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ABSTRACT. Protein-l-isoaspartyl (d-aspartyl) O-methyltransferase (E.C. 2.1.1.77) is a well-conserved and
widely distributed protein repair enzyme that methylates isomerized or racemized aspartyl residues in age-damaged
proteins. We exploited the availability of protein sequences from 10 diverse animal, plant and bacterial taxa to
construct a phylogenetic tree and determine the rates of amino acid substitution for this enzyme. We used a
likelihood ratio test to show that this enzyme fulfills the conditions for a molecular clock. We found that the
rate of substitution is 0.39 amino acid substitutions per site per 109 years and remains relatively constant from
bacteria to humans. We argue that this degree of sequence conservation may result from the functional con-
straints necessitated by the requirement to specifically recognize altered aspartyl but not normal aspartyl residues
in proteins. Relative rate analysis of the Caenorhabditis elegans sequence suggests that the amino acid substitution
rate in the nematode lineage may be higher than that in other lineages and that the divergence of nematodes
may have been a more recent event than suggested by previous analysis. comp biochem physiol 117B;3:379–
385, 1997.  1997 Elsevier Science Inc.
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INTRODUCTION bacteria (23,34), the protozoan Tetrahymena thermophila (R.
Kagan, unpublished data), fungi such as a common mush-

Protein l-isoaspartate (d-aspartate) O-methyltransferase
room (12,17) and Neurospora crassa (R. Kagan, unpublished

(EC 2.1.1.77) catalyzes the transfer of methyl groups from
data); a number of plants (17,31,32), nematodes (19) and

AdoMet to the free carboxyl groups of the isomerized and
other invertebrates (17) and all vertebrates examined in-

racemized residues derived from aspartyl and asparaginyl res-
cluding humans (5,34). This enzyme has been found in al-

idues in polypeptides (1,11,22,26,28). The methylation of
most every cell type examined so far, although it has not

these abnormal residues, the products of spontaneous aging
been detected in four types of gram-positive bacteria (23)processes, can lead to their conversion to normal l-aspartyl
or in the yeast Schizosaccharomyces pombe (R. Kagan, unpub-

residues and may function to minimize the effects of protein
lished data). In addition, we find no evidence for a homolo-

isomerization and racemization in cells (Fig. 1). The enzyme
gous gene in the recently completed Saccharomyces cerevisiae

is particularly active on l-isoaspartyl residues, the product of
genome sequence (14). The widespread distribution of this

isomerization reactions, and ‘‘repair’’ of this type of damage
enzyme suggests that its function in recognizing damaged

has been directly demonstrated in vitro (2,15,16,30). The most
proteins may be essential to most life forms.

direct evidence for the biological relevance of this methyla-
In light of the sequence and functional conservation of

tion pathway is the significantly diminished stationary phase
the l-isoaspartyl methyltransferases from E. coli to humans,

survival of Escherichia coli mutants lacking this enzyme (24).
we were interested in examining the phylogenetic relation-

l-isoaspartyl methyltransferase activity has been detected
ships of the 10 orthologous gene products for which amino

in a broad spectrum of organisms, including gram-negative
acid sequences are available. In this work, we show that this
enzyme fulfills the conditions for a molecular clock. We also
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Caenorhabditis elegans based on cytochrome c and globin
evolutionary rates (41).

MATERIALS AND METHODS
Sources of L-Isoaspartyl
Methyltransferase Sequence Data

Sequences included human (Homo sapiens) PCMT isozyme
I (NBRF-PIR accession number A34489), bovine (Bos
taurus) PIMT-1 isozyme I (NBRF-PIR accession number
A34242), rat (Rattus rattus) PCMT-1 (Genbank accession
number D11475), mouse (Mus musculus) PCMT-1 (NBRF-
PIR accession number JC1248), C. elegans PCM-1 (Gen-
bank accession number U09669), wheat (Triticum aestivum)
PCM (Genbank accession number L07941), zebrafish (Da-
nio rerio) PCMT (Genbank accession number U37434),
fruit fly (Drosophila melanogaster) Pcmt (Genbank accession
number U37432), Arabidopsis thaliana PCMT (Genbank ac-
cession number U31288) and E. coli PCM (Genbank acces-
sion number M63493).

Sequence Alignments and
Phylogenetic Tree Construction

A multiple alignment of 10 l-isoaspartyl methyltransferase
amino acid sequences was constructed using the CLUSTAL
W algorithm (40) and the default parameter settings.
Amino acid sequences were compared for the full length of
the protein species, ranging from 207 residues in E. coli to
229 residues (excluding the initiator methionine) in wheat
and A. thaliana. Subsequent analysis was carried out with
the Phylip version 3.56c program package (10). The frac-
tion of identical amino acids between pairs of proteins was
converted into difference scores (Pd 5 1 2 fraction of iden-
tical residues) and the corrected distances were calculated
according to the formula K aa 5 2ln(1 2 Pd 2 0.2 Pd

2) (21)
using the PROTDIST program. Phylogenetic trees were
constructed from the corrected distances using the neigh-
bor-joining method (37). Bootstrap values for the nodes of
the tree were obtained by applying the SEQBOOT program
to generate 100 data sets and then calculating the distances
with the PROTDIST program. The neighbor-joining trees
were then constructed with the NEIGHBOR program, and

FIG. 1. Role of L-isoaspartyl methyltransferase in the repair
of spontaneously damaged proteins. L-Isoaspartyl methyl-
transferase (PCM) can recognize the major L-isoaspartyl
product of the non-enzymatic degradation of protein aspar-
tyl and asparaginyl residues and initiate a process that leads
to the conversion of isomerized aspartyl residues to normal
L-aspartyl residues. Both the formation and the hydrolysis
of the succinimide intermediate are spontaneous steps under
physiological conditions. SAM, S-adenosyl-L-methionine;
SAH, S-adenosyl-L-homocysteine; PCM, protein carboxyl
methyltransferase.
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the consensus tree and its bootstrap values were then found 100 bootstrap replicates (10). A maximum parsimony tree
constructed from the methyltransferase protein sequenceswith the CONSENSE program. A maximum parsimony tree

with the E. coli methyltransferase sequence chosen as the produced the same tree with high bootstrap values except
that in 58 of 100 trees the bovine methyltransferase se-outgroup was obtained with the program PROTPARS and

bootstrap values for 100 data sets were obtained in a manner quence was clustered with the mouse and the rat sequences
rather than with the human sequence. Maximum likelihoodsimilar to that described above, using SEQBOOT, PRO-

TPARS and CONSENSE. Maximum likelihood analysis analysis (10) of the nine available l-isoaspartyl methyltrans-
ferase DNA sequences gave the same topology as the dis-and likelihood ratio tests of the nine available l-isoaspartyl

methyltransferase DNA sequences (bovine methyltransfer- tance and parsimony trees (data not shown).
To determine the rate of amino acid substitution for thease DNA sequence is not available) was carried out using

DNAML and DNAMLK (10). l-isoaspartyl methyltransferases, the number of amino acid
substitutions per site were plotted against the divergence
times for the respective taxons (Fig. 4, A and B). The C.

Evolutionary Rate Calculations elegans distance values were omitted from this analysis be-
The rate of evolutionary change in terms of substitutions cause we wished to use the amino acid substitution rate from
per site per 109 years (r) was calculated according to the the resulting linear fit to estimate the divergence date of
formula r 5 Kaa/2T (33), or one-half of the slope of the line this organism. The wheat vs A. thaliana distance was also
of a plot of K aa vs the divergence times for the aligned pairs omitted, as it was shown in relative rate tests not to follow
of methyltransferases from various lineages. The values of rate constancy (see Table 2) and deviated substantially from
T used for the divergence times of various lineages were the linear relationship established with the other 44 se-
as follows: eucaryote/procaryote, 1800 Myr (8); plant/ani- quence pair distances in this plot. The data for all sequences
mal, 1000 Myr (3); vertebrate/invertebrate, 600 Myr (8); or for eucaryotic sequences alone both gave a good linear
zebrafish/mammal, 408 Myr (3); human/bovine, 75 Myr fit with correlation coefficients (r2) of 0.95 and 0.90, respec-
(36); mouse/rat, 29 Myr (35) and human/bovine vs mouse/ tively.
rat, 80 Myr (35). Relative rate tests to compare the rates The evolutionary rate for all protein l-isoaspartyl methyl-
of amino acid substitution of lineages A and B in reference transferase sequences was 0.39 substitutions/site/109 years
to a third species C that had branched off earlier were con- (Fig. 4A), which corresponds to a unit evolutionary period
ducted according to the method of Sarich and Wilson of 12.8 Myr. When the E. coli sequence was omitted from
(38,39) as described by Li and Grauer (25). the analysis to test whether the rate was different for eucary-

otes, a slightly higher value of 0.42 substitutions/site/109

years was obtained (Fig. 4B). The rate of amino acid substi-
RESULTS AND DISCUSSION

tutions of the l-isoaspartyl methyltransferase is comparable
with that of lactate dehydrogenase and cytochrome b5 andThe amino acid sequences of 10 l-isoaspartyl (d-aspartyl)

O-methyltransferases from mammals (four sequences), fish about 77% greater than that of cytochrome c, an electron
transport protein that is commonly used as a molecular(one sequence), insects (one sequence), nematodes (one se-

quence), plants (two sequences) and bacteria (one se- clock (7,33).
Recent work has attempted to use molecular sequencequence) were aligned as shown in Fig. 2. All aligned pro-

teins possess the three conserved S-adenosyl-l-methionine data to establish the divergence time of the phylum Nema-
toda. Vanfleteren et al. (41) used nematode sequences for(AdoMet) and S-adenosyl-l-homocysteine (AdoHcy) mo-

tifs (designated I, II and III in the figure) characteristic of cytochrome c and globins to establish a divergence time
based on the accepted unit evolutionary period of 21 Myrmost AdoMet-dependent methyltransferases (18). The l-

isoaspartyl (d-aspartyl) methyltransferases are also distin- for cytochrome c and 5.0 Myr for globin. They obtained a
balanced estimate for the nematode divergence time ofguished by two additional protein sequence motifs, desig-

nated pre-I and post-III in Fig. 2. These motifs have not yet 1047 6 46 Myr (41). Table 1 shows the estimated diver-
gence time of the Nematode phylum based on the aminobeen identified in any other type of methyltransferase;

hence, they may be determinants of the substrate specificity acid substitution rate of the l-isoaspartyl methyltransferase
in the nematode C. elegans and the rate constants deter-for l-isoaspartyl or d-aspartyl residues. We find that amino

acid substitutions among these enzymes do not cluster but mined in Fig. 4, A and B. The average divergence time ob-
tained from the rate constant in Fig. 4A was 1019 6 90are distributed throughout the sequence.

A phylogenetic tree was constructed from the distances Myr and 940 6 83 Myr for the eucaryote-only rate constant
in Fig. 4B. These divergence times agree with the valuescorrected for multiple substitutions (21) by the neighbor-

joining method (37) as shown in Fig. 3. The branching or- obtained by Vanfleteren et al. (41).
A necessary assumption in obtaining divergence timesder of the tree follows accepted taxonomic relationships

with E. coli appearing as the most divergent sequence. The from molecular sequence data is that the sequences in ques-
tion obey the molecular clock. Gillespie (13) has arguedsame branching order was also supported at high values by
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FIG. 2. Multiple alignment of L-isoaspartyl (D-aspartyl) methyltransferases. The methyltransferase protein sequences from 10
species were input into the CLUSTAL W multiple alignment program (40) and aligned with the default program parameters
as described in Materials and Methods. ‘‘I,’’ ‘‘II’’ and ‘‘III’’ designate the three AdoMet-binding motifs (18). The sequence
motifs designated ‘‘pre-I’’ and ‘‘post-III’’ are described in the text.

FIG. 3. Phylogenetic tree of
the L-isoaspartyl methyltrans-
ferases. A neighbor-joining
tree of the aligned sequences
in Fig. 2 was constructed from
100 bootstrap replicates of the
data. The numbers to the
right of the tree nodes indicate
the number of times that node
appeared in 100 bootstrap
samples. The branch lengths
are proportional to the num-
ber of substitutions per site. 1
cm 5 0.05 substitutions per
site.
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TABLE 1. Estimation of the divergence date of Caenorhab-
ditis elegans from l-isoaspartyl methyltransferase amino acid
substitution rates

Myr Myr
Nematode vs Kaa (all)* (eucaryote)†

Human 0.730 938 865
Bovine 0.752 967 891
Mouse 0.763 981 905
Rat 0.752 967 891
Fish 0.741 952 878
Fly 0.817 1052 968
Wheat 0.928 1192 1099
Arabidopsis 0.861 1106 1020

thaliana
Mean 1019 6 34 940 6 31

Divergence dates were calculated according to the equation T 5 Kaa/2r,
where Kaa designates amino acid substitutions per site and r designates
amino acids per site per 109 years.

*An r value of 0.39 substitutions/site/109 years was calculated from the
pairwise distances of the l-isoaspartyl methyltransferases.

†An r value of 0.42 substitutions/site/109 years was calculated as de-
scribed above from using the eucaryotic l-isoaspartyl methyltransferases
alone.

whether the rate of substitution of the C. elegans methyl-
transferase sequence was constant with respect to the other
lineages. Table 2 shows that the amino acid substitution
rate for the C. elegans sequence is 38% greater than the
mammalian rate (average for three reference groups shown

FIG. 4. Amino acid substitutions per site in the L-isoaspartyl in Table 2), 49% greater than the rate for wheat and as
methyltransferases plotted as a function of the estimated di-

much as a 153% greater than the rate for A. thaliana. Whenvergence times of the species used in this study. The diver-
the C. elegans DNA sequence was included in the maximumgence times for the lineages studied were taken from the

sources listed in Materials and Methods. The substitutions likelihood analysis, double the difference of the log likeli-
per site between each pair of species was calculated ac- hoods increased to 18, which is greater than the χ2 (0.975)
cording to Kimura’s equation (21). The data points were fit- (7) value of 16.01, suggesting that the more rapid substitu-
ted to a straight line by linear regression. (A) Plot of substitu-

tion rate in the C. elegans lineage is responsible for the fail-tions per site (Kaa) vs divergence time (T) in billions of years
ure of the molecular clock null hypothesis at the α 5 0.025for all taxa used. The linear regression equation fitting the

data was Kaa 5 0.778T 1 0.009 (r 2 5 0.95). (B) Plot of sub- significance level in this second likelihood ratio test.
stitutions per site vs divergence time for eucaryotic taxa These data show that the rate of amino acid substitution
only. The linear regression equation fitting the data was Kaa in the C. elegans pcm-1 gene is accelerated, and therefore
5 0.844T 2 0.026 (r 2 5 0.90).

the 1000 Myr estimate of the divergence date of nematodes
may be too early. This conclusion may also be warranted
by the cytochrome c substitution rates in the nematodesthat the molecular clock assumption may not be valid for

many proteins. A maximum likelihood analysis of the DNA Ascaris suum and C. elegans that were also found to be high
in relative rate tests with a protozoan outgroup (41). Ansequences of the l-isoaspartyl methyltransferases that we

used to calibrate the molecular clock (Fig. 4, A and B) both anomalous mutation rate has also been discerned in C. ele-
gans rRNA genes, where a small subunit rRNA evolutionarywith and without the assumption of a molecular clock al-

lowed us to use the likelihood ratio test to ascertain the tree clusters C. elegans with the animals, whereas in the
large subunit rRNA tree C. elegans branches as a protist (4).validity of the clock assumption for this enzyme (10). The

log likelihood without the clock assumption was 24906.7, It would be useful to determine the amino acid sequences of
pcm-1 homologs from other nematode species to determinewhereas it was 24912.5 with the clock assumption. The

double of this difference is 11.6. Assuming n 2 2 degrees whether the evolutionary rate of C. elegans is anomalously
high or whether the nematodes actually did diverge as earlyof freedom and a significance level of α 5 0.05, this is less

than the χ2 (0.95) (6) value of 18.48; thus, we do not reject as 1000 Myr. The absence of Precambrian fossil forms of
early metazoans cannot exclude the possibility of an earlierthe null hypothesis that the molecular clock is obeyed.

We performed relative rate tests (25,38,39) to determine divergence date, because soft-bodied microscopic forms
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TABLE 2. Relative rate tests of some L-isoaspartyl methyl- data (29). Kemmerer et al. (20) conducted phylogenetic
transferases analysis of A. thaliana cytochrome c and histone H3 genes

and found that they clustered poorly with those of the otherReference KOA KOB KOB 2 KOA

higher plants and clustered instead with fungal species rais-
Mammal Nematode ing the possibility of convergent evolution. Interestingly,

Escherichia coli 0.304 0.445 0.141 6 0.015
the A. thaliana l-isoaspartyl methyltransferase amino acidWheat 0.303 0.447 0.144 6 0.011
sequence is the least divergent from E. coli (1.14 substitu-Arabidopsis

thaliana 0.341 0.409 0.068 6 0.000 tions per site), contrasted to 1.34 substitutions per site for
Wheat Nematode wheat/E. coli and 1.36–1.38 substitutions per site for

Escherichia coli 0.372 0.555 0.182 mammals/E. coli. Because no l-isoaspartyl methyltransfer-
Arabidopsis Nematode

ase sequences are available from fungal species, it was notthaliana
possible to test whether the sequence of this enzyme in A.Escherichia coli 0.244 0.617 0.373

Mammal Fly thaliana also converged toward that of fungal sequences.
Escherichia coli 0.276 0.380 0.103 6 0.012 The high degree of sequence conservation of the l-
Wheat 0.296 0.361 0.065 6 0.011 isoaspartyl methyltransferase cannot be explained merely by
Arabidopsis

the requirement to recognize the methyl donor AdoMet.thaliana 0.287 0.369 0.083 6 0.000
AdoMet utilization is common to most methyltransferasesArabidopsis Mammal

thaliana with widely divergent sequences (18). A much greater con-
Escherichia coli 0.280 0.512 0.232 6 0.015 straint may be imposed on this enzyme by the requirement

Wheat Mammal to distinguish the α-carboxyl from the β-carboxyl of aspartyl
Escherichia coli 0.371 0.413 0.042 6 0.015

residues in proteins and selectively transfer a methyl groupArabidopsis
to the β-carboxyl of an l-isoaspartyl residue while leavingthaliana Wheat

Escherichia coli 0.151 0.341 0.191 the α-carboxyl groups of normal l-aspartyl residues unmodi-
fied. The enzyme fails to recognize d-isoaspartyl substrates

Relative rate test of Sarich and Wilson (38,39) as described in Li and and only the mammalian enzymes appear to recognize d-Grauer (25).
aspartyl substrates (19,28). The enzyme also exhibits a high*Reference sequence to wich the amino acid substitutions per site of

the two sequences were compared. degree of discrimination among the sequence contexts of l-
†To simplify te appearance of the table, average values obtained for isoaspartyl residues in peptides and proteins, with a severalhuman, bovine, mouse and rat sequences are given. The calculated KOB 2

thousand-fold variation in Km values among peptide sub-KOA values 6 SE were obtained from the distance values for individual
species. strates and a thousand-fold or greater variation among pro-

tein substrates (27,28). Further structural studies, including
X-ray crystallography of this enzyme, may be used in clarify-
ing the structural constraints imposed by the function ofwould not have been preserved (6). However, a recent de-

termination of the divergence times of major biological this enzyme.
groupings derived from the amino acid substitution rates
of 57 different enzymes has placed the schizocoelomate- This work was supported by National Institutes of Health Grant GM
pseudocoelomate divergence date at about 750 Myr (9), 26020 to S.C., National Institutes of Health Grant AG 11087 to

P.N.M. and National Institutes of Health Grant AG 08109 to C.O.which is consistent with our argument against an earlier
divergence date for nematodes. Recently, comparison of
seven amino acid and nucleotide sequences from a number
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