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ABSTRACT

Microsatellite repeats consisting of dinucleotide
sequences are ubiquitous in the human genome and
have proven useful for linkage analysis, positional
cloning and forensic identification purposes. In this

study, the potential of utilizing the ligase detection

reaction for the analysis of such microsatellite repeat
sequences was investigated. Initially, the fidelity of
thermostable DNA ligases was measured for model
dinucleotide repeat sequences. Subsequently, the
effect of modified oligonucleotides on ligation
fidelity for dinucleotide repeats was determined
using the nucleoside analogs nitroimidazole,
inosine, 7-deazaguanosine and 2-pyrimidinone, as
well as natural base mismatches. The measured error
rates for a standard dinucleotide template indicated
that the nitroimidazole nucleoside analogs could be
used to increase the fidelity of ligation when
compared to unmodified primers. Furthermore, use
of formamide in the ligation buffer also increased
ligation fidelity for dinucleotide repeat sequences.

Using ligation-based assays to detect polymorphic
alleles of microsatellite repeats in the human
genome opens the possibility of using array-based
typing of these loci for human identification, loss-of-

heterozygosity studies and linkage analysis.

INTRODUCTION

number of genes responsible for inherited human disorders
such as cystic fibrosis (CFTR), Duchenne muscular dystrophy,
Wilms’ tumor (WT1) and familial adenomatous polyposis (1-5).
In general, microsatellite repeats are analyzed by PCR amplification
followed by electrophoretic separation on gels (6,7); however,
detection of variations occurring within microsatellite repeats
and closely clustered mutations is complicated by artifacts that
occur during PCR.

Our laboratory has developed a combined polymerase chain
reaction/ligase detection reaction (PCR/LDR) method for
discriminating single-base mutations, as well as mononucleotide
repeat polymorphisms (8—12). In this study, detection of alterations
in dinucleotide repeat sequences was carried out using ligation
mediated by thermostable ligases. The effect of using modified
oligonucleotide primers in ligation for this standard template
was also determined for various nucleoside analogs. The
analogs tested included nitroimidazole, inosine, 7-deazaguanosine
and 2-pyrimidinone, as well as natural base mismatches. Many
of these nucleoside analogs have the potential to modulate
ligation fidelity through a combination of effects on melting
temperature and enzyme—template interactions.

MATERIALS AND METHODS

Modified nucleoside analogs

The nitroimidazole nucleoside phosphoramidite was synthesized
according to previously published procedures (13). The
pyrimidin-2-one nucleoside has been prepared previously by a
variety of methods including coupling of mercury salt of
pyrimidin-2-one to 2-deoxy chloro sugar (14) and deamination
of 2'-deoxycytosine (15). We have used a typical silylation/

Microsatellites are polymorphic repetitive sequences whichmucleosidation procedure of 3,5-sp-toluoyl-1-chlorof-p-
occur throughout the human genome. Analysis of these repetitivédbose to provide theB-anomer in 40% vyield. Standard
sequences has proved very useful in human genome studidgprotection, tritylation and phosphitylation protocols were
due to their highly polymorphic nature and the ability to determinaused to convert this to the nucleoside phosphoramidite which
chromosomal segregation patterns in human pedigreesould then be incorporated into oligonucleotides (see experi-
Association studies which identify given microsatellite loci mental details below). The inosine, 7-deazaguanosine, dP and
with the transmission of a disease phenotype have been usBdluoro-deoxyuridine phosphoramidites were obtained from
extensively in the last decade for the positional cloning of e&Glen Research (Sterling, VA). The various nucleoside analogs
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Table 1.Synthetic templates and nucleoside analog modified LDR primers

D6S291 Synthetic Templates

CAll Template 5' TGG TAA GTG ACT CTG TCT CTC TGT ACA CAC ACA CAC ACA CAC
ACA CCC TGT GAA ACC ATC ACC AC 3

TGll Template 5' GTG GTG ATG GTT TCA CAG GGT GTG TGT GTG TGT GTG TGT GTA
CAG AGA GAC AGA GTC ACT TAC CA 3

CAl2 Template 5' TGG TAA GTG ACT CTG TCT CTC TGT ACA CAC ACA CAC ACA CAC
ACA CAC CCT GTG AAA CCA TCA CCA C 3'

TGl2 Template 5' GTG GTG ATG GTT TCA CAG GGT GTG TGT GTG TGT GTG TGT GTG
TAC AGA GAG ACA GAG TCA CTT ACC A 3

CAl3 Template 5' TGG TAA GTG ACT CTG TCT CTC TGT ACA CAC ACA CAC ACA CAC
ACA CAC ACC CTG TGA AAC CAT CAC CAC 3'

TG13 Template 5' GTG GTG ATG GTT TCA CAG GGT GTG TGT GTG TGT GTG TGT GTG

TGT ACA GAG AGA CAG AGT CAC TTA CCA 3!

Standard LDR primers
' p GTG TGT GTG TGT ACA GAG AGA CAG AGT C -Fl 3
' CAA AAA TGG TTT CAC AGG GTG TGT GTG T 3°'
TG6 Primer ' CAA AAT AGG TTT CAC AGG GTG TGT GTG TGT 3'
TG7 Primer ' CAA AAT AAG TTT CAC AGG GTG TGT GTG TGT GT 3°'
I=Inosine Inosine LDR primers
' p GTI TGT ITG TIT ACA GAG AGA CAG AGT CAC TTA CC -Fl1 3
' AAA GTG ATG GTT TCA CAG GGT ITG TIT GT 3°'
TG6 Primer ' AAA ATG ATG GTT TCA CAG GIT GTI TGT ITG T 3°'
TG7 Primer ' AAA AAG ATG GTT TCA CAG GGT ITG TIT GTI TGT 3°'
X=7-Deazaguanosine 7-Deazaguanogine LDR primers
TG6 Common Primer ' p GTX TGT XTG TXT ACA GAG AGA CAG AGT CAC TTA CC -Fl 3!
TG5 Primer ' GTG ATG GTT TCA CAG GGT XTG TXT GT 3°
TG6 Primer ' ATG ATG GTT TCA CAG GXT GTX TGT XTG T 3°*
TG7 Primer ' AAG ATG GTT TCA CAG GGT XTG TXT GTX TGT 3'
Z=2~Pyrimidinone 2-Pyrimidinone LDR primers
CA6 Common Primer ' p ACA ZAC AZA CAZ CCT GTG AAA CCA TCA C -F1 3!
CA5 Primer GTA AGT GAC TCT GTC TCT CTG TAC AZA CAZ AC 3
CA6 Primer ' ATA AGT GAC TCT GTC TCT CTG TAZ ACA ZAC AZA C 3!
CA7 Primer ' AAT TGT GAC TCT GTC TCT CTG TAC AZA CAZ ACA ZAC 3'
Q=Nitrimidazole Nitroimidazole LDR primers
CA6 Common Primer ' p ACA QAC AQA CAC CCT GTG AAA CCA TCA C -F1 3
CAS5 Primer ' GTA AGT GAC TCT GTC TCT CTG TAQ ACA QAC AC 3!
CA6 Primer ' ATA AGT GAC TCT GTC TCT CTG TAC AQA CAQ ACA C 3!
CA7 Primer ' AAT TGT GAC TCT GTC TCT CTG TAC ACA QAC AQA CAC 3
T (Bold)=Mismatch Mismatch LDR primers
TG6 Common Primer ' p ACA TAC ATA CAC CCT GTG AAA CCA TCA C -F1 3
TG5 Primer GTA AGT GAC TCT GTC TCT CTG TAT ACA TAC AC 3'
TG6 Primer ATA AGT GAC TCT GTC TCT CTG TAC ATA CAT ACA C 3°
TG7 Primer AAT TGT GAC TCT GTC TCT CTG TAC ACA TAC ATA CAC 3!

TG6 Common Primer
TG5 Primer

(SR R S S ]

TG6 Common Primer
TGS Primer

(SN BT I,

o, o,

v ;
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were then incorporated into ligation primers using standar€€DCly), 8.65 (t, 1H, H4), 8.05 (dd, 1H, H6), 7.96 (d, 4H, Ar),
oligonucleotide synthesis conditions. The sequences of thg61 (d, 4H, Ar,), 6.32 (m, 2H, H5, H), 5.58 (d, 1H, H3,

various primers used are shown in Table 1. 4.93 (t, 1H, H4), 4.59 (d, 2H, H5 H5"), 3.10-2.99 (m, 1H,
- . H2), 2.77 (d, 1H, H2, 2.42 (s, 3H, CH), 2.41 (s, 3H, CH).
1-(2-Deoxy-3,5'-bis-O-p-toluoyl-B-D-ribofuranosyl)- 13C)(50 MI-(|z, CDCJ;)ZB 166.57 p(O)],|_3[)165.79((C4), 16|5_3.D42

pyrimidin-2-one [C(O)], 155.23 (C2), 144.26 [C(Ol], 143.82 [C(O)Ar],

Hexamethyldisilazane (6.9 ml, 31.4 mmol) was added to a42.8 (C6), 129.66 (Ar), 129.11 (Ar), 126.8Ar(-CHy),
flask containing 2-pyrimidinone hydrochloride (0.93 g, 7.0 mmol)1 26 55 pr-CH,), 103.4 (C5), 89.84 (C), 82.84 (C4), 75.06
with a few crystals of ammonium sulfate. The reaction mixture(cg)’ 64.03 (C5), 37.41 (C2), 21.66 (CH).

was heated until reflux for 1 h resulting in a yellowish solution.

Once cool, the excess solvent was removed under diminisheld(2-Deoxy{3-D-ribofuranosyl)-pyrimidin-2-one

pressure. Immediately following the removal of the solvent,, ., 3 B e i i
freshly distilled chloroform was added under argon, followed1 (2-Deoxy-3, 5-bis-O-p-toluoyl--D-ribofuranosyl)-pyrimidin

by addition of 3,5-bisd-p-toluoyl-1-chlorop-b-ribose (16) 2-one (0.686 g, 1.49 mmol) was deprotected using ammonia-

(1.40 g, 3.6 mmol). After stirring overnight, the reaction mixtures""tur""tGd metha_no_l _(100 ml) overnight. T_he solvent was
was washed with saturated NaH®1,0 and saturated NacCl, removed under diminished pressure. A solutlon of 9:-1 chloro-
dried with NaSO, filtered and the solvent removed under form:methanol was added to the dried reaction mixture to
reduced pressure yielding a creamy white solid. This solid waBrecipitate a white solid which was in 43% yield (0.136 g,
redissolved in chloroform and crystallized overnight using 3:10.641 mmol).*H (200 MHz, CD,OD) 6 8.52 (t, 1H, H4), 8.22
hexanes:EtOAc at reduced temperature. The resulting crystdidd, 1H, H6), 6.47 (t, 1H, H5), 5.97 (d, 1H, H14.19 (t, 1H,
(>95% B-anomer) were filtered and rinsed with cool 3:1 H3'), 4.10 (s, 1H, HY, 3.36 (d, 2H, H5 H5"), 2.62-2.51
hexanes:EtOAc yielding a white solid (0.65 g, 40%)(200 MHz,  (m, 1H, H2), 1.97 (d, J = 11.2, 1H, H?
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1-(2-Deoxy-3-dimethoxytrityl- B-D-ribofuranosyl)- and mixtures of PCR products from cell lines or tumor
pyrimidin-2-one samples. The reaction mixture was heated for 1.5 min &€ 94

1-(2-Deoxy{3-D-ribofuranosyl)-pyrimidin-2-one  (0.130g, 0.64 prior to a_dding 25 fmol of the wild-type or m_u_taﬂ'th DNA .
mgnol) wg{%:o-evaporatedy\)/v% fwo portions éf pyrigine thenIlgase. Ligases were overproduced and purified as described

dissolved in pyridine (4 ml). Next, addition ®f,N-dimethyl- previously (8,17). LDR reactions were thermally cycled for
aminopyridine (0.11g, 0.992 mmol) was followed by diisopro-20 cycles of 15 s at 9€ and 2 min at 65C. Reactions were
pylethylamine (0.8 ml), and dimethoxytrityl chloride stopped by chilling the tubes in an ethanol—dry ice bat.h, and
(1.05 g, 3.09 mmol) and dimethylaminopyridine (1 mg). The@dding 0.5u of 0.5 mM EDTA. Aliquots of 2.5ul of the reactlc())n
reaction was left stirring overnight under inert atmosphereProducts were mixed with 2.3 of I<0)ad|ng buffer (83%
Purification of the crude product by flash chromatographylormamide, 8.3 mM EDTA and 0.17% Blue Dextran). The
yielded 0.136 g (39%) of yellowish oifH (250 MHz, CDCY) ~ Mixture was supplemented with Q6 Rox-1000, or TAMRA
38,52 (t, 1H, H4), 8.20 (dd, 1H, H6), 7.42-7.22 (m. @;OCH,, 320 molecular weight marker, denatured at@4or 2 min,
Ar-OCH;), 6.82 (m, 5H, Ar), 6.30 (t, 1H, H5), 6.22 (d, 1H, 1 chilled rapidly on ice prior to loading on an 8 M urea—10%
4.53 (t, 1H, H3), 4.47 (d, 1H, HY, 3.78 (s, 6H, Ar-OGl,), polyacrylamide gel, and electrophoresed on an ABI 373 DNA
3.18-3.13 (m, 2H, H5 H5"), 2.25-2.18 (m, 1H, H}, 1.94 Seduencer at 1400 V for 2 h. Fluorescent ligation products

(d, 1H, H2). were analyzed and quantified using the ABI Gene Scan 672
T software. The amount of product is calculated from a calibration
1-(2-Deoxy-8-dimethoxytrityl-3 '-O-2-cyanoethylN,N- curve (one fmol = 600 peak area units).

diisopropylphosphoramidite-f3-D-ribofuranosyl)-
pyrimidin-2-one RESULTS AND DISCUSSION
1-(2-Deoxy-B-dimethoxytrityl3-D-ribofuranosyl)-pyrimidin- ) ) ) ) )

2-one (0.15 g, 0.309 mmol) was twice co-evaporated with pyridin@etection of dinucleotide repeat polymorphisms using

then dissolved in CKCl, (3 ml) under argon. Next, diisopropyl- thermostable ligase

chlorocyanoethylphosphoramidite (1@00.61 mmol) was added  Thg jnitial model microsatellite repeat chosen for this study is
slowly and the solution was stirred for 1 h. The crude reactionng nolymorphic D6S291 sequence for which the three most
was quenched with methanol and then washed with bringeqyent alleles contain CA11, CA12 and CA13 dinucleotide
(5.4M NaCl), dried with NgSO, and concentrated under yopeats. LDR primers were designed and synthesized for this

reduced pressure. Purifi_cation by flash chromatograpohy (1:1:§equence containing repeats with 11, 12 or 13 CA dinucleo-
hexanes:EtOAC:gH) provided a yellow foam (38 mg, 16%P  tiges (Fig. 1, top). These primers were then ligated using

(101.2 MHz, CDC]J) 6 151.20, 150.18 mixture of diastereomers. synthetic templates and LDR products were analyzed on an

ABI 373 DNA sequencer. The results (Fig. 1, bottom) demonstrate
) ) ] that ligation yielded predominantly the correct size product,
Oligonucleotides were synthesized on an ABI 394 DNApyt misligations on incorrect templates were up to 25% of the
Synthesizer. (PE Biosystems Inc., Foster City, CA). Oligocorrect product signal. When using primers to distinguish
nucleotides used in LDR were purified by electrophoresis ocA18 from CA19 synthetic templates, the amount of product
10% polyacrylamide/7 M urea gels. Bands were visualized byormed for both templates was equal regardless of the LDR
UV shadowing and excised from the gel. They were elutethrimers used (data not shown). This indicates that the thermo-
overnight at 64C in TNE buffer (100 mM Tris—HCI pH 8.0, staple ligase loses its fidelity for discriminating dinucleotide
500 mM NaCl, 5 mM EDTA). The oligonucleotides were gjinpage in repeats >36 nt in length. Table 2 summarizes the
recovered from the eluate using C18 Sep-Pak cartridgegmount of misligation found when usiiigh DNA ligase to detect

(Waters Corp., Milford, MA) following the manufacturer's yarious length mono- and dinucleotide microsatellite repeats.
instructions. Oligonucleotides were resuspended to ~1 mM in

100ul TE (10 mM Tris pH 8.0, 1 mM EDTA). For LDR, gel-

purified stock solutions were diluted to 1Q® (100 pmolfl).
The upstream, or discriminating, oligonucleotides had

fluorescent reporter groups at thelrtrmini. The fluorescent

Oligonucleotide synthesis and purification

Table 2. Summary of misligation error rate and ligation fidelityTthligase
for various length microsatellite repeats

oligonucleotides were synthesized using Fam and Tet phos®® of m”t_aﬁon Repeatlength _Ligation error rate (%)
phoramidites (PE Biosystems Inc., Foster City, CA). The down-Point mutation 1 0.1-0.2
stream, or common, oligonucleotides were phosphorylated at the1o- A9 10

5 end using a chemical phosphorylation reagent, and blockeg ;s  A;5

at the 3 end using a ‘3spacer C3 CPG (Glen Research, Sterling, 16 N

VA). The use of chemical phosphorylation reagent is an alternativé19 - A18 19 10

to the enzymatic techniques for oligonucleotide phosphorylationCA13- CA12 26 25

with the advantage of allowing phosphorylation efficiency to be ca19_ ca1s 33 100

determined.

LDR conditions Use of nucleoside analogs to improve discrimination of

LDR reactions were carried out in a 0 mixture containing dinucleotide repeat sequences

20 mM Tris—HCI pH 7.6, 10 MM MgG| 100 mM KCI, 10 mM A variety of primers containing nucleoside analogs were tested
DTT, 1 mM NAD", 25 nM (500 fmol) of the detecting primers to determine if such modifications could help increase the
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5 AARNTTAADT ACACACACACRORT LP3-ACT
5'  AARRTTAR ACACACKCACRC LP3-ACE
5'  AAMBATT ACACACRCAC LP3-ACS
5 A ACRCACRS LP3-AC4
5 A ACKCAC LP3-AC3
5 ACAC LP3.AC2
ACACRCACACAC = Fam 3" (Com ACE-3Fam
3¢ TETGCTETCTCTETCTCTETCTGTCTS 5 Rev, Templae
5 ACACACACACACACACACACACACAC 3 Template
3" Fam TETGTGTGTGTG Com TGS-3 Fam.rev
ucined 3" RP3-TGLrev
TETGIG A 5" RPI-TGisev
TETGTETG xaC 3' RP3-TGdurev
TETGTETGTG AAAAC  5' RPY-TGSrew
TETCTGTETGTG ATARAAC 3" RPI-TGhusev
TETGTETETETGTG anTaARAC  3° RPA-TGTrev
5 ACACACACACRCACACACRCACACAC 3 ACI13-D65291
- TETGTCTCTICTGTGTCTETCTGTGTG 5 TG13-DAS29 Lrev
5 ACACACACRCACACACACRCARCAC 3 AC12-D65291
3t TEIGTETGIETGTGTGTGTGTETG a" TGI2-DES 29 ey
5 ACACACACACKCACACACACAD 3 ACL1-D6S291
3" TETSTGTETETGTOTETETETG 5* TGI1-D6S291 rev
LDR Primers 13131313 1312121111 A A A13 131312121211 11 11 A A A
CA Repeat 1313 13 12 1112 1112 11 13 12 11 1312 11 13 12 1113 12 11 13 12 11

CA Strand

TG Strand

Figure 1. LDR results for dinucleotide repeat sequences. (Top) Primers designed to detect CA11, CA12 and CA13 templates. The ligase reaction was carried o
using 500 fmol of each primer and 50 fmol of template DNA in g2@eaction with 25 fmol ofTth ligase per reaction. After ligation, the primers were separated

and analyzed on an ABI 373 automated DNA sequencer. (Bottom) Ligation results for the detection of synthetic CA repeat templates using matatnetd ke InD&R

primer pairs. The ‘A’ columns represent lanes in which a multiplex ligation reaction was carried out using primers that could detect CA13, CA12 .aFhdeCA1
crosstalk from misligation of LDR primers, which differed by one CA unit, can be seen as off-diagonal bands.

specificity of ligation. The LDR primers synthesized had fromspecificity of hybridization. Analogs of guanosine that have
five to seven dinucleotide repeat sequences and ligation fidelity wdgeen shown to decrease duplex stability include inosine and
compared to the standardized assay on CA11-CA13 templatésdeazaguanosine (18). However, these nucleoside analogs are
The various analogs tested and their special properties aedso capable of mispairing as a result of reduced specificity
listed in Table 3. Structures of the various nucleoside analogduring hybridization. Preliminary studies have shown that the
compared with the natural bases are shown in Figure 2. fidelity of ligation can be improved by incorporating nucleoside
Use of nucleoside analogs such as nitroimidazole (13) ananalogs such as 3-nitropyrrole two bases upstream of the ligation
pyrimidin-2-one in place of cytidine had previously beenjunction (19).
shown to lower the overall,, contribution of a G:C base pair  In general, ligation of primers hybridized to dinucleotide
by ~10°C/modification while at the same time maintaining the microsatellite repeat sequences showed greater slippage than

iv
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Figure 2. Structure of nucleotide bases tested in LDR primers for ligation efficiency in dinucleotide repeats. The nucleotide bases include: A, gudeardiafhine;
C, adenine; D, hypoxanthine; E, cytosine; F, thymine; G, uracil; H, 5-fluorouracil; I, pyrimidin-2-one; J, 4-nitroimidazole. The bases am@ @iketldeoxyribose
through the numbered nitrogen atom.

Table 3.Table of nucleoside analogs incorporated in LDR primers to test " —
for reduction of mismatch ligation on dinucleotide repeat targets

<

Guanine Analogues

|

=1 .

Hypoxanthine: replacing guanine on TG strand & :
e (guanine analogue which forms only two hydrogen bonds with cytosine) |
7-deazaguanine: replacing guanine on TG strand *1
e (guanine analogue which forms weaker hydrogen bonds with cytosine)
1
Cytosine Analogues I

Nitroimidazole: replacing cytosine on CA strand . | ] - - ) - B

o (base pairs with guanine but destabilizes hybridization) Unmisified Mismarch Fommamide  7Deszaguanceine  Nitroimidasole Inasing

B

Misliggation Frrer (%)

Pyrimidin-2-one: replacing cytosine on CA strand

o (cytosine analogue which forms only two hydrogen bonds with guanine) Figure 3. Graph of average misligation error rate for dinucleotide repeats

using modified oligonucleotides. Ligation reaction conditions were modified
by using primers containing nucleoside analogs, mismatches or the addition o

Thymine: replacing cytosine on CA strand formamide to the ligation buffer. Theaxis in the figure indicates the average

*  (cytosine “analogue” which forms mismatch with guanine) percentage of misligation error for CA11, CA12 and CA13 templates generated

using multiple trials with each modification. The bars indicate which madifications
5-Fluorouracil: replacing cytosine on CA strand were introduced at alternating dinucleotide repeats in the standard LDR primers
o (base pairs with guanine slightly better than thymine) (see Table 1 for sequences).

mononucleotide repeats (12). Analysis using modified primer&DR primers. Altering location or spacing of the nitroimidazole
indicated that misligation could be reduced on average to 15%nalogs in the primers did not significantly change ligation
of the correct signal (Fig. 3). Modifications which improved fidelity compared to the set of nitroimidazole-containing
fidelity included increasing the ligation temperature, addingprimers shown in Table 1 (data not shown). The strongest
formamide to the ligation buffer, or introducing deliberate signals, however, were obtained using primers without analogs.
mismatches or the nitroimidazole nucleoside analog into th&th DNA ligase could maintain high fidelity in a solution

\Y
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containing >10% formamide and, furthermore, ligation fidelity = A
increased under these conditions (Fig. 3).

The 7-deazaguanosine and inosine containing primers did
not improve the ligation fidelity for the different repeats tested
(Fig. 3). This result may be due to mispairing of these nucleoside ~ *’
analogs with adjacent bases on the opposite strand (18). 3
Primers containing the nitroimidazole analog did improve the
ligation fidelity for the microsatellite repeats tested. Finally,
polyacrylamide gel electrophoresis demonstrated that the 2-
pyrimidinone-containing primers were cleaved instead of o )
ligating during thermocycling (data not shown). The instabililty of Ligation junction
pyrimidin-2-one nucleosides to acidic conditions has been
previously noted (20). Given the higfpK, of Tris buffer with
temperaturepK, = —0.0337C) (21,22), the LDR reactions at 5
95°C are approximately pH 5, which is sufficient to remove the
pyrimidin-2-one nucleobase leading to abasic sites and stranc
scission under the LDR conditions. Future studies will focus
on pyrimidin-2-one analogs with electron-withdrawing groups
to stabilize them to acidic hydrolysis. Overall, ligation fidelity
could be increased by the introduction of nitroimidazole within
the repeat region or the addition of mismatches near the ligation € Ligation junction
junction. Other conditions either diminished the total signal
from ligation or increased the misligation error compared to
unmodified ligation primers. Using combinations of formamide 5.
and the nitroimidazole-containing LDR primers, the misligation 3’
error was reduced to 10% of the correct signal for repeats up to
13 dinucleotides in length (data not shown).

In an attempt to accentuate the differences in melting
temperature between the CA repeat regions and the flanking
unigue sequences, primers were synthesized with long tails @rgure 4. Schematic diagram of theoretical model for the fidelity of thermo-
propyny] groups in the f|anking sequence. Even when suchtable DNA ligase for microsatellite repeat sequencé$.Hor short mono-

Iigations were performed at higher temperatures and/or in th@Jquotide repeat sequences, the I_igase footprint is large enough_to span the
entire repetitive region, i.e. one helical turn for an A10 repe&}.For inter-

presence of formamlt_je, these modifications (_j_ecreased ligatiQfkdiate length dinucleotide repeat sequences such as CA13, the LDR primers
fidelity compared with the standard conditions (data notcan sporadically loopout a single dinucleotide unit outside or at the border of
shown). This result suggests that it is not the relafiy@alues  the ligase footprint, therefore increasing the misligation raf. Ror long
which predict ligation fidelity, but the substrate structure neaflinucleotide repeat sequences (CA18 and CA19), the loopout of a single
the Iigation junction as well as the overall Iength of the repe‘,ﬁepeatumt occurs frequently and therefore eliminates specificity during ligation.

sequences.

Ligation junction

57
37

57
37

ACACA

:‘f-ggT
N

Loopout

57
37

CACACAFACACACACACA CACAOACACACACACACA
GTGTGTETCTCTCTCTGTCTGTETGTGTGT GTGTGT

Loopout

can also loopout a base in non-repetitive sequences at low
CONCLUDING REMARKS efficiency (23).

PCRI/LDR has been used extensively in the past for the analysis ofBY using modified nucleosides within the repeat region, the
disease-associated point mutations in non-repetitive DNANisligation errors were reduced to <15% of signal obtained for
sequences (1,8-11). However, the capabilities of PCR/LDRhe correct product. The mechanism by which a nucleoside
for analysis of microsatellite repeat sequences were not knowanalog can exert its effect on ligation is through the destabil-
In this study, the limits of using ligation for the analysis of a ization of the repeat region by lowering tfig of the repetitive
dinucleotide repeat were determined for itk DNA ligase. portion of the LDR primer. Due to the alteration of the stability
For dinucleotide repeats, the amount of noise due to misligatioff the repetitive tract, the ligase has more difficulty in aligning
increased by >20-fold when compared to the results obtaineéle primers at the nick. This reduces the amount of product
for mononucleotide repeats (compare A189 to generated from misligations when compared to primers that
CA13-. CA12 in Table 2). This result suggests that the ligasdave stable repetitive regions. Similarly, deliberate mis-
footprint is close to the span of 26 nt of a CA13 repeat andnatches near the ligation junction makes it more difficult for
certainly larger that the span of 10 adenosine nucleotides. Ttibe ligase to form incorrect products resulting from misligation
TthDNA ligase most likely stabilizes the DNA duplex directly during LDR.

below its footprint, but may allow nucleotides to loopout of the An analysis of the 5700 microsatellites in the CEPH database
double helix outside its footprint (Fig. 4). This model correlateghttp:/Amww.cephb.fr/bio/ceph-genethon-map.html ) was performed
with the observed increase in misligation errors observednd it was determined that the majority of the CA repeats
above CAL13 repeat length. Ligation of longer dinucleotidecontained in these mapped amplicons were greater than
repeats, such as CA19 and CA18, lacked specificity altogethe20 repeat units in length. However, a group of 40 loci with
and produced equal amounts of ligation product on eacheterozygosities of ranging from 0.60 to 0.80 have been iden-
template. There is experimental evidence fh#tDNA ligase tified with the longest allele consisting of CA15. Furthermore,

vi
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over 1000 dinucleotide repeat sequences with at least one alleleaining Program (MSTP) Fellowship during the course of this
less than CA15 were found in sequences from the Whiteheastudy. Support for this work was provided by the National

Institute sequence tagged sites database. (http://www.genon@ancer Institute (P01-CA65930 and RO1-CA81467).

wi.mit.edu/ ) Such dinucleotide repeats would be amenable for
analysis using ligase-based detection.

The average single-nucleotide polymorphism (SNP), has
typical heterozygosity ranging between 0.40 and 0.50. To yield1
the analytical power of 1000 dinucleotide repeats for positional
cloning studies, analysis of at least 1750 SNPs would be
required. The CEPH database contains an inherent bias

towards dinucleotide repeats which are greater than CA20 ins.

length. This is a result of the screening process which utilized
long CA probes and hybridization to genomic libraries to identify
highly polymorphic microsatellite loci. However, as the human
genome sequence is completed, many shorter dinucleotide

repeat loci will be found with heterozygosities which are 7.

significantly greater than those obtained using SNPs for
genetic analysis. Therefore, in the future, it is anticipated that
there will be a number of loci that could be analyzed by the
approach used in this study. There is also evidence that polyy
morphic mononucleotide repeats are commonly found in plant
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