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We used sequence motifs conserved in S-adenosylme-
thionine-dependent methyltransferases to identify 26
putative methyltransferases from the complete genome
of the yeast Saccharomyces cerevisiae. Seven sequences
with the best matches to the methyltransferase consen-
sus motifs were selected for further study. We prepared
yeast disruption mutants of each of the genes encoding
these sequences, and we found that disruption of the
YJL125¢ gene is lethal, whereas disruptions of YCR047¢
and YDR140w lead to slow growth phenotypes. Normal
growth was observed when the YDL201w, YDR465¢,
YHR209w, and YOR240w genes were disrupted. Initial
analysis of protein methylation patterns of all mutants
by amino acid analysis revealed that the YDR465¢ mu-
tant has a defect in the methylation of the &-nitrogen
atom of arginine residues. We propose that YDR465¢
codes for the methyltransferase responsible for this re-
cently characterized type of protein methylation, and
we designate the enzyme as Rmt2 (protein arginine
methyltransferase). In addition, we show that the meth-
ylation of susceptible residues in Rmt2 substrates is
likely to take place on nascent polypeptide chains and
that these substrates exist in the cell as fully methylated
species. Interestingly, Rmt2 has 27% sequence identity
over 138 amino acids to the mammalian guanidinoac-
etate N-methyltransferase, an enzyme responsible for
methylating the &-nitrogen of the small molecule
guanidinoacetate.

The recent explosion in the number of uncharacterized
genes resulting from sequencing of entire genomes presents a
new challenge in biology. Although several living organisms
can now be completely defined in terms of their genetic codes,
understanding the functions and interactions of macromole-
cules encoded by the multitude of genes is in its infancy.
Methods are needed to assign function to new gene products
in order to come closer to understanding what makes up a
living system. With this goal in mind, we wanted to assign
function to a fraction of the new sequences, specifically to
S-adenosylmethionine-dependent methyltransferases in the
yeast Saccharomyces cerevisiae, for which the complete ge-
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Fic. 1. Schematic representation of the conserved methyl-
transferase motifs in relation to S-adenosylmethionine. The con-
served motifs I, post-I, II, and III are shown with the sequence of the
human protein L-isoaspartate (D-aspartate) O-methyltransferase (12,
15; EC 2.1.1.77). The arrangement of motifs is predicted based on
known three-dimensional structures (3—-11).

nome has recently been reported (1). A large class of AdoMet -
dependent methyltransferases have been found to share a
conserved catalytic domain structure due to the interaction of
the enzymes with a common cofactor, S-adenosylmethionine
(2). To date, the structures of nine AdoMet-dependent meth-
yltransferases have been solved, and they show a similar
folding pattern with a central parallel B-sheet surrounded by
a-helces (3—11). The common three-dimensional structure of
these enzymes is reflected in sequence motifs that are con-
served among a large number of AdoMet-dependent methyl-
transferases (12—17). The conserved regions, which we have
previously designated as motifs I, post-I, I, and III (15), are
always found in the same order on the polypeptide chain and
are separated by comparable intervals. The three-dimen-
sional structures of AdoMet-dependent methyltransferases
have revealed that motif I and post-I interact directly with
AdoMet, whereas motifs II and III interact with each other
and with a portion of motif I to form the central portion of the
B-sheet (Fig. 1).

By using the conserved motifs, we could theoretically iden-
tify all of the AdoMet-dependent methyltransferases in S. cer-
evisiae which belong to the major supergroup of methyltrans-
ferases that share this common structural organization. In
previous studies, we have successfully predicted several open
reading frames to be yeast methyltransferases based on the

" The abbreviations used are: AdoMet, S-adenosyl-L-methionine;
[*H]AdoMet, S-adenosyl-L-[methyl-*H]methionine; PCR, polymerase
chain reaction; ORF, open reading frame.

This paper is available on line at http://www.jbc.org
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TABLE I
AdoMet-dependent methyltransferases in S. cerevisiae
Enzyme EC number Gene Motifs® Ref.
Gene has been identified
mRNA cap MT® 2.1.1.56 ABD1 I, post-I, II, IIT 18
DHHB O-MT 2.1.1.64 coR3 I, post-I, II, III 23
Cogh C-MT CcoQ5 I, post-I, II, IIT 20, 21
18S rRNA dimethyladenosine MT DIM1 I, post-I, IT, III 24
A?*.Sterol C-MT 2.1.1.41 ERG6 1, post-I, 11, IIT 19
Protein arginine MT 2.1.1.23 RMT1 I, post-I, IT, III 22
Probable uroporphyrin-III C-MT 2.1.1.107 MET1 I, post-I, IT, III 25
Isoprenylcysteine O-MT 2.1.1.100 STE14 ND 26
Diphthamide N-MT 2.1.1.98 DPH5 ND 27
Phosphatidylethanolamine N-MT 2.1.1.71 PEM1 ND 28
Phospholipid N-MT 2.1.1.71 PEM2 ND 28
Mitochondrial 21S rRNA ribose MT PET56 ND 29
tRNA dimethylguanine MT 2.1.1.32 TRM1 ND 30
Gene has not been identified
tRNA guanine N'-MT (2 activities) 2.1.1.31 31
Cytochrome ¢ lysine MT 2.1.1.59 32
AdoMet: homocysteine MT 2.1.1.10 33
YL32 N-lysine MT 34
YL23 lysine MT 34
EF-1a lysine MT 35
PP2A carboxyl-MT 36, 37
tRNA ribose MT 38
tRNA base MT 38
rRNA ribose MT 39
rRNA base MT 39
97-, 49-, 43-, 38-, 35-, 33-, 31-, 26-, 24-, 22-, and 18-kDa protein MTs 22, 40
N¢%Monomethylarginine MT 22

“ ND, not detected. Motifs are based on consensus sequences derived by Kagan and Clarke (15).

® MT, methyltransferase.

conserved sequence motifs. For example, YBR236¢ (1.12000
(GB)), which we predicted to be a methyltransferase (15) was
later found to be an mRNA cap methyltransferase (18). Simi-
larly, YMLO008c (YYAP_Yeast (SW)) was subsequently shown
to be a sterol methyltransferase (15, 19). While we were com-
piling a list of putative methyltransferases for the present
study, one of the sequences on our list, YML110c, was found to
code for a methyltransferase involved in the biosynthesis of
ubiquinone (20, 21), and another, YBR034c, was shown to code
for a protein arginine methyltransferase (22).

There are now a limited number of methyltransferases in S.
cerevisiae for which the corresponding genes have been identi-
fied (Table I). About half of these methyltransferases contain
identifiable sequence motifs. The enzymes lacking motifs may
have three-dimensional structures distinct from the family of
methyltransferases for which the crystal structures are known
or may have diverged sufficiently for the motifs to become
unrecognizable. In addition to the enzymes for which the gene
sequence has been described, several other methyltransferases
are known based on characterization of the enzyme itself or on
the presence of methyl groups on a substrate molecule (Table
I). Putative methyltransferase genes identified by sequence
motifs can be correlated with these activities by the analysis of
their disruption mutants.

In this paper, we take advantage of the completion of the
yeast genome sequence to analyze directly all of the open read-
ing frames for potential methyltransferases. We present the
identification of 33 sequences that contain conserved methyl-
transferase motifs. Seven of the sequences represent known
methyltransferases and 26 are either proteins of unknown
function or proteins not previously associated with methyla-
tion. We describe the construction of yeast disruption mutants
of seven genes possessing the best matches to the consensus
motifs. We find that one of the yeast disruptions is lethal and
two others lead to slow growth phenotypes. A fourth disruption
mutant in the YDR465¢ gene shows a protein methylation
defect in a recently characterized amino acid derivative where

the methyl group is present on the §-nitrogen atom of arginine
residues (41). Previously, arginine methylation was only de-
scribed on the w-guanidino nitrogens of arginine residues by
enzymes such as the yeast Rmtl methyltransferase (22, 42),
although methylation of the 8-nitrogen atom on the small mol-
ecule guanidinoacetate is known to occur (43). We provide
evidence that the YDR465¢ gene encodes the methyltrans-
ferase activity responsible for this modification, and we desig-
nate the gene for this novel enzyme as RMT2 (protein arginine
methyltransferase). Analyses of the other disruption strains
have provided some clues to the possible function of their
corresponding methyltransferases.

EXPERIMENTAL PROCEDURES

Cloning of Seven Putative Yeast Methyltransferases —The genes des-
ignated as F1, F7, F8, F10, and F12 were subcloned into the pGEX-2T
vector (Table II). Each gene was amplified by PCR from yeast genomic
DNA using primers containing a BamHI site in the 5’ primer and EcoRI
site in the 3’ primer (Table III). PCR products and the pGEX-2T vector
(Amersham Pharmacia Biotech) were digested with BamHI and EcoRI,
and gene inserts were ligated into the pGEX-2T vector in frame with
the glutathione S-transferase coding region to allow for expression of
each gene as a fusion protein. DH5« cells were transformed with each
ligation mixture, and the plasmids containing gene inserts F1, F7, F8,
F10, and F12 were designated pAN102, -100, -106, -107, and -108,
respectively (Table IV).

The genes F3 and F4 were subcloned into the pCR2.1 vector (Table
IT) using the Original TA Cloning Kit (Invitrogen) according to manu-
facturer’s instructions (Invitrogen). Resulting plasmids containing the
gene inserts F3 and F4 were designated pAN109 and -110, respectively
(Table IV). Both genes were also cloned into the pGEX-3X vector by
releasing the genes from pAN109 and pAN110 with BamHI and ligat-
ing the inserts into the BamHI site of pGEX-3X. The resulting plasmids
were designated pAN130 and pAN120.

The yeast expression vector containing F3 was constructed by cutting
the gene out from the vector pAN109 with BamHI and ligating it into
the BamHI site of pCH1 (Table IV). The forward orientation of the
insert was confirmed by restriction digests, and the resulting plasmid
was designated pAN132. The yeast strain AN3-S was transformed with
pAN132 or pCH1 as described below for yeast disruptions and selected
on uracil-deficient SD plates to make the yeast strains AN-SR2 and
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TasLE II
Cloning strategy for yeast disruptions of 7 putative methyltransferases

Resulting Enzymes used

. . Di ti Auxotrophi b p Resulting
ORF Code Size Cloning vector ISSI{E;;.}OH uézfﬁé’r 1c d;slgtégggn 1;(()) ;;Ittrslgtt yeaZillst;;lins
bp
F1 YDL201w 858 PGEX-2T BglIl HIS3, TRP1 pAN103, BamHI, AN1-H, AN1
pAN115 EcoRI
F3 YDR465¢ 1236 pCR2.1 Clal TRP1 pAN126 BamHI, Smal AN3, AN3-S
F4 YJL125¢ 1149 PGEX-3X BgllII (X2) TRP1 pAN122 BamHI, Smal AN4
F7 YCR047¢ 825 PGEX-2T BspEI HIS3, TRP1 pAN101, BamHI, AN7-H, AN7
pAN127 EcoRI
F8 YDR 140w 663 PGEX-2T Ncol TRP1 pAN123 BamHI, ANS8
EcoRI
F10 YHR209w 873 PGEX-2T Clal TRP1 pAN128 BamHI, AN10,
EcoRI AN10-S
Fi12 YOR240w 1086 PGEX-2T Ncol TRP1 pAN114 BamHI, AN12
EcoRI

“ There are two Bg111 sites in F4; therefore, insertion of the TRP1 marker results in the deletion of a 218-base pair fragment. There are also two
Clal sites in F3, but the second site is blocked by dam methylation so it is not cut during linearization of the vector..

TaBLE IIT
Primers

Primer ORF No.

Sequence” Restriction sites

Primers used for PCR amplification of putative methyltransferase genes

D1075.1-N (FI1) TTGGATCCATGAAAGCCAAGCCACTA BamHI
D1075.2-N (FI1) CGAATTCTTACAATATGGCTGGCG EcoRI
GAMT.F (F3) CATGGATCCGTATGTCAGAATTACATGC BamHI
GAMT.R (F3) AATTCCCGGGCATTGTGCAATTTACAT Smal
GCD.F (F4) GCAGGGATCCAAATGTCAACAAATTGT BamHI
GCD.R (F4) TTTACCCGGGCAGATTTGCTTTACAT Smal
YCT.1 (F7) CTTGGATCCATGTCACGTCCTGAGGA BamHI
YCT.2 (F7) CTGGATCCGAATTCCTAGAACCTGTGTCTTC BamHI, EcoRI
YD9302.F (F8) ACAGGATCCGAAAGGTGAAGTATGCT BamHI
YD9302.R (F8) TGGAATTCTCACCTTGTAAAGCTGTACAC EcoRI
YHO9.F (F10) TATGGATCCCTGTCAATGGAAGAATC BamHI
YHO9.R (F10) CCGAATTCTCTTTTCCTACATAAGTAA EcoRI
YOR240.F (F12) CCGGGATCCAAGAAGTGAATGATTTG BamHI
YOR240.R (F12) GTGGAATTCGTCTCAGAACTTCCTA EcoRI
Primers used to amplify auxotrophic markers from YDp vectors®
Mark B/C GCAGTCCGGAATCGATCaGGTGATTGATTGAGC BspEl Clal
Mark N/X CATCTAGACCATGGATCaGGTGATTGATTGAGC Xbal, Ncol
HIS/BspELF CGTCCGGAGTCACTGCCAGGTAT BspEI
HIS/BspEL.R TATCCGGAAAGCGCGCCTCGT BspEI

“ Underlined sequences show placement of restriction sites shown on the right.

® YDp vectors are from Berben et al. (44).

AN-SV2, respectively (Table IV).

Yeast Chromosomal Disruptions of Seven Putative Methyltrans-
ferases—Yeast disruption was carried out using the one-step tech-
nique described previously (50). Disruption constructs were created
by inserting auxotrophic markers into the middle of the coding region
for each gene at a specific restriction site (Table II). The auxotrophi-
cally selectable markers for disruption were TRP1 or HIS3 and were
obtained from YDp plasmids (44) either directly by digesting at
BamHI sites or by PCR amplification using the YDp vectors as
templates. The primers used for amplification of auxotrophic markers
contained restriction sites (BspEI, Clal, or Ncol) required for subse-
quent ligation of each marker into a matching site in the gene (Tables
II and III). One primer was used in each PCR reaction because the
sequences flanking the auxotrophic markers on YDp vectors are
identical. However, to amplify HIS3 for F7 disruption, two primers,
HIS/BspEI.1 and HIS/BspEI.2, were used (Table III). For versatility,
PCR products of the markers were subcloned into either the pCR2.1
vector (original TA cloning vector, Invitrogen) to create plasmids
pAN116 and pAN121 or into pBluescript to create pAN099 (Table IV).
Each auxotrophic marker was cut out of its plasmid at the appropri-
ate restriction sites as needed for disruption.

The disruption constructs were created by linearizing each of the
vectors containing one of the seven genes at a restriction site in the
middle of the coding region (Table II). The gene F4 contained two BglII
sites, and therefore, digestion of the pAN120 vector resulted in the
deletion of a 218-base pair fragment (Table II). An auxotrophic marker
with matching restriction sites at each end was then obtained from the
plasmids pAN116, pAN121, and pAN099 (Table IV) by digesting with
the appropriate restriction enzyme and ligating the marker into one of

the linearized vectors. In cases where Bgl/II sites were used for disrup-
tion (F1 and F4; Table II), the auxotrophic marker was obtained from
one of the YDp vectors by digesting with BamHI and ligating the
marker directly into the BglII sites.

Disruption constructs were released from each vector using BamHI
and either EcoRI or Smal (Table II). The disruption mutants of S.
cerevisiae were created in the strain SEY6210 or in JDG9100-2, a strain
defective in arginine methylation (Table IV). For diploid disruptions of
F4 and F10, the strain GPY278 was used (Table IV). The transforma-
tion protocol involved a simplified lithium acetate procedure as de-
scribed (51). Yeast transformants were selected on tryptophan or his-
tidine-deficient SD plates using an amino acid dropout mix (Bio 101).
The transformants were replated at least 3 times before they were
confirmed by Southern blot or PCR. The yeast strains are listed in Table
IV. The strain SEY6210-R was created in the strain SEY6210 as
described previously (22) in order to disrupt the chromosomal RMT1
gene and was confirmed by PCR and by amino acid analysis of
methylarginines (22).

Tetrad Analysis—Sporulation and tetrad analyses were conducted as
described by Sherman and Hicks (52). A haploid disruption mutant of
F10 (AN10-S; Table IV) was obtained by sporulating the strain AN10
(Table IV) and isolating a spore with the genotype MAT«, leu2-3, 112,
ura3-52, his3-A200, trp1-A901, lys2-801, suc2-A9, mel, F10::TRP1. The
isogenic strain SEY6210 was used as a control strain for characteriza-
tion of AN10-S.

Preparation of in Vivo Labeled Yeast Extracts—S. cerevisiae mutant
and parent cells were labeled in vivo using [’H]AdoMet. Cells were
grown to early log phase (Agy0 nm = 0.6—0.8) in YPD media (1% bacto-
yeast extract, 2% bacto-peptone, 2% dextrose) at 30 °C. Five Agyo pnm
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TaBLE IV
Strains and plasmids

Name Description

Ref.

Yeast strains

GPY278 SEY6210xSEY6211 MATa/MATa, leu2-3, 112/leu2-3, 112, ura3-52/ura3-52, his3- Greg Payne, UCLA

A200/ his3-A200, trp1-A901/trp1-A901, lys2-801/LYS2, ade2-101/ADE2,suc2-A9/

suc2-A9, mel/mel
AN4 GPY278, F4/F4::TRP1 This work
AN10 GPY278, F10/F10::TRP1 This work
AN10-S MATa,leu2-3, 112, ura3-52, his3-A200, trp1-A901, lys2-801, suc2-A9, mel, This work

F10::TRP1
SEY6210 MAT« ura3-52, leu2-3, 112, his3A200, trp1-A901, his2-801, suc2-A9, mel 45
SEY6210-R SEY6210, rmt1::LEU2 This work
CH9100-2 MATaq, prc1-407, prb1-1122, pep4-3, leu2, trpl, ura3-52, ycl57wA::URA3 47
JDG9100-2 CH9100-2, rm¢1::LEU2 22
AN1 JDG9100-2, F1::TRP1 This work
AN1-H SEY6210, F1::HIS3 This work
AN3 JDG9100-2, F3::TRP1 This work
AN3-S SEY6210-R, F3::TRP1 This work
AN3-SR2 AN3-S with pAN132 vector This work
AN3-SV2 ANS3-S with pCH1 vector This work
AN7 JDG9100-2, F7::TRP1 This work
ANT7-H SEY6210, F7::HIS3 This work
ANS8 JDG9100-2, F8::TRP1 This work
AN12 JDG9100-2. F12::TRPI This work

Plasmids

PANO099 HIS3 flanked by BspEI in pBluescript This work
pAN100 YCR047¢ (F7) in PGEX-2T This work
pAN101 YCRO047c (F7)::HIS3 in PGEX-2T This work
pAN102 YDL201w (F1) in PGEX-2T This work
PAN103 YDL20Iw (F1)::HIS3 in PGEX-2T This work
pAN106 YDRI140w (F8) in PGEX-2T This work
pAN107 YHR209w (F10) in PGEX-2T This work
pAN108 YOR240w (F12) in PGEX-2T This work
pAN109 YDR465¢ (F3) in pCR2.1 This work
pAN110 YJL125¢ (GCD14) in pCR2.1 This work
pAN114 YOR240w (F12)::TRP1 in PGEX-2T This work
pAN115 YDL20Iw (F1)::TRP1 in PGEX-2T This work
pAN116 TRP1 flanked by Xbal and Ncol in pCR2.1 This work
pAN120 YJL125¢ (GCD14) in PGEX-3X This work
pAN121 TRP1 flanked by BspEI and Clal in pCR2.1 This work
pAN122 YJL125¢ (GCD14)::TRP1 in PGEX-3X This work
pAN123 YDRI140w (F8):TRP1 in PGEX-2T This work
pAN126 YDR465¢ (F3)::TRP1 in pCR2.1 This work
pAN127 YCRO047¢ (F7)::TRPI in PGEX-2T This work
pAN128 YHR209w (F10)::TRPI in PGEX-2T This work
pAN130 YDR465¢ (F3) in PGEX-3X This work
pAN132 YDR465¢ (F3) in pCH1 This work
YDp-W Plasmid carrying TRP1 44
YDp-H Plasmid carrying HIS3 44
pRS426 Multicopy shuttle vector with URA3 48
pCH1 pRS426 with CYC1 promoter inserted at EcoRI site 49
pGEX-2T GST* expression plasmid Amersham Pharmacia Biotech
pGEX-3X GST* expression plasmid Amersham Pharmacia Biotech
pBluescript Stratagene
pCR2.1 Invitrogen

“ GST, glutathione S-transferase.

units of each culture were then harvested by centrifugation at 1,600 X
g for 6 min at 25 °C. The pelleted cells were resuspended in 820 ul of
YPD, and 180 ul of [*H]AdoMet (NEN Life Science Products, 77.9
Ci/mmol, 550 pCi/ml in 10 mMm H, SO, /ethanol (9:1, v/v)) was added.
Cells were labeled for 30 min at 30 °C with shaking, pelleted at
16,000 X g for 5 s at 25 °C, and washed twice with water, and pellets
were saved at —80 °C. For the strains AN3-SR2 and AN3-SV2, in vivo
labeling was performed as above except cells were grown and labeled in
uracil-deficient SD medium to maintain the plasmids, and the
[*H]AdoMet was at 72.4 Ci/mmol. Labeled cell extracts were prepared
by resuspending each cell pellet in 50 ul of lysis buffer (1% sodium
dodecyl sulfate, 1 mm phenylmethylsulfonyl fluoride, 1 mM benzami-
dine, 2 ug/ml each leupeptin, pepstatin, and aprotonin). To each mix-
ture, 0.2 g of baked zirconium beads (Biospec Products) were added, and
each sample was vortexed 1 min and placed on ice for 1 min. The
vortexing and ice incubation was repeated seven times. The lysate was
collected, and the beads were washed with 50 ul 1% sodium dodecyl
sulfate. The wash was combined with the lysate and debris was spun
down at 16,000 X g for 5 s. The cleared lysate was used for acid
hydrolysis and amino acid analysis.

Determination of Protein Concentrations—Protein concentrations
were determined using a Coomassie Plus Protein Assay Reagent
(Pierce) against a standard of bovine serum albumin.

RESULTS

Identification of 26 Putative Methyltransferases in S. cerevi-
siace—We were interested in identifying new methyltrans-
ferases in the complete genome of the yeast S. cerevisiae based
on conserved sequence motifs common to AdoMet-dependent
methyltransferases. We used motifs I, post-I, II, and III, which
we defined previously based on a large number of known meth-
yltransferases (15), to search the yeast genome at the site
Motifs in Protein Data Bases.? The search resulted in 33 can-
didate genes with identifiable motifs (Table V). Seven of the

2 Available on-line at the following address: http:/alces.med.
umn.edu/dbmotif.html.
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TABLE V
Open reading frames identified using conserved methyltransferase sequence motifs
Consensus for conserved motifs was derived by Kagan and Clarke (15) based on a large number of known methyltransferases. The conserved
motifs are always found in the same order on the polypeptide as shown above. The intervals between motifs are also conserved, with the average
interval length shown above. The first consensus row immediately above the sequences represents the most common residue for that position. The
second, third, and fourth most common residues at each position are in the rows above the first row. h, hydrophobic residue; X, any residue.

Mot Interval Post-T Interval YRV Interval Hey
Code Gene or ORF IVEV C P "5 xS Fradty GTY VIV " b
VLDIGGGTG PQFDAIFC LLRPGGRLLI
Known methyltransferases
YBR236¢ ABDI VLELGCGKG 13 FIGID 46 FPCDIVST 23 SLKIGGHFFG
YOL096¢ coQ3 VLDVGCGGG 14 VQGID 34 GQFDIITC 20 LNPEKGILFL
YML110c CcoQRs5 FIDVAGGSG 13 FGDTE 37 DSKDIYTV 19 VLKPGGIFYC
YPL266w DIM1 VLEVGPGTG 12 VVAVE 32 PYFDICIS 36 LARPGDSLYC
YMLO008c ERG6 VLDVGCGVG 13 VIGLN 36 NTFDKVYA 19 VLKPGGTFAV
YBRO034c RMTI VLDVGCGTG 13 VIGVD 35 PKVDIIIS 22 YLVEGGLIFP
YKR069w MET1 ISLVGSGPG 17 IILAD 51 KQGDPYIF 17 VVLPGISSSL
Good matches
YDL201w FI IADIGCGFG 14 ILGME 54 CFPDPHFK 19 VLKEGGVVYT
YDR316w F2 VLEVSCGTG 13 ITFLD 51 VKYDTIVE 19 LLKPDGRIIL
YDR465c¢ F3 (RMT2) ILNIGFGMG 13 HYICE 56 VFFDGIYY 19 LIKPEGVFSF
YJL125¢ F4 (GCD14) VIEAGTGSG 12 LFSFE
YPL157w F5 ILDVFCGGG 12 VYGVD 40 IKYDCVFG 19 HLKPMGITKM
YMLO014w F6 GIDVGCGNG 10 1IGSD 30 ETFDFAIS 22 KLRQGGQALI
YCRO047c F7 ILDIGCGSG 13 WCGLD 31 GSFDAAIS 30 ALKKGGKFVA
YDR140w F8 VCEIGSGSG 18 HLAVD 36 NQVDVLIF 25 LALLGGKDGM
YER175¢ F9 LVDVGCGPG 15 1IGSD 43 QKIDMITA 18 LRKDGTIAIW
YHR209w Fi0 LVDIGCGTG 12 VIGID 37 ESVDMVIS 18 LRSDGTFAFW
YILO64w F11 VVDLGTGNG 14 LVGID 45 GTLDAISL 21 ILKKDGIFLI
YOR240w Fi12 IFEIGCGAG 16 IIAAD 40 HSVDIAVM 21 ILKPGGKIIF
YDLO14w F13 (NOP1) VLYLGAASG 15 VYAVE 36 GMVDCVFA 17 FLKDQGGVVI
Marginal matches
YALO61w F14 VLEVGPGVK 13 GTCRD
YBR261c Fi15 AVDIGAGIG 13 IDLVE 32 WTPDAGKY 26 GLQPNGTIVV
YBR271w F16 VLELGAGTG 12 LYGTE 49 NEFDVILI 19 FLAASGTCHL
YDRO83w F17 IADMGCGEA
YIL110w F18 VVEIGCGTA 21 FVLTD
YJRO072¢ F19 NGDNGLGSG 16 YSQLD 23 DEYDQYYK 24 LMKDLGLNEK
YJR129¢ F20 VLEVGAGTG 16 MYVTD
YLR137w F21 ILELGAGIS 13 YVSTD
YLR285w F22 VLELGAAAA 13 VVSTD 50 GKFDLIIL 19 LLAEKGQALV
YNLO092w F23 ILIPGCGTG 12 CEGNE 98 NSKDVVVT 19 VLKPGGIWCN
YNRO029c¢ F24 ILDSGSGNG 15 PLKNE
F25 (COX1) LVESGAGTG 14 GPSVD
YER095w F26 (RAD51) PLDIGGGEG 21 RPGLD
TaBLE VI
BLAST-P searches of putative methyltransferases against GenBank™
ORF Closest methyltransferase match for each yeast ORF E value” closest MT match E value® closest human EST match
F1 Protein similar to RNA MT (Bacillus subtilis) 0.47 6 X 10°%°
F2 Ubiquinone/menaquinone biosynthesis MT (Archeoglobus 3x 1077 None
fulgidus)
F3 Guanidinoacetate N-MT (human) 2 X 10°¢ None®
F4 B-Aspartate MT (Mycobacterium leprae) 1078 2 X 1072
F5 Hypothetical RNA methyltransferase (Escherichia coli) 0.42 5x107°
F6 2-hexaprenyl-1, 4-naphthoquinone MT (Micrococcus luteus) 0.014 2 x 1078
F7 Glycine N-MT (Sus scrofa) 0.013 9x 108
F8 Hypothetical adenine-specific MT (Haemophilus influenzae) 2 X 10°¢ 8 x 1071
F9 2-hexaprenyl-1, 4-naphthoquinone MT (M. luteus) 1.5 None
F10  Cyclopropane fatty acid synthase (Helicobacter pylori) 4x107* None
F11  EryG protein (Saccharopolyspora erythraca) 0.016 1078
F12  Ubiquinone biosynthesis MT (Schizosaccharomyces pombe) 0.072 3x10°2°
F13  Protein L-isoaspartate O-MT (Methanobacterium 0.11 1x10°7
thermoautotrophicum)
F15  Carminomycin 4-O-MT (Streptomyces peucetius) 0.22 4 X101
F16  Protein-L-isoaspartate O-MT (Arabidopsis thaliana) 0.75 10°¢
F20  Ribosomal protein L11 MT (H. pylori) 1.0 None

@ The E (Expect) value of the closest known methyltransferase (MT) match to each yeast ORF in the database of all non-redundant GenBank "™
CDS translations + PDB + SwissProt + PIR obtained with BLAST version 2.0.

® The E value of the closest human match to each yeast ORF from the non-redundant GenBank ™ database of human EST entries. F13 codes for
yeast fibrillarin, and the E value for the human match listed represents human fibrillarin.

¢ The closest human match to F3 in the EST database is guanidinoacetate N-methyltransferase with an E value of 0.001.

genes turned out to be known methyltransferases responsible
for modifying a variety of substrates including ubiquinone pre-
cursors, rRNA, the mRNA cap, an ergosterol precursor, uropor-

phyrin, and arginine residues on proteins (Tables I and V). We
grouped the remaining 26 genes in two categories, “good
matches” and “marginal matches” based on the number of
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RMT2 : 217 VMMDWETKIMELASETLFPDPEATNSATILNIGFGMGITIDTFIQARKPYRHYICEAHPDV 276

VM WET M + ++ +L +GFGM I + +Q H+I E + V
GAMT : 41 VMERWETPYMHALAAAA-----— SSKGGRVLEVGFGMATAASKVQEAPIDEHWIIECNDGYV 95
1 post I
Fic. 2. Alignment of YDR465¢ (F3;
Rmt2) and human guanidinoacetate RMT2 : 277 LAKMKMDGWYEKDNVVILEGRWQDTLNNLLDKGEVEFDGIYYDTE-----— SEHYQDILDL 331
N-methyltransferase (guanidinoac- A r o Vi LG WD LD FDGIL YDT+ Foa *
GAMT : 96 FQRLRDWAPRQTHKVIPLKGLWEDVAPTLPDG-~-HEDGILYDTYPLSEETWHTHQFNFI 152

etate N-methyltransferase (GAMT);
Ref. 43). The alignment was made using
BLAST version 2.0. The conserved motifs
I, post-1I, II, and III are underlined (15). +
The deduced sequence of YDR465¢ is la-
beled RMT2. The guanidinoacetate
N-methyltransferase sequence is Gen-
Bank™ accession number 2948404.
Amino acid residues that are similar be- 1
tween the two sequences are marked by a

I

RMT2 : 332 YDVVVGLIKPEGVFSFFN 349
L+KP GV ++ N
GAMT : 153 KNHAFRLLKPGGVLTYCN 170
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Fic. 3. Disruption of yeast YCR047¢ and YDR140w genes leads
to slow growth of the resulting yeast strains AN7 and ANS8. The
parent strain JDG9100-2 and mutant strains AN7 and AN8 were grown
in YPD-rich media at 30 °C, and cell numbers were estimated by the
optical density of the culture at 600 nm.

conserved regions present in each sequence and on how well
the conserved regions, and the intervals between the regions,
matched the consensus sequences. We designated these genes
as F1 to F26 (Table V). Among the new sequences are four
genes (GCD14, NOP1, RAD51, and COX1) which have previ-
ously been characterized but have not been associated with
methylation. Interestingly, Nopl, a fibrillarin homolog, is
known to be important for proper methylation of pre-rRNA
(53), and it associates with small nucleolar RNAs to allow small
nucleolar RNA to properly guide 2’-O-methylation (54). It is
possible that fibrillarin may itself be the rRNA ribose O-meth-
yltransferase. However, its direct role as a methyltransferase
has not been demonstrated. The remaining sequences were
previously uncharacterized open reading frames.

Sequence Analysis of the Putative Methyltransferases—In or-
der to identify likely substrates for each putative methyltrans-
ferase, we carried out BLAST 2.0 searches of the GenBank™
data base with the translated yeast ORF sequences (Table VI).
Many of the putative methyltransferases displayed significant
amino acid sequence similarities to known AdoMet-dependent
methyltransferases in the data base. However, most of the
observed similarities were found in the protein segments span-

human GAMT | |

| A I
1 236

ning the conserved methyltransferase motifs, and the overall
similarity scores were low. For example, the F7 putative meth-
yltransferase could be aligned to five different classes of known
methyltransferases, but even the best alignment resulted in
the relatively high expect (E) value of 0.013 (Table VI). This
observation suggested that although the F'7 ORF likely encodes
a methyltransferase, the degree of sequence similarity to
known methyltransferases was insufficient to determine its
specific substrate. The low overall similarity scores most likely
prevented the sequences identified in this study from being
recognized as putative methyltransferases previously. In fact,
only one (F'7) of the 26 putative methyltransferases was iden-
tified as such in the GenBank™ data base.

There were several sequences, however, that displayed ad-
ditional amino acid similarities outside of the conserved meth-
yltransferase motifs. For example, the F3 coding sequence was
aligned with an E value of 2 X 10~° to the human guanidino-
acetate N-methyltransferase (GenBank™ accession number
2498404, Table VI) and showed sequence similarity in regions
preceding motifs I and IT (Fig. 2). These similarities suggested
that the substrates of F3 and guanidinoacetate N-methyltrans-
ferase may share common features (see below). Other notable
alignments included the alignment of Ged14 to a putative B-as-
partate methyltransferase from Mycobacterium leprae with an
E value of 108 (GenBank™ accession number 2145817, Table
VI), the alignment of F8 to several adenine methyltransferases,
and the alignment of F2 to a ubiquinone/menaquinone biosyn-
thesis methyltransferase from Archaeoglobus fulgidus with an
E value of 3 X 1077 (GenBank™ accession number 2650497,
Table VI). The sequence similarity between F2 and the ubiqui-
none/menaquinone biosynthesis methyltransferase is consist-
ent with the predicted location of F2 in the mitochondria® and
suggests that F2 may methylate a ubiquinone precursor or a
similar molecule. Two of the gene products, F9 and F10, were
aligned with an E value of 3 X 1028 with each other, indicat-
ing that they may share similar functions. In addition, for a
majority of the putative methyltransferases, a human sequence
of unknown function with high similarity to each yeast ORF
was found in the EST data base (Table VI).

Yeast Disruption Mutants of 7 Putative Methyltransferase
Genes Reveal One Lethal and Two Slow Growth Pheno-
types—As a first step to characterize the putative methyltrans-
ferases, we decided to make yeast disruption mutants of sev-
eral genes which we considered good matches. Our goal was to

3 PSORT II available at the following address: http:/cookie.imcb.
osaka-u.ac.jp/nakai/psort.html.
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FIG. 4. Disruption of the YDR465¢c/RMT2 gene product leads to a methylation defect of a novel type of arginine derivative. A and
B, control JDG9100-2 strain. C and D, AN3 mutant strain. B and D are enlargements of A and C, respectively, in the region where methylated
arginine derivatives elute. The yeast disruption mutant AN3 and its parent strain JDG9100-2 were labeled in YPD in vivo with [*H]AdoMet, and
extracts were prepared as described under “Experimental Procedures.” 30 ul of cleared in vivo labeled lysate was combined with an equal volume
of 25% trichloroacetic acid in a 6 X 50-mm glass vial and incubated at 25 °C for 20 min. Each sample was spun down at 4000 X g for 20 min at
25 °C. The pellets were then washed once with acetone at —20 °C and acid-hydrolyzed with 200 ul 6 M HCI1 at 110 °C for 20 h in a Waters Pico-Tag
vapor-phase apparatus. The hydrolyzed samples were suspended in 200 ul water and an equal volume of citrate dilution buffer (0.2 N in Na*
containing 2% thiodiglycol and 0.1% phenol at pH 2.2; Pierce). The samples were mixed with 1 umol of each of the non-isotopically labeled
standards, N¢ N¢-dimethylated (asymmetric) arginine (Sigma) and N°-monomethylated arginine (Calbiochem). The entire sample was loaded on
a Beckman AA-15 sulfonated polystyrene column, 0.9 cm diameter X 11 cm height. The sample was eluted at 1 ml/min with sodium citrate buffer
(0.35 Nin Na*, pH 5.14) at 55 °C. After each run, the column was washed with 0.2 N NaOH for 20 min prior to the next run. One-minute fractions
were collected, and °H radioactivity was determined by liquid scintillation counting by dissolving a 200-ul aliquot of each fraction in 500 ul of water
and placing it in 5 ml of fluor (Safety-Solve, Research Products International). An additional 100 ul of some fractions was analyzed using the
ninhydrin method to detect the non-radiolabeled standards. 100 ul of each fraction was combined with 300 ul of ninhydrin reagent (2% (w/v)
ninhydrin and 3 mg/ml hydrindantin in a solvent of 75% (v/v) dimethyl sulfoxide and 25% (v/v) 4 M lithium acetate at pH 4.2). The mixture was
heated for 15 min at 100 °C, and the absorbance at 570 nm was measured. DMA, N¢ N¢-dimethylarginine (asymmetric) standard; MMA,

NC¢-monomethylarginine standard.

find the methylation substrate for each new methyltransferase
on our list, and the availability of yeast mutants facilitates
identification of methylation defects. Disruptions were made in
the genes F1, F3, F4, F7, F8, F10, and F12 by inserting either
a TRP1 or a HIS3 cassette at a specific restriction site in each
gene as described under “Experimental Procedures.”

We found that F4 (GCD14) is an essential gene. Dissection of
six individual tetrads from the diploid disruption mutant AN4
resulted in 2:2 segregation of the lethal phenotype (data not
shown). In addition, all of the viable spores of F4 were auxotro-
phic for tryptophan (data not shown), reflecting the absence of
the TRP1 insert in the disrupted F4 gene. In contrast, disrup-
tion of the genes F'1, F3, F7, F8, F10, and F12 resulted in viable
colonies. In addition, we observed that the disruption of two of
the genes, F7 and F8, leads to slow growth of the resulting
yeast mutants. The doubling times for the strains AN7 and
ANS in rich media during exponential growth phase were 4.2
and 3.4 h respectively, compared with 2.1 h for the parent
strain (Fig. 3). Similarly, a disruption of F7 in a SEY6210 yeast
background resulted in a doubling time of 3 h for the AN7-H

mutant compared with 1.5 h for the parent strain during ex-
ponential growth phase (data not shown). The remaining yeast
mutants exhibited doubling times comparable to the corre-
sponding parent strains (data not shown). We did not observe
any additional growth defects of the mutants on glycerol, on
minimal media, at 37 or 14 °C (data not shown).

Disruption of F3 Leads to a Methylation Defect of a Novel
Type of Arginine Derivative—As a first step to identify the
substrate for each new methyltransferase on our list, we de-
cided to examine the disruption mutants for defects in protein
methylation. These mutants were made in a strain lacking the
Rmt1 protein arginine methyltransferase to reduce the level of
N-w-methylated arginine species that could obscure other
methylated derivatives (22). Several different protein methyl-
transferases, for which the corresponding genes have not yet
been identified, are predicted to exist in yeast (Table I). In
addition, the sequence similarity between one of the sequences
in this study, F3, and guanidinoacetate N-methyltransferase
(Fig. 2) led us to suspect that F3 may be a methyltransferase
responsible for modifying a molecule similar to guanidinoac-
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Fic. 5. Constitutive expression of the RMT2 gene product on a multicopy plasmid restores the defect in arginine methylation. A
and B, AN3-SR2 strain carrying the RMT2 expression plasmid pAN132. C and D, AN3-SV2 strain carrying the control plasmid pCH1. B and D
are enlargements of A and C, respectively, in the region where methylated arginine derivatives elute. The yeast strains AN3-SR2 and AN3-SV2
(Table IV) were labeled in uracil-deficient defined medium in vivo with [*H]AdoMet, and extracts were prepared as described under “Experimental
Procedures.” The hydrolysates were prepared and analyzed as described in Fig. 4 except 75 ul of each yeast extract was used for acid hydrolysis
and amino acid analysis. DMA, N¢ N®-dimethylarginine (asymmetric) standard; MMA, N°-monomethylarginine standard.
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Fic. 6. Inhibition of protein synthesis prevents in vivo methylation of the Rmt2 substrate. B is an enlargement of A in the region where
methylated arginine derivatives elute. JDG9100-2 cells were grown to Ay nm = 0.637 in YPD media at 30 °C. Five Agy o units of each culture
were then harvested by centrifugation at 1,600 X g for 6 min at 25 °C. The pelleted cells were resuspended in 894 ul of YPD and 10 ul of either
cycloheximide (Sigma; 10 mg/ml stock in ethanol) or ethanol and incubated at room temperature for 10 min. 106 ul of [’H]AdoMet (Amersham
Pharmacia Biotech, 76.0 Ci/mmol, 1.0 mCi/ml in dilute HCl/ethanol 9:1) was added to give a final [*H]AdoMet concentration of 1.4 um. The final
concentration of cycloheximide during labeling was 100 ug/ml. Cells were labeled for 20 min at 30 °C with shaking, pelleted at 16,000 X g for 5 s
at 25 °C, and washed twice with water, and pellets were saved at —80 °C. Hydrolysates were prepared and analyzed as described in Fig. 4. Open
symbols, control JDG9100-2 cells; closed symbols, cycloheximide-treated JDG9100-2 cells. DMA, N¢ NS-dimethylarginine (asymmetric) standard;
MMA, N®-monomethylarginine standard.

etate, such as an arginine residue of a protein. by trichloroacetic acid precipitation and acid-hydrolyzed. The

We examined in vivo labeled extracts from all mutants for —methylated derivatives were analyzed using cation exchange
defects in protein methylation using amino acid analysis. Yeast liquid chromatography. The resulting pattern of amino acid
proteins, methylated in vivo using [P'H]AdoMet, were collected methylation for the parent strain, JDG9100-2, is shown in Fig.
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Fic. 7. In vitro formation of N-§-methylarginine is limited by
substrate availability. Yeast extracts from the strains AN3 and
JDGI100-2 were prepared by growing a 100-ml culture of yeast cells to
Agoo nm = 0.616 (JDGI100-2) or Agpg um = 0.737 (AN3). Cells were spun
down at 16,000 X g for 5 s, washed twice with water, and resuspended
in 150 ul of lysis buffer (250 mMm Tris-HCI, pH 7.5, 1 mM sodium EDTA,
1 mM sodium EGTA, 0.3 mM phenylmethylsulfonyl fluoride, 1 mm ben-
zamidine, 2 ug/ul each leupeptin, pepstatin, and aprotonin). To each
mixture, 0.6 g of baked zirconium beads (Biospec Products) were added,
and each sample was repeatedly vortexed as described under “Experi-
mental Procedures.” The lysate was collected, and debris was spun
down at 16,000 X g for 5 s. Extracts from the JDG9100-2 and AN3
strains were assayed separately by combining 75 ul of each extract (945
ug of protein) with 1 ul of [PH]AdoMet (Amersham Pharmacia Biotech,
76.0 Ci/mmol, 1.0 mCi/ml in dilute HCl/ethanol 9:1), or together by
combining 37.5 ul of extract from each strain (945 ug of total protein)
with 1 ul of [P'H]AdoMet. The reactions were incubated at 30 °C for 30
min. The reactions were stopped by adding an equal volume of 25%
trichloroacetic acid, and hydrolysates were prepared as described in
Fig. 4 except that the total volume of each methylation reaction (76 ul)
was used for acid hydrolysis and amino acid analysis. Open circles,
combined extracts of AN3 and JDG9100-2; closed circles, AN3 extract;
triangles, JDG9100-2 extract. DMA, N NC-dimethylarginine (asym-
metric) standard; MMA, N°-monomethylarginine standard.

4A. The major peak of methylation corresponds to mono-, di-,
and trimethyllysine eluting at 47 min. Since this parent strain
is defective in N®-mono- and N¢ N%asymmetric dimethylation
of arginine residues (22), there are no large peaks of radioac-
tivity which migrate with the methylarginine standards (Fig.
4A). We found, however, no large differences in the methylation
pattern of AN3 (Fig. 4C) or of the AN1, AN7, AN8, AN10-S, and
AN12 mutants compared with the parent strains (data not
shown).

However, closer analysis of the methylarginine region from
the AN3 mutant acid hydrolysate reveals a defect in methyla-
tion of an amino acid derivative eluting at about 84 min (Fig.
4D), which is clearly present in similarly prepared hydroly-
sates of the parent strain (Fig. 4B). This derivative elutes in a
position distinct from that of the N6 N-o-dimethylarginine or
NC-w-monomethylarginine standards. The sequence similarity
between F3 and guanidinoacetate N-methyltransferase (Fig.
2), which methylates this small molecule substrate on the
d-nitrogen atom of its guanidino group, suggested that the
substrate of F3 may also be methylated on a 6-nitrogen of a
guanidino group but on an arginine residue. In fact, we have
recently demonstrated that yeast proteins contain N-5-methyl-
arginine residues (41). Direct chemical analysis of the acid
hydrolysis product eluting at 84 min revealed that this deriv-
ative corresponds to free N-8-methylarginine (41). Three other
amino acid derivatives which elute in the methylarginine re-
gion at 74, 93, and 103 min are unaffected by the F3 disruption.
The identity of these derivatives is unknown, but the peak
eluting at about 92 min elutes with the N®-w-monomethylargi-
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nine standard and suggests the existence of an additional type
of N¢-arginine methyltransferase.

The methylation defect at 84 min in extracts from the AN3
strain is also observed in the AN3-S strain (Table IV) which has
an F3 disruption in a different rm¢I background (data not
shown). In order to confirm that the methylation defect in the
AN3 mutants is due to the absence of F3 activity, we reintro-
duced the F3 gene into the AN3-S strain on a multicopy plas-
mid as described under “Experimental Procedures.” The F3
expression plasmid restores the methylation defect in the
ANS3-S mutant (Fig. 5B). In contrast, a vector-only control fails
to restore methylation of the new derivative (Fig. 5D). In ad-
ditional control experiments, we analyzed the pattern of meth-
ylated molecules from extracts of AN3 and JDG9100-2 strains
which had not been precipitated with trichloroacetic acid prior
to acid hydrolysis. The pattern of methylated derivatives ob-
tained was very similar to the pattern seen in Fig. 4, showing
that the methylated derivative is not due to a small molecule
contaminant.

The absence of N-8-methylarginine in acid hydrolysates of
extracts of the F3 disruption mutant coupled with the sequence
similarity between F3 and a known &-nitrogen methyltrans-
ferase clearly indicates that F3 is responsible for the formation
of this novel arginine derivative. In contrast to guanidinoac-
etate methyltransferase, the F3 enzyme modifies an amino acid
residue of a protein. The 176 amino acid extension at the
N-terminal of F3, which is absent in the small molecule meth-
yltransferase (Fig. 2), may represent a substrate binding do-
main which allows F3 to accommodate a much larger protein
substrate. We designate the new enzyme as Rmt2.

Protein Synthesis Is Required for in Vitro Methylation of the
Rmt2 Substrate—We wanted to find out whether formation of
the 8-methylarginine derivative can occur in vitro. However,
incubation of yeast extracts with [’H]AdoMet resulted in the
formation of only a minimal level of the N-6-methylarginine
derivative (data not shown). We reasoned that this type of
methylation may only occur in a short window of time imme-
diately following translation, before the substrate becomes
folded. This is the case for methylation of lysine residues of
cytochrome ¢ in yeast (55). We therefore decided to test
whether inhibition of protein synthesis during in vivo labeling
will prevent the new derivative from being formed. We labeled
the JDG9100-2 strain in the presence or absence of cyclohexi-
mide and compared the resulting patterns of methylated amino
acid residues (Fig. 6). We find that the N-8-methylarginine
peak at 87 min is completely absent upon cycloheximide treat-
ment (Fig. 6B). Interestingly, there is also a significant reduc-
tion in the levels of methyllysine at 48 min (Fig. 64), N¢-
monomethylarginine at 95 min (Fig. 6B), and the unknown
derivative at 104 min (Fig. 6B). In contrast, the levels of the
other methylated derivatives are unaffected by cycloheximide
treatment.

The absence of N-8-methylarginine under conditions where
protein synthesis is inhibited suggests that this novel type of
modification may be cotranslational or may in some other way
be dependent on protein synthesis. For example, the Rmt2
substrate could have a high turnover rate or it could exist only
in its fully methylated form. In order to test these possibilities,
we carried out in vitro methylation reactions in which extracts
from AN3 (which would be expected to contain unmethylated
substrates) and JDG9100-2 (which would be expected to con-
tain the Rmt2 activity) were mixed. Although methylation of
each extract individually did not result in formation of N-6-
methylarginine, combining the extracts led to the formation of
the new derivative (Fig. 7). This result suggests both that the
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substrate of Rmt2 is stable when it is unmethylated and that it
normally exists in its fully methylated form.

DISCUSSION

Since the completion of the DNA sequence for the entire
genome of the yeast S. cerevisiae, there has been a focused
worldwide effort to uncover the function of each gene product in
this organism (56). This effort has included systematic disrup-
tion of individual genes and genome-wide phenotypic assays of
the resulting disruption mutants (Ref. 56 and references with-
in; see also Ref. 57). It is expected that these genome-wide
approaches to functional analysis will contribute tremendously
to the understanding of how an organism works. However,
direct biochemical analysis will remain a powerful approach to
the study of many classes of proteins.

In order to identify and characterize new AdoMet-dependent
methyltransferases, we combined a genome-wide approach
with biochemical analysis. The presence of conserved motifs in
this class of enzymes allowed us to identify 26 potential meth-
yltransferases in the yeast genome that were not detected
based on traditional sequence comparisons. Among the puta-
tive methyltransferases, we have identified a previously un-
known enzymatic activity which catalyzes the unusual -nitro-
gen methylation of arginine residues. A direct biochemical
approach was especially useful for characterizing this new
methyltransferase because the disruption mutant does not
have an obvious phenotype, and its amino acid sequence does
not have high similarity to any known proteins. The low degree
of sequence similarity of this Rmt2 methyltransferase to gua-
nidinoacetate N-methyltransferase, an enzyme which also
methylates the 8-nitrogen atom of a guanidino derivative, pro-
vided a clue about the substrate, but only in the context of what
was already known about protein methylation. The recent dis-
ruption of the major yeast protein arginine methyltransferase
gene RMT1 (22) revealed the presence of a new arginine deriv-
ative and thus pointed to a possible connection between this
derivative and the RMT2 gene product. It is important to note
that our identification of the activity of the Rmt2 enzyme was
dependent upon having cells disrupted in two genes, a situation
which would not occur when single mutants are analyzed en
masse. We have therefore shown the added power of combining
a direct biochemical approach with genome-wide approaches to
elucidate the functions of new gene products.

The function of the new type of protein methylation by Rmt2
is unknown. Since the absence of Rmt2 does not affect general
yeast viability or growth, N-5-arginine methylation may be
important under certain specific conditions or it may fine-tune
the function of its protein substrate. Interestingly, in a recent
study of yeast gene expression using DNA microarray technol-
ogy, RMT2 expression was found to be down-regulated after
liquid cultures reached an Agy( ,p,, of 0.8, decreasing 3.6-fold at
an Agop nm Of 7.3 (58). The repression of RMT2 implies that
N-8-arginine methylation may be important during logarithmic
growth and may be dispensable or even deleterious during
post-exponential growth. Homologs of Rmt2 are present in
Schizosaccharomyces pombe (GenBank™ accession number
1723243; E = 6 X 107°%) and Arabidopsis thaliana (Gen-
Bank™ accession number 2827702; E = 7 X 10™*2), but so far,
it has not been found in prokaryotes or mammals. Finding the
substrate for Rmt2 will be the next step in identifying the
function of this new type of arginine methylation.

Amino acid sequence similarities, as in the case of Rmt2 and
guanidinoacetate N-methyltransferase, may provide valuable
starting points for elucidating the function of uncharacterized
gene products. For example, the gene product of F4/GCD14,
found in this study to be essential, has been recently identified
as a translational repressor of GCN4 (59). Gen4 is a transcrip-
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tion factor that activates at least 40 different genes encoding
amino acid biosynthetic enzymes in response to amino acid or
purine starvation (60, 61). Multiple translational repressors of
GCN4 (GCD proteins) are required for efficient repression of
GCN4 mRNA translation under non-starvation conditions (62).
All of the GCD proteins characterized thus far have general
roles in protein synthesis initiation, in addition to GCN4 re-
pression and deletions of many of these genes are lethal (Ref.
59 and references within). Several GCD proteins function to
repress GCN4 by reducing the activity of the translation initi-
ation factor 2 (59). The mechanism of GCN4 repression by
F4/Gced14 is not known, but our results suggest that it may
involve a methylation reaction. In fact, F4/Gcd14 has sequence
similarity to a family of putative protein carboxyl methyltrans-
ferases from Eubacteria and Archaea (for example, M. leprae,
GenBank™ accession number 2145817, aligns with an E value
of 10~ 8 with F4/Ged14). Carboxyl methylation can be reversible
and is known to play a regulatory role in several systems (63).

Slow growth, as seen in the mutants AN7 and ANS, indicates
a general metabolic defect (64), and there are various ways in
which methylation may be involved in this phenotype. For
example, disruption of the Erg6 methyltransferase, which is
involved in the biosynthesis of ergosterol, leads to slow growth
of the resulting yeast mutants (65, 66). Although the reason for
slow growth is not known, it can be hypothesized that the
altered sterols that are formed in the absence of the Erg6
methyltransferase may be unable to fulfill the normal cellular
functions of ergosterol, such as its role in membrane structure
(67). Interestingly, the gene disrupted in the slow-growing AN8
mutant (¥8) has the sequence NPPY immediately following
motif IT which matches the signature motif of adenine methyl-
transferases (16, 68). It is conceivable that a defect in RNA
methylation in the AN8 mutant could affect protein synthesis
and lead to slow growth.

This initial study of seven of the putative methyltransferases
has revealed one essential gene, two genes whose disruption
leads to slow growth, and a novel arginine methyltransferase.
There are a number of methyltransferases in yeast predicted to
exist based on the presence of methyl groups on various sub-
strates or on specific enzymatic activities that have been dem-
onstrated (Table I). We hope to be able to match the other
putative methyltransferases in this study with these activities.
Studies are currently under way in our laboratory to analyze
the pattern of methylation of proteins, nucleic acids, lipids, and
small molecules of the remaining mutants described in this
work.
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