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triphosphatase mediates formation of the mRNA
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ABSTRACT

Saccharomyces  cerevisiae RNA  triphosphatase
(Cetlp) and RNA guanylyltransferase (Ceglp) interact
in vivo and in vitro to form a bifunctional mMRNA
capping enzyme complex. Cetlp binding to Ceglp
stimulates the guanylyltransferase activity of Ceglp.
Here we localize the guanylyltransferase-binding and
guanylyltransferase-stimulation functions of Cetlp to a
21-amino acid segment from residues 239 to 259. The
guanylyltransferase-binding domain is located on the
protein surface, as gauged by protease sensitivity, and

is conserved in the Candida albicans RNA triphos-
phatase CaCetlp. Alanine-cluster mutations of a
WAQKW motif within this segment abolish guanylyl-
transferase-binding in vitro and Cetlp function in vivo,
but do not affect the triphosphatase activity of Cetlp.
Proteolytic footprinting experiments provide physical
evidence that Cetlp interacts with the C-terminal
domain of Ceglp. Trypsin-sensitive sites of Ceglp that
are shielded from proteolysis when Ceglp is bound to
Cetlp are located between nucleotidyl transferase
motifs V and VI.

INTRODUCTION

Capping of mRNA entails three enzymatic reactions in which
the B triphosphate end of pre-mRNA is hydrolyzed to ‘a 5
diphosphate by RNA triphosphatase, then capped with GM
by RNA guanylyltransferase, and methylated by RNA
(guanine-7) methyltransferase (1). The budding y8asicha-

romyces cerevisiaencodes a three-component capping appa
(Cetl

ratus consisting of separate triphosphatase

elongation complex. The yeast guanylyltransferase Ceglp binds
to the phosphorylated C-terminal domain (CTD) of the largest
subunit of RNA polymerase Il, whereas Cetlp by itself does not
bind to the phosphorylated CTD (11-13).

The 549-amino acid Cetlp protein consists of three domains:
(i) a 230-amino acid N-terminal segment that is dispensable for
catalysidn vitro and for Cetlp functioin vivo; (ii) a protease-
sensitive segment from residues 230 to 275 that is dispensable
for catalysis, but essential for Cetlp functionvivo, and (iii)

a catalytic domain from residues 275 to 539 (10). A
homodimeric quaternary structure for the biologically active
fragment Cet1(231-549)p was suggested based on analysis of
the purified recombinant enzyme by glycerol gradient sedi-
mentation (10). Cet1(231-549)p binds vitro to Ceglp to
form a 7.1S triphosphatase—guanylyltransferase complex that
is surmised to be a trimer consisting of two molecules of
Cet1(231-549)p and one molecule of Ceglp. The more exten-
sively truncated protein Cetl(276-549)p, which cannot
support cell growth, sediments as a monomer and does not
interact with Cegl1p (10). These results implicate the segment
of Cetlp from residues 230 to 275 in both Cetlp homodimeri-
zation and binding to the guanylyltransferase. The interaction
of Cetlp with Ceglp does not require a functional triphos-
phatase active site in Cetlp, insofar as Cetlp—Ceglp complex
formation is unaffected by mutations in the catalytic domain
that abrogate RNA triphosphatase activity (14).

Two lines of genetic evidence indicate that the Cetlp—Ceglp
interaction is importanin vivo. First, several temperature-

Igensitivecegl mutations are suppressed in an allele-specific

manner by overexpression©0ET1(9,13). In turn, the temper-
ature-sensitive cet:(K250A-W251A mutation can be
suppressed by overexpression ©EG1 (10). This cetl-ts

pgnutation is located with the segment of Cetl1p that is suspected

guanylyltransferase (Ceglp) and methyltransferase (Abd1g§ Mediate guanylyltransferase-binding. Fifteen otbetl-ts
gene products. Each of the cap-forming activities is essentidllleles with missense changes mapping elsewhere in the

for yeast cell growth (2—7).

protein were not suppressed IBEG1 overexpression (10).

The yeast RNA triphosphatase Cetlp forms a heteromerigecond, thén vivo function of Cet1(275-549)p, which does

complex with the yeast RNA guanylyltransferase Ceglp (8—10)10t bind to Ceglpn vitro, is completely restored by fusion of
The binding of Cet1p to Ceglp serves two purposes. First, Cet1§=€t1(275-549)p to the guanylyltransferase domain of the
Ceglp interaction stimulates guanylyltransferase activity bynouse capping enzyme (10). This result shows that the need
enhancing the affinity of Ceglp for GTP and increasing the exterior Ceglp-binding by yeast RNA triphosphatase can by
of formation of the Ceglp—GMP reaction intermediate (9)bypassed when the triphosphatase catalytic domain is deliv-
Second, the physical tethering of Cetlp to Ceglp facilitatesred to the RNA polymerase Il elongation complex by linkage
recruitment of the triphosphatase to the RNA polymerase lin cisto the mammalian guanylyltransferase.
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Here we use synthetic peptide ligands to localize the guanyFhe UV absorbance profiles of the Cetl peptides revealed a
lyltransferase-binding and guanylyltransferase-stimulatiotarge peak at <220 nM and a minor peak at 274-280 nM (the
functions of Cetlp. Alanine cluster mutations implicate thelatter being attributable to tyrosine and tryptophan in the
Cetlp sequence 247-WAQKW-251 in guanylyltransferasepeptides). The molar concentrations of the peptides were
binding in vitro and in Cetlp functiorin vivo. The Ceglp- calculated from the absorbance at 274 nM using the extinction
binding domain of Cetlp is conserved @andida albicans coefficients of 1.4« 10® M~ for free tyrosine and 5.8 10° M-
RNA triphosphatase. Indeed, the Cetlp peptide binds airidly *for free tryptophan.
vitro to theC.albicansRNA guanylyltransferase and binding is . -
abrogated by mutation of the WAQKW maotif. Peptide-affinity chromatography

The biotinylated Cetl peptides (1 nmol) were adsorbed to

0.6 mg of streptavidin coated magnetic beads (Dynabeads
MATERIALS AND METHODS M280 streptavidin; Dynal) in 5@ of binding buffer (25 mM

; P Tris—HCI, pH 8.0, 50 mM NaCl, 1 mM DTT, 5% glycerol,

Guanylyltrar_ms_ferase expression a-nd punflc-atlon ~0.03% Triton X-100). The Dynabeads have a binding capacity
The S.cerevisiae CEGgene was ms_erte_d into a Custor_mzed of 650—-900 pmol of free biotin per mg according to the manu-
T7-based expression plasmid (a derivative of pET16b) in sucxcturers specifications; hence the amount of biotinylated Cet1
a way as to fuse the 459-amino acid Ceglp polypeptide iBeptide was sufficient to saturate the bead-bound streptavidin.
frame to an N-terminal 29-amino acid leader peptide (MGSHafter incubation for 30 min on ice, the beads were concen-
HHHHHHHHHSSGHIEGRHSRRASVH)  containing 10 trated using a horseshoe magnet and then washed three times
consecutive histidine codons (His-tag) and a serine-phosphofith 0.5 ml of binding buffer to remove any unbound peptide.
ylation site (RRASV) for protein kinase A. Recombinant Affinity chromatography was performed by mixinguy of
Ceglp was expressedHischerichia colBL21(DE3) and puri-  guanylyltransferase with 0.6 mg of Cetl peptide beads (esti-
fied from a soluble bacterial lysate by nickel-agarose chromanated to contain 390-540 pmol of peptide) inlB®f binding
tography as described (10). Tkealbicans CGTIlgene was puffer. After incubation for 20-30 min on ice, the beads were
PCR-amplified from a genomic library clone using a sensoncentrated by microcentrifugation for 15 s and then held in
primer deSigned to introduce &ldd site at the translation start p|ace with a magnet as the Supernatant was withdrawn. The
codon and an antisense primer that introducesaaHl site beads were resuspended in 0.5 ml of binding buffer and
immediately 3 of the stop codon. The PCR product wassybjected to two cycles of concentration and washing. After
digested withNdd and BanmHI and then inserted into yeast the third wash, the beads were resuspended jul 56binding
expression plasmid pYN132 to yield plasmid pYN-Cgtl. Thepuffer. Aliquots (20 pl) of the input protein sample, the
CGT1gene was excised from pYN-Cgtl wiidd andBanHI  unbound supernatant fraction and the bead bound fraction were
and then inserted into the T7-based expression vector pET16hixed with 3ul of SDS sample buffer (200 mM Tris—HCI, pH
so as to fuse the 449-amino acid Cgtlp polypeptide to a Ng.8, 8% SDS, 140 nMB-mercaptoethanol, 40% glycerol),
terminal 21-amino acid leader peptide containing the His-tatheated at 9TC for 3 min and then analyzed by electrophoresis
Recombinant Cgtlp was expressedgroli BL21(DE3) and  through a 15% polyacrylamide gel containing 0.1% SDS.
purified from a soluble bacterial lysate by nickel-agarose chropolypeptides were visualized by staining the gel with
matography. The nickel-agarose preparations of Cetlp ar@oomassie blue dye.
Cgtlp were dialyzed against buffer containing 50 mM Tris—
HCI (pH 8.0), 50 mM NaCl, 2 mM DTT, 10% glycerol, 0.05% Guanylyltransferase assay

Triton X-100 and then stored at —8D. Recombinant mouse Guanylyltransferase activity was assayed by the formation of a
guanylyltransferase  Mcel(211-597)p was purified agovalent Cegl-GMP intermediate (9). Reaction mixtures
described (15). Protein concentrations were determined using@o pl) containing 50 mM Tris—HCI, pH 8.0, 5 mM MgGl

the Bio-Rad dye binding reagent with bovine serum albumin ag.17 uM [a-32P]GTP, Ceglp and Cetl peptides as specified
the standard. were incubated for 10 min at 3C. The reaction was halted by
addition of SDS to 1% final concentration. The samples were
analyzed by SDS-PAGE. Transfer of labeled GMP to Ceglp
Peptides composed of Cetlp residues 232-265, 239265 was visualized by autoradiography of the dried gel and quanti-
232-259 were synthesized in the Sloan-Kettering Microchemtated by scanning the gel with a FUJIX BAS2500 phosphor-
istry Core Laboratory on a Perkin-Elmer Biosystems 431Aimager.

automated peptide synthesizer using standard Fmoc chemistry. . .

Addition of biotin to the N-terminal amino group of the peptide Mutagenesis of yeast RNA triphosphatase

was performed using reagents purchased from AnaSpec (Safanine-cluster mutations were introduced into the
Jose, CA) according to the vendor’s instructions. The peptideSET1(201-549)gene by PCR as described (7,10). The
were purified on a preparative scale by reverse phase HPLRQutated genes were inserted into the y&=N TRP Iplasmid

and the purity of the material was confirmed by analytic scalpCET1-33', where expression of the inserted gene is under the
reverse phase HPLC as described (16). The molecular weigbbntrol of the naturalCET1 promoter. The inserts were
of each peptide was analyzed by MALDI-TOF mass spectromsequenced completely to exclude the acquisition of unwanted
etry. The measured masses were in agreement with the calauutations during amplification and cloning. TH&247A-
lated theoretical masses within the limits of calibration of theQ249A and K250A-W251Agenes were excised from their
instrument. The lyophilized peptides were dissolved in TEespective pCET1:8 plasmids withNdd and BanH| and

(10 mM Tris—HCI, pH 8.0, 1 mM EDTA) and stored at@. inserted into the yeast expression vector pYNIGEN TRPJ.

Cetl peptides
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In this vector, expression cZET1(201-549)s driven by the RESULTS
strong constitutive yea3tP11 promoter. Then vivoactivity of ) ) )
the mutatedCET1 alleles was tested by plasmid shuffle as” Synthetic peptide, Cet1(232-265), binds to Ceglp and
described (9). Yeast strain YBS281 ura3 leu2 cetl::LEU2 Stimulates guanylyltransferase activity
p360-Cet1CEN URA3 CETN) was transformed withCEN  Overlapping segments of Cetlp from residues 205 to 265 and
TRP1plasmids containing the wild-type and mutant alleles 0f230 to 275 have been implicated in Ceglp-binding using a
CET1(201-549) A control transformation was performed variety of biochemical and genetic assays (10,13). To better
using theTRP1vector. Trp+ isolates were selected and therunderstand the structural basis for Cetlp—Ceglp interaction
streaked on agar plates containing 0.75 mg/ml of 5and the attendant stimulation of guanylyltransferase activity,
fluoroorotic acid (5-FOA). Growth was scored after 7 days ofwe prepared a synthetic peptide ligand containing the 34-
incubation at 25, 30 and 3C. Lethal mutants were those that amino acid segment from Cetlp residues 232—265 (Fig. 1). An
failed to form colonies on 5-FOA at any temperature. N-terminal biotin was added during chemical synthesis so that
Ndd-BanH| fragments encoding mutated versions ofthe peptide could be linked to streptavidin beads for affinity
Cet1(201-549)p were excised from the respective pCE¥1-5 chromatography purposes. Peptide-containing beads and
plasmids and inserted into pET16b. Wild-type Cetl(201-control streptavidin beads lacking peptide were then incubated
549)p and the W247A-Q249A mutant were expresséel@oli  with purified recombinant yeast guanylyltransferase Ceglp
BL21(DE3) at 37C by IPTG-induction for 3 h. The K250- (guanylyltransferase concentration 1.4M) in buffer
W251A mutant was expressed at’C7by IPTG-induction for  containing 50 mM NaCl. The beads were recovered by centrif-
20 h in the presence of 2% ethanol (14). The proteins weragation and held in place with a magnet while the supernatant
purified from soluble bacterial lysates by nickel-agarose chroeontaining free guanylyltransferase was withdrawn. The beads
matography as described (7,14). The 0.2 M imidazole eluateere washed with buffer containing 50 mM NaCl. The bead-
fractions containing Cet1(201-549)p were dialyzed againdtound material was eluted from the beads with 1% SDS. The
50 mM Tris—HCI (pH 8.0), 50 mM NaCl, 2 mM DTT, 10% input guanylyltransferase protein (L) and the free (F) and bead-
glycerol, 0.05% Triton X-100 and then stored at 280 bound (B) fractions were then analyzed by SDS—PAGE. The
Triphosphatase reaction mixtures (1) containing 50 mM  salient finding was that the Ceglp bound nearly quantitatively
Tris—=HCI (pH 7.5), 5 mM DTT, 2 mM MnCJ 1 mM [y- to beads containing the Cet1(232-265) peptide, but not at all to
32P]ATP and Cet1(201-549)p as specified were incubated fastreptavidin-alone control beads (Fig. 1A) or to beads
15 min at 30C. The reactions were quenched by addingi2.5 containing a biotinylated 28mer peptide composed of four
of 5 M formic acid. An aliquot (2.5ul) of the mixture was tandem copies of the CTD heptamer YSPTSPS (not shown).
applied to a polyethyleneimine-cellulose TLC plate, whichNote that the streptavidin polypeptide was stripped off the
was developed with 0.5 M LiCl and 1 M formic acid. The beads by 1% SDS and recovered in the bound eluate fraction
release of?Pi from [y-32P]JATP was quantitated by scanning (Fig. 1A). This experiment shows that a defined synthetic

the TLC plate with a phosphorimager. peptide can be used to study the Cetlp—Ceglp interaction and
) . . that the Cetlp segment from 232 to 265 suffices for binding to
Proteolytic footprinting of kinase-tagged Ceglp the yeast guanylyltransferase.

Ceg1lp containing an N-terminal kinase tag #send-labeled Previously, we showed that the binding of full-length Cetlp
using protein kinase A, which specifically phosphorylates theor Cet1(201-549)p to Ceglp stimulates the guanylyltrans-
serine in the RRASV sequence of the N-terminal tag. Kinaséerase activity of Ceglp (9). Here we tested the effects of the
reaction mixtures (10Qul) containing 50 mM Tris—HCI (pH Cet1(232-265) peptide on guanylyltransferase activity. Ceglp
7.5), 10 mM MgC}, 0.2 mM [y-32P]JATP, 50ug of Ceglp and was incubated for 15 min on ice with various concentrations of
5 U of protein kinase A (38 kDa catalytic subunit; New the peptide and aliquots of the mixtures were assayed for
England Biolabs) were incubated for 5 min at°@0 The enzyme—-GMP complex formation. Ceglp—GMP formation
mixture was adjusted to 50 mM EDTA and placed on ice. Thewas stimulated ~11-fold by 50 nM peptide (Fig. 1B). The fold-
labeled Ceglp was resolved from free ATP by gel filtration ofstimulation was proportional to peptide concentration in the
the sample through a 1-ml column of Sephadex G-50°@t 4 range 12-50 nM and plateaued at 50—100 nM. Maximal effect
The radiochemical purity of th&P-Ceglp eluting in the void was attained at an ~2:1 molar ratio of peptide to guanylyltrans-
volume was confirmed by SDS—PAGE. The concentration oferase. We conclude that binding of Cetlp to Ceglp and stim-
32P-Ceglp was calculated from the signal intensity of¥e  ulation of guanylyltransferase activity are mediated by the
Ceglp protein and the specific activity of the ATP substratesame small peptide domain.
used in the kinase reaction. _ . - .
Footprinting reactions were performed as follows. Reactio fects of mutations within the Ceglp-binding domain on
mixtures (15ul) containing 50 mM Tris—HCI (pH 8.0), 0.fg etlp function in vivo
of 32P-Ceglp, 4.9 of either Cet1(201-549)p, Ceglp or bovine The sequence of the guanylyliransferase-binding peptide of
serum albumin, and 0, 1, 5 or 10 ng of trypsin were incubateé.cerevisiaeRNA triphosphatase (amino acids 232-265) is
for 15 min at 22C. The reaction was quenched by the additionconserved in the RNA triphosphatase@#lbicans(Fig. 2A).
of SDS sample buffer and the digests were analyzed by electr@reviously, we reported an analysis of the effects of several
phoresis through a 15% polyacrylamide gel containing 0.1%lanine cluster mutations within this conserved region on
SDS. 32P-labeled tryptic fragments were visualized by auto-Cetlp functiorin vivo (10). Yeast cells expressi@ET1(201—
radiography. 549) allelesK237A-P238AK240A-Y241Aand P245A-1246A
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Figure 1. Synthetic peptide Cet1(232-265) binds to Ceglp and stimulates gua: 56—
nylyltransferase activity. The sequence of the Cet1(232-265) peptide is showr

An N-terminal biotin anchors the peptide to a streptavidin-coated magnetic 45 m
bead. A) Affinity chromatography. Ceglp was incubated with either streptavi-
din beads alone (none) or beads with attached Cet#282) peptide. Chro-
matography was performed as described in Materials and Methods. Aliguots o
the input guanylyltransferase protein fraction (L) (equivalent to 40% of total
material loaded), free-unbound fraction (F) (40% of supernatant) and the bead 21
bound fraction (B) (40% of SDS eluate) were analyzed by SDS—PAGE. A 2~
Coomassie blue stained gel is shown. The positions of Ceglp and streptavidi

—— WT

—o—  W2TA-Q42494

i
&
i

31

3P ralease (nmol)

—&— KI50A-W25lA

are indicated on the leftB) Guanylyltransferase activity. Ceglp (300 ng) was 14— 0 ™ T T T
preincubated for 15 min on ice with either 0, 2, 5, 10 or 20 pmol of CetH232 o - 30 - 100
265) peptide in 1Qul of binding buffer. An aliquot (ul) of each sample was Protein (ng)

then assayed for guanylyltransferase activity. The signal intensities of the

Ceglp-GMP complexes were normalized to the signal intensity of the ‘no

peptide’ control reaction (defined as 1.0). The fold stimulation is plotted as &igure 2. Effects of Ala-cluster mutations within the Ceg1p-binding domain

function of the final concentration of Cet1(232-265) peptide in the guanylyl-on Cetlp function.4) In vivo mutational effects. The amino acid sequente o

transferase reaction mixture, which contained 25 nM Ceg1p. S.cerevisiagSce) Cetlp from residues 232 to 265 is aligned with the homolo-
gous segment o€.albicans(Cal) CaCetlp. Amino acid pairs in Cetlp that
were mutated to alanine in a prior study (10) and found to have no effect on

grew as well as Wild-typélET1(201—549¢eIIs at all tempera- CET1 function in vivo are denoted by + above the sequence. The K250A-

tures tested (the residues mutated are denoted by + above qﬁ{éSlA mutation eliciting a temperature-sensitive phenotype is denotéd by
aired residues targeted for double-alanine replacement in the present study

Cetlp sequence in Fig. 2A), whereB250A-W251Acells e ingicated by dots. The indicated Ala-cluster allele<C&T1(201-549)
displayed a temperature-sensitits) Qrowth phenotypein  were tested by plasmid shuffle for growth complementationetfA cells on
Fig. 2A) that was suppressed by overexpressiofBeG1(10). medium containing 5-FOA. Expression of the mutant genes was driven either

A i the naturalCET1promoter or, where indicated, by the strong constitutive
We have now extended the alanine-cluster mutagenesis of tig 1 promoter. B) Triphosphatase activity. (Left) Aliquots (g) of the dia-

gua;nylyltr.anSferase'b'nd'ng dom?"n to three other pairs of;eq nickel-agarose preparations of wild-type Cet1(201-549)p and mutants
amino acids that are conserved in Cetlp and CaCetlp. The247A-Q249A and K250A-W251A were electrophoresed through a 12.5%
mutated residues are denoted by dots in Figure 2A. The mutapglyacrylamide gel containing 0.1% SDS. Polypeptides were visualized by
genesN247A-Q249AN262A-V263AandK264A-D265ANere staining with Coomassie blue dye. The positions and sizes (in kDa) of marker
. proteins are indicated on the left. (Right) ATPase activity was assayed as
cloned into aCEN TRPlvector unde.r the control of tl@ET1 described in Materials and Methods. Releas@mRiffrom [y-32P]ATP is plotted
promoter and then tested by plasmid shuffle for complementass a function of input protein for each enzyme preparation.
tion of acetlA strain. TheN262A-V263AandK264A-D265A
mutants were viable after selection on 5-FOA at 25, 30 or

37°C. N262A-V263AndK264A-D265Acells grew as well as & TPITCET1(K250A-W251/gells grew at 25 and 3C, but
wild-type cells on rich medium (YPD) at 25, 30 and°&7 In not at 37C. Thein vivo mutational effects point toward the

contrast, theN247A-Q249/4cells failed to give rise to FOA- Cconserved peptide WAQKW as a key constituent of the guan-
resistant colonies at all temperatures tested (25, 30 at@)37 YlYltransferase-binding site on yeast RNA triphosphatase.
thus theW247A-Q2494&hange was lethal. In.ord.er to address Wheth.er mgtgtlons within the WAQKW
Some lethal mutations &ET1can be suppressed by expres-m_Ot'f might affect the catalytic activity of Cet1(201—5_49)p, the
sion of the mutant allele under the control of the strong constiwild-type, W247A-Q249A and K250A-W251A proteins were
tutive TPI1 promoter instead of the natur@ET1 promoter ~€Xxpressed in bacteria as His-tagged fusions and purified from
(10). We found thaCET1(W247A-Q249A)as still lethal at  soluble lysates by nickel-agarose column chromatography
all temperatures tested (16, 25, 30 and@7when its expres- (Fig. 2B). Triphosphatase activity was determined by assaying
sion was driven by theTPI1 promoter. The TPIl- manganese-dependent ATP hydrolysis as a function of input
CET1(K250A-W251Anutant was still temperature-sensitive, enzyme. The specific activities of W247A-Q249A and
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Figure 4. The conserved triphosphatase peptide binds &bicansand mouse
I ] RNA guanylyltransferasesCandida albicangguanylyltransferase Cgt1gj
- 2-250 | 230-2685 | 4 x Al : ’
232265 | 232259 xne and mouse guanylyltransferase Mcel(211-59Bp Were incubated with

) streptavidin beads containing the indicated biotinylated Cetl peptides. Chro-
Peptide matography was performed as described in Materials and Methods. Aliduots o
the input guanylyltransferase protein fraction (L) (equivalent to 40% of total

b ) ) 5 i
Figure 3. Effect of Cetl peptide deletions and mutations on guanylyltrans_materlal loaded), free-unbound fraction (F) (40% of supernatant) and the bead

i 0, _S%;
ferase-binding.4) Affinity chromatography. The amino acid sequences of the b%lér;?a;ﬁgtg)lﬂe(gt)aig‘e%b etl); ;Esshilxﬁte) were analyzed by E.
synthetic peptides Cetl1(232-265), Cet1(232-259), Cet1(239-265) an% 9 '

Cet1(232-265)-4 Ala are shown. Purified Ceglp was incubated with strepta-

vidin beads containing the indicated biotinylated Cet1 peptides. Chromatogrags . .

phy was performed as described in Materials and Methods. Aliquots of th%32_259 bound Ceglp (Fig. 3A) and stimulated the guanylyl-
input guanylyltransferase protein fraction (L) (equivalent to 40% of total matetransferase activity of Ceglp (Fig. 3B), implying that the
rial loaded), free-unbound fraction (F) (40% of supernatant) and the beadZeg1p-binding epitope is situated within the overlapping 21-
bound fraction (B) (40% of SDS eluate) were analyzed by SESGE. A amino acid segment from 239 to 259.

Coomassie blue stained gel is shown. The positions of Ceglp and streptavidin P .
are indicated on the leftB) Guanylyltransferase activity. Ceglp (300 ng) was To adqre,ss Whet_her the WAQKW mouf. 'S. involved in
preincubated for 15 min on ice with 50 pmol of Cet1 peptide ini6f bind- ~ Ceglp-binding, we introduced four alanines in lieu of Trp247,
ing buffer. An aliquot (1pl) of each sample was then assayed for guanylyl- GIn249, Lys250 and Trp251 in the context of the 34mer
transferase activity. The signal intensities of the Ceg@MP complexes were Cet1(232-265) peptide. The instructive finding was that the 4
normalized to the signal intensity of a ‘no peptide’ control reaction (defined 38\|5 cluster mutation abrogated both Ceglp-binding and stimu-

1.0). The data are the averages of the extents of stimulation from four separate

experiments. Standard error bars are shown. ation of guanylyltransferase activity (Fig. 3).

The conserved triphosphatase peptide binds t€.albicans
K250A-W251A were comparable to that of wild-type RNA guanylyltransferase
Cet1(201-549)p (Fig. 2B). Thus, the vivo phenotypes are The C.albicans RNA triphosphatase (CaCetlp) and RNA
not simply attrlb.utablle to a catalytic defect. Moreover, an ana'guanylyltransferase (Cgtlp) are structurally similar to the
ysis of the native size of the W247A-Q249A and K250A- 5 cerevisiaeCetlp and Ceglp enzymes. Moreov@rcerevi-
W251A proteins by glycerol gradient sedimentation indicatedsjge cetn andcegiA null mutations can be complemented by
that the mutant proteins sedimented as homodimers, as did ta&CET1andCGT1, respectively (17,18). To determine if the
wild-type Cet1(201-549)p (data not shown). domain mediating the triphosphatase—guanylyltransferase
interaction inS.cerevisiags conserved functionally in other
fungal capping systems, we evaluated the yeast triphosphatase
peptides as ligands for th€.albicans guanylyltransferase.
Having validated the concept of using a synthetic peptide t@€gtlp was expressed in bacteria as a His-tagged fusion protein
study Cetlp—Ceglp interactions, we sought to better define thend purified from soluble extracts by nickel-agarose chroma-
guanylyltransferase-binding site by testing truncated antbgraphy. The enzyme preparation was nearly homogeneous
mutated Cetl peptides as affinity ligands for Ceglp. Biotinwith respect to the 54-kDa His-Cgtlp polypeptide (Fig. 4A,
ylated peptides composed of Cetlp amino acids 239-265 tene L) and the enzyme was catalytically active in

Effect of peptide deletions and mutations on
guanylyltransferase-bindingin vitro
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Cetli201-549)  Cegl BSA Proteolytic footprinting of the Cetlp-binding site on Ceglp
Trypsin I 5 10 1 510 1 510 As a first step in defining the triphosphatase binding site on the
(ng) yeast guanylyltransferase, we performed proteolytic foot-

47_m—' printing of Ceglp in the presence and absence of Cetlp.
1 - - Recombinant guanylyltransferase containing a 5-amino acid
- - N-terminal ‘protein kinase tag’ (RRASV) w&# end-labeled
by in vitro reaction with protein kinase A (PKA) and
p— - ‘ [y-32P]ATP (20). PKA specifically phosphorylates the serine in
' the tag. Control experiments verified that PKA did not phos-
phorylate recombinant Ceglp that lacked the kinase tag (not
Figure 5. Proteolytic footprinting of a Cetlp-binding site on Ceglp. Tryptic Shown). Aliquots (0.%1g) of end-labeled Ceglp were pre-incu-
footprinting of 32P-Ceglp mixed with unlabeled Cet1(201-549)p, Ceglp orbated with 4ug of unlabeled Cet1(201-549)p, 4 of unla-
E_SA \tﬂ,'as pefémTed as deSCI”bg% ins“ég:gs'ia”dtMEtSPdS-”'?]“’}'@:E'ed | beled Ceglp or fig of bovine serum albumin (BSA) and the
| 10N pr were r V .An radiogr H H : H
isgsiso\/\?n.Qrﬁeu;r:ouﬁt?)f?;ps?n in)(l:Iuded in eacha;]egcatlior?gi’saiﬁdigatez %T)ovg“)(tures were digested with 1, 5 or 10 ng of trypsin. The reac-
the lanes. A control reaction mixture without trypsin is shown in lane (). ThetlOn products were analyzed by SDS—-PAGE and the labeled N-
positions and sizes (in kDa) of prestained marker polypeptides are indicated d@rminal fragments were detected by autoradiography (Fig. 5).
the left. Digestion of the two ‘control’ mixtures of labeled guanylyl-
transferase with either cold Ceglp or BSA by 1 ng of trypsin

) resulted in conversion of the input 54 kB#-Ceglp into a
transguanylylation (not shown). We found that Cgtlp was, ,minent32p-jabeled cleavage Broduct of ~35 I?Dg (denoted

bound nearly quant_itatively to beads containing t_h(_e 34me y the arrowhead in Fig. 5). Digestion with 5 and 10 ng of
Cet1(232-265) peptide, but not at all to beads containing to th@ynsin resulted in cleavage at secondary sites closer to the N-
34mer peptide with a4 Ala mutation in the WAQKW motif  terminus to yield a predominant low molecular weight frag-
(Fig. 4A). Cgtlp, like Ceglp, also bound to the truncatednent and two minor species of intermediate mobility (Fig. 5).
peptides Cet1(239-265) and Cet1(232-259). We conclude th@ihe instructive finding was that pre-incubation %&P-Ceglp
the guanylyltransferase-binding domain ®icerevisiadeRNA  with Cet1(201-549)p protected the primary tryptic site from
triphosphatase (amino acids 239-259) is conserved in othgroteolysis. This was evinced by (i) the complete resistance of
fungi and we infer that the target site on the guanylyltrans3P-Ceglp to digestion by 1 ng of trypsin, (ii) the persistence of
ferase for Cetlp peptide-binding is also likely to be conserved significant fraction of intactP-Ceglp at 5 ng of trypsin (this
among fungal capping enzymes. level of trypsin being sufficient to cleave all o.f_.the.Ceglp inthe
Peptide binding studies were performed with the gu‘,jmy|y|_control mixtures to smaller fragments) and (jii) failure to accu-
transferase domain of the mouse capping enzymépulate significant amounts of the 35 kDa cleavage product

Mcelp(211-597). Mcelp is a bifunctional 597-amino aci ven at 10 nglof tlryp?m (Elg- 5). The p_rotepﬂop by Cet1(201-
olypeptide composed of autonomous RNA triphosphatasSA.'g)p was selective for the primary site, insofar as treatment
P With 5 and 10 ng of trypsin still resulted in the production of

(amino acids 17210) and guanylyltransferase (amino ac'dﬁ‘ue prominent low molecular tryptic fragment and the minor
211-597) domains (15). Mcel(211-597)p bound weakly tGagment migrating just above it (Fig. 5). It was reported previ-
beads containing the guanylyltransferase-binding peptide Qfusly that initial scission of Ceglp by trypsin occurs at two
yeast RNA triphosphatase, and not at all to the beads alone gfpsely-spaced sites, Arg304-Leu305 and Lys306-His307, to
to beads containing the<4Ala mutant peptide (Fig. 4B). Most yield an N-terminal fragment of 35 kDa and a carboxyl frag-
of the input mouse guanylyltransferase was recovered in theient of 20 kDa (1). The simplest interpretation of the present
unbound fraction and very little was retained by the Cet1(232+esults is that the Cetlp-binding site on Ceglp is located at or
265) peptide; this stands in contrast to the quantitative bindingear Arg304 and Lys306, the primary tryptic sites protected
of the yeast guanylyltransferase to the Cet1(232-265) peptideom digestion in the presence of RNA triphosphatase, whereas
when both capping enzymes were tested in parallel. The lowsecondary tryptic sites located close to the N-terminus (as yet
affinity interaction of mouse guanylyltransferase with the yeasthmapped) are not part of the Cetlp-Ceglp interface.
RNA triphosphatase peptide vitro may explain the genetic Consistent with thls_mterpretatlon, we found that the 34mer
observation that yeast cells containing a capping apparat§8t1(232-265) peptide was able to protect Ceglp from prote-
composed of Cetlp and Mcel1(211-597)p are viable, but ver dﬁlﬂsnb(i gﬁ:g\i/'r?) whereas the<4Ala mutant peptide was not
slow growing (15). We have since found that the slow growth '

phenotype ofMCE1(211-597)cells can be suppressed by

overexpression o€EET1(C.K. Ho, B. Schwer and S. Shuman, DISCUSSION

unpublished results). , B _ We have co-localized the guanylyltransferase-binding and
Binding studies conducted using purified recombir@nlo-  ,,anyiyitransferase-stimulation  functions of yeast RNA
rella virus guanylyltransferase, a monofunctional monomerigriphosphatase to a 21-amino acid peptide from residues 239 to
enzyme (19), revealed a low extent of binding of the viralp59. within this peptide is a WAQKW motif that is implicated
capping enzyme to beads containing the Cetl(232-26%)y alanine-cluster mutagenesis in Cetlp—Ceglp interation
peptide (data not shown), similar to what was observed iwivo andin vitro. The correlation between thie vivo lethality
Figure 4B for the mouse guanylyltransferase. of the W247A-Q249A mutation and the abrogation of
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guanylyltransferase-binding and stimulation by a WAQKW- v f o .
to-alanine cluster mutation of the Cet1(232—265) peptlde sce gﬁﬁi&wﬁ;ﬁﬁi&@ﬂ}?mmmPMVEDPSLPKDDPNRWYYNYDWPVFS—LWWQGGADVNSRLKHFDQPF
provides the strongest evidence to date that the triphOSPhatast . L i iae o mrmma e o s
guanylyltransferase interaction is essential in yeast, o EEKKEGTEEIBTINSE - DT oo ss e GIFDR N
i.e. because the alanine-cluster mutations in the WAQKW ] ) -

motif did not affect either the catalytic activity of yeast triphos- & T oy eooowErckaLEoRL0G

phatase or its self-interaction to form a homodimer. e
Available data concerning yeast triphosphatase structure ar
consistent with the guanylyltransferase-binding epitope being
located on the surface of the protein. Limited proteolysis ofFigure 6. Alignment of a candidate triphosphatase-binding regioS.oerevi-
Cet1(201—549)p showed that the Tyr241-Arg242 peptidéiae guanylyltransferase with the corresponding segmentCgaibicans

; ; . ; ouse andChlorella virus guanylyltransferases. Nucleotidyl transferase
bond is highly sensitive to chymotryptic cleavage and that:o'[ifsVand VI are shown in shaded boxes, as is motifwhich is conserved

additional sites of accessibility to chymotrypsin and trypsin ar€, the cellular andhlorellavirus guanylyltransferases (22). The primary sites
clustered nearby at Lys256-Ala257, Leu258-GIn259 andf tryptic cleavage of Ceglp are denoted by arrowheads above the sequence.
Lys264—Asp265 (10). In contrast, the distal C-terminal portiorResidues mutated icegl-tsalleles that are suppressed by overexpressfon o

of the protein is relatively protease-insensitive. We have-etlp are indicated by above the sequence.

recently crystallized a biologically active form of yeast RNA
triphosphatase and determined its structure by X-ray diffrac-

tion (C. Lima, L. Wang and S. Shuman, submitted for publica-may have allowed for the loss of a Cetlp-like enzyme from the

tion). The structure reveals that the Cetlp segment frmﬁnetazoan genome, or else have permitied the divergence of

residues 241 to 259 is located on the protein surface and thgﬁ"Ch a protein to g point tTat It se(;yes a r']tiw funcCtlon Inllrl’?etg-
the Trp247 side chain in the WAQKW motif is solvent- Zoan species and is no longer discernible as Cetlp-like by

; - . ; ... available search programs.
(é)é%olspe)d (and thus in a position to interact directly with Our proteolytic footprinting experiments provide the first

Our finding that the Cet1(232-265) peptide binds tightly tOphysical evidence that yeast triphosphatase interacts with the

fungal guanylyltransferases and only weakly to the mamma(-:'termmal domain of yeast guanylyltransferase. The trypsin-

. : . . _sensitive sites of Ceglp that are shielded from proteolysis
lian and Chlorella virus guanylyltransferases has mterestmgwhen Ceglp is boundqtopCetlp (denoted by arrowhgads inyFig.

implications _for the evolution of the capping apparatus? are located between nucleotidyl transferase motifs V and VI.

Fungal, metazoan and DNA virus guanylyltransferases share i tof th 18 o Ibi
catalytic mechanism of covalent nucleotidyl transfer and the h alignment of thé sequences o ecerevisiaeC.albicans
have a common active site composed of six conserved motifﬁouse. ancChIo_reI_Ia virus _guanylyltra}nsfergses _underscores
(21,22). Thein vivoeffects of mutations within the nucleotidyl 1€ POINt that this intervening region is variable in length and
g_oorly conserved, except for motif MFig. 6). Segments

transferase motifs of yeast Ceglp are in accord with the mole esent in the two funaal quanviviiransferases. which are
ular contacts between GTP and guanylyltransferase revealed Ry ga guanyly O
absent from the mouse a@hlorella virus proteins, may well

the crystal structure of th€hlorella virus capping enzyme comprise the high-affinity Cetlp-binding surface of Ceglp.

(22,23). Thus, itis very likely that all cellular and DNA virus- veralcegl-tsalleles containing missense mutations located
encoded guanylyltransferases share the same overall structu A g1t Aning X :
etween motifs V and VI in the C-terminal domain can be

fold. Nonetheless, it is clear from sequence alignments that th
conserved components of the guanylyltransferase catalytic site!

gre_embelhsheq by intervening peptide segments that d'vergge{gdjust proximal to the tryptic cleavage sites (denoted by
in viruses, fungi and mammals. ; : X . . .
Fig. 6). Thus, biochemical and genetic experiments implicate

It i.s surprising that a metazoan guany!yltransfe(ase has aMe same segment of Ceglp in triphosphatase-binding. The
affinity for the guanylyltransferase-binding domain of yeast oqits presented here set the stage to define in molecular detail

RNA triphosphatase, because the metazoan guanylyltranﬁie triphosphatase—guanylyltransferase interface by crystal-

ferase and triphosphatase activities are linkedigwithin a - -
single polypeptide and the metazoan RNA triphosphatase %zlggdéeaﬁ guanylyltransferase bound to the Cet1(232-265)

structurally and mechanistically unrelated to the fungal RNA
triphosphatase. Metazoan RNA triphosphatase is instead
related to the superfamily of protein phosphatases that cat&CKNOWLEDGEMENTS

lyzes phosphoryl transfer through a cysteinyl-phosphate inter- . .
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