
This mini�review does not present an exhaustive

account of the literature on DNA methylation in lower

eukaryotes. Rather, after a general overview, I will address

two systems that are of special interest to my laboratory.

These are works in progress and their continuation is sub�

ject to the vagaries of the grant funding process. Should

that process prove unfavorable, then this article may well

describe what might have been.

DNA MODIFICATION

IN PRO� AND EUKARYOTES

Post�replicative enzymatic modifications of DNA

are epigenetic changes that add another level of informa�

tion to the cell genome. These modifications are usually

in the form of the methylated bases: N6�methyladenine

(m6A), N4�methylcytosine (m4C), or C5�methylcytosine

(m5C). Whereas m4C is confined to prokaryotes, m5C and

m6A are found in prokaryotes and eukaryotes (see below).

The in vivo production of methylated bases is mediated by

adenine� and cytosine�specific DNA methyltransferases

(MTases). These enzymes catalyze the transfer of a

methyl group from donor S�adenosyl�L�methionine

(AdoMet) to the C5 ring�carbon of cytosine (Cyt) or to

the exocyclic amino group of adenine (Ade) (N6) or Cyt

(N4). The reaction products are methylated DNA and S�

adenosyl�L�homocysteine (AdoHcy). The DNA�[Cyt�

C5] MTases are much better understood mechanistically

than the DNA�[amino] MTases. For the former, not only

has the chemical mechanism of catalysis been elucidated,

but also three�dimensional structures of binary and terna�

ry complexes of some MTases with their substrates have

been solved by X�ray crystallography [1�4]. A most sur�

prising and exciting result was that the Cyt residue to be

methylated is “flipped out” of the DNA helix [3, 4]. An

intermediate stable binary complex is formed by a cova�

lent bond between the flipped Cyt�C6 (which activates the

C5 atom) and a cysteine residue within the enzyme active

site. Such an intermediate has not been observed with the

[Ade�N6]� or [Cyt�N4]�amino MTases, which appear to

transfer the methyl moiety directly to the exocyclic amino

group. For members of the latter group, TaqI, PvuII,

DpnM, and RsrI [5�8], 3�D structures have been report�

ed; but only ternary complexes of TaqI [9] and T4Dam

[10, 10a] have been co�crystallized with DNA (a small

synthetic duplex) and AdoHcy.

In addition to the three methylated bases, hyper�

modified bases may also be found in DNA; these may

partly or completely replace one of the four common
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bases. Depending on the specific case, modification may

occur at the level of nucleotide pool metabolism, or as a

post�replicative event. For a time hyper�modified bases

were thought to be confined to the prokaryotic world (pri�

marily bacteriophages), but that changed with the discov�

ery of 5�hydroxymethyluracil (5�hmUra) in certain

dinoflagellates [11]. Subsequently, hyper�modified bases

have been documented in several other lower eukaryotes

(see [12] for a review, and references therein). Examples

of hyper�modified bases include: 5�hydroxymethylcyto�

sine (with or without covalently attached glucosyl

residues) in the Escherichia coli T�even phages [13, 14];

5�hmUra in Bacillus subtilis phages; 5�hydroxycytosine in

Rhizobium phage RL38J1 [15], which is also hexosylated;

α�glutamylthymine in B. subtilis phage SP10; N6�(1�

acetamido)adenine in phage Mu [16]; 2�aminoadenine in

Shigella phage S�2L; and α�putrescinylthymine in

Pseudomonas phage φW14. In addition to dinoflagellates,

5�hmUra is in the DNA of kinetoplastid protozoa (e.g.,

Trypanosoma brucei) [17] and the green alga Euglena gra�

cilis [18]. The function(s) of hyper�modified bases has not

been fully elucidated, but in the cases of T�even phages

and phage Mu, it protects the viral DNA against host�

controlled endonucleolytic degradation and, thereby,

extends their host ranges [19�21].

In prokaryotes, DNA methylation affects such

diverse phenomena as determination of DNA�host speci�

ficity [22], strand selection specificity during DNA�mis�

match repair [23], control of chromosome replication

and segregation [24], positive regulation of phage Mu

mom gene transcription [25], pilus phase�variation [26],

and multiple gene expression in E. coli [27, 28]. An essen�

tial role in virulence was discovered in a variety of bacte�

rial pathogens [29], where dam− mutants, defective for the

Dam DNA MTase activity, were found to be avirulent;

such strains were effective in producing live vaccine

against murine typhoid fever [30].

In higher eukaryotes DNA methylation has been

implicated in the regulation of gene expression [31�33],

mammalian X�chromosome inactivation [34], parental

imprinting [35], mutation, and human disease, such as

the ICF, Rett, and Fragile�X syndromes [36], and cancer

[37]. Deamination of m5C produces thymine (Thy),

while deamination of Cyt produces uracil (Ura).

Although Ura is removed from DNA by a uracil glycosy�

lase, Thy generated from m5C is not removed efficiently

and is mutagenic because it produces a G/T mismatch.

Since deamination of Ade and m6Ade yield the same

product, hypoxanthine, adenine�methylation is not a

potentially mutagenic event.

In addition to their biological importance, the wide

distribution of DNA MTases has made them ideal for

evolutionary studies of sequence�specific DNA�binding

proteins. Direct analysis of methylation sites from

oligonucleotide sequencing [38, 39] proved superior to

the indirect method of protection against cleavage by

known restriction nucleases. The first comparative analy�

sis of conserved amino acid sequence motifs in DNA

MTases was reported [40] for three prokaryotic Dam

enzymes, all of which methylate the palindromic tetranu�

cleotide sequence, GATC [38, 41]. One conserved motif,

DPPY, was noted. This is a sub�set of (D/N/S) PP (Y/F),

which is now known to be part of the so�called motif IV,

found in virtually every prokaryotic DNA�[amino] MTase

[42�44]. As more MTase genes were cloned and

sequenced, amino acid sequence alignments revealed

additional conserved motifs, of which I�VIII and X were

the most common (I and IV being the most highly con�

served). Motifs X and I�III have been assigned to the

AdoMet�binding domain, and motifs IV�VIII to the

active site sub�domain. The least conserved of all the

domains, the target recognition domain (TRD) interacts

with substrate DNA. DNA�[N6�Ade and N4�Cyt amino]

MTases have been classified into six groups (α through ζ,

summarized in Fig. 1) based on the relative order of their

motifs (X�I�II�III vs. IV�VIII and the TRD) [42, 44];

however, at the time of the original proposal [42], there

were no known members of the δ, ε, or ζ class. In contrast

to the extensive information available on the prokaryote

enzymes, no eukaryotic DNA�[adenine] MTase has been

characterized.

DNA METHYLATION IN Tetrahymena

Characteristic of ciliated protozoa, Tetrahymena

thermophila contains two differentiated nuclei: (i) a ger�

minal (diploid, 2C) micronucleus responsible for main�

taining genetic continuity through sexual cycles and (ii) a

somatic (polycopy, 45C) macronucleus responsible for

gene expression during vegetative growth [45]. Ciliates

are the only major group of protists to have evolved sepa�

rate germ line and somatic nuclei. Procedures are avail�

able for the isolation of large quantities of nuclei from

Fig. 1. Order of motifs of different classes of DNA�[amino]

MTases (adapted from [42] and [44]). Groups are classified

according to relative order of motifs: the AdoMet binding region

X�I�II�III, the catalytic region IV�VIII, and DNA target recog�

nition domain (TRD) (highlighted in light gray). Note that α, δ,
ε and β, γ, ζ) form two circularly permuted sets.
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vegetative or conjugating cells [46], for mass transforma�

tion [47], and for gene replacements in either the vegeta�

tive or germ�line nucleus [48�50].

Thirty years ago the first example of DNA�adenine

methylation in a eukaryotes was reported in the ciliate

Tetrahymena [51], where the polycopy, transcriptionally

active macronuclear (MAC) DNA was shown to contain

ca. 0.8% of its adenine residues in the form of m6A.

Surprisingly, methylation was not detectable in the tran�

scriptionally�inactive diploid, micronuclear (MIC)

DNA. Subsequently, m6A has been found in the nuclear

DNA of other ciliates [52] including Paramecium aurelia

[53], Oxytricha fallax [54], and Stylonichia mytilius [55],

as well as several other lower eukaryotes including the

green algae Chlorella spp. [56] and Chlamydomonas rein�

hardtii [57], and the dinoflagellate Peridinium triquetrum

[11]. Mitochondrial DNA of a higher plant has been

reported to contain m6A [58]. MAC DNA from the cili�

ates Colpoda inflata [59] and Blepharisma japonicum [60]

has been reported to contain m5C, while the ciliate

Stylonichia lemnae, had no detectable m5C in either MAC

or MIC DNA; however, transposon�like sequences were

methylated during the MAC differentiation process fol�

lowing conjugation [61]. Thus, the nature of lower

eukaryote DNA methylation pattern exhibits a wide range

of variation, as observed in prokaryotes.

Although Tetrahymena MAC DNA contains m6A,

there was no m5C detected in either MAC or MIC DNA

[62]; this was the first reported example of a eukaryote

lacking DNA�cytosine methylation. Chromatin structure

influences DNA methylation since m6A was found pref�

erentially in internucleosomal linker regions [63]. Taking

advantage of this property, it was demonstrated that

nucleosomes were “phased”, i.e., they remained specifi�

cally positioned and did not randomize over the DNA

during vegetative growth [64]. A positive role for DNA

methylation in gene regulation in Tetrahymena was sug�

gested by the fact that MAC DNA is transcriptionally

active and methylated, whereas MIC DNA is transcrip�

tionally inactive and unmethylated. This is an issue that

requires further investigation.

A DNA�[adenine] MTase activity was partially puri�

fied from Tetrahymena macronuclei and used to methy�

late Tetrahymena and micrococcal DNAs in vitro [65].

Since Tetrahymena macronuclear DNA served as a good

methyl acceptor, this indicated that DNA methylation in

vivo must be incomplete. Subsequent analysis of labeled

DNA dinucleotides (generated by enzymatic digestion)

showed that the nearest neighbors of m6A were 5′ N (any

base) and 3′ T or C, indicating that methylation occurs in

a subset of the sequence 5′ N�A�Y 3′ (where Y = T or C).

However, nearest neighbor analysis of cell DNA methyl�

labeled in vivo during growth in the presence of [3H�

methyl]�methionine revealed that the 3′ nearest neighbor

was primarily T. (This difference has not been resolved to

date.) However, since 5′ N�m6A�T 3′ was produced in

both cases, this suggested that AT is part of the

Tetrahymena DNA MTase recognition site. If all AT

sequences were to be methylated in vivo, then 36% of the

Ade residues should be m6A, not the observed 0.8%. In

this regard, in vivo the palindromic sequence GATC, a

subset of NAT, is essentially unmethylated [66�68].

Therefore, the MTase probably requires more sequence

information than N�A�Y, for example in a sequence like

GGTNACC, which is the site methylated by the bacter�

ial enzyme M.EcaI [69]. In such a site, although the 5′
nearest neighbor to the target A is degenerate, the m6A

content will be low since a GC�rich, heptameric recog�

nition site will occur very infrequently in the AT�rich

DNA of Tetrahymena. Furthermore, since DNA methy�

lation is predominantly in the linker regions of nucleo�

somes [63], some structural feature(s) of chromatin

and/or chromatin�bound proteins inhibit complete in

vivo methylation. Thus, NAC sites that are methylatable

in vitro with naked DNA might not be accessible in chro�

matin in vivo.

Since Tetrahymena is DNA�[adenine] methylation

proficient, a BLAST search of the genome database was

conducted to look for an open reading frame (ORF)

capable of encoding a DNA�[adenine] MTase. It should

be noted that UAA and UAG, read as stop codons in most

organisms, are read as glutamine (Q) in ciliates [70, 71],

so only UGA serves as a translational stop codon. A can�

didate DNA�[adenine] MTase ORF was identified, con�

taining 391 residues with 27 internal in�frame UAA and

UAG codons coding for Q. In Table 1, the Tetrahymena

motifs I and IV are compared with several representative

prokaryotic sequences. It is clear that the putative T. ther�

mophila MTase (designated M. TthP) motifs have a high

degree of homology to those of the prokaryote enzymes.

In addition to the DNA MTases, there are other

AdoMet�dependent enzymes; viz., MTases that act on

MTase

DpnII2

RsrI

HpaI

HinfI

EcoDam

M.TthP

Motif I

GDyILDPFVGSG

GstVLDfFaGSG

GDiVLDPFVGSG

nDiVLDPFfGTG

GEcLVEPFVGaG

GDmILDPFVGSG

Motif IV

DMIfaDPPYf

qLIIcDPPYn

DLIItDPPYn

DLIfaDPPYf

sVVycDPPYa

DaIIcDPPYg

Table 1. Conserved motif I and IV sequences in prokary�

otic DNA�[adenine�N6] MTases*

* Capital letters indicate similar functional groups; bold letters indicate

consensus residues. The first four MTases belong to the β class [42] in

which motif IV is proximal to the N�terminal end. In the α class of

MTases (e.g., EcoDam), motif I is proximal to the N�terminal end, as

it is for M.TthP.
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RNAs, proteins, lipids, polysaccharides, or small mole�

cules. Physical characterization of about a dozen of these

proteins showed a high degree of structural similarity

[72], although this conservation was not seen at the

amino acid sequence level. However, analysis of a larger

set of non�DNA MTases revealed some conserved motifs

[73]. While one of these bears some similarity to motif I,

the signature motif IV sequence (D/N) PP (Y/F/W) was

lacking. A search of the yeast genome with these motifs

turned up 26 potential new MTases [74], but no putative

DNA MTase; however, as will be discussed later,

Saccharomyces cerevisiae and Schizosaccharomyces pombe

do contain complete DNA�[adenine] MTase�like ORFs.

The HemK family of protein MTases has a motif (LIV�

MAC)�(LIVFYWA)�x�(D/N)�P�P�(Y/F/W) that has

some similarity to motif IV [75]. Coincidentally, the T.

thermophila translation release factor eRF1 has elements

of both motif IV (DPPFG) and motif I, but these

sequences are not found in other eRFs [76]. Amino acid

sequences in known RNA MTases have some similarity

with DNA MTases; however, none contained the charac�

teristic DPPY [77]. Therefore, while AdoMet�dependent

non�DNA MTases share elements of similarity with some

motifs in DNA�[adenine] MTases, they are generally dis�

tinguishable from each other. Nevertheless, proof that the

cloned Tetrahymena ORF encodes a DNA�[adenine]

MTase requires experimental verification. To this end,

PCR primers were designed and used to amplify a 2.2 kb

region containing the ORF, as well as 5′ and 3′ flanking

regions. This amplified fragment has been cloned into the

pGEM�T vector (unpublished) for the purpose of gener�

ating constructs to produce MAC and MIC gene knock�

outs (experiments are currently in progress). If the cloned

ORF actually encodes the Tetrahymena DNA MTase,

then we can also investigate whether DNA�[adenine]

methylation has an essential function(s) in cell growth

and development.

WHAT ROLE(S) MIGHT

DNA�[ADENINE] METHYLATION

PLAY IN THE LIFE CYCLE OF Tetrahymena

We know that MAC DNA is methylated and tran�

scriptionally active, while MIC DNA is unmethylated

and transcriptionally inactive. This difference suggests

that DNA methylation might play a positive regulatory

role in transcription during vegetative cell growth. In

addition, DNA methylation might also be a player in the

chromosome processing events that occur following con�

jugation [78]. After cell pairing, a series of MIC meiotic

divisions is followed by reciprocal exchanges and fusion

of the haploid gametic nuclei to produce a diploid fertil�

ization nucleus in each of the exconjugants. This under�

goes two mitotic divisions giving rise to four equivalent

product nuclei; these develop into two new MICs and two

new MACs, which then segregate into the daughter cells

upon refeeding and resumption of division. In the mean�

time, the original parental MAC is degraded and elimi�

nated. In the nascent developing MAC, termed the

anlage, after one to two rounds of DNA replication

(DNA content > 4 C to 8 C), there occur a series of pro�

grammed stage� and site�specific chromosomal alter�

ations. In brief, the former MIC chromosomes are frag�

mented in a specific pattern, producing roughly 200 sub�

chromosomal fragments varying in length from 100�

1000 kb [79, 80]. MAC gene segments are either protect�

ed by telomere addition or joined. In the transition from

anlage to mature MAC, the internal deletions result in an

overall loss of about 15% of the MIC DNA sequence

complexity [81, 82]. Moreover, developing anlage DNA

undergoes de novo methylation.

The chromosome fragmentation described above

occurs through hundreds of sites through specific cleav�

ages within a conserved 15 nt long chromosome breakage

sequence, Cbs. The Cbs consensus sequence 5′ AAA�

GAGGTTGGTTTA 3′/5′ TAAACCAACCTCTTT 3′ has

been shown to be necessary and sufficient to specify a

breakage site [83]. The Cbs sequence is no longer found

in the mature MAC DNA of vegetatively growing cells.

MAC�destined sequences are excised, followed by even�

tual elimination of internal unique and repetitive MIC

sequences [81, 84].

How might DNA methylation be important for

chromosome processing during Tetrahymena anlage

development? One of the Cbs complementary strands, 5′
TAAACCAACCTCTTTT 3′, contains two AAC

sequences, where A denotes a potential methylation tar�

get, based on the partial characterization of the

Tetrahymena DNA MTase sequence specificity [65].

Thus, during anlage development, Cbs sequences could

undergo de novo DNA methylation and become targets

for nicking/cleavage and further processing events. The

occurrence of DNA methylation�dependent cleavage is

not without precedent. For example, the S. pneumoniae

restriction endonuclease, DpnI, cuts DNA at palindromic

GATC sites only when they are adenine�methylated on

both strands [85]; other methylation�dependent endonu�

cleases have been reported as well [86�88]. In contrast,

since MIC DNA lacks methylation, its Cbs sequences

remain refractory to these events. In studies on methyla�

tion of several specific GATC sites in ribosomal RNA

genes [66] or in the vicinity of the H4�I and 73�kD heat

shock protein genes, respectively [67], it was found that

the onset of DNA methylation correlated with the time of

anlage DNA synthesis and rearrangement. However,

GATC methylation represents only a minor fraction of all

DNA methylation, and there is still nothing known about

methylation of non�GATC sites at early growth stages.

Fan and Yao [89] prepared a series of plasmid con�

structs, each containing a single base�substitution at one

of the 15 conserved positions within a cloned Cbs. Each
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construct was separately microinjected into developing

macronuclei and its fate tracked with respect to Cbs func�

tion, as monitored by the occurrence of specific cleavage.

With respect to variants in the two AAC sites, the follow�

ing results were observed: (i) substitution of either of the

two 5′ A residues (to T or G) resulted in partial function;

(ii) substitution of either of the two internal A residues (to

G) abolished function; (iii) substitution of either of the

two 3′ C residues (to G, A or T) abolished function. These

results showed a good correlation between the loss of Cbs

function (absence of the appropriate cleavage) and loss of

potential (N�A�C) methylation sites. It should be men�

tioned that some substitutions at other sites also abolished

Cbs function. This is not unexpected if a sequence�spe�

cific nuclease/glycosylase were involved in the process;

that is, methylation may be necessary but not sufficient

for cleavage. Thus, it would be extremely interesting to

examine Cbs processing in the developing anlage under

DNA�[adenine] MTase gene knockout conditions.

DNA METHYLATION IN THE HUMAN

MALARIA PARASITE Plasmodium falciparum?

The genome of P. falciparum is relatively small, com�

prising about (2.5�3.0)·107 bp. It is distributed over 14

Fig. 2. Comparison of deduced amino acid sequences of putative DNA�[adenine] MTases encoded by three Plasmodium spp. and

Tetrahymena. Sequences were aligned using BLAST and edited manually. Pyo, Plasmodium yoelii; Pfa, Plasmodium falciparum; Pkn,

Plasmodium knowlesi; Tth, Tetrahymena thermophila. Asterisks in the Tth sequence correspond to Q residues encoded by UAA or UAG.

Residues with a high degree of chemical similarity or identity are denoted in dark gray when shared by at least three of the enzymes and in

pale gray when shared by two enzymes. Putative nuclear localization signals (NLS) are underlined. The approximate extents of the various

motifs are denoted by the dashes. Motif VIII is not indicated since it is generally poorly conserved among MTases. The approximate target

recognition domain (TRD) is based on several considerations: homology among the three Plasmodium species, and partial homology to a

fairly well conserved sequence in the TRD of the Dam MTase family; viz., VPFG(K/R). The other motifs show variable identity/similari�

ty to prokaryote DNA�[adenine] MTase classes as follows: X (γ); I (β); II (β, γ); III (α, β, or γ); IV (α, β, or γ); V (α or γ); VI (α or γ);

VII (α).
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chromosomes with lengths of (6�36)·105 bp [90]. Nuclear

DNA has an unusually high AT content of about 81%

[91]; however, a computer analysis of a 36 kb segment of

known DNA nucleotide sequence showed that the coding

regions were 69% AT and flanked by 86% AT regions [92].

In 1982, it was reported that P. falciparum is devoid of any

detectable DNA methylation, since HPLC analysis failed

to reveal either m6A or m5C [90]. Almost ten years later,

the same group used methylation�specific restriction

nucleases to probe Plasmodium DNA for methylated

bases within several specific nucleotide sequences [92].

The authors failed to detect m6A in GATC sequences, but

they suggested that there might be partial methylation

(m5C) at one MspI (CCGG) site within the DHFR�TS

gene. The apparent lack of modified bases may have dis�

couraged any further interest in studying Plasmodium

DNA methylation. Nevertheless, we became interested in

the possibility that Plasmodium spp. might be DNA

methylation�proficient. This was prompted by several

considerations, one of which was based on evolutionary

grounds. Apicomplexans (such as Plasmodium spp.) are

members of the same phylogenetic group (the clade

Alveolata) as ciliates and dinoflagellates. Since some cili�

ates and dinoflagellates contain m6A in their nuclear

DNA, it seemed reasonable that the same might be true of

Plasmodium. Secondly, in silico analyses of the available

sequence data bases unexpectedly identified potential

ORFs that appear to code for DNA�[adenine] MTases in

seven eukaryotes [93] including Leishmania major, S.

cerevisiae, S. pombe, Arabidopsis thaliana, Drosophila

melanogaster, Caenorhabditis elegans, and Homo sapiens,

none of which previously have been found to contain

detectable levels of m6A. These ORFs contained amino

acid sequence motifs characteristic of well�known

prokaryote DNA�[adenine] MTases [38]. If a functional

enzyme is present in these organisms, then one has to ask

whether they actually contain m6A in their DNA, albeit at

levels that have hitherto escaped detection.

Encouraged by the above observations, we carried

out a BLAST search to look for a potential DNA�[ade�

nine] MTase gene in the genomes of Plasmodium spp.

Indeed, ORFs were identified in the malarial parasite for

humans (P. falciparum), rodents (P. yoelii), and simians

(P. knowlesi) (unpublished results). The three orthologous

ORFs encode proteins of 517 (Pfa), 519 (Pyo), and 487

(Pkn) residues, and they all appear to lack introns. The

three sequences are compared to each other and to the

putative Tetrahymena DNA�[adenine] MTase (Fig. 2).

The lysine�rich clusters in the NH2�terminal regions of

the Plasmodium proteins appear to be good nuclear local�

ization signals (NLS). In contrast, the putative

Tetrahymena NLS is located internally, downstream from

motif IV. It is not clear to which class the Plasmodium

MTase would belong since the location of the TRD is not

known (see Fig. 1). However, if the TRD is located in the

N�terminal region (as suggested in Fig. 2), then these

enzymes would be members of the ζ class of DNA�[ade�

nine] MTases.

In Table 2 (taken in part from [93]), the sequences of

the most highly conserved motifs I and IV are compared

with those observed in other eukaryote sequences [94]. It

must be asked whether any of these putative eukaryote

DNA�[adenine] MTase ORFs actually encodes a catalyt�

ically active enzyme. Since the largest of the three H.

sapiens encoded proteins lacks motif X and is less than

200 residues long [93], these genes are likely to be (trun�

cated) pseudogenes. While the two yeast proteins appear

to have the requisite motifs, m6A has not been detected in

yeast DNA (less than one m6A per 2000 Ade residues

[21]). It should be noted that the mosquito Anopheles

Organism

Eukaryotes

A. thaliana

C. elegans

D. melanogaster

H. sapiens

L. major

S. cerevisiae

S. pombe

P. falciparum

P. yoelii

P. knowlesi

T. thermophila

Prokaryotes

DpnII2

EcoDam

Motif I

GkLVYDPFVGTG

GDIVLDPFVGTG

GDLVFDPFVGTG

nDIVFDPFVGTG

GhyVYDPFcGTG

GtImYDPFAGTG

GkLIYDPFVGTG

GDIVLDPFVGSG

GDIVLDPFVGSG

kgykLDPFVGSG

GDmILDPFVGSG

GDyILDPFVGSG

GEcLVEPFVGaG

Motif IV

fDAIIcDPPYGV

fDAIVaDPPYGV

fDcIITDPPYGI

fDAIITDPPYGI

fDsIITDPPYaL

IDtILcDPPYGI

LDAIVcDPPYGI

VDAIITDPPYGn

IDAIVTDPPYGn

VDAIVTDPPYGn

DaIIcDPPYg

mDmIfaDPPYfL

AsVVycDPPYap

Table 2. Comparison of motifs I and IV of putative DNA�

[adenine] MTases in various eukaryotes and two repre�

sentative prokaryotes*

* Capital letters indicate similar functional groups; bold letters indicate

consensus residues (taken in part from [93]).
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gambiae contains an ORF that encodes a protein exhibit�

ing a high degree of homology to the putative S. cerevisi�

ae MTase (unpublished observation). It is possible that

these organisms have a DNA�[adenine] MTase pseudo�

gene, since deletion of the S. cerevisiae ORF does not

affect cell viability. In this regard, in S. pombe the pmt1

gene encodes an inactive form of DNA�[cytosine�C5]

MTase, ψM.SpoI, which can be restored to catalytic

activity by deletion of a single amino acid residue [95].

Why S. pombe should have retained this gene through

evolution remains to be seen; perhaps it functions purely

through its ability to bind DNA and/or interact with

other protein(s).

Do the Plasmodium spp. ORFs actually encode

DNA�[adenine] MTases and, if so, are the proteins enzy�

matically active? To address this, we analyzed enzymatic

digests of P. falciparum (red cell stage) DNA by HPLC for

the presence of dm6A (mononucleotide); however, we

could not unequivocally detect its presence (S. L.

Schlagman and S. Hattman, unpublished observations).

We have cloned the putative Pfa MTase gene and then

sub�cloned it into different expression vectors under reg�

ulatable promoters (N. Young, S. L. Schlagman, and S.

Hattman, unpublished). These constructs were separate�

ly transferred into E. coli and yeast cells. Cultures were

subjected to conditions that would induce transcription of

the cloned gene, and cellular DNA was isolated and ana�

lyzed for the presence of dm6A. In no case did we observe

evidence of DNA�[adenine] methylation (unpublished

observations). These negative results are inconclusive,

however, since some Plasmodium�specific post�transla�

tional modification and/or other processing event may be

required for enzymatic activity. Moreover, if the target site

occurs infrequently in yeast and E. coli, then methylation

would have gone undetected because the m6A content

would be too low. Finally, it is possible that Plasmodium

DNA methylation occurs in a cell�cycle regulated man�

ner, such as has been observed in several prokaryotic

species [96, 97], or as a developmental stage�specific

event that does not include the red cell stage. Clearly, the

outcome of the Tetrahymena gene�knockout experiment

is of great importance because of its homology to the

Plasmodium MTase ORFs. Thus, evidence for the

Tetrahymena gene encoding a DNA�[adenine] MTase

would lend support for a similar function of the

Plasmodium ORFs.

Considering that DNA�[cytosine] methylation in

plant and mammalian genomes is known to affect an

array of important biological processes, it is surprising

how little is known about DNA�[adenine] methylation in

lower eukaryotes. Not only might it be involved in regu�

lating gene expression, but it might be essential for chro�

mosome processing during ciliate development. One may

ask whether DNA�[adenine] methylation in lower

eukaryotes has been retained through evolution because it

is a player in important cellular functions. If so, then a

reinvestigation into its presence and possible biological

role(s) in the life cycle of P. falciparum is long overdue,

especially considering that malaria continues to affect

millions of people worldwide. Since potential DNA�

[adenine] MTase ORFs have been reported in a variety of

lower and higher eukaryotes, one has to consider the pos�

sibility that m6A is present in the DNA of these organ�

isms, albeit at levels too low to detect by current method�

ologies. Since the detection limit is ca. one m6A per 3000

Ade residues, thousands of m6A residues per genome

could be present and still escape detection. In this regard,

for a long time it was believed that D. melanogaster was

devoid of m5C [98], but this was only recently proved to

be incorrect [99, 100]. Indeed, it is unfortunate that there

is no chemistry currently available that can distinguish

m6A from A, as in the bisulfate sequencing method,

which distinguishes between m5C and C.

This article is dedicated to my old and dear friend,

Prof. Boris Vanyushin. For more than 30 years, we have

both watched (and participated) with wonder and pleas�

ure as the field of DNA methylation has burgeoned into

an important discipline.

This work was supported by a US Public Health

Service grant from the Fogarty International Center (R03

TW05755).

I thank Dr. Dan Goldberg (Washington University,

St. Louis, MO) for supplying P. falciparum DNA for

HPLC analysis.
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