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ABSTRACT

A problem that has hindered the study of the biological
properties of certain DNA adducts, such as those that
form at the N7 atoms of purines, is their extreme
chemical lability. Conditions are described for the
construction of a single-stranded genome containing
the chemically and thermally Ilabile 8,9-dihydro-8-
(N7-guanyl)-9-hydroxyaflatoxin B 1 (AFB;—N7-Gua)
adduct, the major DNA adduct of the potent liver
carcinogen aflatoxin B 1 (AFB4). A 13mer oligonucleo-
tide, d(CCTCTTCG AACTC), was allowed to react with
the exo-8,9-epoxide of AFB 4 to form an oligonucleotide
containing a single AFB {—N7-Gua (at the underlined
guanine). This modified 13mer was 5 '-phosphorylated
and ligated into a gap in an M13 bacteriophage genome
generated by annealing a 53mer uracil-containing
scaffold to M13mp7L2 linearized by  EcoRI. Following
ligation, the scaffold was enzymatically removed with
uracil DNA glycosylase and exonuclease IIl. The entire
genome construction was complete within 3 h and was
carried out at 16 °C, pH 6.6, conditions determined to
be optimal for AFB 1—N7-Gua stability. Characterization
procedures indicated that the AFB  ;—N7-Gua genome
was [B5% pure with a small (5%) contamination by
unmodified genome. This construction scheme
should be applicable to other chemically or thermally
unstable DNA adducts.

INTRODUCTION

this DNA adduct promotes rapid depurination, resulting in
apurinic (AP) site formation. Alternatively, under even slightly
basic conditions the imidazole ring of AFBI7-Gua opens to
form the chemically and biologically stable Af~Bormamido-
pyrimidine (AFB—FAPY) (1). The initial AFB—N7-Gua adduct,
AFB1—FAPY and the AP site, collectively or individually, are the
likely chemical precursors to the genetic effects of AFB
Mutations induced by electrophilic forms of AFBave been
examined inEscherichia coliinduced for the SOS response
(14-16) and in a number of mammalian systefns-21). These
genetic studies indicate that several mutations, including
GC- AT transitions and GG TA transversions, occur in DNA
globally modified with AFB. The predominant mutation observed,
however, induced or selectiedvivo, appears to be the GCTA
transversion. There is speculation that the premutagenic lesion
responsible for this mutation is the Af-Bduced AP site
(14,22,23), since dAMP is the base most often inserted opposite
AP sites inE.coliinduced for the SOS respongé,p5). It has
always been a formal possibility, however, that either the original
adduct from which the AP site is derived, AFR7-Gua, or its
FAPY derivative could also give rise to this mutation. Unfortunately,
the chemical lability of AFB-N7-Gua precluded direct evaluation
of its genetic effects. Most mutational studies involving the use of
singly modified genomes have been carried out with chemically
stable DNA adduct26-28). The procedures used traditionally
for the construction of single-stranded singly modified genomes
are not well suited to preserve the integrity of many unstable DNA
lesions £9). The present work was focused on developing a
strategy for the construction of a single-stranded viral genome
containing the unstable AFBN7-Gua adduct in a defined

Aflatoxin By (AFB;) is a fungal metabolite that contaminates th0Sition. These studies are the prelude to the evaluation of the
food supply in certain areas of the world. Dietary exposure fgPmparative mutational properties of AFBI7-Gua and an AP
AFB; is associated with an increased incidence of hepatocellufife in vivo (30). These procedures should also allow the
carcinoma (HCC), especially in populations in which exposure f@nstruction of singly modified genomes containing other

hepatitis B virus is a frequent evehl (AFB; requires metabolic

conversion to its electrophilexe8,9-epoxide %,3) in order to
cause damage to DNA)( The metabolic activation of ARBs
believed to be the first step in the initiation of ARBduced HCC

(5). The epoxide reacts with DNA (Fitj) to form a population

of adducts ), the principal of which botim vitro (3,7-10) and

chemically or thermally unstable DNA adducts.

MATERIALS AND METHODS
Materials

EcdRl was from Boehringer Mannheirdinfl and Hadll were

in vivo(8,11-13) is 8,9-dihydro-8-(N7-guanyl)-9-hydroxyaflatoxin from New England Biolabs. Bacteriophage T4 polynucleotide
B1 (AFB1—N7-Gua). The positively charged imidazole ring ofkinase, T4 DNA ligase and exonuclease Il were from Pharmacia.
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9 s 9 o NH4OAc buffer, pH 6.8, 1 ml/min, 60 min). The column effluent
8. n 9 Cylgchrome 2 AO was monitored with a Hewlett Packard 1040A diode array UV-Vis

' 450 ' absorbance detector at 260 and 360 nm. The;Afdlified

o OCHy H e OCH; oligonucleotide was identified by its characteristic absorbance at
Aflatoxin B4 AFB1-8.9-ex0- 360 nm. The !atter conditions were used for all HPLC studies

(AFB1) epoxide unless otherwise noted.

DNA
OCH, OCH, AFB{N7-Gua Stability of AFB1—N7-Gua

[AFB1—N7-Gua d(AT&AT)] was incubated in 50 mM MOPS,
" " pH 6.6, 7.0, 7.4 or 7.8, %@/ml BSA, 10 mM MgC} and 20 mM
a — DTT at 16, 25 and 3T for 30 min and 1 and 24 h. The stability
HNJNINXGHO HNJJIFw of the hexamer under these conditions was monitored by reversed
' qu/'*u] N phase HPLC. The percentages of intact oligonucleotide and any
Q

HN WH
| ' breakdown products were calculated by integrating peaks within
)03 Q the HPLC chromatogram. The percentage of AFBPY
—0P0—  DPO— -0~ DPO— —0p0~4  OPO— hexamer was calculated by integrating the peak corresponding to
an [AFB—FAPY d(AT.GCAT)] standard oligonucleotide. The
AFB{-FAPY AFBy-N7-Gi , N . ; )
DNA‘ Adduct DN; Addu;a AP Site percentage of AP site oligonucleotide was calculated by integrating

the peak corresponding to AFBN7-Gua hexamer that had been
heated at 80C, pH 6.6, for 15 min; these conditions efficiently

Figure 1. AFB; is activated by cytochromgdto generate itsxoepoxide (1). generate the AP site (data not shown).

The epoxide reacts with DNA to form the primary Arlduct, AFB—N7-

Gua, which can undergo depurination to an AP site or opening of the imidazole

ring to form AFB—-FAPY. Characterization of [AFB;—-N7-Gua d(CCTCTTCGAACTC)]

Structural information on the ARBN7-Gua 13mer was provided
) ) by electrospray mass spectrometry. In addition, the stability of the
Uracil DNA glycosylase (UDG) was from Gibco BRL. AFB;-N7-Gua 13mer was examined under the exact conditions
[y-32P]ATP (6000 Ci/mmol) was from New England Nuclear.of genome construction, with the exception that exonuclease il
5-Bromo-4-chloro-3-indolyf-p-galactopyranoside (X-Gal) and was omitted. The 13mer (1;&)) was incubated at 1€ in
isopropylf-o-thiogalactopyranoside (IPTG) were from Gold Bio- kinase/ligase buffer (K/L buffer; 50 mM MOPS, pH 6.6, 10 mM
technology. Bacteriophage M13mp7L2 genome was a gift figCl,, 20 mM DTT, 5Qug/ml BSA), in a total volume of 2Q0,
C. W. Lawrence J1); M13mp7L2 is identical to M13mp7L1 inthe presence of T4 polynucleotide kinase (39 U) for 15 min. T4
[utilized in experiments described in Banegeal (31)] within  DNA ligase (6 Weiss U) was added and the reaction incubated for
the polylinker region of the genomié.coli GW5100 (JM103 1 h, followed by the addition of UDG (8 U) and incubation for
PT) was from G. Walker at MIT. 90 min. The reaction was stopped by the addition of EDTA (20 mM)
and stored at —8C. The stability of AFB-N7-Gua under these

Preparation of AFB;—N7-Gua oligonucleotides conditions was monitored by reversed phase HPLC.

The exo 8,9-epoxide of AFB was prepared as described byconstruction of a bacteriophage M13 13 base gapped
Baertschi 82) and the purity was established By NMR. genome

[AFB1—N7-Gua d(AT&AT)] (AFB1—N7-Gua hexamer) and
[AFB1—N7-Gua d(CCTCTTCBACTC)] (AFB1—N7-Gua 13mer) Single-stranded M13mp7L2 DNA (130 pb/ was digested
were prepared essentially as described by GopalakrisB8an (efficiently with Ecarl (1.7 Ufal) in 50 mM NaCl, 100 mM
(underlined base indicates position of adduct). Briefly, 689D Tris—HCI, pH 7.5, 5 mM MgG| 100pg/ml BSA for 2 h at 23C.
of oligonucleotide were dissolved in 1.23 ml 0.01 M sodiunThe linearized genome was diluted 1.5-fold wig®tnd heated
phosphate buffer, pH 7.0, containing 0.1 M NaClard8>M  at 8C°C for 5 min with a 2-fold molar excess of a 53mer scaffold
disodium EDTA. The solution was treated twice with 4 mg AFB oligonucleotide (The 53mer scaffold sequence’48/AAC-
epoxide in CHCIs solution with vigorous shaking for 10 min at GACGGCCAGUGAAUWGAGUUCGAAGAGGCACUGAA-
0°C. The aqueous layer was washed twice with@jto UCAUGGUCAUAGC-3, synthesized on an ABI PCRmate and
remove the AFB dihydrodiol. The AFB-FAPY derivative of gel purified) containing a uracil in place of every thymine and
the hexamer was prepared by treatment of the;ANB-Gua- complementary to 20 bases on both theaBd 3-ends of the
modified oligonucleotide with sodium phosphate buffer, pH 9.0inearized M13 genome. The mixture was annealed by cooling
for 4-5 h at 37C. The solution was adjusted to pH 7, lyophilizedslowly overnight. This procedure yielded a circular M13 genome
and desalted on a Sep-Pak cartridge. containing a 13 base gap complementary to the oligonucleotide
Oligonucleotides were purified by reversed phase HPLC, firel CCTCTTCGAACTC); the underlined bases are the recognition
on a C-18 semi-preparative column (Alltech Associates) using aequence fo6fu (see Fig.2). Gapped duplex formation was
acetonitrile/water linear gradient (5—20% 40 in 0.01 M confirmed by the conversion of single-stranded linear DNA to
phosphate buffer, pH 7.0, 3.0 ml/min, 20 min) and further on single-stranded circular DNA as analyzed by agarose gel electro-
Beckman Ultrasphere C-18 analytical column using a slightlghoresis (1% agarose, ndhidium bromide, gel stained in
different acetonitrile/water linear gradient (0-40%gCNin 0.1 M  ethidium bromide subsequent to electrophoresis).
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Eco Rl of both UDG (0.5 U) and exonuclease 1l (5 U) for either 90 min
4 Site ragil WIS or 2 hin KIL buffer. The DNA was then electrophoresed through
Containing a 1% agarose gel to separate single-stranded circular and
m’ -53—’ single-stranded linear forms. The efficiency of scaffold removal
-mer . . .
Seatiold was determined by measuring the disappearafée & Molecular
Dynamics Phosphorlmager was used for this analysis and for all
a Ligase guantification described in the following sections.
3-U-UU-U-UU-8 f AFBy-N7
5-pCCTCTTCGAACTC! Evaluation of the efficiency of removal of AP sites by
“ '| } exonuclease Il from the AFB-N7-Gua genome
Siu | Recognition preparation
Sequence
| AFB,—N7-Gua 13mer wa¥P 3-phosphorylated and heated at
Uragil Lesions al Genome Fositicn 6240 80°C at pH 6.6 for 15 min to generate an AP site 13mer that was
Glycosylase AFB,-N7-Gua AP Site ligated into the 13 base gapped molecule containing the uracilated

scaffold. A portion of the ligation mixture was incubated with
UDG and exonuclease Il as described in the genome construction
section in order to remove the scaffold and inactivate (linearize)
the AP site genome. The reaction products were electrophoresed

I
Exonuclease I
| 80°C
M{3-AFB, [ —————» | M13-AP
pH 6.5
15 min - )
through a 1% agarose gel to separate single-stranded circular anc
single-stranded linear DNA. The efficiency of AP site genome
Figure 2. Construction scheme of singly modified single-stranded genomesinactivation was determined by measuring the disappearance of
containing AFB—N7-Gua or an AP site. See text for details. 32p from the circular band on the agarose ge|

Characterization of the AFB—N7-Gua and AP site
singly modified genomes

The integrity of the AFB-N7-Gua adduct within the M13
genome (at base 6240) was determined as follows. A portion of
: (9 pr osph : 32p_|abeled M13-AFBwas heated at 8C, pH 6.6, for 15 min
incubation with T4 polynucleotide kinase (10 U) &tor 5min.  tg generate M13-AP. Subsequently, a portion of the genome was
The oligonucleotides were ligated for 1 h at’@6into an  reated with 0.1 M NaOH at 10G for 10 min to cleave the AP
equimolar amount of the freshly prepared 13 base gappgfle. These conditions were shown to preserve the integrity of the
molecules (8 pmol/ml) with T4 DNA ligase (0.05 Weissl))/'  ynmodified and FAPY-containing genomes. A portion of the
The 53mer uracilated scaffold was removed by further incubatigyyse-treated DNA was then incubated in 1 M piperidine°a 90

at 16'C for 90 min with UDG (0.04 y) and exonuclease Il for 1 h to cleave any potentially contaminating AFBAPY

(0.4 Up). (See Fig.2 for genome construction scheme.) molecules (M13-FAPY)34). Piperidine treatment was shown to
Phosphorylation, ligation and scaffold removal were all done imaintain the integrity of the unmodified genome. The DNA was
K/IL buffer. A portion of the AFB-N7-Gua genome then digested at 3T for 1 h with single-stranded restriction
(M13-AFBy) was heated at 8C for 15 min in order to release enzymesHinfl (100 U) andHadll (75 U) in MSB restriction

the AFB—N7-Gua from the DNA to generate an AP site genomgndonuclease buffer (50 mM NaCl, 10 mM Tris—HCI, pH 7.5,
(M13-AP). The unmodified genome (M13-G) was heated ing mm MgCh and 1 mM DTT). These enzymes cleave the
parallel as a control (M134. Unincorporated oligonucleotides, single-stranded genome at sites flanking tharfl 3-ends of the

genomes by passing the ligation mixture through a Sepharq§ghaturing 20% polyacrylamide gel and the gel was autoradio-
CL-4B column (15x 0.75 cm) pre-equilibrated with 10 mM graphed.

MOPS, pH 6.6, 100 mM NaCl, 1 mM EDTA. Columns were run
at 4°C; the genome eluted in the void volume. Quantitation of M13-G, M13-GA, M13-AFB; and M13-AP

Exonuclease Il treatment, used in the final step of genome
construction for removal of the scaffold, was expected to degrade,
to a certain extent, the M13 genome in a non-specific fashion.
A new single-stranded M13 genome, designated M13+, wderefore, it was necessary to determine the final yields of
prepared by ligation of unmodified oligonucleotide into theVi13-G and M13-AFB after scaffold removal and M13X&nd
gapped heteroduplex molecule prior to transfectiorfirtolito  M13-AP after scaffold removal and heating. First, the ligation
generate M13+ phage. Single-stranded M13+ DNA was preparefficiency of the unmodified 13mer into the 13 base gapped
and annealed tod%P]ATP 3-phosphorylated uracilated scaffold; genome was determined. An aliquot of the ligation reaction with
the scaffold was present in a 10-fold molar excess to ensure thamodified 13mer (without scaffold removal) was heated at
allM13+ molecules were annealed. The efficiency with which th80°C for 15 min to inactivate the ligase. The heated ligation
uracilated scaffold was removed by the combined activities afixture was cooled slowly overnight in MSB restriction endo-
UDG and exonuclease Il was determined by incubating 500 myiclease buffer to ensure that the scaffold, most of which
scaffold-annealed M13+ in a total volume of 2D the presence presumably denatured during the heating step, was completely

Construction of singly modified genomes

In separate reactions, either unmodified 13mer onANB-Gua
13mer (39 pmol) werP 3-phosphorylated withf32P]ATP by

Evaluation of the efficiency of uracil-containing
scaffold removal
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re-annealed. The genome was subsequently digesteHinfith {:‘Qﬁ
(40 U) andHadll (50 U) and the entire sample electrophoresed ,5"-'3 ‘.5'3"’:' h .-5‘!?
through a 20% denaturing polyacrylamide gel. A known amount Al =

of 32P 3-phosphorylated unmodified 13mer was included on the

A L R
gel as an internal standard. The percentage of completely ligated Cireul
material was determined by comparative Phosphorimager analysis W | Circular

of the 31 nt band, which represented completely ligated Lirear
Hinfl/Hadll-digested genome, with the internal oligonucleotide
standard (data not shown; band sizes are described in Results).
Due to the lability of AFB-N7-Gua, the heating step required for
ligase inactivation precluded this analysis for M13-AFB Figure 3. Single-stranded M13mp7L2-derived genome migration on a 1%
In order to determine the final yield of M13-G, another portionagarose gel showing both single-stranded circular and single-stranded linear
of the unmodified ligation reaction was treated with exonucleasgo'\:]’;rmgolfn}e,{; 'g;”;ﬂi °§'ﬁ?§§ ﬁf?fg&?géﬁl?%ﬁff b cioular DNA
II'and UDG to remove the scaffold. Equimolar amounts of therepresents potentially viable genome. Linear DNA should not be viable and is
untreated genome and UDG/exonuclease llI-treated genom result of either non-specific exonuclease Il degradation of the circular DNA
(M13-G) were electrophoresed through a 1% agarose gel t@ 13mer oligonucleotide ligation to eithtiie 3- or 3-side of the gapped
separate single-stranded circular from single-stranded linedfteroduplex molecule.
DNA. The M13-G yield was determined by comparing the
amount of radioactivity present within the circular band of

M13-G with the amount of radioactivity present within theg‘Ounts of starting material and breakdown product(s) were

g{ggggp?%?gg;hgnumreeifr?]gegnecl’n\j\?eg'e;g&ﬁig'g‘?ﬁ&?}g@ culated by integrating chromatographic peaks and the data
; : re graphed accordingly (F&#). These data emphasize that low
M13-AFB,, M13-AP and M13-@. The final yields of these te{nperature is critical for ARBN7-Gua stability. After incubation
genomes were determined by comparison of the amount (. 54y a¢ 37C at all four pHs AFB-N7-Gua was degraded
radioactivity present within the circular band of each with thal, ;e ngjyely (FigaA-D). Degradation was considerably less after
present Wlthln the circular band of M13-G. Quantitations werg, , ot 28¢C at all four pHs (Fig.4E—H). In contrast,
done in triplicate. AFB;—N7-Gua was fairly stable after incubation at@éat all

four pHs, even after 24 h (Figl—L). As expected, there was an
RESULTS increase in formation of the ARBFAPY derivative (elution time
40 min; data not shown) as the pH increased. ThegAHPY
degradation product was identified by its retention time, identical
A procedure is described for the construction of a biologicall{p the AFB—FAPY standard oligonucleotide, and also by its
active single-stranded M13 genome containing, at genome stearacteristic absorbance profile at 360 nm, which is distinct in
6240, the chemically and thermally labile AFBI7-Gua DNA  appearance from the AREN7-Gua profile at 360 nm. The largest
adduct. The work established the optimal conditions for preventimgrcentage of AFB-FAPY ((50%) was present after 24 h at 87
the two principal modes of chemical degradation of the DNARH 7.8 (Fig4D). In contrast, AFB-FAPY was present at <1%
adduct: depurination and opening of the positively chargeafter incubation at pH 6.6 at all three temperatures for 24 #£€ig.
imidazole ring (Figl). E and I). The AP site oligonucleotide (elution tinBd min; data

The ends of a linearized single-stranded M13mp7L2 genonf@t shown) was the major breakdown product at this pH. Since
were brought to within 13 nt of one another by a uracil-containin@ur goal was to optimize conditions for the preparation of as pure
scaffold to yield 13 base gapped genomes @iglhe gapped an AFB—N7-Gua genome as possible and the genome construction
genomes were analyzed by agarose gel electrophoresis angoaditions provided a method for elimination of contaminating
typical yield for gapped genome formation was 50%, with 50%P site, we chose conditions that generated the least amount of
linear M13mp7L2 remaining. Subsequently, the gap was bridgédB1—FAPY while retaining the most ARBN7-Gua. The data
by the 5-phosphorylated AFB-N7-Gua 13mer. Removal of the indicated that the optimal temperature and pH combination for
complementary 53mer scaffold by UDG and exonuclease IAFB1-N7-Gua stability was 2& and pH 6.6 (Figll). After 24 h
yielded the single-stranded M13-Af-8enome. When unmodified under these conditions 81% of the AFB7-Gua hexamer
13mer was employed the product was M13-G. Subsequéigtmained, no significant level of AFBFAPY was generated and
heating of M13-AFB and M13-G at 80C, pH 6.6 for 15 min  19% AP site was formed. AP site formation was judged tolerable
yielded M13-AP and M13-G respectively. Electrophoretic Since the final step in genome construction involved treatment
analysis of the genomic constructs is shown in Figure with the AP endonuclease exonuclease lll. Exonuclease IIl was
shown to be highly efficient in the removal of AP site genomes
(see below).

Preliminary studies indicated a very low extent of ligation
(1L0%) of the AFB—N7-Gua hexamer, described above, into an
In order to determine the conditions most suitable for genon13mp7L2-derived six base gapped genome. To increase the
construction it was first necessary to assess the stability wield of the AFB—N7-Gua genome a longer singly adducted
AFB1—N7-Gua in DNA. The AFB-N7-Gua hexamer was AFB1—N7-Gua oligonucleotide (13mer) was synthesized. The
subjected to a range of pHs and temperatures for various amoymisity of the AFB—N7-Gua 13mer was assessed by HPLC
of time. The stability of the hexamer was monitored by reversd#ig. 5A) and further established by the presence of a single band
phase HPLC (elution timié43 min; data not shown). The relative on a denaturing polyacrylamide gel (data not shown). HPLC data

Strategy for construction of singly modified genomes

Synthesis, stability and characterization of
AFB1-N7-Gua oligonucleotides
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Figure 5. Reversed phase HPLC profiles and UV spectra (inset) of
(A) [AFB1—N7-Gua d(CCTCTTCGAACTC)] and) the same oligonucleotide
after incubation under the genome construction conditions (pH 66, 6

165 min). Peaks denoted * represent buffer components as for buffer control
(not shown).

e Hd

by its characteristic chromophore absorbing at 360 nm (inset,
Fig. 5). It was thus concluded that the AFBI7-Gua oligonucleo-

tide was adequately stable under the genome construction
conditions. Furthermore, these data suggested that essentially pure
AFB1—N7-Gua genome could be constructed, presuming that the
small amount of contaminating AP site could be efficiently

Figure 4. [AFB1-N7-Gua d(ATGCAT)] was incubated at the indicated jnactivated in the final step of genome construction upon treatment
temperatures and pHs. AFBN7-Gua stability within the oligonucleotide ith exonuclease IlI

hexamer was monitored by reversed phase HPLC (see text for details) and t%’ ’

resulting data graphed accordingly. Black bars represent the-AFBSua

hexamer, open bars represent the AFBPY hexamer and shaded bars Removal of the uracil-containing scaffold from M13-AFB
represent the AP site hexamer. The conditions determined to be optimal for ) )

AFB-N7-Gua stability are depicted i) (pH 6.6, 16C). In order to observe mutations from the single AHB/-Gua

adduct at a frequency that would provide the most information on
- . o the mutagenic process, it was essential that the scaffol®)Fig.
indicated an AP site contamination of 2%. Electrospray magg completely removed, yielding a single-stranded genome at the
spectrometry of the monoanion indicated a large peak, eluting gyt site. This step diminishes the possibility of adduct repair
14.6 min, that consisted of an intense signal at 1390.0 (M-3H)/ fd/or strand bias during replicati@s), AFB;—N7-Gua is very
and a weak one at 2084.9 (M-2H)/2z, representing thgbile, making removal of the scaffold a non-trivial task. The
AFB1-N7-Gua 13mer; observed molecular weight 4172.4,piem of scaffold removal was overcome by introducing a
calculated 4173.8. A much smaller peak preceded the large peglacjj in place of every thymine in the scaffold. Using this
at 12.3 min, and appeared to consist of a mixture of “”mOd'f"’:%nstruct the scaffold could be gently removed by the comple-
and AP site 13mer. Peaks at 1281.5 (M-3H)/3z and 1921 poniary activities of UDG and exonuclease IIl. In a model
(M-_2H)/22 likely represent unmodified 13mer (observed mOIEC“|%action, a32P B-phosphorylated scaffold annealed to single-
weight 3846.6, calculatgd 3845.6) and peaks_ at1236.5 (M-3H)/3¢ anded M13+ DNA was completely removed in 90 min 4E16
and 1854.5 (M-2H)/2z likely represent AP site 13mer (observed g  py the combined activities of UDG and exonuclease Il

molecular weight 3711.8, calculated 3712.5). It is worth notingya4 not shown). It is worth noting that exonuclease Il alone was
that no AFB-FAPY oligonucleotide was observed (calculated, ; s fficient for scaffold removal.

molecular weight 4191.8).

e e s exained U Contaminating AP site genome can be efcienty
absence of exonuclease lll, which slightly degraded both contr'glacwated by its selective sensitivity to exonuclease Il

and modified oligonucleotides. Importantly, although the phodtwas our belief that the AP endonuclease activity of exonuclease
phodiester bnds yielded to exonuclease Il treatment, thdll would efficiently inactivate any contaminating AP site
AFB1—N7-Gua moiety remained intact (data not shown). HPL@enome generated during the synthesis of M131ARBtest this
analysis revealed that under the conditions of genome constructitypothesis, an AP site 13mer was generated and ligated into the
<1% of the AFB—N7-Gua was degraded to an AP site, yieldindL.3 base gapped genome. The ligation mixture was incubated with
a total AP site contamination diB%. No AFB-FAPY  UDG and exonuclease lll to remove the scaffold and linearize the
oligonucleotide was generated. Evidence that the,/ANB-Gua AP site genome. Electrophoresis of the reaction mixtures through
moiety remained intact within the oligonucleotide was indicated 1% agarose gel indicated that 95% of the material was not only
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& & & & (lane 2), representing completely ligated AP site genome. We
# & éyp/e, fe’b/ & P & have observed that AFBN7-Gua- and AFB-FAPY-containing

f.? > Y o ﬁ oy fragments migrate more slowly than their unmodified or AP
site-containing counterparts (unpublished results). The faint smear

Circular -— immediately below the ‘32 nt' fragment is due to unmodified
Linsar - contamination (discussed b_elow) and probably toa small amount

of AFB1—N7-Gua degradation to the AP site during restriction
I I 1 I 1 i1 | digestion and electrophoresis. Second, subsequent alkaline
unmoSfied  unmodilieds  AFEMT-Gaa AP Sie treatment resulted in cleavage of the 31 nt AP site DNA fragment,

as represented by its conversion to a 15 nt fragment (lane 3). In
three separate experimenis% of the 31-'32’ nt band in lane 1

Figure 6. Autoradiogram showing the efficiency of removal of potentially : : - _
contaminating AP site genome from the M13-AFfreparation. A32P remained after heat/alkali treatment as determined by Phosphor

5-phosphorylated AP site 13mer was used to construct an AP site genomiéager analysis (lane 3). These data suggested that M13-AFB
containing the uracilated 53mer scaffold. Prepared in parallel were genome&/as >95% pure, again assuming an insignificant amount of AP
containing an unmodified 13mer, an unmodified heatgdiBmer and an  sjte. In order to determine, however, if the remaining 5% was
AFB1-N7-Gua 13mer. Subsequent to ligation of the 13mers, each genome Wag13-FAPY as a contaminant. a third step involved piperidine
incubated for 90 min at pH 6.6 (see text for details) with either no enzymet t t of T f th ,h t/alkali-treated DNA prior t
(scaffold on) or with UDG and exonuclease Ill (U & E). Reaction products were rea men O. a PO 1on o € heatalkall- reag . prior to
electrophoresed through a 1% agarose gel, the gel was dried and autoradi@striction digestion to cleave any AFFBEAPY moietiesg4). As
graphed and shows the separation of single-stranded circular and singléndicated in lane 4, there was no additional cleavage upon
stranded linear genomes. Inactivation of the AP site genome by exonuclease ‘ﬁiperidine treatment indicating the absence of M13-FAPY
V‘}ashconﬁrfrp?g by the disappearanc¥Bffrom the circular band after removal .. yta mination. Furthermore, since our studies have indicated that
of the scaffold. ’ . ! . . . -

the AFB—-FAPY moiety retards oligonucleotide migration
similarly to the AFB-N7-Gua moiety, we would expect
linearized, but digested so efficiently that the 3 exonuclease reszr!cgon (;j.'gesitegM'\g?’AF'gL ADNA t%zm?r?te S|m|tla_r|!¥]. to
activity removed most of thi&P label (Fig6). It was therefore €SUIClion digeste -AREDNA, as a ‘32 nt fragment. This

was not observed; the remaining 5% migrated as a 31 nt fragment

estimated that®5% of the contaminating AP site genome - g >
generated during M13-AFBconstruction should have been 2nd thus was determined to be unmodified contamination. These
ﬁ%sults, in combination with AP site removal studies, are

X 0 X
destroyed by exonuclease Ill. Thus, given a 3% potential AP s S nsistent with the conclusion that M13-AFBas 95% pure

N ; ! 0 ;
contamination, it can be predicted that only 0.15% AP sﬂ‘é.th an unmodified contamination of 5%. The unmodified

genome should remain. This extent of AP site contamination wid L .
found to be insignificant based on biological studies wit ontrol was unaffected by these conditions (lane 6). See the figure

M13-AFB; and M13-AP 80). legend for a description of the other bands.

Characterization of singly modified genomes Quantitation of M13-G, M13-GA, M13-AFB1 and M13-AP
Oligonucleotide stability and AP site removal studies suggestddn€ ligation efficiency of the unmodified oligonucleotide into the
that <0.2% of M13-AFBwas contaminated with AP site genome.13 base gapped genome was 88%. After removal of the scaffold,
Further studies were necessary, however, in order to determine 24&b of the single-stranded circular material remained, giving an
extent of contamination by unmodified or AFBAPY genomes. ©overall M13-G yield of 46%. As indicated above, the decrease in

Genome characterization involved restriction digestion of theNA was probably due to non-specific exonuclease I1l degradation.
genomes with single-stranded restriction enzyidl and The amounts of M13-§ MI13-AFB; and M13-AP were
Haelll, which cleave at sites flanking thé Bind 3-ends of the determined by comparison of the amount of single-stranded
ligated oligonucleotide. As indicated in Figie, Hinfl/Hadll  circular material present for each genome, on an agarose gel, with
digests potentially yield a 31 nt fragment representing completefge amount of single-stranded circular M13-G DNA, assuming
ligated 13mer, a 21 nt fragment representing oligonucleotidBat the latter was present at 46% yield. The final yields were 38%
ligation only on the Bend of the gap and a 23 nt fragmentfor M13-GA, 25% for M13-AFR and 18% for M13-AP.

representing oligonucleotide ligation only on ther®d of the

gap. As indicated in Figui@, prior to restriction digestion, the pISCUSSION

genome was heated to convert the AHB/7-Gua moiety to an

AP site that was then cleaved by alkali. This procedure yieldskvaluation of the genetic effects of DNA lesions is an essential
32p_labeled 15 nt fragmewinly if there were cleavage at the step toward understanding the molecular etiology of chemically
original site of modification. Since unmodified and AFBAPY  induced carcinogenesis. Although the study of the genetic effects
genomes were stable under these conditions, as indicated dfgingle DNA lesions has been underway for more than a decade,
studies performed on the respective oligonucleotides (data nmeparation of singly modified genomes containing chemically
shown), and we are assuming that <0.2% represents AP débile lesions such as AlFBN7-Gua for use in genetic studies has
genome, such a band could only represent the original presebeen ignored for the most part. The many enzymatic and chemical
of an AFB—N7-Gua adduct. The products of each reaction werteps needed to prepare site-specifically modified genomes
separated by denaturing PAGE (F@). First, the data indicate containing such lesions employ conditions that can alter the
that heating M13-AFBgenerated M13-AP, as observed by a shifstructure of these important adducts.

in the ‘32 nt’ fragment (lane 1), representing completely ligated We have developed a procedure with which to construct a
AFB1—N7-Gua genome, to a faster migrating 31 nt fragmergingle-stranded M13 genome containing the chemically and
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Figure 7. Characterization of M13-AFBM13-AP and M13-G.A) Map of theHinfl/Hadll restriction fragments containing the ligated 13mers (black bars). The
sizes of completely ligated and patrtially ligated fragments are depBjedhéracterization procedure for M13-Af-&*, AFB;—N7-Gua. C) Autoradiogram of

the reaction products electrophoresed on a 20% denaturing polyacrylamide gel. The gel shows radioactive fragments obtained from eith@*yl18n&FB,
M13-AP (AP) (lane 2) or M13-G (G) (lane 5). Lane 3 is the result of heat/alkaline treatment of MiL3-Af&s 4 and 6 are after heat/alkali/piperidine treatment
of M13-AFB; and M13-G respectively. Lanes headed M are 8-32 nt oligonucleotide size markers. Lanes 1 and 2 and 3-6 are from two §€parbsmdelat
[18-19 nt in lane 1 are believed to represéntl/ Hadll-digested genome, ligated at only tHeefd of the oligonucleotide where thHe-&' exonuclease activity

of exonuclease Ill was blocked by the AFBI7-Gua moiety’The bands dfLl6-17 nt in lane 2 are believed to represent material resulting from depurination of the
material described iti(lane 1).

thermally unstable AFB-N7-Gua adduct and its AP site transversions are light blue, thus providing facile detection of that
counterpart. A Sphosphorylated AFB-N7-Gua 13mer was mutation type. G- T transversions are the principal mutations
ligated into a gap produced by manipulation of the M13mp7Labserved in AFB-treated organismd.4,17,18,21) and account
bacteriophage genome; the procedure employed is similar to that 75% of the mutations observed for AFBI7-Gua in our

of Banerjeeet al (31), except that the scaffold to which the parallelin vivoinvestigation §0).

modified oligonucleotide eventually anneals harbors uracil for The system described in this work should be applicable for the
each thymine. The scaffold was removed by UDG and exonucleasmstruction of many other singly modified genomes containing
Il to yield single-stranded M13-AFB The entire genome structurally labile DNA adducts. We anticipate that the ability to
construction was completed in <3 h and was carried out undaoduce DNA substrates containing uniquely situated unstable
slightly acidic conditions determined to be suitable foIDNA adducts will facilitate the investigation of the genetic effects
AFB1—-N7-Gua stability. Subsequently, a portion of M13-AFB of these lesions in both prokaryotic and eukaryotic systems. This
was heated to generate M13-AP. Our data indicate thgtpe of analysis is crucial toward understanding, at a mechanistic
M13-AFB; was[B5% pure; the only detectable impurities werdevel, the molecular events involved in the early stages of
M13-AP (<0.2%) and M13-GCp%). Since M13-G should not induction of genetic diseases.

give rise to targeted mutations and M13-AP contamination is

extremely small, these contaminants did not interfere significanthfCKNOWLEDGEMENTS

with the use of these genomesifovivomutational studies3(). .

This construction approach yielded genomes containing eith&f€ _thank C. Lawrence for M13mp7L2 and L. Tabibian for
AFB;-N7-Gua or an AP site within tiU recognition sequence techmca! assistance. M Wood and D. Treiber are thanked for
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