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ABSTRACT

Rpl3, a highly conserved ribosomal protein, is methylated at histidine 243 by the Hpm1 methyltransferase in Saccharomyces
cerevisiae. Histidine 243 lies close to the peptidyl transferase center in a functionally important region of Rpl3 designated as
the basic thumb that coordinates the decoding, peptidyl transfer, and translocation steps of translation elongation. Hpm1 was
recently implicated in ribosome biogenesis and translation. However, the biological role of methylation of its Rpl3 substrate
has not been identified. Here we interrogate the role of Rpl3 methylation at H243 by investigating the functional impact of
mutating this histidine residue to alanine (rpl3-H243A). Akin to Hpm1-deficient cells, rpl3-H243A cells accumulate 35S and
23S pre-rRNA precursors to a similar extent, confirming an important role for histidine methylation in pre-rRNA processing.
In contrast, Hpm1-deficient cells but not rpl3-H243A mutants show perturbed levels of ribosomal subunits. We show that
Hpm1 has multiple substrates in different subcellular fractions, suggesting that methylation of proteins other than Rpl3 may be
important for controlling ribosomal subunit levels. Finally, translational fidelity assays demonstrate that like Hpm1-deficient
cells, rpl3-H243A mutants have defects in translation elongation resulting in decreased translational accuracy. These data
suggest that Rpl3 methylation at H243 is playing a significant role in translation elongation, likely via the basic thumb, but has
little impact on ribosomal subunit levels. Hpm1 is therefore a multifunctional methyltransferase with independent roles in
ribosome biogenesis and translation.
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INTRODUCTION

The ribosome is a nanomachine composed of RNA and pro-
teins that work in concert with tRNAs and protein factors to
translate the mRNA into the precise order of amino acids that
give functionality to proteins. In all organisms, translational
components are modified by the addition of one or more
methyl groups. Ribosomal RNA methylation sites are clus-
tered in functional regions of the ribosome, including the
peptidyl transferase center and the tRNA binding sites
(A/P/E), and have been shown to be important for ribosome
assembly, structural stability, and translational accuracy
(Piekna-Przybylska et al. 2008; Baudin-Baillieu et al. 2009).
Methylation of tRNAs and elongation and release factors
modulates translational accuracy and translation termination
efficiency (Johansson and Byström 2005; Polevoda and
Sherman 2007; Dzialo et al. 2014; Hori 2014). Ribosomal
proteins are methylated in the three kingdoms of life, but lit-
tle is known about the physiological roles of these modifica-
tions (Arnold and Reilly 1999; Lee et al. 2002; Odintsova et al.

2003; Yu et al. 2005; Polevoda and Sherman 2007;
Nesterchuk et al. 2011).
In Escherichia coli, methylation of ribosomal protein L3 by

the PrmB methyltransferase has been shown to modulate ri-
bosome biogenesis (Lhoest and Colson 1981; Lhoest et al.
1984). Escherichia coli L11 contains nine methyl groups in
close proximity to the GTPase-associated center (GAC) and
the binding site of translation factors, suggesting that they
could play a role in translation (Dognin and Wittmann-
Liebold 1980). Methylation of the bacterial L7/L12 stalk is
regulated by the growth temperature, and it may play a regu-
latory role in homeostasis (Chang 1978). Methylation of hu-
man ribosomal proteins S3 and S10 by PRMT1 and PRMT5,
respectively, has been implicated in roles in ribosomal bio-
genesis (Shin et al. 2009; Ren et al. 2010). In the yeast
Saccharomyces cerevisiae, nine ribosomal proteins are methyl-
ated: four on the small ribosomal subunit (Rps2, Rps3,
Rps25ab, Rps27ab) and five on the large subunit (Rpl1ab,
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Rpl3, Rpl12ab, Rpl23ab, Rpl42ab) (Chern et al. 2002; Lee
et al. 2002; Porras-Yakushi et al. 2005; Lipson et al. 2010;
Webb et al. 2010a,b, 2011; Young et al. 2012). Unlike the
clustering of methylated sites on rRNA nucleotides, the
methylated residues on yeast ribosomal proteins are dis-
persed throughout the ribosome: seven are on the surface ex-
posed to the cytoplasm, two are in the interface between the
small (40S) and large (60S) ribosomal subunits, and three are
embedded within the rRNA core (Clarke 2013).

Although the ribosomal protein methylation patterns dif-
fer in the three domains of life, methylation of two ribosomal
proteins, Rpl3 and Rpl12ab, appears to be conserved. Yeast
Rpl12ab and its bacterial ortholog L11 are methylated N-ter-
minally and human Rpl12 is also predicted to be methylated
at the N-terminus (Dognin and Wittmann-Liebold 1980;
Webb et al. 2010b). In E. coli, L3 is methylated on a glutamine
residue that aligns close to the methylated histidine site on
Rpl3 in S. cerevisiae (Muranova et al. 1978; Webb et al.
2010a). Additionally, the mammalian Rpl3 associates with
METTL18, the human putative methyltransferase homolo-
gous to the yeast Rpl3 methyltransferase Hpm1 (Cloutier
et al. 2013). 3-Methylhistidine is a relatively rare post-trans-
lational modification that has only been observed in eukary-
otes in Rpl3, actin, and myosin—Hpm1 is the first and as of
yet only enzyme known to catalyze this modification (Webb
et al. 2010a).

In a recent study, we showed that Hpm1 directly methyl-
ates ribosome-bound Rpl3 but not free Rpl3, suggesting
that it likely recognizes and methylates Rpl3 after its incorpo-
ration into pre-ribosomes (Al-Hadid et al. 2014). The proper
processing of early pre-rRNA intermediates and assembly
of the large ribosomal subunit was shown to be dependent
on the presence of Hpm1. Loss of Hpm1 resulted in a large
subunit biogenesis defect that could only be rescued with cat-
alytically active Hpm1 but not catalytically deficient mutants
of Hpm1, suggesting that methylation of Rpl3 or other un-
known substrates is required for proper 60S biogenesis.
Ribosomes assembled in Hpm1-deficient cells were also
shown to have reduced sensitivities to ribosome-binding
drugs and reduced translational accuracy. Whether these
phenotypes were directly due to a lack of Rpl3 methylation
or to other potential roles of Hpm1 in methylating other sub-
strates was not investigated.

In this study, we analyzed a mutant of Rpl3 with the meth-
ylated histidine replaced with alanine and determined the ef-
fect of Rpl3 methylation loss on ribosome biogenesis and
translation. We show that unlike hpm1 null cells, rpl3-
H243A mutants have normal levels of ribosomal subunits.
In contrast, Hpm1-deficient cells and rpl3-H243A mutants
both exhibit defects in early pre-rRNA processing and have
higher rates of translational errors in stop codon readthrough,
amino acidmisincorporation, and programmed -1 ribosomal
frameshifting (-1 PRF). Amino acid analysis of the 3H-meth-
yl-labeled proteome and in vitro methylation assays indicate
that Hpm1 has additional substrate(s) in different subcellular

compartments. Altogether, these results suggest that methyl-
ation of Rpl3 at histidine 243 modulates translation elonga-
tion fidelity and indicates that Hpm1 has independent
functions in ribosome biogenesis and translation.

RESULTS AND DISCUSSION

Histidine 243 of ribosomal protein Rpl3 is the target
of the Hpm1 methyltransferase

In previous work, we pinpointed the Hpm1 target site on
Rpl3 to an 18-residue region (residues 234–251) containing
multiple lysine and arginine residues (Webb et al. 2010a).
To determine the methylated amino acid, wild-type yeast
cells were labeled with [methyl-3H]AdoMet, ribosomes har-
vested, Rpl3 was isolated by reversed-phase HPLC, and the
protein acid hydrolyzed. The amino acids were resolved by
high-resolution cation-exchange and thin layer chromatog-
raphy. A radiolabeled species co-eluted with a 3-methylhisti-
dine standard but not with methylated lysine or arginine
standards, suggesting that the modification is on a histidine
residue. To definitively show that H243 is the methylated res-
idue on Rpl3, we created an rpl3 mutant strain by replacing
the endogenous RPL3 gene with an rpl3 point mutant con-
taining a histidine to alanine mutation at residue 243 (rpl3-
H243A). WT, hpm1Δ, and rpl3-H243A cells were labeled
with [methyl-3H]AdoMet and the small and large ribosomal
subunits were isolated by sucrose density centrifugation.
Radiolabeled proteins were resolved by SDS-PAGE and
methylated products detected by fluorography (Fig. 1A).
Small ribosomal subunit proteins had similar methylation
patterns in all three strains. However, large ribosomal sub-
unit proteins showed a complete loss of a radiolabeled pro-
tein corresponding to the size of Rpl3 (43.8 kDa) in both
hpm1Δ and rpl3-H243A cells but not in wild-type cells, con-
firming that H243 of Rpl3 is the methylation target of Hpm1.
H243 lies at the core of the large subunit embedded in the 25S
rRNA in close proximity to the peptidyl transferase center
and the aminoacyl-tRNA accommodation corridor (Fig. 1B).

Methylation of ribosomal protein Rpl3 is dispensable
for 60S subunit synthesis

We previously showed that loss of Hpm1 results in pre-rRNA
processing defects in the early stages of ribosome biogenesis
leading to a deficiency of 60S large ribosomal subunits
(Al-Hadid et al. 2014). Proper 60S biogenesis was shown to
depend not only on the Hpm1 protein but also its catalytic
activity, suggesting that methylation of its primary target,
Rpl3, and/or of other substrates, is involved in promoting
proper ribosome biogenesis. To test whether the phenotypes
we observed were strictly a consequence of the loss of Rpl3
methylation rather than due to the lack of methylation of
other potential substrates of Hpm1, we examined the
steady-state levels of pre-rRNA precursors and ribosome par-
ticles in the Rpl3 methylation-deficient strains. Total cellular
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RNAs were collected fromWT, hpm1Δ, and rpl3-H243A cells
and analyzed by Northern blotting (Fig. 2A). A DNA probe
that binds upstream of the A0 cleavage site was used to detect
the 35S and 23S rRNA precursors that are known to accumu-
late in mutants defective in pre-rRNA processing (Oeffinger
et al. 2009; Woolford and Baserga 2013). Both Hpm1-defi-
cient cells and rpl3-H243Amutants showed similar accumu-
lation of 35S and 23S precursors compared to wild type,
whereas no significant differences were detected in the levels
of 27SA2 precursors (Fig. 2A). Ribosome assembly proceeds
cotranscriptionally with the small subunit factors assembling
on the 18S sequence, before transcription of the 5.8S and 25S
sequences (Venema and Tollervey 1999). Cleavage at site A2,
which separates the 18S and 5.8S rRNAs, occurs after 18S as-
sociation with small subunit factors and before the associa-
tion of large subunit factors with the 5.8S and 25S (Grandi
et al. 2002). Counterintuitively, defects in assembly and
processing of the pre-60S large subunit result in defects in
the earliest 35S processing steps at A0, A1, and A2, most likely
through indirect secondary effects (van Beekvelt et al.
2001; Venema and Tollervey 1999 and references therein).
Therefore, it is likely that the effect of hpm1Δ and rpl3-
H243A on 35S pre-rRNA processing is indirect, consistent
with previous studies on other large subunit biogenesis fac-
tors (Venema and Tollervey 1999). It is possible that kinetic
defects in large subunit biogenesis may sequester factors that
are shared between pre-60S and pre-90S maturation, such as
Nop1p, Sik1p, and Rrp5p (Venema and Tollervey 1996;

Gautier et al. 1997). However, precise-
ly how specific 60S maturation defects
communicate back to early processing
steps is unknown. Indeed, many large
subunit ribosomal proteins, includ-
ing Rpl3, associate with the 25S
cotranscriptionally and are known to
directly impact processing (Rosado
et al. 2007; Henras et al. 2015).
Despite an accumulation of the 35S
precursor, we did not detect any sig-
nificant difference in the final levels
of mature 25S and 18S rRNAs in
hpm1Δ and rpl3-H243A (Fig. 2A).
This indicates that these processing
defects are not rate limiting for the
maintenance of mature rRNA levels,
at least during steady-state growth in
rich medium.
To determine whether the in-

creased levels of 35S and 23S pre-
rRNA in rpl3-H243A result in a 60S
biogenesis defect, the steady-state lev-
els of ribosomal subunits and ribo-
some complexes were measured by
polysome profile analysis. Small
(40S) and large (60S) ribosomal sub-

units were resolved from intact ribosomes (80S) and poly-
somes by centrifugation of the lysates from wild-type,
hpm1Δ, and rpl3-H243A strains through a sucrose gradient
and the levels of the ribosomal particles were measured. As
previously shown (Al-Hadid et al. 2014), hpm1 null cells ex-
hibited a deficiency of 60S subunits and a surplus of 40S sub-
units (Fig. 2B). This large subunit defect is highlighted by a
greater than fourfold decrease in the free 60S/free 40S subunit
ratio (Fig. 2C). Surprisingly, rpl3-H243A showed levels of the
ribosomal particles similar to wild type, with no discernable
difference in their respective free 60S/free 40S subunit ratios
(Fig. 2B,C). This indicates that despite a pre-rRNA process-
ing defect in rpl3-H243A, steady-state levels of free ribosomal
subunits are unchanged. These results suggest that methyla-
tion of Rpl3 is required for normal pre-rRNA processing but
not for accumulating normal levels of 60S subunits. This re-
sult was unexpected because we previously showed that Rpl3
is the primary target of Hpm1 and that the Hpm1 protein and
its catalytic activity are required for normal ribosome biogen-
esis (Al-Hadid et al. 2014). It is therefore likely that Hpm1
has additional substrates whose methylation plays a role in
translation elongation and/or ribosome biogenesis.
Interestingly, hpm1Δ and rpl3-H243A cells had marginally

higher polysome/80S ratios, compared to wild-type cells,
indicating that a higher proportion of ribosomes may be
associated with polysomes in these mutants (Fig. 2C).
Although a larger fraction of polysome-associated ribo-
somes is typically indicative of more active translation and

FIGURE 1. Rpl3 is methylated at histidine 243, which lies in close proximity to functional centers
of the ribosome. (A) Seven OD600 nm units of WT, hpm1Δ, and rpl3-H243A cells were radiolabeled
as described in Materials and Methods. Small (40S) and large (60S) ribosomal subunits were sep-
arated by sucrose density centrifugation and radiolabeled proteins resolved and detected by SDS-
PAGE/fluorography using a 12% Bis–Tris gel as described by Al-Hadid et al. (2014). Fluorography
was done for 10 wk at −80°C. The fluorograph shown is the same as that in Fig. 1C of Al-Hadid
et al. (2014) except it is uncropped and includes ribosomal subunits from the rpl3-H243A strain.
(B) Crystal structure of the yeast ribosome (Ben-Shem et al. 2011) showing Rpl3 (blue) with its
H243 residue (red) embedded in 25S rRNA (gray). Helixes 89 and 90–92 (orange) form the entry
site for aminoacyl-tRNAs. The GTPase-associated center (GAC) and sarcin-ricin loop (SRL; or-
ange) are the binding sites of translation factors. Residues of the peptidyl transferase center
(PTC) are shown as green spheres. Yellow spheres show modified nucleotides (2′-OH methylation,
and pseudouridine ψ) of 25S rRNA in close proximity to H243.
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cellular proliferation, we found that growth rates on YPD
agar plates or liquid cultures (data not shown) were similar
in all three strains. Indeed, increased polysome levels have
been reported in cells with attenuated translation elongation,
resulting in increased mRNA transit time of ribosomes and
stabilization of translationally repressed polysomes (Sivan
et al. 2007).

Hpm1 has methylation targets other than Rpl3

We previously showed that in the absence of Hpm1, methyl-
ation was lost not only in Rpl3 but also in other proteins
in nuclei-enriched fractions, indicating that there could be
additional substrates for Hpm1 (Al-Hadid et al. 2014). Our
repeated attempts to create an endogenous TAP-tagged

FIGURE 2. Loss of Rpl3 methylation results in early pre-rRNA processing defects but has no effect on 60S subunit levels. (A) 35S and 23S
rRNA levels were assessed by Northern blot analysis as previously described (Al-Hadid et al. 2014) in WT, hpm1Δ, and rpl3-H243A cells with a
probe 5′-CGCTGCTCACCAATGG-3′ targeted to the region upstream of the A0 cleavage site in the 5′ external transcribed spacer of the rRNA
precursor (upper blot). A probe targeting the internal transcribed spacer 1 (ITS1) region in between the A2 and A3 cleavage sites (O207:
5′-TGTTACCTCTGGGCCC-3′) was used to detect the 27SA2 precursor (lower blot). The 25S and 18S rRNAs are shown as visualized by EtBr fluo-
rescence of the gel prior to transfer. The second series of strains in the blot represent biological replicates, with the experiment performed for a total of
four biological replicates. scR1 (5′-ATCCCGGCCGCCTCCATCAC-3′) is a loading control. (B) WT, hpm1Δ, and rpl3-H243A cells were treated with
cycloheximide and lysates resolved by sucrose density centrifugation for polysome profile analysis as previously described (Al-Hadid et al. 2014). A
total of four independent profiles were obtained for wild-type cells, five profiles for hpm1Δ cells, and two profiles for rpl3-H243A cells. Two of the
profiles for wild-type and hpm1Δ cells were previously reported (Al-Hadid et al. 2014). A representative profile for each strain is shown here. (C) The
levels of ribosomal subunits (40S, 60S) and intact ribosomes (80S) were quantified by directly weighing cutouts of half peak areas (assuming a sym-
metric distribution of ribosome particles) from printer paper using an analytical balance. The levels of polysomes were quantified by weighing the
peaks after the 80S. Error bars represent standard deviation of two or more independent profiles. Unpaired two-tailed t-test P-values are shown for the
differences in the 60S/40S free subunit ratio.
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Hpm1 strain or express GFP-tagged Hpm1 ectopically for
pull-down studies were unsuccessful. In the latter case, the
recombinant protein underwent rapid degradation. As an
alternative approach to determine whether there are addi-
tional Hpm1 substrates, the cellular levels of 3-methylhisti-
dine were measured in wild-type and rpl3-H243A cells.
We previously showed that Hpm1 depletion results in com-
plete loss of 3-methylhistidine. If Rpl3 is the only substrate
of Hpm1, there should be a complete loss of 3-methylhisti-
dine in rpl3-H243A cells, because the methylation site is mu-
tated. Wild-type and rpl3-H243A cells were radiolabeled with
[methyl-3H]AdoMet and cellular proteins were precipitated
with trichloroacetic acid, acid hydrolyzed, and analyzed by
high-resolution cation-exchange chromatography. Fractions
containing radioactive 3-methylhistidine were identified
by ninhydrin labeling of a nonradioactive 3-methylhistidine
standard and counted for radioactivity. The rpl3-H243A ly-
sate showed a significant decrease in the amount of 3-meth-
ylhistidine, relative to wild type, although a residual amount
was still present (Fig. 3A). This residual radioactivity there-
fore represents 3-methylhistidine present on a protein or
proteins other than Rpl3. Quantification of the levels of
3-methylhistidine in wild-type and rpl3-H243A lysates re-
vealed that ∼65% of the modification resides on Rpl3 and
the remaining amount is present on other substrates. This
is consistent with our previous finding that the bulk of 3-
methylhistidine is on ribosome-associated Rpl3 (Al-Hadid
et al. 2014).
To determine whether there are additional substrates

of Hpm1, in vitro and in vivo methylation assays were
performed on subcellular fractions from wild-type, hpm1Δ,
and rpl3-H243A cells. Cells were radiolabeled with
[methyl-3H]AdoMet and cytosolic and nuclear proteins iso-
lated and resolved by SDS-PAGE. Methylated polypeptides
were detected by fluorography. Loss of Hpm1 resulted in
the reduction or complete loss of seven radiolabeled bands
from the cytosol (Fig. 3B, arrows, stars). These bands were
not reduced in cytosolic proteins from rpl3-H243A cells, in-
dicating that they are not Rpl3-derived polypeptides (Fig.
3B). This suggests that the methylation of multiple proteins
may depend on the presence of Hpm1.
Analysis of nuclear proteins revealed reduction of a radio-

labeled band corresponding to the size of Rpl3 in hpm1Δ and
rpl3-H243A cells (Fig. 3C, arrow). Several additional lower
molecular weight bands were also absent or diminished in
rpl3-H243A, suggesting that these are Rpl3-derived polypep-
tides (Fig. 3C). To distinguish proteins that are directly meth-
ylated by Hpm1 from those whose methylation depends on
Hpm1 but are not necessarily substrates, we performed an
in vitro methylation assay using recombinant His-tagged
Hpm1. Nuclear and post-mitochondrial extracts (superna-
tant following 20,000g spin) from wild-type and Hpm1-defi-
cient cells were incubated with His-Hpm1 in the presence of
[methyl-3H]AdoMet and analyzed by SDS-PAGE fluorogra-
phy. Protein substrates in hpm1Δ would be hypomethylated

and competent for methylation with Hpm1 and [methyl-3H]
AdoMet, whereas wild-type proteins may not be because they
may already be fully or partially modified. In vitro methyla-
tion of nuclei-enriched fractions from hpm1Δ cells but not
wild-type cells resulted in the radiolabeling of an Rpl3-sized
protein (Fig. 3E, star). We previously showed that Rpl3 from
cytoplasmic ribosomes could be methylated in vitro with re-
combinant Hpm1 (Al-Hadid et al. 2014). Together, this sug-
gests that Rpl3 bound to pre-ribosomes in the nucleus or
mature ribosomes in the cytoplasm can be recognized and
methylated by Hpm1. Interestingly, incubating His-Hpm1
with post-mitochondrial extracts from hpm1Δ but not wild
type resulted in the radiolabeling of two proteins (Fig. 3D,
stars). The electrophoretic mobility of these proteins is sim-
ilar to two of the in vivo methylated cytosolic proteins in the
wild-type strain (Fig. 3B, stars). Although the identity of these
substrates is unknown, these data suggest that Hpm1 has
multiple substrates; one corresponding to Rpl3 that can be
methylated in nuclear extracts and two that can be methylat-
ed in post-mitochondrial extracts. It is unclear if one of the
radiolabeled bands in the post-mitochondrial extract is
Rpl3. However, because the intensities of the two bands are
similar and have similar mobilities to two non-Rpl3 proteins
in the in vivo labeled cytosolic proteins (Fig. 3B, stars), these
data suggest that the two radiolabeled bands in the post-mi-
tochondrial extract do not correspond to Rpl3. It is also pos-
sible that methylation of these unknown proteins may be
important for ribosome assembly.
Despite cytoplasmic ribosomes containing the bulk of

3-methylhistidine, our previous findings thatHpm1-deficient
cells have defects in early pre-rRNA processing, which takes
place in the nucleus, and the lack of detectable levels of
3-methylhistidine in the cytosol suggests that the modifica-
tion of Rpl3 byHpm1 takes placewithin the nucleus. It is pos-
sible that the modification of the two other proteins takes
place in the cytosol but that their modification is undetectable
in cytosolic fractions because of the rapid shuttling of these
proteins into the nucleus. Further work is needed to identify
these proteins and their spatial and temporal methylation.

Methylation of ribosomal protein Rpl3 is required
for translational accuracy

The dispensability of Rpl3methylation in 60S subunit biogen-
esis prompted us to test whether methylation of Rpl3 plays a
role in translational fidelity. Using a dual-luciferase reporter
assay, we previously showed that Hpm1-deficient cells have
decreased fidelity during translation elongation (Al-Hadid
et al. 2014). This assay utilizes a Renilla luciferase reporter
gene fused C-terminally to a firefly luciferase gene (Keeling
et al. 2004; Salas-Marco and Bedwell 2005). The amount of
firefly luciferase luminescence correlateswith increased trans-
lational errors, while Renilla luminescence is used to nor-
malize for differences in gene expression and translational
initiation, as both genes are expressed as a single polypeptide.
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FIGURE 3. Hpm1 has multiple substrates. (A) WT and rpl3-H243A cells were radiolabeled with [methyl-3H]AdoMet as described in Materials and
Methods. Cell pellets were resuspended in 200–400 µL of buffer (50 mM Tris–Cl, 50 mMNaCl, 1 mM DTT, pH 7.4), a quarter volume of glass beads
was added, and the cells were vortexed for 30 sec followed by 30 sec cooling on ice, for 12 cycles. The crude lysate was centrifuged at 1000g for 5 min
and the supernatant transferred to prechilled microcentrifuge tubes (whole lysate). Radiolabeled whole lysates were precipitated with trichloroacetic
acid, acid hydrolyzed, and amino acids resolved by cation-exchange chromatography (Al-Hadid et al. 2014). Fractions containing 3H-3-methylhis-
tidine were identified using ninhydrin monitoring of an unlabeled 3-methylhistidine standard (dashed line), and counting for radioactivity (solid
lines; squares for WT, asterisks for rpl3-H243A). Radiolabeled 3-methylhistidine elutes 1 min earlier than the unlabeled standard due to a known
isotope effect (Gottschling and Freese 1962). (B) One hundred microliters of fraction 1 (cytosol) of the sucrose gradient from WT, hpm1Δ, and
rpl3-H243A cells were resolved by SDS-PAGE using a 12% Bis–Tris gel (Al-Hadid et al. 2014). The short exposure fluorograph was incubated for
13 d with the radiolabeled gel and the film with the long exposure was incubated for 10 wk, both at −80°C. Arrows and stars show radiolabeled bands
that are lost in hpm1Δ but not in rpl3-H243A, indicative of protein substrates other than Rpl3 whose methylation depends on HPM1. Stars indicate
radiolabeled bands with similar mobilities as those shown in panel D. (C) 14 OD600 nm units of WT, hpm1Δ, and rpl3-H243A cells were radiolabeled
with [methyl-3H]AdoMet and nuclei-enriched fractions (P13,000) isolated as described in Materials and Methods. Samples were treated with 1 unit of
benzonase with 2 mM magnesium chloride for 30 min at room temperature. Fifteen micrograms of nuclear-enriched extract fromWT, hpm1Δ, and
rpl3-H243A cells were then resolved and analyzed by SDS-PAGE/fluorograph as described above. Film was incubated for 29 d with gel at−80°C. Arrow
shows a radiolabeled protein corresponding to the size of Rpl3 that is lost in hpm1Δ and rpl3-H243A. (D) Forty OD600 nm units ofWT and hpm1Δ cells
were harvested, spheroplasts prepared, and post-mitochondrial cell extracts (S20,000) isolated as described in Materials and Methods. Twenty micro-
grams of recombinant histidine-tagged Hpm1 (His-Hpm1) were incubated alone or with 50 µg of post-mitochondrial cell extracts from WT and
hpm1Δ cells in the presence of [methyl-3H]AdoMet (1 µM) and 100 mM sodium chloride, 100 mM sodium phosphate, pH 7.5 (methylation buffer)
for 6 h at 30°C. Wild-type and hpm1Δ post-mitochondrial cell extracts without enzyme were also included for negative controls. Samples were then
treated with 1 unit of benzonase (Novagen; 70746-4) for 30 min at room temperature to degrade nucleic acids and the volume reduced by vacuum
centrifugation. Samples were then loaded onto 4%–12% SDS-PAGE gel (ExpressPlus; GenScript) using Tris-MOPS (SDS) running buffer and pro-
teins resolved by applying 150 V until the bromophenol blue dye reached the bottom of the gel. Fluorography was performed and the film was in-
cubated with gel for 8 d at −80°C. Stars indicate Hpm1-methylated protein substrates. Vertical black lines show where irrelevant lanes were removed
from the gel. (E) Nuclei-enriched fractions were isolated fromwild-type and hpm1Δ cells as described in Al-Hadid et al. (2014). Twelvemicrograms of
recombinant His-Hpm1 were incubated alone or with 23 µg of nuclei-enriched fractions from wild type and hpm1Δ in the presence of [methyl-3H]
AdoMet (1 µM) and methylation buffer for 5 h at 30°C. Samples were treated with 1 unit of benzonase for 30 min at 30°C. Proteins were resolved in a
4%–12% SDS-PAGE gel (Run Blue) and radiolabeled proteins detected by fluorography as described above. Film was exposed for 11 d at −80°C. The
star indicates an Hpm1-methylated protein product corresponding to the size of Rpl3 (∼44 kDa).
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To measure stop codon readthrough, which can arise due to
defects in translation elongation or termination, we used re-
porter plasmids containing the UAA and UAG stop codons
in between the Renilla and firefly genes (Keeling et al. 2004;
Salas-Marco and Bedwell 2005). Increased readthrough of
these stop codons would result in increased firefly lumines-
cence. Both Hpm1-deficient cells, as previously shown (Al-
Hadid et al. 2014), and Rpl3 methylation-deficient cells
(rpl3-H243A) exhibited a minor increase in readthrough of
the UAA and UAG stop codons, relative to wild type (Fig.
4A). To determine whether this stop codon readthrough phe-
notype in rpl3-H243A is due to a defect in translation termi-
nation or elongation, a reporter plasmid was used that
directly measures elongation errors by the rate of amino
acid misincorporation. This plasmid contains a mutation at
K529 of the firefly gene to a near-cognate asparagine residue,
which renders the firefly enzyme catalytically inactive (Salas-
Marco and Bedwell 2005). Replacement of this asparagine
back to the wild-type lysine by misincorporation of a near-
cognate lysyl-tRNALys reestablishes the catalytic activity of
firefly luciferase and results in an increase in its luminescence.
Thus, ribosomes with a reduced ability to discriminate be-
tween cognate and near-cognate aminoacyl-tRNAs during
translation elongation yield higher levels of firefly luciferase
luminescence. Both hpm1Δ and rpl3-H243A cells showed
slightly increased levels of amino acid misincorporation, rel-
ative to wild type, indicating a loss of fidelity in both mutants
(Fig. 4B).
To further characterize translation elongation in hpm1Δ

and Rpl3 methylation-deficient cells, translation recoding ef-
ficiency was measured using a reporter containing a viral L-A
directed programmed -1 frameshift (-1 PRF) signal between
the Renilla and firefly genes (Harger and Dinman 2003). The
amount of firefly luciferase luminescence depends on the fre-
quency of -1 frameshift events. The frequency of -1 frame-
shift events is essential to the propagation of the L-A virus
as it relies on a specific stoichiometry of structural (Gag) to
enzymatic (pol) proteins encoded in its 4.6 kb dsRNA ge-
nome. Defects in elongation have been shown to enhance
-1 PRF efficiencies (Peltz et al. 1999; Meskauskas et al.
2003, 2005). Hpm1-deficient and Rpl3 methylation-deficient
cells showed higher -1 PRF efficiencies, relative to wild type
(Fig. 4C). These results suggest that the defect in translation
elongation fidelity that we previously reported for Hpm1-
deficient cells is a direct consequence of a lack of Rpl3
methylation. We should point out, however, that Rpl3 in
the rpl3-H243A strain contains an alanine residue at position
243 and some of the translational defects may be due to the
loss of the histidine side chain as well as loss of the methyla-
tion. This may explain why the rpl3-H243Amutant exhibited
a more pronounced increase in stop codon readthrough,
amino acid misincorporation, and recoding efficiency than
Hpm1-deficient cells.
The stop codon readthrough phenotype is likely a conse-

quence of decreased accuracy during translation elongation,

in which the ability of the ribosome to discriminate between
cognate and near-cognate or non-cognate aminoacyl-tRNAs
is diminished, as has been reported (Salas-Marco and
Bedwell 2005). Rpl3 methylation-deficient cells also had en-
hanced recoding efficiencies of -1 PRF signals, a phenotype
that can arise due to defects in translation elongation
(Meskauskas et al. 2003). Our data demonstrate a possible in-
creased proportion of polysomes in rpl3-H243A and hpm1Δ,
relative to wild type. Prior work has shown that polysomes
can accumulate in cells with repressed translation elongation
due to an increased transit time of the defective ribosomes
on mRNA (Sivan et al. 2007). We suggest that an increased
polysome ratiomay be a direct consequence of the translation
elongation defects in rpl3-H243A and hpm1Δ. Altogether,

FIGURE 4. Cells deficient in Rpl3 methylation have reduced transla-
tional fidelity. Dual-luciferase assays were performed to quantify stop
codon readthrough, amino acid misincorporation, and programmed -1
ribosomal frameshifting (-1 PRF), as described in Al-Hadid et al.
(2014), for WT, hpm1Δ, and rpl3-H243A cells. (A) The percent read-
through of the UAA and UAG stop codons was calculated by taking
the firefly/Renilla luminescence ratio of cells containing the stop co-
don–containing vector divided by the same ratio of the respective con-
trol. For UAA readthrough, wild type was assayed 11 independent
times, hpm1Δ eight times, and rpl3-H243A was assayed three indepen-
dent times. Three of these replicates for wild-type and hpm1Δ cells
were previously reported (Al-Hadid et al. 2014). For UAG readthrough,
wild type was assayed for a total of 12 biological replicates, hpm1Δ was
assayed seven times, and rpl3-H243A three times. Three of these repli-
cates for wild-type and hpm1Δ cells were previously reported (Al-
Hadid et al. 2014). (B) The percent amino acid misincorporation was
calculated as in A. Wild type was assayed 10 independent times,
hpm1Δ was assayed eight times, and rpl3-H243A was assayed three in-
dependent times. Three of these replicates for wild-type and hpm1Δ
cells were previously reported (Al-Hadid et al. 2014). (C) The percent
-1 PRF was calculated by taking the firefly/Renilla luminescence ratio of
cells containing pJD376 (L-A virus gag-pol frameshift signal) divided
by the same ratio of the no frameshift control (pJD375). Error bars rep-
resent the standard deviation. Unpaired two-tailed t-test P-values are
shown for the differences in translational fidelity in wild-type and mu-
tant strains.
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these results suggest that Rpl3 methylation-deficient cells
have defects in translation elongation.

Conclusions

We have used the rpl3-H243A mutant as a tool to assay the
loss of function of a methylated histidine in cis on Rpl3, to
complement our findings with the deletion of its cognate
methyltransferase Hpm1. We cannot formally exclude the
possibility that the histidine to alanine mutation affects
Rpl3 function in a manner distinct from the nonmethylated
histidine that exists in cells lacking Hpm1. However, we note
that both Hpm1-deficient cells, which have a nonmethylated
histidine at position 243 of Rpl3, and the rpl3-H243Amutant
have similar pre-rRNA processing and translation elongation
defects, while in polysome analysis, the rpl3-H243A mutant
behaves more like the wild-type strain. Taken together, we
conclude that it is the loss of methylation at histidine 243
of Rpl3 that is responsible for the translation elongation de-
fects in both of these strains, rather than the change of side
chain per se. Furthermore, we previously showed that Rpl3
is the only ribosomal substrate of Hpm1 (Al-Hadid et al.
2014); therefore it is likely that the translation elongation de-
fects in hpm1 null cells is caused by loss of Rpl3 methylation.
However, we cannot rule out that loss of methylation in the
other nonribosomal substrates of Hpm1, which could be
translation factors, causes or enhances the translational de-
fects of hpm1 null cells.

H243 lies in a functionally important region of Rpl3 called
the “basic thumb” that is proposed to synchronize the steps
of translation elongation (Meskauskas and Dinman 2010).
This basic thumb is a positively charged region, perpendic-
ular to the tryptophan finger, proposed to function as a
molecular clamp, linking functionally relevant rRNA do-
mains through noncovalent interactions. The linkage of
these rRNA domains, via the basic thumb, may enable the
allosteric communication between the events taking place
in the decoding center, the aminoacyl-tRNA accommoda-
tion corridor, the peptidyl transferase center, and the
GTPase-associated center, which is paramount for the ability
of the ribosome to select the correct aminoacyl-tRNA from
the large pool of aa-tRNAs, and allow the precise amino
acid to be added to the growing polypeptide chain. The
structural integrity of the basic thumb is therefore crucial
for this allosteric communication and thus the accuracy of
translation. Loss of histidine methylation in Rpl3 is likely
reducing the functionality of the basic thumb. We propose
that methylation of Rpl3 at H243 promotes proper func-
tion of the basic thumb and the coordination of the decod-
ing, peptidyl transfer, and translocation steps of translation
elongation. Future structural, biochemical, and biophysi-
cal characterization of ribosomes from Hpm1-deficient
cells and rpl3-H243A will be needed to fully understand
how H243 methylation promotes fidelity during translation
elongation.

MATERIALS AND METHODS

Strains, growth media, recombinant protein expression,
and purification

All strains used in this study are of the BY4742 background (MATα,
his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0) obtained from the Open Biosystems
yeast knockout collection (Thermo Scientific). hpm1Δ contains a
kanamycin resistance marker in place of the HPM1 open reading
frame. Yeast strains were grown in 1% yeast extract, 2% peptone,
and 2% dextrose (YPD, Difco) or minimal synthetic defined media
lacking uracil (SD –ura) containing 0.17% yeast nitrogen base with-
out ammonium sulfate and amino acids (BD Biosciences), 0.077%
complete supplement mixture without uracil (MP Biomedicals;
114511212), 0.5% ammonium sulfate (Acros; 423400010), and
2% dextrose (Fisher; D16-1).

The rpl3-H243A point mutant was constructed at the endogenous
chromosomal locus in WT BY4742. First, the RPL3 open reading
frame and its endogenous promoter and terminator were amplified
from genomic DNA using primers 5′-GACTGACTACTAGTGGG
ATTAACGCATTTCAGACAGC-3′ and 5′-GACTGACTATCGAT
AACCAGGGTGATGTAACAGAGG-3′ and cloned into the SpeI
and ClaI sites of the pUG35 plasmid (URA+). Restriction enzyme
recognition sites are underlined. Next, the H243A mutation was in-
troduced into the plasmid using the Stratagene QuikChange
Lightning Site-Directed Mutagenesis kit (Agilent Technologies) us-
ing primers 5′-AAGAAATTGCCAAGAAAGACTGCCAGAGGTC
TAAGAAAGGTTGC-3′ and 5′-GCAACCTTTCTTAGACCTCTG
GCAGTCTTTCTTGGCAATTTCTT-3′. The rpl3-H243A plasmid
was then transformed into WT BY4742 using the LiOAc-PEG-
ssDNA yeast transformation method (Gietz and Woods 2002).
Subsequently, a CORE cassette was transformed into the WT cells
at the endogenous RPL3H243 position using a PCR product ampli-
fied by primers 5′-TACCCACAGATGGGGTACTAAGAAATT
GCCAAGAAAGACTGAGCTCGTTTTCGACACTGG-3′ and 5′-
ATGCCAAGCACCAATACAAGCAACCTTTCTTAGACCTCTGT
CCTTACCATTAAG TTGATC-3′, according to the delitto perfecto
method (Stuckey and Storici 2013). Next, a PCR product containing
the H243A mutation was synthesized using Phusion High-Fidelity
PCR Master Mix with HF buffer (NEB), primers 5′-GACTGTT
GCTGTCGACAGC-3′ and 5′-GTTCTGTCGAAGCTGGTAGC-3′,
and the pUG35 rpl3-H243A plasmid as a template. Finally, the
PCR product was transformed into the cells carrying the CORE cas-
sette at the endogenousRPL3H243 locus. Cells were platedovernight
on YPD and then replica-plated the next day to 5-fluoroorotic acid
to select for removal of the pUG35 rpl3-H243A plasmid and replace-
ment of the CORE cassette with the mutated H243A genomic
sequence. The H243A mutation was confirmed by Sanger sequenc-
ing using primers 5′-CCAAATACTCTGCCAAGTACGC-3′ and
5′-TCGAAGCTGGTAGCACCG-3′ (Laragen Inc.). The open read-
ing frame ofHPM1 was cloned into the pET100/D-TOPO E. coli ex-
pression vector (Invitrogen), expressed and purified as described
in Al-Hadid et al. (2014).

In vivo radiolabeling with [methyl-3H]AdoMet

Overnight cultures of WT, hpm1Δ, and rpl3-H243A cells were dilut-
ed in fresh YPDmedia to an OD600 nm of 0.1 and grown at 30°C in a
rotary shaker until the OD600 nm reached 0.8–1.0. Seven OD600 nm
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units from each culture were harvested by centrifugation at 5000g
for 5 min at room temperature and the cells were washed three times
with water. Cells were then resuspended in 848 µL of YPD and 152
µL of S-adenosyl-[methyl-3H]-L-methionine ([methyl-3H]AdoMet;
PerkinElmer; 83.3 Ci/mmol; 0.55 mCi/mL in 10 mM H2SO4:etha-
nol 9:1) and incubated at 30°C in a rotary shaker for 30 min. Cells
were then harvested by centrifugation and washed several times
with water.

Spheroplast preparation and subcellular
fractionation

Spheroplasts of WT, hpm1Δ, and rpl3-H243A cells were prepared
according to the protocol of Rieder and Emr (2001). Seven
OD600 nm units of cells were resuspended in 1 mL of 0.1 M Tris sul-
fate, 10 mM DTT, pH 9.4 and incubated at room temperature for
10 min. Cells were centrifuged at 4000g for 5 min and the super-
natant aspirated. Cells were resuspended in 250 µL of spheroplast
medium A (SMA; 0.17% yeast nitrogen base without amino acids
and ammonium sulfate [BD Biosciences], 2% dextrose [Fisher;
D16-1], 0.08% complete supplement mixture [MP Biomedicals;
114500012], 1 M sorbitol, and 20 mM Tris–Cl, pH 7.5).
Zymolyase 20T (Seikagaku Biobusiness) was added at a concentra-
tion of 1 mg/7 OD600 nm units and incubated in a 30°C rotary shak-
er for 30 min. Spheroplasts were centrifuged at 1500g for 5 min at
room temperature and resuspended in 0.7 mL spheroplast recovery
medium B (SMA without Tris–Cl). Spheroplasts were centrifuged
again, the supernatant aspirated, and cells placed on ice until ready
for lysis. For the in vitro methylation assay, spheroplasts were re-
suspended in buffer A (20 mM Tris base, 15 mM magnesium ac-
etate, 60 mM KCl, 1 mM DTT, 1 mM PMSF, Roche protease
inhibitor cocktail [Roche; 11697498001], adjusted to pH 7.5 with
HCl) to a concentration of 15 OD600 nm units/mL. For in vivo
methylated cells, spheroplasts were resuspended in HEPES/KAc ly-
sis buffer (20 mM HEPES, 50 mM potassium acetate, 200 mM sor-
bitol, 1 mM EDTA, Roche protease inhibitor cocktail, 1 mM
PMSF, adjusted to pH 6.8 with KOH) to a concentration of
15 OD600 nm units/mL. Spheroplasts were lysed 10–20 times with
a Dounce homogenizer. Lysates were transferred to prechilled
tubes and centrifuged at 300g for 5 min at 4°C. The supernatant
was transferred to a fresh tube and centrifuged at 13,000g for 10
min. Supernatant (S13,000) was transferred to another tube. The
pellet after the 13,000g spin (P13,000) is nuclei enriched. P13,000

was resuspended in 50 µL of HEPES/KAc lysis buffer and placed
on ice. S13,000 was centrifuged at 20,000g for 10 min and the result-
ing supernatant (post-mitochondrial cell extract) was transferred
to a fresh tube and placed on ice. Protein concentration was deter-
mined using the Lowry method after protein precipitation with
10% trichloroacetic acid.
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