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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 tRNAY), there was very slight formation of pseudouridine at that position after
incubation with mPus3p.

Pseudouridine®)! is an abundant modification found in  as Degl 22)] modifies positions 38 and 39 in yeast tRNAs
stable RNAs such as tRNAL), rRNA (2), and small nuclear  and is also a member of the truA family.

RNA [snRNA; (3)] and was at one time considered the fifth Many of the pseudouridine synthases that have been cloned
nucleotide’ found in RNA 4). Because of the additional  paye also been tested to see if they are essential genes. The
imino proton on the base, Griffey et ab)(point out that¥! absence of PSUI i&. coliwas at first thought to have little

is potentially more versatile in its hydrogen bonding interac- effect on growth, but subsequently it was found that PSUI
tions than uridine. The presence ¥f has been shown to 55 required for normal growth on uracil-deficient media
stabilize base stacking in oligonucleotides) (@and to (32 \when the genes for the rRNA pseudouridine synthases
contribute to the stability of hydrogen bondin@—9). RIUA (33), RIUC (L8), or RsUA B4) were deleted, there was
Pseudouridine appears to be necessary for the alternat,, effect on the growth c. coliin rich or minimal media.
reading of codonslQ, 1] and to prevent mischarging of However, when a wild-type strain and doA- strain were

the tRNA (12). The presence off is necessary for the : :
. . S grown together, there was a strong selection againstuAe
function of U2 snRNA in the splicing of pre-messenger RNA strain @3). Raychaudhuri et al2@) found that if the rRNA

in Xenopusoocytes 13). o . Lo

. : . . pseudouridine synthase RIuD was disruptecincoli the
(11)h§afr?ir$agﬂ? t()) e ':eljgl:l; :?dizosttr:&nasscé;p“gnﬂr?q\()eer;tof generation time for the mutant was twice that of the wild-
yp y : ype bacteria. This enzyme is responsible $¥rformation

these enzymes have been Isalated fram proka_lryote{s aN%t 1915 and 1917 on 23S rRNA, which are highly conserved
eukgryotes :(5_28)' The synthases are organlzed Into (23). When thepus3gene was disrupted in yeast, it was not
families @9) with the truA'famllyl curren'tly having thg most lethal, but the growth rate of the yeast is considerably
members. Members of this family modify tRNA and include reduced, especially at 3T (22). Whenpuslandpuswere

PSUI from E. coli [also called truA or hisT Z0)] which
o " deleted, there was no effect on the growth of the yek&t
modifies positions 38, 39, and 40. Other members are Puslp24). However. if the deletion obusl%vas combine)(; with(

from yeast 24) and mPus1p from mousé&?) which modify ; ' ;

positions 27 and 28 and the anticodon of intron-containing tthtuOrIZItie(;ur?nthgiloiglng ?ceetzgl I\r:vvhog\r/]e(zje\ll\gtz dtr;elortllz;\lAthe

tRNAs. Puslp has been shown to modify additional positions R . ;
combination was lethal2d). Finally, when the gene for

in the acceptor stem in viva3Q) and one position in U2 . L
sSnRNA in vivo and in vitro 81). Finally, Pus3p [also known CBF5 was mut_ated in yeast such that there was no in vivo
pseudouridylation of rRNA, the cells have a slow growth
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with 0.1% Tween-20. the truA family. Mouse Pus3p form%/ at position 39 in

10.1021/bi001109m CCC: $19.00 © 2000 American Chemical Society
Published on Web 09/14/2000




12724 Biochemistry, Vol. 39, No. 41, 2000 Chen and Patton

several tRNAs in vitro, and slight activity was detected at blocked with 5% nonfat dry milk in 20 mM Tris (pH 7.6),

position 38 on human tRNA. 137 mM NacCl, 0.1% Tween-20 (TBS-Tween) overnight at
4°C. Then it was incubated with the primary antibody (Tetra-
EXPERIMENTAL PROCEDURES His Antibody, Mouse IgG monoclonal; Qiagen) for 16 h

. . and then the secondary antibody (sheep anti-mouse horserad-
Materials.l.M.A.G.E. Consortium (LLNL) cDNA clones g neroxidase conjugated Ig, Amersham/Pharmacia Biotech)
[AA288508, AA387627, AAS1718536)] were purchased o5 1 in piocking buffer. TBS-Tween was used in the
from Genome Systems Inc., and the inserts were completely, 5 sping steps after the incubations with the anitbodies. The

se%ugncida(?/. We l;]sed Lhe BaylordC/OIIege r?f Medicine ECL Western blotting detection reagents (Amersham/Phar-
we S.'te( ttp://www.hgsc.bcm.tme.edu/Searc Launcher/) to 5 ja Biotech) were used to detect in vitro translated mPus3p
identify the clones using the amino acid sequence for yeastusing XAR film (Kodak)

Pus3p 22) for comparison. The yeast tRN clone was i . .
obtained from Dr. O. Uhlenbeck3®), the yeast tRNAY In Vitro Transcription and Labeling of tRNA Substrates.

(with Met anticodon UAC) clone was obtained from Dr. F. 1€ plasmid DNAs containing the tRNA genes were digested
Fasiolo 2, 39, the human tRNAS3 clone was the gift of Wlth BstN1, except for the tRNAS® plasmid Wh'ICh was
Dr. R. Marquet 40), and the human tRN&" and tRNA= digested with EcoT22140), and all were transcribed vy|th
clones were the gifts of Dr. H. Grosé1, 42. T? RNA polymerase as desqubeQBI. The Iabel used vanepl
Cloning of mPus3 cDNA, Construction of an Expression with the needs of the experiment, but typically for labeling

) L . with [5-*H]UTP, 50uCi of labeled nucleotide was used (12.8
Plasm'd’ and in Vitro Translatlor_None of the EST clones Ci/mmol) with 122uM as the final UTP concentration. For
contalnt_ad a co.mplete open reading frame (OR'.:) based on a}abeling witha-32P-labeled nucleotide, 5@Ci of [*?P]JUTP
comparison with the yeast Pus3p amino acid SEAUENCe, as used (800 Ci/mmol) with 50M as ,the final concentra-
However, sequences at the putativeafid 3 ends of the

message were present in the clones, and oligodeoxynucle-t'on of UTP. For all the reactions the other, nonlabeled NTPs

otides were generated for use in RT-PCR with mouse Werei at.go%“gﬂMThe RNAls L/)ve}re pur|f|e_d on 10% poly-
RAW?264.7 poly A- RNA (43, 49. The forward primer was ~ 2c//amide/e.s M urea geis belore use in assays.
5 CATATGGCTGAAAACACAGACAG3, and the reverse Analyses for®? Formation. The reactions with theP
primer was 5GGATCCTCGAGATTGCTCCCTGGATC-  synthases were carried out in 100 mM ammonium chloride,
CTGTT3. The fragment generated by RT-PCR was inserted 10 MM DTT, 50 mM Tris (pH 7.5), and 2 mM Mggl(17).
into pGEMT-Easy (Promega) and sequencé&d).( The The tRNA substrates, without enzyme, extract, or DTT, were
Xhd —Ndd fragment from pGEMT-mpusS was inserted into heated to 65C for 2 min and allowed to cool SIOle to 35
pET16b (Novagen) digested withidd and Xhd. The ORF °C (30—40 min). The amount of in vitro translated mPus3p
included the additional amino acid sequence MGHHHHH- Was one-tenth of a standard coupled transcription/translation
HHH HHSSGHIEGRH at the amino terminus of the mPus3p reaction (5uL), estimated from the Western blot to be
coding sequence, which would increase the size to 502 aminobetween 15 and 30 ng of protein for the initial screen of
acids (58 091 Da). The pET16b-mPus3 DNA was used substrates. The standards on the Western blot were known
directly in the T7 coupled transcription/translation reaction quantities of purified recombinant mPuslp expressef.in
(TNT T7 Coupled Reticulocyte Lysate System, Promega) Coli which also has the same His leader as recombinant
to produce mPus3p in vitro using the manufacturer's recom- mPus3p. Due to dilution during purification, it was estimated
mendations. The enzyme was partially purified on &Ni  thatonly about 48 ng of the partially purified mPus3p was
NTA column (Qiagen) as describedi®) except the elution used per reaction. The times of incubation are listed in the
of the bound protein was accomplished with 0.5 M imidazole textor in the tables containing the data. In some experiments,
in lysis buffer. The eluate was dialyzed against 50 mM Tris the®H-release method was used to analyze¥oiormation.
(pH 7.5), 2 mM MgC}, 200 mM NaCl, 1 mM DTT, and This method is described in detail elsewhet8)(but briefly
0.5 mM PMSF. The dialysate was concentrated on Centriconit involves mixing the incubated sample with Norit A
3 columns (Amicon); glycerol was added to 50% and stored charcoal which binds all counts except those that have been
at —20 °C. The final concentration of recombinant mPus3p Split out to water in the process of formir§f (50). The
in the preparation by Western blot analysis (see below) wasreleased counts are separated from the charcoal and counted.
estimated to be between 0.8 and 1.6uhg/This preparation  Triplicates were done on each sample by splitting the original
of mPus3p is not pure, and stained gels do not show a bandgsample into three equal parts.
that can be discerned from the background of proteins that To determine the position 8F formation, the’2P-labeled
bind and elute from the Ri-NTA column. tRNAs were first incubated with partially purified mPus3p,
Blots. Total mouse RNA was isolated from liver, kidney, isolated from the reaction, digested with RNase T1, and
and RAW264.7 cells (mouse monocyte-macrophage line) aselectrophoresed on a 20% polyacrylamide/8.3 M urea gel.
described 45). The RNA samples (2Qig) were electro-  The bands corresponding to particular RNase T1 fragments
phoresed on a 1.0% agarose gel with formaldehyde, trans-were identified by autoradiography and eluted from the gel.
ferred to nitrocellulose, and probed with random-primed The purified fragments were digested with RNase T2 and
Xhd —Ndd insert from the pPGEMT-mpus3 clone or GAPDH chromatographed on thin-layer plates (cellulose, Kodak)
DNA (46). For Western blots, aliquots from the coupled using isobutyric acid/25% NiDH/water (50:1.1:28.9; v/v/
transcription/translation reactions b of a 50uL reaction), V) in the first dimension and 2-propanol/concentrated HCI/
incubated with or without pET16b-mPus3p DNA, were water (70:15:15; v/v/v) in the second dimensid&i) The
electrophoresed on a 10% polyacrylami@&DS gel 47) and spots were quantitated using a FX phosphoimager with
transferred to nitrocellulose46). The Western blot was  Quantity One software (BioRad).
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mouse Puslp -------—-====- AGNKVPPALASHQ-- -——=-==—--——==— -PDRKGRGGWVWEET EHPAKRVKGGEDEEP ---------- PRKLIE 48
yeast Puslp —-—--——-==--on SEENLRPAYDDQVNE DVYKRGAQSKLTKAR KADFDDEKDZKKDND KHIDKRPKSGPRLDE NGNPL---PKEPRLE 73
mouse Pus3p ------—-----—-— AENTDRNQIEKLLN~ --------—- RVKEL EQEVERLKK%EQAN NIKDSSIRENSLGSG KAKRA---FDFSAHG 62
yeast Pus3p MSNFIRRLVGKMKAI STGTNAIVSKKDSIY ANWSKEQLIRRITEL ENANKPHSERFQHIE DNKKRKISQEEVTRS KAKKAPKKFDFSKHN 90
E.COLL PSUT —mmmmm = oo oo oo oo oo e e e e e MSDQ ——mmmmmm - oorf 8
mouse Puslp H ENLGSSQF EbollySIA/OAGCI] ENHGTDMRKMSFORK KVWLID-BJILDKIN 137
yeast Puslp HeMOYNPPNP-- il oA KINFVEAGATS KDNSNDLKKNGFMERA KMIIED;EIKQKIN 160
mouse Pus3p QEFASSENTSN-- i oEK ¥ ENATKTRLVE S-~-~— ROTSNYHEW DLRSQFPTSRDSED 145
yeast Pus3p Nd NeY AVOKEYTPLE@V 5T ILERMNKCKLVE S---MVLODYKFSIQ® VRSNLTBEEQRDP 177
E.coli PSUI Kid YeORONEVR---SV QEK!E QVANZZE IT-=-—m——mm VECA FETTALR WTLG 86
I
mouse Puslp SHEPSHIRILGLKRV TGGFNSKNKCDARTY CYMLEFFAFAHKD-- ---- RDVQDE~ ===~ ——==—mmmmmmmmoe oo 186
yeast Puslp EK#PEGIRVWDIBRV NKAFDCRKMCSSRWY EYLLEI'YSLIGPKPG SILYRDIEESKTELP FKKDANEKFSTEEIE 250
mouse Pus3p SMMKHEADDLAKIMNR YTHILNRVLPADIRV LMABNEPSFSAR-~ —--FSCLERTYR-—= —===—=—————mmoe oo 197
yeast Pus3p TP------- SRAIP YVHVLNQLLPDDIRI SECLRPPPNFDAR- —---FSCVHRHYK-—= —====—mmmmmmmme e 223
E.coli PSUI VYPNLPG---DIAVR WVKTVPDDFHARFSA THRRRYRYIIYNHR-- ---LRPAVLSKG--= —==—=-mmmmmmmme oo 135
III
mouse Puslp =----——-mmmmmmm oo SYRLSAETLQ HMTSOKGPREPSAR RYILEMYCEHEFVR- 240
yeast Puslp AILAYVPPARDEFDI NEELYQKVKKYKQLE NAHRRRYRISAAKLA HMYILGKDFKEPSAT RFMKDIKVS%FVIG 340
mouse Pus3p ———---—-mmm—mmm e YFFPRADWDIA AR R CKMDVANGVINF ILCAQVQLVAQS 253
yeast Pus3p —=———-momommmmm e e YIFNGKNWNIE A RYFKLDGSKQITNF KRITSSKILELSET 279
E.COli PSUI ==mmmmmm—mmmmom oo VTHFYEPWDAE TSIR--AVQCOSRTP WENVMHINVTRHGE- 188
v

mouse Puslp =—-=-=-- EGLEFAVI KVK ELVV KGYAES VLERSWGEHRVDVPK PGLGLVERYHFEK YNQRFGGDGLHEP 323
yeast Puslp D------ AQTEWISI KIH MATIREr RCGCIV QAYGQOININIPK [NPALGLIMEAPVFEG YNKRLEQFG-YKA 423
mouse Pus3p PGEERRQEPFQLCQF EVI MAI W B§0GMEKP ;Em NIQaNPQKP QYSMEWEF YBYC KFENTKWIYDHEVQE 343
yeast Pus3p ----------- FYCF DLV, MATWFVGOSLEVPE IVLRMIDIEKNTPORP VYEMANDIHRLLYEC KFPEMDWQE-PTVDS 357
E.coli PSUL --—---==-== YVVV DIKj BSMEVGAHNOEES WHAEMLAAKDRTLAA XA - — e YP--DR 257
mouse Puslp WIQEEGKVTAFKEQY IMPTIVSTER-—--= —====——n| BERSMAQ WL§ILPIHNFSGTRL B-~----~~----mm mmmmmmeee 371
yeast Puslp FSKYQDEVDKFKMKH IMDKIYKEEV-—--= ——w=——w—~ BFENVENA FFSYIDSFNKVTGH -ETADKSGPAVQK SIFEFLTAKGIPGLT 499
mouse Pus3p FNVTHLQQOLWANHAV KTHMLYSMLQGLDSV MVTCAAGTKMDEATE WRYLQPPVIKHTSEF VEGVKMRTYKPLMDR PKCQGLESRIRHFVS 433
yeast Pus3p YKATKFTTATEALTL HEELKAAVCN----~ ----- IFKEVLPTAN TNJFSKTIINLGDGR [BKVVGTYVKLE~==- —-—m—mmmommmmme 418
E.COLli PSUL LPKPPMG L LD === = o s o e e e e e 270
mouse Puslp -—---—-=—mememe e AADTGAKVPSS LEGSEGDGDTD=~=- —=--— 393

yeast Puslp DAPESNKKIKQRKRM EEEEAASKKAEISST TQSNEPEVQPEAAAN --- 544

mouse Pus3p RGRIEHPHLLHKEEI KARRDCADKEENTVV ENPSKRVCIIDAEIN SIA 481

yeast Pus3p ————-r-—-—mmmmm —mem DRSVMEPVEVV NAKYSKKKNNKNK-- --- 442

E.COLi PSUI =-—mm oo e o e e e 270

Ficure 1: Aligned amino acid sequences of mPuslp, mPus3p, yeast Puslp, yeast PusBpc@n@SUI. The highlighted residues are
conserved between at least three of the five proteins. The dashes 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.

RESULTS RAW Liver

Databases containing mouse Expressed Sequence Tag 75 - ey
(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 4
from mouse poly A- RNA by RT-PCR. The resultant clone )

(1.7 kb; accession number AF266505) was sequenced, and 14 - ... .' GAPDH

an ORF of 481 amino acids (55552 Da predicted) was
identified. When this sequence was compared with yeast 12345

1.0 0.9 0.4 0.8 0.4

Pus3p, there was 34% identity (see Figure 1). Within the
Ficure 2: Northern blot of total RNA from mouse tissues and

six regions of homology indicated in Figure 1, the pe.rcent lIs in culture. Total RNA (2@&g) was electrophoresed on a 1.0%
homology is <':0nS|'derany. higher. For example, in region . ggasrose gel with formalde%;%%), transferredpto nitrocellulose, and
there are 11 identical residues out of 13 and the 2 residueshypridized with a mPus3 cDNA probe (top panel) initially and then
that are not identical are similar. a GAPDH cDNA probe (bottom panel). The autoradiographs are
When a Northern blot of total RNA from mouse tissues shown with the sizes of RNA markers in kb on the left. Lanes 1
and a mouse macrophage cel ne (RAW254.7) was probed 7.2 Sl RUA T, e SANGOG sel ones o anc
with Iab,eled 'mPus3 cDNA, a diffuse band\al'S Kb (Figure total RNA from mouse kidney. The relative levels of éAPDH
2) was identified. The blot was reprobed with labeled cDNA  mRNA, measured by phosphoimager in a separate exposure, are
for GAPDH as a control for RNA loading. The amount of shown at the bottom of the lower panel for comparison.
RNA loaded on the gel was higher for RAW cells when
compared with one of the liver samples and the kidney message for mPus3p are significantly higher in RAW cells
sample (lanes 3 and 5 in Figure 2). The relative levels of than in either of the tissues (compare lanes 1 and 2 with
GAPDH mRNA quantitated by phosphoimager (see Experi- lanes 3-5 in Figure 2). However, the mRNA for mPus3p is
mental Procedures) are given at the bottom of the panel fornot very abundant in any source. The exposure of the mPus3

comparison. Even given the unequal loading, the levels of portion of Figure 2 was 8 days with an intensifying screen,
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pus3 during the reaction, resulted in less than stoichiometric
plasmid -+ amounts of¥ being made.

When in vitro translated mPus3p was used in the reactions,
there was activity with all the substrates except yeast
66 tRNAVa, 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

45
tRNAVa (see Figure 4). The observed activity on human
tRNA was not significantly higher than the other sub-

31 strates, even though this substrate has a uridine at both

position 38 and position 3%{).

When mPusl1p was used with four of the substrates, two
FIGURE 3: Western blot of coupled in vitro transcription/translation Were modified, yeast tRNA&' and human tRNA®, and two
reactions. Aliquots of the in vitro transcription/translation reactions were not, yeast tRNA®and human tRNA. Since mPus1p
without (—, lane 1) and with-t, lane 2) pET16b-mPus3 DNAwere  would only be expected to modify positions 27 or 28 in these
electrophoresed on a 10% Sbpolyacrylamide gel47), trans- particular tRNAs in vitro, the results are entirely expected

ferred to nitrocellulose, and reacted with an anti-His monoclonal d d | t to th it ith mPus3p. It
antibody (primary) and a horseradish peroxidase conjugated sheeﬁ'jln are a good complement 1o the results with mFussp.

anti-mouse antibody. The chemiluminesence was detected on XARhas already been shown that mPus1p has no activity with
film (see Experimental Procedures), and the positions of molecular yeast tRNAM (17) and there is no uridine at position 27 or

weight markers are shown on the right. 28 in human tRNAe [Figure 4; @1)]. Yeast tRNA and
human tRNA&¢ have been shown to be substrates for mPuslp
whereas the exposure for GAPDH was 1 day without an (17).
intensifying screen. In addition, the probe for mPus3 had ~ To reduce the background of activity found in the
twice the specific activity of the probe for GAPDH. reticulocyte lysate translated mPus3p, the in vitro translation
To study the specificity of mPus3p, the ORF was cloned reaction was subjected to NiNTA chromatography, and
into the pET16b vector for expressionEn colias an amino-  the bound mPus3p was washed, eluted, and concentrated (see
terminal His-tagged protein. This method was used quite Experimental Procedures). This partially purified enzyme
successfully for the expression of mPuslf)( however, preparation and purified mPuslp expresseé.ircoli (17)
no expression of mPus3p was detectedBn coli. The were used irfH-release assays with human tRNAand
recombinant protein was absent from both the supernatantyeast tRNA®. After a 2 hincubation, mPus3p gave an
and the pellet after lysis of the cells. Different hosts were activity of 0.32 mol of¥/mol of tRNA when tRNA®" was
used, and conditions of growth were modified, all without the substrate (Table 2). However, a very low level of activity
positive result. Instead, mPus3p was translated in vitro in a (0.03 mol of W/mol of tRNA) was observed with yeast
coupled in vitro transcription/translation system. A Western tRNAVa which was expected (see Table 2). The purified
blot of an aliquot of the reactions, with and without the recombinant mPuslp gave an activity of 0.40 moltgfol
plasmid DNA included, is shown in Figure 3. As expected, of tRNA with yeast tRNA? and no activity €0.01 mol of
there was no reaction with an anti-His antibody in the lane W/mol of tRNA; Table 2) with human tRN&Y, which is
where no DNA was included in the reaction. However, there what was expected given the known substrate specificity of
was a prominent band (estimated by linear regression to bemPus1p 17). These results confirm that the level of
57000 Da) in the lane where pET16b-mpus3 DNA was contaminating® synthase activity from the reticulocyte
included. The predicted size of the in vitro translated product |ysate is negligible in the partially purified mPus3p prepara-
is 58 091 Da, allowing for the mass of the additional 21 tion. The observed activity is lower in this experiment and
amino acids that compose the His tag in this vector (seeis probably due to the fact that the enzymes are more dilute.
Experimental Procedures for the sequence). To determine which uridine was modified by mPus3p, two
To carry out an initial screen of the mPus3p activity, the substrates were transcribed in vitro witRAH[NTPs. Human
in vitro translation reactions were used without further tRNAMU was labeled with #P]JCTP and UTP in separate
purification. As a control for specificity, mPuslp [pET16b- reactions, and human tRNAwas labeled with $P]CTP.
mPuslp, 17)] was also translated in vitro in a separate The tRNAs were incubated with partially purified mPus3p
reaction. Aliquots of the reactions were incubated with the for 1 h, and the RNA was isolated from the reactions. tRNAs
substrates that are shown in Figure 4. The substrates werdabeled with 2P]CTP, that were sham-incubated, were also
transcribed in vitro in the presence of {8]JUTP, and the isolated as controls. The tRNAs incubated with mPus3p were
tRNAs have no modifications prior to incubation with the digested with RNase T1 and electrophoresed on a 20%
enzymes. Table 1 shows the results from this experiment.acrylamide/8.3 M urea gel, and RNase T1 fragments were
In the column that includes the reticulocyte lysate without eluted from the gel. The fragments were digested with RNase
any added plasmid DNA, there is a baseline of activity that T2 and chromatographed on TLC plates in two dimensions
varies with the substrate used. This is due to a small amount[see Experimental ProcedureS1)]. If mPus3p modified the
of W synthase activity inherent in the reticulocyte extract. uridine at position 39 to &, the modified base would be
To keep the contribution of the background activities to a detected in the 10mer from tRNA (CTP labeled) and the
minimum, the reactions were incubated only 30 min. 5mer from tRNA®! (CTP labeled). The autoradiographs that
Unfortunately, this short incubation, coupled with the fact resulted from these two fragments are shown in Figure 5
that there may have been some degradation of the substrateand it can be seen th&8 is found in both fragments. The

1 2
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Ficure 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 transcript&sTihat are boxed would be expected

to be modified by mPuslp in vitro, and tHés that are circled would be expected to be modified by mPus3p in vitro given the specificity

of yeast Pus3p2R). The otherWs in the tRNAs are not modified by either enzyme.

Table 1: Pseudouridine Synthase Activity in Rabbit Reticulocyte Extracts Expressing mPus3p and mPuslp
mPus3p mol of ¥/mol of tRNA (SDY mPus1p mol olY/mol of tRNA (SD)

retic lysate
substrate observed expected observed expected mol of W/mol of tRNA (SD)
yeast tRNA"e 0.60(0.041) 1 0.02 (0.001) 0 0.03 (0.002)
yeast tRNA®@ 0.13 (0.008) 0 0.56(0.033) 1 0.17 (0.005)
human tRN/A&®" 0.55(0.023) 1 0.60(0.036) 1 0.10 (0.007)
human tRNA®v 0.67(0.031) 2 0.04 (0.004) 0 0.04 (0.001)
human tRNAYs3 0.52(0.016) 1 ND 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 &C3Plasmid DNAs for the expression of mPus3p or mPuslp were used in the
transcription/translation reaction; however, in the last column no plasmid DNA was added to the°lJ$m@bserved 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 of ¥/mol of tRNA was calculated from the known amount of substrate added to the reaction and the number of total uridihésuend
in the substrate. The expected values are the levélsiof mol of W¥/mol of tRNA anticipated if the reaction goes to completidNot determined.

radioactivity found in the spots was quantitated by a that the mPus3p is specific since the 13mer should have no
phosphoimager, and the results indicate that position 39 isW. In addition, it also indicates that there was no contami-
modified by mPus3p (Table 3). As controls, the amounts of nating W 55-specific synthase activity [Pus4t€]], since

W in the 13mer and 4mer from RNase T1 digested tRNA  the 4mer would hav& if there was contamination. There
labeled with f2P]CTP were also determined. There was no was noW found in the tRNAs that were not incubated with
W in either of these fragments (see Table 3), which indicates mPus3p, as expected (see Table 3).
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Table 2: Pseudouridine Synthase Activity in Partially Purified in Table 3: Location of Modifications on tRNA Substrates tRI9A

Vitro Translated mPus3p and Purified Recombinant mPus1p and tRNAS®"

mPus3p mol of W/ mPus1p mol ot/ expected mol of

mol of tRNA (SDY mol of tRNA (SD) W/mol _of tRNA  observed mol of

substrate observed expected  observed expected substrate and fragmeént label (positiony W/mol of tRNAC
S
yeasttRNA®  003(0.002) 0  040(0.012) 1 tgmsz(l:g“;:zyme) CCTTF; 12((33%) 55) 3 0%54
eu y .
human tRNA®  0.32(0.018) 1 0.01 (0.002) 0 {RNALU 5mer TP 1(39) 015
aAliquots of partially purified mPus3p or purified recombinant tRNALY 13mer CTP 0 0.01

mPuslp (see Experimental Procedures) were added to the substrate tRNA-e 4mer CTP 1(55) <0.01
RNAs and incubated fa2 h at 37°C. ® As with Table 1, the observed tRNALe“5mer UTP 1(38) 0.01
values shown are the mean and standard deviation of three analyses of tRNA'® (no enzyme) CTP 2 (39,55) <0.01

one reaction. The mean raw cpm released were corrected for background aThe substrates were incubated with or without (no enzyme) the
(no extract or enzyme), and the mol\#fmol of tRNA was calculated purified mPus3p fo1 h at 37°C, and the RNA was isolated. The
from the known amount of substrate added to the reaction and the py s treated with the enzyme were digested with RNase T1, and the
C;mgse;?g Iﬁfeallel\J/g(IjsmgI‘sigr;?olf(c))lfjrl]lldlgolﬂﬁ tSRuEZtraartlic;r h‘ts (dax_?ehcted product was electrophoresed on a 20% denaturing acrylamide gel. The
. . patedifthe  gpacific RNase T1 fragments listed were isolated from the gel and
reaction goes to completion. digested with RNase T2 and chromatographed on TLC plates in two

. . . dimensions. The samples that were not incubated with enzyme were
With regard to position 38¥ would be detected in the not digested with RNase T1 or gel-purified but were digested di-

5mer from tRNA® (]3?P]UTP-labeled) if mPus3p modified rectly with RNase T2°The theoretical number and location of
that uridine. In fact, no significant amount & above pseudouridines are based on all the possible sites that could be labeled
background was detected in this fragment when the phos-given the nucleotide used for labeling the tRNA. In the case of the
phoimager was used for quantitation. However, when the tRNA" 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.
scan was enhanced, a faint spot ¥rwas seen in this T1 ¢ The values that are listed a9.01 are less than 0.005. The data were

fragment (results not shown). obtained using a phosphoimager (BioRad FX) and Quantity One

software.
DISCUSSION

The rest of the cloned members of the truA family have a different specificity from yeast Pus3p in that they modify
been included in Figure 1. As one would expect, the positions 27, 28, 34, and 36 in vitrd{, 24. Additionally,
homology between mPus3p and the rest of the members ofit has been shown that yeast Puslp modifies positions 26,
this pseudouridine synthase family is not as extensive as that65, and 67 in vivo 80). The homology between mPus3p
between mPus3p and yeast Pus3p. Lecointe et2&). ( andE. coli PSUI 0) is the lowest of all the members of
showed that yeast Pus3p modified positions 38 and 39 inthe cloned truA family, even though PUSI has essentially
yeast ance. coli tRNAs. Unlike E. coli PSUI, yeast Pus3p  the same specificity as mPus30( 22. Given this observa-
did not modify position 40 otft. coli tRNAs with a uridine tion, one might expect a higher level of amino acid identity
at position 40, which fits with the fact that yeast tRNAs do between mPus3p and PSUI.
not haveW at position 40 22). We did not test the activity The regions of homology marked with Roman numerals
of mPus3p at position 40, but we assume that it mimics the in Figure 1 @4, 29 denote areas of high homology in all
activity of the yeast enzyme. In support of this assumption the proteins, with the exception of region Ill. One must keep
is the fact that no sequenced mouse or human tRNAs havein mind that in the alignment only those residues with at
a W at position 40 %2). In addition, no mouse or human least three matches among the five members of truA are
cytoplasmic tRNAs have a thymidine at that position in the highlighted. So if the pairs of Puslp and Pus3p proteins are
genes %2). compared separately, there is a great deal of homology in

Yeast Puslp24) and mPuslpl7) were 24% and 22%  region Il between these sets of proteins, 7 out of 19 and 8
identical to mPus3p, respectively. The Puslp enzymes haveout of 19 for the Puslp and Pus3p pairs, respectively.

Ser 10 mer : Leu 5 mer

¥p

»

Ficure 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 tRidBeled with $2P]JCTP. The right side of the panel is the chromatogram

of the RNase T1 5mer from human tRNA labeled with $2P]JCTP. The positions of cytodine’-tnonophosphate (Cp), uridine
3'-monophosphate (Up), and pseudouridinen®nophosphate¥{p) are indicated.
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mPus3p had a low but detectable activity at position 38 Lecointe et al. 22) reported a slow growth phenotype in
in human tRNA®Y. Lecointe et al.22) found that the activity pus3-yeast strains, and in fact the original name for this
of yeast Pus3p at position 38 was lower than for position 39 gene waslegl denoting depressed growtf1]. Likewise,
but the disparity between the activity at the two positions when the gene for PSUI was deleted fr&mcoli, the bacteria
was not as large as the difference we observed with mPus3pexhibit an extreme requirement for uracil in the growth media
Pseudouridine was found at position 38 very infrequently in (32). The loss o near the base of the anticodon stem will
fully sequenced mouse and human tRNAs. There is only 1 affect the stability of the tRNA in this regiorb( 8) with
mouse example out of 12 tRNAs sequenced and only 3 possible effects on the efficiency of translation. Since there
human examples out of 19 tRNAs sequencg®).(This low is an effect on the growth of prokaryotes and yeast when
level of activity of mPus3p for tRN&V at position 38 may  the activity modifying these positions is deleted, what might
be due to the fact that this is a recombinant enzyme and thatbe the effect of the targeted disruption of mPus3 in mice?
the addition of 21 amino acids to the amino terminus has an Future experiments should provide an answer.
effect on the modification at that position. Alternatively it
is possible that the concentration of the protein was ACKNOWLEDGMENT
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