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ABSTRACT: A cDNA encoding mouse pseudouridine synthase 3 (mPus3p) has been cloned. The predicted
protein has 34% identity with yeast pseudouridine synthase 3 (Pus3), an enzyme known to form
pseudouridine at positions 38 and 39 in yeast tRNA. The cDNA is 1.7 kb, and when used as a probe on
a Northern blot of total RNA from mouse tissues or cells in culture, a band at 1.8 kb was observed. The
open reading frame codes for a protein of 481 amino acids with a predicted molecular mass of 55 552
Da. When mPus3p was in vitro translated and used in reactions with tRNA substrates from both yeast
and humans, uridines at position 39 were modified to pseudouridine. In a tRNA substrate with a uridine
at position 38 (human tRNALeu), there was very slight formation of pseudouridine at that position after
incubation with mPus3p.

Pseudouridine (Ψ)1 is an abundant modification found in
stable RNAs such as tRNA (1), rRNA (2), and small nuclear
RNA [snRNA; (3)] and was at one time considered the ‘fifth
nucleotide’ found in RNA (4). Because of the additional
imino proton on the base, Griffey et al. (5) point out thatΨ
is potentially more versatile in its hydrogen bonding interac-
tions than uridine. The presence ofΨ has been shown to
stabilize base stacking in oligonucleotides (6) and to
contribute to the stability of hydrogen bonding (7-9).
Pseudouridine appears to be necessary for the alternate
reading of codons (10, 11) and to prevent mischarging of
the tRNA (12). The presence ofΨ is necessary for the
function of U2 snRNA in the splicing of pre-messenger RNA
in Xenopusoocytes (13).

The formation ofΨ in RNA is a posttranscriptional event
(14) carried out by pseudouridine synthases. A number of
these enzymes have been isolated from prokaryotes and
eukaryotes (15-28). The synthases are organized into
families (29) with the truA family currently having the most
members. Members of this family modify tRNA and include
PSUI from E. coli [also called truA or hisT (20)] which
modifies positions 38, 39, and 40. Other members are Pus1p
from yeast (24) and mPus1p from mouse (17) which modify
positions 27 and 28 and the anticodon of intron-containing
tRNAs. Pus1p has been shown to modify additional positions
in the acceptor stem in vivo (30) and one position in U2
snRNA in vivo and in vitro (31). Finally, Pus3p [also known

as Deg1 (22)] modifies positions 38 and 39 in yeast tRNAs
and is also a member of the truA family.

Many of the pseudouridine synthases that have been cloned
have also been tested to see if they are essential genes. The
absence of PSUI inE. coli was at first thought to have little
effect on growth, but subsequently it was found that PSUI
was required for normal growth on uracil-deficient media
(32). When the genes for the rRNA pseudouridine synthases
RluA (33), RluC (18), or RsuA (34) were deleted, there was
no effect on the growth ofE. coli in rich or minimal media.
However, when a wild-type strain and anrluA- strain were
grown together, there was a strong selection against therluA-
strain (33). Raychaudhuri et al. (23) found that if the rRNA
pseudouridine synthase RluD was disrupted inE. coli the
generation time for the mutant was twice that of the wild-
type bacteria. This enzyme is responsible forΨ formation
at 1915 and 1917 on 23S rRNA, which are highly conserved
(23). When thepus3gene was disrupted in yeast, it was not
lethal, but the growth rate of the yeast is considerably
reduced, especially at 37°C (22). Whenpus1andpus4were
deleted, there was no effect on the growth of the yeast (16,
24). However, if the deletion ofpus1was combined with
the deletion of los1 (a gene involved with the tRNA
maturation that is not lethal when deleted alone), the
combination was lethal (24). Finally, when the gene for
CBF5 was mutated in yeast such that there was no in vivo
pseudouridylation of rRNA, the cells have a slow growth
phenotype, and there were substantially reduced levels of
40S and 60S ribosomal subunits in the cytoplasm (35).

As a start in understanding the role ofΨ in more complex
systems, we have cloned anotherΨ synthase from mammals
and designated it mouse pseudouridine synthase 3 (mPus3p).
The mouse enzyme has homology with yeast Pus3p (22) both
in primary sequence and in the position that it modifies on
tRNA. The predicted open reading frame (ORF) of mPus3p
has 34% identity with yeast Pus3p and exhibits long stretches
of identity in areas known to be conserved in members of
the truA family. Mouse Pus3p formsΨ at position 39 in
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several tRNAs in vitro, and slight activity was detected at
position 38 on human tRNALeu.

EXPERIMENTAL PROCEDURES

Materials.I.M.A.G.E. Consortium (LLNL) cDNA clones
[AA288508, AA387627, AA517185; (36)] were purchased
from Genome Systems Inc., and the inserts were completely
sequenced (37). We used the Baylor College of Medicine
website (http://www.hgsc.bcm.tmc.edu/SearchLauncher/) to
identify the clones using the amino acid sequence for yeast
Pus3p (22) for comparison. The yeast tRNAPhe clone was
obtained from Dr. O. Uhlenbeck (38), the yeast tRNAVal

(with Met anticodon UAC) clone was obtained from Dr. F.
Fasiolo (22, 39), the human tRNALys3 clone was the gift of
Dr. R. Marquet (40), and the human tRNASer and tRNALeu

clones were the gifts of Dr. H. Gross (41, 42).
Cloning of mPus3 cDNA, Construction of an Expression

Plasmid, and in Vitro Translation.None of the EST clones
contained a complete open reading frame (ORF) based on a
comparison with the yeast Pus3p amino acid sequence.
However, sequences at the putative 5′ and 3′ ends of the
message were present in the clones, and oligodeoxynucle-
otides were generated for use in RT-PCR with mouse
RAW264.7 poly A+ RNA (43, 44). The forward primer was
5′CATATGGCTGAAAACACAGACAG3′, and the reverse
primer was 5′GGATCCTCGAGATTGCTCCCTGGATC-
CTGTT3′. The fragment generated by RT-PCR was inserted
into pGEMT-Easy (Promega) and sequenced (37). The
XhoI-NdeI fragment from pGEMT-mpus3 was inserted into
pET16b (Novagen) digested withNdeI andXhoI. The ORF
included the additional amino acid sequence MGHHHHH-
HHH HHSSGHIEGRH at the amino terminus of the mPus3p
coding sequence, which would increase the size to 502 amino
acids (58 091 Da). The pET16b-mPus3 DNA was used
directly in the T7 coupled transcription/translation reaction
(TNT T7 Coupled Reticulocyte Lysate System, Promega)
to produce mPus3p in vitro using the manufacturer’s recom-
mendations. The enzyme was partially purified on a Ni2+-
NTA column (Qiagen) as described (17) except the elution
of the bound protein was accomplished with 0.5 M imidazole
in lysis buffer. The eluate was dialyzed against 50 mM Tris
(pH 7.5), 2 mM MgCl2, 200 mM NaCl, 1 mM DTT, and
0.5 mM PMSF. The dialysate was concentrated on Centricon
3 columns (Amicon); glycerol was added to 50% and stored
at -20 °C. The final concentration of recombinant mPus3p
in the preparation by Western blot analysis (see below) was
estimated to be between 0.8 and 1.6 ng/µL. This preparation
of mPus3p is not pure, and stained gels do not show a band
that can be discerned from the background of proteins that
bind and elute from the Ni2+-NTA column.

Blots.Total mouse RNA was isolated from liver, kidney,
and RAW264.7 cells (mouse monocyte-macrophage line) as
described (45). The RNA samples (20µg) were electro-
phoresed on a 1.0% agarose gel with formaldehyde, trans-
ferred to nitrocellulose, and probed with random-primed
XhoI-NdeI insert from the pGEMT-mpus3 clone or GAPDH
DNA (46). For Western blots, aliquots from the coupled
transcription/translation reactions (5µL of a 50µL reaction),
incubated with or without pET16b-mPus3p DNA, were
electrophoresed on a 10% polyacrylamide-SDS gel (47) and
transferred to nitrocellulose (46). The Western blot was

blocked with 5% nonfat dry milk in 20 mM Tris (pH 7.6),
137 mM NaCl, 0.1% Tween-20 (TBS-Tween) overnight at
4 °C. Then it was incubated with the primary antibody (Tetra-
His Antibody, Mouse IgG1 monoclonal; Qiagen) for 16 h
and then the secondary antibody (sheep anti-mouse horserad-
ish peroxidase conjugated Ig, Amersham/Pharmacia Biotech)
for 2 h in blocking buffer. TBS-Tween was used in the
washing steps after the incubations with the anitbodies. The
ECL Western blotting detection reagents (Amersham/Phar-
macia Biotech) were used to detect in vitro translated mPus3p
using XAR film (Kodak).

In Vitro Transcription and Labeling of tRNA Substrates.
The plasmid DNAs containing the tRNA genes were digested
with BstN1, except for the tRNALys3 plasmid which was
digested with EcoT22I (40), and all were transcribed with
T7 RNA polymerase as described (48). The label used varied
with the needs of the experiment, but typically for labeling
with [5-3H]UTP, 50µCi of labeled nucleotide was used (12.8
Ci/mmol) with 122µM as the final UTP concentration. For
labeling withR-32P-labeled nucleotide, 50µCi of [32P]UTP
was used (800 Ci/mmol) with 50µM as the final concentra-
tion of UTP. For all the reactions the other, nonlabeled NTPs
were at 500µM. The RNAs were purified on 10% poly-
acrylamide/8.3 M urea gels before use in assays.

Analyses forΨ Formation. The reactions with theΨ
synthases were carried out in 100 mM ammonium chloride,
10 mM DTT, 50 mM Tris (pH 7.5), and 2 mM MgCl2 (17).
The tRNA substrates, without enzyme, extract, or DTT, were
heated to 65°C for 2 min and allowed to cool slowly to 35
°C (30-40 min). The amount of in vitro translated mPus3p
was one-tenth of a standard coupled transcription/translation
reaction (5µL), estimated from the Western blot to be
between 15 and 30 ng of protein for the initial screen of
substrates. The standards on the Western blot were known
quantities of purified recombinant mPus1p expressed inE.
coli which also has the same His leader as recombinant
mPus3p. Due to dilution during purification, it was estimated
that only about 4-8 ng of the partially purified mPus3p was
used per reaction. The times of incubation are listed in the
text or in the tables containing the data. In some experiments,
the3H-release method was used to analyze forΨ formation.
This method is described in detail elsewhere (49), but briefly
it involves mixing the incubated sample with Norit A
charcoal which binds all counts except those that have been
split out to water in the process of formingΨ (50). The
released counts are separated from the charcoal and counted.
Triplicates were done on each sample by splitting the original
sample into three equal parts.

To determine the position ofΨ formation, the32P-labeled
tRNAs were first incubated with partially purified mPus3p,
isolated from the reaction, digested with RNase T1, and
electrophoresed on a 20% polyacrylamide/8.3 M urea gel.
The bands corresponding to particular RNase T1 fragments
were identified by autoradiography and eluted from the gel.
The purified fragments were digested with RNase T2 and
chromatographed on thin-layer plates (cellulose, Kodak)
using isobutyric acid/25% NH4OH/water (50:1.1:28.9; v/v/
v) in the first dimension and 2-propanol/concentrated HCl/
water (70:15:15; v/v/v) in the second dimension (51). The
spots were quantitated using a FX phosphoimager with
Quantity One software (BioRad).
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RESULTS

Databases containing mouse Expressed Sequence Tag
(EST) clones were searched for potential mouse sequences
that were homologous to the amino acid sequence of yeast
Pus3p (22). Several EST clones were identified and se-
quenced, and it was found that none contained a complete
ORF when compared with yeast Pus3p. The sequences
obtained from the EST clones were used to generate
oligonucleotide primers for the synthesis of a Mpus3 cDNA
from mouse poly A+ RNA by RT-PCR. The resultant clone
(1.7 kb; accession number AF266505) was sequenced, and
an ORF of 481 amino acids (55 552 Da predicted) was
identified. When this sequence was compared with yeast
Pus3p, there was 34% identity (see Figure 1). Within the
six regions of homology indicated in Figure 1, the percent
homology is considerably higher. For example, in region II
there are 11 identical residues out of 13 and the 2 residues
that are not identical are similar.

When a Northern blot of total RNA from mouse tissues
and a mouse macrophage cell line (RAW264.7) was probed
with labeled mPus3 cDNA, a diffuse band at∼1.8 kb (Figure
2) was identified. The blot was reprobed with labeled cDNA
for GAPDH as a control for RNA loading. The amount of
RNA loaded on the gel was higher for RAW cells when
compared with one of the liver samples and the kidney
sample (lanes 3 and 5 in Figure 2). The relative levels of
GAPDH mRNA quantitated by phosphoimager (see Experi-
mental Procedures) are given at the bottom of the panel for
comparison. Even given the unequal loading, the levels of

message for mPus3p are significantly higher in RAW cells
than in either of the tissues (compare lanes 1 and 2 with
lanes 3-5 in Figure 2). However, the mRNA for mPus3p is
not very abundant in any source. The exposure of the mPus3
portion of Figure 2 was 8 days with an intensifying screen,

FIGURE 1: Aligned amino acid sequences of mPus1p, mPus3p, yeast Pus1p, yeast Pus3p, andE. coli PSUI. The highlighted residues are
conserved between at least three of the five proteins. The dashes (-) in the sequences are gaps to allow for optimal alignment or denote
the absence of sequence at the termini. Six regions of homology are indicated by underlining and a Roman numeral.

FIGURE 2: Northern blot of total RNA from mouse tissues and
cells in culture. Total RNA (20µg) was electrophoresed on a 1.0%
agarose gel with formaldehyde, transferred to nitrocellulose, and
hybridized with a mPus3 cDNA probe (top panel) initially and then
a GAPDH cDNA probe (bottom panel). The autoradiographs are
shown with the sizes of RNA markers in kb on the left. Lanes 1
and 2 contain RNA from mouse RAW264.7 cells; lanes 3 and 4
are separately isolated samples of mouse liver total RNA; lane 5 is
total RNA from mouse kidney. The relative levels of GAPDH
mRNA, measured by phosphoimager in a separate exposure, are
shown at the bottom of the lower panel for comparison.
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whereas the exposure for GAPDH was 1 day without an
intensifying screen. In addition, the probe for mPus3 had
twice the specific activity of the probe for GAPDH.

To study the specificity of mPus3p, the ORF was cloned
into the pET16b vector for expression inE. coli as an amino-
terminal His-tagged protein. This method was used quite
successfully for the expression of mPus1p (17); however,
no expression of mPus3p was detected inE. coli. The
recombinant protein was absent from both the supernatant
and the pellet after lysis of the cells. Different hosts were
used, and conditions of growth were modified, all without
positive result. Instead, mPus3p was translated in vitro in a
coupled in vitro transcription/translation system. A Western
blot of an aliquot of the reactions, with and without the
plasmid DNA included, is shown in Figure 3. As expected,
there was no reaction with an anti-His antibody in the lane
where no DNA was included in the reaction. However, there
was a prominent band (estimated by linear regression to be
57 000 Da) in the lane where pET16b-mpus3 DNA was
included. The predicted size of the in vitro translated product
is 58 091 Da, allowing for the mass of the additional 21
amino acids that compose the His tag in this vector (see
Experimental Procedures for the sequence).

To carry out an initial screen of the mPus3p activity, the
in vitro translation reactions were used without further
purification. As a control for specificity, mPus1p [pET16b-
mPus1p, (17)] was also translated in vitro in a separate
reaction. Aliquots of the reactions were incubated with the
substrates that are shown in Figure 4. The substrates were
transcribed in vitro in the presence of [5-3H]UTP, and the
tRNAs have no modifications prior to incubation with the
enzymes. Table 1 shows the results from this experiment.
In the column that includes the reticulocyte lysate without
any added plasmid DNA, there is a baseline of activity that
varies with the substrate used. This is due to a small amount
of Ψ synthase activity inherent in the reticulocyte extract.
To keep the contribution of the background activities to a
minimum, the reactions were incubated only 30 min.
Unfortunately, this short incubation, coupled with the fact
that there may have been some degradation of the substrates

during the reaction, resulted in less than stoichiometric
amounts ofΨ being made.

When in vitro translated mPus3p was used in the reactions,
there was activity with all the substrates except yeast
tRNAVal, which exhibited an activity lower than the level
seen with lysate alone. If mPus3p modifes tRNA at positions
38 or 39, this is what would be expected since all of the
tRNA substrates used have a uridine at position 39 except
tRNAVal (see Figure 4). The observed activity on human
tRNALeu was not significantly higher than the other sub-
strates, even though this substrate has a uridine at both
position 38 and position 39 (41).

When mPus1p was used with four of the substrates, two
were modified, yeast tRNAVal and human tRNASer, and two
were not, yeast tRNAPheand human tRNALeu. Since mPus1p
would only be expected to modify positions 27 or 28 in these
particular tRNAs in vitro, the results are entirely expected
and are a good complement to the results with mPus3p. It
has already been shown that mPus1p has no activity with
yeast tRNAPhe(17) and there is no uridine at position 27 or
28 in human tRNALeu [Figure 4; (41)]. Yeast tRNAVal and
human tRNASerhave been shown to be substrates for mPus1p
(17).

To reduce the background of activity found in the
reticulocyte lysate translated mPus3p, the in vitro translation
reaction was subjected to Ni2+-NTA chromatography, and
the bound mPus3p was washed, eluted, and concentrated (see
Experimental Procedures). This partially purified enzyme
preparation and purified mPus1p expressed inE. coli (17)
were used in3H-release assays with human tRNALeu and
yeast tRNAVal. After a 2 h incubation, mPus3p gave an
activity of 0.32 mol ofΨ/mol of tRNA when tRNALeu was
the substrate (Table 2). However, a very low level of activity
(0.03 mol of Ψ/mol of tRNA) was observed with yeast
tRNAVal, which was expected (see Table 2). The purified
recombinant mPus1p gave an activity of 0.40 mol ofΨ/mol
of tRNA with yeast tRNAVal and no activity (<0.01 mol of
Ψ/mol of tRNA; Table 2) with human tRNALeu, which is
what was expected given the known substrate specificity of
mPus1p (17). These results confirm that the level of
contaminatingΨ synthase activity from the reticulocyte
lysate is negligible in the partially purified mPus3p prepara-
tion. The observed activity is lower in this experiment and
is probably due to the fact that the enzymes are more dilute.

To determine which uridine was modified by mPus3p, two
substrates were transcribed in vitro with [32P]NTPs. Human
tRNALeu was labeled with [32P]CTP and UTP in separate
reactions, and human tRNASer was labeled with [32P]CTP.
The tRNAs were incubated with partially purified mPus3p
for 1 h, and the RNA was isolated from the reactions. tRNAs
labeled with [32P]CTP, that were sham-incubated, were also
isolated as controls. The tRNAs incubated with mPus3p were
digested with RNase T1 and electrophoresed on a 20%
acrylamide/8.3 M urea gel, and RNase T1 fragments were
eluted from the gel. The fragments were digested with RNase
T2 and chromatographed on TLC plates in two dimensions
[see Experimental Procedures; (51)]. If mPus3p modified the
uridine at position 39 to aΨ, the modified base would be
detected in the 10mer from tRNASer (CTP labeled) and the
5mer from tRNALeu (CTP labeled). The autoradiographs that
resulted from these two fragments are shown in Figure 5
and it can be seen thatΨ is found in both fragments. The

FIGURE 3: Western blot of coupled in vitro transcription/translation
reactions. Aliquots of the in vitro transcription/translation reactions
without (-, lane 1) and with (+, lane 2) pET16b-mPus3 DNA were
electrophoresed on a 10% SDS-polyacrylamide gel (47), trans-
ferred to nitrocellulose, and reacted with an anti-His monoclonal
antibody (primary) and a horseradish peroxidase conjugated sheep
anti-mouse antibody. The chemiluminesence was detected on XAR
film (see Experimental Procedures), and the positions of molecular
weight markers are shown on the right.
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radioactivity found in the spots was quantitated by a
phosphoimager, and the results indicate that position 39 is
modified by mPus3p (Table 3). As controls, the amounts of
Ψ in the 13mer and 4mer from RNase T1 digested tRNALeu

labeled with [32P]CTP were also determined. There was no
Ψ in either of these fragments (see Table 3), which indicates

that the mPus3p is specific since the 13mer should have no
Ψ. In addition, it also indicates that there was no contami-
nating Ψ 55-specific synthase activity [Pus4; (16)], since
the 4mer would haveΨ if there was contamination. There
was noΨ found in the tRNAs that were not incubated with
mPus3p, as expected (see Table 3).

FIGURE 4: Primary and secondary structures of the five tRNA substrates used in the experiments. These are the sequences of the tRNAs
that were transcribed in vitro except that there are no modifications on the in vitro transcripts. TheΨs that are boxed would be expected
to be modified by mPus1p in vitro, and theΨs that are circled would be expected to be modified by mPus3p in vitro given the specificity
of yeast Pus3p (22). The otherΨs in the tRNAs are not modified by either enzyme.

Table 1: Pseudouridine Synthase Activity in Rabbit Reticulocyte Extracts Expressing mPus3p and mPus1p

mPus3pa mol of Ψ/mol of tRNA (SD)b mPus1p mol ofΨ/mol of tRNA (SD)

substrate observed expected observed expected
retic lysate

mol of Ψ/mol of tRNA (SD)

yeast tRNAPhe 0.60(0.041) 1 0.02 (0.001) 0 0.03 (0.002)
yeast tRNAVal 0.13 (0.008) 0 0.56(0.033) 1 0.17 (0.005)
human tRNASer 0.55(0.023) 1 0.60(0.036) 1 0.10 (0.007)
human tRNALeu 0.67(0.031) 2 0.04 (0.004) 0 0.04 (0.001)
human tRNALys3 0.52(0.016) 1 NDc 0.10 (0.005)

a Aliquots of coupled transcription/translation reactions (Promega TnT Coupled Reticulocyte Lysate system) were added to the substrate RNAs
(see Experimental Procedures) and incubated for 30 min at 37°C. Plasmid DNAs for the expression of mPus3p or mPus1p were used in the
transcription/translation reaction; however, in the last column no plasmid DNA was added to the lysate.b The observed values shown are the mean
and standard deviation of three analyses of one reaction. The mean raw cpm released were corrected for background (no extract or enzyme), and
the mol ofΨ/mol of tRNA was calculated from the known amount of substrate added to the reaction and the number of total uridines andΨ found
in the substrate. The expected values are the levels ofΨ in mol of Ψ/mol of tRNA anticipated if the reaction goes to completion.c Not determined.
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With regard to position 38,Ψ would be detected in the
5mer from tRNALeu (]32P]UTP-labeled) if mPus3p modified
that uridine. In fact, no significant amount ofΨ above
background was detected in this fragment when the phos-
phoimager was used for quantitation. However, when the
scan was enhanced, a faint spot forΨ was seen in this T1
fragment (results not shown).

DISCUSSION

The rest of the cloned members of the truA family have
been included in Figure 1. As one would expect, the
homology between mPus3p and the rest of the members of
this pseudouridine synthase family is not as extensive as that
between mPus3p and yeast Pus3p. Lecointe et al. (22)
showed that yeast Pus3p modified positions 38 and 39 in
yeast andE. coli tRNAs. UnlikeE. coli PSUI, yeast Pus3p
did not modify position 40 onE. coli tRNAs with a uridine
at position 40, which fits with the fact that yeast tRNAs do
not haveΨ at position 40 (22). We did not test the activity
of mPus3p at position 40, but we assume that it mimics the
activity of the yeast enzyme. In support of this assumption
is the fact that no sequenced mouse or human tRNAs have
a Ψ at position 40 (52). In addition, no mouse or human
cytoplasmic tRNAs have a thymidine at that position in the
genes (52).

Yeast Pus1p (24) and mPus1p (17) were 24% and 22%
identical to mPus3p, respectively. The Pus1p enzymes have

a different specificity from yeast Pus3p in that they modify
positions 27, 28, 34, and 36 in vitro (17, 24). Additionally,
it has been shown that yeast Pus1p modifies positions 26,
65, and 67 in vivo (30). The homology between mPus3p
andE. coli PSUI (20) is the lowest of all the members of
the cloned truA family, even though PUSI has essentially
the same specificity as mPus3p (20, 22). Given this observa-
tion, one might expect a higher level of amino acid identity
between mPus3p and PSUI.

The regions of homology marked with Roman numerals
in Figure 1 (24, 29) denote areas of high homology in all
the proteins, with the exception of region III. One must keep
in mind that in the alignment only those residues with at
least three matches among the five members of truA are
highlighted. So if the pairs of Pus1p and Pus3p proteins are
compared separately, there is a great deal of homology in
region III between these sets of proteins, 7 out of 19 and 8
out of 19 for the Pus1p and Pus3p pairs, respectively.

Table 2: Pseudouridine Synthase Activity in Partially Purified in
Vitro Translated mPus3p and Purified Recombinant mPus1p

mPus3pa mol of Ψ/
mol of tRNA (SD)b

mPus1p mol ofΨ/
mol of tRNA (SD)

substrate observed expected observed expected

yeast tRNAVal 0.03 (0.002) 0 0.40(0.012) 1
human tRNALeu 0.32(0.018) 1 0.01 (0.002) 0

a Aliquots of partially purified mPus3p or purified recombinant
mPus1p (see Experimental Procedures) were added to the substrate
RNAs and incubated for 2 h at 37°C. b As with Table 1, the observed
values shown are the mean and standard deviation of three analyses of
one reaction. The mean raw cpm released were corrected for background
(no extract or enzyme), and the mol ofΨ/mol of tRNA was calculated
from the known amount of substrate added to the reaction and the
number of total uridines andΨ found in the substrate. The expected
values are the levels ofΨ in mol of Ψ/mol of tRNA anticipated if the
reaction goes to completion.

FIGURE 5: mPus3p modifies position 39 on tRNA. Autoradiograms of TLC plates of RNase T1 fragments that were digested with RNase
T2 and chromatographed on cellulose plates in the two dimensions indicated (see Experimental Procedures for details). The left side of the
panel is the chromatogram of the RNase T1 10mer from human tRNASerlabeled with [32P]CTP. The right side of the panel is the chromatogram
of the RNase T1 5mer from human tRNALeu labeled with [32P]CTP. The positions of cytodine 3′-monophosphate (Cp), uridine
3′-monophosphate (Up), and pseudouridine 3′-monophosphate (Ψp) are indicated.

Table 3: Location of Modifications on tRNA Substrates tRNALeu

and tRNASer

substrate and fragmenta label

expected mol of
Ψ/mol of tRNA

(position)b
observed mol of
Ψ/mol of tRNAc

tRNASer10mer CTP 1 (39) 0.24
tRNASer (no enzyme) CTP 2 (39,55) <0.01
tRNALeu 5mer CTP 1 (39) 0.15
tRNALeu 13mer CTP 0 0.01
tRNALeu 4mer CTP 1 (55) <0.01
tRNALeu 5mer UTP 1 (38) 0.01
tRNALeu (no enzyme) CTP 2 (39,55) <0.01

a The substrates were incubated with or without (no enzyme) the
purified mPus3p for 1 h at 37°C, and the RNA was isolated. The
RNAs treated with the enzyme were digested with RNase T1, and the
product was electrophoresed on a 20% denaturing acrylamide gel. The
specific RNase T1 fragments listed were isolated from the gel and
digested with RNase T2 and chromatographed on TLC plates in two
dimensions. The samples that were not incubated with enzyme were
not digested with RNase T1 or gel-purified but were digested di-
rectly with RNase T2.b The theoretical number and location of
pseudouridines are based on all the possible sites that could be labeled
given the nucleotide used for labeling the tRNA. In the case of the
tRNALeu 4mer, the uridine at position 55 should not be modified by
mPus3p and is a negative control as is the 13mer from this same tRNA.
c The values that are listed as<0.01 are less than 0.005. The data were
obtained using a phosphoimager (BioRad FX) and Quantity One
software.
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mPus3p had a low but detectable activity at position 38
in human tRNALeu. Lecointe et al. (22) found that the activity
of yeast Pus3p at position 38 was lower than for position 39
but the disparity between the activity at the two positions
was not as large as the difference we observed with mPus3p.
Pseudouridine was found at position 38 very infrequently in
fully sequenced mouse and human tRNAs. There is only 1
mouse example out of 12 tRNAs sequenced and only 3
human examples out of 19 tRNAs sequenced (52). This low
level of activity of mPus3p for tRNALeu at position 38 may
be due to the fact that this is a recombinant enzyme and that
the addition of 21 amino acids to the amino terminus has an
effect on the modification at that position. Alternatively it
is possible that the concentration of the protein was
suboptimal for dimer formation, since it has been shown that
the dimer is the active form ofE. coli PSUI (53). Finally, it
is possible that this particular substrate is not an optimal one
in vitro and in vivo the position may be modified readily
(30). It is possible that if another tRNA with a uridine at
position 38, for instance tRNAAla (54), was used in the assay
the activity might be more substantial. Nonetheless, mPus3p
does modify tRNALeu at position 38, albeit very inefficiently.

Yeast Pus3p is sensitive to tRNA tertiary structure since
minisubstrates and mutations that affect tertiary structure
inhibit formation ofΨ at position 39 (22). All yeast tRNAs
that have a uridine at position 39 of the gene, have aΨ at
that position, suggesting that the primary sequence is not a
determinant for recognition by Pus3p (22). In mouse tRNAs
that have been sequenced and the modifications determined,
6 out of 12 have a uridine at position 39, and all are converted
to Ψ (52). With human tRNAs that have been similarly
sequenced, 10 out of 19 have a uridine at position 39, and
again all are converted toΨ (52).

mPsu3p is a member of the truA family ofΨ synthases,
and it has the conserved amino acids known or assumed to
be critical for the function of the enzyme. The aspartate that
is part of the highly conserved RTDKGV sequence in region
II of Figure 1 has been shown to be essential in severalΨ
synthases (33, 34, 55, 56). The Asp residue is currently
thought to be directly involved in catalysis (53, 57, 58). Since
E. coli PSUI was sensitive to thiol reagents, it was suggested
that cysteines would play a role in the mechanism ofΨ
formation (20). Subsequently, it was shown that the mutation
of the cysteines to other amino acids had no effect on
catalysis (59, 60). In addition, no cysteine is conserved
among the truA family members (see Figure 1). Although
the identity between mPus3p and any of the other members
of the truA family besides yeast Pus3p falls off quickly, there
is still significant homology in most of the regions designated
in Figure 1. Many of these regions contain residues that are
near the critical Asp residue in the crystal structure ofE.
coli PSUI (53).

The level of mPus3p mRNA is significantly higher in
RAW264.7 cells than in either of the mouse tissues tested.
This difference may be due to the fact that the cells in culture
are rapidly proliferating and there is a greater requirement
for protein synthesis and synthesis of tRNAs that require
modification. To understand the importance of this result,
the relative levels of expression of the mRNA for mPus3p
will be determined for several other cell lines and an
expanded number of tissues.

Lecointe et al. (22) reported a slow growth phenotype in
pus3-yeast strains, and in fact the original name for this
gene wasdeg1, denoting depressed growth (61). Likewise,
when the gene for PSUI was deleted fromE. coli, the bacteria
exhibit an extreme requirement for uracil in the growth media
(32). The loss ofΨ near the base of the anticodon stem will
affect the stability of the tRNA in this region (5, 8) with
possible effects on the efficiency of translation. Since there
is an effect on the growth of prokaryotes and yeast when
the activity modifying these positions is deleted, what might
be the effect of the targeted disruption of mPus3 in mice?
Future experiments should provide an answer.
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