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We show that the Saccharomyces cerevisiae ribosomal pro-
tein Rpl42ab (the identical product of the RPL42A and RPL42B
genes) is monomethylated at Lys-40 and Lys-55. The methyla-
tion of Lys-40 is dependent upon theYbr030w gene product; the
methylation of Lys-55 is dependent upon the Set7 gene product.
Ybr030w and SET7 genes both encode SET domain containing
proteins homologous to known protein lysine methyltrans-
ferases, suggesting that their products are the specific enzymes
responsible for the monomethylation of the two sites in
Rpl42ab. We thus designate Ybr030w as Rkm3 and Set7 as
Rkm4. Yeast strains with deletions in both the Ybr030w and
SET7 genes produce unmethylatedRpl42ab.A slowgrowthphe-
notype was seen for the SET7 deletion strain and the double
knock-out when grown in low concentrations of the eukaryotic
protein synthesis inhibitor, cycloheximide. These results sug-
gest that modification of Rpl42ab at Lys-55 can fine-tune its
structure to avoid inhibition. An intact mass fragmentation
approach (“top down mass spectrometry”) was used to quanti-
tate the extent ofmethylation of Rpl42ab. Inwild-type strains, it
was found that 78% was monomethylated at both Lys-40 and
Lys-55 and that 22% was a mixture of species with either Lys-40
or Lys-55 monomethylated. The top down approach was also
used to reevaluate the methylation sites of Rpl12ab. We found
that the yeast Rpl12ab protein is dimethylated at theN-terminal
proline residue, trimethylated at Lys-3 by Rkm2, and monom-
ethylated at Arg-66.

The emergence of histone protein lysine methyltransferases
that regulate the epigenetic state of chromatin highlights the
biological importance of this modification (1, 2). Protein lysine
methylation has also been found to occur in over a hundred

proteins ranging from flagellin in Salmonella typhimurium to
RUBISCO in plants to transcription initiation factor TAFT10
inHomo sapiens (3). Physiological functions of lysine methyla-
tion of non-histone proteins remain unclear, and the enzymes
responsible for the modifications have only recently begun to
be characterized.
With the exceptions of the yeast DOT1 and the bacterial

PrmA enzymes, known protein lysine methyltransferases all
belong to the family of SET domain-containing proteins (4–6).
Structurally the SET domain enzymes are distinct from the
more common seven �-strand class of methyltransferases. All
SET domain methyltransferases studied to date appear to only
catalyze protein lysine methylation reactions (3–6). These
enzymes are capable of adding up to threemethyl groups to the
side chain amino group of lysine residues to form mono-, di-,
and trimethylated derivatives. Interestingly, this modification
can be reversed by members of a large family of demethylases
(7).
We have been interested in identifying protein lysine meth-

yltransferases that are involved in the formation of methylation
marks on ribosomal proteins. Multiple proteins in both the
small and large ribosomal subunits have been shown to bemod-
ified at lysine residues in both prokaryotes and eukaryotes (8).
Our work has focused on the ribosomal large subunit of the
yeast Saccharomyces cerevisiae. Evidence has been presented
that six proteins are methylated, Rpl1ab, Rpl3, Rpl12ab,
Rpl23ab, Rpl42ab, and Rpl43ab (9). Our laboratory has recently
determined the sites and the SET methyltransferases responsi-
ble for the methylation of Rpl23ab and Rpl12ab (10–12). We
identified the SETdomain protein Rkm1 as the enzyme respon-
sible for the dimethylation of Lys-105 and Lys-109 in Rpl23ab
(10, 12) and Rkm2 as the enzyme responsible for the trimethy-
lation of a lysine residue of Rpl12ab (11).
Sequence analysis has shown that the S. cerevisiae genome

encodes twelve SET domain proteins that can be separated into
two subfamilies each containing six members (11). The known
Set1 and Set2 histone lysinemethyltransferases aremembers of
one family, and Rkm1, Rkm2, and the enzyme responsible for
cytochrome c methylation are members of the second family.
However, the methyltransferase function of seven of these pro-
teins remains to be identified.
In this workwe focused on themodification of the large ribo-

somal protein encoded by theRPL42A and theRPL42B genes of
S. cerevisiae. The protein produced from each of these genes is
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identical in sequence and we designate it Rpl42ab (9). This pro-
tein is conserved in nature and corresponds to the product of
the human RPL36A gene (13). This protein is located in the
ribosomal tRNAexit sitewith contacts to both the large subunit
rRNA and the tRNA (14). This species has also been associated
with cycloheximide sensitivity (15). Previous work has demon-
strated that Rpl42ab is monomethylated at two lysine residues
(16), but the enzyme or enzymes responsible for the modifica-
tion remains unidentified. Using a combination of reverse
phase liquid chromatography coupled to mass spectrometry,
we analyzed Rpl42ab from yeast deletion mutants lacking SET
domain proteins. Using a top down mass spectrometric
approach, we quantitated modification of Rpl42ab and found
that Ybr030w is required for themethylation of Lys-40 and that
Set7 is required for themethylation of Lys-55. Finally, we found
that monomethylation of Lys-55 imparted resistance to
cycloheximide.

EXPERIMENTAL PROCEDURES

Purification of Yeast Ribosomal Large Subunit Proteins from
Wild Type and Mutant Strains—Strains used in this study are
listed in Table 1. The �Ybr030w �SET7 double knock-out
strain was created by crossing theMAT� strain of �SET7 with
theMATa strain of �Ybr030w and selecting for cells on lysine-
and methionine-deficient plates. The resulting diploid strain
was induced to sporulate and screening on kanamycin plates for
the non-parental ditype identified haploid spores containing
both gene deletions. The deletion of both the Ybr030w and
SET7 genes was confirmed by PCR analysis using flanking
TAG1 and TAG2 primers.
Large ribosomal subunits were isolated from wild-type,

�Ybr030w, �SET7, and the double knock-out �Ybr030w
�SET7 strains as described previously (11), with the exception
that the final supernatant was not lyophilized. The resulting
purified large ribosomal subunits were concentrated to a vol-
ume of �100 �l by vacuum centrifugation and promptly sub-
jected to analysis.
Liquid Chromatography with Electrospray Ionization Mass

Spectrometry of Intact Ribosomal Proteins (LC-MS�)3—Ribo-
somal proteins were fractionated using reverse-phase liquid
chromatography. The resulting effluent was split between a
fraction collector, collecting 1-min fractions, and an electro-
spray ionizationmass spectrometer as described previously (11,
17). For HPLC fractionation a PLRP-S polymeric column was
used that had a pore size of 300 Å, bead size of 5 �m, and a
dimensions of 150 � 1 mm (Polymer Laboratories, Amherst,
MA). The column was maintained at 50 °C and initially equili-
brated in solvent A (0.05% trifluoroacetic acid in water) at 95%
and solvent B (0.05% trifluoroacetic acid in acetonitrile) at 5%.
The ribosomal proteins were eluted at a flow rate of 60 �l/min
using a programof 5min at 5%B, followed by a 25-min gradient
from 5 to 30% B and ending with a 100-min gradient from 30 to
100% B, for a total gradient time of 130min. The API III�mass
spectrometer (PE Sciex) used was tuned and calibrated as

described previously (18) to yield a mass accuracy of 0.01%
(�1.0 Da at 10 kDa). The 30-�l fractions collected during chro-
matography were stored at�20 °C. The data obtained was ana-
lyzed using the BioMultiview 1.3.1 software (Applied
Biosystems).
Identification of Methylation Sites by Top Down Mass Spec-

trometry Using Collisionally Activated Dissociation and Elec-
tron Capture Dissociation of Intact Proteins—Fractions con-
taining isolated ribosomal protein from LC-MS� were diluted
with 30 �l water/acetonitrile/formic acid (500/500/1, v/v/v)
and analyzed by direct nanospray injection. LC fractions were
individually loaded into a 2-�m internal diameter externally
coated nanospray emitter (New Objective Inc., Woburn, MA)
and desorbed using a spray voltage between 1.2 kV and 1.4 kV
versus the inlet of the mass spectrometer. These conditions
produced a flow rate of 20–50 nl/min. A hybrid linear ion-trap/
FTICR mass spectrometer was used for the analysis (LTQ FT
Ultra, Thermo Fisher, Bremen, Germany). The m/z resolving
power of the FTICR mass analyzer was set at 100,000 (defined
by m/�m50% at m/z 400). Individual charge states of multiply
protonated molecular ions were selected for isolation and col-
lisional activation in the linear ion trap followed by detection of
the resulting fragments in the FTICR cell. For the collisionally
activated dissociation studies, the precursor ionswere activated
using 35% normalized collision energy at the default activation
q-value of 0.25. Additional studies were conducted inwhich the
precursor ions were guided to the FTICR cell and fragmented
using electron capture dissociation. The fragmentation effi-
ciency was optimized to maximize fragment ion signal. All
FTICR MSMS spectra were processed using ProSightPC soft-
ware (ThermoFisher, San Jose, CA) in single proteinmodewith
a 10 ppmmass accuracy threshold. The root mean square devi-
ations for assigned fragments were less than 5 ppm. Corre-
sponding ribosomal protein sequences were taken from Swiss-
Prot and used as the reference sequences in ProSightPC. Intact
mass measurements were processed using the manual Xtract
program, version 1.516 (Thermo Fisher, San Jose, CA). All top
down experimental data obtained for this study are available
online at proteome commons.
Quantitation of Protein Species from FTICR Mass

Spectrometry—In spectra where multiple species of the same
protein differing in mass are present, the PIRR method of
Pasavento et al. (19, 20) was used to measure the relative
amounts of protein species present.We integrated the intensity
of the fourmost abundant isotope peaks (13C5, 13C6, 13C7, 13C8)
for the 14� and 15� charge states of the wild-type Rpl42ab
protein. The values were combined into aweighted average and
the percent abundances of each species were calculated. This
was repeated for the Rpl42ab protein in the �SET7 strain with
the exception of only the 15� charge state used in the calcula-
tion due to it being the only charge state with a signal to noise
value �10, thus allowing for accurate quantitation (19).
Growth of Yeast Strains in Cycloheximide—Single colonies

were seeded into 5ml of YPD broth (Difco, 1% yeast extract, 2%
peptone, and 2% dextrose) and incubated 18 h at 30 °C with
shaking (250 rpm/min). Appropriate volumes were taken to
inoculate 49ml of YPD in 125ml Erlenmeyer flasks to an optical
density (600 nm) of 0.05. Cells were grown at 30 °Cwith shaking

3 The abbreviations used are: LC-MS�, liquid chromatography with electro-
spray-ionization mass spectrometry and fraction collection; FTICR, Fourier-
transform ion cyclotron resonance; MSMS, tandem mass spectrometry.
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as above.When an optical density of 0.1 was reached, 50 �l of a
stock solution of cycloheximide in water (1 mg/ml) was added
to give a final concentration of 1 �g/ml and growth was moni-
tored by optical density over the next 40 h.

RESULTS AND DISCUSSION

Identification of Two Rpl42ab Lysine Methyltransferases—
Ribosomes from wild-type and SET domain knock-out yeast
strains were isolated by differential centrifugation, and sub-
units were separated using high salt sucrose gradients (11). The
resulting large subunit proteins were fractionated by reverse-
phase HPLC and their intact masses determined by electro-
spray mass spectrometry as described under “Experimental
Procedures.” We focused on the large ribosomal protein
Rpl42ab since evidence has been presented for monomethyl-
lysine formation at two sites (16). The presence of two methyl
groups on Rpl42ab was supported by the mass spectrometric
determination of the intact protein. It was 28 Da larger than
expected from the encoded open reading frame (9). Because the
loss of a SETdomain protein lysinemethyltransferase in a given
knock-out strain would be expected to result in the loss of one
or more methyl groups on a ribosomal protein, we examined
the mass of Rpl42ab for differences in wild-type and mutant
strains. The accuracy of the triple quadrupole mass spectrom-
eter used (100 ppm) permitted us to detect differences as low as
a few Da in mass.
This approach led to the identification of two SET domain-

containing proteins, Set7 and Ybr030w, that are required for
Rpl42abmodification. In the wild-type BY4742 strain, an intact
average mass of 12,108 Da was seen for a species eluting at 27
min on reverse-phase HPLC (Fig. 1). This mass corresponds to
the mass of the gene product of Rpl42ab with the loss of the
initiator methionine and the presence of two methyl groups (9,
16). This wild-type 12,108 species was also observed when the
analysis was repeated for ribosomal proteins from a number of
SET domain mutant strains, including RKM2, SET2, SET3,
SET4, SET5, SET6, and Yhl039w.

However, no species with themass 12,108Dawas detected in
the Rpl42ab fraction from the SET7 and Ybr030w mutant
strains. Here, we detected a new species in each strain at 12,094
Da, or 14 Da lower than that of the wild-type species (Fig. 1).
Similar results were found for the SET7 and Ybr030w mutants
in the independent BY4741 strain background (Table 1 and
data not shown). The loss of 14 Da corresponds to the loss of a
single methyl group in the protein; the loss in both mutant
strains suggests that the SET7 and Ybr030w genes each encode
amethyltransferase that modifies a distinct site on Rpl42ab. To
confirm this hypothesis, we constructed a double knock-out
strain with deletions in both the SET7 and Ybr030w genes.
Ribosomal proteins from this strain were subjected to the same
analysis. Here, we found the Rpl42ab fraction contained a spe-
cies of 12,081 Da (Fig. 1). This mass is within the instrument
error of the calculated mass of unmodified Rpl42ab at 12,080
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FIGURE 1. Intact mass reconstruct of Rpl42ab derived from wild type
(BY4742), �Ybr030w (BY4742), �SET7 (BY4742), and the double knock-
out �Ybr030w �SET7 strains. Ribosomal large subunit proteins were iso-
lated and separated by reverse phase HPLC as described under “Experimental
Procedures.” The resulting effluent was split, with half directed to the source

of an electrospray mass spectrometer (PE Sciex III) and the other portion col-
lected in a fraction collector for later analysis. The resulting deconvoluted MS
spectra of Rpl42ab are displayed with the average masses of the significant
peaks shown.
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Da. This loss of 28 Da from the wild type protein along with the
previous data showing the presence of two monomethylated
lysine residues (9, 16) provides additional evidence for Set7 and
Ybr030w as lysine methyltransferases, each adding one methyl
group to Rpl42ab. The modification of Rpl42ab in wild-type
cells may not be complete because we do find a small peak
corresponding to the singly methylated species of mass 12,094
Da (Fig. 1).
Determination and Quantitation of the Methylation Sites of

Rpl42ab by Top Down MSMS—To identify the sites of methy-
lation in Rpl42ab, we first performed intact mass top down
analysis. Rpl42ab fractions isolated from the LC-MS� method
were analyzed on a hybrid linear ion trap Fourier transform ion
cyclotron resonance mass spectrometer (Thermo Fisher LTQ
FT Ultra) as described under “Experimental Procedures.” This
instrument resolves the 13C isotopomers allowing for the accu-
rate determination of the monoisotopic masses of the all-12C
species. The deconvoluted spectrum of wild type Rpl42 shows
two molecular ions differing by the mass of one methyl group.
The most abundant monoisotoopic signal was at 12,100.71 Da
corresponding to the doubly methylated protein (Table 2 and
supplemental Fig. S1). A second minor signal was seen at
12086.70 Da corresponding to a singly methylated form. We
confirmed that the Rpl42ab protein from the deletion strains
�Ybr030w and �SET7 contains the monomethylated form at
12,086.73 Da and 12,086.75 Da, respectively, as expected. The
�Ybr030w strain has no detectable amount of unmodified
Rpl42ab; however, the �SET7 strain shows the presence of a
small amount of the unmodified species (Table 2 and supple-
mental Fig. S1). Rpl42ab from the �Ybr030w �SET7 double
mutant displays only the unmodified species (Table 2 and sup-
plemental Fig. S1). These observations confirm the average
mass results obtained with triple-quadrupole instrument
described above and shown in Fig. 1.
Initially the mass spectral data were deconvoluted and the

individual intensities of each peak were used to determine the

relative levels of each modified protein species. However, we
found a bias for themost abundant ionswhen the signal to noise
level was less than 10. We then followed the approach used by
Pesavento et al. (19, 20) to quantitate human histone H4 vari-
ants to determine the relative amounts of the fully and partially
methylated Rpl42ab species in yeast cells. We applied the pro-
tein ion relative ratio calculation described in “Experimental
Procedures” to determine that 78% of Rpl42ab is dimethylated
in wild-type cells and 22% is monomethylated. For the �SET7
strain the unmodified version accounted for 12% and the
monomethylated accounted for 88% of the total Rpl42ab pres-
ent. It is worthwhile to note that the FTICR instrumentation
used in this study is a commercially available hybrid linear ion-
trap/FTICR while Pesavento et al. (19, 20) used a custom qua-
drupole-FTICR hybrid.
Single charge states of intact species were then individually

isolated and fragmented to localize the sites of methylation on
the Rpl42ab protein. Two fragmentation methods were used,
collisionally activated dissociation producing b and y ions, and
electron capture fragmentation producing c and z ions. Multi-
ple MSMS spectra representing different charge states were
collected of Rpl42ab for each yeast strain, mating type, and
methylation state. These datawere combined to create the frag-
mentation map shown in Fig. 2. The MSMS data for the wild-
type fully methylated Rpl42ab confirms the sites of monom-
ethylation to Lys-40 and Lys-55. Chemical sequence analysis of
Rpl42ab (16) had previously identified amonomethyllysine res-
idue in a Gly-Arg-Lys-Arg sequence; it now appears that this
sequence should be Gly-Lys-Arg-Arg corresponding to the
genomic and mass spectral determined sequence of residues
39–42 (Fig. 2). These results, however, confirm the previous
identification of the Gln-Thr-Lys-Pro sequence as a possible
second site of lysine monomethylation at residues 53–56 (16).
Interestingly, we find that the less abundant monomethyl-

ated form of Rpl42ab from the wild-type strain is a mixture of
two modification states. One form contains a single methyl
group at Lys-40 and the other contains a single methyl group at
Lys-55 (Fig. 2). We estimated the amount of each monomethy-
lated species by the signal intensity of the informative c43 frag-
ment ions (residues 1–43; supplemental Fig. S2).We found that
the singly methylated wild-type form at Lys-40 is present in
three times the amount as the form methylated at Lys-55. The
unmodified c43 ion intensity was weak, with a signal to noise
below 10 rendering accurate quantitation difficult (19).
Rpl42ab isolated from the �Ybr030w strain lacks methyla-

tion at Lys-40, indicating the gene product of Ybr030w is
required for monomethylation of this site (Fig. 2). The �SET7

TABLE 1
Saccharomyces cerevisiae strains used

Strain Genotype Source
BY4742 MAT� his3�1 leu2�0 lys2�0 ura3�0 SGDPa
�Ybr030w (BY4742) BY4742, � Ybr030w::Kanr SGDPa
�SET7 (BY4742) BY4742, � SET7::Kanr SGDPa
BY4741 MATa his3�1 leu2�0met15�0 ura3�0 SGDPa
�Ybr030w (BY4741) BY4741, � Ybr030w::Kanr SGDPa
�SET7 (BY4741) BY4741, � SET7::Kanr SGDPa
�Ybr030w �SET7 MAT� �Ybr030w::Kanr � SET7::Kanr

LYS� MET�
This study

a Strains prepared by the Saccharomyces Genome Deletion Project (SGDP) and
purchased from Open Biosystems (Huntsville, AL).

TABLE 2
Fourier transform ion cyclotron resonance of intact Rpl42ab

Rpl42ab purified
from strain

Observed
monoisotopic mass

Calculated
monoisotopic mass Error Modifications

observed
% Abundance

of methylation statea

Da Da �mass Da ppm %
Wild type 12100.71 12100.70 0.01 0.84 Two methyl groups 78

12086.70 12086.69 0.01 0.71 One methyl group 22
�Ybr030w 12086.73 12086.69 0.04 3.57 One methyl group 100
�SET7 12086.75 12086.69 0.07 5.38 One methyl group 88

12072.72 12072.67 0.05 4.34 None 12
�Ybr030w �SET7 12072.68 12072.67 0.01 0.93 None 100

a Calculated as described under “Experimental Procedures.”
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mutant has a loss of methylation at Lys-55, demonstrating the
protein encoded by the SET7 gene is required for monomethy-
lation of Lys-55 (Fig. 2). In agreement with the intactmass data,
the �Ybr030w �SET7 strain is unmodified at both Lys-40 and
Lys-55 (Fig. 2 and Table 2).
Growth Defect of SET7-deficient Yeast in the Presence of

Cycloheximide—Mutation of the Rpl42ab Pro-56 residue to a
glutamine residue confers resistance to cycloheximide, an
inhibitor of eukaryotic protein synthesis produced by the soil
bacterium Streptomyces griseus (15). The close proximity
Lys-55 and Pro-56 in Rpl42ab raises the question of whether
methylationmay affect the sensitivity of yeast to cycloheximide.
We thus monitored the growth of yeast strains containing or
lacking the genes for Rpl42ab methylation in the presence of a
low concentration of cycloheximide (Fig. 3). SET7 mutants in
two strain backgrounds (Table 1) demonstrated decreased
resistance to cycloheximide, while the Ybr030w mutants grew
similarly to the wild-type strains. The double mutant also dis-

played sensitivity to cycloheximide. Control experiments per-
formed in the absence of cycloheximide displayed no growth
differences under these conditions (data not shown). Thus,
methylation of Lys-55 by SET7 may have evolved to provide a
protective effect against cycloheximide in the environment; a
similar protection may be obtained in organisms such as Can-
dida maltosa that naturally contain a glutamine residue at posi-
tion 56.
Utilization of Top DownMass Spectrometry to Determine the

Sites of Methylation of Rpl12ab—Previously we reported the
SET domain-containing protein Rkm2 trimethylated the ribo-
somal protein Rpl12ab at lysine 10 and an unknown enzyme
dimethylated the protein at lysine 3 (11). Since that time, the
methylation sites for two orthologs of Rpl12ab have been
reported for Arabidopsis thaliana and the fission yeast Schizo-
saccharomyces pombe. In Arabidopsis, evidence was presented
for the dimethylation of the N-terminal proline residue and the
trimethylation of lysine 3 (21); a similar modification pattern

F  - A - Q - G - K  - R  - R  - Y  - D - R  - K  - Q - S  - G - F  - G - G - Q - T  - K  - P  - V - F  - H - K
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ΔYbr030w
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FIGURE 2. Fragmentation pattern of intact ribosomal protein Rpl42ab from wild type (BY4742), �Ybr030w, �SET7, and the double knock-out
�Ybr030w �SET7 strains. Fractions containing Rpl42ab isolated from the LC-MS� chromatography from wild type and knock-out strains were subjected to
top down analysis where the intact protein was subjected to fragmentation as described under “Experimental Procedures.” Fragmentation is shown for the
portion of the intact protein from residues 36 – 48; monomethylation sites on lysine residues are indicated. b and y ions from collisionally activated dissociation
are indicated by sloping bars; c and z ions from electron capture dissociation are indicated by horizontal bars.
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was seen in S. pombe (22). Sadaie et al. (22) also identified the
methyltransferase responsible for the trimethylation of lysine 3,
SET11 in S. pombe. In light of sequence identity of the Rpl12ab

protein from all of these species at the N terminus, we isolated
wild-type S. cerevisiae Rpl12ab protein and subjected it to intact
mass top down MSMS analysis as described above for Rpl42ab
(Fig. 4). Unlike Rpl42ab, we found a single modified species for
Rpl12ab containing six methyl groups. MSMS fragmentation
revealed two methyl groups on Pro-1, three on Lys-3, and one
onArg-66. Close evaluation of previously published data on the
MSMS of an N-terminal ArgC fragment of Rpl12ab from a
�RKM2 deletion strain shows the loss of threemethyl groups at
the third lysine and the presence of the N-terminal dimethyl
proline (Fig. 4). These results suggest that Rkm2 modifies
Rpl12a largely at Lys-3, althoughmodification at Lys-10 cannot
be ruled out, especially when considering the b3, b8, b9, b10,
and y9 ions in the original mass spectrum (11). Fragmentation
evidence for the presence ofmethylation at Lys-10was not seen
in the intact mass top down analysis, possibly due to the low
abundance of this form of modification. In any case, it now
appears that themajormodifications of Rpl12 at theN terminus
are similar in S. cerevisiae, S. pombe, and Arabidopsis.
Structural Significance of Lysine Methylation in the Yeast

Large Ribosomal Subunit—Cryo-EM structures are available
for the free yeast 80S ribosome at a resolution of�15Å (23) and
for the 80S subunit bound to eEF2 at a resolution of 11.7 Å (24).
In both structures, the 25S, 5.8S, and 5S rRNA, and the 43 yeast
ribosomal proteins were computationally docked onto the
cryo-EM structure using the previously solved crystal struc-
tures of the 30S subunit of T. thermophilus and the 50S subunit
of H. marismortui as a guide (25, 26). Both structures show
Rpl42ab positioned close to the tRNA exit site. The docked
structure showed the positions of the monomethylated lysine
residues in close proximity to rRNA. The �-N of Lys-40 is
within 3.6 Å and 3.9 Å of the 25S rRNA and �-N of Lys-55
overlaps the 25S rRNA. This region of overlap appears to be an
error in the docking and shows the limitations of the composite
structures.
To overcome this limitation, the position of the correspond-

ing sites of yeast Rpl42ab Lys-40 and Lys-55 in the homologous
L44E protein of the 60SH. marismortui ribosomal subunit was
determined from its x-ray crystal structure in complex with a
deacylated tRNA minihelix (14). In this structure, L44E local-

izes to the tRNA exit site and has
direct contacts to the bound tRNA
minihelix (14). The aspartate at
position 37 (corresponding to
monomethyl Lys-40 of Rpl42ab) is
within 6.5 Å of the tRNA minihelix,
presenting the possibility that
methyl lysine plays a role in binding
tRNA in yeast (Fig. 5, panel A). The
�-N of Lys-51 (corresponding to the
monomethyl Lys-55 residue of
Rpl42ab) is 2.9 Å and 3.7 Å from the
23S rRNA and is within 4.5 Å of the
bound tRNAminihelix (Fig. 5, panel
A). These structural data suggest
that themonomethyl lysine residues
in Rpl42ab may contact rRNA and
tRNA, and may not be exposed at
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FIGURE 3. Differential effect of low cycloheximide levels (1 �g/ml) on the
growth of wild type, �Ybr030w, �SET7, and the double knock-out
�Ybr030w �SET7 strains. Cells were grown in YPD media and translational
elongation inhibitor cycloheximide was added at 0.1 OD as described under
“Experimental Procedures.” Panel A shows results from triplicate experiments
with strains in the MAT� background; panel B shows results from triplicate
experiments of strains in the MATa background. The standard deviation val-
ues are indicated by bars.
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FIGURE 4. Fragmentation pattern of intact wild-type ribosomal protein Rpl12ab and a peptide from the
�RKM2 mutant protein. Fractions containing Rpl12ab isolated from the LC-MS� chromatography were sub-
jected to either top down analysis using electron capture dissociation and collisionally activated dissociation of
the wild-type protein (panel A) or collisionally activated dissociation of the tryptic N-terminal peptide from the
�RKM2 protein (panel B, Ref. 11) as described in the legend of Fig. 2 and the “Experimental Procedures” section.
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the surface of the ribosome. If this is the case, themethyl marks
in Rpl42ab may not be “read” by protein species including the
tudor, MBT, and chromo domains that specifically recognize
methylated lysine residues in histone tails (27). We suggest
instead that lysine methylation in Rpl42ab may modulate
hydrogen bonding interactions to RNA.
To determine whether the possible interaction of riboso-

mal protein methylated lysine residues with rRNA is a
general phenomenon, we examined the location of the di-
methylated lysine residues of yeast Rpl23ab at Lys-106 and
Lys-110 (11). The position of the dimethylated lysine resi-
dues in the yeast composite cryo-EM structure of the 80S
eEF2 complex show the closest contact of the �-N of dimeth-
yl Lys-106 to be 7.6 Å and 8.1 Å from the 25S rRNA, and the
�-N of dimethyl Lys-110 closest contact to be 8.6 Å to the 25S
rRNA. In the 60S H. marismortui crystal structure, Rpl23ab
is homologous to the L14 protein with dimethyl Lys-106
corresponding to Asn-101. The closest contact of this aspar-
agine is the 23S rRNA at 9.7 Å. Rpl23ab dimethyl Lys-110
aligns with Arg-105 and is 13.8 Å from its closest contact
with the 23S rRNA. Thus, it appears that the methylated
lysine residues in Rpl23ab do not contact the 23S rRNA. The
Rpl23ab protein is on the binding face of the large ribosomal
subunit and is involved in multiple contacts with the 18S
small ribosomal rRNA (24). This localization opens the pos-
sibilities that the methylated lysine residues may interact
with the 18S rRNA on the small subunit. Finally, we were not
able to position the methylated Lys-3 residue in Rpl12ab to
these structures because the N terminus is disordered (23,
24). Taken together, these results suggest that methylated

lysine residues in ribosomal proteins may play structural
roles distinct from the recognition marking roles seen in
histones (27).
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