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ABSTRACT of DNA polymerase and DNA repair enzymes, but also on the
fidelity of DNA ligase. While a substantial amount of information
has been accumulated on the fidelity of DNA polymerases (for
reviews se&-5), less is known about the fidelity of DNA ligases.

In vitro experiments using plasmid or synthetic oligonucleotide
substrates reveal that T4 DNA ligase exhibits a relaxed specificity,
sealing nicks with'3r 5 apurinic or apyrimidinic (AP) sites),

1 nt gaps ), 3 and 5 A-A or T-T mismatches7), 5 G-T
mismatchesq) or 3 C-A, C-T, T-G, T-T, T-C, A-C, G-G or G-T
mismatchesy). The apparent fidelity of T4 DNA ligase may be
improved in the presence of spermidine, high salt and very low
ligase concentrations, where only T-G or G-T mismatch ligations
were detected’(9). DNA ligase fronSaccharomyces cerevisiae
discriminates 3hydroxyl and 5phosphate termini separated by

a 1 nt gap and -G or T-G mismatches, however’sC, T-C,

C-A or G-A mismatches had very little effect on ligation

The DNA ligase from Thermus thermophilus (Tth DNA
ligase) seals single-strand breaks (nicks) in DNA
duplex substrates. The specificity and thermostability

of this enzyme are exploited in the ligase chain
reaction (LCR) and ligase detection reaction (LDR) to
distinguish single base mutations associated with
genetic diseases. Herein, we describe a quantitative
assay using fluorescently labeled substrates to study

the fidelity of Tth DNA ligase. The enzyme exhibits
significantly greater discrimination against all single
base mismatches onthe 3 '-side of the nick in compari-
son with those on the 5 '-side of the nick. Among all 12
possible single base pair mismatches onthe 3  '-side of
the nick, only T-G and G-T mismatches generated a

guantifiable level of ligation products after 23 h
incubation. The high fidelity of ~ Tth DNA ligase can be
improved further by introducing a mismatched base or

a universal nucleoside analog at the third position of
the discriminating oligonucleotide. Finally, two mutant

Tth DNA ligases, K294R and K294P, were found to have
increased fidelity using this assay.

INTRODUCTION

efficiency (L0). Mammalian DNA ligases | and Il show different
efficiencies in ligating 3C-T, G-T and T-G mismatcheklj. The
vaccinia virus DNA ligase efficiently discriminates against 1 and
2 nt gaps and '3G-A, A-A, G-G or A-G (purine—purine)
mismatches, but easily sealsGT, G-T, T-T, A-C, T-C, C-C,
G-G, T-G or A-G mismatches as well 84C3A, C-T, G-T, T-T
or T-G mismatchesl@).

Our laboratory has cloned the thermostdiiiermus thermo-
philusDNA ligase Tth DNA ligase), which we and others have

used in the ligase chain reaction (LCR) and ligase detection
DNA ligases catalyze the final essential step in DNA replicatiomgaction (LDR) for detecting infectious agents and genetic
DNA repair and genetic recombinatid). Oeficient DNA ligase  diseases 13-27). The success of these and future disease
activity causes serious pathologies in host cells. Abnormdktection assays, such as identifying tumor-associated mutations
accumulation of large DNA replication intermediates in Bloomén an excess of normal DNA, depend on the exquisite fidelity of
syndrome cells and accumulation of Okazaki fragments duringgh DNA ligase. Quantitative studies of most mismatch ligations
DNA replication in the DNA ligase | mutant cell line 46BR haveon the 3side of the nick revealed thdith DNA ligase
been documented?); Furthermore, since DNA ligases aredemonstrates far greater fidelity than that reported for T4 ligase
required to complete any DNA excision repair process, the¢&3). In the present report, we extend this study through
enzymes must efficiently join nicked DNA duplexes which havelevelopment of a fluorescence assay using DNA substrates
been corrected to perfect complementarity, without resealirgpntaining all possible single base mismatches on eithér tire 3
strand breaks containing damaged or mismatched bases. THilside of the nick. We also describe methods to improve the
recovery from DNA damage depends not only on the specificifidelity of DNA ligases.

* To whom correspondence should be addressed

*Present address: Surgical Research Laboratory, Children’s Hospital, Harvard Medical School, 300 Longwood Avenue, Boston, MA 02115, USA



3072 Nucleic Acids Research, 1996, Vol. 24, No. 15

MATERIALS AND METHODS Fidelity assays of nick closure byith DNA ligase

Synthesis of oligonucleotide primers Each reaction was performed in diuffer containing 20 mM

ris—HCI, pH 7.6, 10 mM MgG| 100 mM KCI, 10 mM DTT,

M NAD* and 12.5 nM (500 fmol) nicked DNA duplex
bstrates. DNA probes were denatured®’@4or 2 min),
e-annealed (6% for 2 min) and ligation initiated by the addition

of 0.125 nM (5 fmol)Tth DNA ligase and carried out at 85.

Five microliter aliquots were removed at 0, 2, 4, 6, 8 and 23 h and

mixed with 18ul stop solution (83% formamide, 8.3 mM EDTA

and 0.17% Blue Dextran). To @ of this mixture, 0.5ul

ROX-1000, a fluorescently labeled in-lane size standard (Applied

Bipsystems Division, Perkin-Elmer Corp.) was added. Samples

. ) , . . T
Oligonucleotide primers were synthesized using reagents anq
model 394 automated DNA synthesizer from Applied Biosyste
Division, Perkin-Elmer Corp. (Foster City, CA). Fluorescen
label was attached to theénd of oligonucleotides using 6-FAM
(6-carboxyfluorescein) amidites or attached t&-an3no group
(C3-CPG column; Glen Research, Sterling, VA) using NHS
FAM (N-hydroxysuccinimide ester of FAM; Applied Biosystems
Division, Perkin-Elmer Corp). A universal nucleotide analog
1-(2-deoxyf3-p-ribofuranosyl)-3-nitropyrrole, herein designated

Q, was synthesized, transformed to the phosphoramidite re denatured at 98 for 2 min, rapidly chilled on ice prior to

oligonucleotides synthesized as descriliéi @Il oligonucleo- 0 iy "on an 8 M urea—10% polyacrylamide gel and electro-
tides used in this study were purified by polyacrylamide g horesed at 1400 V (constant voltage) on a model 373A
electrophoresis with recovery of DNA from gel slices using C-1g 1204 DNA Sequencer (Applied Biosystems Division,
Sep-Pak Cartridges from Waters Division, Millipore (BedfordPerkin—Elmer Corp.). Electrophoresis conditions were modified

MA). as suggested by the manufacturer. The gel was polymerized in
_ _ _ 1.2x TBE (54 mM Tris-borate, 1.2 mM EDTA, pH 8.0) and was
5'-Phosphorylation of oligonucleotide probes pre-run before loading samples in a running buffer of TBE

One nanomole of gel-purified oligonucleotide was phosphor);-27 mM Tris-borate., 0.6 mM EDTA, pH 8.0) for 30 min with an

; ; L ; electrode polarity opposite to the normal run with samples. After
lfl(;egl\l/lnl\?géiﬂ I?ﬂ'gg_?gn%rm\% g(%mﬂg&sﬁp?;n%% S pre-run and sample loading, the gel was run ir UBE in the

, . . ormal top to bottom direction for 2.5 h. Fluorescently labeled
T4 polynuclectide kinase (New England Biolabs, Beverly, MA). - .. o ;
at 37C for 45 min. The reaction was quenched by addingl0.5 igation products were analyzed and quantified using Genescan

. 672 version 1.2 software (Applied Biosystems Division, Perkin-
Bmer Corp.) and the results were plotted using DeltaGraph Pro3

at 64 C for 20 min. The phosphorylated oligonucleotides WErE Jfvare (DeltaPoint Inc., Monterey, CA)

stored at —2€C in 5pl aliquots before use.

Purification of wild-type and mutant Tth DNA ligase Measurement of initial rates of perfect match and
mismatch ligations byTth DNA ligase
Wild-type Tth DNA ligase was purified from dbscherichia coli

strain containing th&thligase gene undphoA promoter control  Conditions for these experiments were the same as that for the
as described20), with some modifications. Briefly, cells were fidelity assay except that different amountEtbDNA ligase and
grown overnight at 30 in low phosphate (inducing) medium, different probes were used, as indicated in the figure legends.
harvested, resuspended in lysis buffer (20 mM Tris—HCI, pH 8.Reactions were carried out in 1@0reaction buffer containing

1 mM EDTA, 10 mM 2-mercaptoethanol and 0.15 mM PMSF)12.5 nM (2 pmol) nicked DNA duplex substrates &GIDNA

and sonicated 20). After removal of cellular debris, the probes and target were denatured by incubating the reaction
supernatant was adjusted to 20 mM Tris—HCI, pH 8.5, 50 mMhixture at 94C for 2 min and re-annealed at°€5for 2 min.

KCI, 10 mM MgCp, 0.5 mM EDTA, 1 mM DTT and 2 mM Ligations were initiated by the addition of the indicated amount
2-mercaptoethanol, incubated at 65or 30 min and cleared by of theTth DNA ligase. Aliquots (1@l) were removed at O, 2, 4,
centrifugation at 4C. The supernatant was diluted with an equab, 8 and 10 h for reactions containing mismatched substrates and
volume of 10 mM Tris—HCI, pH 7.6, 0.5 mM EDTA, filtered andat 0, 10, 20, 30, 40, 50, 60 and 70 s for reactions containing
loaded onto a 10 ml Red-Sepharose column (Pharmaciamatched substrates. For assays using matched substrages, 2.5
equilibrated with 20 mM Tris—HCI, pH 8.5, 50 mM KCI, 1 mM samples were mixed with 248l loading buffer and 0.5l

EDTA and 20% glycerol. The protein was eluted with a 30 mROX-1000 before gel electrophoresis. Since the linear detection
linear salt gradient of 50 mM—-1 M KCB() using an FPLC range of fluorescent samples on the 373A DNA Sequencer is
apparatus from Pharmacidath DNA ligase eluted between from 0.1 to 10 fmol, products from mismatch ligation with a yield
0.4 and 0.8 M KCl and fractions containing pltleDNA ligase = <1% were concentrated by ethanol precipitation for accurate
(seen as a doublet of adenylated and deadenylated forms quantification. From 1Qu aliquots, 9.5ul were brought up to
Coomassie brilliant blue stained 7.5% polyacrylamide—0.1900pl with TE buffer (10 mM Tris—HCI, pH 8.0, 1 mM EDTA)
SDS polyacrylamide gels) were pooled. The enzyme wamd ethanol precipitated withpg yeast tRNA as carrier. The
precipitated with an equal volume of saturated ammoniumpellet was resuspended in B loading buffer and 0.54
sulfate. The resultant precipitate was dissolved in 1.5 ptDdH ROX-1000 before gel electrophoresis. The amount of unreacted
and dialyzed at 4C against 500 ml storage buffer containingfluorescent probe was determined by dilutingu0.&f the 10ul

10 mM Tris—HCI, pH 8.5, 1 mM EDTA, 1 mM DTT, 0.2 mg/ml aliquot with 4.5ul loading buffer plus 0.fl ROX-1000. Samples
BSA and 50% glycerol. Protein concentration was determined byere separated on denaturing polyacrylamide gels and results
the Bradford method3(). About 4 mgTth DNA ligase was analyzed as described above. The initial rates were calculated as
obtained from a 450 ml culture. Mutafith DNA ligase was the slope of the straight line in the graph withxthaais as the time
partially purified as described previou§ig). and they-axis as the yield of products.
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RB5'R 5'- 22 GTT GTC ATA GTT TGA TCC TCT AGT CTG CC AAA AAA-3'
RPS'C 5'- CA GTT GTC ATA GTT TGA TCC TCT ASYT CTG GG ARA & -3'
RP5'G 5'- GA GTT GTC ATA OTT TGA TCC TOT ACT CTG GG AR -3
EP5'T 5§'- TA GTT GTC ATA GTT TGA TCC TCT AGT OTG GG -3¢
ComSF  5'- Fam-CCC TGT TCC AGC GIC TGC GGT GPT GCG T -3
BLg 30— GGG ACA AGGE TCG CAG ACG CCA CAA CGC AAT CAR CAG TAT CAM ACT AGG AGA TCh GAC CC -5*
LP3'A 5'-AhA MMM CCC TGT TCC AGC GTC TGC GGT GTT GCG Ta -3
LP3'C 5'- A ARR CCC TGT TCC AGC GTC TGC CGCT GTT GOG TC -3
LP3'G 5= AR CUC TET TOC AGE GTC TG GOT GIT GUG TG -3
LP3'T 5'- CCC TGT TCC AGC GTC TGC GGT GTT GCG TT -3¢
Com3F &°- A GUT GTC ATA GTT TGA TCC TCT AGT CTG GG-Fam -3
ALg 3- GGG RCA AGG TCC CAG ACS CCA CRA OGC ART CAA CAG TAT CAA ACT AGG AGA TCA QAC OC -5«
GLg 3 GGG ACKH RGG TCG CAG ACG CCA CAR CGC AGT CAA CAG TAT CAA ACT AGG ABA TCA GAC CC -5
Alg 3= GGG ACA AGG TCC CAG ACG CCA CAA CGC ART CAA CAG TAT CAA ACT AGG AGA TCA GAC CC -5
TLg 3- GGG ACA AGG TCG CAG 200G CCA CAA CGC ATT CAA CAG TAT CAA ACT GG AGA TCA GAC OO -5
CLy 30- GGG ACA AGE TCG CAG ACG OCA CAA CGC ACT CAA CAG TAT CAA ACT AGG AGA TCh GAC CC -5*

Figure 1. A schematic representation of oligonucleotides used for ligation assays. Probe sequences were derived from human eukaryotic protein synthesis initi
factor elF-4E (50). This random eukaryotic DNA sequence was chosen to avoid any false signal arising from bacterial DNA contamination in partially purified mut
TthDNA ligase preparations. The melting temperature of probes were predicted using the nearest neighbor thermodynamic method (51) (Oligonucleotide 4.0 prog
National Biosciences Inc., Plymouth, MN). The upper and middle panels represent the formation of nicked DNA duplex using one of the template strands, AL¢
an example.Ypper pane) Four different nicked DNA substrates are formed by annealing the common fluorescently labeled oligonucleotide com5F and one of tl
discriminating oligonucleotides (R2§ RPSC, RP3G or RP5T) to the template strand, ALdViiddle panel) Four different nicked DNA substrates are formed by
annealing the fluorescently labeled oligonucleotide com3F and one of the discriminating oligonucleotide& FI3R3, LP3G or LP3T) to the template strand,

ALg. (Bottom pane) The full set of all 16 combinations of match and mismatch base pairing using ALg, GLg, TLg and CLg as the template strand, which vary
the underlined base. Products formed by ligation to the common fluorescently labeled probe can be discriminated by size on denaturing a polyacrylamide gel «
the incorporation of different length ‘A tails.

RESULTS AND DISCUSSION efficiently discriminated, with yields @2% after 2 h, accumulating
. . . . to [(115% after 23 h incubation (Fig). Our result on discriminat-
Strategy for testing wild-typeTth DNA ligase fidelity ing different 3-side mismatches wiffth DNA ligase are similar

A fluorescent assay using nicked substrates was developed #0se reported for T4 DNA ligas (althoughTthDNA ligase
testingTth DNA ligase fidelity. The nicked duplex substrate wasl0es not require high salt, spermidine or very low enzyme
generated by annealing two adjacent oligonucleotide probes (diCentrations to suppress mismatch ligatiar®.(
of them containing a fluorescent dye, FAM) to a longer When the mismatches were located on Hside of the nick, the
complementary template (bottom) strand (se€lfi. sequences). €nzyme still exhibited stringent discrimination against A-G, C-C,
For clarity, the fluorescently labeled probe is defined as tHe-G and T-C mismatches (FI§). Ligation yields of mismatches
common oligonucleotide, while the probe containing the testba8eC: A-A, C-A, G-A and T-T were barely detectable after
at its terminus is called the discriminating oligonucleotide. A s@xtended incubation (23 h) when placed on Hsi of the nick,
of 14 oligonucleotides were used to generate all possib!t became quite significant when placed on s of the nick.
combinations of different single base pair matches and migfferent ligation rates observed between isosteric mismatched
matches on the'3and 5-sides of the nick. Both common and Substrates, G-A and A-G or C-T and T-C, suggest that these rates
discriminating oligonucleotides were designed such that theif€ influenced by other factors, possibly stacking interactions with
melting temperatures were at least@igher than the assay Neighboring bases. Overall, our results indicate TatDNA
temperature (65C), in order to minimize the effect of differences ligase discriminates all mismatches on theide of the nick more
in oligonucleotide hybridization on ligation efficiency. The €fficiently than mismatches on theside of the nick. _
ligation time was extended to 23 h, allowing for accurate If ligation fidelity was mainly dependent on the cumulative
quantification of mismatch ligation products. Ligation of the twcstability of base pairing near the junction, the internal stability
adjacent oligonucleotides formed a longer fluorescent produd¥ould have been predicted to be higher for the DNA sequence on
which was Separated on a denaturing po|yacry|amide ge| ar‘hf 5'S|de of the nick than on thé4dde of the nick. The |nternal.
analyzed as described in Materials and Methods. stability is calculated as the sum of the free energy of five
continuous bases and was found to be lower orgidéof the
P : e : nick (calculated using the Oligonucleotide 4.0 program from
Fidelity of nick closure by wild-type Tth DNA ligase National Biosciences Inc., Plymouth, MN). Therefore, the
A time course for nick closure Byh DNA ligase using substrates observed higher fidelity for mismatches on thsi@e of the nick
where the discriminating base is on thesi@e of the nick is of Tth DNA ligase was not caused by a specific sequence within
shown in Figure. Each panel in this figure shows the yield ofthe discriminating oligonucleotides, but by specific requirements
product formed with the same discriminating oligonucleotide anaf the nick structure recognized by this enzyme.
common oligonucleotide annealed to four template strands whichmproved discrimination of mismatches located on tede
differ by a single base. All perfectly matched substrate yieldeaf the nick compared with those on thestdle of the nick was
>80% product within 2 h (Fi@). Of all 12 mismatches tested on reported for A-A and T-T mismatches using bacteriophage T4
the 3-side of the nick, T-G and G-T mismatches were lesBNA ligase {). This difference was attributed to either (i) a
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Figure 2. Fidelity of nick closure byfth DNA ligase on the'Sside of the nick. The ligase substrate (nicked DNA duplex), shown on the top of the figure, is formed
by annealing the discriminating oligonucleotide 1UR3C, G or T) with a phosphorylated common oligonucleotitiu@escently labeled, com3F) on the template
strand. The discriminating base ‘N’ on thesi8Ble of the discriminating oligonucleotide and the ‘n’ in the template strand were varied to give all 16 possible
combinations of base paringm/epresents the ‘A tail at thé-Bnd of the discriminating oligonucleotide. Reactions were carried out in a 40 ml mixture containing

1 mM NAD*, 12.5 nM (500 fmol) nicked DNA duplex substrates and 0.125 nM (5 Trio)NA ligase at 65C. Aliquots (5ul) were removed at 0, 2, 4, 6, 8 and

23 h and separated on denaturing polyacrylamide gels as described in Material and Methods. Data were analyzed using Genescan version 1.2 software. Res
plotted using Deltagraph Pro3 Software. Each panel represents results obtained with the same discriminating oligonucleotide, but with a different te8hplate strand.
The discriminating oligonucleotide was LR3A-T (¢ ), A-C (&), A-A (V) and A-G (O) represent DNA substrates containing TLg, CLg, ALg and GLg as the template
strand respectively3(G) The discriminating oligonucleotide was L83G-C¢ ), G-T @), G-A (V) and G-G (O) represent DNA substrate with CLg, GLg, ALg

and TLg as the template strand respectiv8iyCJ LP3C was the discriminating oligonucleotide. G¢G(C-A (4), C-T (V) and C-C (O) indicate DNA substrates
containing GLg, ALg, TLg and CLg as the template strand respect®/€ly) (P3T was the discriminating oligonucleotide. T4)( T-G &), T-T (V) and T-C (O)
represent DNA substrates containing ALg, GLg, Tlg and Clg as the template strand respectively.

single base mismatch destablizing annealing of the octamer prdigase compared with the AP sites on thaide of nicks ).

used on the'sside more than the tetradecamer probe used on tli@erefore, the more stringent requirement for the canonical
5'-side, or (ii) an intrinsic feature of T4 DNA ligas®.(Our  structure on the'&ide of the nick compared with theside of
results support the second hypothesis, since the oligonucleotides nick may be general to all DNA ligases.

used in our assay were similar in length and melting temperatureThe lower fidelity against T-G or G-T mismatches on the
A detailed analysis of the vaccinia virus DNA ligase showed th&t-side byTth and T4 DNA ligases mirrors the fidelity of DNA

all mismatches on thé-5ide were ligated more efficiently than polymerases. The most common mispairs formed by insertion
mismatches on the-8ide (L2). Similar results have also been errors of DNA polymerase involve G pairing with T, although
shown for DNA ligase fror.cerevisiagalthough the mismatches there were substantial variations observed depending on the DNA
tested on the'side of the nick were not the same as those on thmlymerase, method of assay and specific site investigatéd (
3'-side of the nickX0). Also, the apurinic/apyrimidinic (AP) sites was also shown that G-T, A-C and G-A misparings were the most
on the 3-side of nicks were less efficiently ligated by T4 DNA frequent ones allowed by tlecoli polymerase 1l botlin vivo
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Figure 3. Fidelity of nick closure by a thermostable DNA ligase on tksde of the nick. Reaction conditions were the same as in Figure 2 except that different
discriminating and common oligonucleotides were used. The discriminating base was-sidthef3he nick (phosphorylated oligonucleotides’'RER G or T),

while the common oligonucleotide was on thaide of the nick and was-Bbeled with FAM. §'-A) The discriminating oligonucleotide was R&REA-T (¢ ),

A-C (8), A-A (V) and A-G (O) represent DNA substrates containing TLg, CLg, ALg and GLg as the template strand respggeByene( discriminating
oligonucleotide was RPFB. G-C¢ ), G-T (), G-A (V) and G-G (O) represent DNA substrate with CLg, GLg, ALg and TLg as the template strand resp&e@ely. (
RP3C was the discriminating oligonucleotide. G¢@(C-A (4), C-T (V) and C-C (O) indicate DNA substrates containing GLg, ALg, TLg and CLg as the template
strand respectively5'¢T) RPBT was the discriminating oligonucleotide. T4)( T-G A), T-T (V) and T-C (O) represent DNA substrates containing ALg, GLg, Tlg
and Clg as the template strand respectively.

(33) andin vitro (34). Furthermore,Tag DNA polymerase related vaccinia virus DNA ligase and mammalian DNA ligase IlI
extension of a'3nismatched primer is more efficient for T-G andboth demonstrate even lower fidelity for C-T mismatches than
G-T mismatches than other mismatches at low dNTP concent@-T mismatchesl(l,12), while theTthand T4 DNA ligases have
tions @5). NMR and X-ray crystallography analysis of thea lower fidelity for G-T mismatches, with tfi¢h DNA ligase
structure of aberrant base pairs in duplex DNA oligonucleotideaving virtually no misligations for C-T mismatches on the
have indicated that G-T, A-C and G-A pairs existed as ‘wobbl&'-side Q; this work). Thus, the fidelity of DNA ligases is
structures which differ slightly in dimensions from a normainfluenced not only by the compromise between increased
Watson-Crick base pair3¢,37). It was suggested that a stability and decreased helix distortion of a mismatched base pair,
well-stacked wobble pair may result in a more stable structuteit also by specific structural determinants of the individual
than a poorly stacked base pair approximating Watson—Critigase protein.

geometry more closely. Both bacterial and mammalian DNA

ligases have a very high fidelity against all purine—purin i idali ;

mismatches, including G-A or A-G mismatches on theide fmproving the fidelity of Tth DNA ligase

(9,11,12; this work), suggesting that base pair stability is not th&he fidelity of T4 DNA ligase has been expressed as a specificity
predominant factor influencing ligase fidelity. Furthermore, theatio, defined as the ratio of ligation product formed in the
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presence of matched versus mismatched template in the preseheeextension efficiency of the incorrect allele was reduced by a
of 100 nM template at 3€C with 1 U enzyme7). At high salt  factor of 100- to 1000-fold4().
concentrations (200 mM) the specificity ratio increased from 6 to We adapted this approach for use in ligation reactions by
60 for T-T mismatches and from 1.5 to 40 for A-A mismatchesjeliberately introducing an A-C mismatch attthies positionon
although these more stringent conditions also increasé¢hthe the 3-side of the nick (shown in bold in both perfect match and
4-fold and decreased thénax [(B0-fold (7). The fidelity of  mismatch DNA substrates; Tallgline 3). The original perfect
S.cerevisia®NA ligase | was defined as the ligation efficiencymatch substrate now has a single mismatch and the original
of substrates containing perfect matches versus mismatches inrtismatch substrate now has two mismatches (one right on the
presence of 3-900 ng enzyme at@Cor 30 min (0). The 3'-side of the nick, the other three bases in on 'ts@&ld of the
efficiency of this DNA ligase was found to decrease 50-fold whesame probe). This A-C mismatch in the third position reduced the
a T-G mismatch was present on thesi@e of the nick. The ligation efficiency of a 3matched (C-G) substrate almost 10-fold
ligation efficiency of this ligase was also decreased >100-folith 5 fmol Tth DNA ligase (data not shown). In order to obtain
when a C-T mismatch was present of thei@ of the nick with  an initial rate comparable with that with normal perfect match
a T-C mismatch on thé-Side of the nick in the same substrate ligations, the amount of enzyme was increased to 50 fmol. The
It is difficult to compare the fidelity of different DNA ligases ligase fidelity ratio increased ti-fold (to 5.8x 103) when the
using either of the two terms described above, since they will vagxtra mismatch was introduced (Tahleline 3). The internal
when different incubation times and substrates are used. mismatch has a greater destabilizing effect on the structure near
In order to standardize comparisons with different substrat@se nick for the probe containing tHexismatch on the nick than
and enzymes, we define the fidelityféfi DNA ligase as the ratio - the probe containing the perfect match on the nick. Therefore, the
of the initial rate of perfect match ligation over the initial rate obverall fidelity of the ligase was improved. Similar results (4-fold
mismatch ligation. Among substrates containing a mismatch @ficrease) were also obtained when a T-G or G-T mismatch was
the 3-side of the nick, T-G or G-T mismatches are the moshtroduced at the same third position on thsi@ of the nick
difficult to discriminate and were therefore used as a standagglata not shown). If the extra mismatch (C-A) was introduced into
assay for determining the fidelity ratioTth DNA ligase. Initial  the second position on thé-sde of the nick, ligation of the
rates of C-G perfect match ligation over T-G mismatch ligatioperfect match on the-8ide of the nick byrth DNA ligase was
at 65°C gave a fidelity ratio of 4.5 10? for Tth DNA ligase  strongly inhibited (175-fold lower than with no mismatch at the
(Tablel, line 1). Use of shorter discriminating probgg (65°C)  second position). In contrasfaq DNA polymerase was not
did not dramatically change perfect match ligations, but diglffected by the extra mismatch at the second position from the
decrease mismatch ligation. Thus, destablizing the mismatchgdend of the primer40). A key difference between PCR and
probe improved the fidelity ratid-fold, to 1.5x 10° (Tablel, | CR is that an adjacent mismatch only affects extension from the
line 2). ThisTthDNA ligase fidelity ratio is at least 24-fold higher target during the initial PCR cycle, but affects ligation on the
than reported for T4 ligas&;(on a T-T mismatch which is far target and products during every cycle of the LCR reaction.
easier to discriminate than the G-T mismatch used herein; se@s an alternative to a mismatched base pair we hypothesized
Fig. 2). One speculative explanation for the higher fidelitftbf  that a universal nucleotide analog might maintain DNA helix
DNA ligase compared with mesophilic DNA ligases may bentegrity with a perfect match substrate while still destabilizing a
related to the lack of 3 5" exonuclease (proofreading) activity nearby mismatch and thus further improve ligation fidelity.
in ThermusDNA polymerases3g). During DNA damage repair, Qligonucleotides containing the nucleotide analog 3-nitropyrrole
ThermusDNA polymerase insertion of an incorrect base at thgeoxyribonucleotide) at multiple sites in place of the natural
repair junction is infrequent, but when it does occur, the incorregjicleotides have been shown to function effectively as sequencing
base cannot be removed by the polymerase. Consequerfti theand PCR primers26,42). 3-Nitropyrrole presumably allows
DNA ligase may have evolved to have a higher stringency againgeservation of helix integrity because it is sufficiently small to fit
sealing mismatches on thieside of a nick, instead allowing an gpposite any of the four natural bases and has high stacking
autonomous'3. 5’ exonuclease to excise the erroneous base ag@tential due to a highly polarizetelectronic configuratior,
maintain genome integrity. _ . studies onQ-containing oligonucleotides indicate tf@tbase
_ This exquisite specificity ofth DNA ligase has been exploited pajrs with relatively little discriminationATy, 3°C), but the
in LCR to detect a mutant allele (A-T match) in the presence gfapjlity of Q-A (most stable)Q-T, Q-C andQ-G (least stable)
a 200-fold molar excess of wild-type sequence (G-T mismatCBhse pairs is significantly less than that of an A-T or C-G base pair.
(39). Several medical DNA detection problems will require arconsequentlyQ, if located 3 nt in from the'@nd of a probe,
even greater specificity. We have devised two approaches dgy|q significantly enhance local melting if it were present in
further improve the fidelity ratio offth DNA ligase by  copjunction with a mismatch at thegsition, while at the same
destabilizing the enzyme-substrate interactions. time preserving helix integrity more than a mismatch when
present in conjunction with a base pair match at'tba@® When
sequences SLRJTC and SLPX)TT were tested as ligation
Improving the fidelity of Tth DNA ligase by modifying substrates foFth DNA ligase, an even better fidelity ratio (9-fold
the DNA substrate increase) was obtained (Tafldine 4). Note that the base on the
template strand was changed from C to A. As determined by the
An elegant method for improving allele-specific PCR is based dnitial rates of perfect match ligation, tebase analog appears
using primers with a deliberate mismatch adjacent to the pair with Aand T equally well, less well with C and very poorly
discriminating 3base 40,41). This destablizing mismatch did with G. The ratio of initial rates obtained wh@mvas paired with
not dramatically reduc®aq polymerase extension of the correctdifferent bases is T:A:C:G = 23:16:5:1. As observed with C/A
target allele, but owing to a double mismatch of the other allelmismatches above, when t@eanalog is located at the second
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Table 1.Improving the fidelity ofTth DNA ligase

. Initial Rates® | Initial Rates® Ligationd
Discriminating Probes? Ligase Ligation Substrate? C-G match T-G mismatch fidelity
(conc.} (fmol/min} {fmol/min) Rate . match
Rate . mismatch
Long Probes Wild Type GTN F
(LP3'C and LP3'T) (0.25 nM) - A 25 55 x 10°2 45 x 162
Short Probes Wild Type —GTN p £
(SLP¥C and SLPIT) {0.25 nM) —he— 29 20 % 1072 15x 103
Probes with deliberate Wild Type ATN p r
mismatches (2.5 M) —_—rG 26 44 %1073 59103
(SLP3ATC and SLPFATT)
Probes with () base analogue Wild Type ——QTN 7
(SLP3'QTC and SLP3'QTT) (2.5 nM) e T 44 33 % 103 13x 104
Short Probes K294R — G p F
(SLP3'C and SLP3'T) (2 nM} — —cag 65 1.2 % 102 5.4 %103
Short Probes K294p ——GTN p ¥
(SLP3'C and SLP3'T) (4 aM)} - A 50 31 x 10°3 1.6 x 104
Probes with () basc analogue K294R —TN F
(SLP3QTC and SLP3'QTT) (30 nM) ARG o 51 1.8 x 10°3 2.8 x 10
Probes with ) base analogue K294P ™ F
(SLP¥QTC and SLP¥QTT) | (120 M) nNr T 38 9.0 x 104 42 x 104

Reactions were carried out as described in Materials and Methods. The concentration {¢bmiNAfigase used in each experiment is indicated.

In assays with wild-type enzyme, results were calculated as the average of two or more experiments with a standard deviation of <15%.
aSequences of probes LE3LP3T and Com 3F are shown in Figure 1. Sequences for other discriminating probes are as the foll6@s: SLP3
5-TACGTCTGCGGTGTTGCGTC-3 SLP3T, 5-CGTCTGCGGTGTTGCGTT-3 SLP3ATC, 5-ATGCGTCTGCGGTGTTGATC-3;
SLP3ATT, 5-GCGTCTGCGGTGTTGABTT-3'; SLP3QTC, 3-AAATGCGTCTGCGGTGTTG@TC-3; SLP3QTT, 5-ATGCGTCTGC-
GGTGTTGQTT-3.

bBase ‘N’ in the discriminating oligonucleotide represents either C@rifidicates th&) base analog. The template strand for all substrates
tested except those containi@gbase analogs is GLg and its sequence is shown in Figliree template strand in substrates contai@ng
base analogs is GLg.m3A, which differs from GLg at a single site shown in bold.

CInitial rates of ligation (fmol/min) were calculated as the slope of the linear graph withxtieas the time in min and thexis as the amount

of products in fmol.

dLigation fidelity of Tth DNA ligase is defined as the ratio of the initial rate of perfect match ligation over the initial rate of mismatch ligation.

position, the ligation rate is also strongly inhibited (55-fold lowepolymerase44), T4 DNA polymerase4b,46) or human DNA
than with no analog at the second position). polymerase (47). Occasionally, this same exolll motif or motif
On the basis of modeling studies (QUANTA/CHARMND, ‘A yields increasedidelity mutants, also known as ‘anti-mutator’
can fit opposite both T and A with minimal perturbation of thestrains, which reflects the complex interplay between the
helix structure Z8). In one case&Q would assume thanti  polymerizing and‘3- 5' exonuclease activities of these enzymes
conformationQ-T) and in the other trynconformation@-A).  in modulating overall fidelity45,46,48,49).
Nevertheless, studies in progress suggest that hydrogen bonding tant Tth DNA ligases 82) which retained near wild-type
plays only a minor role in 3-nitropyrrole—natural base interactiongjck closing activity were assayed for changes in fidelity. Two
(Klewer and Bergstrom, unpublished). mutant ligases, K294R and K294P, were shown to have increased
, o i . their fidelity ratios (Tabld, lines 5-8). With regular substrates,
Improving the fidelity of Tth DNA ligase by site-directed  he fidelity increased®-fold with K294R and 11-fold with
mutagenesis of the ligase protein K294P. WheI base analogs were used together with mlitant
The fidelity of DNA polymerases may be decreased by sitddNA ligases, the fidelity of the ligation reactions were increased
directed mutagenesis of motifs associated with primer—templawy [(20-fold (K294R and K294P), although higher concentrations
binding (HIV polymerase)(3) or the exolll motif oip29 DNA  of mutant ligase were required.
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In summary, we have developed a quantitative fluorescenté
assay for analyzing the fidelity th DNA ligase. This enzyme
exhibits significantly greater discrimination against all single’lL
base mismatches on thesgle of the nick in comparison with
those on the'sside of the nick. Among all 12 possible single basez
pair mismatches on thé-8ide of the nick, only T-G and G-T
mismatches generated a quantifiable level of ligation products
after extended incubation. The fidelityTah DNA ligase can be
improved further by designing discriminating oligonucleotides
with melting temperature values near the ligation temperature of
65°C, by introducing a deliberate mismatch base or a nucleotide
analog into the left third position on thes&le of the nick and/or
by using mutantth DNA ligase. 1

Numerous medical problems will require exquisite single base
discrimination, for example finding rare cancer cells amongp
many normal cells, distinguishing pathogenic microorganisms
among normal flora, identifying oncogenic HPV strains in mixe@3

infections and detecting the emergence of drug-resistant organ-
9 9 9 gé4 Wiedmann,M., Barany,F. and Batt,C.A. (1988pl. Environ. Microbial

isms. While our model studies were limited to either pur

mismatched or matched target substrates, we have recently use

nucleotide analogs and mutdafth DNA ligases to improve
discrimination of a minor correct target in a mixture of incorrecté
target, which more closely mimics DNA detection in biological
samples (M.Khanna, J.Day, P.Paty, D.Bergstrom and F.Barany,
unpublished results).
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