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Ribosomal protein L23ab is specifically dimethylated at two
distinct sites by the SET domain-containing enzyme Rkml1 in
the yeast Saccharomyces cerevisiae. Using liquid column chro-
matography with electrospray-ionization mass spectrometry,
we determined that Rpl23ab purified from the Arkm1 deletion
strain demonstrated a loss in mass of ~56 Da when compared
with Rpl23ab purified from the wild type strain. When Rpl23ab
was proteolyzed, using proteinase ArgC or CNBr, and the pep-
tides derived were analyzed by tandem mass spectrometry, no
sites of methylation were found in Rpl23ab purified from the
Arkm1 deletion strain, whereas two sites of dimethylation were
observed in the wild type strain at lysine residues 105 and 109.
‘We show that both Rpl23a and Rpl23b are expressed and meth-
ylated in vivo in yeast. Using polysomal fractionation, we dem-
onstrate that the deletion of RKM1 has no effect on ribosomal
complex formation. Comparison of SET domain methyltrans-
ferase substrates in yeast reveal sequence similarities around the
lysine methylation sites and suggest that an (Asn/Pro)-Pro-Lys
consensus sequence may be a target for methylation by subfam-
ily 2 SET domain methyltransferases. Finally, we show the pres-
ence of Rkm1 homologs in fungi, plants, and mammals includ-
ing humans.

SET domain methyltransferases are a new family of methyl-
transferases known to specifically methylate lysine residues in a
variety of proteins (1, 2). The family was named after the Dro-
sophila genes in which it was first discovered, Su(var), Enhancer
of zeste, and Trithorax (3), all of which were later shown to
encode histone lysine methyltransferases (4—6). The SET
domain methyltransferases differ from other methyltrans-
ferases with known structures in that its catalytic core forms a
knot-like structure with a conserved tyrosine residue in the
active site necessary for catalysis (6—-12). SET domain methyl-
transferases have been shown to modify a variety of proteins
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including Rubisco® (13, 14), cytochrome ¢ (15), and most nota-
bly histones (16). Currently, no physiological effect has been
observed for the lysine methylation of Rubisco or cytochrome ¢
(14, 15). However, in histones lysine methylation has been
shown to play an important role in the activation or repression
of transcription through modulating the structure of chromatin
(16).

Histone tails are highly decorated by lysine methylation reac-
tions and the majority of these modifications occur in close
proximity and can exhibit opposite effects. The most well char-
acterized biology involves the interplay between the methyla-
tion oflysine 4 and lysine 9 of mammalian histone H3, catalyzed
by distinct SET domain methyltransferases (16). Methylation of
lysine 4 is correlated with active transcription and euchroma-
tin, whereas methylation of lysine 9 is associated with repressed
transcription and heterochromatin (17-20). In yeast, histone
H3 methylation has also been actively studied and a similar
interplay has been observed, although the distance between the
methylated sites is greater. Histone H3 lysine 4 methylation by
Setl is associated with areas of active transcription, whereas
lysine 36 methylation by Set2 is associated with the repression
of transcription (21-23).

The involvement of SET methyltransferases in translation
mediated by the methylation of ribosomal proteins has been
studied to a much lesser extent. Currently in yeast only two SET
ribosomal protein lysine methyltransferases have been identi-
fied. We previously demonstrated that ribosomal lysine (K)
methyltransferase 1 (Rkm1) is able to dimethylate the riboso-
mal protein L23ab at two distinct sites (24). We also identified a
second SET domain methyltransferase Rkm2 that is responsi-
ble for trimethylating the ribosomal protein L12ab (Rpl12ab) at
lysine 10 (25). In the study of Rpl12ab we identified a second site
of lysine methylation at position 3, which we postulate is added
by an as yet unidentified methyltransferase (25). It is interesting
to note that in Rpll2ab, as in the histone H3 tail, the methyl
lysine modifications occur in close proximity to each other.

Ribosomal proteins are also methylated at arginine residues
in reactions similar to those that occur in histone tails (16). In
Saccharomyces cerevisiae, the arginine methyltransferase 2

3 The abbreviations used are: Rubisco, ribulose-bisphosphate carboxylase/
oxygenase; [*HJAdoMet, S-adenosyl-L-[methyl-*H]methionine; Rkm1, ribo-
somal lysine (K) methyltransferase 1; Rkm2, ribosomal lysine (K) methyl-
transferase 2; LC-MS+, liquid chromatography with electrospray-
ionization mass spectrometry and fraction collection; MSMS, tandem mass
spectrometry; HPLC, high performance liquid chromatography.
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(Rmt2) enzyme catalyzes the 8-monomethylation of arginine
66 in Rpll2ab (26). In the fission yeast, Schizosaccharomyces
pombe, the Prmt3 homolog (Rmt3) was found to asymmetri-
cally dimethylate an arginine residue in the ribosomal small
subunit protein S2 (27). The exact role the modification plays is
still unknown, although it does appear to be important for small
subunit stability, and in the absence of Rmt3 ribosome biogen-
esis is increased (27, 28). The mammalian PRMT3 was also
shown to asymmetrically dimethylate S2 (29). How all of these
modifications, both at lysine and arginine residues, act cooper-
atively or antagonistically to regulate the function of the ribo-
some in translation remains to be determined.

In this study, the Rkm1 substrate Rpl23ab was analyzed by
mass spectrometry to demonstrate that the sites of dimeth-
ylation are located at lysine residues 105 and 109. In addition,
we demonstrate that both isoforms are equally methylated and
that deleting the RKM 1 gene does not have an apparent effect
on ribosomal complex stability. Future studies will be necessary
to determine the role Rpl23ab lysine methylation plays in
translation.

EXPERIMENTAL PROCEDURES

Yeast Ribosomal Large Subunit Purification—Strains used in
this study are listed in Table 1. Large ribosomal subunits
derived from wild type and Arkm1 S. cerevisiae were purified as
described previously (25).

Liquid Chromatography with Electrospray-lonization Mass
Spectrometry and Fraction Collection (LC-MS+)—Dried ribo-
somal proteins purified as described in the previous section
were resuspended in 100 pl of water and fractionated by
reverse-phase liquid chromatography. As the effluent eluted it
was directed to a “T” flow splitter that divided ~50% of the
column eluent to a fraction collector and the other 50% was
directly injected into an electrospray-ionization mass spec-
trometer as described previously (25, 30). For fractionation by
reverse-phase HPLC, a PLRP-S polymeric column was used
that had a pore size of 300 A, a bead size of 5 um, and dimen-
sions of 150 X 2.1 mm (Polymer Laboratories, Amherst, MA).
The column was initially equilibrated with solvent A (0.1% tri-
fluoroacetic acid in water) at 95% and solvent B (0.1% trifluoro-
acetic acid in 1% water, 99% acetonitrile) at 5% and the column
was maintained at 40 °C. Elution of the ribosomal proteins was
performed using a program of 5 min at 5% B, followed by a
25-min gradient from 5 to 40% B and ending with a 120-min
gradient from 40 to 100% B, all at a flow rate of 100 ul/min. The
API III+ mass spectrometer (PE Sciex) used was tuned and
calibrated as described previously (31) to yield a mass accuracy
of 0.01% (*=1.0 Da at 10 kDa). The 50-ul fractions collected
during the fractionation were stored at —20 °C for latter analy-
sis by proteolytic digestion. The data obtained were analyzed
using the BioMultiview 1.3.1 software (Applied Biosystems).

Digestion of Rpl23ab with ArgC or CNBr—Half of the
Rpl23ab-containing fraction (25 ul) collected during the LC-
MS+ analysis was diluted on ice by adding 45 ul of 0.5 M ammo-
nium bicarbonate. To the mixture, 200 ng of ArgC (endopro-
teinase ArgC from mouse submaxillary gland; suitable for
protein sequencing, lyophilized powder; Sigma product P6056)
dissolved in 5 ul of 0.5 M ammonium bicarbonate, was added to
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TABLE 1
Strains

These strains were prepared by the Saccharomyces Genome Deletion Project and
obtained through Invitrogen Corp.

Strain Genotype
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0
Arkm1 BY4742, Ayp1208w::Kan"
Arpi23a BY4742, Ayb1087c::Kan”
Arp123b BY4742, Ayerll7w::Kan"

commence proteolysis. The reaction was allowed to proceed for
3 h at 37 °C. The reaction was then quenched by lyophilization
and stored at —20 °C. The other half of the sample was digested
with CNBr (Sigma product 481432). The CNBr was dissolved in
acetonitrile to a concentration of 1 g/ml. Once the CNBr solu-
tion was made, 2.5 ul was added to 25 ul of the Rpl23ab con-
taining fraction and the cleavage reaction was allowed to pro-
ceed for 5 h at room temperature in the dark. The reaction was
quenched by lyophilization and stored at —20 °C. The peptide
samples obtained from each digestion procedure were then
individually analyzed by uLC-MSMS mass spectrometry using
a QSTAR instrument as described below.

Identification of the Methylated Site by Micro-Liquid Chro-
matography Tandem Mass Spectrometry (LLC-MSMS)—Samples
were dissolved in 10 ul of 0.1% formic acid and 5% acetonitrile
(v/v) and then analyzed by uLC-MSMS with data-dependent
acquisition as described previously (25).

In Vivo Labeling of Rpl23ab Knockouts with S-Adenosyl-L-
[methyl->H]Methionine ([*H]AdoMet)—Yeast strains in which
the genes encoding Arpl23a or Arpl23b were deleted were
obtained from Invitrogen. Genotypes of these strains are
described in Table 1. Cell growth, labeling, and protein analysis
by SDS-PAGE was performed as described previously (24).

Polysomal Analysis of Arkml Deletion Strain—Polysomal
analysis was performed after the method of Zanchin ez al. (32)
with the modifications described previously (25).

RESULTS AND DISCUSSION

Intact Mass Analysis of Rpl23ab Derived from the Wild Type
and Arkml Deletion Strains—In a previous study we demon-
strated that the ribosomal protein Rpl23ab (L23ab) was dim-
ethylated at two sites by the SET domain-containing ribosomal
lysine methyltransferase Rkm1 (24). The sites at which the di-
methylation occurred remained to be identified. In Fig. 1 we
show, using LC-MS+, the loss of ~56 Da in Rpl23ab from the
Arkm1 strain compared with protein from the wild type strain,
confirming that the protein is modified by two dimethylation
events (one dimethyl group is 28 Da). Large subunit proteins
were purified as described under “Experimental Procedures” and
then separated using liquid column chromatography. As the
effluent eluted from the column half of the fraction was col-
lected for later proteolytic digestion, whereas the other half was
directed to an electrospray ionization mass spectrometer. The
UV chromatograph obtained during the reverse phase HPLC
purification of Rpl23ab demonstrates that the protein elutes in
a prominent peak at around 39.9 min using the gradient we
developed (Fig. 14). When the material in this peak was ana-
lyzed by the mass spectrometer we observed that the major
species eluting is Rpl23ab with only minor contaminants. The
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FIGURE 1. Analysis of Rpl23ab by LC-MS+. Large subunit proteins were purified from both the wild type and the Arkm1 strain and fractionated by reverse
phase HPLC as described under “Experimental Procedures.” The column effluent was split; one-half was directly injected into a quadruple electrospray
ionization mass spectrometer for intact mass determination, whereas the second half was collected in 1-min 50-ul fractions. A shows the UV absorbance of the
preparation of wild type large ribosomal subunit proteins as they were fractionated by reverse phase HPLC; pool designates the fractions that contain Rpl23ab.
A similar elution profile was obtained for the Arkm1 strain (data not shown). B shows the deconvoluted MS spectrum in the range of 0-50,000 Da for the
proteins that elute in the region designated pool. In all the strains analyzed the major species observed in this area corresponded to Rpl23ab. In the wild
type strain we obtained a molecular mass of 14,440 = 0 Da, whereas in the Arkm1 strain we observed a molecular mass of 14,384 =+ 1 Da (average = S.D.from
three experiments). Cis an enlarged view of the region that spans from 14,350 to 14,500 Da for both the wild type and Arkm1 strain included to demonstrate
that the methylated variants are completely absent in the Arkm1 strain. All the masses reported for the LC-MS+ analysis are average masses based on natural

isotopic abundance. amu, atomic mass unit.

deconvoluted spectra for both the wild type and Arkm 1 strains
in the mass range of 0—50,000 Da are depicted in Fig. 1B. In the
Rpl23ab derived from the wild type parent strain we observed
an intact mass of 14,440 = 0 Da, corresponding to the mass of
the Rpl23ab polypeptide with four methyl groups, the loss of the
initiator methionine residue, and one acetyl group. In Rpl23ab
derived from the Arkm1 strain we observed an intact mass of
14,384 = 1 Da, which corresponds to the mass of the Rpl23ab
polypeptide without the methyl groups. An amplified view of
the area surrounding the Rpl23ab species is shown in Fig. 1C to
demonstrate that the +56 Da species corresponding to the
presence of two dimethylated residues is completely absent in
protein purified from the Arkm1 strain. In Rpl23ab prepared
from either the Arkm1 or wild type strain, we find no evidence
of peaks corresponding to partial methylation events. Specifi-
cally, species of mass 14,398 (one methyl group), 14,412 (two
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methyl groups), or 14,426 (three methyl groups) are not
observed for the wild type or mutant protein in Fig. 1C.
Determining the Sites of Dimethylation in Rpl23ab—1C-
MS+ fractions containing purified Rpl23ab derived from both
the wild type and Arkm1 strain were digested and analyzed by
pLC-MS to sequence the peptides produced. In Rpl23ab
derived from the wild type strain we observed two peptides with
single sites of lysine dimethylation, which accounts for the
additional ~56 Da observed in the wild type strain. One peptide
observed was composed of amino acid residues 74—108 and
had a dimethylated lysine at position 105 (Fig. 24, Table 2),
whereas a second site of dimethylation was observed at lysine
109 in a peptide composed of amino acid residues 109 -136
(Fig. 2B, Table 2). In Rpl23ab derived from the Arkm1 deletion
strain we observed a peptide that spans amino acid residues
86-109, completely devoid of methylation (Fig. 3, Table 2).
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FIGURE 2. uLC-MS identification of methylated peptides in the wild type strain. Half of the fraction (25 ul)
collected during the LC-MS run that contained Rpl23ab derived from the wild type strain was digested with
CNBr as described under “Experimental Procedures.” After digestion the peptides produced were analyzed by
wLC-MS on a QSTAR mass spectrometer. The MSMS spectrum obtained for the peptide that spans amino acid
residues 74-108 and contains a dimethylation at lysine 105 is depicted in A. The letters “hs/” denotes the
presence of a homoserine lactone derivative produced during the CNBr treatment. B depicts the MSMS spec-
trum obtained for the peptide that spans C-terminal residues 109-136 and contains a dimethyl group on lysine
109.The yand bions observed within the region illustrated are marked for both peptides. A fragmentation map
is also included to demonstrate the location of fragmentation.
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N-terminal peptides were also
obtained confirming the presence of
an N-terminal acetyl group and the
loss of the initiator methionine res-
idue in Rpl23ab prepared from both
the wild type and Arkm1 deletion
strain (data not shown). We looked
for, but did not detect, ArgC or
CNBr fragments containing Lys-105
or Lys-109 residues that were
unmethylated or monomethylated in
Rpl23ab derived from wild type cells.
These results confirm our findings
from the intact mass studies that no
partially methylated species occur in
Rpl23ab.

These modifications of Rpl23ab
are only four residues apart and are
located near the C terminus. On the
yeast large ribosomal protein
Rpll2ab, two lysine methylation
sites occur seven residues apart
from each other, but in this case at
the N terminus (25). In histones H3
and H4, lysine modifications occur
at multiple, often closely spaced,
sites on their N-terminal tails,
allowing for their association with
specific proteins to regulate the acti-
vation or repression state of chro-
matin (16, 18, 19). These modifica-
tions at lysine residues create
specific recognition sites for pro-
tein-protein interactions, including
ones mediated by Tudor, MBT,
chromo, and PHD domains (33, 34).

Identifying the Methylated Iso-
form—Because the Rpl23 protein in
yeast is encoded by two genes that
when translated produce two iden-
tical polypeptides as isoform a and
isoform b, we wanted to determine
which of the two isoforms was
methylated by Rkm1. Yeast strains
in which either the Arpl23a or
Arpl23b genes had been deleted
were in vivo labeled with
[*H]AdoMet and the cell lysate was
analyzed by SDS-PAGE and fluo-
rography. Fig. 44 shows the Coom-
assie-stained gel and demonstrates
that in the absence of one isoform
the second isoform compensates
and that the migration of both iso-
forms is identical. The autoradio-
graph in Fig. 4B demonstrates that
when lysates obtained from either
the 3H-methylated Arpl23a or
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TABLE 2

MSMS ions for methylated Rp123ab peptides in the wild type strain and unmodified Rp123ab peptide in the Arkm1 strain

Values are listed as monoisotopic uncharged masses.

Peptide (hsl is homoserine lactone) Ion Observed mass Theoretical mass® Mass error”
Da ppm
Wild type strain

PAIVVRQAKSWRRRDGVFLYFEDNAGVIANPKGEhs! b14 1704.007 1704.017 —6.1
| b18 2122.378 2122.202 82.7
(CH,), b19 2235.395 2235.286 48.5
b22 2674.389 2674.461 —26.9
b23 2789.457 2789.488 —11.1
b24 2903.508 2903.531 -7.8

b25 2974.699 2974.568 44
b26 3031.693 3031.589 34.2
b27 3130.685 3130.658 8.8
y2 216.143 216.149 —28.3
y4 443.250 443.240 21.8
y5 540.270 540.293 —41.1
6 654.330 654.336 —8.7
y7 725.379 725.373 8.9
98 838.459 838.457 2.5
9 937.545 937.525 20.9
y10 994.534 994.547 —12.2
KGSAITGPVGKECADLWPRVASNSGVVV b5 484.268 484.301 —68.8
| b7 642.316 642.370 —83.9
(CH,), b8 739.423 739.423 0.1
b9 838.446 838.491 —54.3
b10 895.483 895.513 —33.3
b1l 1023.522 1023.608 —83.5
b12 1152.539 1152.650 —96.3
bl14 1326.624 1326.697 —54.8
b15 1441.707 1441.723 —11.2
b16 1554.807 1554.808 —0.1
b20 2093.010 2093.109 —47.6
b24 2452214 2452.253 —16.0
b26 2608.160 2608.343 —70.2
b27 2707.264 2707.412 —54.6
5 459.241 459.271 —65.8
y7 660.300 660.346 —70.2
y11 1083.599 1083.606 —5.8
y12 1269.683 1269.685 -1.6
y13 1382.696 1382.769 —52.5
y14 1497.725 1497.796 —47.4
y17 1800.802 1800.885 —46.0

Arkm1 strain

RRDGVFLYFEDNAGVIANPKGEMK b3 427.204 427.229 —59.4
b5 583.331 583.319 19.7
b6 730.405 730.387 24.2
b7 843.417 843.471 —65.1
b8 1006.518 1006.535 —16.7
b9 1153.622 1153.603 16.3
b10 1282.681 1282.646 27.3
b1l 1397.688 1397.673 11.2
b12 1511.705 1511.716 =73
b13 1582.751 1582.753 —-1.2
bl4 1639.625 1639.774 —91.3
b16 1851.819 1851.927 —58.3
b18 2036.936 2037.007 —34.9
y2 277.144 277.148 —16.1
4 463.194 463.212 -39.1
5 591.321 591.307 23.9
Y6 688.366 688.360 9.1
y7 802.360 802.403 —53.7
8 873.352 873.440 —99.9
9 986.473 986.524 —51.0
y11 1142.589 1142.614 —21.6

“ The theoretical masses given were obtained using the Prosight proteomic server (prosightptm.scs.uiuc.edu/) taking into consideration the post-translational modification.

? Error was calculated using the Prosight server.

Arpl23b deletion strains are analyzed, a radiolabeled species is
detected at the expected migration position of Rpl23ab. These
results indicate that both isoforms of this protein are methyl-
ated and that both isoforms are expressed. Lysates obtained
from the wild type and Arkm1 deletion strains were loaded in
adjacent lanes as controls to demonstrate the position where
the loss of signal is observed when the gene encoding the meth-
yltransferase is deleted.
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Interactions of Methylated Lysine Residues with RNA and
Ribosomal Complex Stability in the Arkm1 Deletion Strain—In
a previous study (24), we showed no growth defects of the
Arkm 1 strain under a variety of conditions. However, loss of the
Rmt3-catalyzed protein arginine methylation of the S2 small
ribosomal protein in S. pombe has been shown to disrupt the
interaction of small and large subunits due to an apparent loss
in small subunit stability (27, 28). In the case of S. cerevisiae
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FIGURE 3. Analysis of the unmethylated peptide in Rpl23ab derived from the Arkm1 strain. Half of the
fraction collected during the large subunit analysis of the Arkm1 strain, which contained Rpl23ab was digested
with the proteinase ArgC. Following digestion, the peptides were sequenced on a QSTAR mass spectrometer.
The MSMS spectrum obtained for the unmodified peptide that spans amino acid residues 86-109 is depicted
in the figure. The location of the y and b ions observed in the region of 0-1100 are indicated.

gested that the region of the homol-
ogous Bacillus stearothermophilus
L14 protein corresponding to yeast
Rpl23ab residues 102-111 is a con-
tact region for RNA (36). We thus
wanted to test whether the methyl
lysine modifications on Rpl23ab at
residues 105 and 109 are important
for the interaction between the large
and small subunit by analyzing ribo-
somal complex stability in the
Arkm1 mutant.

Yeast lysates obtained from the
wild type and Arkml deletion
strains were fractionated on a low
salt sucrose gradient that preserved
large ribosomal protein complexes.
When the Arkm1 strain was ana-
lyzed we observed no disruption in
the ratio of 40 S to 60 S subunit, as
compared with the wild type strain
(Fig. 5). Ribosomal complex forma-
tion was also not altered. Analysis of
the Arkm1 strain demonstrated the
presence of the 80 S ribosomal com-
plex and progressive polysomal
complexes (2-5) in ratios similar to
what was observed in the wild type
parent strain. The lack of an observ-
able phenotype in the ArkmI strain
suggests that the modification is not

A B

MW  WT Arkml Arpl23a Arpl23b MW

WT Arkml Arpl23a Arpl23b

FIGURE 4. Identifying the methylated isoform of Rpl23ab. Yeast cells con-
taining a deletion in either the rp/23a or rpl23b genes were in vivo labeled with
[*H]AdoMet and the lysate recovered was analyzed by SDS-PAGE and fluo-
rography as described previously (24). A is the Coomassie-stained gel to illus-
trate total protein loaded. B is the autoradiograph (3 days exposure) to dem-
onstrate the fractionated *H-methylated species. The asterisk denotes the
point of migration of Rpl23a and Rpl23b.

Rpl23ab, analysis of the cryo-EM reconstruction of the yeast
80 S ribosome shows that this protein is located at the intersub-
unit face and makes contacts with helices 14 and 44 of the 18 S
rRNA on the small subunit (35). Furthermore, it has been sug-

APRIL 27,2007 «VOLUME 282-NUMBER 17

essential for stability or that the
absence of methylation on a single ribosomal protein might
not be sufficient to induce a measurable change. The identi-
fication of additional ribosomal lysine methyltransferases
will allow us to study the effect of the loss of multiple methyl
lysine modifications.

Structural reconstruction studies of the S. cerevisiae 80 S
ribosome (35, 37) and the Escherichia coli 70 S ribosome (38)
have positioned the methylated residues of Rpl23ab and the
corresponding region of the prokaryotic L14 homolog making
contacts with the yeast 25 S or bacterial 23 S large subunit
ribosomal RNA. These contacts would be expected to shield the
methylated residues from interactions with other ribosomal
proteins or cytosolic factors. These results suggest that methy-
lation may function to correctly position the Rpl23ab/L14 pro-
tein within the large subunit. Interestingly, the position of
Rpl23ab and its bridges to the small subunit RNA change dur-
ing the translation cycle (37, 38). Further studies will be needed
to assay the effect of methylation on translational efficiency.
However, it is clear that the interactions of methylated lysine
residues in Rpl23a occur with RNA rather than with proteins. A
similar situation is found for the methylated lysine residues of
Rpl12ab (25, 35, 37). Thus, it appears that the interaction of
methylated lysine residues in these ribosomal proteins with
RNA is clearly different from the interaction of methylated
lysine residues in histones with proteins (16, 18, 19, 33, 34).
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FIGURE 5. Ribosomal complex stability in the Arkm1 deletion strain. The
stability of ribosomal complex formation was studied in the Arkm1 strain (B) and
compared with the wild type (A) strain. Whole cell lysates from the two strains
were fractionated in sucrose gradients made under low salt and the elution was
monitored by UV at 254 nm using an ISCO UA6 apparatus as described previously
(32). The gradient was pumped through the UV monitor by injecting a high-
density solution through the bottom of the tube. The positions of the ribosomal

protein complexes are indicated including the small (40 S) and large (60 S) ribo-
somal subunits, the 80 S ribosomes, and the various polysomal complexes (2-5).
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Comparing Lysine-methylated Sites in Yeast—The sequences
of known SET methyltransferase subfamily 2 substrates were
compared to identify motifs that may be recognized by SET
methyltransferases. The entire sequences of Rpl12ab, the sub-
strate of Rkm2 (25), Rpl23ab, the substrate of Rkm1 (24), and
Cycl, the substrate of Ctm1 (15), were first compared and ana-
lyzed by BLASTP and Clustal method. Although there was no
significant homology found between these species, we did note
several similar short sequences in common. For example, a Val-
Gly-Ala sequence is found at residues 21-23 of Rpl12ab and
residues 19-21 of Rpl23ab; a Thr-Val-(Lys/Glu)-Lys-Gly
sequence is found at residues 60 — 64 of Rpl23ab and 24 -29 of
Cycl. Whether these similarities reflect a common origin is not
clear; pairwise comparison of the yeast Cycl structure (PDB
code 1CRI) with the L14 protein from Bacillus stereother-
mophilus structure (PDB code 1WHI; the yeast Rpl23ab hom-
olog (36)) revealed no similarity using the Dalilight program of
the European Bioinformatics Institute. When we directly com-
pared the regions adjacent to the sites of methylation in these
proteins and in yeast histone H3, we found that the Lys-3 meth-
ylation site of Rpl12ab was preceded by a Pro-Pro sequence,
whereas the Lys-105 methylation site of Rpl23ab and the Lys-79
methylation site of Cycl were both preceded by an Asn-Pro
sequence. Because it is possible that methyltransferases evolved
to recognize lysine residues in distinct portions of these pro-
teins, we suggest that the (Asn/Pro)-Pro-Lys sequence might be
a recognition motif for SET methyltransferase subfamily 2
members. A second possible SET methyltransferase recogni-
tion sequence, (Gly/Asn)-(Gly/Glu)-(Val/Met)-Lys, is sug-
gested by the comparison of the second methylation site in the
ribosomal proteins and by the lysine 36 site in histone H3. The
sequence preceding the Lys-36 site of methylation in yeast his-
tone H3 (Gly-Gly-Val) was also found to have some similarity to
the Gly-Glu-Met sequence preceding the Lys-109 methylation
site of Rpl23ab and the Asn-Glu-Val sequence preceding the
Lys-10 methylation site of Rpl12ab. The identification of addi-
tional SET domain methyltransferase substrates will aid in fur-
ther establishing the SET methyltransferase recognition
sequences.
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FIGURE 6. Sequence comparison of yeast SET domain subfamily 2 methyltransferases. The sequences of subfamily 2 members Rkm1, Rkm2, Set7,
Ybr030w, Yhl039w, and Ctm1 were compared over their entire length. The alignment was made by comparing results obtained using the Megalign program
choosing the Clustal method of alignment and BLAST alignment results (www.ncbi.nlm.nih.gov/BLAST/)). Regions of closest similarity are depicted including
boxed regions that have been suggested to be important for AdoMet binding (*) and lysine substrate binding (#) from the structures of other SET domain
methyltransferases (39) and Dirk et al. (14)). Gray shading indicates identities. Consensus motifs are indicated in bold lettering in the boxes where at least three
residues are identical. Yeast SET domain subfamily 2 members were defined by Porras-Yakushi et al. (25).

12374 JOURNAL OF BIOLOGICAL CHEMISTRY

VOLUME 282+-NUMBER 17+APRIL 27, 2007

8002 ‘v’z Arenuer uo ‘qr ‘pawolg Buied asinoT-y1oN e B1oogl-Mmmm Wwoly papeojumod


http://www.jbc.org

Downloaded from www.jbc.org at UCLA-Louise Darling Biomed. Lib. on January 24, 2008

Ribosomal Protein Rpl23ab Is Dimethylated at Lys-105 and -109

§. cerevisiae (Rkml) R N L - - = =

C. glabrata

8. pombe

S. cerevisiae (Rkml) § - - ~

C. glabrata
§. pombe

A. thaliana
M. mescilis
H. sapiens
A. thaliana
M. musculus
H. sapiens

Haager =2322499 REONSE SoOBRRLE gR4aEo CEEE2HE E2AHEL HERRZES E2EL
|||||| SN SR N L B M M B B LarBas i 2 BN N LR N s N R ] = <f N T non s T <+ Fnn Wi W <r < S on LBl sl
mw | > I rTweao (=4 N [ I = = T B | ox¥xwnmaLT ) o0l i1 [ xR T |
== 1 L LI T B T I Ol >3 [N - B | WHwmadd mozZow | I 1 ===11 [ R FT T - |
=1 | >l TET AW | I ToCcww 1 d=11 ooty off = = i | (=R TGN T o | LI I Vs i B | O _J0 1
W= | woo coow ZwWwowZ T Fr1Towil 1 OFFT X OO0 Wi ——— = | = — SNy |
W = | > e b b ) ww [ TS T TS [ - - I | —Wm>Zal ddw dd A A D oV | Tazocw
IIIT O Wk~ TCTC LI I I e = o 1 1=11 ZZ>1 11 C>JA>00 [ ol g | [FTRFT I i |
Ww—9owm >JdJumwmon 11 OTCac LI I I = N | —-— [+ I e R [ [ | E—dwxc | -0 1
SENEEETE - @ == ok T -~ S8 b — LWwIwIl I w31 11 [ R Y | FE—F==1 HEWOOOD
b — | >l -2 | OO0 LI I s o A d=2>>11 =010 11 DWMEZT | T e [l A VR TR T |
—-2> | W I 4 Www wxxoooo M¥OTol |l s I = 0 B N | == 1= S D e O I | O — 0 x|
om o mow Lol = I I = I | Ohv>>>> =21 1 >e_11 11 -4 1 >4 | L= o= R I | ol T o i |
wo | Joo oI +-11 >LZWITXT A C 5 T 0D Oy oo-—111 molEkEI [ I P B B B | L e T I |
[ FIe B [P e B cwiol |l Sty 1 | - I ZOox 1 1 ZZE | adl I N R A | ZOowWw |
AEAE e T owira MOAdE- 11 T T o > -0y 1 el | T ) | B = A I | »EOMEI I
W W= @@ S | Om =@ | = > == TR R I | T L i L i [ S I I | MP—waol
T¥OMIEX Wl W o oo - W I | W20 aF=-1 11 Wmowon = | | O B B B | [l R RTTR |
-—>COoO00QC F>FFOoCoc mwmoo 1 ooooTd wwi o ox¥OMxoml ITOawWwo ARSI > |
0T W —Goddwvi EZaS 1 1 Lo II T—x111 - 1 o1 MAMMW I [ S I |
Z 000 Wi 3 MW C =20 Jo o —_—-—0 0o af wmZal CTTC>-00o Zo>owl L 2=1 11
oO0>+-TT >0 00 0O Z x 0 o sl i s o [ gt Y ZEZ>EW0waoZr Ww—oKF | JEZ=>=1 11
= ) AL N =L ITLL>> T I ITIXITI ooo I oW Ex I X Lo " TV | SA=010 01
ZZZLITOaTCa B = ] 0D D D ZZZZZIZZO woo o> CZN 1 11 A AN DOO SLoow |l —_—— ] 11
R = wWZwIaTT =0 = = ] = Uy 2w Er>Lbi EQJdOozZ = e T O |
1) R > Adoa@xcoc GRS L TR B =0 =" T I I I | oOoWT - | FRWOICEF | -] R |
FEFEZOoW A=C I ooooDoO) bl b wa oo e NS R | ¥uwwol —-—>EXoa
0000 TCowozZ X = == 000000 ow o [ e T R I | Wwwwow B ) TR | =i I
W — 000 o —=== —— _| (O L 3 e i i e e e (== L N I | owxEoD | === e [ " | =
[ 0 Y L | 111 ZFF o000 o o) (RN R TTRTT ==1111 - 2> 5 | [ I e e | [ e [ e i |
S [y TH (s | | N B By B | R e = o = nZTIZ>J1 oo Ewor-Z | ¥OoZww >LOZZXIT I
CH—TWoZ [ I I I 4 I | JE e T e [P SRR L) [=10 « = L I Toowo HEXEWoI =T Wl O X W
X¥WZ 1> { I I B < I | - ) =2 (R 2 ARG P e -T2 T S I I | ETXx- 1 dd>dd | wmoo Jw 1
Sl — == T moo —>owi W W W w e o ZzZ 1111 o B [ Y TT R iy | w1 11 warow
oo W ) 11 ) SEEEEE W= 11 W W Wi o O wo o Qwwaool a0 i B I | LLT=>—1
wwnZoo ol >0 1 ZuwI3x |l | =Ezrzrzra { TS TS I I I | L= S I I | i ] | = = |
oo Wwo W L= V1 = B oww=1 1 o000 o cTxT I L1211 EETw o > JdJJd1 i
ZZTZTw?m1 1 P [ e o O I | LZI 11 MMM T I St 12221 11 wcoal 1 Wwoo
b e off TIY TS 0T woxz | | QTwuoa il | O00 Zo o) o T | lEwwxT | S = R | (77 [ T R | I
>F>>>>T O OZ | T TT ZZOoOo | OO0 O0OO =11 IOoTwWol S T I I | oo@cac i | I
JEN [ | P e 11 ) ExsEy [ R | o= 0= 0= 5 > D =3l | Ll ] ——— ] Qwoo il 1
o000 o o] (B - Za>o 11 ZZZ WO (= [ = [ TS A | Bl = — 1 1 oz 1o Wwik=wi
w00y =12 i -] - ) E L L = e o wa>1 1 Woo>—1 M ] | Zi1wmwaal
ZIZTOFH =X | TIIE =m0 Wow W d=d1 1 L O =0 = | oooT 1 w1l oowm)
= L. L 5= A T | W =20l P I s Sl dA=Z | 1 1 W=~ 1 Qwmw o L0001
C = C T | 0L [ e e WwowmxT |1 W W oW W om0 Tl =xl Hwoa>1 | P S it I |
[ de" ] ™ Z | Dw oo o1 COoOZT oW SRRy 1 1 ) ¥ iloco [l - A B | mZww ol
Ooddod) o= >l Lo MO0 T Yo @ a === 1 Il T I I |
wid-ad aad widd aad .| ¥Oe— T T O@XT | | O | XX I T | STy o T O | -] | dd=1 11
D O~ == [T N momoor mx | —E@E wao [ I+ = T A | [= - TT R | Wwao 111
oOowo o W Oy I woo W —=1 1 CEXYOoOOXI [ S Y I | I =—dJO0 1 1 TwoTw ol EZXT 101
-] TO | u>> —_——aw o FOQCCoCo w>oox | =>IIT 1l 1| cozzw o W 111
=l e s A ey >0l oo T { T Ty T I | O >>orWmm —ZZ T @ | —WOXTZ 00 == == = S I | | I S N I A |
oo ol > Oww =W L s s o Ll b= Lt o o L= Jd1 1 >0 11 | I S I I |
M T 3> X 5 M wx | O d Ao ¥OW>kFkE- K5 R G0 G DS I | A== 1 1 ceCcoexT 1) =@ 111
[TE] M g fia fim =W | Ju L ITITTZ | | wWoowco - L | ooxw ol >hld—>| P8 T T I I |
=g e ] [ =-S5 I I B | W 0 d—— FOTC O | =1 1 LOwFEx | T I 01 I
0 x 0 0 00 O hdl -3 X>IZZ )| OO —_Jww METO>| S [ T I I | I ZF-@EX ) U I I | I
Z W oW C o ED | dJo A= 11 L Jd>2>2 g e oW 11 1 Ea a1 aax 1 11 | I8
>=—=Z0I ow ! Joo Li>o@TCac e U g e R | Swowe ) Ww=aJ1 1 Owwmoom | Z>o0n 0 =
11 G0—00 [0 ) g - " [ B« i S R [l S owooo | sl s [y e [y I | —lD e | -4~ I I I | L
oo MW | =kF=0n P i=-- 1 omuLacexT P I VW VR s ol L5 R S T I | [ Sl = g = 'Ry | =1 11 >
E £ E E E E E E E
2 g 2 2 2 2 2 z =
.m« z 3. ..ma z 3, Mm s 2. .,mm s8., §s: 8. §: 8. E:z 8., §3 8. %
PSEFSE pSES3S PESETSS PgEgds Y EESE pr§ESSE EEES:S LEESFER %
ESESEY ETESE¥ ERESREE ER3SEE IwESEF YR ESER PwmesRE TwRsEGE O
BUW=EE HUwe3E HSUu= 3T byw=3EDd CHU@<EET byu<3T vbiu<EE «HyvW<IT o«
—

Y

Ansjway) jpyjbojolg Jo jpunor 3y 29

),and the SET

domain-containing 4 isoform ¢ (SETD4 gene product) in Homo sapiens (accession number NP_001007260). The sequence alignment was constructed using the

accession number NP_663457
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compared over the entire length of the protein, the greatest
similarities were found in the regions previously established to

be involved in AdoMet and lysine substrate binding (Fig. 6) (14,

), the SET domain-containing 4 protein (Setd4 gene product) in Mus musculus (

), @ protein annotated as a histone lysine N-methyltransferase in S. pombe (accession number NP_595446), an unknown protein in Arabidopsis

accession number NP_001030933

Sequence Comparison of SET Methyltransferase Subfamily 2
Members—When the SET methyltransferase subfamily 2 mem-
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FIGURE 7. Yeast Rkm1 homologs are present in other fungi, plants, and mammals. BLAST searches were performed against the yeast Rkm1 sequence to identify
homologs in other organisms (www.ncbi.nlm.nih.gov/BLAST/). Listed are the sequences derived from the search for an unknown protein in C. glabrata (accession
Megalign/Clustal program as described in the legend to Fig. 6. Gray shading indicates sites where at least two residues are identical. Areas with high sequence similarity

have been boxed.
bers Rkm1, Rkm2, Set7, Ybr030w, Yhl039w, and Ctm1l were

APRIL 27,2007 «VOLUME 282-NUMBER 17

number XP_445936

thaliana (
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39). Importantly, we find conserved sequences in adjacent posi-
tions such as LLXXYGF(V/T) or PI(V/A)DLL that are not well
conserved in the SET subfamily 1 members, suggesting their
possible role in ribosomal/cytochrome c-specific recognition.
These regions are also found in the Rubisco SET lysine methyl-
transferases (14).

Identifying Rkm1 Homologs in Other Organisms—A BLAST
search was performed against the Rkm1 sequence in an attempt
to identify homologs in other organisms. The highest sequence
similarity was found in other fungi such as Candida glabrata, S.
pombe, higher plants, and mammals (Fig. 7). Interesting, the
lysine residues corresponding to yeast Rpl23ab sites 105 and
109 are present in the human placenta ribosomal protein 123
but appear to be unmodified (40). These results suggest that the
human Rkm1 homolog has another methyl-accepting substrate
or that it is not expressed in placenta. In rat, the L29 large
ribosomal protein is differentially methylated at Lys-4 in liver,
brain, and thymus (41). It will be of interest to determine the
methylation state of mammalian L23 in non-placental tissues.
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