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Abstract

We have identified regions in poly~A! polymerases that interact with ATP. Conditions were established for efficient
cross-linking of recombinant bovine and yeast poly~A! polymerases to 8-azido-ATP. Mn21 strongly stimulated this
reaction due to a 50-fold lowerKi for 8-azido-ATP in the presence of Mn21. Mutations of the highly conserved Asp
residues 113, 115, and 167, critical for metal binding in the catalytic domain of bovine poly~A! polymerase, led to a
strong reduction of cross-linking efficiency, and Mn21 no longer stimulated the reaction. Sites of 8-azido-ATP cross-
linking were mapped in different poly~A! polymerases by CNBr-cleavage and analysis of tryptic peptides by mass
spectroscopy. The main cross-link inSchizosaccharomyces pombepoly~A! polymerase could be assigned to the peptide
DLELSDNNLLK ~amino acids 167–177!. 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 motif”~a domain binding the triphosphate
moiety of the nucleotide! and in the suspected nucleotide-binding helix of bovine poly~A! polymerase 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, poly~A! polymerase~PAP! is part of a larger com-
plex of trans-acting factors that processes the 39-ends of newly
transcribed messenger RNAprecursors~pre-mRNA; Wahle & Keller,
1996; Colgan & Manley, 1997; Keller & Minvielle-Sebastia, 1997;
Wahle & Rüegsegger, 1999!. Many of the 39-end processing fac-
tors identified in mammals have counterparts inSaccharomyces
cerevisiae~Manley & Takagaki, 1996; Keller & Minvielle-Sebastia,
1997!.

Poly~A! polymerases have been cloned fromS. cerevisiae~Ling-
ner et al., 1991!, bovine~Raabe et al., 1991; Wahle et al., 1991!,

human~Thuresson et al., 1994!, Xenopus laevis~Ballantyne et al.,
1995; Gebauer & Richter, 1995!, Drosophila melanogaster~F. Juge
& M. Simonelig, pers. obs.!, and vaccinia virus~Gershon et al.,
1991!. PAP genes from two other yeasts were also cloned: theSchizo-
saccharomyces pombe pla1gene~Ohnacker et al., 1996!, and the
Candida albicansPAP homologue~Ishii et al., 1997!. PAP homo-
logues fromCaenorhabditis elegans~Gardner, 1995! and rice~Yama-
moto & Sasaki, 1997! are found in the sequence databases.

Bacterial poly~A! polymerases~Cao & Sarkar, 1992!, which
also contain a similar catalytic fold as the eukaryotic and vaccinia
PAPs~Martin & Keller, 1996!, were found to be associated with
polysomes and are involved in mRNA decay~Ingle & Kushner,
1996!. The enzyme cca:tRNA nucleotidyltransferase~ccaT!, a close
relative of bacterial PAP, is involved in maturation of tRNA, and
there are no characteristic sequence features by which these two
enzyme classes could be distinguished~Yue et al., 1996!.

Based on sequence homology and mutational analysis of bovine
PAP ~Holm & Sander, 1995; Martin & Keller, 1996!, poly~A!
polymerases were found to be members of a superfamily of nu-
cleotidyltransferases that are characterized by a sequence motif
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with the consensus G@G0S#~x!9–13Dx@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 invariant G@G0S#.
This helical turn motif~HTM ! or mononucleotide binding domain
~Sawaya et al., 1997! was found in the DNA polymeraseb ~Pol b!
and kanamycin nucleotidyltransferase~KanNt! structure; therefore,
all members of this nucleotidyltransferase superfamily~hereafter
called HTM-b superfamily to distinguish from other superfamilies
of nucleotidyltransferases or polymerases! were predicted to con-
tain this structure~Holm & Sander, 1995; Martin & Keller, 1996!.
Homologies that conform to the HTM-b motif were also found in
the bacterial PAPs and ccaTs as well as in the vaccinia PAP se-
quences~Martin & Keller, 1996!. Further members of the HTM-
b-superfamily were detected by homology searches: terminal
deoxynucleotidyl transferase~TdT!, 29-59 oligo~A! synthetase and
the antibiotic resistance factor streptomycin 30-adenylyltransferase
as well as protein nucleotidyltransferases like protein-PII uridylyl-
transferase and glutamine synthetase adenylyltransferase~Holm &
Sander, 1995!. The HTM-b superfamily of nucleotidyltransferases
was further subdivided into three subclasses, depending on the
type of sequence homology within the characteristic helical turn
motif ~Yue et al., 1996!. Three new members of the superfamily
were found recently: a minimal nucleotidyltransferase, the TRF405
proteins, and a family involved in signal transduction~Aravind &
Koonin, 1999!.

So far, no crystal structure of any poly~A! polymerase has been
reported. On the other hand, DNA polymeraseb from humans and
rats was crystallized and its structure solved~Davies et al., 1994;
Pelletier et al., 1994; Sawaya et al., 1994!. The crystal structure of
kanamycin nucleotidyl transferase has also been solved~Sakon
et al., 1993; Pedersen et al., 1995!, and the similarity of its catalytic
fold to Polb was confirmed. This enzyme modifies kanamycin by
attaching an AMP molecule to the 49-OH group of the antibiotic.

The structure of most polymerases was found to have the shape
of a half-open human hand, forming a cleft between the fingers and
the thumb, and structural subdomains were called palm, fingers,
and thumb domain~Ollis et al., 1985!. Moreover, comparison of
the nucleotide binding pockets of DNA polymerase I~Pol I! and
Pol b revealed conserved features in their active site geometry. In
both enzymes, the triphosphate wraps around the metal at site A
and at the same time the base pairs with the template. Polb
~Sawaya et al., 1997! and polymerases of the Pol I type from
Thermus aquaticus~Li et al., 1998! and T7 DNA polymerase
~Doublié et al., 1998! were crystallized as a ternary complex with
a DNA primer, a template strand, and a dideoxynucleoside triphos-
phate. The main difference between Polb and Pol I-type polymer-
ases consists in the source of interaction with the phosphoryl
oxygens. In Pol I, residues located on the N-terminal half of helix
O form hydrogen bonds with thea-, b-, andg-phosphoryl oxy-
gens. In Polb, this is achieved by residues in the helical turn motif.
Both the crystal structure of Polb and KanNt~Davies et al., 1994;
Pelletier et al., 1994; Pedersen et al., 1995! have shown that res-
idues in this motif are responsible for binding the triphosphate
moiety of the incoming nucleotide. In T7 DNA polymerase, the
ribose of the nucleotide is positioned by two residues, Glu480 and
Tyr526 ~Doublié et al., 1998!. Tyr530, although less important, is
another residue on the O-helix that helps to position the nucleotide.
In Pol b, residues Tyr271, Phe272, and Asn279 on helices M and
N interact with the ribose and the base of the nucleotide~Pelletier
et al., 1994!, and the two helices of the fingers domain were found
to participate in an induced fit mechanism~Sawaya et al., 1997!.

Another approach to study nucleotide binding—in particular,
when a structure is not available—is photoaffinity labeling~Potter
& Haley, 1983!. In a number of studies, the aryl-azide photo probes
azido-ATP~N3ATP!, N3dATP, or N3dGTP were used with thea- or
g-position of the triphosphate labeled with32P. Sites of interaction
with a photoprobe were investigated in the Klenow fragment of
DNA polymerase I and@g-32P#-8-N3dATP ~Rush & Konigsberg,
1990! and terminal deoxynucleotidyl transferase and@g-32P#-8-
N3dATP~Evans et al., 1989!. DNA polymeraseb and both@g-32P#-
8-N3ATP and@g-32P#-5-N3dUTP~Srivastava et al., 1996! and HIV-1
reverse transcriptase and@methyl-3H#dTTP ~Cheng et al., 1993!.

In this paper, we used the photolabile ATP analog 8-azido-ATP
to confirm and extend previous results~Martin & Keller, 1996!,
which suggested the involvement of the aspartate residues 113,
115, and 167 of bovine PAP in the coordination of two catalytic
metal ions. We mapped the region of the cross-link in poly~A!
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
of point mutations in this region in PAP to identify residues that
interact with the incoming ATP molecule. At the same time we
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 N3ATP as a substrate for poly~A!
polymerase, we tested the incorporation of unlabeled N3ATP into
the growing poly~A! chain. The bulky azido group~2N5N5N!
of the photo probe and, after photoactivation, the smaller but highly
reactive nitrene group can be expected to interfere with binding by
steric hindrance. In the experiment shown in Figure 1, one or two
molecules of N3ATP were incorporated~lane 2!. Higher amounts
of PAP did not lead to longer products but caused some degrada-
tion ~lane 3!. Ultraviolet ~UV ! irradiation was slightly stimulatory,
probably by releasing two nitrogens from the azido group~lane 4!.
The addition of DTT had an even stronger effect possibly by
quenching most of the azido groups~lane 5!. With the same con-
centration of regular ATP, PAP elongated the poly~A! chain by
about 60–70 residues~lane 6!. When N3ATP was mixed with an
equal amount of ATP, PAP was not noticeably inhibited~lane 7!.
N3ATP is, therefore, a weak competitive inhibitor for PAP. Al-
though the nucleotide analog inhibits the reaction, it binds to
the enzyme reversibly. We have measured an inhibitor constant
Ki ~N3ATP! of 2.6 mM in the presence of Mg21 and 0.05 mM with
Mn21 ~results not shown!.

To show that N3ATP 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-
phates~Fig. 2A!. A 100-fold excess of the ribonucleoside tri-
phosphates ATP, CTP, GTP, and UTP and the deoxynucleoside
triphosphates dATP, dCTP, dGTP, and dTTP were added to the
reaction~lanes 2–9!. Competition with all the nucleotides tested
was between 80 and 90%. Competition with ATP and dATP was
not significantly different from competition with the other nucle-
otides. Strong inhibition by ribo- and deoxyribonucleoside triphos-
phates of the activity of purified poly~A! polymerases has previously
been observed~E. Wahle, pers. obs.; Hadidi & Sethi, 1976; Ed-
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monds, 1982!. Our results suggest that binding of the nucleoside
triphosphates takes place predominantly between the phosphate
moieties of the nucleotide and PAP. The contribution to binding by
the base before the transition state, at the stage when competition
of cross-linking was tested, is probably minor, and it is likely that
the selection of ATP during incorporation is accomplished by a
conformational change of the enzyme at the transition state.

AMP and pyrophosphate~PPi! were also included as competi-
tors ~lanes 10 and 11!. AMP competed weakly under these condi-
tions, confirming an important role for the triphosphate moiety of
the nucleotide for binding specificity. Pyrophosphate, on the other
hand, was somewhat more effective in competing for the N3ATP
molecule, probably by occupying the site for binding of the tri-
phosphate moiety of ATP.

In addition, the effect of an excess of the RNA~A!15 was tested
~Fig. 2A, right panel!. ~A!15 inhibited photo-labeling less strongly
than the nonspecific nucleotides. We often observed a smear of
label between the gel slot and the band representing the protein-
N3ATP cross-link, which suggests that some of the primer~A!15

was also cross-linked to PAP and slowed down migration of the
protein in the gel.

We concluded that UV cross-linking with N3ATP is a valid
means of assaying the ATP-binding domain of poly~A! polymerase.

UV cross-linking of yeast and bovine poly(A)
polymerases with N3ATP

Recombinant poly~A! polymerases of calf,S. cerevisiaeand S.
pombe, were tested for UV cross-linking with the photoprobe N3ATP
under reaction conditions that either included the metal chelator
EDTA or one of the divalent metals Mg21 or Mn21. The 42 kDa
HeLa PAP, an inactive form of poly~A! polymerase~Wahle et al.,
1991!, was included in the experiment because we anticipated this
protein to contain a complete catalytic core but to lack the RNA
binding domain. This short form of PAP is inactive in an in vitro
assay~Martin & Keller, 1996!.

Fig. 1. Specificity and efficiency of UV cross-linking 8-azido-ATP with
different poly~A! polymerases. Incorporation of N3ATP by PAP into an
~A!15 primer was measured. The standard reaction contained, when indi-
cated by a1, 0.02 mM N3ATP, 0.02 mM ATP, 10 mM DTT, and 1.7 pmol
bovine PAP-513~except in lane 3 where “d” denotes addition of 17 pmol
of PAP-513!. The concentration of the primer~A!15 was 1mM. UV-CL
stands for 1 min of UV cross-linking before PAP was added. One-quarter
of the reaction was separated on a 20% sequencing gel and exposed to a
PhosphorImager screen.

Fig. 2. Specificity test and quantitation of UV cross-linking of N3ATP with
poly~A! polymerases.A: Competition of UV cross-linking was measured
in reactions that contained in cross-link buffer in a total volume of
10 mL:10 pmol protein bPAP-513, 1.25mM @g-32P#N3ATP and 125mM
competitor nucleotides or~A!15 ~lane 13!. Reactions were separated on
10% SDS-PAGE.B: Stimulation of UV cross-linking by Mg21 and Mn21.
Reactions contained in 10mL: cross-link buffer, bovine serum albumin
~lanes 1–4, designated BSA at the top of the panel!, 513 N-terminal frag-
ment of bovine PAP~lanes 5–8, bPAP-513! HeLa 42 kDa PAP~lanes 9–12,
HeLa42!, S. cerevisiaePAP ~lanes 13–16,S. cerevis!, andS. pombePAP
~lanes 17–20,S. pombe!. Additions to reactions consisted of 10 mM EDTA
~E in lanes 2, 6, 10, 14, and 18!, 4 mM MgCl2 ~Mg in lanes 3, 7, 11,
15, and 19! and 0.5 mM MnCl2 ~Mn in lanes 4, 8, 12, 16, and 20!.
C: Stimulation of UV cross-linking of catalytic aspartate mutants. Reac-
tions were performed as those inB. PAP was added as the 82 kDa bovine
PAP~lanes 1–4!, D113A mutant~lanes 5–8!, D115A mutant~lanes 9–12!,
and D167A mutant~lanes 13–16!. Reactions inB and C were separated
on 10% SDS-PAGE gels. Gels were exposed to PhosphorImager screen
and signals were quantified with IPLabGel software~Signal Analytics
Corporation!.
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Addition of EDTA sometimes caused a slight reduction of the
cross-link~Fig. 2B!, probably by removal of metal ions bound to
the catalytic center of the polymerases~relative amounts of cross-
links are indicated below the autoradiographs!. When Mg21 was
included in the photolabeling reaction, a moderate stimulation of
the cross-linking efficiency was observed with most of the PAPs,
but only when compared to the reactions that contained EDTA. A
much stronger stimulation of cross-linking was seen when Mn21

was present. The reason for this phenomenon seems to be the much
lower Ki for N3ATP in the presence of Mn21, as mentioned above.
Differences of the stimulation between the various PAPs were
reproducible and are characteristic for each enzyme.S. pombePAP
showed the highest efficiency of cross-linking, which was up to 10
times higher than that obtained with the other PAPs. The 42 kDa
HeLa PAP could be cross-linked with approximately the same
efficiency as the bovine orS. cerevisiaePAPs, and it showed the
same response to addition of Mn21. This confirms that an intact
ATP binding domain and likely the entire catalytic fold is present
in this short form of PAP. Strikingly, almost no cross-linking oc-
curred with the 42 kDa HeLa PAP in the absence of divalent
cations or in the presence of EDTA. No signal was detected with
BSA as a control in cross-linking reactions.

UV cross-linking of active site mutants with N3ATP

We tested mutant bovine poly~A! polymerases with aspartate res-
idues 113, 115, and 167 mutated to alanine. Mutations in these
residues severely affect catalysis~Martin & Keller, 1996!. Aspar-
tates are found in analogous positions as in the Polb catalytic
center where structural analysis demonstrated that these residues
interact with metal ions~Pelletier et al., 1994!. For these experi-
ments, the aspartate mutants of the 82 kDa form of bovine poly~A!
polymerase were used together with a 82 kDa wild-type control
~Fig. 2C, left panel!. The mutants showed no stimulation of N3ATP
cross-linking when Mg21 or Mn21 was included in the reaction
~Fig. 2C, right panel!. In fact, addition of either of the two metals
caused an inhibition of the weak cross-link. Interestingly, the pres-
ence of either Mn21 or Mg21 to the reaction resulted in a more re-
duced cross-link compared to reactions without any addition. ATP
in solution together with Mn21 or Mg21 is expected to form a Me21–
ATP complex~Sawaya et al., 1997!, and apparently this complex
binds less well than N3ATP without metal ion in these mutants.

These results also confirm our assumption that amino acid Asp167
participates in the coordination of the two metals as found in the
Pol b structure. If Asp167 is needed for metal coordination, its
mutation to alanine, which also abolishes catalysis, may also affect
cross-linking of N3ATP.

CNBr mapping of PAPs cross-linked with N3ATP

To map the location of the cross-link on the polypeptide chain,
recombinant poly~A! polymerases from calf,S. cerevisiaeandS.
pombe, were treated after photolabeling with cyanogen bromide
~CNBr; Nikodem & Fresco, 1997!, an agent that cleaves proteins
at the carboxyl side of methionine residues~Fig. 3A,B!. Peptide
fragments were separated on Tricine-SDS-PAGE gels~Schägger &
von Jagow, 1987! and blotted to PVDF membranes. It has been
shown that small molecular weight protein fragments are lost from
gels during fixation but blot well to membranes~Plough et al.,
1989!. We found that with each PAP one fragment was reproduc-
ibly labeled strongly compared to several weaker bands, although

the difference in intensity to the minor bands was not always large
~Fig. 3!. The fragment with the major cross-link usually contained
between 40 and 60% of the label of all fragments. The major
cross-link in bovine andS. cerevisiaePAP was found in CNBr
fragments of 28.5 and 18.1 kDa, respectively, which represent the
largest possible CNBr fragments in the respective poly~A! poly-
merases~Fig. 3B!. In S. pombePAP, the labeled fragment corre-
sponds to the 12.9 kDa fragment, which extends from amino acids
122 to 237. Fragments migrating slower on the gel represent prod-
ucts of partial cleavage. Weaker bands could not be assigned un-
ambiguously, and they could also be the products of partial digestion.

Initially, we were mainly interested in the site of the N3ATP
cross-link in bovine PAP. Unfortunately, peptides from bovine PAP
could not be investigated by mass spectrum analysis~see below!
because this protein cross-linked less efficiently with N3ATP than
S. pombePAP. For this reason, another method was used to finemap
bovine PAP, whereby mutants with artificial methionines were
generated and fragmented with CNBr. In results obtained after
cross-linking the two methionine mutants L193M and T177M,

Fig. 3. CNBr mapping of poly~A! polymerases cross-linked to N3ATP.
Poly~A! polymerase~20mg! was cross-linked with N3ATP and treated with
CNBr. The fragments were separated on a 16.5% tricine gel and blotted
to a PVDF membrane that was then exposed to a PhosphorImager screen.
A: Separation of bovine PAP C-terminal deletion~bPAP-513! and two
mutants with residues Leu193 and Thr177 mutated to methionines. Black
arrowheads point to the major cross-links~or two fragments if about equally
labeled!. B: Comparison of labeled CNBr fragments of bPAP-513 with
fragments ofS. cerevisiaeandS. pombe. Black arrowheads point to frag-
ments with major cross-links. Gels were exposed to PhosphorImager screen
and signals were quantified with IPLabGel software.C: Map of CNBr
digests inA andB. Horizontal lines symbolize linear polypeptide chains of
respective PAPs. Lengths indicate sizes of the proteins in amino acids
according to the scale at the top. Thicker horizontal bars indicate relative
intensity of the label in CNBr fragments as an average of several experi-
ments. Vertical short lines signify CNBr cleavage-sites~methionines!.
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CNBr was found to cleave the large fragment that spans from
residues 1 to 251 into two subfragments~Fig. 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
are an average of all experiments and do not only represent those
shown in Figure 3A.

Mass spectral analysis of N3ATP-modified
tryptic peptides

In an attempt to identify peptides that carry cross-linked azido-
ATP, photo labeledS. pombePAP was digested with trypsin. Be-
cause UV cross-linking withS. pombePAP was more efficient than
with S. cerevisiaeor bovine PAP, the experiments described below
were done with theS. pombeenzyme 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 system~Sal-
vucci et al., 1992; Cheng et al., 1993!. We believe that at least part
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 phosphate~data not
shown!. A labile glycosidic bond in the azide-nucleotide has also
been suspected to cause loss of label~Cheng et al., 1993!. Due to
the high losses of radioactivity, the large amounts of peptides used
in these experiments required crude prefractionation on a
RESOURCE-RPC reversed-phase column~Fig. 4A!. In the exper-
iment shown, several peaks eluted, with major peaks at about 37
and 70% solvent B, respectively. The reason for this is most likely
an incomplete digestion of the protein, and when the digest was
repeated, one major peak at 35 to 40% solvent B was obtained.
Fractions containing labeled material~indicated by a frame! were
then applied to a VYDAC C18 column, where resolution was better,
and interestingly, no additional loss of label occurred~Fig. 4B!.
When the fractions containing labeled material~from 29 to 33 min!
were analyzed by mass spectrometry, a complex spectrum was
obtained, indicating a mixture of different peptides~Fig. 4C!. Close
inspection of the spectrum revealed a pair of signals with the mass
to charge ratio of 898.7 and 1,795.6 Da. This pair of signals cor-
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 Da
showed that the peptide DLELSDNNLLK fits exactly the observed
mass shift caused by the attachment of the nitrene–ATP moiety. In
a second experiment, the same peptide–nitreneATP adduct was iden-
tified as a series of signals corresponding to the triply~599.2 Da!,
doubly ~898.6 Da!, and the singly~1,795.5 Da! charged ion~not
shown!. Essentially, all the remaining signals could be assigned to
tryptic peptides without attached nitrene–ATP.Attempts to locate the

site of modification within the peptide more precisely were not suc-
cessful because the cross-linking product was too unstable.

Multiple sequence alignment of the putative
nucleotide binding domains

With the results from CNBr cleavage and mass spectra analysis,
we suspected that the region around amino acid 200 in poly~A!

A

B

C

Fig. 4. Reversed-phase chromatography and mass spectral analysis ofS.
pombePAP cross-linked to N3ATP. Results from the same experiment are
depicted inA to C. A: Chromatogram of a prefractionation of 100mg of
PAP peptides on a 1 mLRESOURCE-RPC column. The dotted line rep-
resents the concentration of solvent B~80% CH3CN in 0.1% TFA!. The
lower curve is the profile of measured radioactivity in the fractions, and the
profile in the center is UV absorbance. Fractions 26 to 31~indicated by a
frame! were pooled and rerun on a 2.13 250 mm VYDAC column.B: Chro-
matographic conditions were as inA. Fractions of 50mL were collected.
C: Mass spectrum of fraction 33~B! showing the T21-ATP–modified pep-
tide as the doubly~898.7 Da! and singly~1,795.6 Da! charged ion.

2384 G. Martin et al.



polymerases has a role in nucleotide binding. We then performed
database searches with the PSI-BLAST~Altschul et al., 1997!
program at the NCBI server~website:www.ncbi.nlm.nih.gov!. In
the first search, we used the bovine PAP protein sequence from
residues 94 to 245 as query, which includes both the nucleotidyl-
transferase signature G@G0S#~x!9-13Dx@D0E# and the suspected PAP
ATP-binding motif. Positives were included in further iterations
only if they contained significant homologies in the prospective
nucleotide binding region. We hypothesized this domain to extend
some 60 to 80 amino acids downstream of the single Asp motif.
The resulting positives were members of the family of topoiso-
merase-related TRF405-type proteins involved in chromatin con-
densation~Castano et al., 1996!. In the first iteration, the TRF405
proteins were now found within thee5 0.001 significance thresh-
old, and the highest score was reached by TRF4 ofS. cerevisiae
with an e-value of 4e-18. Significant hits in the second iterative
PSI-BLAST search were a large number of the members of the
family of the streptomycin 30-adenylyltransferases.

For a second PSI-BLAST search, we employed the sequence of
amino acids 220 to 380 of theS. cerevisiaeprotein TRF-5~Swiss-
Prot ID: trf5_ yeast!. The first iteration returned homologies with
several 29-59 oligo~A! synthetases with a best e-value of 4.7. This
family of proteins then appeared well within the threshold in the
second iteration with an e-value of 6e-09. In the third iteration,
several members of the archaeal cca:tRNA nucleotidyl transferases
appeared above the threshold with an e-value of 6e-21 for the
highest scoring member.

The multiple sequence alignment in Figure 5 illustrates conser-
vation of sequence blocks between different groups of enzymes
and conserved residues are highlighted by different colored back-
grounds~see caption for details!. The group of Polb is depicted for
comparison, and very little homology is found between this seg-
ment, which represents the fingers domain in Polb and any other
protein. For the fingers and thumb domains, we are using the
nomenclature of Steitz~Steitz et al., 1994!. One common feature
between Polb and the TRF405 proteins could be the presence of
two helices of about the same size. For comparison, we also in-
cluded the sequence of the fingers domain of several Pol I proteins
at the lower part of the alignment. A significant homology was not
detected by the PSI-BLAST database searches, but surprisingly,
we found a conservation of some key Pol I residues between the
archaeal ccaTs and the Pol I sequences. The invariant His at po-
sition 38 located in the T7 DNA polymerase structure in the region
of helix N was found to bind to one of theb-phosphoryl oxygens,
and the conserved Tyr-Gly motif~position 70071! is important to
form a pocket for the incoming nucleotide on helix O in Pol I
polymerases~Doublié et al., 1998!.

Results of a structure prediction at the PHD server at the EMBL
~Rost & Sander, 1993! support the hypothesis of a structural ho-
mology between these classes of proteins. The prediction program
calculated a strong tendency for helical structures in the region
corresponding to helices N and O of Pol I in each separate family
of transferases~Fig. 5, .phd line below groups!. This strongly
argues in favor of a conservation of these two helices between the
different protein families.

Activity and steady-state kinetics of mutants
in the helical turn motif

To test interactions of residues in the helical turn motif, point
mutations were generated between residues 100 and 105 in the

58 kDa bovine PAP C-terminal deletion construct~Martin & Keller,
1996!. Ser180, Arg183, and Gly189 form hydrogen bonds withb-
and g-phosphate oxygens of the incoming nucleotide in Polb
~Pelletier et al., 1994; Sawaya et al., 1997!. Mutants of analogous
residues in bovine PAP were constructed, and the recombinant
proteins were expressed inEscherichia coli. Measurement of ki-
netic parameters indicate that in several of the mutant proteins both
KM~ATP! and kcat are affected~Table 1!. The rate constantkcat of
mutants S102A, R104A, and L105A is strongly increased com-
pared to wild-type PAP. A reason for this could be that because
these residues were all replaced by alanine, an obstacle was re-
moved that could lead to either a more efficient ATP influx or a
faster release of PPi after formation of the phosphodiester bonds.

Furthermore, measurement of the inhibition of nonspecific PAP
activity by pyrophosphate~Table 2! showed that mutations F100D
and S102A rendered the polymerase sensitive to pyrophosphate.
About threefold less pyrophosphate was necessary to reduce the
reaction to half compared to wild-type PAP. This is consistent with
the assumption of an interaction of Ser102 in the helical turn motif
with the phosphate moiety of the ATP molecule. Phe100 is very
likely the analog of Tyr37 in KanNt, a residue that acts as a
supporting element for the ribose~Pedersen et al., 1995!. Addition
of pyrophosphate to the F100D mutant could destabilize NTP bind-
ing further, when the presence of Asp at position 100 is unfavor-
able compared to Phe for interactions with the nucleotide.

Mutagenesis of residues in the suspected fingers
domain and kinetic constants of mutants

A number of site-directed point mutants in the region between
amino acids 172 and 243 of the bovine PAP 58 kDa deletion
mutant~bPAP-513! were generated in vitro. The rationale for mu-
tating Phe220 and Lys228 was the conservation of these residues
in Pol b and TdT~Fig. 5!. Steady-state kinetics showed that mu-
tations F220R, F220S, and K228A caused an increase inKM~ATP!

~Table 1!. The increase was moderate, between four- and fivefold
compared to wild-type. In a multiple-site mutant~NIDNF-216-
SIANS!, a 15-fold higherKM~ATP! was measured compared to wild-
type. The conservative mutation F220Y caused no effect onKM~ATP!,
suggesting a preference for an aromatic residue at this position. In
addition, the mutant K228A reducedkcat about threefold, implying
a role for this amino acid in nucleotide recognition as well as in
catalyzing the polymerization reaction. Amino acids Arg225 and
Lys228 in PAP were mutated to alanines based on their homology
to residues shown to form contacts with the incoming nucleotide in
DNA polymerase I type enzymes~Kiefer et al., 1997; Doublié
et al., 1998; Li et al., 1998!. The mutations W230A, Y237A, and
F243A were made because at the the C-terminal end of helix O
in DNA polymerases I, aromatic residues were found to play an
important role in discriminating between 39-OH and 39-deoxy-
nucleotides and to form a snug fit with the ribose and base of the
incoming nucleotide~Joyce & Steitz, 1994; Tabor & Richardson,
1995; Astatke et al., 1998!. All three mutations in PAP caused a
three to five times higherKM~ATP! compared to wild-type, suggest-
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
motif is thought to bind to the phosphoryl oxygens and the fingers
domain to contact the nucleotide base.
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Discussion

The primary aim of this study was to localize the sites in PAP
involved in binding the ATP substrate. We used 8-azido-ATP as a

probe to identify protein structures in poly~A! polymerases located
adjacent to the base of the incoming nucleotide. Addition of Mn21

strongly stimulated cross-linking between N3ATP and poly~A! poly-
merases, whereas Mg21 had a relatively small stimulatory effect.

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 in Polb and Pol I 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 the first~light blue! or
second~light yellow! PSI-BLAST search and the overlap~green, see text!. Fields with sequence names not detected by the PSI-BLAST
are colored light gray. Groups of protein families are: a, DNA polymeraseb ~pol b, vertical line to the left!; b, terminal deoxynucleo-
tidyl transferase~TdT!; c, eukaryotic poly~A! polymerases~eukPAP!; d, streptomycin adenylyltransferases~Strep!; e, topoisomerase-
related proteins~Trf !; f, 29-59 oligo~A! synthetase~2959oAS!; g, archaeal cca:tRNA nucleotidyltransferases~a-cca!; h, Pol I DNA
polymerases~PolI!. Also on the left, each protein sequence segment is designated by either the Swiss-Prot database ID~sw:!, the
Trembl database~translated EMBL nucleotide sequence database! accession number~trembl:!, the EMBL nucleotide sequence database
accession number~embl:! or the genbank database accession number~gb:!. The features in the rows below the groups are:.phd, struc-
ture prediction~phd-server, EMBL! with the respective sequence group; E in rows signify prediction for extended structure~b-strand!
and H fora-helix; .bonds, signifies residues found in hydrogen bonding distance to ribose~r!, base~b!, template~t!, metal~m!, phos-
phate~p!, or involved in induced fit mechanism~a!; .mut pap_bovin, mutations in bovine PAP~see Table 1! used to measure kinetics
parameters and letters in this row indicate: n, not affected;k, KM affected; c,kcat affected; f, bothKM andkcat affected and y,kcat 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 polar~R, K, D, E, N, Q, S, T, H, Y!, hydrophobic~I, 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-linked N3ATP in S. pombePAP.

2386 G. Martin et al.



Many examples are known of enzymes requiring divalent metals,
including polymerases, which are more active in vitro if Mn21 is
substituted for Mg21. The same is true for poly~A! polymerases,
where a lower apparentKM for the RNA substrate is a reason for
the higher activity in the presence of Mn21 ~Wahle, 1991!. When
we measured theKi for N3ATP in the presence of Mg21 and Mn21,
we found a 50-fold difference in favor of Mn21, indicating that
N3ATP binds much better to PAP in the presence of this metal.

Tests for the binding specificity of the N3ATP photoprobe con-
firmed a cross-link to a true nucleotide-binding domain. Compe-
tition with various ribo- or deoxyribonucleoside triphosphates was
in general weaker, but not significantly different from competition
with ATP. This indicates that binding of the nucleotides during the
early steps of binding occurs predominantly via the phosphate

moieties. The conditions for cross-linking were such that a tran-
sition state could not be reached because no RNA primer was
present. Further tests will be needed to confirm a possible confor-
mational change that may include an induced fit mechanism to
increase fidelity in the ATP binding region as the selective event.
Such a mechanism has been proposed for Polb from ternary
structure data~Sawaya et al., 1997! and for T7 DNA polymerase,
a ternary structure revealed a conformational change in the fingers
domain after positioning of the substrates~Doublié et al., 1998!.

Cross-linking of catalytic aspartate mutants to N3ATP confirmed
the involvement of these residues in metal binding~Fig. 2C!. If
Mg21 or Mn21 was included in these reactions, the cross-link was
even weaker than with the control. All three aspartate mutants
cross-linked very weakly with N3ATP ~approximately 2% com-
pared to wild-type PAP!. This is consistent with earlier experi-
ments~Martin & Keller, 1996!, which demonstrated that mutation
of these aspartate residues to alanine abolished enzyme activity.
This indicates that all three aspartates participate in coordination
of the two metals. In the Polb structure~Pelletier et al., 1994!, the
three catalytic aspartates~residues 190, 192, and 256! were 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 I polymerases~Brautigam &
Steitz, 1998!, although mutation of the third carboxylate~E883A!
in Klenow polymerase had some effect on catalysis~Polesky 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 structures~Doublié & Ellenberger, 1998!. Our
results, therefore, suggest that PAP contains the same metal coor-
dination geometry as Polb ~Fig. 6!. Cca:tRNA nucleotidyltrans-
ferases could be different in this respect because mutation of an
aspartate in theSulfolobus shibataecca-adding enzyme correspond-
ing to Asp167 in bovine PAP strongly reduced ATP-adding activity
but did not affect CTP adding activity~Yue et al., 1998!.

Our first attempt to map the location of the cross-linked N3ATP
on the polypeptide was done by CNBr cleavage of the cross-linked

Table 1. Steady-state kinetics of bovine poly(A)
polymerase mutants

Mutation rea
KM~ATP!

~mM! 6b
kcat

~s21! 6

Wild-type
bPAP-82kDa 2 0.26 0.03 0.19 0.05
bPAP-513 9 0.24 0.14 0.28 0.14

Helical turn motif
F100D 2 0.51 0.08 0.0043 0.0011
S102A 2 0.33 0.03 0.37 0.27
Y103G 2 0.72 0.02 0.73 0.05
R104A 2 0.45 0.05 2.66 0.14
L105A 2 1.04 0.66 1.01 0.10

Prospective fingers domain
R172G 3 0.30 0.09 0.71 0.32
T177M 2 0.27 0.09 0.46 0.11
K191A 2 0.30 0.01 0.81 0.01
L193M 2 0.33 0.02 1.09 0.12
G203H 2 0.29 0.04 0.0007 0.0004
D208A 2 0.42 0.11 0.31 0.06
E209A 2 0.33 0.03 0.44 0.14
L211K 3 0.33 0.10 0.52 0.12
H212A 2 0.17 0.03 0.53 0.03
L213K 2 0.37 0.04 0.41 0.13
V214Q 3 0.38 0.14 0.27 0.26
N216A 2 0.26 0.03 0.39 0.07
I217T 2 0.25 0.02 0.35 0.05
D218A 2 0.31 0.03 0.41 0.06
N219A 2 0.30 0.04 0.39 0.02
F220R 4 1.04 0.30 0.36 0.20
F220S 3 1.28 0.71 0.42 0.35
NIDNF216SIANS 2 3.61 1.94 0.15 0.05
F220Y 2 0.31 0.05 0.62 0.23
R221A 2 0.37 0.03 0.42 0.23
R225A 5 0.22 0.03 0.19 0.06
R225Y 3 0.42 0.12 0.84 0.28
R225N 3 0.15 0.03 0.11 0.02
K228A 3 1.01 0.62 0.09 0.06
L229R 2 0.46 0.24 0.26 0.18
W230A 3 1.31 0.48 0.12 0.07
Y237A 3 0.88 0.27 0.16 0.08
F243A 2 0.77 0.03 0.21 0.11

are indicates number of determinations.
b6 indicates range.

Table 2. Inhibition of wild-type and mutant PAPs
by pyrophosphate

Mutation
IC50

a nM0fmol
enzyme 6

Wild-type
bPAP-513 0.82 0.12

Helical turn motif
F100D 0.25 0.03
S102A 0.32 0.03
Y103G 0.58 0.03
R104A 0.44 0.01
L105A 0.43 0.04

Prospective fingers domain
F220R 0.69 0.11
F220S 0.50 0.01
R225A 0.61 0.09
R228A 0.47 0.01
W230A 0.72 0.02
Y237A 0.50 0.02

aIC50 5 concentration at 50% inhibition.
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proteins with subsequent analysis by SDS-PAGE. As depicted on
the cleavage map~Fig. 3C!, the region around amino acid 190
~with respect to bovine PAP! is in almost all cases included in the
fragments with the highest amount of label. These results strongly
support the idea of a N3ATP cross-link at about the same site in the
bovine PAP as in PAP ofS. pombe, despite the fact that some
variation in the intensity of labeling between newly created sub-
fragments were observed in mutants with methionines introduced
in the protein. This is consistent with the idea that this region is
near the base of the incoming nucleotide and therefore sensitive to
mutagenesis.

Mass spectrometry of tryptic peptides ofS. pombePAP allowed
the fine mapping of the site of azido-ATP cross-linking. The pep-
tide containing the cross-linked N3ATP spans from amino acid 167
to amino acid 177. These results, together with those from the
CNBr mapping, strongly suggest this region to be near a nucleotide-
binding structure.

In the multiple sequence alignment~Fig. 5!, stepwise sequence
relationships between various types of nucleotidyltransferases are
depicted. Iterative PSI-BLAST database searches revealed four
protein families with significant homology to the region of the
suspected PAP nucleotide binding motif. These enzyme families
included streptomycin 30-adenylyltransferases, the TRF405 pro-
teins, the 29-59 oligo~A! synthetases, and the archaeal cca:tRNA
transferases. The bacterial PAP and ccaT group was found outside
the significance threshold. We also included in the alignment the
sequence of the fingers domain of several Pol I proteins, which
showed a surprising similarity between helix N and O and the
region downstream of the single Asp motif in the archaeal ccaTs.
The degree of homology and the result of the structure prediction
indicates that these two helices are conserved in all nucleotidyl-
transferase families of the alignment. The motif with the single
catalytic aspartate in the Pol I group was aligned with the corre-
sponding motif of Polb containing the catalytic Asp256. These
two motifs have been thought to be homologues~Delarue et al.,
1990!. However, superimposition of the primer 39-ends, the metals
and the nucleotides of ternary structures of Pol I and Polb showed
that theb-strands of the palm domain in the two enzymes are
located almost 908 to one another, whereas the acidic residues
superimpose~Steitz et al., 1994!. This demonstrated that the two

families of enzymes use two different protein architectures to form
the same active site geometry for the acidic residues that coordi-
nate the metals. Therefore, according to this structural analogy,
Asp705 inE. coli Pol I aligns with Asp190 in Polb ~Fig. 6A,B!.

The direct molecular link between theb-strand containing the
single catalytic Asp in Pol I type polymerases~Asp475 in T7 DNA
polymerase! and the fingers domain~helices L, M, N, and O! has
the function of a hinge for the movement of the fingers domain
during catalysis~Doublié et al., 1998; reviewed in Doublié &
Ellenberger, 1998!. In addition, the hinge between theb-strand
containing catalytic Asp256 and the fingers domain in Polb was
found to take part in an induced fit mechanism~Sawaya et al.,
1997!. The size of the hinge region in the different protein families
is found to be variable according to individual needs.

Although the overall homology between the different groups of
proteins in the alignment is moderate, there are some surprising
local similarities. Besides the invariant single catalytic Asp at po-
sition 4 in Figure 5, there are other conserved features in the region
of the nucleotide binding helix. Most striking is the periodic ar-
rangement of the basic Arg and0or Lys residues, which could be
expected to be grouped in line on one side of ana-helix. The
conserved Phe220 in the eukaryotic poly~A! polymerases could
interact with the base or the ribose of the incoming nucleotide. Its
mutation to alanine causes an increase ofKM~ATP!. Strikingly, Phe220
is conserved in TdT, an enzyme involved in elongation of a primer
in a template-independent fashion, very much like poly~A! poly-
merases. It is also possible that residues Phe220, Leu224, and
Lys228 of PAP are making contacts with the adenine or the ribose
moiety of the incoming nucleotide. These residues would be lo-
cated on the same face of ana-helix.

The sequence conservation in the alignment between the PAPs
and the 29-59 oligo~A! synthetase family is also remarkable. Both
enzymes polymerize ATP, although they form different types of
phosphodiester bonds. Considering the high degree of sequence
conservation, residues in the region of the predicted nucleotide
binding helix could indeed be responsible for discriminating against
bases other than adenine. Moreover, the invariant Trp at posi-
tion 66 could assist to form a pocket for the nucleotide base in
analogy to a tyrosine at the C-terminal end of helix O of many
Pol I polymerases~Joyce & Steitz, 1994; Astatke et al., 1998!.

Fig. 6. Comparison of the catalytic core structures of T7 DNA Polymerase, Polb and a tentative model for the active site of PAP.
A: T7 DNA polymerase catalytic core. R indicates ribose, B base, and T template. Metals~spheres! are designated A and B.B: Pol b
catalytic core.C: Model for the active site of poly~A! 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.
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As a final test for the postulated nucleotide binding domains in
poly~A! polymerases, we analyzed point mutants in the region of
the predicted helical turn motif~residues 100 to 105! and fingers
domain ~amino acids 190 to 250! of bovine PAP and measured
their steady-state kinetics parameters. Many mutations had no ef-
fect on ATP binding or the catalytic rate of the mutant proteins
~Table 1!. Hot spots of mutagenic defects were found around amino
acid Arg104. Replacement of this large charged side chain resulted
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 highkcat measured
with mutant R104A is suggested by the Polb structure~Sawaya
et al., 1997! where the tip of the fingers is in close contact with
Arg182 ~the analog of Arg104 in PAP!. This contact helps to
position the fingers domain, which upon closure is moving the
helical turn structure toward the phosphoryl oxygens of the dNTPs.
If the function of Arg 104 was the same in PAP the mutation
R104A could lead to a relaxation of either the selective mechanism
for the incoming ATP or it could influence the conformational
change within the fingers domain.

Some of the mutants that affected ATP-dependent kinetic pa-
rameters in bovine PAP are located in the “nucleotide-binding
helix” region ~Fig. 5!. The effect of the point mutations on the
apparentKM~ATP! was moderate~four- to fivefold!; only a multiple
mutation~NIDNF216 SIANS! increased theKM~ATP! 15-fold. Sim-
ilar small increases or even decreases inKM~dNTP! were also found
in DNA polymerase I when mutants known to interact with nucle-
otides were tested for their kinetic parameters~Polesky et al.,
1990; Astatke et al., 1995; Kaushik et al., 1996!. Because several
amino acids in the nucleotide binding fold are involved in con-
tacting the incoming nucleotide, the contribution of binding energy
for each amino acid is only part of the total contacts.

To identify residues that interact with the oxygens of the tri-
phosphate, we tested inhibition of the activity of PAP mutants with
pyrophosphate. Mutants S102A and F100D were more sensitive to
pyrophosphate addition when compared to the wild-type. At an
analogous position in the Polb ~Ser180! and the KanNt structure
~Ser39!, serines were found to interact with phosphoryl oxygens of
the b and g phosphates~Pedersen et al., 1995; Sawaya et al.,
1997!. Thus, the invariant Ser102 in all PAPs is the homolog of the
serines found in Polb and KanNt. Arg104 in PAP is a candidate for
interaction with one of the phosphoryl oxygens similar to Arg183
of Pol b, although the positions of these residues are adjacent.
Phe100 of PAP is found at an analogous position as Tyr37 in the
KanNt structure~Pedersen et al., 1995!. There, Tyr37 is located
near the ribose of the nucleotide, where it holds the ribose in place.
These results further support a role of the helical turn motif in
triphosphate binding.

Taken together, our results suggest that poly~A! polymerases
contain a catalytic center that strongly resembles that of Polb
~Fig. 6B,C!. We assume that the active site also contains ab-sheet
structure with three aspartates that coordinate two metal ions. In
addition, the helical turn motif as part of the nucleotidyltransferase
superfamily signature “G@G0S#~x!9–13Dx@D0E#” is present in PAPs
~Martin & Keller, 1996!. Its main function is to bind the triphos-
phate group of the incoming nucleotide via hydrogen bonds
~Fig. 6B,C!. Our finding of a N3ATP cross-link in a region of PAP
that is conserved in other nucleotidyltransferase families suggests
a role of this region in nucleotide base recognition. It can be
anticipated that this region represents the analog to the fingers or
nucleotide binding structure found in many polymerases, and that

in PAP it has evolved to specifically select for adenine as the base
of the incoming nucleoside triphosphate.

Materials and methods

Expression and purification of proteins in E. coli

Expression of poly~A! polymerases was done as described~Martin
& Keller, 1996!. Proteins expressed inE. coli were first affinity
purified on Ni-NTA agarose matrix~Qiagen, Hilden, Germany!.
Fractions containing the protein were further purified on Hitrap
heparin and subsequently on Hitrap Q columns~Pharmacia, Upp-
sala, Sweden!.

UV cross-linking of PAP with 8-azido-ATP

For the experiment shown in Figure 1A, the primer~A!15 ~Xer-
agon, Zürich, Switzerland! was 59-end-labeled with@g-32P#ATP
~3000 Ci0mmol, Amersham, Dübendorf, Switzerland! and poly-
nucleotide kinase~Sambrook et al., 1989!. Reactions for standard
analytical UV cross-linking reactions were done in 0.5 mL thin-
wall PCR tubes~Appligene, Gaithersburg, Maryland! and con-
tained in 10mL: 2.5 mL 43 cross-link buffer ~20% glycerol,
40 mM Tris-Cl, pH 8.3, 160 mM KCl!, 100–200 ng of PAP,
0.5 mM MnCl2, or 4 mM MgCl2, 0.25mCi of @g-32P# 8-azido-ATP
~15 to 20 Ci0mmol, ICN Pharmaceuticals, Eschwege, Germany!.
The reaction was kept on ice for about 2 min, the closed tubes were
placed directly on a UV illuminator~Vilber Lourmat, Marne la
Vallée, France! with a 302 nm filter and irradiated for 60 s at 180 W.
The tubes were put back on ice for 5 min, and the reaction was
quenched by the addition of an equal volume of SDS-gel loading
buffer ~13: 3% SDS, 1 Mb-mercaptoethanol, trace of bromophe-
nolblue!. Reactions were heated to 908C for 5 min and separated
on 10% SDS-polyacrylamide gels. Ribo- and deoxynucleoside tri-
phosphates used for competition experiments were purchased as
100 mM stocks~Boehringer-Mannheim, Mannheim, Germany!.
Larger scale reactions for CNBr cleavage and preparative tryptic
digests were UV cross-linked in aliquots of 50mL in thin-wall
tubes as above. Ten to 200mg of PAP was mixed at a concentration
of 0.5–1.0mg0mL in cross-link buffer together with 0.5 mM MnCl2,
1 mCi010 mg of PAP @g-32P#8-azido-ATP and 0.1 mM of un-
labeled 8-azido-ATP~Sigma, St. Louis, Missouri! was included in
the reaction.

Preparative reversed-phase chromatography
and mass spectral analysis

After UV cross-linking, proteins were reduced and carboxymeth-
ylated. For this, 0.6 w0v of urea was added to the reaction. After
addition of Tris-Cl, pH 8.0 to 0.1 M, EDTA to 10 mM, and DTT
to 10 mM, the reaction was heated to 378C for 1 h. Iodacetamide
~Fluka, Buchs, Switzerland! was added to 20 mM, and the reaction
was incubated further for 15 min in the dark. For desalting and
removal of free label, the protein was loaded on a 10 mm3 20 cm
Sephadex G-50 column, equilibrated in 0.1 mM NH4-bicarbonate,
and eluted with the same buffer. Poly~A! polymerase was found to
be resistant to cleavage by trypsin. The protein was therefore pre-
cleaved with endoproteinase LysC~Achromobacterprotease I, from
WACO! in the presence of 6 M urea. For this, fractions containing
the labeled protein from the Sephadex column were pooled and
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dried down to about 25mL. Three volumes of 8 M urea in 0.1 M
NH4-bicarbonate were added, and the mixture was heated to 378C
for 10 min. After addition of 2mg of protease Lys C, the reactions
were incubated for 2 h at 378C. The resulting digest was sub-
sequently recleaved with trypsin~Promega, Madison, Wisconsin!
after lowering the urea concentration to 2 M or below. For this,
200mL of NH4-bicarbonate and 2–5mg of trypsin was added, and
the digestion was continued overnight at 378C. The digested ma-
terial was directly loaded on a 1 mLRESOURCE-RPC column
~Pharmacia! for pre-fractionation and eluted with a gradient from
0 to 80% solvent B@80% CNCH3 in 0.1% trifluoroacetic acid
~TFA!# vs. solvent A~0.1% TFA!. One milliliter fractions were
collected and fractions containing labeled material were deter-
mined by Cerenkov counting. Fractions of interest were pooled,
dried in a Speed-Vac evaporator, resuspended in 5% CH3CN in
0.1% TFA, and loaded on a 2.1 mm VYDAC C18 column~Vydac,
The Separations Group, Hesperia, California!. The same gradient
of solvent B was applied as in the previous column and fractions
of 50 mL were collected. Fractions containing labeled material
were dried and resuspended in 0.1% acetic acid and 50% methanol.
Aliquots were injected into a TSQ 7000 mass spectrometer~Finni-
gan, San José, California!, equipped with a micro electrospray
ionization source~Davis et al., 1995!.

CNBr digestion of PAP, gel electrophoresis,
and blotting to PVDF membranes

For CNBr cleavage, 10 or 20mg of PAP, cross-linked with N3ATP,
was precipitated with four volumes of cold acetone and resus-
pended in 70% formic acid. An equal volume of 200 mg0mL of
CNBr ~Kodak! in 70% formic acid~fresh or as stock kept at
2808C! was added, and the reaction was incubated overnight at
room temperature in the dark. The reactions were dried in a Speed-
Vac, resuspended in 300mL of H2O and redried. The pellet was
resuspended in Tricine-gel loading buffer, heated to 378C and
loaded on a 16.5% Tricine gel~Schägger & von Jagow, 1987!.
Gels were blotted to PVDF membranes~Immobilon-P, Millipore,
Bedford, Massachusetts! and exposed to a PhosphorImager screen.

Mutagenesis, steady-state kinetics, and
pyrophosphate inhibition measurements

Site-directed point mutations D113A, D115A, D167A, F100R, and
Y103A in the bPAP-513 recombinant clone were described~Mar-
tin & Keller, 1996!. Other mutants were generated as described
~Mikaelian & Sergeant, 1992!. Kinetic parametersKM andkcat for
ATP were determined in the presence of Mg21. The reaction was
done in 25mL volume, containing 10% glycerol, 25 mM Tris,
pH 8.3, 40 mM KCl, 4 mM MgCl2, 0.1 mg0mL BSA ~Boehringer-
Mannheim!, 0.01% NP40, 7mg of poly~A! ~Boehringer-Mannheim!,
40 to 100 ng of PAP and 0.25mCi of @a-33P#ATP ~2,000 Ci0mmol,
from NEN, Boston, Massachusetts!. ATP was titrated between 0.04
and 0.6 mM. Reactions were incubated at 378C for 20 min and
stopped by adsorption to DE-81 filters as described~Martin &
Keller, 1996!. Pyrophosphate inhibition was tested by titration of
pyrophosphate between 0.1 and 0.8 mM into reactions containing
10% glycerol, 25 mM Tris-Cl, pH 8.3, 40 mM KCl, 0.1 mg0mL
BSA, 0.01% NP-40, 0.5 mM MnCl2, 0.5 mM ATP, 0.25mCi
@a-33P#ATP, 1 mg ~A!15, and 10 ng of PAP and the reactions were
incubated for 15 min at 378C. Reactions were absorbed to DE-81

filters as in the kinetics assays. IC50 ~concentration of PPi at 50%
inhibition! was calculated with Microsoft excel.
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