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ABSTRACT

The human mRNA 5 '-capping enzyme cDNA was
identified. Three highly related cDNAs, @ HCEI1 (human
MRNA capping e nzyme 1), HCE1A and HCE1B, were
isolated from a HeLa cDNA library. The ~ HCE1cDNA has
the longest ORF, which can encode a 69 kDa protein.

A short region of 69 bp in the 3 '-half of the HCE1 ORF
was missing in  HCE1A and HCE1B, and, additionally,
HCE1B has an early translation termination signal,
which suggests that the latter two cDNAS represent
alternatively spliced product. When expressed in
Escherichia coli as a fusion protein with glutathione
S-transferase, Hcelp displayed both mMRNAS5  '-triphos-
phatase (TPase) and mRNA 5 '-guanylyltransferase
(GTase) activities, and it formed a cap structure at the
5'-triphosphate end of RNA, demonstrating that it
indeed specifies an active mMRNA 5 '-capping enzyme.
The recombinant proteins derived from HCE1A and
HCE1B possessed only TPase activity. When expressed
from ADH1 promoter, HCE1butnot HCE1A and HCE1B
complemented Saccharomyces cerevisiae CEG1 and
CET1, the genes for GTase and TPase, respectively.
These results demonstrate that the N-terminal part of
Hcelp is responsible for TPase activity and the
C-terminal part is essential for GTase activity. In
addition, the human TPase domain cannot functionally
substitute for the yeast enzyme  in vivo .

INTRODUCTION
Almost all eukaryotic mMRNAs are capped at théitebmini (1).

DDBJ/EMBL/GenBank accession nos AB009022-AB009024

associated in one enzyme called mMRNAc&pping enzyme
(termed capping enzyme in this study), but MTase activity is
dissociated from these two activitids5(17).

In Saccharomyces cerevisiffee capping enzyme consists of
two subunitsa and. The 52 kDao-subunit is authentic for
GTase activity, and the 80 k[Basubunit is responsible for TPase
activity (18). Three yeast GTase genes have been cloned from
S.cerevisia€l9), Schizosaccharomyces pon(bpe) andCandida
albicans(21), and their products were found to possess only GTase
activity, demonstrating that subunit structure is a characteristic of
yeast capping enzymes. Rece@yT 1was identified as the gene
for the S.cerevisiad Pase [§ subunit of capping enzyme)3).

In addition to yeast GTases, chlorella virus PBCV-1 GTase was
identified as a 38 kDa protei23). This is the smallest protein
reported as a GTase to date, and no TPase activity is associatec
with this protein. The finding of PBCV-1 GTase implies that the
chlorella virus capping enzyme has a subunit structure similar to
those of the yeast capping enzymes, and the crystal structure of
chlorella virus PBCV GTase is solvetl. The enzyme consists
of two domains with a cleft between them. The structure of GTase
resembles that of T7 DNA ligase; T7 DNA ligase also comprises
two domains which produce a cleft between th2s. (The cleft
observed in GTase, however, is much deeper and narrower than
that of DNA ligase, which may account for the substrate
specificity of capping enzyme for single strand RNA molecules.
After binding to manganese ions, the enzyme undergoes a big
conformational change from open state to closed state, which may
facilitate the hydrolysis g andy phosphoryl groups of bound
GTP to form a stable enzyme-GMP compl@3) .(

On the other hand, mammalian capping enzyme was purified
as a 69 kDa single polypeptide having both TPase and GTase
activities £6). Recently, a cDNA for thEEL1gene was isolated

Such modification by capping has been shown to be crucial firom Caenorhabiditis elegan&7). In the putative protein Cellp,

the stabilization 3—4), processing5-10), nuclear export1(1),

the C-terminal part is highly related to yeast and viral GTases,

and translation of MRNA (see reifg,13 for reviews). Capping while the N-terminal region contains an amino acid sequence
occurs at an early stage of transcription and requires at least threetif that is characteristic of the active site of protein tyrosine
enzymatic activities, mRNA'8riphosphatase (termed TPase inphosphatase families. Despite the sequence similarity of Cellp to
this study), mRNA 5guanylyltransferase (termed GTase in thisthe protein tyrosine phosphatases, a recombinant Cellp does not
study), and cap methyltransferase (termed MTase in this studygcognize phosphotyrosine, but instead catalyzes the hydrolysis
(see refsl4,15 for reviews). GTase and TPase activities aref ay-phosphoryl group at the-germini of RNAs, suggesting
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that protein tyrosine phosphatases and TPase share a simffad 7.5), 0.5 mM EDTA, 50 mM NaCl, 10 mfdmercaptoethanal,
catalytic mechanism2({). Although GTase activity of Cellp 10%(v/v) glycerol, 0.05% (viv) NP-40 and 1 mM PMSF
remains to be established, all of these facts support the idea t{ttenylmethylsulfonyl fluoride), and lysed by sonication. Cell
Cellp is a capping enzyme ©felegans debris were removed by centrifugation at 15 @& 4°C for

To gain more insight into the characteristics of a higheB0 min, and the supernatant was added to glutathione Sepharose
eukaryotic capping enzyme, we have isolated a cDNA for th€L-4B beads that were equilibrated with buffer A. After a gentle
human capping enzyme. Three highly related cDNAs weretation at 4C for 1 h, the beads were extensively washed with
identified from a HeLa cDNA library. Comparison of the aminobuffer A and subjected to western blotting or enzyme assays.
acid sequences of the expected products of these cDNAs revealed
that two of them have deletions in the C-terminal half of thassays for capping enzyme

longest cDNA product, and that only the longest cDNA product _ )
has GTase activity, whereas all three cDNA products are active! 8ssay for enzyme—-GMP complex formation was performed in

as TPase. Moreover, the human capping enzyme cDNA&Standard reaction mixture containing 20 mM Tris—HCI (pH 7.5),
defective in GTase did not functionally complemenSiwerevisiae 3 MM MgCh, 10 mM dithiothreitol, 0.4 mg/ml bovine serum
CETL1 Thus, it seems that the human capping enzyme mRNA @&bumin, 2 mg/ml inorganic g%/rophosphatas_e;, 20%(v/v) glycerol,
alternatively spliced producing GTase-deficient enzymes, and /MM PMSF, 1 mM ¢-*P]GTP (specific activity 1x

that the human and yeast TPases are functionally diverged. 10° c.p.m./jpmol), andD.1pg protein of the fusion proteins that
bound to the glutathione Sepharose CL-4B beads 4t 36r

10 min @0). After the reaction, the proteins were separated by
MATERIALS AND METHODS sodium dodecyl sulfate—polyacrylamide gel electrophoresis
Screening of a HeLa cDNA library (SDS-PAGE), and the proteins that were covalently bound to
GMP were visualized by autoradiography.
The KXDG motif characteristic of proteins forming a stable For a TPase assay, the glutathione Sepharose CL-4B beads in
enzyme-nucleotide monophosphate complex was used to seagefnplex withD.1pg protein of the purified fusion proteins were
human genome and cDNA databases, and a short cDNA sequeféghed three times with buffer B containing 50 mM Tris—HCI
in the Incyte Lifesed| database (http://www.incyte.com/ ) was (pH 7.9) and 2 mM dithiothreitol and were then incubated with
found to harbor a sequence of ADG. Using the nucleotidg-32P]ATP-terminated RNA at 3@ for 30 min Q6). After
sequence of this clone, a 0.5 kb DNA fragment was amplifieeemoving the beads by a brief centrifugation, the reaction mixture
from a Hel.a cDNA library by PCR, and it was used as a probe f@yas analysed by TLC using polyethyleneimine cellulose plates,

cloning a full length cDNA. Primers used to amplify the probe DNAand the spots were visualized by Fuji BAS 2000. J3ép]ATP-
were, >CCCGGGAATTCAGACTGGGAGGCTTCCATT'3and  terminated RNA was prepared as follows. Heat-denatured calf

S-CCCGGGAATTCGGCTCGAGAGCAGATGGTA-3 Hybrid-  thymus DNA (50ug) was incubated in a buffer containing
ization and washing of the filters were carried out under stringenpo mmMm Tris—HCI (pH 7.9), 2 mM dithiothreitol, 5 mM
conditions [20 mM sodium phosphate (pH 7.2,35C (X SSC  Mg(OAc),, 2 mM MnCb, 1 mM [y-32P]JATP (1000-5000 c.p.m./
contains 150 mM NaCl and 15 mM sodium citrat)Penhardt's  pmol), and 1 LE.coli RNA polymerase at 3T for 90 min £6).
solution, 0.1% (w/v) SDS, 50% (v/v) formamide at’@2for  After extracting with phenol/chloroformy-B2P]ATP-terminated
hybridization; 0.%x SSC and 0.1% SDS at3Dfor washing],and RNA was precipitated with ethanol and separated from
phages that were strongly hybridized with the probe DNA werg.32p]ATP by Sephadex G-25 column chromatography.
collected. After a third screening, phages from the positive For thein vitro cap formation assay, the glutathione Sepharose
plaques were expanded, and the phage DNA was extra@ed ( CL-4B beads complexed withD.1 ug protein of the fusion
Then cDNA insert was excised from tgtl0 vector by proteins were incubated in a buffer containing 10 mM Tris—HClI
digesting the phage DNA witNot andSal, and cloned at the (pH 7.5), 3 mM MgC}, 1 mM dithiothreitol, 0.1 mM EDTA,
Sma site of pUC19. Radiolabelling the probe DNA was209%(v/v) glycerol, 2.4 mM d-32P]GTP (400 Ci/mmol), and
performed by the random priming method usiog®#P]JdCTP 50 pmol pppA-terminated RNA at 30 for 60 min. After
(28), and DNA sequencing was carried out as describegaction, the RNA was digested with nuclease P1 and calf intestine
elsewhere 48). A HeLa cDNA library was purchased from alkaline phosphatase as described).(The resulting nucleotides
Clontech (USA). were separated on DE81 paper by paper electrophoresis and
visualized by Fuji BAS 2000.
Expression and purification of the recombinant capping
enzyme Western blotting

For subcloning the human capping enzyme cDNE&SRV sites  The purified recombinant capping enzymes bound to the
were generated at both ends of ORFs uBit@RV linkers. The glutathione Sepharose CL-4B beads were suspended in a loading
coding regions of the human capping enzyme cDNAGH1, buffer for SDS—-PAGE and heated at'@0for 2 min. After the
HCE1A and HCE1B and theS.cerevisiaeCEG1 gene were beads were removed by a brief centrifugation, the proteins were
cloned aBanH| and Sma sites of pGEX2T, respectivel29), fractionated by SDS—PAGE, transferred to a polyvinilidene
and the resulting plasmids were transfectedtsitherichia coli  difluoride (PVDF) membrane electrophoreticallg8), and
JM109 to let them express recombinant yeast and human cappiegcted with anti-GST antibody (Pharmacia) and then with
enzymes as a fusion with GST. Induction of expression dforseradish-peroxidase conjugated protein A (Amersham) as
recombinant capping enzymes were carried out with IPTG akescribed in the manual provided by the supplier. The protein
describedZ9). At 4 h after the addition of IPTG, the bacterial cellshybridized with anti-GST-antibody was detected by an ECL-protein
were harvested, suspended in buffer A containing 20 mM Tris—H@ktection kit (Amersham).
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Primers for RT-PCR

447

—

:  G-RCDDILKWKPPSLNSVDFRLKITRMG-----~

:  G-RCDKVLKWKPPSHNSVDFLLKVEKKC------

:  G-TDQSLLKWKPKEMNTIDFMLKLEFAQP

:  GGKDSLLLKWKPEQENTVDFKLILDIPMVEDPSLPKDDRNRWYYNYDVKPVES-LYVWQG

¢ G-TDQTLLKWKPAEENTVDFQLEFVFNEVQDPDLDERDPTSTYLDYDAKPNLTKLRVWQG
*

: TTKKG---YWEMLRFRNDKSNGNHI

GTase
422 446 480 597
—

PPPP, KADG,

N \/

-t

N
-> = -«
a b d

MAHNKIPPRWLNCPRRGQPVAGRFLPLKTMLGPRYDSQVAEE-NRFEPSMLSNYLKSLKV  :
- -MGLPDRWLHCPKTGTLINNLFFPFKTPLCKMYDNQIAERRYQFEPAEVFSHPHLHGK

KMGLLVDLTNTSRFYDRNDIEKEGIKY IKLQCKGHGECPTTENTETFIRLCERFNERNPP
KIGLWIDLTNTDRYYFREEVTEHECIYEKMKMAGRGVSP'

ELIGVHCTHGFNRTGFLICAFLVEKMDWSIEAAVATFAQARPPGIYKGDYLKELFRRYGD

i RVVGVHCTHGFNRTGFLIAAYLFQVEEYGLDAAIGEFAENRQKGIYKODYIDDLFARYDP

IEEAPP-PPLLPDWCFEDDEDEDEDED-GKKESEPGSSASFGKRRKE--RLKLG----AL
:  TEDDKILAPEKPDWEREMSIGMSTQIDNGRPSTSQQIPATNGNNNONGNQLSGGGDNSKL
----MAPSEK :

~ I
FLEGVTVKGVTQVTTQPKLGEVQ-QKCHQFCGWEGSGF PGAQPVSMDKONIK-LLDLKPY

Kk kR x

1

———
:  KVSWKADGTRYMMLIDG------ TNEVFMIDRDNSVFHVSNLEFPFRKDL - - -—-- RMHL

@ MVSWRADGMRYIIYIN-~-----. DGDVYAFDRDNEVFEIENLDFVTKN-—- - - - -~ GAPL  :
:  FVCEKSDGIRCLLYMTEHPRYENRPSVYLFDRKMNFYBVEKIFYPVENDKSG----KKYH :

:  YVCERTDGLRVLMFIVINPVTG-EQGCFMIDRENNYYLVNGFRFPRLPQRKKEELLETLQ :
:  FVCEKTDGLRCLLFLINDP--DKGEGVFLVTRENDYYFIPNIHFPLSVNETRE--KPTYH

R *

Jiig v

— —

SNTLLDGEMIIDRVNG----QAVPRYLIYDIIKFNSQPVGDCDFNVRLQCIERETISPRH

:  METLVDTEVIIDKVEINGAMCDQPRMLIYDIMRFNSVNVMKEPFYKRFEITKTEI IDMRT

:  VDTLLDGELVLDIYPG-G--KKQLRYLVFDCLACDGIVYMSRLLDKRLGIFAKSIQKPLD

:  DGTLLDGELVIQTNPMTK--LQELRYLMFDCLAINGRCLTQSPTSSRLAHLGKEFFKPYF

:  HGTLLDGELVLENRNVS---EPVLRYVIFDALAIHGKCIIDRPLPKRLGYITENVMKPFD
*

*k ok w * *

v

:  ERMKTG--LIDKTQEPFSVRNKPFFDICTSRKLLEGNFAKEVSHEMDGLIFQP-TGKYKP
i AAFKTG--RLXHENQTIMSVRRKDFYDLEATAKLFGPKFVQHVGHEIDGLTIFQPKKTKYET
:  EYTKTH--MRETAIFPFLTSLKKMELGHGILKLFN~-EVIPRLRHGNDGLIFTCTETPYVS :
:  DLRAAYP--NRCTTFPFKTSMKHMDFSYQLVKVAK--SLDKLPHLSDGLIFTPYVKAPYTA
:  NFKKHNPDIVNSPEFPFKVGFKTMLTSYHADDVLS~-KMDKLFHASDGLIYTCAETPYVF

* . L% hEka *

VI vi

Axknn . xkox *

v

—
77777777777777777777777 GGYERPFAQIXVT----KELKQYDN- - -~KIIECKFE :
----------------------- ONLSDPFGTMKAT----ATLKKYHN----KIIECTLL :

- YSFFAFMYVDEKEWEKLKSFNVPLSERIVECYLD  :
:  GADVNSRLKHFDQPFDRKEFEILERTYRKFAELSVSDEEWONLKNLEQPLNGRIVECAKN :

,,,,,,,,,,,,,,,,,,,,,,, SNVETDFAKLDLSDDDWERLKALEQPLOGRIAECRQ:

o *k R
IX

i NNS------ WVFMRQRTDKSFPNAYNTAMAVCNSI SNPVTKEMLFEFIDRCTAASQGQKR

:  VDNQGRPKEWKFMRERTDKSLPNGLRTAENVVETMVNPVTETYLIE----~--

:  DENR-----WRFLRFRDDKRDANHISTVKSVLQSIEDGVSKEDLLKEMPTIREAYYNRKK :

¢ QETG----AWEMLRFRDDKLNGNHTSVVQKVLESINDSVSLEDLEEIVGDIKRCWDERRA :
VEKILVSIKDGVKEKEVIEWCPKISRAWKKREN

%o kx %

:  NMAG----GSGRPLPSQS----QONATLSTSKPVHSQPPSNDKEPKYVDEDD - —~ -~ WSD-
:  DRRQKHFNGVARPASVLHEEPLRKKIKT!

HOTPPROEQQOQLOQILNDIPTYEDS

-MVLAMES :
———————————————————————————————————————————————————— MIQLEER :

—————————— LLPON--VGLLYV  :
--MLPEW--IGYLFV :
DYSAMPEFQ-LGVWEG  :

:179
1177

1231

1289

FMDGL- IRGVKVCEDEGKKSMLQ-AKIKNLCKYNKQGFPGLQPVSLSRGNIN-LLEQESY  :

:  DIEEVSVPGVLAPRDDVRVLKTRIAKLLGTSPD--~TFPGSQPVSFSKKHLQ-ALKEKNY  :

i RV-APEIPGLIQPGNVTQDLKMMVCKLLNSPKPTK-TFPGSQPVSFQHSDVEEKLLAHDY :

:  EI--PVIPGNKLDEEETKELRLMVAELLGRRN--~TGFPGSQPVSFERRHLEETLMQKDY
* *

:446

1449

Site-directed mutagenesis

The mutant human capping enzymes bearing alanine substitution
for K294, R299, E345, K458 or K460 were generated by the
oligonucleotide-mediated mutagenesis of the human capping
enzyme cDNA with Mutan-Express Kin(Takara) £8). The
entire ORF of the human capping enzyme cDNA was cloned at
the Sal site of pKF18k (Takara), and hybridized with an
appropriate primer. The resulting mutant human capping enzyme
cDNAs were tested for their ability to complement$heerevisiae
CEG1gene.

Reverse transcribed polymerase chain reaction (RT-PCR)

RT-PCR was carried out to quantify the human capping enzyme
mRNA. Total RNA was prepared from HelLa cells by the
guanidium-isothiocyanate method and applied to an oligo(dT)
cellulose column 48). Single-stranded complementary DNA
was made from poly(A)RNA using AMV reverse transcriptase
and oligo(dT) primer followed by the indicated cycles of the
incubation at 94C for 1 min, at 58C for 1 min, and at 72 for

2 min. The primers used for PCR wereCH GATTTTAATGTTC-
GTCTGCAGTGTATAG-3 for primer a; 5GCCAAAGAAGT-
GAGCCATGAAATGGATGGA-3 for primer b; 5GACGAAA-
ATCCACAGAATTCAGACTGGGAG-3 for primer c; and 5CT-
TTTGTCTGTTCTCTGTCTCATGAAGACC-3for primer d.

Generation of yeast strains

The ORFs of thé&.cerevisiae CEGandCET1genes, and the
human capping enzyme cDNAs were cloned betwdiedll|
andPst site (between th&DH1 promoter and terminator) of
pGBT9 that carriedRP1(Clontech), and the resulting plasmids
were transfected into theeglA (MATa ura3 leu2 his3 trpl
cegl:LEU2 CEG1-URA321) andcetlA (MATa ade2 ura3 leu2
his3 trp1 cetl::LEU2 CET1-URABull mutant strains, in which
the endogenou€EG1 or CET1was disrupted byEU2, but
where episomal copies GEG1or CET1cloned in YEp24 were
maintained, respectively. Thus, the resulieg¥\ and cetlA

null mutant strains grew in the absence of 5-fluoroorotic acid
(5-FOA) but not in the presence of 5-FOA. After selecting trp
transformants, the ability of the human capping enzyme cDNAs
to complemenCEG1andCET1was examined by culturing them
on an agar plate containing 5-FOA.

Figure 1. Structure and amino acid sequence of human capping en&/me. (
Structures of Hcelp, Hcelap and Hcelbp are shown. The positions of the
internal deletion and the early translation termination found in Hcelap and
Hcelbp are indicated. A proline rich sequence at the boundary of the TPase and
GTase domains and the KXDG motif in the GTase domain of hcelp are also
shown. Arrows at the bottom represent the positions and directions of the
primers used for RT-PCRB) Amino acid sequence of Hcelp is compared with
those of a probabl€.eleganscapping enzyme (Cellpf.pombeGTase
(Pcelp)S.cerevisia&Tase (Ceglp) ard.albicansGTase (Cgtlp). Identical

and homologous amino acids among these proteins are marked by asterisks and
dots, respectively. Domains that are highly conserved in all the proteins are
numbered from | to IX according to their order from the N-terminus. Amino
acid sequences are aligned using the BLAST and FAST programs.
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RESULTS A) Western blotting B) E-pG formation
| 2 3 4 3 1 2 3 4 5
Cloning of the human capping enzyme cDNA kD kD kD kD
-115 , 115
Enzymes such as capping enzyme and DNA ligase form a stat %% - 66

complex with nucleotide monosphosphate as a reactiol S5 — -
intermediate, and the KXDG motif, where X stands for any aminc
acid, is known to be essential for the formation of the
enzyme—nucleotide monophosphate comp&3(—33). In an -
attempt to identify a human capping enzyme cDNA, we searche - 20 ’ -20
for a protein harboring the KXDG motif in human genomic and

cDNA databases and found that a short cDNA fragment in th

Incyte cDNA database could encode a protein starting with ADG ¢+, Tpuse assay
As this clone contained a DNA fragment of 0.5 kb and an ORF )

.39 - 58 -39 - 58

1Y) Cap formation

could extend in both'5and 3-directions, it should be a partial . 1 2 3 4 5

cDNA clone. To clone a full length cDNA, a HeLa cDNA library : o - Gooph
was screened with the cDNA fragment that was amplified by PCF ' ’ ' -Pi Liia
using the above sequence, and three different but highly relate

cDNA clones were isolated. We designated these cDNAs a - .- - -ori

HCEZ1 (human mRNA epping @zyme ), HCE1AandHCE1B
Sequencing of theses cDNAs revealed H@E1 contained the
longest ORF, Whlch_can specify a 69 _k_Da protein. In BAE1A i e
andHCE1RB the region between positions 1270 and 1338 of the
HCE1ORF was missing, which eliminates 23 amino acids from the
C-terminal half of thédCE1 product (Hcelp) (FidlA). In addition Figure 2. Expression and enzyme activities of the human capping enzyme
to the above internal deletiddCE1Bhas a translation termination @'ﬁﬁ'éssfzﬂé%ﬂ%ﬁﬁ%ﬁgﬁ;ﬁ%ﬂs?emﬁfféﬁéﬁ?pm r"; g::i;% N
codon corresponding to position 1441 of MBEL ORF, which gt the purified proteins bound to the beads were detected by western blotting
deletes 117 C-terminal amino acids from Hcelp (Hig). using anti-GST antibodyA(, or subjected to the assays of enzyme-GMP
Although nucleotide sequences of theiBtranslated regions of =~ complex (E-pG) formatiorB) TPase®) and cap formation at the-#iphosphate
HCE1 andHCE1Aare identical, that oCE1B s completely  cott b m), e %6 for tner proteing) SDS. poyacntamide
different from the other two clones. Otherwise, all these thre o > -

. . . ! s. Lane 1, GST; lane 2, GST-Ceglp; lane 3, GST-Hcelap; lane 4,
cDNAs possess identical nucleotide sequences, strongly suggestiBeT-Hee1bp; lane 5, GST-Heelp. 9P P
that they are alternatively spliced products.

HCELlis the most probable candidate for the human capping

enzyme cDNA because (i) the predicted molecular weight afecause guanylylation at theefid of RNA requires diphosphate-
Hcelp coincides with that of the partially purified human cappingnds of RNA. As shown in FigueeHce1p formed a cap structure
enzyme g6), (i) Hcelp is highly related to the probable gt the Striphosphate ends of an RNA substrate, demonstrating
C.eleganscapping enzyme Cell21) over the entire protein, thatHCE1indeed encodes a human capping enzyme. Failure of
(iii) the C-terminal part of Hcelp shares high degrees of sequenggelap and Hcelbp to cap thérfphosphate ends of RNA is due

identity with yeast and viral GTases%-21,34-36), and (iv) the o their lack of GTase activity. Taken together, we concluded that
KXDG motif characteristic of the enzyme-GMP complexHCE1is a cDNA for human capping enzyme.

formation is conserved in HcelpO(31-33) (Fig. 1B).
Next, we intended to establish the enzyme activities of Hcel ;
Hcelp, Hcelap, Hcelbp and tBecerevisiaeGTase (Ceglp) %omplementanon of yeasCEG1 by HCEL
were expressed in bacterial cells as a fusion with glutathion®@omparison of the amino acid sequences of HoEXgdegans
Stransferase (GST), and the proteins were purified by glutathior@ellp, and the yeast GTases revealed nine domains that are quite
Sepharose beads. Western blotting with anti-GST antibodyonserved among the yeast and higher eukaryotic GTasekBig.
confirmed the similar levels of each protein, but only Ceglp anélor convenience, these nine domains are referred to as domains
Hcelp formed a stable enzyme—-GMP complex when incubatéd X according to their order from the N-terminus. Domain |l
with [a-32P]GTP (Fig.2). This result indicates that Hcelp harborscontains the KXDG motif in which lysine at 294 is thought to
GTase activity and that the short internal deletion occurring iform a phosphoamide bond with GMB2). According to the
HCE1AandHCE1Babolished the GTase activity of Hcelp. structure of PBCV-1 GTase, arginine at 299 in domain Il and
The N-terminal portion of Hcelp is highly homologous to thaglutamic acid at 345 in domain Il may form hydrogen bonds with
of Cellp. Because Cellp is shown to possess TPase aétiyjty ( hydroxyl groups of ribose of GTP. Further, lysine at 458 and at
we also looked for the TPase activity of Hcelp. As expected, Hce460 in domain VI may also interact with tiegoghosphate of GTP
Hcelap and Hcelbp all efficiently removed th@-labelled in the closed form and in the open form, respectivady. (
y-phosphate at thé-ferminus of RNA, while GST and Ceglpdid Because all these important amino acids are conserved in
not. To further confirm the TPase activity of these proteins, a cadficelp, we asked whether humd@E1 functionally substitutes
formation assay was performed using an RNA substrate witbr the yeastCEG1 gene. TheS.cerevisiaeceglA null mutant
5'-triphosphate ends. This assay should allow us to exclude th&ain in which the endogeno@EG1 gene was disrupted, but
possibility of general phosphatase activity of these proteingshere episomal copies o€EG1 were maintained in an

- ori
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A)

- SFOA + 5FOA

vector

HCE1B

- SFOA + 5FOA

Figure 3. Functional complementation 8fcerevisia€EG1by the human capping enzyme cDNA) Saccharomyces cerevisiae cAgILEU?2 cells that harbored
CEGL1lin YEp24 were further transformed with pGBT9 bea@igG1 HCE1, HCE1Aor HCE1B (B) The wild-type and mutatfCE1 cDNAs bearing alanine
substitution for K294 (K294A), R299 (R299A), E345 (E345A), K458 (K458A) or K460 (K460A) were cloned in pGBT9 and transfedfeelSrcerevisiae
ceglA:iLEU2 cells. Transfectants were spread on agar plates with (+) or without (=) 5-FOA, and incubat&dfat 3@lays.

URA3containing plasmid (YEp24), grew in the absence ofpecific toHCEL (primers b and c) gave rise to only one band
5-FOA, but died in the presence of 5-FOA from the lack of ahich fits the size estimated from the cDNA sequence (124 bp).
functionalCEG1gene (Fig3A) (21). Expression dCElunder  The amount of PCR product increased in a PCR-cycle dependent
the control oADH1 promoter supported the growth of tegglA  manner; a weak band appeared after 25 cycles, and it became
null mutant strain, even in the presence of 5-FOA, demonstratisignificantly thicker after 30 cycles. Thus, this system can be
that human capping enzyme functionally complements yeaapplied to estimate the relative abundance of the three mRNAs for
GTase.HCE1A and HCE1B failed to rescue theeglA null  human capping enzyme.

mutants in the same experiment. Furthermore, none of the mutanPrimers for common sequences among the three cDNAs
HCE1 genes encoding the protein with alanine substitution fafprimers a and c) produced two bands of 288 and 219 bp. From
K294, R299, E345, K458 or K460 complemerBtec1(Fig.3B), the cDNA sequences, the thick 288 bp band was amplified from
confirming that all these conserved amino acids are essential fdCE1, and the faint 219 bp band was formed fid@E1Aand

the GTase activity. These results are consistent with the previod€E1B Use of the primers that hybridized wiHiCE1 and
findings that the proteins specified B\CE1IAandHCE1Bare HCE1A (primers a and d) also led to the amplification of two
defective in GTase activity and with the results of the mutatiobands, the thick 478 bp band generated #dE1and the faint

study withCEG1by Wanget al (37). 409 bp band produced frodCE1A In both cases, the amounts
of the DNA fragment amplified frorlCE1 were significantly
Levels of the human Capping enzyme mRNAs hlgher than those frolCE1A andHCELRB All these results

) . indicate that mRNA forHCE1 is predominantly expressed
As there are three mRNA species of human capping enzyme, @igiong the three human capping enzyme mRNA species.
examined the levels of these mRNAs. Northern blotting of the
human capping enzyme mRNA did not allow us to distinguis ;
among theHCE1L HCE1AandHCE1BmRNAs. Therefore, we Complementation of yeasCET1 by HCEL
used RT-PCR with different sets of primers specific an€CET1was recently identified as tiecerevisiad Pase[§ subunit
not-specific toHCEL (Fig. 4). The combination of primers of capping enzyme) geneZ). Cetlp, however, shares no
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ends of RNA. This is the first study that demonstrates both TPase
and GTase activities with a single type of cDNA. Human capping
enzyme mRNA seems to be spliced differently to produce two
-HCFI additional mRNA species, which are representeld @ 1Aand
HCE1B From the nucleotide sequences HiRE1AandHCE1B
products appear to have the same internal 23 amino acid deletion
. within the C-terminal part of Hcelp, and an additional 117 amino
s acids within the C-terminal of Hcelp are also missing in the
- HCE1A + HCEIB HCE1B product. Both Hcelap and Hcelbp displayed TPase
: activity, while neither of them had GTase activity. Thus
— demonstrating that, as in tBeelegan<ellp, the N-terminal part
=~ Wit of Hcelpis responsible for TPase activity, and the C-terminal part
is required for the GTase activit®4). In addition, 23 amino acids
between positions 1269 and 1338 were essential for GTase
activity of Hcelp. This is also consistent with the results that
Figure 4. Comparison by RT-PCR of th¢CE1, HCE1AandHCE1BmRNA HCEY, but notHCE1AandHCE1RB functionally complemented
levels. One microgram of poly(A)RNA extracted from Hela suspension S cerevisiae CEG1

cultures was used to synthesize single strand cDNA followed by amplification . : ;
by PCR with the indicated combinations of the primers. After the indicated During preparation of this paper, Yeeal and McCrackent al

cycles, the amplified DNA fragments were separated on 5% polyacrylamide€Ported the CDNAs f_or the human and mouse capping enzyme
gels and visualized by ethidium bromide staining. Positions of the DNA (37,40). The amino acid sequence of the reported human capping
fragments amplified from each cDNA are indicated. Positions and directions ofenzyme differs by only one amino acid from that of Hcelp. It is
the primers are shown in Figure 1. also demonstrated in the paper,{0) that the C-terminal GTase

domain is responsible for the binding to the phosphorylated

apparent sequence homology with Hcelp and Cellp, and has(;,—‘ggarminal dpmain of thg .Iargest'subunit of RNA ponr_nerase I,
known phosphatase motif. As mentioned before, both Hce1p alpich explains the specific capping of class Il transcripts.

Cellp contain a motif in the N-terminal TPase domains of amino Cel1p is shown to have TPase activity)( but whether GTase
acid sequence characteristic of the active site of tyrosir€tivity resides in Cellp remains to be demonstrated. When the
phosphatases, and the active site cysteine of the protein tyrosigéluences of Cellp and Hcelp are compared, 14 amino acids in
phosphatases is also conserved in these doma@)s This f[he C-terminal of Hcelp are missing in Cellp. Although the
prompted us to examine the ability BCEL to functionally importance of the 14 C-terminal amino acids of Hcelp for GTase
complementCET1 The cells ofcetlA bearing the episomal activity is not known, the absence of these amino acids in Cellp
copies ofCET1or HCE1survived in the presence of 5-FOA, but May account for its lack of GTase activity. Furthermore, the
those withHCE1Aor HCE1Bdied in the same culture condition. C-€léganscapping enzyme mRNA may also be alternatively
Al the cells grew well when 5-FOA was absent (B.These spliced so as to produce the GTase-deficient but TPase positive
results indicate that at least in the level inducedAlyH1 ~ €nNZymes. .

promoter, the TPase domain of the human capping enzymeCETlturned out to be the gene for Beerevisiad Pase®?2).

PCR cycles

Primer: b + ¢

Primer: a + ¢

Primer: a+d

cannot functionally substitute for the yeast THasgévo. In this paper, we found that among three human capping enzyme
cDNAs only HCEL1 functionally complemente@ET1in vivo,
DISCUSSION while all the cDNA products were active as TPasétro. This

was a rather unexpected result because Takbgl (27)
We have identifiedHCEZL a human cDNA for the mRNA-capping demonstrated the whole capping enzyme activityitro by
enzyme. Bacterially expressed Hcelp possessed both TPase @mubining Ceglp and Cellp that is also defective in GTase
GTase activities, and it formed a cap structure at'thigpbosphate  activity. Because the amino acid sequence of Cetlp is diverged

- SFOA + SFOA

Figure 5.Functional complementation Sfcerevisia€ET1by the human capping enzyme cDNBaccharomyces cerevisiae detLEU2 cells that harboreGET1
in YEp24 were further transformed with pGBT9 bea@igG1, HCE1, HCE1Ar HCE1RB Transfectants were spread on agar plates with (+) or without () 5-FOA,
and incubated at 3C for 3 days.
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from those of the higher eukaryotic enzymes, the catalytitd Ohno,M., Sakamoto,H. and Shimura,Y. (198@c. Natl. Acad. Sci. USA
mechanism of TPase may be different in yeast and highey ?4452?3‘2%13%%&% (19901163 108118
eukaryotes, which may account for the failureH@E1Aand 75 Fmpow’ic'zw (1978)Jz'|éBé Lett96, 1-11. '
HCEI1B to functionally complemenCET1 in vivo. Another 13 shatkin,A.J. (1985Fell 40, 223-224.
possibility may be that botlm- and -subunits should be 14 MizumotoK.and Kaziro,Y. (198Brog. Nucleic Acids Res. Mol. Bi@4,
associated with each other to be able to function as a cappin é—f%an S. (199¥0g. Nudleic Acids Res. Mol. Bifi0, 101-128
H : H u ;. g. NuU I 1as S. . bl —. .
en.zymem vivo, and that the human TPase domain has a lo 6 Mizumoto,K. and Lipmann,F. (197B)oc. Natl. Acad. Sci. US76,
affinity for the yeast GTase. 4961-4965.
The physiological roles of a GTase-deficient capping enzymer Nishikawa,Y. and Chambon,P. (19&NBO J.1, 485-492.
are unclear. From the experiments by RT-PCR, it appears that ttée ggg,Té,S;angg,H-, Kaziro,Y. and Mizumoto,K. (1987piol. Chem.
level of mMRNA forHCE1was significantly higher than those for 5 AR .
HCE1A and HCE1R This result implies that the enzyme *° $hicagakiY. Ioh., ¥amadaH., Nagata,S. and Mizumoto K. (1992)
possessing both TPase and GTase_ _activities is predomi_narm/ Shuman.S., Liu,Y. and Schwer,B. (19849c. Natl. Acad. Sci. USB,
expressed, and that the GTase-deficient enzymes specified by 12046-12050. o _ _ .
HCE1AandHCE1Bare only minor populations. On the other21 Jamaga'gﬁaﬁe',} (Slgggg?hos_ [?0'rRi'4'g'Zzl;Tgt%<2w3A“33W3"V'- and
o H H amada-Okabe,H. ICropiology —, .
hand, the molecular mass of the purified yeast capping enzyme, 5 Tsukamoto,T., Shibagaki,Y., Imajoh-Ohmi,S., Murakoshi,T., Suzuki,M.,
(180 kDa (9). As the calculated molecular masscofand Nakamura,A., Gotoh,H. and Mizumoto,K. (19%pchem. Biophys. Res.
B-subunits of yeast enzyme are 52 and 62 kDa, respectively comm 239 116-122.
(19,22), the subunit structure of the yeast capping enzyme can B& Ho,C. K, van Etten,J.L. and Shuman,S. (1998jrol. 70, 6658-6664.

alp2. Accordingly, human GTase-deficient enzymes may b&* HakanssonK., Doherty,A.J., Shuman,S. and Wigley.D.B. (198759,

. . . 545-553.
associated with the native enzyme. 25 Subramanya,H.S., Doherty,A.J., Ashford,S.R. and Wigley,D.B. (134816)
85, 607-615.
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