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ABSTRACT: DNA 3'-phosphatase (Tppl) fronsaccharomyces cerisiae, a homologue of human
polynucleotide kinase/ghosphatase, has been shown to participate in DNA damage repair by removing
3'-phosphate blocking lesions. Tppl shows similarity to tF&haloacid dehalogenase superfamily of
enzymes. By comparison to phosphoserine phosphatase, a well-studied member of this family, we designed
conservative and nonconservative substitutions of likely active site residues of Tppl and tested them in
a variety of assays. From the loss or impairment of activity, we identified D35, D37, T39, S88, K170,
D206, and D218 as being involved in Tppl catalysis. D35 and K170 were the most critical since maximum
inactivation was seen with even conservative mutations. Tppl bound DNA through its active site in a
Mg?T-dependent manner and exhibited a preference for dsDNA. Although Tppl1 bound more strongly to
DNA with a free 3 terminus, it also bound well to covalently closed DNA, suggesting a possible lesion
scanning mechanism. DNA binding studies further indicated that Tppl coordinatestigugh D35

and D206 and contacts the DNA énd through D37. The removal of-Bhosphate involved a phospho-

Tppl intermediate, and our results support D35 as being the point of covalent attachment. On the basis
of these similarities in mutant phenotypes of Tppl and phosphoserine phosphatase, we propose a reaction
mechanism for Tppl which explains its strict phosphate specificity.

DNA strand breaks bearing abnormal termini, known as  Both Tppl and PNKP are members of th@-haloacid
blocking lesions, arise through a continuous assault on thedehalogenase (HAD) superfamily of enzym@s12). Among
genome of living cells by various DNA damaging agents the highly conserved regions of Tppl and PNKP are three
(1). Since these blocking lesions prevent the polymerization HAD signature motifs known to form the active site in other
and ligation events that are necessary to reestablish themembers of this superfamily’(8, 13—18) (Figure 1). The
continuity of a DNA strand, removal of the abnormal termini  absolutely conserved first aspartate of motif | (DXDxT/V)
is a prerequisite for DNA damage repair. All types 6f 3 forms a covalent phosphoaspartate intermediate in several
blocking lesions, e.g.,'®hosphates,'$hosphoglycolates,  HAD phosphatases/phosphotransferases including phospho-
and 3-aldehydes, are removed by abasic endonucleases byserine phosphatase (PSRY), phosphomannomutasg1j,
virtue of their 3-phosphodiesterase activit@<(4). In addi- cytosolic 3-nucleotidase 20), and -phosphoglucomutase
tion, many eukaryotes possess polynucleotide kinase (PNKP), (21). HAD motif Il is centered around a conserved serine or
a bifunctional enzyme with '&inase and 3phosphatase  threonine. HAD motif Ill (Kx,G/DDx,D) has strictly con-
activities provided by two nonoverlapping catalytic domains served lysine and aspartate residues separated by patches of
(5=7). In budding yeasts, only the-Bhosphatase activity  |ess conserved residues. These three Tppl motifs show a
is preserved in the form of DNA'$hosphatase (Tppl), @ strict alignment to PSP fromlethanococcus jannaschij
protein with a high degree of sequence homology to only psp) a well-studied member of the HAD superfamily whose
the phosphatase domain of PNKE) (Figure 1). Unlike the  ¢rystal structure is availabld 8, 14). The principal difference
abasic endonucleases, Tpp1 exhibits strict specificity for 3 js 3 |arger insertion between the conserved aspartates in Tppl
phosphate lesions3(4, 8). In vivo, Tppl and the abasic  motif |I1. Recently, crystal structures of human mitochondrial
endonucleases act red_undantly in the removal-ph®sphate 5'-deoxyribonucleotidase (dNT2L5) and RNA polynucle-
lesions left by oxidative damage, the enzyme Tdpl, and tige kinase from T4 bacteriophage (T4 PNKJE)were also
apparently other unknown sources 4). solved and the proteins shown to be structural members of
the HAD superfamily. Although both of these enzymes
" This work was supported by the Pew Scholars Program in the possess a nucleotide phosphatase activity, neither is DNA-
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Ficure 1: Relationship of mutated Tpp1 residues to motifs characteristic af#hbhaloacid dehalogenase (HAD) superfamily. Phosphoserine
phosphatase fror. jannaschii(Mj PSP), human mitochondrial Bleoxyribonucleotidase (Hs dNT2), and T4 polynucleotide kinase (T4

PNK) are phosphatases of the HAD superfamily with known structrf@s16). The regions from their sequences containing the catalytic
residues (in upper case) are shown, with numbers in parentheses indicating the number of amino acids separating the adjoining regions. The
catalytic residues that are inferred from the crystal structures of PSP, dNT2, and T4 PNK to have the same position and functional role are
connected by solid lines. These catalytic residues constitute three motifs (in bold) which are characteristic of the HAD superfadily (

Tppl fromS. cereisiae (Sc Tppl) exhibits high sequence similarity to tHepBosphatase domain of human polynucleotide kinase (Hs
PNKP) @), and regions from their sequences which were identified as HAD superfamily motifs are aligned. Broken lines connect the Tppl
and Hs PNKP residues that correspond to the catalytic residues of Mj PSP. Tppl residues numbered and marked with an asterisk were
mutated in this study.

in motif lll where amino acids with the same functional role leu2-3, 112pep4:HIS3 ura3-52) was used for expressing
do not show primary structure alignment between dNT2, T4 GST fusion protein cassette22).

PNK, and Mj PSP (Figure 1). Thus, at least with respectto  Tpp1 Expression Plasmids and MutagenesBN375 is
its primary structure, Tppl appears to be more related to 5 LEU2CENARS vector that expresses HiMycs-Tppl
PSP rather than dNT2 or T4 PNK. from the strong constitutiveDH1 promoter, and its creation

The active site residues of Mj PSP, as a prototypic was described in Karumbati et ak)( D35A and D37A
example, are arranged to form sites for binding oPMand mutants were described in Karumbati et &). (pTW375
phosphate (Figure 9). Mg is critical for activity and is served as a template for creating additional Tppl point
coordinated by PSP D11 and D167 side chains, the mainmutations using the QuikChange multi-site-directed mu-
chain carbonyl group of D13, the phosphate, and two water tagenesis kit (Stratagene). Positive clones were detected by
molecules. The phosphate is bound by side chains of D13,diagnostic PCR and sequenced to confirm the expected
S99, K144, and M. K144 and M@" are the only positively  mutation as well as to rule out the introduction of additional
charged groups in the active site and serve to neutralize themutations. Plasmids expressing wild-type and mutant Tpp1
phosphate negative charge. D13 acts as a general acid thais GST fusion proteins were created by gap repair cloning
donates a proton to stabilize the negative charges developednto modified pYEX 4T-1 22). EcoRl/Smad digested,
on the apical oxygen atom upon scissile bond cleavage, modified pYEX 4T-1 was cotransformed into YW607 with
mediated by nucleophilic attack of D11 on the phosphate. PCR fragments corresponding to the Tpp1 coding sequence
Deprotonated D13 subsequently acts as a general basepossessing'Jails homologous to the recombination domain
activating a water molecule responsible for hydrolysis of the of pYEX 4T-1 (B-TTCGATGATGAAGATACCCCAC-
phosphoaspartate intermediale3,(14). CAAACCCAAAAAAAGAGATCGAAAT and 5'-TTCAG-

Since Tppl has HAD motifs which closely resemble those TATCTACGATTCATAGATCTCTGCAGGTCGACGG-
of Mj PSP, we hypothesize that Tppl has a catalytic ATCCCCCT for the amino- and carboxyl-terminal sides,
mechanism similar to that of the HAD superfamily, especially respectively.)

PSP. However, unlike any other known HAD superfamily Measurement of Drug Sensity. pTW375 and its mutant
protein, a 3phosphatase must engage DNA as part of its derivatives were transformed into YW950, and their drug
catalytic cycle. Binding to a highly charged macromolecule sensitivity was measured as described previoud)y Ex-
not only places unique demands on the protein and its activeponentially growing cells were exposed to varying concen-
site but also allows for the application of facile experimental trations of MMS in 50 mM potassium phosphate buffer, pH
approaches not generally possible with small molecule 7.5 at 30°C for 30 min with shaking. Survival was
substrates. Here we explore these hypotheses using sitedetermined by plating serial dilutions to leucine-selective
directed mutagenesis. Using in vivo and in vitro activity plates and counting colonies following incubation at°80
assays in conjunction with in vitro DNA binding assays, we for 3—4 days.
establish the contribution of seven different amino acids 0 \yestern BlottingExpression of HigMycs-Tppl deriva-
catalysis, substrate binding, Kgcoordination, and forma-  tjyes was determined by boiling 0.5 @ cells in SDS-
tion of a covalent phospho-Tpp1 intermediate. These findings paGg sample loading buffer followed by electrophoresis on
are discussed in the context of the known functional 100, SDS-PAGE and transfer to nitrocellulose membrane.
properties of this DNA repair enzyme. Blots were developed using mouse anti-cMyc (Santa Cruz)
and alkaline phosphatase-conjugated rabbit anti-mouse sec-
EXPERIMENTAL PROCEDURES ondary antibodies (Sigma).

Yeast Strains.Creation of Saccharomyces cerisiae Oligonucleotide Substrate®ligonucleotides used in these
strain  YW950 MATo canlA::Myc-Fpg apnlA::HIS3 studies are shown in Figure 4. The duplex oligonucleotide
apr?A::kanMX4 tpdA::MET15 ade2A0 his3A200 leu2 bearing a 3phosphate at a 1-nt gap (010) used for Tppl
metl5A0 trplA63 ura3A0) was described in Karumbati et  activity assays and its labeling and annealing were as
al. (4). S. cereisiae strain YW607/EJ758NMATa his3A200 described §). Oligonucleotide O1 is a 14-nt ssDNA which
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does not have any predicted secondary structure. O2 is ao the assay buffer, and these samples were electrophoresed
perfect hairpin, derived from O1, with a 10-nt stem and a with 0.5x TBE. Gels were dried, phosphorimaged, and

5-nt loop. O3 was derived by addition of an 11-nt tail onto

analyzed using Imagequant software.

the 8 terminus of O2. The sequence of this tail was designed  For plasmids, 150 ng of pES1&7) was incubated with
so that it neither self-anneals nor anneals to the sequence ifncreasing amounts (24 pmol) of wild-type Tppl in 30
the stem. O4 has the same sequence as O3 but carries g1 of assay buffer at room temperature for 5 min. Ten

phosphate group at thé 8nd. O5, which has a'&racil
residue, is structurally similar to O3 but has a totally different
sequence; in addition, its Eail is complementary to the'5
tail of O3. O6 was created by ligatind Eadiolabeled O3

microliters of the reaction was mixed with:2 of loading
buffer and electrophoresed on 0.8% agarose<inTA (TAE
lacking EDTA) at room temperature. The remaining 20
was extracted with phenekthloroform, and 1Q:L of the

and nonphosphorylated OS5, leaving a nick in the perfectly aqueous phase was mixed with loading buffer and electro-
base-paired stem. O7 was created similarly except that O5phoresed similarly. Gels were stained after electrophoresis

was 3-phosphorylated, so that ligation results in a closed
circular molecule. O8 and O9 were obtained by ligating 5

with 0.5 ug/mL ethidium bromide. To examine the role of
Mg?" in DNA binding, MgChk was omitted and 20 mM

radiolabeled O3 to O”gonUCIeotideS which have essentia”y EDTA was added to the assay buffer, and these Samp|es were
the same sequence as OS5 but were 1 and 3 nt shorter at thg|ectrophoresed withd TAE buffer.

5 terminus, so that O8 and O9 have a 1-nt and 3-nt gap,

respectively. All ligation products were purified by passive
elution from slices ba 7 M urea and 12% polyacrylamide
gel and reannealed by heating to 95 and slow cooling

prior to use. The presence of a single reannealed species o

the predicted size was confirmed by 8% nondenaturing
PAGE.

DNA with radioactive phosphate at thé t&rminus was
created as follows. O5 was radiolabeled at itehd with

[y-*2P]ATP and then ligated to O3. An abasic site was created

in the ligated product by treatment with uracil DNA
glycosylase (UDG). This apyrimidinic DNA was then boiled
at 95°C for 30 min after the pH was increased to 10.5 by
addition d 1 N NaOH. This treatment resulted fhand 6
elimination reactions at the abasic si&3{26), leading to

a break in the DNA backbone such that the radioactive
phosphate was now present at thei®d of O3. The presence
of radioactive phosphate at thé t8rminus was confirmed
by the loss of signal in denaturing gels upon treatment with
wild-type Tppl. The final product with '3radioactive

Detection of the Phospho-Tppl Intermedidazyme (4.5
pmol) was incubated with 400 fmol of DNA substrate bearing
a 3 radioactive phosphate in 1fL of assay buffer at 4C
}or 30—-40 s, and the reaction was stopped with rapid mixing
nto SDS-PAGE sample loading buffer. Samples were
loaded on 0.1% SDS and 10% polyacrylamide gels without
heat denaturing and electrophoresed at 94 V in an ice bath
with SDS omitted from the lower tank buffer. Prestained
protein molecular weight markers were loaded in two lanes.
Prior to fixing, the gel was cut to separate the highly
radioactive bottom part, corresponding to the substrate, from
the upper part where the enzyme would migrate. The upper
part was further cut into two parts. One part, containing one
marker lane, was used for phosphorimaging after fixing in
methanot-acetic acid-water (40:10:50) and vacuum drying
at 45°C for 2—3 h. The other part, with the other marker
lane, was used for Coomassie staining. After imaging, the
images were sized and aligned to each other using the marker
lanes.

phosphate was purified on denaturing gels as describedgesyLTs

above.

Enzyme Acitity Assays.GST-Tppl derivatives were
overexpressed and purified from yeast cells as descried (
and protein was estimated from SBBAGE gels stained
with Coomassie blue using BSA as a standardPl3os-

Mutation of Tppl HAD Motifs Abolishes-Bhosphatase
Activity in Vivo and in Vitro.The striking similarity of the
conserved HAD motifs and invariable aspartates between
Tppl and Mj PSP pointed to a similar functional role for

phatase activity assay using a duplex oligonucleotide bearingthese residues in the Tpp1 reaction mechanism. To investi-
a 3-phosphate at a nick was carried out essentially as gate this possibility, we carried out site-directed mutagenesis

described §). The reaction mixture contained 50 fmol of

and replaced the conserved Tppl residues D35, D37, T39,

DNA substrate and appropriate amounts of enzyme in a S88, K170, D206, and D218 with both conservative and

volume of 10uL such that the final assay buffer was 50
mM Tris-HCI (pH 7.5), 100 mM NaCl, 10 mM MgG| 1
mM DTT, and 50ug/mL BSA. After incubation at 30C
for 30 min, the reaction was stopped by addition of
formamide/EDTA loading buffer, and samples were elec-
trophoresed © 7 M urea and 12% polyacrylamide gels
followed by autoradiography or phosphorimaging and analy-
sis using Imagequant software (Amersham).
Electrophoretic Mobility Shift Assay (EMSAjor oligo-
nucleotides, 100 fmol of DNA was incubated with 500 fmol
of enzyme in 1QuL of assay buffer (described above) at 30
°C for 30 min. Loading buffer (50% glycerol in assay buffer)

nonconservative alanine substitutions. The effect of these
mutations on Tppl function was first assessed using an in
vivo assay described previousk)(@and depicted in Figure
2A. The assay relies on conversion of abasic sites created
after MMS treatment into'3phosphate blocking lesions by
bacterial Fpg expressed in yeast. Because the yeast strain
also lacks the abasic endonucleases Apnl and Apn2, survival
following MMS treatment is strictly dependent on functional
Tppl. Transformants carrying empty vector plasmids showed
3800-fold less survival as compared to plasmids expressing
wild-type Tppl @) (Figure 2C). The survival of transfor-
mants carrying plasmids expressing alanine replacements of

was added, and the samples were electrophoresed on 4%he four invariable aspartates, D35, D37, D206, and D218,

acrylamide gels in 0.5 TB (TBE lacking EDTA) at 60 V
and room temperature. To examine the role ofiig DNA
binding, MgCh was omitted and 20 mM EDTA was added

and K170 was similar to the vector only transformants
(Figure 2C). Moreover, a similar poor survival was also seen
with the conservative substitutions D35N, D35E, D218E, and
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Ficure 2: Tppl HAD motif mutants are severely impaired iAphiosphate removal in vivo. (A) Schematic of the in vivo assay for function

of Tppl. Plasmids expressing Tppl or its mutant derivatives were transformed in YW&5A(:Myc-Fpgapnl apn2 tppll Treatment

of these transformants with MMS results in methylation of bases. Removal of these modified bases by glycosylases leads to abasic sites,
which, in the absence of Apnl and Apn2, are cleaved by bacterial Fpg into strand breaksptitsBhates, the substrate for Tppl. Only

when active Tppl is present aret8/droxyl ends generated, allowing lesion repair and cell survidjal(B) Detection of Tppl expression

levels in YW950 transformants by Western blotting using anti-cMyc antibodies. A band corresponding to 43 kiMy¢$id ppl was

seen in all mutants, except the vector only lane, whereas the 33 kDa Myc-Fpg band is present in all lanes and serves as a loading control.
(C) Sensitivity of YW950 transformants to 0.025% MMS. (D) Sensitivity of wild-type Tppl and select mutants to varying concentrations

of MMS.

K170R. On the other hand, the conservative substitutions very high amount of protein (5000 fmol) was used, whereas
D37E, T39A, S88A, and D206E improved survival to D35A, D35N, K170A, K170R, and D218E did not show any
variable extents. Survival with the D37E mutant was activity (Figure 3C). Importantly, the very low activity
comparable to that of wild-type Tppl, even at MMS exhibited by T39A, K170A ,and K170R overruled any
concentrations higher than 0.025% (Figure 2D). As seen in contribution to enzymatic activity by contaminating bands
Western blots, all mutants, except D218A, expressed a 43seen in these mutants (Figure 3A).
kDa cMyc-tagged full-length protein at levels either com-  In total, the results from in vivo and in vitro assays showed
parable to or higher than wild-type Tppl (Figure 2B). a direct correlation in the relative pattern of activity of
Because D218A showed no other mutation or truncation in mutants. The in vivo assay appears to be less sensitive to
the gene upon repeated sequencing of recovered plasmidTppl mutant defects, however. This is likely a result of
we attribute its faster migration to an unknown conforma- overexpression from the strong ADH promoter, coupled with
tional effect. The poor survival of all mutants could be a longer incubation period allowing more time for repair.
attributed to loss of Tppl'$hosphatase activity due to the Taken together, the complete loss or partial impairment of
substitutions since even the higher expression levels observedctivity of Tppl mutants indicates the importance of the
with some mutants were unable to complement Tppl mutated residues in Tppl catalysis. In particular, D35 and
deficiency. K170 are essentially indispensable. These results strongly
The results obtained with the in vivo assay were cor- support the hypothesis that the targeted residues either form
roborated by the in vitro estimation of catalytic activity. the active site or are very close to the active site.
Wild-type Tppl and all mutants were expressed as GST Tppl Binds to DNA through Its Act Site.In addition to
fusion proteins and purified as full-length (56 kDa) proteins catalytic defects, the loss of enzymatic activity seen with
(Figure 3A). Only D37E, S88A, and D206E were capable Tppl mutants could reflect an inability to engage substrate
of removing a 3phosphate when 100 fmol of enzyme was or cofactor in the active site. We carried out DNA binding
used, which is 10-fold higher than the amount required for studies using EMSA to explore this. We first used oligo-
complete removal of'3phosphate by wild-type Tppl under nucleotide substrates which self-anneal and possess only one
similar conditions (Figure 3B). Indeed, quantitation of the 5 and 3 end. These carried either &l3ydroxyl (Figure 4,
activity with increasing amounts of D37E, S88A, and D206E 0O3) or 3-phosphate (O4). In the presence of Wgwild-
mutants showed severely impairedphosphatase activity type Tppl and D35A each showed formation of a stable
(Figure 3D). From the remaining mutants, only D35E, D37A, DNA—enzyme complex, as indicated by a strong shifted
D206A, D218A, and T39A displayed some activity when a band (Figure 5). Wild-type Tppl showed equal binding to
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Ficure 3: Tppl HAD motif mutants are severely impaired inphiosphate removal in vitro. (A) Wild-type Tppl and mutant derivatives

(56 kDa) were purified as GST fusion proteins, and the purity of the preparation was determined by 16®/ABIS For the top panel

and wild type in the bottom panel, 0@ of GST-Tppl was loaded whereas @d of GST-Tppl was used for mutants in the bottom panel.

Note that K170A and K170R migrated a bit slowly due to a larger loading volume and therefore higher glycerol content whereas D218A
migrates slightly faster (similar to Western blots). (B) 50 fmol of DNA substrate was incubated with 10 fmol wild-type Tppl or 100 fmol

of mutants at 30C for 30 min, and the products were separatecd@ Murea and 12% acrylamide gel and autoradiographed. The 22-mer
oligonucleotide synthesized with and without ‘apBosphate served as markers (lanes M). (C) Similar to (B) except with 100 fmol of
substrate and 5000 fmol of enzyme. (D) 50 fmol of DNA substrate was incubated with the indicated amounts of enzyme, and the reaction
products were separated by denaturing PAGE followed by phosphorimaging and quantification using Imagequant software.
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< FicUrRE 5: Tppl exhibits stable Mg-dependent binding to DNA
5 AT TACGAATGCCCACACCGCCE GO ACCACCACTAGC TGEACE through its active site. EMSA was performed using 500 fmol of
010 TAATGCTTACGGGTGTGGCGGCCGCGGGTGGTGGTGATCGACCGG either wild-type Tppl or D35A and 100 fmol of the indicated DNA

in the presence (left panel) or absence (right panel) of'Mgs
described in Experimental Procedures. The amount of substrate
shifted was quantified and is presented graphically below the
autoradiograms. Note that, in the presence ofMmnd active Tppl,

all of the 3-phosphate substrate is hydrolyzed tehgdroxyl, and

the band essentially represents binding tehyroxyl. This is
indicated by the letters OH above the relevant bar.

Ficure 4: Oligonucleotides used for DNA binding studies.-©1
O5 were synthesized, and ©69 were prepared by ligation (details

in Experimental Procedures). Asterisks indicate the position of the
32p Jabel, A represents the point of ligation, and P indicates-a 3
phosphate group.

both 3-hydroxyl and 3-phosphate. This was not surprising,
since under the assay conditions active Tppl catalyzeswas also severely diminished. In marked contrast, D35A still
removal of the 3phosphate to leave d-Bydroxyl. With showed strong binding to both-Bydroxyl and 3-phosphate
the 3-hydroxyl substrate, D35A showed1.5-fold less in the absence of Mg, albeit at a reduced level with the
binding than wild-type Tppl. D35A binding to the'-3  3'-hydroxyl. These results demonstrate a crucial role for
phosphate substrate wa-fold more as compared td-3 Mg?* in DNA binding by the wild-type enzyme, which in
hydroxyl, suggesting that specific contacts are made to theturn strongly suggests that this binding occurs through the
3'-phosphate. Tppl active site. This conclusion is further supported by the
To study the role of M§" in substrate binding, Mggl suppression of MY dependence by the D35A active site
was omitted and 20 mM EDTA was included in the assay mutation.
buffer. Under these conditions, catalytic activity of wild- Tppl Binds Preferentially, but Not Exclusiy, to dSDNA
type Tppl was abolished as expect&l (n parallel with with Free EndsBinding studies were extended to further
this, binding to both 3hydroxyl and 3-phosphate substrates study the dependence of Tppl binding on DNA structure.
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Ficure 6: Tppl binds preferentially to dsDNA with free ends. (A)7 M urea and 12% acrylamide denaturing gel shows the different
migration of the indicated oligonucleotides obtained following ligation of O3 and O5 (shown in Figure 4). Samples in the left panel were
run after PAGE purification. Samples in the right panel were run prior to purification, and so a small amount of starting material is seen.
(B, C) EMSA was carried out using 500 fmol of either wild-type Tppl or D35A and 100 fmol of purified oligonucleotides in the presence
(B) or absence (C) of M. Electrophoresis was carried out on a 4% native polyacrylamide gel followed by phosphorimaging and analysis
using Imagequant software. (D) 150 ng of plasmid pES16 was incubated with increasing amounts of wild-type Tppl in the presence of
Mg?* at room temperature for 5 min. Samples containing 50 ng of pES16 were electrophoresed on 0.8% agardsk buffer before
phenot-chloroform extraction (left panel) or after extraction (middle panel). The right panel shows the migration of DNA when the reaction
was carried out in the absence of Mgt room temperature for 5 min. pES16 linearized vBtill was used as a marker, and the different
plasmid species are indicated as S (supercoiled), L (linear), N (nicked circular), and D (dimer).

The various substrates used (Figure 4) were prepared by The surprising ability of Tppl to bind strongly to co-
ligating different synthetic oligonucleotides, and the presence valently closed DNA was confirmed using agarose gel
of the expected ligation product was confirmed by denaturing EMSA and a supercoiled plasmid. In the presence of'yig
PAGE (Figure 6A). The presence of the covalently closed a shift in the electrophoretic mobility of the plasmid was
structure (O7) was confirmed by a band migrating faster than observed with wild-type Tpp1, which was lost after removal
the nicked molecule (O6) but slower than the starting of protein from the reaction mixture by pheraihloroform
oligonucleotide, O3. In the presence of Mgboth wild- extraction (Figure 6D). Importantly, the DNA retained the
type Tppl and D35A displayed a similar pattern of binding, same degree of supercoiling after exposure to Tpp1, proving
although D35A again bound-2-fold less than wild type  the binding of Tppl to terminus-free DNA. As with
(Figure 6B). The enzymes showed very poor binding to oligonucleotides, the progressive plasmid shift at increasing
ssDNA as opposed to the strong binding to oligonucleotides Tpp1 concentrations demonstrates the binding of many Tppl
with dsDNA, explaining our previous observation that molecules per plasmid. In the absence oPMdinding was
ssDNA is a poor substrate for Tpp8)(Among the dsDNA  again strongly inhibited.

substrates, highest binding was observed with oligonucle-  Active Site Residues Contacting Mgnd the 3 Terminus
otides with a free end (O2 and O3). A terminus was not a of DNA. We next asked whether other active site mutants
prerequisite for binding, however, as demonstrated by could bind DNA and whether the binding was Rig
binding to the covalently closed structure (O7). Surprisingly, dependent (Figure 7). When compared to D35A, D35N
a nick in the circular substrate (O6) was not sufficient to behaved similarly and exhibited a preference fept@osphate
restore the highest level of binding, suggesting an inhibition and relative Mg" independence, although binding was not
by the 3-terminated strand at the nick. The introduction of as strong as D35A. The binding was reduced even more
a 1-nt or 3-nt gap in the circular DNA (O8 and O9, when glutamate replaced D35 so that D35E was now
respectively) partially relieved this inhibition, although essentially unable to bind. The behavior of D206 mutants
binding was still submaximal. In lanes with ©©9, the was similar to D35 mutants. D206E displayed drastically
primary shifted band migrated faster than with O2 and O3, reduced binding under all conditions, while D206A showed
which is a result of the increased charge/mass ratio in Tpp1Mg?*-independent binding to both’-Bydroxyl and 3
complexes with longer oligonucleotides. Moreover, an ad- phosphate. D206A did not exhibit an apparent preference
ditional band appeared in these lanes, which is most likely for a 3-phosphate, however, in contrast to D35A. These
due to binding of multiple Tppl molecules. In the absence patterns are consistent with both a role of D35 and D206 in
of Mg?*, wild-type Tppl was essentially unable to bind any Mg?" binding and a role for Mg in charge stabilization in

of the substrates whereas D35A again retained substantiathe active site (see Discussion). We note that although D35A,
binding (Figure 6C). D35N, and D206A exhibited Mg independence, binding
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FIGURE 7: Active site residues contacting ¥fgand the 3terminus

of DNA. EMSA was performed in the presence and absence of
Mg?t as described for Figure 5. All of the-Bhosphate substrate

is hydrolyzed to 3hydroxyl in the presence of Mg and active
enzyme (indicated by OH above the bars). Note the strikingly

different patterns seen for D35 and D206 mutants as compared to

D37 mutants.

in the presence of Mg was generally better than in its
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Ficure 8: Detection of a covalent phospho-Tpp1l intermediate. (A)
Schematic of the preparation of an oligonucleotide witheBioac-

tive phosphate by transfer from a-phosphate (for details see
Experimental Procedures). (B) Samples at every stage of radiolabel
transfer were electrophoresed ® M urea and 12% polyacrylamide

gel (only the top and bottom gel portions are shown for space),
and where indicated, samples were treated with wild-type Tpp1l or
D35A. (C) The phopsho-Tpp1 intermediate (Tppl*) was detected
by incubating 400 fmol of 3radioactive phosphate substrate with
4.5 pmol of enzyme at 4C for 30—40 s, followed by electro-
phoresis on 0.1% SDS and 10% acrylamide gel. The inset shows
how the gel was cut. P and C indicate subsequent phosphorimaging
and Coomassie brilliant blue staining, respectively, and M indicates
prestained molecular weight markers that were used to align the
final images. The left top (protein) and bottom (substrate) parts
were exposed to a phosphorimager screen for 15 h and 10 min,
respectively. (D) Detection of the phospho-Tppl intermediate was
carried out with the indicated mutants as in (C). Note in (C) and
(D) that the degree of substrate cleavage during the reaction can
be judged from the bottom portion of the gel. An open arrowhead
denotes a band whose presence correlates directly with the extent
of residual substrate. Because it appears even in the absence of
protein, this band is inferred to be a minor alternative conformation
of the DNA substrate.

catalytic activity. Other mutants, T39A, K170A, K170R,
D218A, and D218E, did not show binding to either 3
hydroxyl and 3-phosphate substrates in the presence 6fMg
(data not shown).

Tppl Catalysis Entails Transfer of thé-Bhosphate to a
Covalent Phospho-Tppl Intermediaté/ith the active site
residues identified as the highly conserved residues from the

absence, suggesting that these single mutants retain som&lAD superfamily motifs, it was almost certain that the

Mg?* binding capacity.

A completely different picture was seen with D37 mutants.
In contrast to D35, D37A could not effectively bind
3'-hydroxyl DNA, even in the presence of Mg whereas
D37E showed a very strong binding with a strong require-
ment for M. With the 3-phosphate substrate, D37A now
showed M@"-dependent binding. Most strikingly, D37E
bound well to a 3phosphate even in the absence of?¥g
It is again not meaningful to study D37E binding to
3'-phosphate in the presence of Mgas this active mutant
will cleave the phosphate. Collectively, this pattern is
consistent with a role of D37 in contacting thet8rminus
(see Discussion).

S88A showed a totally Mg-dependent binding to’3
hydroxyl DNA, similar to its relatively high preservation of

catalytic mechanism of Tppl resembles that of Mj PSP. To
prove this unequivocally, we sought to detect the presence
of a covalent intermediate of Tppl1 with the leaving phosphate
group. We created a substrate carrying a radioactive phos-
phate at its 3end by transferring a'52P radiolabel from
one oligonucleotide to the' nd of another (see Figure 8A
and Experimental Procedures). The migration of reaction
intermediates and products on denaturing PAGE revealed
the expected changes in oligonucleotide length following
ligation, UDG treatment, and heat treatment in alkaline
conditions. Moreover, disappearance of the radioactive signal
on treatment with Tppl, but not D35A, confirmed the
presence of a'3radioactive phosphate (Figure 8B). The
detection of the phospho-Tppl intermediate required high
concentrations of both the enzyme and substrate, short assay
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Table 1: Summary of Tppl Mutant Phenotypes and Their Comparison with Human PSP

Tppl
activity? 3'-hydroxyl binding 3-phosphate binding phospho-

in vivo in vitro +Mg —Mg +Mg —Mg Tppl hPSP
wild type ++ ++ + - NA° - +
D35A - - + + + + -
D35E - - - - - - - D20E (-)
D35N - - + + + + ND¢ D20N (-)
D37A - + - - + - - D22N (—)
D37E ++ + + - NA + + D22E (+)
T39A + + - ND - ND -
S88A + + + - NA - + S109A (+)
K170A - - - ND - ND ND K158A ()
K170R - - - ND - ND - K158R ()
D206A - + + + + + - D179N ()
D206E + + - - NA - - D179E (+)
D218A - + - ND - ND ND D183N ()
D218E - - ND ND ND ND ND D183E (+)

a For activity, ++ indicates wild-type levelst indicates reduced but easily detectable levels,-anddicates activity only at very high enzyme
concentration® Mutations of the corresponding residues from hPSP; loss or retention of activity is indicated in parenthesed.%5edlfef= not
applicable; these enzymes cleaved th@l®sphate in the presence of ¥Mgluring the binding reactiorf. ND = not done.

duration, and low temperature, which is consistent with the The second aspartate in motif I, D37, was not as critical since
known lability of phosphoaspartate bon@8{30). Follow- its substitution by glutamate retained substantial activity. This
ing SDS-PAGE, wild-type Tpp1 as well as the active mutant mimics hPSP, and indeed, in some species glutamate is
D37E showed a radioactive signal band at the same positionnaturally observed at this position in PSPL(13, 19). The
as GST-Tppl (Figure 8C). The absence of such a band inD37 side chain was important, however, given the nearly
the lane with catalytically inactive D35A proves that this total loss of activity with alanine substitution. Subtle differ-
band was arising through an enzymatic transfer of radiolabelences were seen with other residues, for example, Tppl
to Tppl. Moreover, the absence of a band at the position mutants D218A and K170R (Table 1). In total, however,
corresponding to BSA (which is seen in the Coomassie- the striking similarity between our Tpp1l functional analysis
stained gels) and the stability of the signal under denaturing and those reported previously for PSP and T4 PNK (9,
conditions confirm a Tppl-specific covalent complex with 31) strongly supports the correspondence of their HAD
the radioactive phosphate. motifs as illustrated in Figure 1. On the basis of this, we
In addition to wild-type Tppl and D37E, S88A was the present a model of the active site and catalytic mechanism
only other catalytically active mutant which showed the of Tppl (Figure 9) that is similar to those proposed for PSP,
phospho-Tppl intermediate (Figure 8D). The maximum yield T4 PNK, and dNT2 11, 14—16, 19, 31) and explored in
of phosphoaspartate was seen with S88A whereas D37Edetail below.
exhibited a consistently lower yield than wild-type Tppl and  Formation and Hydrolysis of the Phospho-Tpp1 Reaction
SB88A. Itis most notable that D206E failed to show complex |ntermediatePhosphatases from the HAD superfamily utilize
formation despite significant residual activity. The covalent a two-step reaction mechanism involving (i) formation of a
intermediate was not detected with the severely impaired covalent phosphoenzyme intermediate through nucleophilic
mutants D35A/E, D37A, T39A, K170R, D206A, and D218A  attack by the first conserved aspartate from motif | and (ii)
even when the reaction time and temperature were variedits subsequent degradation by an activated water molecule
(Figure 8D; data not shown). This suggests that hydrolysis (13—15). We have demonstrated a covalent phospho-Tppl
of the Tppl-bound phosphate is not the rate-limiting step intermediate, providing further evidence of a common
for these mutants. reaction mechanism with PSP. Beyond the inference from
HAD homology, our results support that this complex is
DISCUSSION formed through D35. We were unable to detect the inter-
Tppl Belongs to the HAD SuperfamiBy comparison mediate with any D35 mutant, and D35A showed an absolute
with the HAD superfamily of enzymes, and PSP in particular, l0ss of 3-phosphatase activity despite retention of strong
we have designed conservative and nonconservative substitusubstrate binding. In contrast, direct visualization of the
tions of likely Tpp1 active site residues and assessed theircovalent intermediate and/or retention of at least minimal
effect both in vivo and in vitro. The activity pattern of these residual activity by all other active site alanine replacements
mutants was very similar to that observed previously for eliminated those residues as being the point of covalent
human PSP (hPSP), especially among mutants that retainedttachment. The failure to detect the phospho-Tpp1 inter-
some activity 11, 19) (Tab|e 1) Comparison to T4 PNK mediate with T39, K170, D206, and D218 indicates that their
was less informative due to the lower correspondence of its rate-limiting defect is in phosphoaspartate formation rather
catalytic residues (Figure 1) and the fact that its active site than hydrolysis.
mutations are more uniformly disabling). In HAD family The second asparate of PSP and dNT-2 motif | acts as an
members the first aspartate in motif | is invariable and the acid that donates a proton to the leaving group in the first
most critical 9—12, 19, 32). Similarly, the first aspartate in ~ phosphotransfer reaction and then as a base to extract a
Tppl motif I, D35, proved to be indispensable for activity. proton from a water molecule, making it a nucleophile for
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(D37) inactive at 3-phosphoglycolate and’-aldehyde blocking
lesions and is not an exo- or endonuclease. Contrary to our
initial predictions, this does not appear to be a function of
substrate binding. Tppl must be capable of accommodating
more than just a'3phosphate in its active site, as shown by
its binding to circular DNA. Instead, the inferred Tppl
reaction mechanism (Figure 9B) provides an explanation for
its substrate specificity. Specifically, the attack of D35 on
the leaving phosphate is predicted to occur by ga@-§pe
mechanism in which there is an inversion of the tetrahedral
B geometry around the phosphate via a trigonal-bipyramidal
D37 M D37 M intermediate 14, 15). A bulky and/or charged group on any

:>/(\ S o one of the phosphate oxygens would thus need to be moved
c>\

° ';o~<o a 0-’< through the active site. The attendant steric and charge
Mg paoe —_ ' -Mg  pacs conflicts would be expected to impose severe restrictions

HO " o :

- . ;a 4R ;o on phosphate inversion, making cleavage impossible. Some
Q/“O‘/f\;!"‘( D35 & T °‘< D35 degree of phosphoglycolate cleavage has been observed for
) e, | 0” bacterially purified plant homologues of Tppl, although this
k170 \ K170\ was very weak 33, 34). This would necessitate a signifi-
Ho cantly more open active site than seen in Tppl, and indeed
HPO, ' we have been unable to recapitulate this finding with highly
j lnma—a'oH active Arabidopsis thalianazinc finger DNA 3-phospho-
DNA=3'PO, esterase (AtZDP) protein purified from yeast (data not
v I " shown).
L W Mg?* Binding and Charge Stabilization in the Tppl Aeti
N ./ No . __(D Site.The observation that Tpp1 binds stably to DNA allowed
N _Rng"' ;506 Y Mg pade us to probe the defects of our active site mutants in
Ho TN considerable detail. Two observations indicate that this DNA
womely oy e .'/.é\_oJ( 035 binding occurs through the Tpp1 catalytic active site: binding
Yoo NP o of wild-type Tpp1 is M@*-dependent, while D35 and D206
" \ active site mutations largely abolish this Kglependence.

K170\ K170\ e : \ ;
FIGURE9: The proposed Tppl reaction mechanism. (A) Our results These initially paradoxical observations emphasize that

from activity and binding assays with Tppl mutants support an Substrate binding, Mg binding, and charge_ stabilization_
active site of Tppl that resembles Mj PSP. For reference, the must be considered together. The active site of Tppl will

drawing depicts the indicated residues from the crystal of Mj PSP have a high negative charge density because of the clustering

in complex with P (generated using CN3D from the crystal; PDB .
number 1L7M) 121). The corresponding Tpp1 residues from Figure %)_fhpumerogs asr[])artate _r”ezlduesbal_nd ;hg Sl:]bs;[\;la_te phoc'jsphate.
1 are indicated in parentheses. (B) A model for Tpp1 catalysis can | IS Négative charge will be stabilized by the WMgon an

be proposed wherein D35 catalyzes removal of thet®sphate, ~ also by positively charged active site amino acids, notably
simultaneously forming a covalent intermediate. D37 acts as a K170. Indeed, K170 mutants were neither active nor bound

proton donor for 3phosphate removal and as a proton acceptor pNA. This includes the conservative K170R mutant, how-

activating a water molecule which attacks and cleaves the phospho- PR :
D35 intermediate. (1) DNA with the ‘@hosphate bound in the ever, indicating that the function of K170 must extend

active site in a transition state with nucleophilic attack by D35. Peyond its charge to perhaps, based on comparison to PSP,
(I) Covalent phospho-Tpp1 intermediate through D35. (lll) Transi- positioning of the D35 side chairlg, 14). We attribute the
tion state with a nucleophilic attack of a water molecule resulting Mg?" independence of DNA binding by D35A and D206A
in cleavage of the phospho-Tpp1 intermediate. (IV) Noncovalently tq the reduced charge density in the active site caused by
bound phosphate after cleavage of the covalent intermediate. these mutations. At the same time, the fact that DNA binding
phospoaspartate hydrolysi$3-15). Our results support a by D35A and D206A was only marginally enhanced in the
role for the equivalent residue of Tppl, D37, in proton presence of MY implies that these mutants are largely
exchange. D37A showed very poor activity while D37E, unable to bind Mg". Thus, the effects of D35A and D206A
capable of acietbase catalysis, retained substantial activity mutations are twofold: they impair My coordination but
and covalent bond formation. Importantly, because this at the same time alleviate the need for the charge stabilization
residue is involved in both phosphoaspartate formation and conferred by Mg". These interpretations are supported by
cleavage, it is not predictable whether mutants such as D37Ethe fact that neither D35E nor D206E could bind DNA, even
would show an increased or decreased covalent intermediatein the presence of Mg, as they would disturb the Mg
S88 is predicted to be positioned near D37 in the active site coordination geometry while maintaining a negative charge.
(13—-16, 21), and the analogous hPSP residue has been Unlike D35 and D206, D37 is not implicated in Ny
suggested to have a role in phosphoaspartate hydrolysis basebinding. Its mutants showed a strong Mglependence for
on studies of its exchange reactidr®). Consistent with this, binding, and D37E in fact bound DNA most strongly.
S88A showed a particularly strong detection of covalent Importantly, we cannot exclude the contribution of other
intermediate. noncharged residues to Kgbinding, as they would not be
The Basis of Tppl'd&hosphate Specificitf:ppl is rigidly expected to exhibit the loss of charge repulsion. However,
specific for removal of 3phosphates3 4, 8). It is entirely PSP and related structures suggest that the remainiig Mg
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coordination bonds are likely contributed by the backbone laboratory for their ongoing support and helpful comments

carbonyl of Tppl D37 and the phosphate its&l3-{15).
Binding to the 3 Terminus and PhosphatéAlanine

on the manuscript.

mutants of two different residues showed an increase in DNA REFERENCES

binding when a 3phosphate was present: D35A and D37A.
Thus, Tppl must make binding contacts with the 3

phosphate, and neither D35 nor D37 can be entirely 2.

responsible for these contacts. Malmost certainly contacts
the phosphate via a coordinate bond, but this again is an
insufficient explanation given the Mg independence of
D35A binding. Comparison with PSP structures suggests that
S88 and K170 might contact the phosphdtg, (4), but our
binding data were not informative in this regard. D37 does
appear to provide important contacts to théeBminus, based

on the particularly complex DNA binding pattern of its
mutants. First, D37E was exceptional among mutants inferred
to be Mg* binding competent in that it did show Mt

independent binding, but only when & ghosphate was S.

present. This implies a strong functional interaction between
the 37 position and the phosphate. However, an accounting
must be made for the strong charge repulsion which would
exist in such an active site. We argue that the longer
glutamate side chain distorts the active site and pulls the

phosphate from its normal position, especially in the absence

of Mg?* stabilization. Second, removal of the D37 side chain
in D37A resulted in a nearly total loss of binding to the 3
hydroxyl, but not 3-phosphate, DNA. It thus appears that

D37 becomes critical in the absence of the additional 8.

stabilizing contacts that can be made with the phosphate,
again implicating D37 as a principal interactor with the 3
hydroxyl. 9
Modes of DNA Binding by TppAlthough Tpp1 must bind
DNA to carry out its function, we were surprised by the
stability of this binding, especially on substrates without a
3'-phosphate or even a terminus. AtZDP was shown to bind
DNA, but this had been attributed to a Zn-finger domain
not present in Tpp134). Tppl binding was largely specific
to dsDNA, consistent with its described biological functions
(3, 4, 8), but further substrate variations had lesser effects.
Curiously, the 5 terminated strand at a nick appeared
inhibitory, despite the fact that Tppl is highly active at nicks
(8). This likely reflects the fact that our EMSA assays fall
short of what must presumably be the most active, but
obligatorily transient, binding mode, a-Bhosphate bound
by wild-type enzyme with M§" present. More specifically,

our results suggest that Tppl engages DNA in a scanning 14.

mode, perhaps accompanied by translation along the DNA
strand. Once a phosphate lesion is encountered, it is engaged
in the active site. We hypothesize that the transition to the
catalytic mode will require a conformational change that
causes the active site to more completely encompass the
DNA and simultaneously distorts its backbone, counteracting
5" strand inhibition. A similar “open-closed” transition has
been described for PSR4). Proof of this hypothesis will

require identification of Tppl residues outside of the active 7.

site that provide high-affinity DNA binding. These studies
are in progress.
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