Biochem. J. (2000) 352, 465—473 (Printed in Great Britain)

465

Mouse pseudouridine synthase 1: gene structure and alternative splicing

of pre-mRNA

Jianguang CHEN and Jeffrey R. PATTON'

Department of Pathology, School of Medicine, University of South Carolina, Columbia, SC 29208, U.S.A.

Evidence for the alternative splicing of the message for mouse
pseudouridine synthase 1 (mPuslp) was found when several
expressed sequence tag clones were completely sequenced. The
genomic DNA for the MPUST gene (6.9 kb) was cloned from a
mouse genomic library; the gene contains seven exons, of which
three are alternatively spliced. In addition, one of the internal
exons (exon VI) is unusually large. RNase protection analysis
confirmed that several alternatively spliced messages were present
in mouse tissues and cells in culture. A Western blot of total
cellular protein from mouse tissues and cultured cells was reacted
with an antibody specific for mPusl1p; at least three proteins were
detected. One protein corresponds to the predicted molecular
mass of mPuslp (44 kDa) and is the most abundant. The two

other isoforms, one 2 kDa larger and one 7 kDa smaller than
mPuslp, were differentially expressed. The cDNA species for the
three isoforms were cloned into expression plasmids; the proteins
were synthesized in vitro and tested for pseudouridine synthase
activity. The two isoforms, one containing an insert of 18 amino
acids in a region of the enzyme assumed to be critical for activity,
and the other, which has a deletion of the protein coding
potential of two exons, were both inactive on tRNA substrates
that mPuslp modifies.
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INTRODUCTION

Pseudouridine is an abundant modification found in stable RNA
species including tRNA [1], rRNA [2] and small nuclear
RNA [3]. Pseudouridine is a post-transcriptional modification [4]
and pseudouridine synthases have been isolated from pro-
karyotes and eukaryotes [5-18]. The enzymes are organized into
families [19], with the truA family having the most members.
This family includes pseudouridine synthase I (PSUT; truA [10])
from Escherichia coli, which modifies positions 38, 39 and 40
of tRNA; Puslp and mPuslp from yeast [14] and mouse [7]
respectively, which modify positions 27 and 28 and the anticodon
of intron-containing tRNA species; and yeast pseudouridine
synthase 3 (degl [12]), which modifies positions 38 and 39 in yeast
tRNA species. Yeast pseudouridine synthase 1 (Puslp) has been
shown to modify additional positions on tRNA in vivo [20]
and U2 small nuclear RNA in vivo and in vitro [21]. Deletion
of pseudouridine synthase genes in E. coli and yeast can result
in considerably slower growth rates for the deleted strains
[12,13,22,23].

When the cloning and characterization of mouse pseudouridine
synthase 1 (mPuslp) was reported it was noted that the message
for the protein was probably alternatively spliced [7]. Alternative
splicing of pre-mRNA is an effective way for cells to generate
diversity in the repertoire of proteins found in the cell and also
a way of regulating the expression of genes [24-26]. For mPuslp,
alternatively spliced mRNA species could code for protein
isoforms with different substrate specificities.

Here we report the genomic structure for the MPUS1 gene and
show the pathways for alternative splicing of several isoforms.
We give evidence that at least two of these alternatively spliced
mRNA species are translated in vivo. Two of these isoforms were
cloned into expression vectors; the proteins were translated in

vitro and tested in pseudouridine synthase assays with known
substrates of mPuslp. We find that either change in the primary
sequence of mPuslp results in a loss of pseudouridine synthase
activity in vitro.

EXPERIMENTAL
Materials

IM.A.G.E. Consortium (LLNL) cDNA clones (accession
numbers AA017902 and AAS517185 [27]) were purchased from
Genome Systems and the inserts were completely sequenced [28].
The published sequences of other expressed sequence tags (ESTs)
(accession numbers AU051076, AI613887 and AU035787) were
used directly for comparison without sequencing. We used the
Baylor College of Medicine website (http://www.hgsc.bcm.
tmc.edu/SearchLauncher/) to identify the clones with the se-
quenced cDNA for mPuslp [7] for comparison. The yeast
tRNA™* clone was obtained from Dr O. Uhlenbeck [29]; the
clones of yeast tRNAY* (with Met anticodon UAC) and the
yeast tRNA"® with intron were obtained from Dr F. Fasiolo
[12,30]. The polyclonal antibody against recombinant mPuslp
was raised in rabbits (Alpha Diagnostic International, San
Antonio, TX, U.S.A.). The antibody was purified by incubating
the serum with nitrocellulose-bound antigen (recombinant
mPuslp [7]) and eluting it at low pH [31].

Cloning and sequencing of genomic DNA

A mouse (129 Sv]) Lambda phage genomic library (Stratagene,
La Jolla, CA, U.S.A.) was screened with the insert from clone
AAS517185 and several overlapping lambda clones were identified

Abbreviations used: EST, expressed sequence tag; mPus1p, mouse pseudouridine synthase 1; ORF, open reading frame; PSUI, pseudouridine
synthase |; Puslp, yeast pseudouridine synthase 1; RPA, ribonuclease protection assay; RT-PCR, reverse-transcriptase-mediated PCR; UTR,

untranslated region.
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and plaque-purified. Subclones that covered the entire gene were
generated from the phage clones and the ends were sequenced
[28]. Any gaps in the sequence were closed by generating primers
that were used to generate PCR fragments [32] from the original
lambda clones or subclones. These fragments were in turn cloned
and sequenced. In addition, a series of nested deletions of some
of the genomic subclones were generated and subsequently
sequenced [31]. The sequence, from —2419 bp relative to the
start of transcription to 308 bp past the polyadenylation site, was
determined on both strands or the same strand twice [28].

Recombinant protein expression

Fragments containing the coding regions for the deletion of
exons III and IV (mPuslp?™3+%) and the insertion of exon IV
(mPuslp*') were generated from plasmids AA017902 and
AAS517185 respectively by using the method and primers de-
scribed in detail for the expression of mPuslp [7]. The fragment
generated by PCR was inserted into pGEMT (Promega) and
sequenced [28]. The Ndel-BamHI fragments from pGEMT-
mPus1® or pGEMT-mPus1p®*3t* were inserted into pET16b
(Novagen) cut with Ndel and BamHI. The open reading frame
(ORF) included the additional amino acid sequence MGHH-
HHHHHHHHSSGHIEGRH (single-letter amino acid codes) at
the N-terminus of the mPus1p coding sequences. The DNA from
the expression clones was used directly in the T7 coupled
transcription/translation reaction (TNT® T7 Coupled Reticulo-
cyte Lysate System; Promega) to produce unlabelled protein in
vitro in accordance with the manufacturer’s recommendations.

Western blots

Samples of total protein from mouse tissues or cultured
RAW264.7 cells (120 ug) or aliquots from the TNT reactions
(5 pl of a 50 ul reaction) were subjected to PAGE [10 9, (w/v)
gel] [33] and transferred to nitrocellulose. Purified rabbit anti-
mPuslp polyclonal antibody was used as the primary antibody
and the secondary antibody was horseradish-peroxidase-
conjugated, donkey anti-rabbit IgG whole antibody (Amersham/
Pharmacia Biotech). The enhanced chemiluminescence (ECL®)
Western blotting detection reagents (Amersham/Pharmacia
Biotech) were used to detect antibody reactivity with XAR film
(Kodak).

Transcription in vitro

The plasmid DNA species containing the tRNA genes were
digested with BstN1; all were transcribed with T7 RNA poly-
merase as described [34] in the presence of 50 #Ci (800 Ci/mmol)
[«-*2P]JUTP with a final concentration of UTP of 50 xM. The
other, unlabelled, NTPs were at 500 xM. The RNA species were
purified on 109, (w/v) polyacrylamide/8.3 M urea gels before
use in assays.

Primer extension, ribonuclease protection assay (RPA) analysis
and reverse-transcriptase-mediated PCR (RT-PCR)

Total mouse RNA was prepared from mouse tissues and
RAW264.7 cells (mouse monocyte-macrophage line) as de-
scribed [35], hybridized to the *?P-end-labelled [31] gel-purified
primer (5-CCCAGACCCAGCCACCTCGG-3’). The primer
was extended with Moloney-murine-leukaemia virus reverse
transcriptase (100 units; Promega) at 37 °C for 60 min as
described [31]. The products were subjected to electrophoresis on
a 79% (w/v) polyacrylamide/8.3 M urea gel; the gel was then
dried and exposed to film. This primer hybridizes to a sequence
within exon II, between nt 67 and 86 from the start of exon II.

© 2000 Biochemical Society

Full length probe is 349 nts. with vector sequence

cDNA

1 AUG 111 DlV
[
PN oy m—//; \ | ARAA
266 nts. protected
B. [ —77 —Jaaan

== 164 and 48 nts. protected

c H | TYYY
- 48 and 27 nts protected
Figure 1 mRNA for mPus1p is alternatively spliced

Diagram of three cDNA species (denoted A, B and C) representing alternatively spliced forms
of the mRNA for mPus1p that were derived from the sequences of EST clones (see the
Experimental section). The lengths of the protected portion(s) of an anti-sense probe used in
RPAs are given below each cDNA. A diagram of the full-length probe, including the vector
sequence (shaded), is shown at the top. The roman numerals refer to exons on the MPUS1
gene (Figure 2, upper panel).

The RNA species were also used in RPAs (RPA II®; Ambion)
with the probe shown in Figure 1. The probe was made by
generating an RT-PCR fragment [32,36] from poly(A)" RNA
(1 ug) from mouse kidney with primers in exons II and V
(forward primer, 5-CAAAGCGAAAAATTGTGCTG-3"; re-
verse primer, 5-ATCAGCCACACCTTTAGGGA-3") and
cloning the fragment into pPGEMT (Promega). The parameters
for PCR are listed below. Anti-sense RNA was synthesized from
Aval-cut DNA with SP6 RNA polymerase and [**PJUTP as
listed above for the generation of tRNA substrates. The RPA
products were subjected to electrophoresis on a 109%, (w/v)
polyacrylamide/8.3 M urea gel; the gel was then dried and
exposed to X-ray film. Quantification of the levels of the products
was accomplished with a PhosphorImager and either ImageQuan
3.0 (Molecular Dynamics) or Quantity One software (Bio-Rad).

The RT-PCR assay shown in Figure 5 used the same primers
as those listed for the generation of the RPA probe but, instead
of poly(A)" RNA, 10 ug of total RNA from the mouse tissues
and cultured cells was used [32,36]. The PCR parameters were
94 °C for 5 min, then 35 cycles of 94 °C for 30 s, 55 °C for 30 s
and 72 °C for 1 min. A final incubation of 20 min at 72 °C was
performed after the cycling was complete.

Assays for pseudouridine formation

The reactions with the pseudouridine synthases were performed
in 100mM NH,CI/10 mM dithiothreitol/50 mM Tris/HCl
(pH 7.5)/2 mM MgCl,. The RNA substrates, without enzyme,
extract or dithiothreitol, were heated to 65 °C for 2 min and left
to cool slowly to 35 °C (this took 3040 min). The amount of
mPuslp orisoform translated in vitro was one-tenth of a standard
TNT® reaction (5 pl), estimated from the Western blots to be
approx. 10 ng of synthase. After addition of the enzyme, the
reactions were incubated for 20 min. To determine the amount of
pseudouridine formation, the *?P-labelled tRNA species were
isolated from the reaction, digested with nuclease Pl and
chromatographed on TLC plates (cellulose ; Kodak) with propan-
2-ol:HCl:water (70:15:15, by vol.) as the mobile phase [37]. The
spots were identified by autoradiography and quantified by
scraping the spot from the plate and counting by liquid scin-
tillation.
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RESULTS
Evidence for alternative splicing found in ESTs

In a previous study [7], bands of approx. 1.4, 1.6 and 4.3 kb were
observed in a Northern blot of total RNA from mouse tissues or
cells in culture probed with the cDNA for mPuslp. The nucleic
acid sequence of mPuslp cDNA was used to identify EST clones
that might be the result of alternative splicing of the mPus1p pre-
mRNA. Several of these were sequenced and three iterations of
the sequence were found. One was basically the same as that
already seen with mPuslp (Figure 1, cDNA B), in other words
the ORF would give a protein with an amino acid sequence
identical with the published sequence for mPuslp [7]. Another
form had additional sequence on the 5" end and an insert of
54 bp within the sequence (Figure 1, cDNA A). There was an in-
frame start codon within the additional 5" sequence that could
add 30 amino acid residues to the N-terminus of the protein if it
were used. The additional 54 bp was also in frame and would
insert 18 residues into a highly conserved region of mPuslp, just
after the aspartate residue known to be essential for activity in E.
coli PSUI [38,39]. Finally, there was another form with no
additional sequence at the 5" end (Figure 1, cDNA C) but lacking
both the region encoding the essential aspartate residue and the
additional 54 bp (marked III and IV in Figure 1). The sequence
after the deletion was still in frame, so the amino acid sequence
was the same as mPuslp after that point, but it was lacking a
region of the protein known to be essential for activity in PUSI
[38]. Additional EST clones were found that extended the 5" end
by a few nucleotides but the types of spliced isoform did not vary
from the three presented above.

ATG TGA
357 211 138 54 103 692 308

5° splice site 3’ splice site
+ '

Exon Ia  CC|GTGAGT

Exon Ib  GG|GTAAAG...TGTTTTTCTCAG|CC Exon II
Exon II  AG|GTGAGG...TTTTTTCTTTAG|AG Exon III
Exon III AG|GTATGT...CTGTCCCCGTAG|CC Exon IV
Exon IV  GG|GTAAGG...TTTTCTTTGCAG|GG Exon V
Exon V GG|GTAAGC. . .CCTGTCCCCCAG|GA Exon VI
Exon VI  AG|GTAGGA...CCTTTCCTACAG|GT Exon VII

Consensus ag|GTaagt...yyyyyyyynyaG|gt

Figure 2 Gene structure and splice junction sequences of the MPUS1 gene

Upper panel: the exons (large blocks marked with roman numerals) and introns (thin lines
between the exons) are illustrated with the sizes in bp listed above each feature. The start
and stop codons of mPus1p are marked in exons Il and VII respectively. The modes of known
alternative and constitutive splicing are indicated below the gene by lines joining the exons.
Lower panel: sequences of the splice site junctions for all the exons. The consensus 5" and
3’ splice site sequences are shown for comparison at the bottom of the panel. The presence
of capital letters in the consensus sequence indicates absolute conservation; a lowercase letter
indicates a predominance of that nucleotide.
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Figure 3 Primer extension analysis of total RNA species from mouse
tissues and cultured cells

Total RNA species (10 zg) from mouse tissues and RAW 264.7 cells were hybridized to a *2P-
labelled end-labelled primer and extended with reverse transcriptase. The products were
subjected to electrophoresis on a 7% (w/v) polyacrylamide/8.3 M urea gel; an autoradiograph
of a portion of the gel is shown. The sizes (in nucleotides) of the DNA markers (lane M) are
given at the right. The positions of three of the extension products are indicated at the left, in
nucleotides.

MPUS1 genomic sequence

To understand better the pathways for the alternative splicing of
the mPuslp pre-mRNA, the genomic sequence for the MPUS1
gene was determined (AF269250; see the Experimental section).
The gene structure of seven exons and six introns is shown in
Figure 2 (upper panel). The gene is 6.9 kb long and the 5" end of
the first exon was determined by primer extension on mouse total
RNA from tissues and cultured RAW 264.7 cells (see the
Experimental section). The results of the extension of a primer
located in exon II are shown in Figure 3. Weak bands appeared
in the lanes where kidney, spleen and RAW 264.7 cells (a mouse
macrophage cell line) total RNA was included in the reaction.
The products observed in the lane with the RNA from RAW
cells are indicated at the left. If an mRNA contained only the first
part of exon I, the product at 166 nt would indicate a 5" end for
the gene that was extended 45 nt past the 5" end of a putative full-
length cDNA for mpus] (AB041563). This would make the size
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Figure 4 RPA of RNA from tissues and RAW 264.7 cells

Autoradiograph of a 10% (w/v) polyacrylamide/8.3 M urea gel of the products of the RPA
analysis. The types of RNA used in the hybridization with the probe are shown at the top. All
of the RNA species were total RNA (5-10 xg) except the poly(A)* lane (1 zg), which was
isolated from mouse kidney. Yeast tRNA indicates that yeast RNA was used in the hybridization.
RAW denotes total RNA from RAW264.7 cells and a dash indicates no RNA was used in the
hybridization. The sizes of RNA markers (in nucleotides) are indicated at the left; the sizes of
the full-length probe and protected products in nucleotides are listed (in nucleotides) at the right.

of exon I 402 bp. The other extension products could result from
the actual 5’ ends of other mRNA species, strong stops to reverse
transcriptase due to secondary structure, or degraded mRNA
species. Longer extension products that would result from
mRNA species containing the entire exon I were not observed.

The 3’ end of exon VII is the polyadenylation site derived from
the cDNA sequences and is 16 bp downstream of the end of a
polyadenylation signal sequence ATTAAA [40]. The resulting 3’
unstranslated region (UTR) is 260 nt long. Exon VI is a relatively
large non-terminal exon (692 bp), an exception to the under
300 nt size limit for internal exons that participate in the exon-
definition mode of splicing [41,42]. The introns that flank
exon Vlarerelatively small (322 and 543 nt; Figure 2, upper panel),
which should promote the inclusion of that large internal exon,
given the results of Sterner et al. [43].

Exon I can be included in its entirety and results in an mRNA
with an extended 5" end (represented by cDNA A in Figure 1).
Alternatively, just the first 35 nt could be linked to exon II to give
the shorter 5" ends seen with the cDNA species B and C in Figure
1. The 35 nt is based on the known ends of the cDNA species that
have been sequenced. The size of this portion of exon I might in

© 2000 Biochemical Society
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Figure 5 mRNA corresponding to the deletion of exons Ill and IV is present
in total RNA from mouse tissues and cells in culture

Shown is an ethidium-bromide-stained 5% (w/v) polyacrylamide, non-denaturing gel of PCR and
RT—PCR reactions. In lanes 6—10 total RNA from mouse tissues or cells was used in RT-PCR
as described in the Experimental section; in lane 11 yeast RNA was used instead of mouse
RNA. The expression plasmids pET16b-mPusip (lane 3), pET16b-mPusip® (lane 4) and
pET16b-mPus1 pA®3+4 (lane 5) were used as templates for PCR and served as markers for the
expected amplified fragment size. A control (C) with no added DNA or RNA is shown in lane
2; DNA size markers (M) are shown in lane 1, with sizes indicated at the left. The positions
of the three expected fragments (bold arrows) are indicated at the right and the position of the
primers is shown at the bottom. The thin arrows at the right indicate additional bands that were
cloned and sequenced (see the text).

fact be closer to 80 nt, given the results of the primer extension
analysis (see above). Either 5" splice site sequence was a good
match to the consensus (Figure 2, lower panel) but the 3’ splice
site just upstream of exon II contained a purine in the stretch of
pyrimidines (see Figure 2, lower panel). Depending on whether
just the first 35 nt or the entire exon I is included in the mRNA,
the 5" UTR will be either 45 or 367 nt when the AUG in exon II
is used (see Figure 1). If the alternative AUG found in exon I is
used then the 5" UTR will be 277 nt.

The additional 54 bp found in cDNA A (Figure 1) is simply
the inclusion of exon IV in the mRNA. There is a G in the
polypyrimidine stretch at the 3’ splice site preceding exon IV,
whereas the 3" splice site preceding exon V is a perfect match with
the consensus 3’ splice site sequence (see Figure 2, lower panel).
Therefore the skipping of exon IV would be favoured over
inclusion owing to the relative weakness of the 3’ splice site
preceding exon IV.

Both exon III and exon IV are skipped in the generation of
c¢DNA C (Figure 1). The 3’ splice site before and the 5 splice site
after exon III are both excellent matches to the consensus
splice site sequences (Figure 2, lower panel). In addition, at
138 nt, exon III is greater than the minimum length observed for
internal exons [42]. Therefore the skipping of exon III seems
to be a regulated process (see results below).
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Figure 6 Western blot of protein from mouse tissues and RAW 264.7 cells

Total protein samples (120 xg) were subjected to SDS/PAGE [10% (w/v) gel], transferred to
nitrocellulose and reacted with the purified rabbit anti-mPus1p polyclonal antibody (primary; see
the Experimental section) and then a horseradish-peroxidase-conjugated, donkey anti-rabbit 1gG
whole antibody (secondary). The chemiluminesence was detected on XAR film (1 h exposure;
see the Experimental section). The positions of molecular mass markers are indicated at
the left.

Expression of mPus1p isoforms in vivo

An RPA was used to show that RNA species for these isoforms
were present in total RNA from mouse tissues and RAW 264.7
cells. An anti-sense probe spanning the region of alternative
splicing is shown at the top of Figure 1. Figure 4 shows that in
all the samples there were bands at 164 and 48 nt that corre-
sponded to the products expected for the mRNA represented by
cDNA B in Figure 1. These were also the most abundant
products found in any of the samples. The probe would have to
loop out where exons III and V are brought together; the
additional bands near 164 and 48 nt were probably due to
the generation of heterogeneous ends on the protected fragments
during the RNase digestion step in the RPA method. The
protected product at 266 nt, corresponding to an mRNA con-
taining the additional 54 nt, was found in most of the samples,
although at very low levels in some (Figure 4).

Evidence for the presence of mRNA with the deletion of exons
IIT and IV was found when the relative intensities at 164 and
48 nt were compared with a Phosphorlmager. For example, in
spleen there was significant molar excess of the 48 nt protected
fragment over what would be predicted if only the mRNA
represented by cDNA B were present in the sample. In addition,
evidence for this RNA was seen in the results of RT-PCR on
total RNA from tissues and RAW 264.7 cells (Figure 5). When
aliquots of total RNA were used in RT-PCR reactions, a PCR
product diagnostic of the presence of the mRNA corresponding
to cDNA C (106 bp) was present in all the samples except yeast
RNA (see Figure 5). The expected products for the other two
isoforms (a 298 bp product for the mRNA corresponding to
cDNA A and a 244 bp product for the mRNA corresponding
to cDNA B) were seen in the RAW cell sample. However, the
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Figure 7 Western blot of recombinant mPus1p and isoforms translated
in vitro

Purified mPus1p (lane 1) or aliquots of the transcription—translation reactions /n vitro with
pET16b-mPusip (lane 2), pET16b-mPus1p®" (lane 3) and pET16b-musp1p &+ (lane 4) DNA
were subjected to SDS/PAGE [10% (w/v) gel] [33]. The proteins were transferred to
nitrocellulose, reacted with the purified rabbit anti-mPus1p polyclonal antibody (primary; see
the Experimental section) and then a horseradish-peroxidase-conjugated, donkey anti-rabbit IgG
whole antibody (secondary). The chemiluminesence was detected on XAR film (18 min
exposure; see the Experimental section); the positions of molecular mass markers are indicated
at the left.

298 bp product was not detected in the tissue samples under
these PCR conditions. Figure 5 (lanes 3-5) shows the sizes of the
PCR products from the three expression plasmids and serve as
markers for the RT-PCR assays. The identities of the bands in
the RT-PCR lanes were confirmed by elution of the fragments
from a gel, cloning them into the pGEMT vector (see the
Experimental section) and then sequencing the clones. The
thin arrows mark bands that were cloned and sequenced but
matched a mouse virus-like (VL30) retrotransposon BVL-1 [44],
mouse very-long-chain acyl-CoA synthetase [45] or a fatty acid
transporter [46].

To determine whether these RNA species were being used as
templates for translation we used a rabbit polyclonal anti-mPus1p
antibody that was purified against nitrocellulose-bound recom-
binant mPuslp (see the Experimental section for details) to
probe a Western blot of total protein from mouse tissues and
RAW264.7 cells. In RAW 264.7 cells (Figure 6) two bands of
approx. 44 and 46 kDa were observed. The more abundant band
at 44 kDa corresponded to the predicted molecular mass of
mPuslp of 44098 Da. The minor band at 46 kDa corresponded
to the predicted size of a protein containing the additional 18
amino acid residues encoded by the 54 nt (46243 Da) but not to
the added N-terminal 30 residues from the extended 5" sequence
(47507 Da) or a protein containing both of these regions
(49652 Da). In lane 3 with protein from the spleen, there were
two bands at approx. 36 and 37 kDa in addition to a band at
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Figure 8 Primary and secondary structures of the three tRNA substrates used in the experiments

These are the sequences of the tRNA species that were transcribed in vitro, except that there were no modifications on the transcripts /n vitro. The pseudouridine (W) bases shown in boxes would
be expected to be modified by mPus1p /n vitro. The other pseudouridine bases in the tRNA species are not modified by mPus1p. The arrows on the tRNA"® sequence mark the ends of the intron.

1 2 3 4 5 ]

B

el

AQ P A e e
o t\\@m AT @l ety o0 et o
& X ~ AL
w @ o "‘g,ﬁ L1 ar o on

Figure 9 mPus1p, unlike the isoforms mPus1p®" and mPus1p”®3+*, forms
pseudouridine on tRNA"

Autoradiograph of a portion of a TLC plate of *2P-labelled tRNA incubated with purified
recombinant mPusp (lane 1), mPus1p translated /n vitro (lane 2), mPus1p™ translated in vitro
(lane 3), mPus1pA®3+4 translated in vitro (lane 4), lysate alone (lane 5) or no enzyme or
lysate (lane 6). After incubation, the tRNA was isolated, digested with nuclease P1 and chromato-
graphed on cellulose plates in one dimension (see the Experimental section for details). The
positions of uridine 5”-monophosphate (pU), and pseudouridine 5-monophosphate (p'¥') are
indicated at the left.

44 kDa. The approx. 37 kDa band might correspond to a protein
translated from an mRNA represented by cDNA C (Figure 1;
predicted size 38931 Da). In heart there is a minor band at
approx. 52 kDa in addition to a band at 44 kDa. This larger
minor band might correspond to a protein product containing
both the additional 18 residues of exon I'V and the additional 30
residues found in exon I (see the above description of cDNA A).
In the sample from liver there was a band at approx. 44 kDa but
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none of the other predicted isoforms were observed. There were
additional bands at more than 100 kDa in all the lanes of the
Western blot other than in the heart sample lane. These bands
did not correspond to the predicted size of an isoform and were
of unknown origin. This was the only protein reactive with the
antibody in the kidney sample and it is possible that there is a
large protein in mouse that shares an epitope with mPuslIp.

Pseudouridine synthase activity of isoforms of mPus1p translated
in vitro

The ORF for the mPus1p isoform that included the additional 18
residues from exon VI (mPuslp*') and the ORF lacking the
coding region from exons IIT and IV (mPus1pA™3+4) were inserted
into the expression vector pET16b. The resultant recombinant
proteins has a leader sequence (21 residues; see the Experimental
section) containing a string of histidine residues (see the Ex-
perimental section) that does not inhibit the pseudouridine
synthase activity of mPuslp [7]. Recombinant mPuslp was
expressed in E. coli and isolated by Ni®*-nitrilotriacetate column
chromatography from cleared supernatants of lysed cells [7], but
the two isoforms (mpus1®* and mPuslp?¥*3*%) were in inclusion
bodies and were found in the pellet after cell lysis. Isolating the
proteins from the pellet would require the use of denaturing
conditions; the proteins would then have to be renatured before
use in the synthase assays. Because of concern that the proteins
might not renature properly, they were synthesized in vitro with
a coupled transcription—translation system instead (see the Ex-
perimental section). Aliquots of each reaction mixture were
subjected to SDS/PAGE and blotted to nitrocellulose. The blot
was probed with the same anti-mPus1p antibody as that used for
Figure 6. All three of the mPuslp isoforms reacted with the
antibody and were at approximately the same concentration in
the reactions (Figure 7). Purified recombinant mPus1p expressed
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Table 1

Pseudouridine synthase activity in rabbit reticulocyte extracts expressing mPus1p and mPus1p isoforms

Aliguots of coupled transcription—translation reactions (Promega TNT® Coupled Reticulocyte Lysate system) were added to the substrate RNA species (see the Experimental section) and incubated
for 20 min at 37 °C. Plasmid DNA species for the expression of mPus1p or mPus1p isoforms were used in the transcription—translation reaction; however, in the last row no plasmid DNA was
added to the lysate. For yeast tRNA™® the values shown were calculated by scraping the spot off the plate and counting it. The raw c.p.m. were corrected for background (no extract or enzyme).
The number of moles of pseudouridine per mole of tRNA was calculated from the c.p.m. in the uridine 5’-monophosphate and pseudouridine 5’-monophosphate spots and the number of total
uridines and pseudouridines found in the substrate. Listed alongside the substrate in parentheses is the number of pseudouridines (W) in that substrate that could be modified by mPusip (see

Figure 8). Human tRNA"® has an intron (see Figure 8).

Pseudouridine synthase activity (mol of pseudouridine/mol of tRNA)

Enzyme Substrate. .. Yeast tRNAP™ (0P) Yeast tRNA" (1) Human tRNA® (3W¥)
mPus1p* < 0.01 0.79 131
mPus1p translated /n vitro 0.02 0.79 1.33
mPus1p®" translated /n vitro 0.02 013 0.34
mPus1pA¥S+4 translated in vitro 0.02 0.16 033
No enzyme (lysate alone) 0.02 0.20 0.22

* The purified mPus1p was mixed with an aliquot of lysate alone in these samples.

in E. coli (approx. 30 ng; Figure 7, lane 1) was included on the
blot to estimate the amount of the protein made for each of the
isoforms (approx. 10 ng). The proteins were slightly larger than
expected because there was a 21-residue leader on the N-terminus
of each protein (see the Experimental section).

Aliquots of the resultant proteins translated in vitro were used
in pseudouridine synthase assays that used the [**PJUTP-labelled
unmodified tRNA substrates shown in Figure 8. Two of these,
tRNAY* and tRNA"°, are substrates that mPuslp is known to
modify in vitro, whereas tRNA"* is not modified by mPuslp [7].
The substrates were incubated for 20 min with purified recom-
binant mPuslp, mPuslp translated in vitro, mPus1p™" translated
in vitro or mPuslp®™3** translated in vitro. The RNA was
isolated from the reaction mixture, digested with nuclease P1 and
chromatographed on TLC plates in one dimension. An example
of the resultant autoradiograph, for the experiment with tRNAV*
as the substrate, is shown in Figure 9. It can be seen that the
activity was high when either mPus1p preparation was incubated
with tRNAY* but there was little activity in any of the other
reaction mixtures. There was a small amount of activity in the
reticulocyte extract alone; the two isoforms exhibited no activity
above that level. This same procedure was repeated for all the
substrates (Figure 8) and the amount of radioactivity was
determined by scraping the spots and scintillation counting. The
results are compiled in Table 1 and again it is apparent that
neither isoform had activity towards the substrates recognized by
mPuslp.

DISCUSSION

Evidence in the form of fully sequenced ESTs, ribonuclease
protection analysis, and RT-PCR assays is presented for three
alternatively spliced forms of the message for mPuslp. It seems
that at least three proteins are translated in either mouse tissues
or cultured RAW264.7 cells. One protein matches the size of that
already published for mPusl1p [7]; another, approx. 2 kDa larger,
corresponds to the size expected if the 18 residues of exon IV
were included in mPuslp. There is also evidence that a protein
that would result from the translation of an mRNA that is
lacking both exons III and IV is expressed in the spleen of the
mouse. In addition, the heart contains a minute amount of an
isoform that might correspond to a protein product containing
both the additional 18 residues of exon IV and the additional 30
residues found in exon I. The differential expression of the

mPuslp isoforms in the tissues of the mouse and in various
mouse cell lines will be an avenue of future investigation.

The two isoforms, mPuslp™® and mPuslp?®3*4 that were
expressed in vitro did not form pseudouridine when incubated
with yeast tRNAY® and tRNA"°, two known substrates of
mPuslp [7]. These results are not surprising given that both
of these mPuslp isoforms have changes in the primary sequence
near the absolutely conserved aspartate residue that is embedded
in the RTDKGYV sequence, a highly conserved motif in the truA
family members [19,38]. This aspartate residue is known to be
essential for the activity of PSUI, a truA family member from E.
coli [38], and in representatives of other pseudouridine synthase
families [47,48]. When the crystal structure of PSUI was solved,
this aspartate residue was found at the centre of the RNA-binding
cleft of the protein [39]. The mPus1p®®*3** isoform is lacking the
exon containing the aspartate residue and therefore was not
expected to be active. The mPus1p* isoform inserts 18 residues
(PLRTSACFCLYTGFLFHW) into the cleft after the lysine
residue (K) in the RTDKGV sequence. The insert has a net
positive charge and hydrophobic character, similar to that of the
cleft in PSUI [39]. However, it is reasonable to assume that this
additional sequence near the active site of the enzyme would
disrupt at least the recognition of the substrate, if not the
catalysis step [39].

Given these results, why would the cells make the mPus1p** or
mPuslp?®3*t form? For mPuslp®, it is possible that the true
substrate for this enzyme has not been found. The additional
amino acids inserted near the active site might change the
specificity of the enzyme by changing the distribution of positive
charges in the cleft that binds the RNA substrate [39]. It is worth
noting that even though there is considerable identity between
mPuslp and PSUI (239,) [7] and there are stretches of near-
perfect identity, these two enzymes do not modify the same
regions on tRNA substrates. PSUI modifies the 38, 39 or 40
residues of E. coli tRNA [10], whereas mPuslp modifies 27, 28,
34 and 36 residues in yeast and mammalian tRNA species [7].
The differences in the primary sequences of these two enzymes
contribute to the difference in the specificities and it is possible
that mPus1p** recognizes a substrate that is as yet undetermined.

The alternatively spliced forms might be regulators of mPuslp
activity. From the crystal structure it has been shown that the
active form of PSUI is probably the dimer [39]. If mPuslp is also
a dimer in the active form, a heterodimer between mPuslp and
mPuslp¥t or mPuslp?®*3** might be inactive. From the opposite

© 2000 Biochemical Society
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perspective it is possible that the activity of mPuslp is modulated
when dimerized with another isoform, not necessarily inactivated.
It has been shown with yeast Puslp that oligomerization of the
enzyme at high concentrations inhibits activity [49]. It is possible
that the presence of mPuslp™t or mPuslp®®3** would inhibit
higher-order oligomerization of mPuslp and could actually
increase the efficiency of the enzyme. Obviously because we have
the ability to produce these proteins in vitro we shall be able to
test these possibilities.

Finally, one can take the cynical view that mPuslp** and
mPus1p?E3+4 are just the result of fortuitous mutations in the
genome of the mouse. These mutations permit the inclusion of
exon IV into, or the deletion of exons III and IV from, RNA in
a statistically significant number of transcripts. The protein is
then translated from those transcripts and the product is stable
in cells, possibly because it forms a dimer with mPuslp. Deter-
mining whether exon IV and the splicing pathways seen in the
mouse are conserved in other mammals should answer this
question.

Almost 3700 bp of sequence upstream of the transcription
start site was determined for the MPUS1 gene. When the
sequence immediately upstream (1 kb) was subjected to analysis
for transcription-factor-binding sites (http://www.cbil.upenn.
edu/cgi-bin/tess/tess33?7RQ = SEA-FR-Query), several points
emerged. First, there seems to be no TATA or TATA-like box
near the start of transcription, even when the start site is shifted
upstream by 45 nt. The sequence around the identified start of
transcription for the MPUS]1 gene is not a good match for the
initiator element that has been identified in both TATA-less and
TATA-containing promoters [50]. The consensus initiator se-
quence is PyPyA(+ 1)NT/APyPy [50] but the MPUSI sequence
is TCG(+ 1)TGCA. It is possible that the correct 5 end has not
been identified with the use of primer extension, but these
experiments are difficult in view of the low abundance and
alternative splicing at the 5" end of the message.

Now that the structure and sequence of the MPUSI gene is
known, it will be possible to study the effect of the targeted
disruption of this gene in the mouse. Deletion of the PSUI gene
[23], the RluD gene [13] and the R/uA gene [22] in E. coli, and the
deletion of the PUS3 gene in yeast [12], result in considerably
slower growth rates for the deleted strains. When the yeast PUS1
gene was deleted there was no appreciable affect on growth [14].
However, mPuslp is the first pseudouridine synthase from
metazoans to be cloned and it is difficult to predict the effect
of the absence of this modification enzyme on the development of
the mouse. The experiment will need to be done and the results
should be interesting.
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