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ABSTRACT: We identified a protein L-isoaspartate (D-aspartate) O-methyltransferase (EC 2.1.1.77) in the
nematode worm Caenorhabditis elegans. The methylation of abnormal L-isoaspartyl residues by this
enzyme can lead to their conversion to L-aspartyl residues and represents a protein repair step for
polypeptides damaged by spontaneous reactions during the aging process. We show that the levels of
this enzyme increase 2-fold in C. elegans in the dauer larval form, a developmental stage where the
organism can survive for extended periods of time. Utilizing degenerate oligonucleotide primers derived
from conserved amino acid sequences of mammalian, plant, and bacterial L-isoaspartyl methyltransferases
and PCR amplification, we made DNA probes that allowed us to obtain cDNA and genomic DNA clones
encoding this enzyme in the nematode. The deduced amino acid sequence is 53% identical to the human
enzyme and 29% identical to the Escherichia coli enzyme. Overexpression of the cDNA for the C. elegans
enzyme in E. coli gave an active product with micromolar Ky, values for L-isoaspartyl-containing peptide
substrates and for the methyl donor S-adenosyl-L-methionine. No methylation of D-aspartyl-containing
peptides was detected under conditions where the human enzyme catalyzed this reaction, suggesting that
the ability to methylate D-aspartyl residues in addition to L-isoaspartyl residues was a later evolutionary
adaptation of this enzyme. The C. elegans gene for the methyltransferase, designated pcm-1, was mapped
to a single site in a 31 kb region in the central portion of chromosome V. The gene is 3.2 kb in length
and includes six introns. Although much smaller, its genomic organization is similar to that of the
corresponding mouse gene, with identically positioned intron—exon splice junctions at five of seven sites.
We propose that this gene plays an important role in facilitating the long term survival of this organism.

Proteins are susceptible to a wide variety of spontaneous
covalent alterations, including oxidation, glycation, deami-
dation, isomerization, and racemization. These reactions can
lead to the aberrant function or the degradation of the
modified protein (Stadtman, 1988). Asparagine and aspartate
residues are particularly susceptible to deamidation, isomer-
ization, and racemization reactions (Clarke et al., 1992).
D-Aspartyl, L-isoaspartyl, and D-isoaspartyl residues have
been detected in a variety of cellular proteins, including eye
lens crystallins (Masters et al., 1978; Fujii et al., 1994),
myelin basic protein (Fisher et al., 1986; Shapira et al., 1988),
serine hydroxymethyltransferase (Artigues et al., 1990),
calmodulin (Ota & Clarke, 1990), and S-amyloid protein
(Roher et al.,, 1993). Evidence has been presented that
calmodulin (Johnson et al., 1987b), epidermal growth factor
(George-Nascimento et al., 1990), calbindin (Chazin et al.,
1989), and HPr (Brennan et al., 1994) all are less active when
altered aspartyl residues are present.

The mammalian protein L-isoaspartate (D-aspartate) O-
methyltransferase (EC 2.1.1.77) is capable of transferring a
methyl group from AdoMet to L-isoaspartyl and D-aspartyl
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residues, but not to normal L-aspartyl residues (Lowenson
& Clarke, 1991a, 1992). Significantly, the enzymatic
methylation of these abnormal residues in peptides can lead
to their conversion to L-aspartyl forms (Johnson et al., 1987a;
McFadden & Clarke, 1987). Such a repair role of this
methyltransferase has been observed in proteins as well.
Incubation of deamidated calmodulin with the bovine meth-
yltransferase restores its ability to activate calmodulin-
dependent protein kinase to 50—68% of that of the native
form (Johnson et al., 1987b). Likewise, when the bacterial
phosphocarrier protein HPr, deamidated and isomerized at
asparagine residues 12 and 38, is incubated with recombinant
human L-isoaspartyl methyltransferase, its phosphohydrolytic
activity is restored to a level intermediate between that of
the double aspartate mutant form and the deamidated form
(Brennan et al., 1994). Computer simulations of the age-
dependent accumulation of L-isoaspartyl and D-aspartyl
residues in human erythrocytes have shown that its meth-
yltransferase can dramatically decrease the levels of these
atypical residues (Lowenson & Clarke, 1991b).

L-Isoaspartyl methyltransferase activity has been detected
in a broad spectrum of organisms, including Gram-negative
bacteria (O’Connor & Clarke, 1985; Fu et al., 1991; Li &
Clarke, 1992a), protozoans (R. Kagan, unpublished data),
fungi (Johnson et al., 1991; R. Kagan, unpublished data),
plants (Johnson et al.,, 1991; Mudgett & Clarke, 1993),
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invertebrates (Johnson et al., 1991), and a variety of
vertebrates including man (O’Connor & Clarke, 1985;
Clarke, 1985). The most direct evidence for the biological
relevance of this methylation pathway is the significantly
diminished stationary phase survival and increased heat-
shock sensitivity of Escherichia coli pcm™ mutants that lack
the protein L-isoaspartyl methyltransferase (Li & Clarke,
1992b). Interestingly, plant seeds, which can often survive
for years, have much higher levels of methyltransferase than
other parts of the plant (Mudgett & Clarke, 1993).

The widespread distribution of this enzyme and its high
degree of cross-kingdom sequence conservation suggest that
it plays an important role in the metabolism of damaged
proteins that accumulate as cells age. We sought to develop
an animal model for the role of this methyltransferase in
aging and long-term survival. The nematode Caenorhadbitis
elegans is well suited for this task. Its short lifespan, well-
defined life cycle, and amenability to genetic and biochemical
analysis makes it a good model for the study of aging
(Johnson et al., 1993). The dauer larval stage of C. elegans
is a nonaging, developmentally arrested third-stage larva
specialized for long-term survival and dispersal (Cassada &
Russell, 1975; Riddle, 1988). Dauer larvae are capable of
surviving for up to several months without feeding and
exhibit reduced metabolic rates (Riddle, 1988; Reape &
Burnell, 1990) and RNA polymerase II transcription levels
(Dalley & Golomb, 1992). Dauer larvae are also more
resistant to chemical, osmotic, thermal, and oxidative stress
than other stages (Cassada & Russell, 1975; Larsen, 1993).
How do dauer larvae deal with the age-dependent spontane-
ous damage to proteins? We wished to determine whether
this methyltransferase may play an essential role in promoting
the long-term survival of both adult worms and dauer larvae
analogous to its role in stationary phase survival of E. coli.
In this report we characterize cDNA and genomic clones
for this enzyme in C. elegans and determine the kinetic
properties of the partially purified nematode methyltrans-
ferase enzyme expressed in E. coli cells containing an
overexpression plasmid.

MATERIALS AND METHODS

Growth and Harvesting of Nematodes. C. elegans strain
Bristol (N2), kindly provided by Dr. Jorge Mancillas,
University of California, Los Angeles, was grown at room
temperature on a lawn of E. coli strain OP50 cells on NGM
agar plates as described (Sulston & Hodgkin, 1988). Liquid
cultures of nematodes grown on E. coli OP50 cells in S
media (Sulston & Hodgkin, 1988) were inoculated from
5-day-old saturated NGM plates and incubated with shaking
at 225 rpm at room temperature as described (Sulston &
Hodgkin, 1988). Nematodes were harvested at 4 °C by
pelleting in 50 mL tubes at 2000g for 3—5 min followed by
two washes in 0.1 M NaCl. The nematodes were resus-
pended in 0.1 M NaCl and then sucrose-floated by the
addition of an equal volume of ice-cold 60% (w/w) sucrose
solution and centrifugation at 1500g for 5 min at 4 °C
(Sulston & Hodgkin, 1988). The nematodes were then
washed in 0.1 M NaCl, resuspended, and agitated for 30 min
at room temperature to allow the digestion of any remaining
bacteria in their digestive tracts. After an additional wash
in 0.1 M NaCl, the nematodes were either used immediately
or were stored at —80 °C. Dauer larvae were prepared by
growing liquid cultures for 2—3 weeks and then pelleting
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and washing in 0.1 M NaCl as described above. The
nematodes were then resuspended in 1% SDS (w/v) and
agitated at room temperature for 30 min to kill any remaining
non-dauers (Cassada & Russell, 1975). The dauer nematodes
were then pelleted, washed twice with 0.1 M NaCl, and
sucrose-floated as described above. After two additional
washes, the nematodes were layered on top of a 15% (w/w)
ficoll solution and pelleted at 900g (Sulston & Hodgkin,
1988). The dauer larvae were then collected, washed twice
in 0.1 M NaCl, and either used immediately or stored at —80
°C.

Preparation of C. elegans Cytosol. Nematodes harvested
as described above were resuspended in 1 mL of homog-
enization buffer (50 mM Tris-HCIl, 10 mM EGTA, 2 mM
EDTA, 0.25 M sucrose, 0.5 mM DTT, 0.5 mM PMSF, 40
ug/mL leupeptin, 40 ug/mL pepstatin, pH 8.0) per 1 g of
pelleted nematodes. The nematode suspension was ground
in a liquid nitrogen cooled mortar and pestle. The homo-
genate was thawed and centrifuged at 16000g at 4 °C for 10
min to pellet the cellular debris. The recovered cytosol was
either used immediately or stored at —80 °C. Protein
concentrations were determined after precipitation in 10%
trichloroacetic acid using a modification of the Lowry
method (Bailey, 1967).

Methyltransferase Assay. The number of methyl groups
transferred from AdoMet to exogenous peptide or endog-
enous substrates was determined using a vapor diffusion
assay (Gilbert et al., 1988). The reaction mixture generally
consisted of 10 #M S-adenosyl-L-[methyl-*C]methionine
(ICN, 52 mCi/mmol), methyl-accepting substrate, enzyme,
and 0.2 M sodium citrate, pH 6.0, to a final volume of 50
#L. Reactions were incubated at 30 °C for 30 min and then
quenched with 50 uL of 0.2 M NaOH and 1% (w/v) SDS.
A 70 uL aliquot was spotted on a 1.5 cm x 8 cm piece of
thick filter paper (Bio-Rad 165—090) that had been prefolded
in an accordion pleat. The filter paper was wedged into the
neck of a 20 mL scintillation vial containing 6 mL of Safety-
Solve counting fluor (RPI), which was then capped and
allowed to equilibrate at room temperature for 2 h to allow
the [**C]methanol produced by methyl ester hydrolysis to
diffuse into the fluor. The filter paper was then removed,
and the vials were counted. Each sample was assayed in
duplicate and a no-enzyme blank, generally representing less
than 0.014 pmol of methyl groups transferred per min, was
subtracted as the background.

Preparation of C. elegans Genomic DNA and Southern
Analysis. Genomic DNA was prepared from washed,
sucrose-floated nematodes as described by Sulston and
Hodgkin (1988), with the following modifications. Protein-
ase K digestion of intact nematodes was carried out for 30
min at 65 °C in 0.1 M Tris-HC], pH 8.5, 50 mM EDTA, pH
8.0, 0.2 M NaCl, and 1% SDS. Three phenol extractions
and two chloroform extractions were performed. The DNA
was ethanol-precipitated and used without further purifica-
tion. Genomic DNA (10 ug) was digested with restriction
enzymes (Promega) and resolved on a 0.8% agarose gel.
DNA fragments were transferred to a charge-modified PVDF
membrane (Immobilon N, Millipore) and then prehybridized
and hybridized according to the directions of the manufac-
turer with a random-primed [a-*?P]dCTP labeled probe.
Signals were detected by autoradiography.

Preparation of C. elegans Total RNA and Northern
Analysis. Total cellular RNA was prepared from washed,
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sucrose-floated nematodes essentially as described (Gross
et al., 1990). The RNA (10—15 ug) was fractionated on a
1% agarose-formaldehyde gel as described (Ausubel et al.,
1994) and transferred to a nylon membrane (Genescreen,
Amersham) and prehybridized and hybridized with a random-
primed [0.-32P]dCTP labeled probe as described (Church &
Gilbert, 1984).

PCR Amplification of C. elegans pcm-1 Coding Sequence
from a cDNA Library. A A UniZap XR cDNA library (8 x
108 pfu/mL; Stratagene, cat. no. 937006) constructed from
poly-dT-isolated RNA from mixed-stage Bristol (N2) nema-
todes was a gift from Dr. Alexander van der Bliek, University
of California, Los Angeles. PCR primers were synthesized
on a Pharmacia-LKB Gene Assembler Plus DNA synthesizer
and included T7 (pBluescript) primer GTAATACGACT-
CACTATAGGG, MBM15 primer GCNCCNCAYATG-
CAYGC (preregion I), and MT1F primer CTCGAATTCGT-
NYTNGANGTNGG (region I, contains an EcoRI linker).
The primary PCR reaction mixture contained 10 mM Tris-
HC], pH 9.0, 50 mM KCl, 1% Triton X-100, 4 mM MgCl,,
0.2 mM dNTP mix (Pharmacia), 40 pmol of T7 (pBluescript)
primer, 75 pmol of MBM15, and 1 uL of phage lysate in a
final volume of 45 yL. The reaction mixture was heated to
98 °C for 5 min to release the phage DNA and then cooled
to 95 °C. Tagq DNA Polymerase (Promega) (2.5 units) in 5
4L of reaction buffer was added, and 20 cycles of touchdown
PCR (Don et al., 1991) were performed on a MJ Research
PTC-100 programmable thermal cycler starting with an
annealing temperature of 62 °C for 1 min that was decreased
by 0.5 °C each cycle. Primer extension was carried out for
2 min at 72 °C, and denaturation was carried out at 95 °C
for 40 s. The reactions were then cycled an additional 10
times at a constant annealing temperature of 52 °C. Reaction
products were fractionated on a 1% low melting point
agarose gel (Gibco-BRL) and purified with the Magic PCR
Prep purification system (Promega) as described in Results
and reamplified with the T7 (pBluescript) primer and the
MTIF primer. Reaction conditions were as described above
except that 2.5 mM MgCl, was used and 20 and 50 pmol of
the T7 and MT1F primers, respectively, were used. Thirty
amplification cycles were carried out using a 95 °C dena-
turation step for 30 s, 55 °C primer annealing step for 30 s,
and a 72 °C primer extension step for 1 min. A 700 bp
PCR product was gel-purified, digested with EcoRI and Kpnl,
and cloned into the plasmid pUCI19 and sequenced by
dideoxy-chain termination using the ATaq Cycle Sequencing
Kit (USB/Amersham).

¢DNA Cloning of Nematode L-Isoaspartyl Methyltrans-
ferase. The radiolabeled 700 bp PCR product described
above was used to screen 700000 phage A plaques from the
cDNA library described above. The library was propagated
in E. coli XL-1 Blue MRF’ cells (Stratagene) and plated out
in NZY top agar (Becton Dickson Microbiology Systems)
on 137 mm NZY plates (50000 pfu/plate). Plaques were
transferred in duplicate onto nitrocellulose membranes (Mil-
lipore HATF) as described (Sambrook et al., 1989). The
membranes were washed at 42 °C in 5x SSC, 0.5% SDS,
and 1 mM EDTA for 30 min. The membranes were then
prehybridized for 3 h at 65 °C in 5x SSPE, 5x Denhardt’s
Solution, 0.5% SDS, and 100 u#g/mL sonicated, denatured
salmon sperm DNA (Sigma) and then hybridized overnight
with a random-primed {a-*2P]dCTP (ICN; 3000 Ci/mmol)
labeled probe (>1 x 10° cpm/ug). The final wash was at
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60 °C in 1x SSPE and 0.2% SDS for 15 min. The
membranes were exposed to Kodak XAR-5 film for 24—48
h with an intensifying screen (Cronex Quanta III, Dupont)
at —80 °C. Secondary and tertiary screening yielded two
positive plaques. The insert-containing pBluescript SK(—)
phagemids were rescued using the ExAssist helper phage
and SOLR E. coli cells as described by the manufacturer
(Stratagene Uni-Zap XR library instruction manual). The
rescued phagemids both contained 900 bp inserts and were
designated clone 21 and clone 27. Both strands of the clone
21 insert were completely sequenced using the ATaq Cycle
Sequencing Kit described above. One strand of the clone
27 insert DNA was sequenced to show that its sequence was
identical to that of clone 21.

Genomic Mapping of the C. elegans pcm-1 Gene Encoding
the L-Isoaspartyl Methyltransferase. Duplicate ordered ar-
rays of yeast artificial chromosome (YAC) clones encom-
passing over 90% of the C. elegans genome were obtained
from Dr. Alan Coulson (MRC Laboratory of Molecular
Biology, Cambridge, U.K.; Coulson et al., 1991). The
membranes were prehybridized for 3 h at 65 °C in 30 mM
sodium phosphate, pH 6.2, 100 mM NaCl, 1 mM EDTA,
pH 8.0, 0.75% (w/v) sarkosyl, and 17% (w/v) dextran sulfate.
The 700 bp pcm-1 c¢cDNA probe was radiolabeled as
described above, and the membranes were hybridized
overnight at 65 °C. The final wash was in 50 mM NaCl,
15 mM sodium phosphate, pH 6.2, and 0.5 mM EDTA, pH
8.0, at 50 °C. The membranes were autoradiographed as
described above.

PCR Amplification of the Genomic Sequence of the C.
elegans pcm-1 Gene. A 2.4 kb genomic PCR product
encompassing 80% of the pcm-1 gene was obtained in a
reaction using the cDNA-derived primer pair 13F (CCGT-
TGATCGTGGAGATTTTGCT; 100 bp 3’ to the start codon)
and 16R (CGCGACTTGTCAATGGCACGTAG; reverse
complement of sequence 20 bp 5’ to the stop codon). The
MgCl, concentration used was 2.5 mM, and 20 pmol! of each
primer was used. Thirty-five cycles were carried out using
a 30 s, 95 °C denaturation step, a 30 s, 55 °C annealing
step, and a 3 min 72 °C primer extension step. The 2.4 kb
product was gel purified, subcloned into a pUC19 plasmid
vector (Gibco-BRL), and completely sequenced using 3?P-
end-labeled primers and the ATaq Cycle Sequencing Kit
described above.

The genomic sequence flanking the 2.4 kb product was
amplified by inverse PCR (Ochman et al,, 1990). The
presence of an Xholl restriction site near the 5” end of the
pcm-1 gene was exploited to obtain an inverse PCR product
spanning the 3’ end of the gene. Two micrograms of
genomic DNA was digested with the restriction enzyme
Xholl (Promega). The reaction was stopped and treated with
Strataclean resin (Stratagene) to remove the enzyme and then
ethanol precipitated and resuspended in 40 uL of sterile H,O,
and 2 uL was taken for a ligation reaction using 1 unit of
T4 DNA ligase (Gibco BRL) in a final volume of 40 uL.
The ligation reaction was incubated at 37 °C for 90 min,
and then the DNA was ethanol-precipitated and resuspended
in 20 uL of sterile H,O. Five microliters of the ligated DNA
was used in a PCR reaction using the primer pair 42F
(TGTCGTAAAGTTGGTGTAGTGCC; 580 bp upstream of
the 3" end of the 2.4 kb product) and 27R (ATTCAACAAC-
CGTGCCATTTCGG:; reverse complement of a sequence
430 bp downstream of the 5 end of the 2.5 kb product).
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The PCR reaction was carried out with 20 pmol of each
primer, 5 units of Taq DNA polymerase (Promega), 5 units
of Taq Extender PCR additive (Stratagene), 2 mM MgCl,,
0.4 mM dNTP mix (Pharmacia), and the Taq Extender
reaction buffer consisting of 20 mM Tris-HCI, pH 8.8, 10
mM KCI, 10 mM (NH4),SOs, 2 mM MgSO,, 1% Triton
X-100, and 1 mg/mL bovine serum albumin. Thirty-five
amplification cycles were carried out with a 30 s, 95 °C
denaturation step, a 30 s, 56 °C annealing step, and a 3 min
72 °C primer extension step. The presence of an Xbal
restriction site near the 3’ end of the pcm-I gene was
exploited to obtain an inverse PCR product spanning the 5
end of the gene. The genomic DNA was digested with the
restriction enzyme Xbal (Gibco-BRL), ligated, and PCR-
amplified as described above. The primer pair used was 27R
(see above) and 22F (ATGTTTGCAAGAGTACCACGTTG;
850 bp upstream of the 3’ end of the 2.4 kb product, and
210 bp upstream of the Xbal site).

Overexpression of the C. elegans L-Isoaspartyl Methyl-
transferase in E. coli. The pBluescript/PCM-1 (clone 21)
plasmid containing the complete cDNA coding region for
the methyltransferase was digested with the restriction
enzymes Xhol and Xholl (Promega). The overhangs were
filled in using Klenow DNA Polymerase (Gibco-BRL). The
840 bp pcm-1 cDNA fragment was excised from a 1% low
melting point agarose gel and purified using the Magic PCR
Prep purification system (Promega). The overexpression
plasmid pT7-7 (Tabor & Richardson, 1990) was digested
with the restriction enzyme Smal (Gibco-BRL) and then
treated with shrimp alkaline phosphatase (USB/Amersham).
After heat inactivation of the alkaline phosphatase, the
digested plasmid was purified using Strataclean resin and
then ethanol-precipitated. The 840 bp fragment encoding
the recombinant methyltransferase (rPCM-1) was ligated into
the linearized, dephosphorylated pT7-7 plasmid and trans-
formed into E. coli strain DH5a. (Gibco-BRL). Transfor-
mants were selected on LB-ampicillin plates and miniprep-
arations of plasmid DNA were subjected to restriction
enzyme mapping to identify constructs containing the 840
bp insert in the proper orientation. The pT7-7/rPCM-1
plasmid was then transformed into E. coli strain C600 which
carries the kanamycin resistance plasmid pGP1-2 and the
gene for phage T7 RNA polymerase under the control of
the Apr. promoter (Tabor & Richardson, 1990). Transfor-
mants were selected on LB-ampicillin + kanamycin plates,
and minipreparations of plasmid DNA were subjected to
restriction enzyme analysis to identify transformants carrying
both plasmids. Overnight cultures of control C600 cells and
the rPCM-1 containing C600 cells were used to inoculate
250 mL each of LB media (100 ug/mL ampicillin, 100 ug/
mL kanamycin), and the cultures were shaken at 225 rpm at
30 °C until they reached an Aep of approximately 0.5. The
cells were then heat induced at 42 °C for 30 min followed
by a further 90 min growth at 37 °C. The cells were pelleted
at 3000g in 50 mL tubes and washed twice in homogeniza-
tion buffer [10 mM sodium phosphate, pH 7.0, 5 mM EDTA,
pH 8.0, 10% (v/v) glycerol] and then resuspended in 2 mL
of buffer per gram cell pellet with added 0.5 mM DTT, 0.5
mM PMSF, 40 ug/mL pepstatin, and 40 ug/mL leupeptin.
The cells were lysed by sonication using three 30 s pulses
at setting no. 4 on a Branson Sonifier model W-350. The
cellular debris was at 4 °C at 16000g for 10 min, and the
cytosol was either used immediately or stored at —80 °C.
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Partial Nematode Methyltransferase Purification and
Kinetic Constant Determinations. Two liters of rPCM-1
overexpressing C600 cells was induced and homogenized
as described above. The lysate was centrifuged for 90 min
at 100000g to pellet the membranes, and 8 mL of the
supernatant was applied to a 10 mL. DE52 (Whatman) DEAE
anion exchange column equilibrated to pH 8.0 at 4 °C in 20
mM Tris-HCI, 0.2 mM EDTA, 0.5 mM DTT, 10% glycerol,
and 0.5 mM PMSF, pH 8.0. After loading, the column was
washed in equilibration buffer at a flow rate of 0.4 mL/min,
and 2 mL fractions were collected. The methyltransferase
was eluted isocratically from the column, and the peak
activity was found in fractions 11—19. Enzyme from
fraction 17 (694 pmol min~! mL!; specific activity 1100
pmol min~! mg~!) was utilized for kinetic assays. The native
enzyme from C. elegans cytosol was also purified 8-fold by
DEAE chromatography under similar conditions. Enzyme
from fraction 15 (29.9 pmol min™! mL~!; specific activity
14.7 pmol min~! mg~!) was utilized to compare the affinities
of the native and the recombinant enzymes. Synthetic
peptides were obtained as described previously (Lowenson
& Clarke, 1991a, 1992).

Kinetic Constant Determinations of the E. coli L-Isoas-
partyl Methyltransferase. Methyltransferase-overproducing
E. coli HB101 cells containing extrachromosomal copies of
the bacterial L-isoaspartyl methyltransferase on the plasmid
pMMkatF1 (Fu et al., 1991) were grown overnight in 1 L
of Terrific Broth (Sambrook et al., 1989). The cells were
pelleted and disrupted with a French press at 16000 psi, and
cytosolic extracts were prepared as described (Fu et al.,
1991). Methyltransferase assays were carried out for 20 min
at 37 °C with 8 uL of cytosol (300 pmol min~! mL™};
specific activity of 3.4 pmol min~! mg™!) as described above.
The E. coli cytosol was also purified 13.6-fold by DEAE
chromatography under conditions similar to those described
above but with a 0—500 mM NaCl gradient. Enzyme from
fraction 45 (250 pmol min~! mL~!; specific activity 46 pmol
min~! mg~!) was utilized in some of the kinetic assays.

RESULTS

Identification of a Protein L-Isoaspartyl Methyltransferase
Activity in Mixed and Dauer Stage Nematodes. We identi-
fied an L-isoaspartyl methyltransferase in cytosolic fractions
of 5-day-old mixed-stage nematode cultures incubated with
AdoMet. Although we detected very little endogenous
activity in the absence of a methyl-accepting substrate, we
found a specific activity of 1.74 pmol of methyl groups
transferred per min per mg of protein in the presence of the
L-isoaspartyl-containing peptide VYP(isoD)HA (Table 1).
This activity was comparable to that found in some plant
tissues (Mudgett & Clarke, 1993), bacterial species (Li &
Clarke, 1992a), and the protozoan Tetrahymena (R. Kagan,
unpublished data) but was lower than the specific activity
found in mammalian tissues such as human erythrocytes
(Gilbert et al., 1988) and bovine brain (Johnson et al., 1991)
or in certain plant seeds (Mudgett & Clarke, 1993). We also
measured this activity in dauer stage larvae. Again, we
detected little or no endogenous activity, but in the presence
of the peptide methyl acceptor we found a specific activity
over 2-fold greater than that of the 5-day mixed adult and
larval nematodes (Table 1).

Isolation of cDNA Clones of the C. elegans L-Isoaspartyl
Methyltransferase. We exploited the high degree of amino
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Table 1: L-Isoaspartyl Methyltransferase Activity in Cytosol from 5-Day Mixed Stage and 3-Week Dauer Nematode Cultures®

methyltransferase activity

methyltransferase activity

sample (pmol min~! mg~!) sample (pmol min~! mg!)
5-day mixed, endogenous 0.09 £ 0.06 dauer, endogenous 0.10 £ 0.09
5-day mixed + peptide 1.74 = 0.18 dauer + peptide 400+ 1.21

4 Bristol (N2) nematodes grown in liquid culture for 5 days to a mixed stage and 3-week-old dauer nematodes were harvested and assayed for
endogenous or L-isoaspartyl-peptide-dependent methyltransferase activity as described in Materials and Methods. The isoaspartyl peptide used was
VYP(isoD)HA at a concentration of 100 uM. The data represent three independent experiments each performed in duplicate.
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FIGURE 1: Sequence and translation of cDNA clone 21 encoding the C. elegans L-isoaspartyl methyltransferase. The pBluescript cDNA
clone containing the 882 bp insert encoding the 225 residue C. elegans L-isoaspartyl methyltransferase was obtained as described and
sequenced. The polyadenylation signal TATAAA at position 844—849 is indicated in boldfaced type. The three methyltransferase AdoMet-
binding motifs I, II, and IIT (Kagan & Clarke, 1994) in the protein sequence are underlined. The sequence has been submitted to Genbank

and assigned the accession number U09669.

acid sequence similarity over short regions of the mammalian
and plant methyltransferase (Mudgett & Clarke, 1993) to
design degenerate oligonucleotides for use in PCR amplifica-
tion of the C. elegans methyltransferase coding sequence

from a nematode cDNA library. Initial amplifications with
two degenerate primers corresponding to methyltransferase
motifs I and II or I and III, or preregion I and motif II or IIT
(Figure 2), yielded only artifactual bands whose translated
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FIGURE 2: Amino acid sequence alignments of C. elegans PCM-1 gene product with human, plant, and bacterial L-isoaspartate (D-aspartate)
O-methyltransferase. The multiple alignment of nematode, human, plant, and bacterial methyltransferases was created with the Megalign
program from DNASTAR, Inc. Residues identical to the nematode protein are boxed. The three methyltransferase AdoMet-binding motifs
and the conserved acidic residue 19 residues C-terminal to motif I are presented in boldfaced type. Two sequence motifs unique to the
L-isoaspartate (D-aspartate) O-methyltransferases are presented in reverse type.

sequences showed no resemblance to L-isoaspartyl methyl-
transferases. Touchdown PCR amplification utilizing the
vector-specific T7 primer (adjacent to the expected polyA
region of the cDNA) and the L-isoaspartyl methyltransferase-
specific 64-fold degenerate primer MBM 15, corresponding
to preregion I, also yielded a number of products that
produced a smear when electrophoresed on a 1% agarose
gel. However, Southern blotting of these products utilizing
a human L-isoaspartyl methyltransferase cDNA probe de-
tected a clear 780 bp band. The PCR reaction products were
then separated on a low melting point agarose gel, and four
5 mm slices from 650—900 bp were excised from the gel.
Following purification, the products from each slice were
loaded into individual lanes of another agarose gel, separated,
Southern blotted, and probed with the mouse methyltrans-

ferase ¢cDNA. The amplification product that gave the
strongest signal on this blot was then used in a secondary
PCR amplification with the T7 primer and the nested 512-
fold degenerate methyltransferase primer MT1F, correspond-
ing to methyltransferase motif I. A 700 bp product was
obtained that was then digested with EcoRI and Kpnl and
cloned into the corresponding polylinker sites of plasmid
pUCI19. Sequencing of this product revealed clear deduced
amino acid sequence similarities to the mammalian and plant
methyltransferases.

The 700 bp fragment, spanning two-thirds of the meth-
yltransferase coding region, was then used to screen the
cDNA library for intact cDNA clones. We isolated two
positive clones through secondary and tertiary screens. The
insert-containing phagemids were rescued by in vivo excision,



10800 Biochemistry, Vol. 34, No. 34, 1995

and the 900 bp insert of one clone (no. 21) was sequenced
(Figure 1). The deduced 225 amino acid residue product is
52.7% identical to human L-isoaspartyl methyltransferase,
42.2% identical to wheat methyltransferase, and 29.2%
identical to E. coli methyltransferase. The deduced meth-
yltransferase sequence contains methyltransferase motifs I,
II, and III (Figure 1) that are found in a wide variety of
protein, DNA, RNA, and small-molecule methyltransferases
(Kagan & Clarke, 1994). The deduced sequence also
contains two other motifs found only in other protein
L-isoaspartyl methyltransferases (Figure 2). The first pre-
cedes region I by 15 residues and has the sequence
TISAPHMHA, and the second follows region III by 31
residues and has the sequence YVPLT. Sequencing of one
DNA strand of the second cDNA clone revealed no sequence
differences with clone 21 (data not shown). Northern
analysis of total C. elegans RNA with the 700 bp PCR-
amplified cDNA probe showed a pcm-1 major transcript of
approximately 900 nt, corresponding to the length of the
cloned cDNA (data not shown).

Overexpression of the C. elegans L-Isoaspartyl Methyl-
transferase in E. coli. In order to confirm that the open
reading frame that we had cloned coded for an active
enzyme, we placed the clone 21 cDNA insert into the
expression vector pT7-7 (Tabor & Richardson, 1990). This
vector allows transcription of cloned sequences under the
control of the T7 RNA polymerase promoter. We exploited
the presence of an Xholl restriction site at position +10 of
the cDNA open reading frame (Figure 1) to clone it in-frame
with the initiator methionine in the vector polylinker
sequence. As a result, the encoded N-terminus of the
construct was altered from MAWRSS in the native protein
to MARIRARSS in the recombinant protein. Cytosolic
preparations from induced, overexpressing cells yielded a
specific L-isoaspartyl methyltransferase activity of 228 &+ 10
pmol min~! mg~!, some 130-fold higher than the activity
found in crude C. elegans cytosol. By comparison, the
methyltransferase activity of induced control C600 cells
carrying the pT7-7 plasmid with the rPCM-1 construct cloned
in the reverse orientation gave a peptide-dependent activity
of only 0.021 pmol min~! mg~1.

Substrate Specificity of C. elegans L-Isoaspartyl Methyl-
transferase. Although all of the previously characterized
L-isoaspartyl methyltransferases recognize a variety of L-
isoaspartyl containing peptides, their affinity for these
substrates are variable [Table 3; cf. Lowenson and Clarke
(1991a,b)]. Additionally, although clear evidence has been
presented for the methylation of D-aspartyl-containing pep-
tides and proteins by the human (McFadden & Clarke, 1982;
O’Connor et al.,, 1984; Lowenson & Clarke, 1992) and
bovine (O’Connor et al.,, 1984) methyltransferase, it does
not appear that either the E. coli (Fu et al., 1991) or the
wheat enzyme (Mudgett & Clarke, 1993) is capable of
methylating D-aspartyl residues. We thus decided to compare
the ability of the C. elegans recombinant enzyme to recognize
both L-isoaspartyl, and D-aspartyl-containing peptides. We
found that L-isoaspartyl peptides are good substrates for the
C. elegans methyltransferase. The Michaelis constants of
the partially purified, recombinant methyltransferase were
determined for a number of L-isoaspartyl-containing peptides
(Figure 3 and Table 2). Although the N-terminal of the
recombinant enzyme differs at a few positions from the native
enzyme (see above), partially purified native C. elegans
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FIGURE 3: Determination of K values for the nematode L-
isoaspartyl methyltransferase for L-isoaspartyl peptides. Methyl-
transferase activities were obtained in triplicate determinations as
described in Materials and Methods. The error bars indicate one
standard deviation. Where no bar is shown, the value of the standard
deviation was less than the width of the point. Kinetic constants
were determined using the ENZFITTER program as described in
Table 2. The solid lines show the theoretical fit to the Michaelis—
Menten equation using these values.

enzyme assayed with one of the peptides did not give a
significantly different K, value (Table 2). The K, values
varied over 240-fold between the nonapeptide substrate
KASA(@soD)LAKY (9 uM) and the tetrapeptide AA-
(isoD)F-NH, (2.2 mM), while the maximal velocities showed
much less variation (Table 2). The K, values for the C.
elegans enzyme for these peptide substrates were found to
be 17—67-fold higher than those for the human methyl-
transferase but were somewhat lower than the values for the
wheat methyltransferase (Table 3). The C. elegans enzyme
also had higher Ky, values then the E. coli enzyme for three
out of the four peptides assayed (Table 3). The human
erythrocyte methyltransferase is able to methylate the D-
aspartyl-containing peptide KASA(D-Asp)LAKY with a 2.7
mM K, (Lowenson & Clarke, 1992). However, the same
D-aspartate peptide was not recognized by the C. elegans
recombinant enzyme even at a peptide concentration of 9
mM (Table 4).

Hen egg white ovalbumin is nearly as good a substrate as
L-isoaspartyl peptides for the human erythrocyte methyl-
transferase (K, = 35 uM; Lowenson & Clarke, 1991a).
However, ovalbumin is a poor substrate for the E. coli and
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Table 2: Kinetic constants of the C. elegans L-Isoaspartate O-Methyltransferase for AdoMet, L-Isoaspartyl Peptides, and Hen Egg White
Ovalbumin?

substrate K (M) Vinax (pmol/min) Vinax (normalized) Vinax (normykm M™1)
AdoMet 3.05 £0.01 3.40+£0.0t
KASA(isoD)LAKY 9.12 £ 0.02 2.04 £0.01 1 110000
VYP(isoD)HA 19.4 £0.5°% 2.85 £0.02 1.40 72000
VYP(isoD)DA 1280 = 20 3.21 £0.02 1.57 1230
AA(isoD)F-NH, 2220 = 40 1.77 £ 0.02 0.868 392
ovalbumin >3000 NA

¢ Assays were conducted as described in Materials and Methods using the partially purified recombinant enzyme (4 uL; 694 pmol min~' mL™").
The concentration of AdoMet was held at 10 uM for the methyl-acceptor Kn, determinations; 200 uM VYP(isoD)HA was used for the AdoMet K,
determination. All amino acid residues in the synthetic peptides were in the L-configuration. Incubations were done for 15 min and were stopped
by freezing the reaction tubes in dry ice. The enzymatic activity was determined for 7—8 substrate concentrations, and the kinetic values were
calculated from initial velocity vs substrate concentration plots of triplicate determinations for each substrate concentration. The data were fitted
to the Michaelis Menten equation by nonlinear regression using the computer program ENZFITTER (Elsevier Biosoft). The K, and Vi values
represent mean and the standard error calculated by the program from the nonlinear curve fit. The normalized maximal velocity values were
normalized to the V., observed with the KASA(isoD)LAKY peptide. NA, not available. ® A control assay of native enzyme partially purified on
a DEAE cellulose column (15 uL) gave a K, of 15.8 £ 0.01 M for this peptide.

Table 3: Comparison of K, Values of the L-Isoaspartate (D-Aspartate) O-Methyltransferase from Bacteria, Plants, Nematodes, and Humans for
L-Isoaspartyl Peptides and Hen Egg White Ovalbumin®

KASA(isoD)LAKY (uM)  VYP(isoD)HA (uM)  VYP(isoD)DA (uM)  AA(isoD)F-NH, M)  ovalbumin (uM)
E. coli 50.6¢ 11.84¢ 3344 3926 7274
wheat® 12.7 51.7 NA NA >1500
C. elegans? 9.12 19.4 1280 2220 >3000
human/ 0.52 0.29 37.7 63.3 35

@ The kinetic parameters for the recombinant C. elegans enzyme are taken from Table 2. The kinetic parameters of the E. coli enzyme were
determined at 37 °C using a cytosolic extract of an overproducing strain prepared as described in Materials and Methods. The enzymatic activity
was determined for 7—8 substrate concentrations, and the kinetic values were calculated from initial velocity vs. substrate concentration plots of
triplicate determinations for each substrate concentration by nonlinear regression using the computer program ENZFITTER (Elsevier Biosoft). The
K and Vi, values represent mean and the standard error calculated by the program from the non-linear curve fit. # Fu et al. (1991) and J. Fu,
unpublished data. ¢ Values at 25 °C from Mudgett and Clarke (1993). 4 This work. ¢ A control assay of native enzyme partially purified on a DEAE

cellulose column (10 4L) gave a K, of 9.2 uM for this peptide. /Values at 37 °C from Lowenson and Clarke (1991a).

Table 4: Comparison of the Substrate Specificity of the Human and
the C. elegans Methyltransferases for a D-Aspartyl-Containing
Peptide Substrate®

methyltransferase
enzyme activity (pmol relative
source peptide min~! mg~!) activity®
C. elegans KASA(isoD)LAKY* 254 + 39 100%
KASA(D-Asp)LAKY? 09+02 0.35%
KASA(D-Asp)LAKY* 07+03 0.28%
endogenous 0.14 £ 0.06 0.06%
human KASA(isoD)LAKY* 2645 £330 100%
KASA(D-Asp)LAKY® 515 +25 19%
endogenous 1304 0.5%

2 Recombinant C. elegans L-isoaspartyl methyltransferase overex-
pressed in E. coli and purified recombinant human L-isoaspartyl (D-
aspartyl) methyltransferase (MacLaren & Clarke, 1995) were assayed
with either a L-isoaspartyl or a D-aspartyl-containing peptide at 30 °C
as described in Materials and Methods.  Methyltransferase activity
relative to that of the L-isoaspartyl peptide. ¢ 140 uM. 4750 uM. ¢ 9
mM.

the wheat germ methyltransferases (Fu et al., 1991; Mudgett
& Clarke, 1993). The C. elegans enzyme proved to be
similar to the bacterial and wheat germ enzymes in this
respect as well. At an ovalbumin concentration of 3 mM,
the activity of the recombinant nematode methyltransferase
was only 32% of the maximal velocity observed for the
L-isoaspartyl peptide VYP(isoD)HA, and saturation could
not be reached (Table 2). The Michaelis constants of the
C. elegans enzyme for the methyl donor AdoMet was also
determined. The K, value of 3.05 uM for AdoMet was close
to the 1.9 uM value measured for the bovine brain methyl-
transferase (Johnson & Aswad, 1993).
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FIGURE 4: Mapping of the pcm-1 gene to chromosome V. A 700
bp 32P-labeled cDNA probe for the C. elegans pem-1 gene was
hybridized to an ordered array of YACs encompassing 95% of the
C. elegans genome (Coulson et al., 1991). The three YACs that
gave positive signals mapped to contig 313 and overlapped over a
31 kb region between —1084 and —1053, placing the pcm-1 gene
in the central region of chromosome V. The calreticulin-encoding
crt-1 gene has been previously mapped to positions —942 to —932
(Durbin & Thierry-Mieg, 1993).

Genomic Mapping of the C. elegans Methyltransferase.
Southern blotting of C. elegans genomic DNA with the
cloned 700 bp PCR product detected single restriction
fragments in BamHI- and HindlII-digested genomic DNA
(8.7 and 5.6 kb, respectively) suggesting that the methyl-
transferase was the product of a single gene, designated
pcm-1 (data not shown). Two restriction fragments were
detected in Clal- and EcoRI-digested genomic DNA, due to
the presence of Clal and EcoRI sites in the pcm-1 genomic
sequence (see below). In order to ascertain the chromosomal
location of the pcm-1 gene, we obtained an ordered array of
yeast artificial chromosome (YAC) clones, encompassing

-1180 4
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-1120

-1210 4
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CACATTCTTTAATTTAAGTTTCCATTGTTIIICATTACA?TCAACTATTTTTCATTTCCTTTCTCATATII&ACCATCCeTTTCTCTAA?CGGTCACTTTTCTTTTCCGT

110
CTCTCCAACATTTCCTCTAATACGCTGCGTCTCTTCTCCATAACGTCTGAGAGAACATCGATTGTACAGATAAACAGCCGBAGCTAAACCTTGTTTTTCTGTGAAATTCT

220
CGAAAGTTCTACATATTCTGGTGCATGAAeCGACTTCAGTTCGTGTCAAETTTACTCGTTTTAACTACA&GGACTTTGGqAAAAGGAAT?GCATGGAGATCCAGTGGTTC

M AW R S 8§ G S
GACTAATTCGGAGCTCATCGATAATTTGAQAAgtaggtt?ttttcatcggaactttuqo?cttgaacttEocuoacaca?gtutatgaagtttttatuggcctctogagc

T NS E L I DNLR
oatttuaagcaataqttgtgcaacagtaagtctttcttgfcotutoatcgucaattcgcgogcaaagttgagcacoaoaggcuactcgugougttcgaagtgtattgacy
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550
tcccaottgtuugauuccuauuattctccgoqccaccgcgaggatugccfgucatttgogugcttcuocgcttgaatacgaqggaauocgggcugtgtc?gaguaugaug

860
occcgcgacocoauctcaottaotcctaugttggtcaoagcgacaggct9atggtctut?ctcgttctgfatucttacggggaacgcga$cccacaact;ttgtccaaac

770
tguacccactctcaaattthgATAATCGeGTGTTTGCCéGTCAAAGAGQCTACGATGCQATGAAATCCQTTGATCGTGEAGATTTTGCTCCGAGAGCTQCTTATGAAGA

N R VF A S QRAYDAMEKSVYDRGDTFAPRAPYETND
CGCTCCTCAACGAATTGGATATAATGCAAQGGTTTCTGCACCTCACATthoagaatttgaggaoottg?tgguaaaaagtuuguaagtqtttotaattgaacgaaccgg

AP QR 1T G Y NATV S AP HM
tttaatttcouttcccacocuacqaaauagggctgccoc§acctgccuc?tctgcccoc?gugttttoagcagctctttgcctactcgc?ttcgcccot?ctcatttttt

880

990

1100
cattgccchACGCAGCTGCTCTCGACTACCTACAAAAC?ACCTGGTTGECGGTGCCAAeGCTCTTGAC?TTGGCTCAGGAAGTGGATATTTGACAGTTTGTATGGCAAT

H A A AL DY LONUBHKLV AGAK ALUDVYGSG6 S G6Y LTV CHMAM
GATthatcgccactgcotggatttagctgottggoatt?oacouacag?octttchTTGGCCGAAATQGCACGGTTGTTGGAATTGA&CATATGCCAQAGCTGGTCGA
M vV 6GRNGT VYV G EHMPOQLVE
ATTAAGCGAGAAAAATATCAGAAAGCATCACAGTGAACAéTTGGAACGTGGAAATGTTATCATTATTGAggtoaottttgcqaocutcggpguattcgagccttttgcqc

L 8§ E K N T R KHHSEQQLERGNVYV I I I E
tgccatcthGttgutttt?actugctgtgctcccctcggcctgttttgggaagotuocgcutgoaoctgpacctacct9gcatggtcugatagucgtggottttttttt

1210

1320

1430

1540
tccutccagctggcaauoc?ugtacccthttogtogtgggotgcctttfctgtttctc?ctcttgtctgccactgtctgcgcqggcgcgcaatgtttt$tgcttgattt

1650
tcoaoottogotottcaccggccutatccgtggctctcogcctfctcaugaoctttttt?tottgcccggcgttccoac*gttcgcgggitcggtugoagcoootctatT

1760
ttttgcootctgcgcotocacccotgcog?tttattatt;tgcgogtot?catttcgttgcaattttco$gtttttctcgacgtcottggutaagtaua?aotcttctgo

1870
aqcuctgttacccotttgccgtoaatgcu?tcguadcthtdtttgctc}attttcaot?caauccaco?tttgtgtag?gtagotttttgogcatatu?acaogtcgao

1880
aaaccagaoccattgcccoacacggagcatgccccucau?caagcgtac?caacacttgftacogcaog?gccocttttFgcaaaoccanchuatttgacooctccct

2090
catatttctogGGAGACGGCCGTCAAGGATTCGCGGAAAeGGCTCCATAEAATGCAATT?ACGTGGGAG?AGCTTCAAA&GGAGTCCCC&AAGCthocgtgcctttgt9
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tttcaaatttttggcaattgtgeccacot;ctccaattggfcogottgggaocutcgooggtgcutacogccgggcoocgttcctucctgtgtaotctggtccccaatct

2640
agotcaactgtcagogttuqttottgtca?agctaottggcagtttooagoaottctgtggtccngttg?tgtcgtgcc?gtggggattftgtctacctgcqtttutuat

2750
gutccaogacggccgcotctcctautaccgcucttccaagocatttago?tttccotcg$tttcggtccgagttttggcggottgccoa9octactatccaaagaaatgt

2860
cgcctgttccgoctcctucuttgttttcgfccgactoatfouoccagacftcagtutaugautgtuggcgcatgtttct?tcggtcgccftcccaaottgtgugaggcga

aacctgogtgattctccct?tagtcatttggctccatatgugtagtcttfaccactttc?ccactagcg?tgctccctt?tttcattct}ccottqctatttcagCTCAq sore
L T
GGATCAACTQGCTGAAGGTQGCAGAATGAIEATTCCGGTTGAACAAGTC?ACGGAAATCethtagcttfcaattcot09tocatcgcc?cttutgcat?uaaccoctt?
balL AEGGRMMIPY EQV DGNDOQ
cagGTCTTCATGCAAATCGeTAAGATCAATGGAAAAATTQAGCAAAAGATTGTGGAACAqGTGATCTACgTGCCATTGAQAAGTCGCGAQGAACAATGGAACCGCAATTQ
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ACCGTGTTCTTCTGTCAAAeAATTAGTGAeCTATTTCTT?AAATGCTTTTTTTTTCTAGQAACCCTTACTCTCGTCTACgTCAAGTGTCATTCATTAGCGAGAAGAGGAG

3520
CCGAGTTTTTGAGAAGACATAACTCAGTTTCTTCTTGTTTTACGTTTTCqTACTACACCeTGTCGTTTAgTTTTTTATCQTTTCYGTTTTGGTCAACAATCGAAAACTTA

3630
AATGTCCTTgACTATCTGGéTTGTCCATTTTGAGCAATGATTGACAAGT?ACCGGAATC&TTTCRTCTTQTCCTTTTCCGGTAAAAGCAQTTAATTGTTGTTYTGGATAG

3740

CGTAG
> 3745

FIGURE 5: Nucleotide sequence encoding the C. elegans pcm-1 gene on chromosome V. pcm-1 specific primers were used to obtain one
direct genomic PCR product and two inverse genomic PCR products spanning the pcm-1 gene. The products were cloned and sequenced
as described in Materials and Methods. The translation of the seven pcm-I exons is shown below the nucleotide sequence. Nucleotide
positions 550, 3605, 3695, and 3733 are polymorphic: Y= C or T and R = G or A. The sequence has been submitted to Genbank and
assigned the accession number U15129.
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FIGURE 6: Comparison of the genomic organization of the C. elegans and mouse genes encoding the L-isoaspartyl methyltransferase. (A)
pem-1 exon positions are indicated by the solid bars below the scale. Shaded bars A, B, and C represent the direct (A) and inverse (B and
C) genomic PCR products used to obtain the genomic nucleotide sequence as described in the text. (B) Comparison of the locations of exon
splice junctions for the mouse (Romanik et al., 1992) and the C. elegans methyltransferases. The amino acid sequence for the five splice
sites conserved between nematode and mouse is given below (nematode) or above (human/mouse) the splice junctions. I, II, 111 designate
the methyltransferase AdoMet-binding motifs; pre-I and post-III designate unique L-isoaspartyl methyltransferase motifs (see Figure 2).

over 90% of the C. elegans genome (Coulson et al., 1991).
Duplicate arrays were hybridized with the 700 bp cDNA
probe. We obtained three positive signals for the YAC
clones Y55G7, Y67F2, and Y38A10 (data not shown).
These clones map to ctg 313, an 11 megabase contig on
chromosome V, and they delineate a 31 kb overlap in the
central region of chromosome V (Figure 4; Durbin &
Thierry-Mieg, 1993).

Genomic Organization of the C. elegans Methyltransferase
Gene. In order to determine the genomic organization of
the pem-1 gene, we PCR-amplified a 2.4 kb genomic
fragment encompassing 80% of the pcm-1 gene, using the
cDNA-derived primer pair 13F and 16R. This product was
completely sequenced, and the information was used to
design primers for inverse PCR to obtain the remaining 5
and 3’ sequence of the gene. After Xholl digestion and
ligation of genomic DNA, the primers 27R and 42F were
used in an inverse PCR reaction to amplify a 2.1 kb product.
DNA sequencing yielded an additional 470 bp of new
sequence information encompassing the 3" end of the coding
region and the 3" UTR through the polyadenylation site.
Digestion of genomic DNA with Xbal and ligation followed
by an inverse PCR reaction with the primer pair 27R and
22F yielded a 3.3 kb PCR product. DNA sequencing yielded
an additional 862 bp of new genomic sequence information,
encompassing the 5" end of the coding region, the 5" UTR,
and the upstream putative promoter region. No TATA box

element, or other identifiable promoter motif, was evident
in the upstream region of the C. elegans methyltransferase
gene. In this respect, the nematode gene resembles the
TATA-less murine L-isoaspartyl methyltransferase (Romanik
et al., 1992).

The nucleotide sequence of the pem-1 gene is presented
in Figure 5. The gene encompasses seven exons and six
introns, spanning 3185 bp from the start of the 5" UTR to
the polyadenylation site. The arrangement of the introns and
exons is presented schematically in Figure 6A. The consensi
for the pem-1 splice donor sites and the splice acceptor sites
are AG/GTA and TTTCA/G, respectively, matching the
consensi for other surveyed C. elegans introns (Felsenstein
& Emmons, 1988; Fields, 1990). The nucleotide composi-
tion of the introns is 68% AT overall. The largest intron,
number V, has a 160 bp region that is 90% identical to the
consensus for repetitive element family 357 found in a
number of intronic intergenic regions on chromosome 111
(Agarwal & States, 1994). Interestingly, the positions of the
intron—exon splice sites within the coding region of the C.
elegans gene and the mouse methyltransferase gene (Ro-
manik et al., 1992) are remarkably conserved. Figure 6B
shows that the positions of four splice sites are identical in
mice and nematodes. The insertion phase of the introns in
the coding sequence is also identical in these cases (phase |
for intron I and phase 0 for introns 2, 3, and 5). A fifth
splice site between pcm-1 exons 4 and 5 (mouse exons 5
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v v ¢ D G
GTT Ggtaagt...nncagTG GGG GAT GGA Human
v v ¢ D G
GTG Ggtgagg...tttagTG GGT GAT GGA Mouse
1 E 6 D G
ATT GAGgtaaa...nntctagGGA GAC GGT C. elegans
H V G D G
CAY GTT GGT Ggtgag...noatagAT GGG Arabidopsis

FIGURE 7: Potential intron slippage at a single splice site in human,
mouse, nematode, and plant PCM genes. The splice site for intron
IV in C. elegans, intron V in human (B. Tsai, unpublished results),
arid mouse (Romanik et al., 1992) and intron III in Arabidopsis
(M. B. Mudgett, unpublished results) methyltransferase genes is
conserved. A slippage of two nucleotides has apparently occurred
from nematodes to mammals, and an additional two nucleotide
slippage has occurred from nematodes to the Arabidopsis.

and 6) is shifted by a single codon. The second intron in
the mouse gene is absent in the C. elegans gene, resulting
in a single exon for the sequence that spans two exons in
the mouse gene. In contrast, the splice site between pcm-1
exons 6 and 7 is absent in the mouse gene. The human
methyltransferase gene can undergo alternative splicing at
the 3’ end to generate two distinct isozymes (MacLaren et
al;, 1992) and has additional splice sites for exons 7b, 7c,
and 8 that are absent in the C. elegans gene. A single intron
positian is conserved in the human, mouse, C. elegans, and
Arabidopsis thaliana methyltransferase genes (Figure 7). The
divergence of the intron position between human and mouse
exons 5 and 6, C. elegans exons 4 and 5, and A. thaliana
exons 3 and 4 most likely originated by intron sliding
resulting from insertion and deletion of nucleotides (Muller
& Schmitt, 1988; Gilbert & Glynias, 1993). The splice
acceptor and donor sites of the C. elegans gene are shifted
by four nucleotides toward the 5’ end of the gene relative to
the Arabidopsis sequence, and an additional shift of two
ducleotides is evident in the human gene (Figure 7).

DISCUSSION

We have identified a protein L-isoaspartyl methyltrans-
ferase in C. elegans. From sequence analysis of a cDNA
encoding this enzyme, we have found greater than 29%
identities in deduced amino acid sequence with the E. coli,
wheat, and mammalian enzymes (Figure 2). This result is
consistent with the conserved nature of the L-isoaspartyl
methyltransferase sequences seen previously. These en-
zymes thus meet the criteria of Doolittle’s “first edition”
anciént proteins that have retained their original function over
two billion years of evolution from prokaryotes to eukaryotes
(Doolittle et al., 1986). Although the nematode line diverged
from the line leading to higher animals some 1000 million
years ago (Vanfleteren et al., 1994), the nematode methyl-
transferase has retained 52.7% amino acid identity to the
human enzyme.

We found that the nematode methyltransferase recognizes
tHe same L-isoaspartyl peptide substrates as the human, E.
coli, and wheat enzymes. However, the affinities of the
human methyltransferase for these substrates are 17—67-fold
higher than those of the nematode enzyme. The wheat and
E. coli methyltransferases also exhibit higher K, values for
L-isoaspartyl-containing sequences than the human enzyme
(Table 3), suggesting that higher animals may have continued
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to evolve a higher affinity for L-isoaspartyl-containing
sequences. Interestingly, while the human methyltransferase
is able to methylate ovalbumin with micromolar Ky, values,
neither the wheat enzyme nor the C. elegans enzyme were
able to reach saturation velocity at millimolar concentrations
of this protein substrate. Furthermore, the results presented
here suggest that the ability to recognize D-aspartyl substrates,
a characteristic of the mammalian enzyme, is not present in
the nematode, E. coli, or wheat enzyme. No methylation of
the D-aspartyl-containing peptide KASA(D-Asp)LAKY by
the recombinant C. elegans enzyme was detected at peptide
concentrations of up to 9 mM, while the human enzyme
recognizes this peptide with a K, of 2.7 mM (Table 4). These
data may reflect simply a much poorer affinity of the
nematode enzyme for all methyl-accepting substrates or the
absence of its ability to recognize D-asparty! sites at all.

Why does the mammalian enzyme appear to recognize
substrates with much higher affinities than the nematode
enzyme? Computer models have predicted that a 100-fold
increase in the K, of human erythrocyte methyltransferase
for an L-isoaspartyl substrate (from 0.5 to 50 uM) would
result in an increase from 0.22 to 22 L-isoaspartyl residues
per 1000 100 kDa proteins after 120 days (Lowenson,
1991b). In long-lived protein molecules in tissues such as
brain and eye lens, this could result in a significant
accumulation of these aberrant residues at an earlier age with
possible detrimental effects. Thus, the longer lifespans of
higher organisms may have provided the selective pressure
for the evolution of a mammalian methyltransferase with
lower Michaelis constants for its damaged protein substrates.
Since the mean lifespan of C. elegans is only approximately
20 days, or up to several months in the case of dauer larvae,
the higher K, values of its methyltransferase may not result
in a significant accumulation of aberrant aspartate residues.
Additionally, the selective pressure that led to the appearance
of D-aspartyl methylation in the mammalian enzymes may
also be attributed to an increase in lifespan, as D-aspartyl
residues accumulate to a much lesser extent than L-isoaspartyl
residues over a short period of time (Lowenson, 1991b) and
thus may not be significant in short-lived organisms. It is
unclear why the affinity of the wheat enzyme for its
substrates is also much lower than the mammalian enzyme
(Mudgett & Clarke, 1993; cf. Table 3) especially since seeds
can remain viable for years. As the water content of viable
seeds can be quite low (15—28%; Villiers, 1975), the
effective concentration of substrates for the methyltransferase
would be expected to be quite high, and thus a higher
Michaelis constant may not result in a reduced rate of
L-isoaspartyl methylation.

A large number of prokaryotic and eukaryotic methyl-
transferases and other AdoMet-utilizing enzymes are distin-
guished by the presence of three sequence motifs, designated
I-III, that may be related to the binding of their common
cofactor (Kagan & Clarke, 1994). Two recent crystal
structures of an adenine-specific Tagl DNA methyltrans-
ferase (Labahn et al., 1994) and a catechol O-methyltrans-
ferase (Vidgren et al., 1994) have shown direct contacts of
both motif I residues and a downstream glutamate residue
with AdoMet and a supporting role of motifs II and III in
an adjacent S-pleated sheet structure. These motifs are
highly conserved between the L-isoaspartyl methyltrans-
ferases of bacteria, plants, and mammals, and now nematodes
(Figure 2). Motif I is completely conserved in all four
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sequences. The glutamate residue at position 110 in the
nematode enzyme, 19 residues C-terminal to motif I, is also
conserved in a large number of methyltransferases (Kagan
& Clarke, 1994). In the methyltransferase motif II, the near
invariant aspartate at position 4 is replaced with an asparagine
in the nematode sequence—the only such case in 47
methyltransferase sequences, representing 26 distinct enzy-
matic activities (Kagan & Clarke, 1994). The recent partial
sequencing of the putative L-isoaspartyl methyltransferase
gene of Pseudomonas aeruginosa also has an asparagine at
this position (Genbank accession number D26134). Motif
III is also well-conserved. The amino acid sequences of
L-isoaspartyl methyltransferases are distinguished from those
of other methyltransferases by the presence of two unique
motifs. The first is a nine-residue sequence (designated
preregion I) about 60 residues from the N-terminus with the
consensus sequence TISAPHMHA, and the second (desig-
nated postregion III) is the sequence YVPLT near the
C-terminus (Figure 2). We hypothesize that these motifs
may play an essential role in L-isoaspartate substrate recogni-
tion.

We have also identified and characterized the gene for
this enzyme, designated pcm-1, and found that it is present
as a single copy on chromosome V and consists of seven
exons and six introns, with an organization remarkably
similar to that of the mouse L-isoaspartyl methyltransferase
gene (Romanik et al., 1992). However, while the mouse
gene is at least 25 kb in length, the nematode gene spans
only 3.2 kb. Five intron splice sites are conserved between
the nematode and mouse genes. The nematode pcm-1 splice
site between exons 6 and 7 is absent in the mouse methyl-
transferase gene. The mouse gene has an additional splice
site between exons 2 and 3, absent in the nematode pcm-1
as are the splice sites between exons 7a, 7b, 7c, and 8 (Figure
6). These latter three sites are involved in alternate splicing
of the 3’ end of human methyltransferase (MacLaren et al.,
1992). No alternately spliced forms of C. elegans methyl-
transferase were isolated in the cDNA library screen, and
the genomic sequence shows only a single polyadenylation
signal in the 340 bp 3’ to the termination codon. The six
introns of the pcm-1 gene are AT rich (68% overall), and
the splice donor and acceptor sites match the established
consensus for C. elegans genes. However, only two of the
six introns (III and VI) are shorter than 75 bp, whereas 64%
of surveyed introns in C. elegans are shorter than 75 bp
[Figure 6; cf. Fields (1990)]. The conserved genomic
organization of nematode and mammalian methyltransferase
is consistent with an ancestral animal methyltransferase gene
with seven introns (five conserved introns, C. elegans intron
VI and human intron ). Throughout 1000 million years of
evolutionary change separating nematodes from mammals,
the nematode gene may have lost human intron II and the
mammalian gene may have lost C. elegans intron VI. It
seems unlikely that this genomic arrangement arose through
intron gain which should have required the independent
insertion of five introns at identical sites in the mammalian
and nematode lineages (Moens et al.,, 1992; Blaxter et al.,
1994). The alternate splicing sites at the 3’ end of the human
methyltransferase gene may have been a recent modification.
A single splice site is conserved between mammalian,
nematode, and plant methyltransferase genes (Figure 7). The
divergence in position of this splice site may represent intron
sliding, resulting from insertion and deletion of nucleotides.
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Other cases of intron movement in well-conserved genes
have been detected in the Volvox histone H3 genes (Muller
& Schmitt, 1988) and the triose phosphate isomerase genes
of Aspergillus, maize, and chicken (Gilbert & Glynias, 1993).

Conservation of multiple splice sites between distantly
related organisms, such as nematodes and mammals, has been
observed in a number of other highly conserved genes. The
maize and chicken triose phosphate isomerase genes have
five conserved splice sites (Marchionni & Gilbert, 1986) and
the vertebrate, plant, and nematode globin genes have a single
splice site conserved between C. elegans and plants and two
other splice sites that are conserved between the plant and
the vertebrate genes (Kloek et al., 1993). The C. elegans
ace-1 gene coding for acetylcholinesterase also has a single
splice site that is conserved with Drosophila and vertebrate
ACHE genes (Arpagaus et al., 1994). The high degree of
evolutionary conservation in intron positioning indicates that
it may have functional significance, and it has been suggested
that intron positioning in mRNA may play a role in
differential RNA expression (Berman et al., 1990).

What is the role of L-isoaspartyl methyltransferase in C.
elegans? Under conditions of diminished food supplies or
overcrowding, nematode larvae in the L1 stage enter a
specialized larval stage known as the dauer stage. Dauer
larvae may survive for up to several months without feeding
and with a significantly diminished metabolic rate and then
resume normal development with no change in the subse-
quent adult lifespan (Riddle, 1988; Reape & Burnell, 1990).
Superoxide dismutase, an enzyme that protects cells from
oxidative damage, is detected at 4.5—5-fold higher levels in
dauer larvae (Anderson, 1982; Larsen, 1993). In this work,
we have observed a 2-fold increase in the specific activity
of the L-isoaspartyl methyltransferase in the dauer stage
(Table 1). We propose that the increased levels of methyl-
transferase may help minimize the accumulation of isomer-
ized aspartate residues during this extended period. In E.
coli, deletion of the pcm gene dramatically reduces the
survival of cells in stationary phase and increases their
sensitivity to heat shock and oxidative stress (Li & Clarke,
1992b), presumably due to the accumulation of aberrant
aspartate residues that cannot be repaired. To test this
hypothesis in a eukaryotic system, experiments are in
progress to obtain Tcl transposon insertion mutants in which
the pcm-1 gene is inactivated in C. elegans (Zwaal et al.,
1993).
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