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ABSTRACT

Excision of uracil from tetraloop hairpins and single
stranded (‘unstructured’) oligodeoxyribonucleotides
by Escherichia coli uracil DNA glycosylase has been
investigated. We show that, compared with a single
stranded reference substrate, uracil from the first,
second, third and the fourth positions of the loops is
excised with highly variable efficiencies of 3.21, 0.37,
5.9 and 66.8%, respectively. More importantly, inclusion
of E.coli single stranded DNA binding protein (SSB) in
the reactions resulted in  [07-140-fold increase in the
efficiency of uracil excision from the first, second or
the third position in the loop but showed no significant
effect on its excision from the fourth position. In
contrast, the presence of SSB decreased uracil excision
from the single stranded (‘unstructured’) substrates
[2-3-fold. The kinetic studies show that the increased
efficiency of uracil release from the first, second and
the third positions of the tetraloops is due to a
combination of both the improved substrate binding
and a large increase in the catalytic rates. On the other
hand, the decreased efficiency of uracil release from
the single stranded substrates (‘unstructured’) is
mostly due to the lowering of the catalytic rates.
Chemical probing with KMnO 4 showed that the presence
of SSB resulted in the reduction of cleavage of the
nucleotides in the vicinity of dUMP residue in single
stranded substrates but their increased susceptibility
in the hairpin substrates. We discuss these results to
propose that excision of uracil from DNA-SSB
complexes by ur acil DNA glycosylase involves base
flipping. The use of SSB in the various applications of
uracil DNA glycosylase is also discussed.

INTRODUCTION

like UDG (5,6), recently discovered dsUDG)(and other
proteins with UDG activity such as glyceraldehyde-3-phosphate
dehydrogenase8) can be classified into one group. The
mechanism of uracil excision by this group of proteins is not
understood at present. The other group consists of UDGs which
show striking similarity in their amino acid sequence from all
sources ). Within this groupEscherichia colUDG (Ung) was
the first to be discovered and characterizetdj, and has been
used as a prototype to understand the biochemistry of uracil
release 1-4). However, much of the current knowledge on the
structural basis of the enzyme action has emerged from the crystal
structures of UDGs from HSV-I and human. The crystal
structures revealed that the active site grooves of this group of
UDGs are also highly conserved and that they bind to the
extrahelical or flipped out uracil residués+{13). Such binding
of extrahelical bases was earlier reported for two bacterial DNA
methyltransferases and several other DNA repair enzymes
(14-16). Recently, the structure of an engineered mutant of
human UDG complexed with double stranded DNA showed that
the uracil base flipping is achieved by the enzyme mediated
‘push’ and ‘pull’ mechanism1@,17). The side chain of the
leucine residue from a highly conserved motif HPSPLS (position
272 in human UDG) infiltrates the minor groove and expels
(‘push’) the dUMP residue into the major groove of the double
helix. The insertion of the leucine side chain is stabilized by
interactions of the phosphate groups with selective amino acids
on the surface of UDG. Flipping of the uracil residue from the
major groove (as opposed to the base flipping from the minor
groove for the recognition by methyltransferases) is then
facilitated by the interactions with the side chains of amino acids
that form the uracil binding pocket (‘pull’)1817). The
glycosidic bond between the uracil and the sugar is cleaved by the
attack of a hydroxyl nucleophile on to the deoxyribosea@in.
The hydroxyl nucleophile is most likely generated by the
activation of a water molecule by the aspartate residue of yet
another highly conserved motif GQDPYHL(13,18,19).
Reconstitution of UDG directed repair pathway Ercoli

Uracil DNA glycosylase (UDG) initiates uracil excision repairinvolves five proteins represented by UDG, AP endonuclease IV,
pathway by cleaving the glycosidic bond between uracil and tiigecJ, DNA polymerase | and DNA ligase and utilizes single
deoxyribose sugar of DNA. Uracil residues in DNA arise as aucleotide gap filling mechanisra((21). In higher eukaryotes
result of deamination of cytosine or incorporation of dUMP bylso, the replacement of dUMP by dCMP occurs by generation of
DNA polymerase. UDGs characterized so far require no metaingle nucleotide repair patch@®,23). However, to date, there
ions or other cofactors for their activiti-4) and can be divided are no reports on the participation of any ancillary proteins that
into two groups. A number of diverse proteins such as the cyclinay be playing a role in recruiting UDG to the site of its action.
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Highly inefficient excision of uracil from DNA hairpin loops (2 U) in 10pl reactions §0). The radiolabelled oligonucleotides

suggested that melting of these structures may be needed @re purified by chromatography on Sephadex G-50 minicolumns.

efficient repair 24). A candidate macromolecule for melting suchThis procedure routinely resulted in labelling efficiency#®

structures could be the single stranded DNA binding proteinp.m./pmol oligonucleotide. Fdf,, and Vynax determinations,

whose involvement in nucleotide excision repair in human celhdiolabelled oligonucleotides were mixed with cold substrates

lines has been already shovaib)( such that total contribution from labelled counterpart was much
less than 1%.

MATERIALS AND METHODS
o Electrophoretic mobility shift assays
Purification of UDG and SSB
Oligonucleotides (1 pmaljL°c.p.m.) were incubated with SSB

UDG was purified from an overexpressing clon€&afoli TG1  tetramer (5 pmol) in 15l UDG buffer at 27C for 10 min,
harbouring pTrc99CUng (U. Varshney, unpublished). Constitutivelectrophoresed in cold{&) on 8% polyacrylamide gels (30:0.5
expression of SSB was achieved by transforming a recombinafgfylamide:bis-acrylamide) using 8. 5BE buffer 30) for 1-2 h at
plasmid,pTL119A.SSB containingsbgene (Lohmaet al, 26; 150 v and autoradiographed.

provided by Dr K. Muniyappa) into amng- strain of E.coli
BW310 7). Other details of UDG and SSB purification were
in principle, as reported earliet((26,28). SSB was stored in a

buffer containing 0.5 M NaCl to avoid precipitation of the proteirstandardization of conditions showed that the effect of SSB on
at high concentration2€) and desalted by chromatography onyracil excision was independent of whether or not it was

'Excision of uracil in the presence of SSB

Sephadex G-50 prior to its use. preincubated with the substrates or UDG. However, for the reactions
in the presence of SSB, substrates were routinely preincubated
O|igodeoxyribonuc|eotides (o|igonuc|eotides) with it for 10 min at 27C prior to the addition of UDG.

These were obtained from Bioserve Biotechnologies, Laur% - :

(USA) and Regional DNA synthesis Laboratory at University o ange finding experiments

Calgary, Calgary (Canada). Oligonucleotides were purifiéd ( UDG reactions with the various dilutions of enzyme inul5
and quantified on Beckman DU 600 spectrophotometer using thgaction volumes were performet using 1 pmol substrate in
resident software and made up to a final concentration of 1Re presence or the absence of 5 pmol SSB tetramer.
pmoliul. A list of the oligonucleotides used in this study is given

in Tablel. Km and Vpmax determination

EnzymeS, radioisotopes and Other reagents Reactions (1&') Containing Val'ying amounts of substrates were
carried out using appropriate dilutions of UDG. Data were analysed

Enzymes were purchased from New England Biolabs or Uss described?¢d) andKy, andViax values were determined from
Biochemicals and the radioisotopes were from Amersham. Othgwouble reciprocal plot$() using the grapher software. As UDG
chemicals were from Boehringer Mannheim, Sigma or Gibco-BRlis inhibited by high salt concentrations, for the determinations of
Km andVmax values in the presence of SSB, it was freed of the
salts present in the storage buffer, prior to its use, by chromatography
on Sephadex G-50 and quantifieg?)( SSB tetramer was
Oligonucleotides (10 pmol) weré 3P-end-labelled using 320Ci  obtained at a concentrati@B pmoljil. Such concentrations are
[y-32P]ATP (3000 Ci/mmol) and T4 polynucleotide kinase im0 inadequate to provide saturating molar excess of SSB tetramer at
reaction volume=20). U-loop and U-stem oligonucleotides were high substrate concentration points needed to perform Michaelis—
labelled by filling in the 3 recessed ends with 2ACi  Menten type kinetics. Hence, the experiments were performed in
[a-32P]dCTP (5000 Ci/mmol) in the presence of PBOJATP,  the presence of the equimolar ratios of SSB tetramer to the
dTTP and dGTP using Klenow fragment of DNA polymerase $ubstrates.

Labelling of oligonucleotides

Table 1.List of the oligonucleotides

S. No. Name Size (nt)  Sequence Remarks

1 SS-U3 24 d(ctUaagtgcaggcatgcaagagct) Single stranded substrate, U &t Bosition
2 SS-U4 25 d(addcatagtttacctgaagaatat) Single stranded substrate, U usition
3 SS-U9 24 d(ctcaagtdpggcatgcaagagct) Single stranded substrate, ) pbSition
4 Loop-Ul 22 d(ctagggatccUttt ggatccd U at BStposition of the tetraloop

5 Loop-U2 22 d(ctagggatcctUtt ggatcct) U at 2 position of the tetraloop

6 Loop-U3 22 d(ctagggatccttUt ggatccd U at 39 position of the tetraloop

7 Loop-U4 22 d(ctagggatcctttU ggatccf U at 4" position of the tetraloop

8 U-hairpin 24 d(gcatgcctgcatlaa gtgcagde U in the loop

9 U-loop 32 d(cgatctagaggattdtt ggatcctctagat U in 2nd position of the tetra loop

10 U-stem 32 d(cgatctagaggatdttt ggatctJctaga) U in the stem
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Figure 1. Electrophoretic mobility shift assay#)(Oligonucleotides, 1 pmol B.
(105 c.p.m.) were incubated with 5 pmol SSB (tetramer) ipl 1IDG reaction P_ -
buffer at 27 C for 10 min, electrophoresed on 8% polyacrylamide gél&afar -
2 h, and autoradiographe) (Same as (A) except that oligonucleotides were -
labelled to higher specific activity (1 pmol, 218° c.p.m.) and electrophoresed -
for 1 h. Presence (+) or absence (—) of SSB is indicated. .

[1 2 3 4 5 6 7 8 3]

Structural probing with KMnO 4 _ _ _ _
Figure 2. Effect of SSB on UDG reactions. Oligonucleotides (1 pmol) were

Oligonucleotides({D.1 pmol,110° c.p.m.) were mixed with SSB  either supplemented (+) with 5 pmol SSB (tetramer) or not supplemented (-)

. ; ; and the reactions carried out either in the absence (-) or the presence of the
tetramer (0.1-0.5 pmol) or 100 ng BSA ini#QUDG reaction indicated amounts of UDG (0.4, 4 or 20 fmol). The samples were analyzed on

buffer. To the mix, 2'$l| freShly prgpared 1(? mM KMnQ/YaS 18% polyacrylamide, 8 M urea gels. The diagrammatic sketches of the various
added and incubated at°27for 5 min. Reaction was terminated oligonucleotides are shown in the box.
by addition of 7.5ul B-mercaptoethanol (40 mM), &0 sodium

ace][ate_d(0.375 M) a;}nd Etﬂ);]/ml.y_east dtotql RNA. Ehg oI'|%o- ith SSB and no free oligonucleotides were detected. These
nuhc eOtl' €s Werg ?;. ano preqldpltatel I\';lvvlce, dv;]/as € | Vt\%o 75%’lgonucleotides were mostly in complex with SSB even in the
?t %%0 : susr)Tehn edam 1|;ﬁlQ)|per| |rf1e( ), agq Fateh.la 4 Presence ofan equimolar amount of SSB (data not shown). On the
or min. The samples were frozen at *Dlyophilized, gy, hand, even at 5-fold molar excess of SSB tetramer only
resuspenlded én J}ﬂlg;marrlde Icl)ad|_r(ljg dgeMand allqulot5|]:(g 4 [10% of U-hairpin (lanes 15 and 16), U-loop (lanes 17 and 18)
Vr\?rli ana yge Tﬁn 0 plo yacr)ll amice- uréaahge S OT9.2 My U-stem (lanes 19 and 20) were in the complexes, suggesting
thickness ¢3). The control samples were treated the same exCceRlveak interaction of SSB with these oligonucleotides. Under the

that KMnQ; was not added to the tubes. same conditions, the oligonucleotides Loop-Ul, -U2, -U3 and
-U4 did not show any detectable complex (lanes 3—10). However,
RESULTS when we performed EMSA using the oligonucleotides labelled to

higher specific activity and decreased the electrophoretic run
time, complex formation could be detected with these substrates
A list of oligonucleotides and the abbreviations used to denofEig. 1B, lanes 5-12). Thus compared to SS-U4 (Hgj.lanes
them is given in Tabld. Treatment of radioactively labelled 1 and 2) or to U-loop (FidlB, lanes 3 and 4), complexes of
oligonucleotides with excess UDG resulted in essentially 100%o0op-U1, -U2, -U3 and -U4 with SSB are very weak.

excision of uracil from the expected positions of all substrates

(data not shown). Effect of SSB on uracil excision from U-loop, SS-U3, SS-U4
and SS-U9

To study the effect of SSB on uracil release, the substrates were
incubated with 5-fold molar excess of SSB tetramer before UDG
To investigate the involvement of SSB, we analysed its ability teactions were carried out (FB). In the absence of SSB, only
bind to different oligonucleotides by electrophoretic mobilityat the highest concentration of UDG (20 fmol, Ri§, lane 4),

shift assay (EMSA). As shown (FIp), in the presence of 5-fold  some product release is seen from U-loop. In the presence of SSB,
molar excess of the SSB tetranief)( SS-U3 (lanes 11 and 12), even at the lowest concentration of UDG (0.4 fmol, lane 5) the
SS-U4 (lanes 1 and 2) and SS-U9 (lanes 13 and 14) form comppewduct release is at least 3—4-fold higher than that from its

Characterization of oligonucleotides

Interaction of single stranded DNA binding protein (SSB)
to oligonucleotides
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Figure 3. Effect of SSB on UDG reactions. Oligonucleotides (1 pmol) were either supplemented (+) with 5 pmol SSB (tetramer) or not supplemented () and
reactions carried out either in the absence (=) or the presence of the indicated amounts of UDG (0.4, 4 or 20 fmol). The samples were analysed on 18% polyacryl
8 M urea gels. The diagrammatic sketches are shown in the box.

highest concentration (20 fmol) in the absence of SSB (comparecil release from single stranded substrates. In contrast, uracil
lanes 4 with 5). Surprisingly, when we performed similarelease from loop regions gradually increases with increasing
experiments on single stranded substrates, SS-U3, -U4 and -d8ncentrations of SSB. At the substrate to SSB molar ratios of 2.5
the efficiency of uracil release was lowered by the presence wf 5 a plateau is reached with no further changes up to a molar
SSB (Fig2B). The three substrates used contained dUMP at thetios of 10 (Fig4, right panel). The only exception to this
varying locations, and therefore, the effect of SSB was positianalysis is Loop-U4, which showed a small but detectable
independent. A similar but less pronounced effect of SSB walgcrease in uracil release. One of the substrates, SS-U4 was als
also seen on uracil release from a double stranded substrai@incubated with excess BSA (instead of SSB), as a control. We
U-stem (Fig2A, lanes 8-10). observed that increased concentration of prqtefmsedid not

To further examine the effect of SSB on uracil release from logpfluence the UDG activity (data not shown). An important
regions, Loop-U1, -U2, -U3 and -U4 containing dUMP in eitheeonclusion from this data is that the presence of saturating levels
the first, second, third or the fourth position of the tetraloops weeg SSB tetramer (5-fold molar excess) resulted in near uniform
designed from the middle region of U-loop (TableAnother  release of uracil from all the substrateBQ-50%) which in its
substrate, U-hairpin, whose sequence is altogether different frgfsence varied more than two orders of magnitude (see below,
U-loop was used as a control to rule out sequence dependggbles2? and3). At the amounts of UDG used (0.4 fmol), release
effects. Excision of uracil from Loop-U1l (FigA, lanes 1-5), of uracil from the loop region of the hairpins (except for
Loop-U2 (Fig3A, lanes 6-12), Loop-U3 (FigB, lanes 1-4)and | oop-U4) is insignificant in the absence of SSB (re: Bigsd
U-hairpin (Fig.3B, lanes 8-14) was poor in the absence of SSB) Hence, the fold increase in the efficiency of uracil release from
but increased significantly in its presence. On the oth_er hand, urggib hairpin substrates could not be accurately estimated from this
release from Loop-U4 was efficient and remained m03t|¥xperiment.

unchanged in the presence of SSB (Bi).compare lanes 6 with  Figyre4 showed that the 5-fold molar excess of SSB tetramer

7). to substrate represents a concentration beyond which the extent
of uracil release does not change for any of the substrates. As the
Kinetics of uracil release in the presence of SSB experiments shown in Figur@sand3 were performed in the

presence of 5-fold molar excess of SSB tetramer, the data were
To study the kinetics of uracil release as a function of SSguantified to estimate the increase or decrease in the efficiency of
concentration, UDG reactions were carried out in the presenceusficil release from the various substrates (Tableln the
the varying concentrations of SSB tetramer to the substrate) (Fig.presence of SSB, the excision of uracil from the second position
It is clear that the single stranded (‘unstructured’) oligonucleotide tetraloops (U-loop, Loop-U2), and U-hairpin is improved
SS-U3, -U4 and -U9, all of which are good substrdiB8%  43—-137-fold. The excision of uracil from the first and the third
excision in the absence of SSB) show gradual decrease in thesitions of the tetraloops is also increaseédold. In contrast,
efficiency of uracil release with increasing SSB concentration wpe presence of SSB results in 2—-3-fold decrease of uracil release
to the molar ratio of2.5. Subsequently, no further decrease ifrom single stranded substrates, SS-U3, -U4 and -U9, and a
seen up to the molar ratios of 10 or 15 (Eideft panel). The data double stranded substrate, U-stem (dUMP in the stem region). A
show that SSB results in 2—3-fold decrease in the efficiency sfight decrease in uracil excision from Loop-U4 is also evident.
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Figure 4. Release of uracil at different concentrations of SSB. Substrates (1 pmol) were incubated with the varying molar ratios of SSB (tetramer) f6r@.0 min at 2
and subjected to reaction with 0.4 fmol UDG. The reaction products were electrophoresed on 18% polyacrylamide, 8 M urea gels and autoradiographed. Radioa
in the bands corresponding to the product and the remaining substrate was determined to calculate the percent product formed as 100[product/(left over subs

product)].

Table 2.Effect of SSB on the excision of uracil

S. No. Substrate % Product formed % Product formed Ratio
(-SSB) (+SSB) (+SSB/-SSB)

1 SS-U4 84 29 0.345
2 SS-U3 65 27 0.415
3 SS-U9 75 40 0.533
4 U-stem 52 29 0.55
5 U-loop 0.16 22 137.5
6 U-hairpin 0.13 5.6 43

7 Loop-Ul 2.9 20 6.9

8 Loop-U2 0.18 155 86.1
9 Loop-U3 2.7 20.5 7.6
10 Loop-U4 37 30 0.81

Quantitation of the data shown in Figures 2 and 3. Bands corresponding to the product and the remaining substrate from the selected lanes were cut out, radio
counted and used to calculate percent product formed per 0.4 fmol UDG. Percent product formed was calculated as 100[product formed/(substrate left at tl
of reaction + product formed)]. The data used corresponded to the various reactions as follows. SS-U4 (Fig. 2B, lanes 2 and 3). SS-U3 (Fig. 2B, lanes 5 and 6).
(Fig. 2B, lanes 8 and 9). U-stem (Fig. 2A, lanes 9 and 10). U-loop (Fig. 2A, lanes 4 and 5). U-hairpin (Fig. 3B, lanes 11 and 12). Loop-U1 (Fig. 3A, lanes 3 an
Loop-U2 (Fig. 3A, lanes 9 and 10). Loop-U3 (Fig. 3B, lanes 3 and 4). Loop-U4 (Fig. 3B, lanes 6 and 7).

Kinetic parameters of uracil excision in the absence single stranded substrate (SS-U4) is largely due to decrease in the
and presence of SSB Vmax (214 versus 675) and thg, values are not significantly

) , affected (5.25 versus 6.57). On the other hand, better utilisation
To further understand the mechanism of uracil release from tge| oop-U2 is a result of both increaségay (408 versus 15.2)
various substrates, the kinetic paramet&sandVmay) of uracil — and decreaseld, (13.88 versus 39.9). Hence, the decrease in
excision from various oligonucleotides were determined (Bble racil excision from single stranded substrates is mostly due to the
The efficiency of uracil excision was calculate¥@ag/Kmratio  decreased catalytic rate whereas an enhanced uracil release fron
and represented as percent of the reference substrate SS{ghp-U2 is a combined effect of the increased catalytic rate and
Uracil release from the loop regions of DNA hairpins Loop-Ulpetter substrate binding. As expected, in the case of Loop-U4
Loop-U2 and Loop-U3 is inefficient (3.21%, 0.37% and 5.9%peijther theK, nor the Vi are altered significantly by the
respectively). Of these, Loop-U2 is the most inefficient substrajgesence of SSB.
because of the combined effect of the Highand lowVpax
values. Interestingly, uracil excision from the fourth position o - ) ;
tetraloop is efficient (66.8%) and the kinetic parameters suggegsttruCturaI probing of SS-U4 with KMnO4
that the favourabl&, of the enzyme for Loop-U4 largely KMnO, preferentially attacks T residues in the single stranded
contributes to making it a better substrate. regions of DNA 85) and has been widely used as a probe to detect

To understand the mechanism of SSB effect on uracil releasbarply distorted or melted regions of DNA6Y, We used

we also determined th&,, andVyax values in the presence of KMnO4 to detect SSB induced structural perturbations in the
SSB using SS-U4, Loop-U2 and -U4 as representative substratasstrates. The results obtained with SS-U4 are shown in Bigure
Since uracil excision from Loop-U4 is not significantly affectedAs expected, in a control where excess BSA (in place of SSB) was
by SSB, it served as a control. Due to technical reasons thesled to the reaction, we did not detect any alterations in the
studies were performed at substrate to SSB tetramer molar ratleavage pattern of SS-U4 by KMp@ompare lanes 4 with 5).
of 1:1 (see Materials and Methods). The results (Tabdaver  Results of the various other controls shown in lanes 1, 2 and 3 are
half) show that the decreased rate of uracil excision from tlas expected. However, in the presence of SSB at 1:1 or 1:5 molar
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ratios (lanes 6 and 7), some changes in the cleavage pattern are [ KNno. TR
. : . . oS i
observed. The thymine residues (T16 and T23) showed enhanced [ BSA |- |+|-1-1+1-1-l@
cleavage. More importantly, the thymine residues (T7 and T10) SSB:Substrate | - |- |5 |- |-|1|5
in the vicinity of the dUMP residue showed decreased cleavage i o w2
in the presence of SSB (compare lanes 6 and 7 with 4). 23 [T,
Furthermore, the products arising as a result of the slow chemistry A
of KMnOg4 induced cleavage (marked by asterisk, corresponding ’é
to G9) showed decreased reactivity in the presence of SSB. These A .
observations suggest that the presence of SSB results in decreased Al [
accessibility of the nucleotide bases (proximal to dUMP) to 4@ S I
KMnQOy in the single stranded substrate SS-U4. The enhanced c . N >
cleavage at positions T16 and T23 is unclear at present. c o3 -« vl
A ,"" N — —
e -
Table 3.Kinetic parameters of uracil excision from the various substrates 10T/
HG [~ Fad -— - - -
A /'
S.No Substrate Kmd Vma?  Relativé Ratidf T|IT[
(x107M) (x10®) VmalKm (+SSB/-SSB) A —
In the absence of SSB 5 -
1 Ss-U4 6.57 675.7 100 n.a M253 45678
2 Loop-Ul 39.9 132 3.21 n. a. =
3 Loop-U2 39.9 15.2 0.37 n. a. Longer Exposure — -]
4 Loop-U3 22.7 1279 5.9 n. a.
5 Loop-U4 2.52 173.5 66.8 n. a. ) . ) )
In the presence of SSB Figure 5._Struqtura| prqug of SS-U4 with KMn&IReactlo_ns were pgrformed
as described in Materials and Methods. Lanes 1-3, oligonucleotide processed
6 SS-U4.SSB 5.25 214 39.6 0.396 through all the steps but not treated with KMniGane 1, neither BSA nor SSB
7 Loop-U2.SSB  13.88 408.7  28.58 75.2 were added:; lane 2, 100 ng BSA was added; lane 3, SSB added at 5-fold molar
8 Loop-U4.SSB 2.45 153 60.7 0.908 excess. Lane 8, dimethyl sulfate generated G ladder. Lanes 4-7,4KMnO

induced cleavage pattern. Lane 4, neither BSA nor SSB were added. Lane 5,
. 100 ng BSA was added. Lanes 6 and 7, SSB was added in equimolar or 5-fold
n.a., not applicable. molar excess to the oligonucleotide, respectively. Various positions sensitive to
All the values are average of two to four independent experiments. the reagent are shown by arrows.

K values are for the uracil residue in the oligonucleotides.

bVihax values are in pmol product formed/nig/protein.

CRelativeVmadKm are shown as % of SS-U4.

dRatio 0f Vina/Km values (+SSB/-SSB). DISCUSSION

We have used synthetic DNA substrates harbouring dUMP in
Structural probing of Loop-U2 and U-hairpin with KMnO 4  different structural contexts to understand the mechanism of

action of UDG. Demonstration of pd(UN)p as the minimum size
The presence of SSB resulted in KMypiiduced cleavage at T9 substrate for UDG3(7) has provided crucial biochemical evidence
and T19 positions (FigA, lanes 7 and 8). These thymines arein establishing the role of the backbone phosphates flanking the
involved in base pairing @and 4" base pair from the loop uracil residue in making specific contacts with the enzyiréie (
closing base) and in the absence of SSB show no modification Byrthermore, these substrates also serve as a model system for th
KMnQg4 (lanes 5 and 6). In addition, the cleavage of thymineomplex DNA structures that may be encountéeredvo.
residues in the loop region (T12, T14 and T15) is also distinctly We earlier showed that compared with a single stranded
enhanced in the presence of SSB. Cleavage of the loop urag#ference substrate, uracil excision from the second position of a
U13 (through a slow chemistry, marked by asterisk) also showéstraloop was highly inefficient. However, the substrates used did
a definite increase in the presence of the SSB. Taken togethwst allow us to address the question of the efficiency of uracil
KMnQOg4 probing suggests melting/opening of the hairpin structurexcision from the other positions in the lo@g)( The present set
in the presence of SSB. These structural perturbation may resflisubstrates where each one of the dTMP residues of the tetra T
in display of loop residues for improved recognition by UDG. loop was systematically replaced with dUMP, not only confirms

To further establish that SSB leads to destabilization of hairpour earlier observations but also shows poor excision of uracil

structure, structural mapping of yet another oligonucleotiddérom the first and the third positions. However, its excision from
U-hairpin was perfomed (Fi§B). Similar to the findings with the fourth position is efficient. The kinetic studies suggest that
Loop-U2, presence of SSB resulted in KMm@luced cleavage Loop-Ul,-U2 and -U3 bind to UDG, 10-20 times less efficiently
at positions T8 and T18 (FigB, compare lanes 6 and 7 with 4 than Loop-U4 (Tabl8). Further, th&/ax of UDG for Loop-U2
and 5). This suggests melting of the double stranded structurésn1L0 times lower than that for Loop-U1, -U3 and -U4 and
this region. In addition, cleavage at position T13 (jusb%he demonstrate that the inefficient cleavage of uracil from the second
dUMP residue) was also enhanced in the presence of SSB. Thessition is a combined effect of both higl, and lowVmax
findings reinforce the conclusion drawn above that the presenealues. The lovK, for Loop-U4 raises an intriguing possibility
of SSB results in melting of the hairpin structures. that the conformation of the sugar—phosphate backbone/uracil
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A - base of this substrate could be such that it docks favourably on to
KMnO, [-[-T- +[+[+]+ . - ; .
BSA LR R ES PR the active site groove of UD(BEQ)._ More interestingly, our
SSB:Substrate | - 5 1]5 present studies reveal the contrasting effects of SSB on excision
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of uracil from the various structural contexts. It decreases uracil
release from single stranded (‘unstructured’) substrates by
lowering theVmax whereas the uracil release from the loop
regions is enhanced as a result of the slight decre&sg at
greatly due to the remarkable increaseVipax (Table 3).
Chemical probing using KMnfsuggests that SSB causes
structural changes in the substrates resulting in decreased
accessibility of the bases in the single stranded (‘unstructured’)
oligonucleotides (Figh) but increased accessibility in the hairpin
substrates (FigbA and B). The structural changes are thus
consistent with the observed changes in the efficiencies of uracil
release from the various substrates in the presence of SSB.
Uracil excision from the single stranded substrates is lowered
2-3-fold when annealed to the complementary DNA strand
(10,24,3941). A similar observation is made when the single
stranded substrate forms a complex with SSB (Tabéewi3).
Our results suggest that the mechanism of uracil recognition in the
single stranded DNA—SSB complex may be similar to that in the
double stranded substrates which has recently been shown to
involve nucleotide flipping 13,17). In the single stranded
DNA-SSB complex, the DNA wraps over the SSB tetrar (
and a single stranded undecameric oligonucleotide has been
shown to bind to SSB tetramer in a helical conformation of right
handed B-type helix@). Furthermore, as the DNA interacts with
SSB through the nucleotide bas&@$4?2), the SSB tetramer may
be considered a ‘second strand DNA mimic’. Similar to the loss

B | Kg;f. o ) B e Iy o i [ of the accessibility of thymines to KMa@pon base pairing with
[ SSB:Substrate | - I 115 the complementary strand DNA, the presence of SSB also results
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in decreased accessibility of thymines to the reagen&jFiauch
an interaction, as is the case in double stranded DNA, may utilize
the elements of recognition that are also needed for uracil binding
in the active site pocket of UDG. For instance, in the single
stranded DNA-SSB complex, the purine and pyrimidine bases
are involved in stacking interactions against tryptophan residues
of SSB @4). Similarly, one of the interactions that uracil makes
in the active site pocket of UDG is by stacking against
phenylalanine i(1,12). This, in essence, makes some form of
uracil base flipping or destabilization of the uracil and SSB
contacts, a precondition for recognition by UDG. Since much of
the decrease in the efficiency of uracil release from single
stranded substrates in the presence of SSB is a result of lowered
Vmax the proposed base flipping from the single stranded
DNA-SSB complex may be the rate limiting step causing
2-3-fold poor utilization of the single stranded substrate (Zable

On the other hand, the hairpin substrates with uracil in position
1, 2 or 3 of the tetraloops are very poor substrates (0.3-5.5% as
efficient as the reference). A likely reason for this is the
interactions of the bases within the loop and/or the conformation
of the sugar—phosphate backborgs43) which result in
abstraction and binding of uracil into the active site pocket of
UDG less favourable. In the presence of SSB, the hairpin

Figure 6. Structural probing of Loop-U2\) and U-hairpinB) with KMnOj. structures are melted (FigA and B) and U_t"'zed eff|C|en.tIy by .
Reactions were performed as described in Materials and Methods. Lanes 1-8lDG (Table3). A caveat to this interpretation, however, is that in
Sar&ﬂf as ig(FEi?ULfe 5. Démgt(hAY)l Sulcfiaﬁ gﬁg;erated G Iam Shgwln inlane 4 (Akhe electrophoretic mobility shift assays, we detected at the best
and lane . Lanes 5~ an represent ced cleavage 100 fen ; ; ;
pattern. Lanes 5 (A) and 4 (B), neither BSA nor SSB was added. Lanes 6 ( 10% of the hairpin substrates into complex with SSBIF'Ig.'
and 5 (B), 100 ng BSA was added. Lanes 7, 8 (A) and 6, 7 (B), SSB added hOW does such.a Iov_v !evel of substrate—SSB complex resultinan
equimolar or 5-fold molar excess as shown. The various positions sensitive thicrease of uracil excision up to two orders of magnitude (re: U-loop

the reagent are indicated by arrows. or Loop-U2, Table2)? An argument that during the course of
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enzyme reaction, more of the substrate is driven into a complek Lindahl,T. (1974proc. Natl. Acad. Sci. USA1, 3649-3653.
with the SSB tetramer is unlikely because the product of UD& LindahlT., Ljungquist,S., Siegert,W., Nybert,B. and Sperens,B. (1977)
_reaction (an abasic site at the position occupieq by uracil but with JS aE\;,'\c,’;’g?ﬁiﬁiiﬁfﬁ?%rwm‘ and Pearl,L. (1968)re 373
intact sugar—phosphate backbone) would still be expected t0 4g7_493.
remain bound to SSB and therefore no depletion of the2 Mol,C.D., Arvai,A.S., Slupphaug,G., Kavli,B., Alseth,l., Krokan,H.E. and
substrate—SSB complex. From another perspective, if only Tainer,J.A. (1995Lell, 80, 869-878.
[(5-10% of the substrate is in complex with SSB, distinct3 f;ﬁ‘npe"rhja,‘ig’(?gg“é'ﬁgﬁf"5§2V§}B'§§Wai’A'S" Krokan,H.E. and
cleavage enhancements by KMn(Big. 6A and B) are not 4 KIimaéa;us.kas,S., Kumear,S.,' Robert.s,R.J. and Cheng,X. @8l4j6,
expected over the high background. Hence, the results of KMné 357-369.
probing, in turn, suggest an intermediary or transient state ©f Reinish,K.M., Chen,L., Verdine,G.L. and Lipscomb,W.N. (1935, 82,
DNA-SSB complex, which is not detectable by EMSA but exists 143-153.
in solution. We believe that it is this state of substrate—SSE Roberts,R.J. (199%ell, 82, 9-13.
complex which largely contributes to the enhanced excision g””ke"T'A' and Wilson,S.H1996)Nature 384, 25-26.

' . odson,M.L., Michaels,M.L. and Lloyd,R.S. (1994Biol. Chem.269,
uracil by UDG. Furthermore, the relative ease of the ends of thé 3,709_30712.
stem to ‘breathe’, may facilitate nucleation of SSB on hairpifg pearl,L.H. and Sawa,R. (1998¢nds Biochem. ScR0, 421-426.
substrates and result in the destabilization of the interactions in thfe Lindahl,T. (1993Nature 362 709-715.
loop region. As uracil excision from the double stranded! Dianov,G.and Lindahl,T. (199@ur. Biol, 4, 1069-1076.
substrates is better than its release from the single stran%d Dianov,G., Price,A. and Lindahl,T. (1992pl. Cell Biol, 12, 1605-1612.

. . Singhal,R.K., Prasad,R. and Wilson,S.H. (1998jol. Chem.27
DNA-SSB complex (Tabl€), decreased uracil excision from 94(;1957_ (199 m27a

U-stem in the presence of SSB (I24, lanes 9 and 10; Tab® 24 Kumar,N.V. and Varshney,U. (1994jicleic Acids Res22, 3737-3741.
supports the view that SSB binding occurs from the stem regidis. Coverley,D., Kenny,M.K., Munn,M., Rupp,W.D., Lane,D.P. and
This may also explain why the loop-U4 which is a good substrate Wood,R.D. (1991Nature 349 538-541.

to begin with does not show much effect of SSB on uracil excisi(ﬁg E?J?{E::g '}'\{"'a E‘ée\fvr;’ii's MB a(”l%8529)3&22?&5@(11?16%2%’1’;5;?25' 21-25.

by UDG- - . . 28 Varshney,U., Hutcheon,T. and Van de Sande,J.H. (198&)I. Chem).
Finally, our present findings are also important for various 263 7776-7784.

applications of UDG in molecular biologg4-50). The use of 29 Chaconas,G. and van de Sande,J.H. (188@)ods Enzymgl65, 76-85.
UDG as a uracil specific modifying agent had long beeR0 Sambrook,J., Fritsch,E.F. and Maniatis,T. (1888ecular Cloning: A

. . . d i i
suggested in DNA sequence analysis related applicatipns ( ha;?gg:t‘,’\%'\"a”“am Edn, Cold Spring Harbor Laboratory, Cold Spring

however its use for this purpose has not become popular Mosfly | i,e\eaver,H. and Burk,D. (193&)Am. Chem. So66, 658-666.
due to the wide range of efficiency (0.37-100%) with which, Bradford,M.M. (1972Biochemistry72, 248—254.

uracil is excised from DNA polymerg4,41,51-53). The results 33 Maxam,A.M. and Gilbert, W.A. (193®ethods Enzymgob5, 499-560.
shown in Figuret, clearly suggest that in the presence of SSB34 Lohman,T.M. and Ferrari,M.E. (199)nu. Rev. Biochen63, 527-570.
uracil is excised with a fairly uniform efficiency (30-50%) from3> Hayatsu,H. and Ukita,T. (1968jochem. Biophys. Res. Commas,

. : 556-561.
different structural contexts. Thus, our studies should promote t Sasse-Dwight,S. and Gralla,J.D. (19BBiol. Chem 264 8074-8081.

use of UDG in DNA sequence analysis related applications. 37 varshney,U. and van de Sande,J.H. (18&idhemistry30, 4055-4061.
38 Kuklenyik,Z., Yao,S. and Marzilli,L.G. (199&ur. J. Biochem236,
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