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ABSTRACT

We report here a new, sensitive and versatile genomic
sequencing method, which can be used for in vivo
footprinting and studies of DNA adducts. Starting with
mammalian genomic DNA, single-stranded products
are made by repeated primer extension; these products
are subjected to homopolymeric ribonucleotide tailing at

the 3' termini with terminal deoxynucleotidyl transferase
and then ligated to a double-stranded linker having a
complementary 3 ' overhang, and used for PCR. This
terminal transferase-dependent PCR (TDPCR) method
can generate band signals many-fold stronger than
conventional ligation-mediated PCR (LMPCR). A UV
photofootprint in the mouse Xist gene promoter can be
easily detected using TDPCR. No special enzymes or
chemical reagents are needed to convert DNA adducts
into strand breaks. Any lesion that blocks primer
extension should be detectable.

INTRODUCTION

of the template molecule must be phosphorylated (or phosphory-
latable) and ligatable, because it must undergo blunt-end ligation
after primer extension. Thirdly, only molecules in which primer
extension has continued to the end of the template strand are able
to participate in blunt-end ligation. Thus, prematurely terminated
molecules are invisible to LMPCR. Finally, several hundred
bands usually are seen in every LMPCR ladder, and each band
must start from at least one genomic template molecule.
Therefore, in practice, thousands of molecules of genomic DNA
are needed to avoid poor quantitation and missing bands due only
to statistical sampling fluctuations.

The Terminal transferasedpendent PCR (TDPCR) method
reported here (FidL, right) depends on cohesive-end ligation to
the 3 ends of DNA molecules resulting from primer extension,
followed by controlled ribonucleotide tailing by terminal
deoxynucleotidyl transferase)( TDPCR provides an alternative
to LMPCR that should eliminate or lessen each of the limitations
described aboveTDPCR does not require ligatablé énds,
detects prematurely terminated molecules, can sample each
template molecule many times and thus can be more sensitive
than LMPCR.The method should aid footprint and chromatin
structure experiments that need high sensitivity and should enable

Only a few methods are useful for quantitatively displaying DNAISe of new footprinting or DNA-damaging agents whoséumts

lesions and chromatin structure in mammalian cells at singl@ DNA cannot easily be converted to ligatableteBmini. A

nucleotide resolution1(2). One such method is ligation-mediated Photofootprint in the mouse Xist gene promoter is shown to be

PCR (LMPCR) 8-5), which is commonly used because itclearly detected by TDPCR.

combines nucleotide-level resolution with the sensitivity of PCR.

LMPCR has been used successfully in this laboratory and others

for numerpuén Vivo s_tudies of mammalian ceIIs,. especially for pATERIALS AND METHODS

the detection of protein—DNA interactions (footprintg) for the

analysis of cytosine methylatioB) @nd for the mapping of DNA )

damage §,7). In the conventional method of LMPCR (Fiy.  Cells and DNA preparation

left), substrate genomic DNA is cut at the sites of altered bases

either with a specific enzyme or by use of chemical reagents (e@ulture of BML-2 cells 9), DNA isolation, UV irradiation of

Maxam—Gilbert cleavage)he resulting single-strand breaks arecells or DNA and separation of the expressed Xist allele from the

converted to blunt-ended termini by extension from a gene-specifident allele were performed as described by Koretied (10).

primer and are ligated to a double-stranded linkee. sequences Cleavage of UV-irradiated DNA at the sites of cyclobutane

between the linker and a second (nested) gene-specific primer pygimidine dimers using photolyase and T4 endonuclease V, or at

amplified by PCR and the products are visualized as radioactittee sites of pyrimidine—pyrimidone (6—4) photoproducts by

sequence ladders. treatment with piperidine, was carried out as describ&dZ?).
LMPCR is very sensitive but has some limitatioRgst, it Maxam-Gilbert cleavage of DNA was done as describh8y (

measures directly only nicks or breaks in DISacondly, the'®nd  using 80ug of genomic DNA.
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Figure 1. Schematic outline of LMPCR and TDPCRDNA lesion in the starting DNA is indicated by a small diamond.

Primers and linkers O 5'- GCGGTGACCCGGGAGATCTGAATTC
. . . 3'- CTAGACTTARAG
The gene-specific primers Al, A2 and A3 for the mouse Xist i

promoter region are the same as previously desctilded {nker TGAATTCECC
a and the linker-primer (upper strandboFig. 2) are the standard p G R aemman,

oligonucleotides usually used for LMPCH.(Linkersp, y, dand
€ are related tor as shown in Figurg. Linkersy, 6 ande were

synthesized by the DNA synthesis shared resource facility of the v ,g&%ﬁg@g&gg‘gﬁ%‘é@iﬁiﬁéﬁcm
City of Hope with an aminopentyl blocking group at théte8nini

(14). For TDPCR the Berminus of the lower oligonucleotide of

each linker was phosphorylated by incubation in g1 @action 5 ?ﬁﬁiﬁ%&%ﬁﬁ%ﬁﬁ%ﬁﬁﬁm“

consisting of 22.21M oligonucleotide, 50 U T4 polynucleotide

kinase (New England Biolabs), X1 buffer supplied by the

manufacturer and 1 mM ATP, at 32 for 2 h.After inactivation & .ﬁéc“cig?ggﬁgg‘c;ﬁiﬁ{%ﬁmc‘

of the enzyme by incubation at®5for 20 min, 13ul of a 200uM

solution of the upper oligonucleotide was addé: mixture was Figure 2. Linkers used in this studlinker a was used for blunt-end ligation
heated to 95C and allowed to cool gradually. in conventional LMPCRLinkers B, y, 8 ande were used for cohesive-end

ligation in TDPCR,; they are identical in sequence but have differbiadking

Terminal deoxynucleotidyl transferase-dependent PCR patterns. A solid circle indicates the presence of a blocking amine.

TDPCR . .
( ) at 72C. After thermal cycling, each sample was incubated at

During the set up of reactions and between heating ste®§°C for 2 min, then 2Ql was transferred into another tube
manipulations were performed on ice unless stated otherwismntaining 80ul of a solution composed of 2.5 M ammonium
Genomic DNA (0.3-0.5ug) was linearly amplified in a 30l  acetate, 2.5 mM EDTA and 4@ glycogen, and precipitated with
reaction consisting of 1.2 U of Vent (exdDNA polymerase 250ul of ethanolThe precipitate was dissolved injli®f 1/10 TE
(New England Biolabs), X ThermoPol Buffer (New England (1 mM Tris pH 7.5, 0.1 mM EDTAWAfter the addition of 1Qul
Biolabs), extra 4 mM MgSg) 3.3 mM Tris (pH 7.5), 0.3 mM terminal deoxynucleotidyl transferase (TdT) mix consisting of 10 U
EDTA, 250uM each dNTP and 20 nM primer Al. TemperatureTdT (Gibco BRL), 2x buffer supplied by the manufacturer and
cycles, which varied from 1 to 30 in frequency, were for 1 min at mM rGTP, the sample was incubated &tGfor 15 min.DNA
95°C (5 min at 98C for the first cycle), 3min at 4C, and 2 min  was precipitated by addition of $0 of 2.5 M ammonium acetate
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and 2.5 mM EDTA followed by 250l of ethanol. The precipitate
was dissolved in 1fl of 1/10 TE.After the addition of 10.5l of
ligation solution [143 mM Tris (pH 7.5), 29 mM MgCR9 mM

DTT and 2.9 mM ATP], 31l of 20 uM linker (eithera, B3, y, & or

€) and 1.5ul of T4 DNA ligase (Promega, 3 WJ, the mixture was
incubated at 1C overnight. After the direct addition of T of

exa solution (4 U Vent exg 1.43x ThermoPol buffer, extra
2.9 mM MgSQ, 0.36 mM each dNTP, 0.38M primer A2 and
0.29uM linker primer), the sample was subjected to PCR using
23 cycles of 1 min at 9% (4 min at 98C for the first cycle), 2 min

at 61°C and 1 min at 72C. After the thermal cycling, 1 U of
AmpliTag DNA polymerase (Perkin Elmer) was added and the
sample was further incubated at°@2for 8 min prior to
phenol—chloroform extraction and ethanol precipitation. This
booster step is to ensure that all molecules have an extra nucleotide
at the 3end (L0). For LMPCR, shadow bands are sometimes seen
if this step is omitted 10). Electrophoresis, electroblotting,
hybridization and autoradiography were performed as described
(5,10), using primer A3 to make th&P-labeled hybridization
probe.

Ligation-mediated PCR (LMPCR)

Unless indicated otherwise, LMPCR was done exactly as
described10), using the same DNA samples as previously. (

T4 endonuclease V and photolyase were kindly provided by
Dr R.S.Lloyd (University of Texas, Galvenston) and Dr A.Sancar
(University of North Carolina, Chapel Hill), respectively.

RESULTS

Figurel shows schematically the TDPCR and LMPCR procedures.
The TDPCR procedure begins with repeated primer extensions,
producing multiple copies of the template strafidsenable PCR 1234567891011213
amplification of the newly synthesized, single-stranded products, a
linker must be ligated to the énds. To accomplish this, we adapted ::e‘gtgﬁ 35 Gef&';“g;egfegc‘”%;tgﬁmer f;t,ﬁ"’c‘,?ﬁié’ f fo; Tgtisew)gf Cither
the proc edure of Schmidt and Mgelleb’(WhICh uses controlled Meglxam—éilbert, C-specificycleaved DNA (C?) or non-treatgd control DNA (N).
ribo-tailing by TdT for cDNA cloning. As commonly used, TdT primer extension (ext) was performed 1-30 times, as indicated. Several linkers
adds long deoxynucleotide tails to théeBminus of single-stranded (o, B,v, 8, €; Fig. 2) were compared. For this experiment, the temperature and time
DNA molecules.However, the use of a ribonucleotide, such asof incubations were the same for LMPCR and TDPCR, and are as described in
rGTP, rather than a deoxyribonucleotide, limits the tailing to jusf/2terials and Methods for the TDPCR method, with the exception that1Be 95
! . . ’ enaturation step after first primer extension was not done for LMPCR, since this

a few I’eSIdUQS. Under the Cond_'tlons we use, a_n aVerf?\Qe _Of ONuld preclude blunt-end ligation. The nucleotide position numbers indicate the
three nucleotides are added. This homopolymeric rG tail is ligategimber of bases upstream of the major transcription start site.
to a double-stranded DNA linker with a complementanv@rhang
of three cytosines. Preliminary experiments showed that a linker
with an overhang of three Cs was better than two Cs (data nofrigure 3, lanes 5-8, shows an investigation of four types of
shown). It should be noted that in TDPCR only the lower, newliinkers with the same sequences but differébt@king patterns
synthesized strands patrticipate in the PCR step, while in LMPCRnkers, y, 0 andg; Fig. 2). Linkery gives the strongest bands
only the upper, old template strands participate. and lowest background, perhaps because the blocking of the

Figure 3 shows data for TDPCR and LMPCR done in parallellower oligonucleotide prevents any remaining TdT activity from
with the same amount of starting material in each reaction. DN&dding deoxynucleotides during the first step of the PCR reaction
isolated from mouse cells and subjected to C-specific cleavagdile the tube is warming. The linkedsande, which have the
according to Maxam-Gilberi ) served as the substrate except inupper 3-end blocked, give poor results. This could be due either
lanes marked N, which show non-treated DNBytosine bases to inhibition of ligation or perhaps to competion against the
along the lower strand of the promoter of the Xist gene are cleatipker—primer during PCR.
revealed by both TDPCR and LMPCR (F3j.lanes 2-9)The Figure3, lanes 3, 4, 6 and 9, illustrates the effect of repeating the
products of TDPCR (C bands in lanes 3-9) are two nucleotidéisst primer extension 1, 3, 10 or 30 times. More cycles give stronger
longer than those of LMPCR (lane Zhe oligonucleotide to be signals. To quantitatively measure signal to noise and compare
ligated in TDPCR (the lower oligonucleotide of linkgry, dore  TDPCR with LMPCR, we measured in Figi¢he intensity of
in Fig.2) is one nucleotide shorter than that in conventional LMPCReveral bands in both treated and non-treated DNé.results of
(the upper oligonucleotide of linke}, so the 2 bp shift is consistent this analysis are shown in Fig@eThe signal intensity by TDPCR
with three G residues having been added by terminal transferaseith one cycle of primer extension was 65% of that by conventional
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Figure 4. Signal intensity as a function of the number of the cycles of primer
extension of TDPCRIhe intensity of the Maxam-Gilbert C bands in Figure 3 at
positions —160, —-166, —168 and —174 (LMPCR) and —158, —164, -166 and —172
(TDPCR) was measured by the use of a Phosphorimager (Molecular B - =
Dynamics). For non-treated control DNA, intensity at the corresponding areas -
was measured, even when at lower cycle numbers a band was not detectable. =
The average: SD of the bands measured in the treated and untreated lanes is

plotted as a function of cycle number. Solid symbols represent the intensity of the -
C bands in the treated-sample lanes; open symbols represent the intensity in the > al — 160
non-treated control lanes. Circles, TDPCR,; triangles, conventional LMPCR.

i

I

LMPCR. For TDPCR, however, the signal increased from 1 to 30 =

cycles of first primer extension, reaching seven times that of Be 174

LMPCR. The background in the lanes of non-treated control DNA

did not increase significantly from 1 to 10 cycles, but did increase

from 10 to 30 cyclesThese results suggest that some breakage or 12345678910

damage to the template takes place during the thermal cycling and

this becomes significant by 30 cycles. Under the conditions we Useglgure 5. Detection of UV-induced damage in the promoter region of the
10 cycles of primer extension yielded the highest signal to noisexpressed Xist allele by conventional LMPCR or by TDPE®. TDPCR,

28 times background. UV-irradiated (254 nm, 1000 JArDNA was used for primer extension without

; leavage at the damaged sites (lanes labeledRdy). MPCR, UV-irradiated
It should be noted that the baCkground in the C lanes of TDPC NA was cleaved before primer extension with T4 endonuclease V at the sites

(Fig- 3, be_mds at non-C sites in Ianes 3 and 4) is somewhat high@Ircyclobutane dimers (lanes labeled dimer), or with piperidine at the sites of (6—4)
than that in the C lane of conventional LMPCR (lane 2) and mucphotoproducts (lanes labeled 6-43nes labeled DNA, purified DNA was UV

higher than for non-treated DNAhis has been a consistent result iradiated; lanes labeled Cells, cells in tissue culture were UV irradiated; lane C,
even for DNA specifically cleaved at the other bases (data n(RNG;‘;‘?J;:&_C(‘;%LOH'\"TE‘;?’J“CG!b:g‘if?é'if’:;\i/f:g‘ggar‘]’fggg'%”: Tgs(;'tio?riﬁJ ﬁ}l‘é’é‘:gted
shown), SO we hypo_theS|ze that the chemical reactions and/ %icate the number of basespupstream of the major transr():ription start site. The
cleavage with piperidine may leave some DNA damage that Stopgow shows nucleotide position 102, the location of a photofootprint.
primer extension. Any form of damage which stops the polymerase
at the primer extension step can be detected by TDRG&ever
the explanation, chemically cleaved DNA, though useful tavas performed, and we carried out 10 cycles of primer extension
provide information on sequence and location, is not a preferreging uncleaved DNA and used a smaller amount of the products
substrate for TDPCR. for electrophoresis to equalize the signal inten3ibere were
Figure5 shows results of a UV photofootprint experiment, agaimather few (6—4) photoproducts induced in this regisra result,
comparing TDPCR (lanes 1-4) with LMPCR (lanes 5-10). The twihe distribution patterns of polymerase-stopping damage detected
major types of damage induced by UV are cyclobutane pyrimidiey TDPCR were similar to those of cyclobutane dimers detected
dimers and pyrimidine—pyrimidone (6—4) photoproduc® (Their by conventional LMPCR, but shifted by two bases.
formation is influenced by the sequence context and by chromatinin the lanes of TDPCR, one might have expected multiple
structure {5), and UV has proven to be an excellentvivo  bands for one damaged dipyrimidine site, owing to the hetero-
footprinting agent §,12,16). We previously used UV photofoot- geneity in the position of the termination of primer extensiah (
printing and LMPCR to examine protein—DNA interactions at thend to the heterogeneity in the number of incorporated rGJ.Ps (
promoter of the expressed Xist allele in BML-2 cell¥)( However, the result is unambiguous, although additional minor
Conventional LMPCR requires cleavage at DNA lesions, so fdyands are observed at some dipyrimidine stBesnaldi et al.
this study, as previouslyiL(), the DNA samples were cleaved (18) also observed only a two nucleotide stagger in termination
with T4 endonuclease V at the sites of cyclobutane dimerss(Fig. of primer extension by cisplatin adducts. A previously identified
lanes 5 and 6), or with piperidine at the sites of (6—4in vivo photofootprint showing enhanced reactivity at a CCAAT
photoproducts (lanes 7 and B)the case of TDPCR, no cleavagebox (L0) is clearly visible (compare TDPCR lanes 3 and 4 at
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nucleotide —102, indicated by arrow); the same footprint is seefetect the lesions with the most biological significance, for it has
by LMPCR (lanes 5 and 6)Thus, photofootprints can be been noted that highly mutagenic adducts stop DNA polymerase

visualized by TDPCR. more strictly than less mutagenic addugty.(Lesions produced
by ionizing radiation have been difficult to study vivo at
DISCUSSION single-nucleotide resolution. Radiation induces many types of

damage, including base damage and strand breaks with various

Genomic sequencing, as originally described by Church aﬁarmini (15’35.)' Some of the Iesions cannot be detected with
Gilbert (19) and used foin vivo footprinting @0), has been presently available enzymes or chemicals, but should be amenable

improved and extended in several wags12). These include (© @ssay by TDPCR.
prior enrichment of the target sequerie® (linear amplification
by repeated extension from a gene-specific pri&2{) and ACKNOWLEDGEMENTS
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