity in each rice tissue. When no error bar
is shown, the error is smaller than the width of the line.

Table I. Activity of L-isoaspartyl methyltransferase in corn leaves
as a function of the seedling stage

Soluble extracts were prepared from the leaves of corn plants at
different stages of growth and assayed for methyltransferase activity
as described in Figure 1.

Activity (pmol min21 mg21 protein)a

Seedling Stage

1 Leaf 3 Leaf 4 Leaf 10 Leaf

Leaf 1b 3.76 6 0.51 2.39 6 0.41 1.93 6 0.16 1.18 6 0.23
Leaf 2 – 2.68 6 0.53 2.2 6 0.29 1.33 6 0.21
Leaf 3 – 3.9 6 0.33 2.99 6 0.46 1.79 6 0.11
Leaf 4 – – 3.42 6 0.34 1.86 6 0.3
Leaf 5 – – – 2.40 6 0.36
Leaf 6 – – – 2.75 6 0.11
Leaf 7 – – – 3.38 6 0.12
Leaf 8 – – – 4.66 6 0.12
Leaf 9 – – – 5.52 6 0.19
Leaf 10 – – – 6.80 6 0.18

a Methylation reactions were performed in duplicate. Values rep-
resent the mean 6 range. b Leaf 1 represents the oldest leaf and
leaf 10 represents the youngest leaf.
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a profile similar to that observed in corn, although
the decline was much greater.

A comparison of methyltransferase activity levels
in developing corn, rice, and carrots is summarized
in Figure 6, A and B. In each of these plants, the
overall methyltransferase specific activity was found
to be greatest in the seed with carrot seeds having a
significantly lower activity (5.7 pmol min21 mg21

protein) than corn (17.5 pmol min21 mg21 protein) or
rice (21.5 pmol min21 mg21 protein). In all cases, the
activity declines after germination but lower levels
are found in the developing vegetative tissues (Fig. 6,
A and B).

Distinct Stress Regulation of L-Isoaspartyl
Methyltransferase Activity

Plants are exposed to stress when grown in a nat-
ural environment and their proteins are subject to
accelerated damage including the accumulation of
l-isoaspartyl residues (Mudgett et al., 1997). To coun-
teract these stresses, increased expression of a num-
ber of genes can provide protective functions. We
wanted to ask whether the l-isoaspartyl methyltrans-
ferase might have such a function in corn. We chose
corn to study because it germinates rapidly and pro-
vides abundant tissue for analysis. Up-regulation of
the methyltransferase activity by ABA treatment as
well as salt and dehydration stress has been shown in
wheat seedlings (Mudgett and Clarke, 1994). The
phytohormone ABA is involved in interactions that
control water balance and is known to induce several
genes in response to water stress (Chandler and Rob-
ertson, 1994).

We analyzed the effect of short-term application of
stress on the activity of the enzyme in seeds and
seedlings at different developmental stages. We ex-
posed (a) dry seeds, (b) seeds that had just germi-

Figure 5. Activity of L-isoaspartyl methyltransferase in developing
carrot leaves. Assays were performed as indicated in Figure 1, in
duplicate, and the values represent the mean 6 range. A, Specific
activity of methyltransferase (F) and activity per unit tissue fresh
weight in each carrot leaf (l); B, total activity in each carrot leaf (�).
When no error bar is shown, the error is smaller than the width of the
line.

Figure 4. Activity of L-isoaspartyl methyltransferase in developing
carrot. Days represent the time elapsed after germination of the seed.
Assays were performed as indicated in Figure 1, in duplicate, and the
values represent the mean 6 range. A, Specific activity of methyl-
transferase in soluble extracts of seeds and vegetative tissues of
carrot. F, Seeds; f, first leaf; Œ, root. B, Activity per unit tissue fresh
weight. C, Total activity in each carrot tissue; M, the sum total
activity in all leaves. When no error bar is shown, the error is smaller
than the width of the line.
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nated, and (c) 4- to 5-d-old seedlings to various con-
ditions for 10 h including ABA, high levels of sorbitol
and NaCl, cold and heat, and darkness. Dry seeds as
well as seedlings did not show any major changes in
the activity under these conditions, and levels were
maintained close to those observed in control sam-
ples (Fig. 7). However, significant effects were ob-
served when germinated seeds were stressed. Here,
methyltransferase activity was found to increase in
response to salt and osmotic stress mediated via
NaCl and sorbitol in a concentration-dependent man-
ner, but ABA treatment did not affect the activity. At
the 1 m NaCl and 0.5 m sorbitol concentrations, there
was a 2- to 2.4-fold increase in the activity (P , 2 3
1024 for 1 m NaCl and P , 1026 for 0.5 m sorbitol).
The only other significant change found was that the
activity was reduced to approximately 50% when
seedlings were placed in the dark (Fig. 7, P , 2 3
1026). It is interesting that samples that were incu-
bated under total dehydration conditions did not
show any significant change in the activity (Fig. 7).
From these results it appears that seeds are most
susceptible to l-isoaspartyl residue-associated dam-
age when they are in a state of high metabolic activity
such as germination.

Comparison of the Enzymatic Properties of Plant
L-Isoaspartyl Methyltransferases

We now wanted to ask if the differences seen here
in the developmental regulation of the corn, rice, and
carrot enzymes from that observed previously in
wheat and Arabidopsis might be reflected in differ-
ences in the catalytic nature of these enzymes. We
first examined the relative efficiency of each of the
plant methyltransferases for recognizing damaged
peptides. Soluble extracts of corn, rice, wheat, and
carrot seeds as well as corn leaves were assayed for
initial velocity toward various concentrations of a

peptide substrate (VYP-l-iso-Asp-HA) as well as a
protein substrate (ovalbumin) to determine the Km
and Vmax values. The results shown in Table III dem-
onstrate that these values are very similar to each
other. For the seed extracts, the Km values for the
peptide substrate varied by a maximum of 1.6-fold
and for ovalbumin by a maximum of 2.8-fold. It is of
interest that the relative Vmax values for peptide and
protein substrates were also similar with the Vmax for
peptide being 2- to 3-fold higher than for ovalbumin
with the exception of the wheat enzyme where these
values were found to be similar. The Km of the corn
leaf enzyme for the peptide substrate was lower than
that for the seed enzyme; ovalbumin proved to be a
poorer substrate. These results suggest that despite
the developmental and hormonal regulatory differ-

Table II. Activity of L-isoaspartyl methyltransferase in carrot leaves
as a function of the seedling stage

Soluble extracts were prepared from the leaves of carrot plants at
different stages of growth and assayed for methyltransferase activity
as described in Figure 1.

Activity at Seedling Stagea

1-Leaf 2-Leaf 3-Leaf 4-Leaf

pmol min21 mg21 protein
Leaf 1b 0.28 6 0.04 0.27 6 0.02 0.04 6 0.01 0.01 6 0.001
Leaf 2 – 1.76 6 0.13 0.45 6 0.02 0.14 6 0.01
Leaf 3 – – 0.9 6 0.15 0.14 6 0.002
Leaf 4 – – – 0.13 6 0.02
Leaf 5 – – – 0.12 6 0.01
Leaf 6 – – – 0.18 6 0.01
Leaf 7 – – – 0.53 6 0.02
Leaf 8 – – – 3.75 6 0.14

a Methylation reactions were performed in duplicate. Values rep-
resent the mean 6 range. b Leaf 1 represents the oldest leaf and
leaf 10 represents the youngest leaf.

Figure 6. Comparison of L-isoaspartyl methyltransferase activity lev-
els in corn (F), rice (l), and carrot (f) as a function of the devel-
opment of the plant. A, Specific methyltransferase activity in the
whole plant; B, activity per unit plant weight. When no error bar is
shown, the error is smaller than the width of the line.
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ences, the seed enzymes are catalytically similar.
However, the corn leaf enzyme does appear to have
distinct kinetic parameters, recognizing the peptide
substrate with more affinity and ovalbumin with less
affinity (Table III). It is important to point out that
these rate constants are determined for the enzyme
present in soluble extracts and may be influenced by
different factors in these extracts.

Finally, soluble extracts were prepared from corn,
rice, wheat, and carrot dry seeds and assayed for
methyltransferase activity at 10°C intervals over a
range of 25°C to 65°C. As shown in Figure 8A, activ-
ity was maximal at 45°C to 55°C for each of the
enzymes except for the corn leaf enzyme where it
rapidly fell at 55°C. It was also observed that the corn
enzyme both from seeds and leaves retained a de-
tectable activity level at 65°C. What is most interest-

ing, however, is that significant activity was found
over the entire range tested for all of the plant en-
zymes. We then asked whether this also would be the
case for the enzymes from the bacterium E. coli, the
nematode C. elegans, and recombinant human en-
zyme under similar conditions. We found that the
nematode enzyme activity was relatively constant
over the range of 25°C to 65°C (Fig. 8B). The bacterial
enzyme had an optimal activity at 45°C but also had
significant activity over the entire range. It is surpris-
ing that the human recombinant enzyme was most
active at 55°C with approximately 4-fold more activ-
ity than at the physiological temperature of 37°C. The
ability of all these enzymes to be catalytically active
over this range of temperatures suggests that repair
can occur even under “heat shock” conditions where
the spontaneous damage to proteins could be ex-

Figure 7. L-Isoaspartyl methyltransferase activity in soluble extracts prepared from corn seeds, germinated seeds, and
seedlings treated under various stress conditions. Activity of methyltransferase in soluble extracts of washed seeds (A, F),
germinated seeds (B, L), and 4-d-old seedlings (C, k) exposed to various treatments for 10 h at 25°C under 24 h of
continuous light unless otherwise specified. For the application of salt and osmotic and hormonal stress, samples were
incubated in sodium chloride, sorbitol, and ABA solutions, respectively. For temperature stress, samples were incubated in
water at 4°C and 37°C under a continuous dark period. For dark stress, samples were incubated in water in the dark at 25°C.
“Dry” indicates samples incubated in tubes without any solution under continuous light conditions. After 10 h of stress, the
seeds/seedlings were harvested, and soluble extracts of whole seedlings were prepared as mentioned in “Materials and
Methods.” Assays were performed in triplicate as described in Figure 1, and the values represent the mean 6 SE. The control
represents seeds/seedlings incubated in water alone at 25°C under 24 h of continuous light.
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pected to be enhanced. To determine the individual
heat sensitivity of the corn enzyme from the seeds
versus the leaves, crude extracts were pre-incubated
at temperatures ranging from 37°C to 65°C for 30 min
and then tested for activity toward the peptide sub-
strate at the optimal 45°C temperature (Fig. 8A). As
observed in Figure 9, the corn seed enzyme activity
remained fairly constant until a temperature of 50°C
and then fell rapidly. On the other hand, the leaf
enzyme showed a rapid decline at 50°C and fell to
undetectable levels at and above 55°C. It is interest-
ing that the corn seed enzyme still retained activity at
these high temperatures reflecting its ability to toler-
ate heat stress to a greater extent than the leaf
enzyme.

DISCUSSION

Plant viability and vigor are dependent on the
integrity of its proteins (Priestley, 1986). These mol-
ecules are susceptible to spontaneous degradation
reactions that progress irreversibly. How can cells
avoid the accumulation of these age-damaged spe-
cies? One mechanism involves protein l-isoaspartyl
methyltransferase that can play a role in repairing at
least one portion of such age-accumulated damage in
proteins due to spontaneous deamidation, racemiza-
tion, and isomerization reactions (Lowenson and
Clarke, 1991, 1992; Brennan et al., 1994).

In this work, we analyzed l-isoaspartyl methyl-
transferase activity in corn, rice, and carrot as a func-
tion of the development of the plant. In all three
plants, we found that enzyme activity is high in
seeds, rapidly decreases in the seedling, and then
re-emerges to different extents in the vegetative tis-
sues. Significant levels of activity are found in the
leaves and stems of corn and rice and in the leaves
and roots of carrots. A similar loss in enzyme activity
in germinating seeds has been found to occur in
wheat followed by a re-emergence in the leaves to
levels somewhat lower to those seen here in rice
(Mudgett and Clarke, 1994). A slightly more moder-
ate decline in enzyme activity in germinating tomato

seeds has also been described (Kester et al., 1997).
The developmental patterns seen in corn, rice, wheat,
and carrots stand in contrast to that observed in
Arabidopsis where the activity has been detected
only in the seeds and not in any of the vegetative
tissues (Mudgett and Clarke, 1996).

These results suggest that plant l-isoaspartyl meth-
yltransferase activities can be developmentally regu-
lated in distinct programs, presumably to meet the
physiological needs of each species. In dry seeds, a
large population of proteins is present, which needs
to be maintained in the normal form in the absence of
active protein synthesis. Thus, it is not surprising that
high levels of methyltransferase activity are found
here, as shown in this study and earlier work
(Mudgett and Clarke, 1993, 1994, 1996; Kester et al.,
1997; Mudgett et al., 1997). However, the reasons for
the increase in activity in vegetative tissues are less
clear. High levels of enzyme activity have been pre-
viously shown to be present in carrot roots (Mudgett
and Clarke, 1993) and in potato tubers (Kumar et al.,
1999). In these tissues, the situation may be compa-
rable with that of seeds where proteins need to be
maintained for relatively long periods of time. How-
ever, this explanation does not seem to suffice for leaf
tissues, especially in light of our observations that
methyltransferase activity declines in aging leaves of
corn and carrots.

It is at first difficult to understand the increased
activity of the repair methyltransferase in younger
leaves because the proteins in these leaves would
have been present for less time than those in the older
leaves and might be expected to contain fewer dam-
aged aspartyl residues to be metabolized by the
methyltransferase. However, two possibilities may
complicate this simple type of picture. In the first
place, damaged isoaspartyl residues can be gener-
ated during protein synthesis by the misincorpora-
tion of isoaspartyl-tRNAs where the RNA linkage is
to the side chain rather than the main chain carbox-
ylic acid group (Momand and Clarke, 1990). Here,
the faster rate of protein synthesis in the newly form-
ing leaf may result in a larger concentration of

Table III. Kinetic constants of L-isoaspartyl methyltransferase activity in soluble extracts of various plant seeds as well as corn leaves for an
L-isoaspartyl containing peptide and ovalbumin

The methylation reaction consists of either the peptide substrate (final concentration ranging from 0.01–2 mM) or ovalbumin (final
concentration ranging from 0.1–3 mM) incubated with 10 mM [14C]AdoMet and 12 mL of the enzyme extract to a final volume of 40 mL in 0.2
M sodium citrate buffer (pH 6.0). The reaction was performed at 45°C for 1 h. Reactions for each substrate concentration were performed in
duplicate and the values represent the mean 6 range. Km and Vmax values were calculated by fitting the data to the Michaelis-Menten equation
using the DeltaGraph program (Version 4.0).

VYP-L-isoAsp-HA Ovalbumin

Km Vmax Km Vmax

mM pmol min21 mg21 protein mM pmol min21 mg21 protein

Corn seed 0.29 6 0.04 31.5 6 1.4 2.77 6 0.32 10.2 6 1.0
Rice seed 0.33 6 0.05 29.5 6 1.4 1.03 6 0.06 14.9 6 1.3
Carrot seed 0.24 6 0.01 9.9 6 0.2 2.53 6 0.35 3.4 6 0.1
Winter wheat seed 0.38 6 0.01 11.2 6 0.1 2.32 6 0.42 11.9 6 0.9
Corn leaf 0.13 6 0.02 1.16 6 0.12 12.7 6 2.0 2.2 6 0.3
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isoaspartyl-containing polypeptides. Second, it is
known that reactive oxygen intermediates can in-
crease the rate of formation of isoaspartyl residues
(O’Connor and Yutzey, 1988; Ingrosso et al., 2000). In
plants, the youngest leaves are often the ones that are
most exposed to full sunlight, which can result in the
generation of reactive oxygen species (Niyogi, 1999).
In both cases, the fastest rate of damaged aspartyl
residue formation might be expected to be found in
the youngest leaves and this is exactly where we find
the highest concentrations of the protein repair
l-isoaspartyl methyltransferase activity. We are now
interested in measuring the levels of damaged pro-
teins themselves in leaves of different ages to test
these hypotheses.

The differences in the methyltransferase activity of
older and younger leaves might be linked to the
“phase shift” phenomenon seen in leaf development
(Kerstetter and Poethig, 1998) where juvenile and
adult leaves have distinct anatomies (Orkwiszewski
and Poethig, 2000). Although the molecular basis of
the phase shift has not been established, it is possible

that methyltransferase expression is turned down in
juvenile leaves and up in adult leaves. However, we
do observe a decrease in methyltransferase activity
even in the same numbered leaf when assayed over
time at different seedling stages (Tables I and II) so
that our results cannot be explained solely by phase
shift changes. It would be very interesting to monitor
the phase-specific expression of the methyltrans-
ferase mRNA in juvenile and adult leaves.

Plants can respond to various stresses by either
up-regulation or down-regulation of specific genes.
Here, we analyzed the effect of various stress treat-
ments on the l-isoaspartyl methyltransferase activ-
ity. We found that the activity in corn seeds that have
just germinated is up-regulated in response to salt
and osmotic stress. It is surprising that no effect was
observed when seeds or seedlings were exposed to
similar stress conditions. This result is different from
that observed in wheat seedlings where the activity
was found to be induced by salt and dehydration
stresses (Mudgett and Clarke, 1994). Our results in
corn suggest that the stage at which the seed is

Figure 8. L-Isoaspartyl methyltransferase activ-
ity from various organisms assayed at different
temperatures. A, Methyltransferase activity in
soluble seed extracts of corn (F), rice (l), wheat
(Œ), carrot seeds (f), and corn leaves (E) at
different reaction temperatures. The methylation
reaction composition was the same as described
in Figure 1. B, Methyltransferase activity in
crude extracts of E. coli (F), C. elegans (l), and
partially purified human recombinant enzyme
(f). The reactions were performed as described
in “Materials and Methods,” in duplicate, and
the values represent the mean 6 range. When
no error bar is shown, the error is smaller than
the width of the line.
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exposed to stress is important in determining the
response of the activity. ABA did not appear to affect
the methyltransferase activity in our experiments. In
wheat seedlings, both ABA and salt application cause
an increase in methyltransferase mRNA as well as
activity (Mudgett and Clarke, 1994), whereas in Ara-
bidopsis, salt stress does not up-regulate the mRNA
but ABA treatment does induce the message
(Mudgett and Clarke, 1996). ABA plays a major role
in the regulation of embryo maturation as well as
responses to osmotic stress, salt, and cold treatments
where endogenous ABA levels increase (Henson,
1984; Quatrano, 1986; Mohapatra et al., 1988). Genes
that are regulated by natural environmental stresses
can be turned on/off by exogenous ABA application
(Chandler and Robertson, 1994).

The comparison of the methyltransferase activity
from different plants suggests that although the en-
zyme is developmentally regulated, its patterns of
expression as well as its responses to various stress
treatments can be quite distinct. Thus, we were inter-
ested in determining whether these enzymes differ in
their biochemical characteristics. We found, however,
that the kinetic properties of the corn, wheat, rice, and
carrot enzymes were very similar. These results indi-
cate that the structure of plant l-isoaspartyl methyl-
transferases may be much more similar than the reg-
ulation of their gene expression in each organism. It
will be very interesting to analyze the physiological
rationale for the differences in the expression seen in
this work for each of these species.

MATERIALS AND METHODS

Plant Material

Seeds of corn (Zea mays hybrids White Knight, Kandy
Korn, and Silver Queen) and carrot (Daucus carota var. Dan-
vers Half Long) were from Lilly Miller (Portland, OR) and
purchased locally. Seeds of rice (Oryza sativa, M-101 and
M-202) were provided by Dr. Charles West (UCLA, Los
Angeles). Yellow cornmeal (enriched and degermed, Albers,
Nestle USA, OH) was purchased locally. Winter wheat
(Triticum aestivum cv Augusta) seeds were provided by Dr.
Robert Forsberg (University of Wisconsin, Madison, WI).

Substrates for L-Isoaspartyl Methyltransferase

The peptides VYP-l-isoAsp-HA and KASA-l-isoAsp-
LAKY were synthesized and HPLC-purified by California
Peptide Research, Napa, CA. Ovalbumin (chicken egg,
Grade VII) was from Sigma (St. Louis).

Preparation of Seed Extracts

Rice seeds were ground to a fine powder in a household
coffee grinder, whereas corn, wheat, and carrot seeds were
ground to a fine powder in liquid nitrogen in a mortar with
a pestle. For corn, a commercial preparation of cornmeal
powder was also used as the source of enzyme for kinetic
assays. The powders of the various seed extracts were then
suspended in approximately 5 mL of chilled extraction
buffer (100 mm HEPES [4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid] buffer, pH 7.5, 10 mm b-mercaptoe-
thanol, 1 mm leupeptin, 1 mm phenylmethanesulfonyl
fluoride, 10 mm sodium hydrosulfite, 10 mm sodium met-
abisulfite) per gram of seeds and the contents stirred at 4°C
for 10 min. The suspensions were then spun at 1,240g for 30
min at 4°C. The supernatants were collected and centrifuged
at 186,000g for 1 h at 4°C. The supernatants of this spin were
then filtered through one layer of Miracloth (Calbiochem, La
Jolla, CA) and stored at 220°C. These soluble extracts were
used as the source of the methyltransferase enzyme.

Protein Determination

Protein content was determined by precipitating the pro-
tein with 1 mL of 10% (w/v) trichloroacetic acid and then
using a modification of the Lowry method (Bailey, 1967).
Bovine serum albumin (Sigma) was used for creating a
standard curve.

Assay of Methyltransferase Activity

A vapor-diffusion assay (Gilbert et al., 1988) was used to
determine the methyltransferase activity. The method in-
volves the transfer of radiolabeled methyl groups by the
enzyme from S-adenosyl-l-[methyl-14C]Met to a peptide
substrate such as VYP-l-isoAsp-HA or KASA-l-isoAsp-
LAKY, or to the protein substrate ovalbumin. The methyl
esters subsequently are hydrolyzed with a base and the
resulting 14C-methanol is quantified. Unless otherwise de-

Figure 9. Temperature stability of corn methyltransferase from seeds
and leaves. Crude soluble extracts prepared from corn seeds and
leaves as described in “Materials and Methods” were pre-incubated
at the indicated temperatures (37°C–65°C) for 30 min and then
assayed for activity at 45°C as mentioned in Figure 1. All reactions
were done in triplicates, and the values represent the mean 6 SD.
When no error bar is shown, the error is smaller than the width of the
line.
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scribed, the reaction mixture (total of 40 mL) consists of 500
mm of VYP-l-iso-Asp-HA, 10 mm of [14C]AdoMet (57 mCi
mmol21, Amersham Pharmacia Biotech, Piscataway, NJ),
0.2 m sodium citrate buffer (pH 6.0), and 12 mL of the crude
enzyme preparation. As a control, the endogenous activity
was measured by incubating the enzyme with buffer alone
instead of the peptide. The reaction was allowed to proceed
at 45°C for 1 h and stopped by quenching with 40 mL of 0.2
n NaOH/1% (w/v) SDS. The contents were vortexed and
60 mL of this mixture was then spotted onto a 1.5 3 8-cm
pleated filter paper (no. 1650962, Bio-Rad Laboratories,
Hercules, CA), which was placed in the neck of a 20-mL
scintillation vial containing 5 mL of counting fluor (Safety
Solve High Flashpoint Cocktail, Research Products Inter-
national, Mt. Prospect, IL). The vials were capped and
incubated for 2 h at room temperature. During this period
14C-methanol diffuses into the fluor, and the un-reacted
[14C]AdoMet stays on the filter paper. Quantification was
done by removal of the paper and counting the vials in a
scintillation counter. Peptide-specific activity was calcu-
lated by subtracting the endogenous activity from the ac-
tivity in the presence of the peptide. We found that this
“endogenous” activity was always very low, generally sim-
ilar to that seen when [14C]AdoMet was incubated with
peptide and buffer alone in the absence of extract, and thus
did not appear to represent the methylation of endogenous
damaged substrates by the l-isoaspartyl methyltransferase.

Growth of Plants for Developmental Analysis and
Preparation of Tissue Extracts

After weighing, seeds of corn (White Knight hybrid) and
carrot were soaked in sterile distilled water for 24 h at 25°C
under continuous illumination while seeds of rice were
soaked in water for 5 d at 15°C in the dark followed by 3 d
at 25°C under continuous light. After this imbibition pe-
riod, seeds were sown directly on germination mix (Gar-
dener’s Supply Company, Burlington, VT) in pots. The pots
were kept in a greenhouse maintained at 30°C and 70%
relative humidity under natural sunlight conditions.

For developmental analysis, tissues of the plant were
collected at various time points, starting from 5 d post-
germination to 45 d post-germination. The leaves, stems,
and roots typically were collected every 5 d after germina-
tion and weighed. Tissue samples (0.05–8.00 g) were frozen
in liquid nitrogen in a mortar and then ground with a pestle
to a fine powder. Immediately after the liquid nitrogen
evaporated, chilled extraction buffer (7–10 mL/g tissue) was
added and the suspension was ground further. The contents
were spun at 16,000g for 15 min at 4°C, and the resulting
supernatant was used as the source of the methyltransferase
enzyme. These extracts were stored at 220°C.

Assay of Corn Seeds, Germinated Seeds, and
Seedlings under Stress Conditions

Seeds of corn (Kandy Korn hybrid) were first surface
sterilized by rinsing with 50% (v/v) ethanol for 30 s and
were then washed with sterile de-ionized water twice.

They were then soaked in a 2.5% (w/v) sodium hypochlo-
rite solution for 10 min at 25°C on a rotary shaker. The
seeds were washed extensively with 4 volumes of sterile
de-ionized water. For short-term exposure to stress,
washed seeds were placed in 10-mL sterile glass tubes
containing 3 mL of either NaCl solution (0.1–1.0 m), sorbi-
tol solution (0.1–1.0 m), or 6 cis,trans-abscisic acid (Sigma)
solution (1–100 mm) all prepared in water. Control seeds
were placed in water alone. Seeds exposed to light stress
were placed in water alone and incubated at 25°C in the
dark, whereas seeds exposed to temperature stress were
placed in water alone and incubated at 4°C and 37°C in the
dark. For stress by dehydration, seeds were placed in an
empty tube. Otherwise, all seeds were exposed under con-
tinuous light conditions at 25°C. After a period of 10 h of
exposure, seeds were harvested and soluble extracts pre-
pared for methyltransferase activity as described above.
For exposing germinated seeds to similar stresses, seeds
were surface sterilized as before and sown onto two sets of
150-mm petriplates containing a Whatman 3MM filter paper
soaked in water. The plates were then incubated at 25°C
under continuous light until germination occurred. Imme-
diately upon germination, the germinated seeds from the
first set were exposed to 10-h stress treatments as described
above and their soluble extracts prepared. For exposing
seedlings to stress, the seeds, which had germinated on the
plate of the second set, were allowed to grow into seedlings
that took approximately 4 to 5 d under those conditions.
These seedlings were then exposed to 10 h of stress as
before. Student’s t-test was used to calculate the P values.

Temperature Dependence of Methyltransferase Activity

Soluble extracts of Escherichia coli (MC1000 strain),
Caenorhabditis elegans (N2 strain), and plant seeds as well as
a partially purified fraction of human recombinant
l-isoaspartyl methyltransferase (MacLaren and Clarke,
1995) were assayed for methyltransferase activity at
various temperatures ranging from 25°C to 65°C. The
methylation reaction for the bacterial and the nematode
enzyme consisted of 0.2 m sodium citrate buffer (pH 6.0),
0.2 mm peptide substrate (KASA-l-isoAsp-LAKY), 10 mm
[14C]AdoMet, and 10 mL of enzyme extract to a final vol-
ume of 40 mL. Incubation was performed for 45 min at each
temperature. The methylation reaction for the human en-
zyme consisted of 0.2 m sodium citrate buffer (pH 6.0), 0.2
mm peptide substrate (KASA-l-isoAsp-LAKY), 10 mm
[14C]AdoMet, and 2 mL of enzyme extract to a final volume
of 40 mL. Incubation was performed for 15 min at each
temperature. The methylation reactions for the plant ex-
tracts were performed as described above with an incuba-
tion period of 1 h at each temperature.

Methyltransferase Kinetics

For kinetic studies, a peptide substrate (VYP-l-isoAsp-
HA) and a protein substrate (ovalbumin) were tested. The
source of methyltransferase enzyme for rice, wheat, and
carrot was the soluble extract prepared from seeds as de-
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scribed earlier. For the corn enzyme, 20 g of cornmeal was
suspended in 75 mL of chilled extraction buffer and stirred
at 4°C for 30 min. This suspension was then spun at 1,240g
for 30 min at 4°C and the resulting supernatant was further
spun at 100,000g for 1 h at 4°C. This supernatant was used
for assays. The source of the corn leaf enzyme was the
extract prepared from the leaves of the plant arising from
the untreated control seeds in the stress experiment de-
scribed above. This extract was prepared as described for
the developmental analysis with the exception that the
soluble fraction was centrifuged at 100,000g for 2 h at 4°C
to remove any insoluble material. Methylation reactions
were performed as described above.

ACKNOWLEDGMENTS

We thank Hui Cai for providing the E. coli soluble extract,
Ron Kagan for the C. elegans soluble extract, and Kevin
Norrett for the partially purified human recombinant meth-
yltransferase. We also wish to thank the anonymous review-
ers of this manuscript for their helpful comments.

Received July 17, 2000; returned for revision September 1,
2000; accepted September 20, 2000.

LITERATURE CITED

Argerich CA, Bradford KJ (1989) The effects of priming
and ageing on seed vigour in tomato. J Exp Bot 40:
599–607

Bailey JL (1967) Miscellaneous analytical methods. In JL
Bailey, ed, Techniques in Protein Chemistry. Elsevier
Science Publishing, New York, pp 340–346

Brennan TV, Anderson JW, Jia Z, Waygood EB, Clarke S
(1994) Repair of spontaneously deamidated HPr phos-
phocarrier protein catalyzed by the l-isoaspartate-
(d-aspartate) O-methyltransferase. J Biol Chem 269:
24586–24595

Cacia J, Keck R, Presta LG, Frenz J (1996) Isomerization of
an aspartic acid residue in the complementarity-
determining regions of a recombinant antibody to hu-
man IgE: identification and effect on binding affinity.
Biochemistry 35: 1897–1903

Capasso S, Di Donato A, Esposito L, Sica F, Sorrentino G,
Vitagliano L, Zagari A, Mazzarella L (1996) Deamida-
tion in proteins: the crystal structure of bovine pancreatic
ribonuclease with an isoaspartyl residue at position 67.
J Mol Biol 257: 492–496

Capasso S, Mazzarella L, Sica F, Zagari A, Salvadori S
(1993) Kinetics and mechanism of succinimide ring for-
mation in the deamidation process of asparagine resi-
dues. J Chem Soc Perkin Trans 2: 679–682

Chandler PM, Robertson M (1994) Gene expression regu-
lated by abscisic acid and its relation to stress tolerance.
Annu Rev Plant Physiol Plant Mol Biol 45: 113–141

Clarke S (1985) Protein carboxyl methyltransferases: two
distinct classes of enzymes. Annu Rev Biochem 54:
479–506

Clarke S, Stephenson RC, Lowenson JD (1992) Lability of
asparagine and aspartic acid residues in proteins and

peptides: spontaneous deamidation and isomerization
reactions. In TJ Ahern, MC Manning, eds, Stability of
Protein Pharmaceuticals-Chemical and Physical Path-
ways of Protein Degradation. Plenum Press, New York,
pp 2–23

Geiger T, Clarke S (1987) Deamidation, isomerization, and
racemization at asparaginyl and aspartyl residues in
peptides: succinimide-linked reactions that contribute to
protein degradation. J Biol Chem 262: 785–794

Gilbert JM, Fowler A, Bleibaum J, Clarke S (1988) Purifi-
cation of homologous protein carboxyl methyltrans-
ferase isozymes from human and bovine erythrocytes.
Biochemistry 27: 5227–5233

Henson IE (1984) Effects of atmospheric humidity on ab-
scisic acid accumulation and water status in leaves of
rice. Ann Bot 54: 569–582

Ichikawa JK, Clarke S (1998) A highly active protein repair
enzyme from an extreme thermophile: the l-isoaspartyl
methyltransferase from Thermatoga maritima. Arch Bio-
chem Biophys 358: 222–231

Ingrosso D, D’Angelo S, Di Carlo E, Perna AF, Zappia V,
Galletti P (2000) Increased methyl esterification of al-
tered aspartyl residues in erythrocyte membrane pro-
teins in response to oxidative stress. Eur J Biochem 267:
4397–4405

Johnson BA, Ngo SQ, Aswad DW (1991) Widespread phy-
logenetic distribution of a protein methyltransferase that
modifies l-isoaspartyl residues. Biochem Int 24: 841–847

Kagan RM, Clarke S (1995) Protein l-isoaspartyl methyl-
transferase from the nematode Caenorhabditis elegans:
genomic structure and substrate specificity. Biochemis-
try 34: 10794–10806

Kagan RM, Niewmierzycka A, Clarke S (1997) Targeted
gene disruption of the Caenorhabditis elegans l-isoaspartyl
protein repair methyltransferase impairs survival of
dauer stage nematodes. Arch Biochem Biophys 348:
320–328

Kerstetter RA, Poethig RS (1998) The specification of leaf
identity during shoot development. Annu Rev Cell Dev
Biol 14: 373–398

Kester ST, Geneve RL, Houtz RL (1997) Priming and
accelerated ageing affect l-isoaspartyl methyltransferase
activity in tomato (Lycopersicon esculentum Mill.) seed. J
Exp Bot 48: 943–949

Kim E, Lowenson JD, Clarke S, Young SG (1999) Pheno-
typic analysis of seizure-prone mice lacking l-isoas-
partate (d-aspartate) O-methyltransferase. J Biol Chem
274: 20671–20678

Kim E, Lowenson JD, MacLaren DC, Clarke S, Young SG
(1997) Deficiency of a protein-repair enzyme results in
the accumulation of altered proteins, retardation of
growth, and fatal seizures. Proc Natl Acad Sci USA 94:
6132–6137

Kumar GNM, Houtz RL, Knowles NR (1999) Age induced
protein modifications and increased proteolysis in potato
seed tubers. Plant Physiol 119: 89–99

Li C, Clarke S (1992) Distribution of an l-isoaspartyl pro-
tein methyltransferase in eubacteria. J Bacteriol 174:
355–361

Thapar et al.

1034 Plant Physiol. Vol. 125, 2001



Liu DT-Y (1992) Deamidation: a source of microheteroge-
neity in pharmaceutical proteins. Trends Biotechnol 10:
364–369

Lowenson JD, Clarke S (1991) Structural elements affect-
ing the recognition of l-isoaspartyl residues by the
l-isoaspartyl/d-aspartyl protein methyltransferase: im-
plications for the repair hypothesis. J Biol Chem 266:
19396–19406

Lowenson JD, Clarke S (1992) Recognition of d-aspartyl
residues in polypeptides by the erythrocyte l-isoaspartyl/
d-aspartyl protein methyltransferase: implications for the
repair hypothesis. J Biol Chem 267: 5985–5995

MacLaren DC, Clarke S (1995) Expression and purification
of a human recombinant methyltransferase that repairs
damaged proteins. Protein Exp Purif 6: 99–108

Manning MC, Patel K, Borchardt RT (1989) Stability of
protein pharmaceuticals. Pharmacol Res 6: 903–918

Mohapatra SS, Poole RJ, Dhindsa RS (1988) Abscisic acid-
regulated gene expression in relation to freezing toler-
ance in alfalfa. Plant Physiol 87: 468–473

Momand JA, Clarke S (1990) The fidelity of protein syn-
thesis: can mischarging by aspartyl-tRNAAsp synthetase
lead to the formation of isoaspartyl residues in proteins?
Biochim Biophys Acta 1040: 153–158

Mudgett MB, Clarke S (1993) Characterization of plant
l-isoaspartyl methyltransferases that may be involved in
seed survival: purification, cloning, and sequence analy-
sis of the wheat germ enzyme. Biochemistry 32: 11100–
11111

Mudgett MB, Clarke S (1994) Hormonal and environmen-
tal responsiveness of a developmentally regulated pro-
tein repair l-isoaspartyl methyltransferase in wheat.
J Biol Chem 269: 25605–25612

Mudgett MB, Clarke S (1996) A distinctly regulated pro-
tein repair l-isoaspartyl methyltransferase from Arabi-
dopsis thaliana. Plant Mol Biol 30: 723–737

Mudgett MB, Lowenson JD, Clarke S (1997) Protein repair
l-isoaspartyl methyltransferase in plants: phylogenetic
distribution and the accumulation of substrate proteins
in aged barley seeds. Plant Physiol 115: 1481–1489

Niyogi KK (1999) Photoprotection revisited: genetic and
molecular approaches. Annu Rev Plant Physiol Plant
Mol Biol 50: 333–359

O’Connor CM, Clarke S (1985) Analysis of erythrocyte
protein methyl esters by two-dimensional gel electro-

phoresis under acidic separating conditions. Anal Bio-
chem 148: 79–86

O’Connor CM, Yutzey KE (1988) Enhanced carboxyl meth-
ylation of membrane-associated hemoglobin in human
erythrocytes. J Biol Chem 263: 1386–1390

O’Connor MB, Galus A, Hartenstine M, Magee M, Jackson
FR, O’Connor CM (1997) Structural organization and de-
velopmental expression of the protein l-isoaspartyl meth-
yltransferase gene from Drosophila melanogaster. Insect Bio-
chem Mol Biol 27: 49–54

Orkwiszewski JAJ, Poethig RS (2000) Phase identity of the
maize leaf is determined after leaf initiation. Proc Natl
Acad Sci USA 97: 10631–10636

Paranandi MV, Aswad DW (1995) Spontaneous alterations
in the covalent structure of synapsin I during in vitro
aging. Biochem Biophys Res Commun 212: 442–448

Patel K, Borchardt RT (1990) Chemical pathways of pep-
tide degradation: II. Kinetics of deamidation of an aspar-
aginyl residue in a model hexapeptide. Pharmacol Res 7:
703–711

Priestley DA (1986) Morphological, structural and bio-
chemical changes associated with seed aging. In Seed
Ageing. Cornell University Press, New York, pp 125

Quatrano RS (1986) Regulation of gene expression by ab-
scisic acid during angiosperm embryo development. Ox-
ford Surv Plant Cell Mol Biol 3: 467–476

Stadtman ER (1990) Covalent modification reactions are
marking steps in protein turnover. Biochemistry 29:
6323–6331

Thapar N, Clarke S (2000) Expression, purification, and
characterization of the protein repair l-isoaspartyl meth-
yltransferase from Arabidopsis thaliana. Protein Expr Purif
20: 237–251

Trivedi I, Gupta A, Paik WK, Kim S (1982) Purification
and properties of protein methylase II from wheat germ.
Eur J Biochem 128: 349–354

Tyler-Cross R, Schirch V (1991) Effects of amino acid
sequence, buffers, and ionic strength on the rate and
mechanism of deamidation of asparagine residues in
small peptides. J Biol Chem 266: 22549–22556

Visick JE, Cai H, Clarke S (1998) The l-isoaspartyl protein
repair methyltransferase enhances survival of aging
Escherichia coli subjected to secondary environmental
stresses. J Bacteriol 180: 2623–2629

Expression Patterns of l-Isoaspartyl Methyltransferases

Plant Physiol. Vol. 125, 2001 1035


