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Abstract

We have identified regions in pal) polymerases that interact with ATP. Conditions were established for efficient
cross-linking of recombinant bovine and yeast [#8ly polymerases to 8-azido-ATP. Mn strongly stimulated this
reaction due to a 50-fold lowes; for 8-azido-ATP in the presence of Mh. Mutations of the highly conserved Asp
residues 113, 115, and 167, critical for metal binding in the catalytic domain of bovinéA)gbiplymerase, led to a
strong reduction of cross-linking efficiency, and Knno longer stimulated the reaction. Sites of 8-azido-ATP cross-
linking were mapped in different pol) polymerases by CNBr-cleavage and analysis of tryptic peptides by mass
spectroscopy. The main cross-linkSthizosaccharomyces ponpimy(A) polymerase could be assigned to the peptide
DLELSDNNLLK (amino acids 167-1%7 Database searches with sequences surrounding the cross-link site detected
significant homologies to other nucleotidyltransferase families, suggesting a conservation of the nucleotide-binding fold
among these families of enzymes. Mutations in the region of the “helical turn nfatddmain binding the triphosphate
moiety of the nucleotideand in the suspected nucleotide-binding helix of bovine @®)ypolymerase impaired ATP
binding and catalysis. The results indicate that ATP is bound in part by the helical turn motif and in part by a region
that may be a structural analog to the fingers domain found in many polymerases.
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In eukaryotes, polfA) polymerasgPAP) is part of a larger com- human(Thuresson et al., 1994Xenopus laevi¢Ballantyne et al.,
plex of trans-acting factors that processes thee®ids of newly  1995; Gebauer & Richter, 1993®rosophila melanogastdF. Juge
transcribed messenger RNA precurdgre-mRNA; Wahle & Keller, & M. Simonelig, pers. ob$, and vaccinia virugGershon et al.,
1996; Colgan & Manley, 1997; Keller & Minvielle-Sebastia, 1997; 1991). PAP genes from two other yeasts were also cloned3dhézo-
Wahle & Riiegsegger, 1999Many of the 3-end processing fac- saccharomyces pombe plagéne(Ohnacker et al., 1996and the
tors identified in mammals have counterpartsSaccharomyces Candida albicans?AP homologuélshii et al., 1997. PAP homo-
cerevisiag Manley & Takagaki, 1996; Keller & Minvielle-Sebastia, logues fromCaenorhabditis elegari§&ardner, 199kand rice( Yama-
1997). moto & Sasaki, 199rare found in the sequence databases.
Poly(A) polymerases have been cloned frButerevisiagLing- Bacterial polyfA) polymeraseqCao & Sarkar, 1992 which
ner et al., 199), bovine(Raabe et al., 1991; Wahle et al., 1991 also contain a similar catalytic fold as the eukaryotic and vaccinia
PAPs(Martin & Keller, 1996, were found to be associated with

Reorint s to: Walter Keller. Denartment of Cell Biol Bi polysomes and are involved in mRNA decéngle & Kushner,
eprint requests to: VWalter Keller, Department ol Ce 10logy, blozen- . : QSEB
trum, University of Basel, Klingelbergstrasse 70, Basel, CH-4056 SWitzer-]'gng' Th? enzym_e lcca'tRNA nuclleotI(Eintransfer. 12‘ aclose
land; e-mail: walter.keller2@unibas.ch. relative of bacterial PAP, _|s involved in maturation o _tRNA, and
Abbreviations:ccaT, cca:tRNA nucleotidyltransferase; DTT, 1,4-dithio- there are no characteristic sequence features by which these two
threitol; EDTA, ethylenedinitrilo tetraacetic acid; HTM, helical turn motif; enzyme classes could be distinguisti¥de et al., 1995

KaI”Nt' ka”amg‘?i” ”“C"?O“dy'"f‘”Sferas‘T; PAP, Fﬁéjypo'lymerase? P|CR' Based on sequence homology and mutational analysis of bovine
polymerase chain reaction; P8] DNA polymerases; Pol I, DNA poly- . ’
merase |; pre-mRNA, messenger RNA precursors; PVDF, ponvinyIidenePAP (Holm & Sander, 1995; Martin & Keller, 1996 poly(A)

difluoride; TCA:; trichloroacetic acid; TdT, terminal deoxynucleotidyl trans- Polymerases were found to be members of a superfamily of nu-
ferase; TFA, trifluoracetic acid. cleotidyltransferases that are characterized by a sequence motif
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with the consensus [G/S](x)g_1PX[DE] (x stands for any nu-
cleotide. A helical loop structure is formed by the first four amino
acids of the sequence motif starting with the invarianGZs].
This helical turn motif HTM) or mononucleotide binding domain
(Sawaya et al., 1997vas found in the DNA polymerage (Pol 3)
and kanamycin nucleotidyltransferag&@nN¢t) structure; therefore,
all members of this nucleotidyltransferase superfarttigreafter
called HTMB superfamily to distinguish from other superfamilies
of nucleotidyltransferases or polymerase®re predicted to con-
tain this structuréHolm & Sander, 1995; Martin & Keller, 1996
Homologies that conform to the HT8-motif were also found in
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Another approach to study nucleotide binding—in particular,
when a structure is not available—is photoaffinity labelifgtter
& Haley, 1983. In a number of studies, the aryl-azide photo probes
azido-ATP(N3ATP), NsdATP, or N\dGTP were used with the- or
v-position of the triphosphate labeled witfP. Sites of interaction
with a photoprobe were investigated in the Klenow fragment of
DNA polymerase | andy-32P]-8-N;dATP (Rush & Konigsberg,
1990 and terminal deoxynucleotidyl transferase gnd®?P]-8-
NsdATP (Evans et al., 1989DNA polymerasgs and botH y-32P]-
8-NsATP and[y-32P]-5-NsdUTP(Srivastava et al., 199@nd HIV-1
reverse transcriptase afiohethyl*H]dTTP (Cheng et al., 1993

the bacterial PAPs and ccaTs as well as in the vaccinia PAP se- In this paper, we used the photolabile ATP analog 8-azido-ATP

quencegMartin & Keller, 1996. Further members of the HTM-

to confirm and extend previous result§lartin & Keller, 1996,

B-superfamily were detected by homology searches: terminalhich suggested the involvement of the aspartate residues 113,

deoxynucleotidyl transferag@dT), 2’-5’ oligo(A) synthetase and
the antibiotic resistance factor streptomycfraBlenylyltransferase
as well as protein nucleotidyltransferases like protgjnsfdylyl-
transferase and glutamine synthetase adenylyltransférade &
Sander, 1995 The HTM-8 superfamily of nucleotidyltransferases

115, and 167 of bovine PAP in the coordination of two catalytic
metal ions. We mapped the region of the cross-link in pa)y
polymerases after cleavage with cyanogen bromide and trypsin. By
homology search, we identified a group of proteins that are related
to the region of the cross-link in PAP. We also generated a number

was further subdivided into three subclasses, depending on thef point mutations in this region in PAP to identify residues that
type of sequence homology within the characteristic helical turninteract with the incoming ATP molecule. At the same time we

motif (Yue et al., 1998 Three new members of the superfamily
were found recently: a minimal nucleotidyltransferase, the T/BF4
proteins, and a family involved in signal transducti@dwavind &
Koonin, 1999.

So far, no crystal structure of any poky) polymerase has been
reported. On the other hand, DNA polymerg@sgom humans and
rats was crystallized and its structure sol(&hvies et al., 1994;
Pelletier et al., 1994; Sawaya et al., 1990he crystal structure of
kanamycin nucleotidyl transferase has also been sol@adkon
etal., 1993; Pedersen et al., 199nd the similarity of its catalytic

extended the mutagenesis to a region in PAP that is likely to
participate in binding the triphosphate moiety of the nucleotide.

Results
Specificity of 8-azido-ATP interaction with
a nucleotide binding domain of PAP

To investigate the suitability of MTP as a substrate for palf)
polymerase, we tested the incorporation of unlabelglTIR into

fold to Pol B was confirmed. This enzyme modifies kanamycin by the growing polyA) chain. The bulky azido group—N=N=N)

attaching an AMP molecule to thé-©H group of the antibiotic.

of the photo probe and, after photoactivation, the smaller but highly

The structure of most polymerases was found to have the shageactive nitrene group can be expected to interfere with binding by
of a half-open human hand, forming a cleft between the fingers andteric hindrance. In the experiment shown in Figure 1, one or two
the thumb, and structural subdomains were called palm, fingeranolecules of NATP were incorporatedlane 2. Higher amounts

and thumb domairiOllis et al., 1985%. Moreover, comparison of
the nucleotide binding pockets of DNA polymeras€ePbl I) and

of PAP did not lead to longer products but caused some degrada-
tion (lane 3. Ultraviolet (UV) irradiation was slightly stimulatory,

Pol B8 revealed conserved features in their active site geometry. lprobably by releasing two nitrogens from the azido grdape 4.
both enzymes, the triphosphate wraps around the metal at site Bhe addition of DTT had an even stronger effect possibly by

and at the same time the base pairs with the template SPol
(Sawaya et al., 1997and polymerases of the Pol | type from
Thermus aquaticugLi et al., 1998 and T7 DNA polymerase

(Doublié et al., 1998were crystallized as a ternary complex with

guenching most of the azido groufdane 5. With the same con-
centration of regular ATP, PAP elongated the g@ly chain by
about 60-70 residuggane §. When NJATP was mixed with an
equal amount of ATP, PAP was not noticeably inhibitéahe 7).

a DNA primer, a template strand, and a dideoxynucleoside triphosN-ATP is, therefore, a weak competitive inhibitor for PAP. Al-

phate. The main difference between Baind Pol I-type polymer-

though the nucleotide analog inhibits the reaction, it binds to

ases consists in the source of interaction with the phosphorythe enzyme reversibly. We have measured an inhibitor constant
oxygens. In Pol |, residues located on the N-terminal half of helixK; y,arp) 0f 2.6 MM in the presence of Mg and 0.05 mM with

O form hydrogen bonds with the-, 8-, andy-phosphoryl oxy-

gens. In PoB, this is achieved by residues in the helical turn motif.

Both the crystal structure of Pgland KanNt(Davies et al., 1994;
Pelletier et al., 1994; Pedersen et al., 198&ve shown that res-

Mn2* (results not shown

To show that NATP cross-linked to genuine ATP-binding re-
gions and not to nonspecific sites on the protein, competition
experiments were carried out with various nucleoside triphos-

idues in this motif are responsible for binding the triphosphatephates(Fig. 2A). A 100-fold excess of the ribonucleoside tri-
moiety of the incoming nucleotide. In T7 DNA polymerase, the phosphates ATP, CTP, GTP, and UTP and the deoxynucleoside
ribose of the nucleotide is positioned by two residues, Glu480 andriphosphates dATP, dCTP, dGTP, and dTTP were added to the
Tyr526 (Doublié et al., 1998 Tyr530, although less important, is reaction(lanes 2—9 Competition with all the nucleotides tested
another residue on the O-helix that helps to position the nucleotidevas between 80 and 90%. Competition with ATP and dATP was
In Pol B, residues Tyr271, Phe272, and Asn279 on helices M anahot significantly different from competition with the other nucle-

N interact with the ribose and the base of the nucleadtfiglletier  otides. Strong inhibition by ribo- and deoxyribonucleoside triphos-
et al., 1994, and the two helices of the fingers domain were found phates of the activity of purified pol) polymerases has previously

to participate in an induced fit mechanigi®awaya et al., 1997 been observedE. Wahle, pers. obs.; Hadidi & Sethi, 1976; Ed-
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Fig. 1. Specificity and efficiency of UV cross-linking 8-azido-ATP with —30

different poly(A) polymerases. Incorporation of;ATP by PAP into an

(A)15 primer was measured. The standard reaction contained, when indi 372218100 2 2 1 2 3 2 1 2 2 212 %

cated by at+, 0.02 mM N;ATP, 0.02 mM ATP, 10 mM DTT, and 1.7 pmol 12 3 4 56 7 8 9 1041 12 13 14 15 16

bovine PAP-513except in lane 3 where “d” denotes addition of 17 pmol

of PAP-513. The concentration of the priméA);s was 1uM. UV-CL Fig. 2. Specificity test and quantitation of UV cross-linking o§ATP with

stands for 1 min of UV cross-linking before PAP was added. One-quarteholy(A) polymerasesA: Competition of UV cross-linking was measured

of the reaction was separated on a 20% sequencing gel and exposed tqrareactions that contained in cross-link buffer in a total volume of

Phosphorimager screen. 10 L:10 pmol protein bPAP-513, 1.26M [y-32P]N3ATP and 125uM
competitor nucleotides ofA);s (lane 13. Reactions were separated on
10% SDS-PAGEB: Stimulation of UV cross-linking by Mg~ and Mr¢™.
Reactions contained in 1fL: cross-link buffer, bovine serum albumin
(lanes 1-4, designated BSA at the top of the parl3 N-terminal frag-

monds, 1982 Our results suggest that binding of the nucleosidement of bovine PARlanes 5-8, bPAP-5)3eLa 42 kDa PARlanes 9-12,

triphosphates takes place predominantly between the phosphdteladd, S. cerevisiadAP (lanes 13-165. cerevi, andS. pombePAP

moieties of the nucleotide and PAP. The contribution to binding by!/2nes 17-205. pombg Additions to reactions consisted of 10 mM EDTA

. ~7(E in lanes 2, 6, 10, 14, and 18 mM MgCl, (Mg in lanes 3, 7, 11,

the base before the transition state, at the stage when competitiqn ;g 19 and 0.5 mM MnC} (Mn in lanes 4, 8, 12, 16, and 20

of cross-linking was tested, is probably minor, and it is likely that C: Stimulation of UV cross-linking of catalytic aspartate mutants. Reac-

the selection of ATP during incorporation is accomplished by ations were performed as thoseBn PAP was added as the 82 kDa bovine

conformational change of the enzyme at the transition state. ~ PAP(/anes 1-4 D113A mutanilanes 5-8 D115A mutantlanes 9-12

. . and D167A mutantlanes 13-16 Reactions inB and C were separated
AMP and pyrophosphatéPR) were also included as competi- " 10y sps-pAGE gels. Gels were exposed to Phosphorimager screen

tors (lanes 10 and 1AMP competed weakly under these condi- and signals were quantified with IPLabGel softwd@ignal Analytics
tions, confirming an important role for the triphosphate moiety of Corporation.

the nucleotide for binding specificity. Pyrophosphate, on the other
hand, was somewhat more effective in competing for thaT®
molecule, probably by occupying the site for binding of the tri-
phosphate moiety of ATP.

In addition, the effect of an excess of the R ;5 was tested Recombinant pol§A) polymerases of calfS. cerevisiaeand S.
(Fig. 2A, right panel. (A);s inhibited photo-labeling less strongly pombewere tested for UV cross-linking with the photoprobsAINP
than the nonspecific nucleotides. We often observed a smear afnder reaction conditions that either included the metal chelator
label between the gel slot and the band representing the proteifeDTA or one of the divalent metals Mg or Mn?*. The 42 kDa
NLATP cross-link, which suggests that some of the prirf#ers HelLa PAP, an inactive form of po{A) polymerasgWabhle et al.,
was also cross-linked to PAP and slowed down migration of thel991), was included in the experiment because we anticipated this
protein in the gel. protein to contain a complete catalytic core but to lack the RNA

We concluded that UV cross-linking with JNTP is a valid  binding domain. This short form of PAP is inactive in an in vitro
means of assaying the ATP-binding domain of gélypolymerase.  assay(Martin & Keller, 1996.

UV cross-linking of yeast and bovine poly(A)
polymerases with pATP
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Addition of EDTA sometimes caused a slight reduction of the A B
cross-link(Fig. 2B), probably by removal of metal ions bound to
the catalytic center of the polymerageslative amounts of cross-
links are indicated below the autoradiograph&hen Mg™ was
included in the photolabeling reaction, a moderate stimulation of
the cross-linking efficiency was observed with most of the PAPSs, — 368
but only when compared to the reactions that contained EDTA. A
much stronger stimulation of cross-linking was seen wherfMn
was present. The reason for this phenomenon seems to be the much
lower K; for NsATP in the presence of Mit, as mentioned above.
Differences of the stimulation between the various PAPs were
reproducible and are characteristic for each enzy8npombdAP
showed the highest efficiency of cross-linking, which was up to 10
times higher than that obtained with the other PAPs. The 42 kDa
HelLa PAP could be cross-linked with approximately the same - 55 - 55
efficiency as the bovine 08. cerevisiad’APs, and it showed the
same response to addition of Kfn This confirms that an intact 123
ATP binding domain and likely the entire catalytic fold is present
in this short form of PAP. Strikingly, almost no cross-linking oc- f : : : } . |
curred with the 42 kDa HelLa PAP in the absence of divalent bPAP-513  IEE——-————t—i—

S.cerevisiae

bPAP-513
bPAP-513
¥ S.pombe

L193M
T177M

— 278 row - 278

v

oY

— 153 4 _ 153

cations or in the presence of EDTA. No signal was detected with | 193M SSES— LW

BSA as a control in cross-linking reactions. T177M - i
S. cerevisiae H—— N ——t

UV cross-linking of active site mutants witi, TP S. pombe ,_,.__& HH ;

We tested mutant bovine pdkx) polymerases with aspartate res- Fig. 3. CNBr mapping of polyA) polymerases cross-linked tosATP.

idues 113, 115, and 167 mutated to alanine. Mutations in thespoly(A) polymerasé20 ng) was cross-linked with BATP and treated with
residues severely affect catalysiartin & Keller, 1996. Aspar- CNBr. The fragments were separated on a 16.5% tricine gel and blotted
tates are found in analogous positions as in the fPahtalytic ~ t0 @ PVDF membrane that was then exposed to a Phosphorimager screen.
.. Separation of bovine PAP C-terminal deleti@pPAP-513 and two

center where structural analysis demonstrated that these resm"%ﬁtams with residues Leu193 and Thr177 mutated to methionines. Black

interact with metal iongPelletier et al., 1994 For these experi-  rowheads point to the major cross-lirks two fragments if about equally
ments, the aspartate mutants of the 82 kDa form of bovine(Agly labeled. B: Comparison of labeled CNBr fragments of bPAP-513 with
polymerase were used together with a 82 kDa wild-type controfragrpen?tshofs-, Cerevisic’?_falildsé‘ FfombeBlack ar:jo¥vh§r?ds FI')]Oirllt to frag-

P 7 7 ments with major cross-links. Gels were exposed to ospnorimager screen
(Fig. 2.C’ Igft panel The+mutantsthowe_d no stlmglatlon ojA\TP and signals wjere quantified with IPLangl softwagz. sz of CIE\JIBr
CI’(_)SS-|In|(Ir_19 when M§" or Mn . .Was 'n(_:ll‘IdEd in the reaction digests inA andB. Horizontal lines symbolize linear polypeptide chains of
(Fig. 2C, right panel In fact, addition of either of the two metals respective PAPs. Lengths indicate sizes of the proteins in amino acids
caused an inhibition of the weak cross-link. Interestingly, the presaccording to the scale at the top. Thicker horizontal bars indicate relative
ence of either MA" or Mg?" to the reaction resulted in a more re- intensity of the label in CNBr fragments as an average of several experi-
duced cross-link compared to reactions without any addition. ATBM€"s- Vertical short lines signify CNBr cleavage-sitewthionines
in solution together with Mfi™ or Mg?* is expected to form a Me& —

ATP complex(Sawaya et al., 1997 and apparently this complex
binds less well than BATP without metal ion in these mutants.

These results also confirm our assumption that amino acid Aspl6the difference in intensity to the minor bands was not always large
participates in the coordination of the two metals as found in theFig. 3). The fragment with the major cross-link usually contained
Pol B structure. If Asp167 is needed for metal coordination, itsbetween 40 and 60% of the label of all fragments. The major
mutation to alanine, which also abolishes catalysis, may also affeatross-link in bovine ands. cerevisiaePAP was found in CNBr
cross-linking of NATP. fragments of 28.5 and 18.1 kDa, respectively, which represent the
largest possible CNBr fragments in the respective (®)ypoly-
merasegFig. 3B). In S. pombePAP, the labeled fragment corre-
sponds to the 12.9 kDa fragment, which extends from amino acids
To map the location of the cross-link on the polypeptide chain,122 to 237. Fragments migrating slower on the gel represent prod-
recombinant polyA) polymerases from calf$. cerevisiaandS. ucts of partial cleavage. Weaker bands could not be assigned un-
pombe were treated after photolabeling with cyanogen bromideambiguously, and they could also be the products of partial digestion.
(CNBr; Nikodem & Fresco, 1997 an agent that cleaves proteins Initially, we were mainly interested in the site of theATP
at the carboxyl side of methionine residugsg. 3A,B). Peptide  cross-link in bovine PAP. Unfortunately, peptides from bovine PAP
fragments were separated on Tricine-SDS-PAGE @&dbagger &  could not be investigated by mass spectrum analgsie below
von Jagow, 198y and blotted to PVDF membranes. It has beenbecause this protein cross-linked less efficiently wiyARP than
shown that small molecular weight protein fragments are lost fromS. pombéAP. For this reason, another method was used to finemap
gels during fixation but blot well to membrané€Plough et al., bovine PAP, whereby mutants with artificial methionines were
1989. We found that with each PAP one fragment was reproducgenerated and fragmented with CNBr. In results obtained after
ibly labeled strongly compared to several weaker bands, althougbross-linking the two methionine mutants L193M and T177M,

CNBr mapping of PAPs cross-linked withk ATP
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CNBr was found to cleave the large fragment that spans fromA 0.05 100
residues 1 to 251 into two subfragmefEsg. 3A, lanes 2 and)3

The label was found at about equal intensity in the two fragments,
indicating that more than one cross-link must exist in this part of
the polypeptide. When the experiment was repeated with the mu-
tant L193M, 87% of the label shared by the two fragments was
found in the large fragment. The reason for these variations must
be small differences in the conditions during cross-linking.

Figure 3C shows a graphical summary of the results from the
CNBr mapping experiments. Labeling intensities are indicated by
the thickness of the lines symbolizing the protein fragments. They N
are an average of all experiments and do not only represent those 0 10 20 30 40 50 60
shown in Figure 3A. volume, ml
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In an attempt to identify peptides that carry cross-linked azido-
ATP, photo labeleds. pombePAP was digested with trypsin. Be-
cause UV cross-linking wits. pombéAP was more efficient than

with S. cerevisia®r bovine PAP, the experiments described below
were done with th&. pombenzyme exclusively. Incorporation of
label was between 10 and 20%, as measured after TCA precipita-
tion of a small aliquot after cross-linking. A large part of the
radioactivity (60—-95% was found in the flowthrough when the
digest was separated by reverse-phase chromatography. The nature
of the radioactive material in the flowthrough is not known, but it -
has been shown that peptides cross-linked with aryl azides were

unstable when fractionated by reversed-phase high-performance

liquid chromatography in a TFA containing buffer systéal-

vucci et al., 1992; Cheng et al., 1998Ve believe that at least part C 100 - 12182
of the released label represents free phosphate originating from the
cross-linked nucleotide because some of the radioactivity applied
to TLC plates comigrated with radioactive phosphédata not
shown). A labile glycosidic bond in the azide-nucleotide has also
been suspected to cause loss of ldkdleng et al., 1993 Due to

the high losses of radioactivity, the large amounts of peptides used
in these experiments required crude prefractionation on a 832.6 1795.6
RESOURCE-RPC reversed-phase colufiig. 4A). In the exper- 28 0eb | 1956 15804 1m174
iment shown, several peaks eluted, with major peaks at about 37 - s - rm.uf I s

and 70% solvent B, respectively. The reason for this is most likely mass/charge

an incomplete digestion of the protein, and when the digest was )
repeated, one major peak at 35 to 40% solvent B was obtainedi9- 4- Reversed-phase chromatography and mass spectral analysis of

. _ L pombePAP cross-linked to BATP. Results from the same experiment are
Fractions containing labeled materiadicated by a framewere depicted inA to C. A: Chromatogram of a prefractionation of 10 of

then applied to a VYDAC g column, where resolution was better, PAP peptides w a 1 mLRESOURCE-RPC column. The dotted line rep-
and interestingly, no additional loss of label occurf&ig. 4B). resents the concentration of solvent(@% CHCN in 0.1% TFA. The
When the fractions containing labeled mate(fedm 29 to 33 min lower curve is the profile of measured radioactivity in the fractions, and the

rofile in the center is UV absorbance. Fractions 26 tqiBdicated by a
were analyzed by mass spectrometry, a complex spectrum W#ame were pooled and rerun on a 2x1250 mm VYDAC columnB: Chr):J-

obtained, indicating a mixture of different peptid€sg. 4C). Close  matographic conditions were as A Fractions of 5QuL were collected.
inspection of the spectrum revealed a pair of signals with the mass: Mass spectrum of fraction 3®8) showing the };-ATP-modified pep-

to charge ratio of 898.7 and 1,795.6 Da. This pair of signals coriide as the doubly898.7 Da and singly(1,795.6 Da charged ion.
responds to a doubly and singly charged peptide with a mass of

1,794.61 Da. Comparison of the calculated masses of each of the

tryptic fragments of PAP with the measured mass of 1,795.6 Daite of modification within the peptide more precisely were not suc-
showed that the peptide DLELSDNNLLK fits exactly the observed cessful because the cross-linking product was too unstable.
mass shift caused by the attachment of the nitrene—ATP moiety. In

a second experiment, the same peptide—nitrene ATP adduct was id
tified as a series of signals corresponding to the tr{p§9.2 Da,
doubly (898.6 Da, and the singly(1,795.5 Da charged ion(not
shown). Essentially, all the remaining signals could be assigned tdwith the results from CNBr cleavage and mass spectra analysis,
tryptic peptides without attached nitrene—ATP. Attempts to locate thave suspected that the region around amino acid 200 in(pgly

absorbance,214 nm
o
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polymerases has a role in nucleotide binding. We then performe&8 kDa bovine PAP C-terminal deletion constr(idartin & Keller,
database searches with the PSI-BLAS8Altschul et al., 1997 1996. Ser180, Arg183, and Gly189 form hydrogen bonds gith
program at the NCBI servdmebsite:www.ncbi.nlm.nih.ggv In and y-phosphate oxygens of the incoming nucleotide in Bol

the first search, we used the bovine PAP protein sequence frortPelletier et al., 1994; Sawaya et al., 199¥utants of analogous
residues 94 to 245 as query, which includes both the nucleotidylresidues in bovine PAP were constructed, and the recombinant
transferase signaturd G/S](x)e.1dDX[D/E] and the suspected PAP proteins were expressed Escherichia coli Measurement of ki-
ATP-binding motif. Positives were included in further iterations netic parameters indicate that in several of the mutant proteins both
only if they contained significant homologies in the prospective Ky arp) and k.o are affected Table 1. The rate constari.y of
nucleotide binding region. We hypothesized this domain to extendnutants S102A, R104A, and L105A is strongly increased com-
some 60 to 80 amino acids downstream of the single Asp motifpared to wild-type PAP. A reason for this could be that because
The resulting positives were members of the family of topoiso-these residues were all replaced by alanine, an obstacle was re-
merase-related TRF8-type proteins involved in chromatin con- moved that could lead to either a more efficient ATP influx or a
densationCastano et al., 1996In the first iteration, the TRFE% faster release of RRfter formation of the phosphodiester bonds.
proteins were now found within the= 0.001 significance thresh- Furthermore, measurement of the inhibition of nonspecific PAP
old, and the highest score was reached by TRF&.oferevisiae  activity by pyrophosphatéTable 2 showed that mutations F100D
with an e-value of 4e-18. Significant hits in the second iterativeand S102A rendered the polymerase sensitive to pyrophosphate.
PSI-BLAST search were a large number of the members of thé\bout threefold less pyrophosphate was necessary to reduce the
family of the streptomycin '3adenylyltransferases. reaction to half compared to wild-type PAP. This is consistent with

For a second PSI-BLAST search, we employed the sequence dfie assumption of an interaction of Ser102 in the helical turn motif
amino acids 220 to 380 of tH&. cerevisiag@rotein TRF-5(Swiss-  with the phosphate moiety of the ATP molecule. Phel00 is very
Prot ID: trf5_ yeast The first iteration returned homologies with likely the analog of Tyr37 in KanNt, a residue that acts as a
several 2-5’ oligo(A) synthetases with a best e-value of 4.7. This supporting element for the ribo$Pedersen et al., 1985Addition
family of proteins then appeared well within the threshold in the of pyrophosphate to the F100D mutant could destabilize NTP bind-
second iteration with an e-value of 6e-09. In the third iteration,ing further, when the presence of Asp at position 100 is unfavor-
several members of the archaeal cca:tRNA nucleotidyl transferasexble compared to Phe for interactions with the nucleotide.
appeared above the threshold with an e-value of 6e-21 for the
highest scoring member. . - . Mutagenesis of residues in the suspected fingers

The multiple sequence alignment in Figure 5 illustrates conser- ” o

. . domain and kinetic constants of mutants
vation of sequence blocks between different groups of enzymes
and conserved residues are highlighted by different colored backA number of site-directed point mutants in the region between
groundg(see caption for detailsThe group of PoB is depicted for ~ amino acids 172 and 243 of the bovine PAP 58 kDa deletion
comparison, and very little homology is found between this seg-mutant(bPAP-513 were generated in vitro. The rationale for mu-
ment, which represents the fingers domain in Paind any other tating Phe220 and Lys228 was the conservation of these residues
protein. For the fingers and thumb domains, we are using thén Pol 8 and TdT(Fig. 5. Steady-state kinetics showed that mu-
nomenclature of Steit¢Steitz et al., 1994 One common feature tations F220R, F220S, and K228A caused an increas&iarp)
between PopB and the TRF45 proteins could be the presence of (Table 1. The increase was moderate, between four- and fivefold
two helices of about the same size. For comparison, we also inecompared to wild-type. In a multiple-site muta(lIDNF-216-
cluded the sequence of the fingers domain of several Pol | proteinSIANS), a 15-fold higheKyarp) was measured compared to wild-
at the lower part of the alignment. A significant homology was nottype. The conservative mutation F220Y caused no effeéhggrp),
detected by the PSI-BLAST database searches, but surprisinglguggesting a preference for an aromatic residue at this position. In
we found a conservation of some key Pol | residues between thaddition, the mutant K228A reducdg,; about threefold, implying
archaeal ccaTs and the Pol | sequences. The invariant His at pe-role for this amino acid in nucleotide recognition as well as in
sition 38 located in the T7 DNA polymerase structure in the regioncatalyzing the polymerization reaction. Amino acids Arg225 and
of helix N was found to bind to one of th@phosphoryl oxygens, Lys228 in PAP were mutated to alanines based on their homology
and the conserved Tyr-Gly motiposition 70'71) is important to  to residues shown to form contacts with the incoming nucleotide in
form a pocket for the incoming nucleotide on helix O in Pol | DNA polymerase | type enzyme&Kiefer et al., 1997; Doublié
polymerasegDoublié et al., 1998 et al., 1998; Li et al., 1998 The mutations W230A, Y237A, and

Results of a structure prediction at the PHD server at the EMBLF243A were made because at the the C-terminal end of helix O
(Rost & Sander, 1993support the hypothesis of a structural ho- in DNA polymerases |, aromatic residues were found to play an
mology between these classes of proteins. The prediction prograimportant role in discriminating between-®@H and 3-deoxy-
calculated a strong tendency for helical structures in the regiomucleotides and to form a snug fit with the ribose and base of the
corresponding to helices N and O of Pol | in each separate familyncoming nucleotidgJoyce & Steitz, 1994; Tabor & Richardson,
of transferasegFig. 5, >phd line below groups This strongly =~ 1995; Astatke et al., 1998All three mutations in PAP caused a
argues in favor of a conservation of these two helices between thiaree to five times highefyarp) compared to wild-type, suggest-
different protein families. ing involvement in nucleotide binding.

A test of the inhibitory effect of pyrophosphate on PAP activity
in these mutants showed very little or no difference compared to
wild-type (Table 2. This supports the idea of a separate function
of amino acids in the two domains investigated. The helical turn
To test interactions of residues in the helical turn motif, point motif is thought to bind to the phosphoryl oxygens and the fingers
mutations were generated between residues 100 and 105 in tld®main to contact the nucleotide base.

Activity and steady-state kinetics of mutants
in the helical turn motif
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nucleofide -binding helix
>position 30 60 70
| I |
a o swidpob_rat YBTE.......SDIENKN AHALEKGFTIN
— sw:Ya26_schpo GMSE.......6I FHLRDERLEANSHLGLS Y
o sw0174_asfoT H TG . . .. .PVSELIR AL KKEKNYKLN
a. swidpod_yeast D C TG...... . .SKEMNRW IBAAQEKGFELT
>phd Polb EEEEEE EEEEEEEEE HHHHHHHHHHH EE
>str dpob_rat HHHHHHHHH }EHHHHHHHHHH HHHHHHHHHHHHH EE
>bonds dpob_rat a m b b
b+ swtdt_human 430 ERRERMESSISE P . 0 . . . . . L L L L L L L L L L L. YE R A F A G REEATHE
© switdt_xenla @ MEREDIENCETP . . . . . . L L Lol L Lo YP YA IE ATHE
 switdt_mouse 431 [ERENMERERGMEE P . . . . . . . . L L L L Lo L AS A ATHE
>phdTdT HHHHHHHH HHHHHHHHHH
c o embbCZE207 1 . ... ... Lo o e .
< sw:pap_yeast .9 .SLTLSDKNLLRER
o trembk(10295 M-8
« gheACO03445 .9 .DFDLRDDNLLR
= trembkQO3995 .9 _DLNILDDSLLEK
o sw:papl_xenla .9 .DLDLRDDSLLE
sw:pap_bovin .9 .DLDOLRDDSLLEK C L A L
>mut pap_bovin [ n c c ¥ fnk
>phd eukPAP HHHHHHH HHHHHHHHHHHHHHHHHH
d = swis3ad_ecoli
@ swrs3ad_agrtu
+ tremblQO286S
« swis3ad_entfa
w swis3ad_staau
>phd Strep
e = swiyell_schpo
« gACDO3680
+ dbj:DB3776
emb:ZT9759
swetrfS_yeast }
>phd Trf EEEEEEHHHH HHHHHHHHHHHHHHHHH
f w swi2541_human LPQIYVKLIEE H
< sw:2S5A1_mouse LPRIYALILIL H
o sw:2SAT_rat LPEILYTILI E H
w swi25A6_human LPEVYAGLIE H C
™ swi25A6_human LPWIYRELK E L H C
>phd 250485 HHHHHHHH EEEHHHHHHH HHHHHHHHHHHHHHHHHHH
g = swicca_sulsh 104 MECEMEDSEN PERSE R W . . . . . . . ES G Hi GEl G ()
w oswicca_metja 121 BEEREDEENE PRERE K | . . . . . . . DF G H R SI G GS
v swicca_arcfu  10GRECEMEDINENE PRERE & L . . . . . . . K E P H GR AMNG G A
1 swicca_metth  NMSEMEREDEEME PRESE R | . . . . . . . oD H STGTREG S
= trembl:074081 siEEVMDIEM P BN N . . . . . KN H LI~ . - G 6S
>phd a-cca HHHHHHHHHH HHHHHHHHHHHH E
h — ‘sw:dpol_bpt7? G ELRCLAHFMAR . . Hi NQI ABE .LP. .. ....
— swidpol_bacst A ELRVLAHI AE . . L H T M HVS
o swidpol_ecoli S ELRIMAHLSR . . HER A Tl A GLP
o swidpol_theaq A ELRVLAHLSG . .DE £ H T s GVP
>str dpol_bpt7 EEEEEEHHHHHHHHHHHHH HHHHHHH HHHHHHHH HHHHHH
>phd Pol | EE HHHHHHHHH HHHHHHHHHHHHHHH HHHHHHH HHHHHHHHH
>bonds dpol_bpt7 m r p p ] r
Fig. 5. Multiple sequence alignment of proteins with a homology to PAP. At the top, “single Asp strand” and “nucleotide-binding
helix” on yellow background indicate secondary structure elements i Rold Pol | that we predict to be present in all the protein
families in the alignment. To the left, fields with sequence IDs or accession numbers are colored according to(ligatfioste) or
second light yellow) PSI-BLAST search and the overlégreen, see textFields with sequence names not detected by the PSI-BLAST
are colored light gray. Groups of protein families are: a, DNA polymegageol b, vertical line to the lejt b, terminal deoxynucleo-
tidyl transferasé TdT); c, eukaryotic polyA) polymeraseseukPAB; d, streptomycin adenylyltransferasé&trep; e, topoisomerase-
related proteingTrf); f, 2’-5' oligo(A) synthetas€2'5'0AS); g, archaeal cca:tRNA nucleotidyltransferasasccg; h, Pol | DNA
polymerasegPoll). Also on the left, each protein sequence segment is designated by either the Swiss-Prot datdbage thz
Trembl databasgéranslated EMBL nucleotide sequence datapaseession numbétrembl;), the EMBL nucleotide sequence database
accession numbéembl) or the genbank database accession nurfdi®). The features in the rows below the groups arphd, struc-
ture prediction(phd-server, EMBL with the respective sequence group; E in rows signify prediction for extended str(igtsteand
and H fora-helix; >bonds, signifies residues found in hydrogen bonding distance to ribpg&aseb), template(t), metal(m), phos-
phate(p), or involved in induced fit mechanisfa); >mut pap_bovin, mutations in bovine PAfee Table Jlused to measure kinetics
parameters and letters in this row indicate: n, not affedtgld;, affected; ck., affected; f, botiKy, andkg4 affected and yk., affected
if mutated to Tyr. In the sequence rows, amino acids single letter code is on colored background only if conserved 60% or more between
neighboring groups, except for Pro and Gly, which are also colored if in adjacent columns to depict parsing. Residues are considered
similar if they belong to the group of poléR, K, D, E, N, Q, S, T, H, ¥, hydrophobidl, F, L, M, C, V, A, W, Y), or aromatic amino
acids(F, Y, W). Red background is used for basic residues, orange for acidic residues, green for other hydrophilic residues, cyan for
aromatic, pink for His, and blue for hydrophobic amino acids. Yellow background was used with prolines and ochre with glycines. The
row of framed fields in the trembl:Q10295 line signifies the tryptic fragment identified to contain a cross-lipk€E M S. pomb&AP.
Discussion probe to identify protein structures in péfy) polymerases located

adjacent to the base of the incoming nucleotide. Addition oftin

The primary aim of this study was to localize the sites in PAPstrongly stimulated cross-linking betwees®P and polyA) poly-
involved in binding the ATP substrate. We used 8-azido-ATP as anerases, whereas Mg had a relatively small stimulatory effect.
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Table 1. Steady-state kinetics of bovine poly(A)
polymerase mutants
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Table 2. Inhibition of wild-type and mutant PAPs
by pyrophosphate

Kwmatp) Keat ICs0® NM/fmol
Mutation reét (mM) +b (s + Mutation enzyme +
Wild-type Wild-type
bPAP-82kDa 2 0.26 0.03 0.19 0.05 bPAP-513 0.82 0.12
bPAP-513 9 0.24 0.14 0.28 0.14 . .
Helical turn motif
Helical turn motif F100D 0.25 0.03
F100D 2 0.51 0.08 0.0043 0.0011 S102A 0.32 0.03
S102A 2 0.33 0.03 0.37 0.27 Y103G 0.58 0.03
Y103G 2 0.72 0.02 0.73 0.05 R104A 0.44 0.01
R104A 2 0.45 0.05 2.66 0.14 L105A 0.43 0.04
L105A 2 1.04 0.66 1.01 0.10 . ) .
Prospective fingers domain
Prospective fingers domain F220R 0.69 0.11
R172G 3 0.30 0.09 0.71 0.32 F220S 0.50 0.01
T177M 2 0.27 0.09 0.46 0.11 R225A 0.61 0.09
K191A 2 0.30 0.01 0.81 0.01 R228A 0.47 0.01
L193M 2 0.33 0.02 1.09 0.12 W230A 0.72 0.02
G203H 2 0.29 0.04 0.0007 0.0004 Y237A 0.50 0.02
D208A 2 0.42 0.11 0.31 0.06
Ezszlﬁ ; 8;3 (())](_)g gég gi;' 8Cso = concentration at 50% inhibition.
H212A 2 0.17 0.03 0.53 0.03
{_/221132 é %g %‘21 %;17 %2:; mgieties. The conditions for cross-linking were such thgt a tran-
N216A 5 0.26 0.03 039 0.07 sition state could not be reached because no RNA primer was
1217T 2 0.25 002 035 0.05 present. Further tests will be needed to confirm a possible confor-
D218A 2 0.31 0.03 041 0.06 mational change that may include an induced fit mechanism to
N219A 2 0.30 0.04 0.39 0.02 increase fidelity in the ATP binding region as the selective event.
F220R 4 1.04 030 0.36 0.20 Such a mechanism has been proposed for fPdlom ternary
F220S 3 1.28 0.71  0.42 0.35 structure datdSawaya et al., 1997and for T7 DNA polymerase,
NIDNF216SIANS 2 361 19 015 0.05 a ternary structure revealed a conformational change in the fingers
F220Y 2 031 005 062 0.23  domain after positioning of the substraté@oublié et al., 1998
R221A 2 0.37 003 042 0.23 Cross-linking of catalytic aspartate mutants &ARP confirmed
R225A 5 0.22 0.03 0.19 0.06 . . . h R
the involvement of these residues in metal bindifdg. 20). If
R225Y 3 042 012 084 028 o oy : : : ;
R225N 3 0.15 0.03 011 0.02 Mg<* or Mn=" was |ng|uded in these reactions, the cross-link was
K228A 3 1.01 062 009 0.06 even weaker than with the control. All three aspartate mutants
L229R 2 0.46 024 026 0.18 cross-linked very weakly with MATP (approximately 2% com-
W230A 3 1.31 0.48 0.12 0.07 pared to wild-type PAR This is consistent with earlier experi-
Y237A 3 0.88 0.27 0.16 0.08 ments(Martin & Keller, 1996, which demonstrated that mutation
F243A 2 0.77 003 0.21 0.11 of these aspartate residues to alanine abolished enzyme activity.

are indicates number of determinations.
b+ indicates range.

This indicates that all three aspartates participate in coordination
of the two metals. In the P@ structure(Pelletier et al., 1994 the
three catalytic aspartatésesidues 190, 192, and 26@%ere also
found to be involved in the coordination of two metal ions. In
contrast, two carboxylic acid residues are thought to be sufficient
to coordinate the two metals in Pol | polymeragBsautigam &

Many examples are known of enzymes requiring divalent metalsSteitz, 1998, although mutation of the third carboxylatE883A)
including polymerases, which are more active in vitro if ¥Mnis
substituted for M§™. The same is true for polA) polymerases,

where a lower appareid,, for the RNA substrate is a reason for

the higher activity in the presence of ¥in(Wahle, 1991 When
we measured thi§; for NsATP in the presence of Mg and Mre™,
we found a 50-fold difference in favor of M, indicating that

N3ATP binds much better to PAP in the presence of this metal.

Tests for the binding specificity of thelNTP photoprobe con-
firmed a cross-link to a true nucleotide-binding domain. Compe-aspartate in th8ulfolobus shibataeca-adding enzyme correspond-
tition with various ribo- or deoxyribonucleoside triphosphates wasing to Asp167 in bovine PAP strongly reduced ATP-adding activity
in general weaker, but not significantly different from competition but did not affect CTP adding activityvue et al., 1998
with ATP. This indicates that binding of the nucleotides during the Our first attempt to map the location of the cross-linkeghNP
early steps of binding occurs predominantly via the phosphaten the polypeptide was done by CNBr cleavage of the cross-linked

in Klenow polymerase had some effect on catalyBislesky et al.,
1990. Asp256 in PolB is needed at one apex of the octahedral
coordination shell of metal B, whereas in Pol I-type polymerases
the third carboxylic residue was not found to bind the metal ion in
site B in the crystal structuré®oublié & Ellenberger, 1998 Our
results, therefore, suggest that PAP contains the same metal coor-
dination geometry as P@ (Fig. 6). Cca:tRNA nucleotidyltrans-
ferases could be different in this respect because mutation of an
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Fig. 6. Comparison of the catalytic core structures of T7 DNA PolymerasepBRuld a tentative model for the active site of PAP.

A: T7 DNA polymerase catalytic core. R indicates ribose, B base, and T template. N4gtaésesare designated A and B: Pol 8

catalytic coreC: Model for the active site of poljA) polymerases. The arrow in the lower part indicates the region of the assumed
cross-link between azido-ATP and the protein. This model is tentative and is not based on sequence modeling. A denotes adenine bases.

proteins with subsequent analysis by SDS-PAGE. As depicted ofamilies of enzymes use two different protein architectures to form
the cleavage mapFig. 3C), the region around amino acid 190 the same active site geometry for the acidic residues that coordi-
(with respect to bovine PARs in almost all cases included in the nate the metals. Therefore, according to this structural analogy,
fragments with the highest amount of label. These results stronglyAsp705 inE. coli Pol I aligns with Asp190 in PgB (Fig. 6A,B).
support the idea of aATP cross-link at about the same site inthe  The direct molecular link between thgstrand containing the
bovine PAP as in PAP oS8. pombedespite the fact that some single catalytic Asp in Pol | type polymeras@sp475 in T7 DNA
variation in the intensity of labeling between newly created sub-polymerasgand the fingers domaithelices L, M, N, and Qhas
fragments were observed in mutants with methionines introducethe function of a hinge for the movement of the fingers domain
in the protein. This is consistent with the idea that this region isduring catalysis(Doublié et al., 1998; reviewed in Doublié &
near the base of the incoming nucleotide and therefore sensitive tBllenberger, 1998 In addition, the hinge between thgstrand
mutagenesis. containing catalytic Asp256 and the fingers domain in Palas
Mass spectrometry of tryptic peptides®f pombeéPAP allowed  found to take part in an induced fit mechanig®awaya et al.,
the fine mapping of the site of azido-ATP cross-linking. The pep-1997. The size of the hinge region in the different protein families
tide containing the cross-linked;NTP spans from amino acid 167 is found to be variable according to individual needs.
to amino acid 177. These results, together with those from the Although the overall homology between the different groups of
CNBr mapping, strongly suggest this region to be near a nucleotideproteins in the alignment is moderate, there are some surprising
binding structure. local similarities. Besides the invariant single catalytic Asp at po-
In the multiple sequence alignme(fig. 5), stepwise sequence sition 4 in Figure 5, there are other conserved features in the region
relationships between various types of nucleotidyltransferases a@ the nucleotide binding helix. Most striking is the periodic ar-
depicted. Iterative PSI-BLAST database searches revealed fouangement of the basic Arg afar Lys residues, which could be
protein families with significant homology to the region of the expected to be grouped in line on one side ofaahelix. The
suspected PAP nucleotide binding motif. These enzyme familiesonserved Phe220 in the eukaryotic @y polymerases could
included streptomycin "3adenylyltransferases, the TR/54pro- interact with the base or the ribose of the incoming nucleotide. Its
teins, the 25’ oligo(A) synthetases, and the archaeal cca:tRNAmutation to alanine causes an increaséfxrp). Strikingly, Phe220
transferases. The bacterial PAP and ccaT group was found outside conserved in TdT, an enzyme involved in elongation of a primer
the significance threshold. We also included in the alignment then a template-independent fashion, very much like palypoly-
sequence of the fingers domain of several Pol | proteins, whichmerases. It is also possible that residues Phe220, Leu224, and
showed a surprising similarity between helix N and O and thelLys228 of PAP are making contacts with the adenine or the ribose
region downstream of the single Asp motif in the archaeal ccaTsmoiety of the incoming nucleotide. These residues would be lo-
The degree of homology and the result of the structure predictiortated on the same face of arhelix.
indicates that these two helices are conserved in all nucleotidyl- The sequence conservation in the alignment between the PAPs
transferase families of the alignment. The motif with the singleand the 2-5' oligo(A) synthetase family is also remarkable. Both
catalytic aspartate in the Pol | group was aligned with the correenzymes polymerize ATP, although they form different types of
sponding motif of Pol3 containing the catalytic Asp256. These phosphodiester bonds. Considering the high degree of sequence
two motifs have been thought to be homolog@Bslarue et al., conservation, residues in the region of the predicted nucleotide
1990. However, superimposition of the primer8nds, the metals  binding helix could indeed be responsible for discriminating against
and the nucleotides of ternary structures of Pol | and@stowed  bases other than adenine. Moreover, the invariant Trp at posi-
that theB-strands of the palm domain in the two enzymes aretion 66 could assist to form a pocket for the nucleotide base in
located almost 90to one another, whereas the acidic residuesanalogy to a tyrosine at the C-terminal end of helix O of many
superimposéSteitz et al., 1994 This demonstrated that the two Pol | polymerase$Joyce & Steitz, 1994; Astatke et al., 1998
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As a final test for the postulated nucleotide binding domains inin PAP it has evolved to specifically select for adenine as the base
poly(A) polymerases, we analyzed point mutants in the region ofof the incoming nucleoside triphosphate.
the predicted helical turn motifesidues 100 to 105and fingers
domain (amino acids 190 to 2500f bovine PAP and measured
their steady-state kinetics parameters. Many mutations had no epaterials and methods
fect on ATP binding or the catalytic rate of the mutant proteins
(Table 1. Hot spots of mutagenic defects were found around amindExpression and purification of proteins in E. coli
acid Arg104. Replacement of this large charged side chain resultelt::i
in a much higher rate of incorporation of ATP, possibly as a con-
sequence of a missing interaction with ATP that may indirectly
constrain catalysis. Another explanation for the highmeasured
with mutant R104A is suggested by the Fbtructure(Sawaya
et al., 1997 where the tip of the fingers is in close contact with
Argl182 (the analog of Arg104 in PAR This contact helps to
position the fingers domain, which upon closure is moving the
helical turn structure toward the phosphoryl oxygens of the dNTPSyy/ ¢cross-linking of PAP with 8-azido-ATP
If the function of Arg 104 was the same in PAP the mutation ) o ]
R104A could lead to a relaxation of either the selective mechanisnfrOf the experiment shown in Figure 1A, the primé,s (Xer-
for the incoming ATP or it could influence the conformational 290N, Zurich, Switzerlandwas 3-end-labeled with{y-*2P]ATP
change within the fingers domain. (3000 Ci/mmol, Amersham, Dubendorf, Switzerlandnd poly-
Some of the mutants that affected ATP-dependent kinetic panucleotide kinas¢Sambrook et al., 1989Reactions for standard
rameters in bovine PAP are located in the “nucleotide-bindingdnalytical UV cross-linking reactions were done in 0.5 mL thin-
helix” region (Fig. 5). The effect of the point mutations on the Wall PCR tubes(Appligene, Gaithersburg, Marylandgnd con-
apparenKyarp) Was moderatéfour- to fivefold); only a multiple tained in :'LO,uL: 2.5 uL 4% cross-link buffer(20% glycerol,
mutation(NIDNF216 SIANS increased thérp) 15-fold. Sim- 40 mM Tris-Cl, pH 8.3, 160 mM KQ| 100-200 ng of PAP,
ilar small increases or even decreasek e were also found ~ 0-5 MM MnCh, or 4 mM MgCh, 0.25..Ci of [ y-**P] 8-azido-ATP
in DNA polymerase | when mutants known to interact with nucle- (15 to 20 Cymmol, ICN Pharmaceuticals, Eschwege, Germany
otides were tested for their kinetic parametéPolesky et al., The reaction was kept on ice for about 2 min, the closed tubes were

1990: Astatke et al., 1995; Kaushik et al., 199Because several placed directly on a UV illuminatotVilber Lourmat, Marne la
amino acids in the nucleotide binding fold are involved in con- Vallée, Francgwith a 302 nm filter and irradiated for 60 s at 180 W.
tacting the incoming nucleotide, the contribution of binding energy The tubes were put back on ice for 5 min, and the reaction was
for each amino acid is only part of the total contacts. quenched by the addition of an equal volume of SDS-gel loading

To identify residues that interact with the oxygens of the tri- Puffer (1x: 3% SDS, 1 Mg-mercaptoethanol, trace of bromophe-
phosphate, we tested inhibition of the activity of PAP mutants withnolblug). Reactions were heated to 90 for 5 min and separated
pyrophosphate. Mutants S102A and F100D were more sensitive 8" 10% SDS-polyacrylamide gels. Ribo- and deoxynucleoside tri-
pyrophosphate addition when compared to the wild-type. At anPhosphates used for eompetition experiments were purchased as
analogous position in the Pl (Ser180 and the KanNt structure 100 mM stocks(Boehringer-Mannheim, Mannheim, Germany
(Ser39, serines were found to interact with phosphoryl oxygens ofLarger scale reactions for CNBr cleavage and preparative tryptic
the 8 and y phosphategPedersen et al., 1995; Sawaya et al., digests were UV cross-linked in aliquots of 4 in thin-wall
1997). Thus, the invariant Ser102 in all PAPs is the homolog of thetubes as above. Ten to 2@ of PAP was mixed at a concentration
serines found in P8 and KanNt. Arg104 in PAP is a candidate for ©f 0-5-1.0ug/uL in cross-link buffer together with 0.5 mM Mngil
interaction with one of the phosphoryl oxygens similar to Arg1831 #Ci/10 ug of PAP [y-*?P]8-azido-ATP and 0.1 mM of un-
of Pol 8, although the positions of these residues are adjacenfabeled 8-azido-ATRSigma, St. Louis, Missouriwas included in
Phe100 of PAP is found at an analogous position as Tyr37 in théhe reaction.
KanNt structure(Pedersen et al., 1985There, Tyr37 is located
near the ribose of the nucleotide, where it holds the ribose in placepre fi d-oh h h
These results further support a role of the helical turn motif in parafive reversed-phase ¢ romatography

. - and mass spectral analysis
triphosphate binding.

Taken together, our results suggest that pdlypolymerases After UV cross-linking, proteins were reduced and carboxymeth-
contain a catalytic center that strongly resembles that of Aol ylated. For this, 0.6 yv of urea was added to the reaction. After
(Fig. 6B,0). We assume that the active site also contaifssheet  addition of Tris-Cl, pH 8.0 to 0.1 M, EDTA to 10 mM, and DTT
structure with three aspartates that coordinate two metal ions. Ito 10 mM, the reaction was heated to°87for 1 h. lodacetamide
addition, the helical turn motif as part of the nucleotidyltransferase(Fluka, Buchs, Switzerlandvas added to 20 mM, and the reaction
superfamily signature “G5/S](x)g_1PXx[D/E]" is presentin PAPs  was incubated further for 15 min in the dark. For desalting and
(Martin & Keller, 1996. Its main function is to bind the triphos- removal of free label, the protein was loaded on a 10 /@0 cm
phate group of the incoming nucleotide via hydrogen bondsSephadex G-50 column, equilibrated in 0.1 mM Nbicarbonate,
(Fig. 6B,0). Our finding of a NATP cross-link in a region of PAP  and eluted with the same buffer. PO%) polymerase was found to
that is conserved in other nucleotidyltransferase families suggestse resistant to cleavage by trypsin. The protein was therefore pre-
a role of this region in nucleotide base recognition. It can becleaved with endoproteinase Ly$&chromobacteprotease I, from
anticipated that this region represents the analog to the fingers aWACO) in the presencefd® M urea. For this, fractions containing
nucleotide binding structure found in many polymerases, and thathe labeled protein from the Sephadex column were pooled and

xpression of polyA) polymerases was done as describeartin

& Keller, 1996). Proteins expressed 8. coli were first affinity
purified on Ni-NTA agarose matrixQiagen, Hilden, Germany
Fractions containing the protein were further purified on Hitrap
heparin and subsequently on Hitrap Q coluniRBarmacia, Upp-
sala, Sweden
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dried down to about 2%L. Three volumes ©8 M urea in 0.1 M filters as in the kinetics assays.d§JXconcentration of PRat 50%
NH4-bicarbonate were added, and the mixture was heated¥0 37 inhibition) was calculated with Microsoft excel.

for 10 min. After addition of 2ug of protease Lys C, the reactions

were incubated fo2 h at 37°C. The resulting digest was sub-

sequently recleaved with trypsiPromega, Madison, Wisconsin  acknowledgments

after lowering the urea concentratiom 2 M or below. For this,

200 uL of NH 4-bicarbonate and 2-&g of trypsin was added, and We thank Thierry Mini for excellent technical assistance in mass spec-
the digestion was continued overnight at°87 The digested ma- trometry and Diana Blank for help with the artwork. We thank Lionel

: . Minvielle-Sebastia and Martin Ohnacker for reading the manuscript, and
terial was directly loadedroa 1 mLRESOURCE-RPC column we are indebted to Sylvie Doublié and Elmar Wahle for helpful discus-

(Pharmaciafor pre-fractionation and eluted with a gradient from sjons. This work was supported by the Kantons of Basel, the Swiss Na-
0 to 80% solvent B[80% CNCH; in 0.1% trifluoroacetic acid tional Science Foundation and the European Union via the Bundesamt fiir
(TFA)] vs. solvent A(0.1% TFA). One milliliter fractions were Bildung_u_nd WissenschafBBW), Bern, and the Louis Jeantet Foundation
collected and fractions containing labeled material were deter " Medicine.
mined by Cerenkov counting. Fractions of interest were pooled,
dried in a Speed-Vac evaporator, resuspended in 5%0CHN
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