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ABSTRACT. The mutation spectra of cis-syn, trans-syn-k-&§, and Dewar pyrimidone photoproducts of

the TT site of AATTAA and TATTAT in the ¢) strand of a heteroduplex M13 vector were obtained in

an excision and photoreversal repair deficiestherichia colhost under SOS conditions. Oligonucleotides
containing site-specific photoproducts were annealed to a complementary uracil-contaihisiyapd

that contained one or more unique pairs of nucleotide mismatches and used to-pyiste(d synthesis

with a DNA polymerase and dNTPs. Following DNA synthesis, the reaction mixtures were incubated
with T4 DNA ligase and ATP and then used to transfect SOS-induced competent CSED$iur A6
andphr-1). The transfectants were plated, gridded, and probed by oligonucleotides specific for progeny
of the () and ) strands. Individual progeny of the photoproduct-containiny §trands were plaque
purified and sequenced by the dideoxy method. The cis-syn and trans-syn-I dimers were found not to be
very mutagenic €9%), the Dewar product more s&83%), and the (64) product the most mutagenic
(<73%). The mutation spectra were similar to those previously reported for the same photoproducts of
the TT site of AGTTGG in the+) strand of an M13 vector [Lawrence, C. W., et al. (1980)I. Gen.

Genet. 222166-168; LeClerc, J. E., et al. (199Proc. Natl. Acad. Sci. U.S.A. 88685-9689] except

that —1 deletion mutations were not observed for the trans-syn-l photoproducts, and a lower frequency
of 3-T—C mutations was observed for the{8) photoproduct. Evidence that a small percentage-df (
strand repair of a double mismatch to tHesRle of the photoproduct site was obtained from transfection
experiments in which a second double mismatch was introduced opposite or flanking the photoproduct.
Analysis of the minor tandem mutations induced by the4pand Dewar products suggests that the SOS
polymerase complex is able to elongate what amounts to double mismatches opposite these photoproducts
and is consistent with the action of a highly processive polymerase that lacks proofreading ability.

Ultraviolet light (UV) is one of the most mutagenic agents CHSCHSo OCchHgo
known and is the probable cause of most skin cancers. The H<
majority of UV-induced mutations occur at dipyrimidine sites N/g )\ N/K
which are the major sites of DNA photoproduct formation Ao I
[for reviews, see: Patrick and Rahn (1976), Cadet and Vigny Cis_syn Trans-Synl

(1990), and Taylor (1994, 1995)]. The cis-syn cyclobutane
dimer and the (64) product are the major products of UVB
and UVC irradiation of duplex DNA (Figure 1), and both
have been correlated with UV-induced mutations at these
sites [for a review, see Hutchinson (1987)]. Trans-syn
dimers are minor photoproducts of DNA and are formed in
greater quantity in single-stranded DNA (Liu & Yang, 1978; (6-4)

Kao et al., 1993). The (64) product, while being chemi-  Fgugre 1: Photoproducts of a TT site.
cally stable, is converted to its Dewar valence isomer by
gg@a?r?ig;S/hilgg:cgli):/tlgrcincsophorﬁi zalr?fga,sar:git%yr;oesrliggan (ﬁ/hich the mutations arise remain unknown. Elucidating the
deaminate [for a discussion, see: Jiang and Taylor (1993)]. recise structureactivity relationships in UV-mutagenesis

Which of these photoproducts is primarily responsible for a is complicated by competition between further chemical
. P P! P 'y resp . transformations, repair, and replicative bypass of the different
mutation at a given site, and the precise mechanisms by

photoproducts. It is probably the modulation of the rates of
" This investigation was supported by PHS Grant Number R37- these processes by the flanking DNA sequence that results

CA40463, awarded by the National Cancer Institute, DHHS. in a lack of correlation between photoproduct hot spots and
* Author to whom correspondence should be addressed. mutation hot spots (Brash et al., 1987).
® Abstract published irAdvance ACS Abstractdjarch 1, 1996.
1 Abbreviations: ATP, adenosine triphosphate; dNTRdebxy- Great progress has recently been made in sorting out DNA

nucleotide triphosphate; exp3—5' exonuclease deficient; NMR, g ; i ini
nuclear magnetic resonance; RF, replicative form; TpT, thymidylyl- photoproduct structureactivity relationships by determining

(3—5')-thymidine; UVA, 320-400 nm; UVB, 286-320 nm; UVC, the mutation spectra bacteriophage vectors containing site-
240-280 nm. specific photoproducts in both bacterial and eukaryotic hosts.
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By using single-stranded vectors, Lawrence and co-workers A) AAxyAA constructs

have determined the mutation spectra of the cis-syn, a trans-
syn, (6-4), and Dewar photoproducts of TT, the cis-syn and
a trans-syn dimer of UU (the complete deamination product
of the cis-syn dimer of CC), and the @) and Dewar
products of TC in the sequence AGxyGG in b&tcherichia

coli (LeClerc et al., 1991; Gibbs & Lawrence, 1993) and in
yeast (Gibbs et al., 1993; Lawrence et al., 1993; Horsfall &
Lawrence, 1994). Recently, we reported the mutation spectra
for the cis-syn dimers of TT and TU (the deamination product
of the cis-syn dimer of TC) in the sequence TAxyAT (Jiang
& Taylor, 1993) that were obtained by a modification of
Kunkel's method for site-directed mutagenesis (Kunkel,
1985). The major conclusion from these limited studies has
been that the cis-syn and, to a slightly lesser extent, the trans-
syn photoproducts are highly instructive lesions because they
direct the incorporation of two A’s with a much higher
frequency than seen for abasic sites, the prototypical non-
instructional lesion. On the basis of the work of Lawrence
and co-workers, the (64) product is also instructive by these
criteria as it primarily directs the incorporation of G opposite
the pyrimidone ring rather than an A that would have been
predicted to be primarily incorporated opposite a noninstruc-
tional lesion (LeClerc et al., 1991). In contrast, the Dewar
product appears to be the least instructive of the photoprod-
ucts with the Dewar valence isomer of thepyrimidone
subunit behaving more like an abasic site. What is not
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known from these limited studies, however, is the extent to ) _ o
which the mutation spectrum of an individual photoproduct Ficure 2: Oligonucleotides and vectors used in this study where

. . +) refers to the {) strand of the M13mp18 clone used as the
depends on sequence. Herein, we report the mutation spectr mplate in the synthesis of the heteroduplex RF bacteriophage

for M13 clones containing site-specific cis-syn, trans-syn-I, pNA and xy represents the dipyrimidine photoproduct in the
(6—4), and Dewar photoproducts of TT in two different oligonucleotide used to prime the synthesis of th¢ §trand. (A)
sequence contexts i coliunder SOS conditions. We show Constructs of the AAxyAA sequence context, (B) constructs of the
that though the mutations induced are similar to those TAxyAT sequence context, and (C) Potential hairpin site in the

. . (+) strand of the progeny phage of the two sequence contexts. The
preVIOUS_Iy observed in different Sequ_ence contexts, ther(_-:' a_r +) strand is written 5-3', and all other oligonucleotides are
some differences that may have important mechanistic written 3—5' where nucleotides in lower case are those that are

implications. different from those in the type | construct and where mismatched
sites are enclosed in boxes.

MATERIALS AND METHODS d(AGCTACCATGCCTGCACGAATTAAGC) was cloned
into EcoRl andHindlll cleaved M13mp18, and the desired
Cis-syn, (6-4), and Dewar photoproduct-containing 49A- clones were identified by colony hybridization with radio-
mers of>95% purity were prepared as previously described |abeled 18-AA-mer (Figure 2A), plaque purified, and se-
(Smith & Taylor, 1993). The trans-syn-l 49A-mer was quenced. Mutation of the TT site atl3 and—12 to GG
prepared from d(AAT[t,s-I]TAA) that was purified by HPLC  was accomplished via Kunkel's method for oligonucleotide-
from the sensitized irradiation products of the parent o0ligo- gjrected mutagenesis (Kunkel, 1985) utilizing the 18-CC-
nucleotide and characterized by NMR spectroscopy. The mer (Figure 2A) to prime-) strand synthesis on the uracil-
(6—4) and Dewar 49B-mers were prepared in a similar containing single-stranded-J-TT bacteriophage that was
fashion from d(GTAxyATG) (Zhao et al., 1995). The trans- go|ated from thelut” ung" E. colistrain CJ236. The desired
syn-| dimer-containing 49B-mer was prepared from d(G- (ones were identified by colony hybridization to radiolabeled
TAT[t,s-I]TATG) that was synthesized with the trans-syn-l1 15 ~c_mer, plaque purified, and sequenced. Single-stranded
building block (Taylor & Brockie, 1988). All other materials uracil-conta;ining bacteriopﬁage DNA, W-J-CS2, was then

and methods used are as previously described (Jiang & : ; ;
Taylor, 1993) unless otherwise indicated. Because of the prepared by transfection and isolation from CJ236.

methods used to prepare and purify the photoproduct Photoproduct Mutation SpectraThe undamaged and
containing oligonucleotides, none of the samples used in photoproduct-containing 49-mers were used to primg (
mutagenesis experiments contain the undamaged parenstrand synthesis on uracil-containing)¢strands with Se-
oligonucleotide. The<5% impurities in the (64) and guenase Version 1.0 in place of T4 polymerase as previously
Dewar samples are expected to be each other and co-elutinglescribed (Jiang & Taylor, 1993). The crude reaction
photoproducts, and, in the cyclobutane dimer samples, theymixtures were then used to transfect competent repair
are expected to be other cyclobutane dimers. deficient phr-1, usrA6) CSROG6F E. coli hosts. SOS-
Preparation of the M13 Vector.The 26-mer duplex induced hosts were prepared by exposing to 254 nm radiation
d(AATTGCTTAATTCGTGCAGGCATGGTY prior to being made competent. The cells transfected with
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strand. A hybrid RF DNA containing a site-specific pho-
toproduct is easily and rapidly prepared by primer extension
of a photoproduct-containing primer with a double mismatch
on a uracil-containing) strand and is then transfected into
anung", photoproduct repair deficienplir-, usr~) host. The
progeny arising from the replication of the-Y and )
strands are easily distinguished by hybridization probes for

phr”, uvr

1) Transfect | 2) Probe
ung* E. coli

the double mismatches. Mutants resulting from bypass of a
photoproduct are identified by probing the-)( strand
progeny with a wild-type probe under relaxed and stringent

] conditions and then sequencing any weakly hybridizing
mufant progeny M hana colonies.

In the present case, we have obtained mutation spectra of
the cis-syn, trans-syn-l, {64), and Dewar photoproducts in
two different sequence contexts by way of four different
constructs (Figure 2). In the type I, Il, and Il constructs, a
(+)-GG/(—)-AA double mismatch was introduced 12 and
13 nucleotides to the'3ide of the photoproduct site as a
genetic marker for the) and ) strand progeny. In the
type | construct, the AA that would naturally occur opposite
FiIGURe 3: Scheme used for obtaining the mutation spectra of the th_e TT ph_otoproduct was left lntac_t bec_ause we felt that this
type Il constructs. The progeny of thé-Y and () strands were mlght be Important for future studies aimed at Studylng the
distinguished by probing with 18-GG-mer and 18-AA-mer. The sequence specificity of photoproduct repair, which would
(—) strand directed double mismatch repair product was identified require the native sequence. The type Il construct was the

by its ability to hybridize to both probes. Attempts to distinguish :
wild-type and mutant progeny of the-J strand by probing with same as the type | construct, except that a CC was introduced

either the 16-TT-mer or 18-TT-mer failed, possibly due to the N Place of the AA opposite the photoproduct to assay for
formation of a hairpin (see Figure 2C), and therefore randomly competitive repair of the flanking double mismatch site
selected {) strand progeny were sequenced to obtain the mutation (Figure 3). In the type lll and IV constructs, the photo-
spectra. Mutation spectra of the other constructs were obtained by roqycts were embedded in the sequence context TAXYAT
%Sﬁrgl?;;ér?tgggégﬁgﬁg tthat repair products could not be identified instead of AAxyAA. Because the type lll construct was
prepared from the samet{ strand as used for the type |
the type | constructs were plated, and the plaques wereconstruct, two TT mismatches flanked the photoprgduct site.
screened for progeny of the- strand by hybridization with ~ T"e type IV construct was the same as that previously used
18-CC-mer and for progeny of the photoproduct-containing 0 obtain the mutation spectra of the cis-syn dimers Qf TT
(—) strand by hybridization with 18-AA-mer (Figure 2A). and TU and had two C’s in thet{) strand directly opposite
For the type Il constructs, progeny of thé)(strand were  the dimer site.
identified by hybridization to the 18-GG-mer. Selected In Vivo Mutation Spectra.The various constructs were
progeny of both strands were plaque purified and sequencedprepared by using the site-specifically photodamaged 49A-
by the dideoxy termination method. A similar strategy was mer, 49B-mer, or 41-mer to prime replication of a uracil-
used for the type IIl and type IV constructs (Figure 2B). containing () single-strand bacteriophage DNA, CS2, LC1,
The mutation spectra for the trans-syn-I dimer containing or NJ1, by Sequenase Version 1.0 and dNTPs followed by
41-mer was obtained as previously described for the cis-synligation with T4 DNA ligase and ATP. The uracil-containing
dimers of TT and TU sites (Jiang & Taylor, 1993). (+) single strands were obtained from CJ23@&q ,dut’)
Statistical Analysis.The chi-squareyf) test was used to  that was grown in the presence of uridine. Reaction mixtures
evaluate the significance of differences in mutation spectra resulting from primer-extension and ligation were used to
by sorting mutations into categories for which the expected transfectE. coli CSROG6F cells according to a standard
values were 5 or greater to avoid significant errors in the technique (Hanahan, 1985). This strain was chosen because
analysis. it is deficient in both photorepaipfr-1) and excision repair
(uzrAB) of cyclobutane dimers and is infectable by M13
phage (P (Jiang & Taylor, 1993). The SOS response of
RESULTS CSRO6F was induced by exposing cells to 3.8 J n2 of
254 nm light and incubating at 3T for 0.5 h immediately
General Strategy.The in sivo mutation spectra of the  before the cells were made competent to insure sufficient
photoproduct-containing 49-mers were obtained by a generaltime for the production of SOS proteins. Following trans-
method previously described by us for obtaining the mutation fection and plating, plaques started to appeabs later
spectra of the cis-syn photodimers of TU and TT (Jiang & and were fully developed after-8.0 h. The number of
Taylor, 1993). Our method (Figure 3) is an adaptation of plaque forming units/fmol are given in Table 1 and serve as
an efficient method for site-directed mutagenesis (Kunkel, a semiquantitative guide to the transfection efficiency of the
1985; Kunkel et al., 1987) that relies on the rapid degradation various constructs. The transfection efficiency of the non-
of the uracil-containing-t) strand of a heteroduplex repli- dimer and dimer-containing vectors could not be directly
cative form (RF) bacteriophage DNA by a uracil glycosylase compared because the efficiencyinfiitro DNA synthesis
active ing") E. coli host to favor replication of the—() for each primer was not quantified. No plaques were

A NGO

double mismatch wild type progeny
repair product of (+)-strand
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Table 1: Results of Transfection Experiments of Photoproducts in the AAxyAA Sequence Context for the Type | Construct unless Otherwise

Noted
cells substrate pfu —) progeny ) mutants {) mutants ) GG—TT

SOS- undamaged 80 34/100 (34) 0/15 (0) 0/5 (0) b na
cis-syn 30 10/100 (10) 0/10 (0) 0/1 (0) na
trans-syn-I (type Il) 20 0/79 (0) 0/0 (0) fd 20/79 (25)
(6—4) 30 10/200 (5) 0/10 (0) 0/6 (0) na
(6—4) (type I) 40 0/150 0/0 nd 15/150 (10)
Dewar 7 11/200 (6) 0/11 (0) 0/2 (0) na

SOSt+ undamaged 140 163/450 (35) 0/72 (0) 0/10 (0)
cis-syn 110 58/306 (19) 0/58 (0) 0/12 (0)
trans-syn-I (type II) 60 188/468 (40) 1/83 (1) nd 53/280 (19)
(6—4) 60 94/550 (17) 20/60 (33) 0/20 (0)
(6—4) (type I) 30 54/144 (38) 34/54 (63) nd 12/96 (13)
Dewar 20 107/550 (19) 18/66 (27) 0/14 (0)
Dewar (type Il) 45 42/400 (11) 14/42 (33) nd 13/358 (4)

a Percentages are given in parenthe8&t applicable as repair could not be assayed in this consttt determined.

Table 2: Results of Transfection Experiments with Photoproducts
in the TAxyAT Sequence Context in the Type IV Construct unless
Otherwise Notedl

Table 3: Mutation Spectra of the Cis-Syn Cyclobutane
Photoproduct of TT in Different Sequence Contexts under SOS
Conditions Shown in Order of the Nucleotides Inserted Opposite

Each T of the Photoproduct during Bypass (See Figute 6)

cells substrate ) progeny () mutants ¢) GG—TT

SOS- undamagetl  99/199 (50)  0/99 (0) rfa cis-syn
cis-syrt 10/517 (2) 0/10 (0) na first second AA—AAP TA-ATE®
trans-syn-I 0/354 (0) 0/0 (0) na TT— opp.3-T opp.3-T (typel) (typelV) AG—GG!
(6—4) (typelll) n nd nd

TT A A 58 (100 131 (98 2443 (94

Dewar (type lll) nd nd nd cT A G (100) 1 ((1) ) 6 (<(1))

SOS+ undamaged 237/369 (64) 0/132 na TC G A 28 (1)
cis-syrt 134/344 (39) 3/134(2) na TG C A 1(1)
trans-syn-| 102/691 (15) 9/102 (9) na TA T A 1(1) 130 (5)
(6—4) (type Ill) 51/200 (26)  37/51 (73) 3/149 (2) -T —A 1(<1)
Dewar (type Ill) 32/150 (21)  5/32 (16) 4/118 (3) total 58 134 2608

aPercentages are given in parenthe8€som Jiang and Taylor
(1993).¢ Not applicable as repair could not be assayed in this construct.
4 Not determined.

@ Mutation-causing insertions are in bold, and relative percentages
of mutants are given in parenthese3he mutation spectrum for this
construct may be diluted by a small amount of TT progeny arising
from (—) strand directed repair of thetj strand.c From Jiang and
Taylor (1993).9 From Lawrence et al. (1990) in which the photoprod-
ucts were in the-f) single strand of M13mp7L1.

observed in transfections with uracil-containing) (strands
by themselves.

Wild-type progeny of thet) strand of the type | construct, Table 4: Mutation Spectra of Trans-Syn Cyclobutane Dimers of TT
and those that WO”"?' have resulted _from the) (St_rand in Differént Sequence Contexts under SOS Conditions Shown in
following (+) strand-directed double mismatch repair, could Order of the Nucleotide Inserted Opposite Each T of the
be readily identified by selective hybridization to the 18- Photoproduct during Bypass (See Figuré 6)

CC-mer probe at either 37 or 58C. Progeny of the

first  second trans-syn-|

photoproduct-containing—) strand and t_hose that would opp. opp. AA—AA  TA-AT® lrans-syn
have resulted from theH) strand following () strand- TT— 3T 5-T (typell)  (typelV) AG-GG
directed double mismatch repair could be identified by Tt A A 82 (99) 93(91) 536 (89)
selective hybridization to the 18-AA-mer probe (Figure 2A). CT A G 2(2) 4(1)
Progeny of the ) strands of the type II, lll, and IV AT A T 1) 6 (6) 16 (3)
S TC G A 1(<1)
constructs could be distinguished from progeny of the |3 c A 1Q1)
photoproduct-containing~) strands by probing with the 18- TA T A
GG-mer, 18-TT-mer, and 17-GG-mer, respectively. Progeny —T —A 33 (6)
resulting from the €) strand following ) strand-directed ct’gt‘aelr 83 102 61055(3)

repair of the double mismatch in the type Il construct could
be identified as those hybridizing to both the 18-AA-mer
and the 18-GG-r_ner. leeWIse,. progeny re_su'tmg from the ¢ The mutation spectrum for this construct may be diluted by a small
(+) strand following ¢) strand-directed repair of the double  amount of TT progeny arising from~) strand directed repair of the
mismatch in the type Il construct could be identified as those (+) strand.¢ From Lawrence et al. (1990) in which the photoproducts
hybridizing to both the 18-AA-mer and the 18-TT-mer. were in the {) single strand of M13mp7L2 Along with a tandem
Whereas few of the progeny of the photoproduct-containing GCs2)-T.

strand were observed under non-SOS conditions, their

numbers increased substantially under SOS conditionsDISCUSSION

(Tables 1 and 2). Mutation spectra were obtained by Thein vizo mutation spectra of the four major photo-
sequencing the progeny of the photoproduct-containiflg ( products of the TT site in AATTAA (type | and Il constructs)
strands (Tables-36). and TATTAT (type lll and IV constructs) that were site-

@ Mutation-causing insertions are in bold, and relative percentages
of mutants are given in parenthese&rom Jiang and Taylor (1993).
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Table 5: Mutation Spectra of the {8l) Photoproduct of TT in
Different Sequence Contexts under SOS Conditions Shown in Order
of the Nucleotides Inserted Opposite Each T of the Photoproduct
during Bypass (See Figure®)

(6—4)

second AA—AAP AA—AA TA-AT
(type Il) (type lll) AG—GG*

first
TT— opp. 3-T opp.B3-T (typel)

T A A 409(68) 20(37) 14(27) 16(9)

CcT A G 1(2) 2(1)

GT A C 2 (1)

AT A T 2 (4)

TC G A 18°(30) 31(57) 35(69) 158(85)

cC G G 2(1)

AC G T 1(2) 3(1.5)

TG C A 1(2) 1(0.5)

cG ¢C G 1(2)

TA T A 1(2)

-T -A 1(0.5)
total 60 54 51 185

a Mutation-causing insertions are in bold, and relative percentages
of mutants are given in parenthese$he mutation spectrum for this
construct may be diluted by a significant amount of TT progeny arising
from (=) strand directed repair of thetj strand.c From LeClerc et
al. (1991) in which the photoproducts were in thHe) Gingle strand of
M13mp7L1.90ne had an untargetedG4.¢One had a tandem
T(—24)—C.

Table 6: Mutation Spectra of the Dewar Photoproduct of TT in
Different Sequence Contexts under SOS Conditions Shown in Order
of the Nucleotides Inserted Opposite Each T of the Photoproduct
during Bypass (See Figure®)

Dewar

first second AA—AAP AA—-AA TA-AT AG-GG
TT— opp. 3-T opp. 3-T (typel) (typell) (type lll) (sample 2)

T A A 489(73) 28(67) 27(85) 49 (58)
cT A G 2 (3) 7(8)
GT A C 1(1)
AT A T 3(5) 4(10) 2(6) 4(5)
TC G A 3 (5) 3(7) 1(3) 11(13)
cC G G 1(2) 2(2)
GC G C 2 (3) 1(2) 1(1)
AC G T 1(2) 4(5)
TG C A 4 (6) 3(7)  1() 2(2)
TA T A 3(5) 2 (5) 4 (5)
cA T G 1(3)

total 66 42 32 85

@ Mutation-causing insertions are in bold, and relative percentages
of mutants are given in parenthese3he mutation spectrum for this
construct may be diluted by a small amount of TT progeny arising
from (=) strand directed repair of thetj strand.c From LeClerc et
al. (1991) in which the photoproducts were in tHe) Gingle strand of
M13mp7L1.9 One had an untargeted €43)—T.

specifically embedded in the-{ strand of an M13-derived
heteroduplex bacteriophage DNA were determine.inoli
under both SOS and non-SOS conditions. While the

Smith et al.

vivo study with the cis-syn dimer in the type IV construct
in which <3% of the progeny were from the-§ strand
(Jiang & Taylor, 1993). Lawrence and co-workers also
observed little replication past the cis-syn,-@, and Dewar
photoproducts in the+) strand of single-stranded M13
vectors in uninduced cells. In contrast, a photoproduct that
they produced by sensitized irradiation of d(GCAAGTTG-
GAG), which had properties that led them to assign it as a
trans-syn dimer, was replicated with 14% efficiency com-
pared to 1% for the cis-syn dimer and 100% for undamaged
control DNA (Banerjee et al., 1990). The trans-syn dimer
used in the type Il construct was also prepared by sensitized
irradiation and could be assigned as the trans-syn-I dimer
by comparison of its NMR to that of the trans-syn-I dimer-
containing oligonucleotide used in the type IV construct and
which was produced by total synthesis from spectroscopically
characterized intermediates (Taylor & Brockie, 1988). Why
a trans-syn dimer in their system would be so much more
easily bypassed is puzzling considering that a photoproduct
prepared in the same way from d(GCAAGUUGGAG), in
which the methyls on the T's are replaced by hydrogens,
was less easily bypassed than the cis-syn dimer of either TT
or UU (Gibbs & Lawrence, 1993).

In the case of the type | constructs, a significant fraction
(5—10%) of the progeny appeared to arise from the photo-
product-containing ) strand, and none of these progeny
were mutants. Unfortunately, in the type | constructs,
progeny arising from replication of the-] strand following
(=) strand-directed repair of the double mismatch cannot
be distinguished, but they can in the type Il and Il constructs.
When the same trans-syn-I or{8) product-containing 49-
mers were used in the type Il constructs, no progeny of the
photoproduct-containing—) strands were observed, and
instead about 1025% of the bacteriophage corresponded
to progeny of {) strand that had undergone-) strand-
directed repair of its GG mismatch (Table 1). The same
repair process was observed to occur under SOS with the
type Il and Ill constructs (Tables 1 and 2), and under these
conditions none of the—{) strand progeny were found to
have had their AA double mismatch repaired. It is likely
that repair of the double mismatch is exclusively directed to
the (+) strand from nicks (Lahue et al., 1989) that result
from enzymatic processing of the U’s in the)(strand. Thus,
what appeared to be progeny of error-free bypass of the
photoproducts in the type | constructs under non-SOS
conditions were probably progeny of double mismatch
repaired {) strands. It seems that under both SOS and non-
SOS conditions, in which many types of DNA damage
present significant blocks to replication, repair and replication
of the uracil containing-) strand can compete with DNA
damage bypass.

mutation spectra obtained are similar to those observed by Replicatve Bypass of Cyclobutane Dimers under SOS
Lawrence and co-workers for the corresponding photoprod- Conditions. SOS induction increased the number of progeny
ucts of the TT site in AGTTGG embedded in the singtg ( derived from the photoproduct-containing)(strand as well
strand of an M13-derived bacteriophage DNA (Lawrence et as the number of mutants produced (Tables 1 and 2).
al., 1990; LeClerc et al., 1991), there are some interesting Unfortunately, the 16- or 18-TT-mer hybridization probes

and possibly significant differences.
Replication under Non-SOS Conditionsdo bypass of the
trans-syn-l, (6-4), and Dewar photoproduct-containing)(

could not be used to distinguish between mutant and wild-
type progeny in the type | and Il constructs, presumably
because of a stable hairpin that had been inadvertently

strands in the type I, Ill, and IV constructs took place under engineered into the sequence (Figure 2C). As a result, the
non-SOS conditions as judged by both pfu/fmol and by the mutation spectra for these constructs had to be obtained by
fraction of (—) strand progeny (Tables 1 and 2). The results direct sequencing of the progeny. Replicative bypass of the
are similar to those that we had observed in our eantier  cis-syn cyclobutane dimer in the type | construct under SOS
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conditions resulted in the highly specific, and nonmutagenic,
introduction of two A’s (100%), though this number may
be inflated by the presence of progeny of the) (strand
resulting from double mismatch repair. A similar incorpora-
tion specificity for the cis-syn and trans-syn-I dimers in the
type IV construct, for which the 17-TT-mer hybridization
probe could be used to screen for about twice as many
mutants, presumably because of less stable hairpin formation
(Figure 2C). In this sequence context, 98% nonmutagenic
bypass was observed for the cis-syn dimer (Jiang & Taylor,
1993) and 91% for the trans-syn-I dimer (Table 2). Even
though it was only practical to sequence a limited number
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of progeny, the photoproduct mutation spectra obtained were N D
quite similar those of Lawrence and co-workers, who 5-Toftsl 0=~ /t--t"CHa i “51: AN
observed 94% and 89% nonmutagenic bypass of the cis-syn N &’ VA NoA

and trans-syn dimers, respectively (Tables 3 and 4). The H

major difference was that the cis-syn dimer in their system FIGURE 4: Possible base pairing interactions (dashed lines) and
led to 5% of a 3 T-A—A-T transversion. whereas this hydrophobic interactions (double-headed arrow) between the cis-

. d din th ' h syn, trans-syn-I, and trans-syn-Il cyclobutane dimers of TpT and
mutation was not detected in the type | construct. Less thanycjeqtide triphosphates contributing to the selectivity of nucleotide

<1% of this mutation was detected in the type IV construct, incorporation.
but it occurred with a significantly lower frequency than in
their system P < 0.025) (Jiang & Taylor, 1993). containing duplex with the corresponding undamaged strand,
Lawrence and co-workers also reported that the product however, show larger proton chemical shift differences for
assigned as a trans-syn dimer caused 6% of a dimer-sitethe section of duplex containing thé B and its 3-flanking
directed deletion of A, which is significantly different from neighbor (Taylor et al., 1990). These shift differences
that of no deletions observed for the type M € 0.05) and suggest that the'&nd of the dimer may be distorted in such
IV (P < 0.025) constructs containing the trans-syn-l dimer a way as to favor misincorporation in spite of favorable
(Table 2). Instead, the major mutation in the type IV hydrogen bonding to an A.
construct of the trans-syn-I dimer was 6% of alsA—A-T Replicatve Bypass of (64) and Dewar Products under
transversion (Table 4), which differs significantly from that SOS Conditions In contrast to the low mutagenicity of the
of 1% observed for the trans-syn-lI dimer in the type Il cyclobutane dimers, the {6}) and Dewar photoproducts are
construct P < 0.025). The extent to which the possible much more mutagenic. The (@) product in the type Il
hairpin structures (Figure 2C) may be responsible for the construct led to 57% 'ST-A—C-G mutations which is
differences in the mutation spectra of the trans-syn dimers significantly lower than that of 85% observed by Lawrence
is unknown. It is interesting to note, however, that Lawrence and co-workers for the same product flanked by G’s instead
and co-workers found that a photoproduct assigned as a transef A’'s (P < 0.005) (Table 5). The frequency of-3
syn dimer of UU in place of the trans-syn dimer of TT did T-A—C-G mutations in the type Ill construct (69%) is not
not lead to any dimer site deletions ofA; and instead led  significantly higher than in the type Il constru@® « 0.1),
to 9% of a 5T-A—C-G as the major mutation (Gibbs & but is still significantly lower than observed for Lawrence’s
Lawrence, 1993). construct P < 0.005). In the type | construct, only 30% of
Base Pairing with the Cis-Syn and Trans-Syn Dimerbe the 3-T-A—C-G mutation was observed, which can be
low mutagenicity of bypass of cyclobutane dimers of TT attributed to about a 50% dilution of the progeny of the- (6
observed in all sequence contexts studied can be explained}) product-containing strand by progeny of the) (strand
by standard WatsenCrick base pairing interactions (Figure following (=) strand directed repair of the double mismatch
4), except for the 5T of the trans-syn-l isomer which appears in the (+) strand.
from modeling studies to be incapable of hydrogen-bonding The Dewar product was less mutagenic than the4(6
interactions due to interference from the methyl group product, and in the type Il construct two A’s were incorpo-
(Taylor et al., 1990). It is possible that the high degree of rated opposite the Dewar photoproduct 67% of the time,
preference for introduction of A opposite a T insyn whereas in the type Il construct two A’s were incorporated
glycosyl conformation is due to favorable van der Waals 85% of the time (Table 6). Though less mutagenic than the
interactions between the methyl group and the H2 of adenine.(6—4) product, the Dewar product caused a greater range of
Hydrophobic interactions of this sort are not possible with mutations than did the 64) product. Lawrence and co-
any of the other nucleotides when in amti glycosyl workers had reported mutation spectra for two different
orientation. On the other hand, Lawrence and co-workers samples of Dewar pyrimidone photoproduct, and our spectra
did not find a significant difference in the incorporation most closely matches their sample 2, opposite which two
frequency of AA opposite the cis-syn and trans-syn isomers A’s were incorporated 58% of the time. Their sample 1 led
of UU which lack the C5 methyl group (Gibbs & Lawrence, to a much higher level of incorporation of G opposite the
1993). It is surprising that the few mutations induced by 3'-T of the (6-4) product than did their sample 2 (42% vs
the cis-syn dimer occur opposite thieT3of the dimer when 13%), indicating that it may have contained a substantial
NMR studies have suggested that the N3H of th& has amount of incompletely photoisomerized-8) product. If
the weakest hydrogen-bonding interactions of the two with one assumes that their sample 2 was pure, then, in compari-
adenine (Kemmink et al., 1987; Kim, J.-K., et al., 1995). son, the Dewar product in the type Il construct is not
Comparison of the chemical shifts of a cis-syn dimer significantly different in mutagenicityR < 0.25), whereas
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\;N 5-A proposed base pairing scheme in which it is involved
H (LeClerc et al., 1991; Horsfall & Lawrence, 1994). When
CHy, {4 p--- H=N6 N isomerized to the Dewar structure, however, the lone pair
ST ol (64 il Nt %—&N on N3 becomes more oriented towards the opposite strand,
R N« \=N N and hydrogen bonding to the N6H of A or the N2H of G
/o 3-A now becomes geometrically feasible. The lone pair on the

FiGURe 5. Possible hydrogen bonding interactions (dashed lines) O2 carbonyl, however, becomes more oriented away from
between the (64) and Dewar pyrimidone photodimers of TT ~ the opposite strand and is no longer accessible for hydrogen
contributing to the selectivity of nucleotide incorporation. bonding to the G. These two changes could explain the
increased preference for the incorporation of A over G
the Dewar product in the type Ill construct appears to be gpposite the 3T of the Dewar product when compared to
significantly less mutagenid®(< 0.005). the (6-4) product inE. coli under SOS conditions (Tables
Base Pairing with (6-4) and Dewar Photoproducts 5 and 6). The observation that only-220% G and 66-
There has been one reported molecular modeling study of70% A was incorporated opposite the pyrimidone ring of
duplexes containing the {64) photoproducts of all four  the (6-4) product of TT in yeast suggests that the polymerase
dipyrimidine sites (Rao & Kollman, 1985). Unfortunately, mustalso play an important role in determining the mutation
the stereochemistry of C5 of the'-pyrimidine of the  spectrum of a photoproduct (Gibbs et al., 1995).
photoproducts was incorrect, and the pyrimidone subunitwas Mechanistic Implications of the Tandem Mutations In-
much more bent than would seem reasonable from studiesduced by the (64) and Dewar Pyrimidone Photoproducts
of the photoproduct of TpT (Taylor et al., 1988). Nonethe- The only photoproducts that induced detectable amounts of
less, some of the features of the original modeling study are targeted tandem double mutations were the4pand Dewar
reproduced in our modeling experiments with-@ and photoproducts, and these mutations were only of the type
Dewar products in octamers with the correct stereochemistry TT-AA—NC-GN, with the exception of one FAA—CGCG
for C5 and a more planar pyrimidone ring in the—#) and one TTAA—CA-TG mutation observed for the {64)
product. As inthe original study, we find that theTlbseems and Dewar products, respectively, in the type Il construct
to be able to maintain normal hydrogen bonding to A via (Tables 5 and 6). These mutations, along with the observed
standard WatsonCrick base pairing, which is supported by  single base pair substitutions, can be seen to originate from
recent NMR studies of a decamer containing a—4% the net nucleotide incorporation specificity for each step in
photoproduct (Kim et al., 1995). Likewise, the O2 carbonyl the bypass of the photoproducts (Figure 6). Examination
oxygen of the pyrimidone ring was found to be accessible of Table 5 reveals that, of the four nucleotides, there is a
for base pairing within standard Watse@rick hydrogen- marked preference for insertion of the purine nucleotides A
bonding distances, though with angles substantially less thanand G opposite the' 3 of the (6-4) photoproduct and that
the ideal value of 180 In our models the O2 can hydrogen these nucleotides are most frequently followed by incorpora-
bond with the N1H or the N2H of an opposed G, and with tion of an A opposite the'sT and can be followed at a much
less facility to the N6H of an opposed A (Figure 5). Base lower frequency by C, G, or T. This contrasts with the
pairing between the pyrimidone and an A may be rather weak Dewar product, for which A is incorporated opposite thd 3
as suggested by the lack of evidence for hydrogen bondingwith the highest frequency and, when G is incorporated
between the two in the recent NMR study (Kim et al., 1995). opposite the 3T, appears to be followed by A with less
In some of our molecular dynamics calculations, hydrogen specificity.

bonding to the A opposite the pyrimidone ring was also  The suppression of exonucleolytic proofreading during

observed to occur via the lone pair on the C50H of the 5 yhotoproduct bypass that is suggested to occur under SOS

T, which would have been missed in the previous modeling (woodgate et al., 1987) could explain the formation of highly

study due to the incorrect stereochemistry at C5. unusual single and tandem base substitutions induced by the
In our models, the lone pair on N3 of thé@yrimidone (6—4) and Dewar products. In the case of a@j product,

ring is not very accessible for base pairing, in contrast to a there is a high preference for incorporation and elongation
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of GA opposite the photoproduct and a low incidence of though the (6-4) product is the most mutagenic of the four
mutants which result from the incorporation and elongation photoproducts of a TT site, it is produced at about a tenth
of AC, AG, or AT (Table 5). Given that GA is the most the rate of the cis-syn dimer and repaired almost 10 times
complementary sequence to the-@ product in this case, faster by uvr(A)BC, thereby greatly minimizing its contribu-
the replication complex appears to have been able to elongatdion to UV-induced mutations. Repair of cis-syn dimers by
what amounts to double mismatches opposite the photo-both photolyase and uvr(A)BC has been shown to have little
product. The formation of double mismatch bypass products sequence dependence (Svoboda et al., 1993), but nothing as
is consistent with a two-step misincorporatidoypass model  yet is known about the sequence specificity of repair of the
for mutagenesis proposed by Bridges and Woodgate in whichother photoproducts or how sequence affects transcription-
proofreading by pol Il is inhibited by RecA and polymer- coupled repair (Mellon & Hanawalt, 1989; Selby & Sancar,
ization past the photoproduct is facilitated by umuC and 1993). Comparison of our mutation spectra of photoproducts
umuD proteins (Bridges & Woodgate, 1985a,b; Echols & flanked by A with those of Lawrence and co-workers which
Goodman, 1990). were flanked by G, while similar, suggest that the sequence
Similar specificity trends were also observed for the Dewar flanking a photoproduct may influence the mutagenic
product when flanked by either G or A. In these cases there consequences of replicative bypass of DNA photoproducts.
is clearly a marked preference for incorporation and elonga- To determine the true extent of sequence effects on the repair
tion of AA opposite the photoproduct, yet with low but and mutagenicity of photoproducts, however, will require
significant frequency there were mutants resulting from the obtaining repair rates and mutation spectra of individual
incorporation and elongation of GC, GG, and GT. Whereas photoproducts as a function of flanking sequence under
A is almost exclusively incorporated and elongated following otherwise identical conditions, an undertaking that is entirely
the incorporation of A opposite the-Base of the Dewar  feasible and now in progress.
product, A appears to follow a G that is incorporated opposite
the 3-base with diminished preference. This diminished REFERENCES
preference suggests that, unlike A, a G opposite thé 3 ) .
lowers the subsequent_ selectivit'y .o'f incorpora_tion and Ba[‘;ﬁfgﬁcse" }é \?v?r?fgnédo‘):’Bcahcrt'gfor;_sig’zgigé;léicl:lfrc’ J.E. &
suggests thgt a G opposite the pyrimidinone ring dlgtprts theBrash, D. E., & Haseltine, W. A. (1982yature 298 189-192.
template-primer in such a way to lower the selectivity of Brash, D. E., Seetharam, S.. Kraemer, K. H., Seidman, M. M., &

subsequent nucleotide incorporation and elongation. The ' gredperg, A. (1987Proc. Natl. Acad. Sci. U.S.A. 88782~
ability of flanking sequence to influence nucleotide insertion  3786.

frequencies have been observed in DNA polymerase fidelity Bridges, B. A., & Woodgate, R. (1985®roc. Natl. Acad. Sci.
studies (Mendelman et al., 1989). U.S.A. 824193-4197.

Implications for UV Mutagenesis.From the limited Bridges, B. A., & Woodgate, R. (1985®)lutat. Res. 150133~
number of sequence contexts investigated, it would appear 139- i o ) _
that the cis-syn and trans-syn dimers of a TT site in Cadet, J., & Vigny, P. (1990) irBioorganic Photochemistry

bacteriophage DNA cause the fewest mutation&ircoli (S'\g?]g"SNOQ\’NH{(’OEE ) Vol 1, Chapter 1, pp-272, John Wiley &

under SOS conditions, whereas the Dewar ané46  gcnols H., & Goodman, M. F. (1990)utat. Res. 236301—311.
products cause substantially more mutations. The relatlveGibbS, P.E. M., & Lawrence, C. W. (199B)ucleic Acids Res. 21

contribution of these photoproducts to UV-induced mutations  4059-4065.

at TT sites in wild-type cells will depend, however, on the Gipbs, P. E. M., Kilbey, B. J., Banerjee, S. K., & Lawrence, C. W.
relative rates of induction, repair, and bypass of the photo- (1993)J. Bacteriol. 1752607-2612.

products, some or all of which may show significant Gibbs, P. E. M., Borden, A., & Lawrence, C. W. (1998)cleic
sequence dependence that would result in mutation hot spots. Acids Res. 231919-1922.

Cis-syn dimers are the major photoproducts of TT sites Hanahan, D. (1985) irDNA Cloning: A Practical Approach
induced by 254 nm light in native DNA, whereas—8) gSAO‘I’DeED- M., Ed.) Vol. 1, pp 109135, IRL Press, Washing-
products are produced at a relative rate of about 10% or les T .

(Brash & Haseltine, 1982), trans-syn dimers less than Z%SHorSfa”‘ M. J., &Lawrence, C. W. (1994) Mol. Biol. 235 465~

(Patrick & Rahn, 1976)_, and Dewar products not at all. In Hutchinson, F. (1987Photochem. Photobiol. 4B97—903.

the presence of UVB light, (64) products are produced  ja0q N, & Taylor, 3.-S. (1998iochemistry 32472-481,

!mtlally but are then converted to their Dgwar va_llence Kemmink, J., Boelens, R., Koning, T., van der Marel, G. A., van

isomers (Taylor & Cohrs, 1987). The formation of cis-syn  Boom, J. H., & Kaptein, R. (198 Wlucleic Acids Res. 18645~

dimers and (6-4) products has been found to show strong  4653.

sequence dependence (Brash & Haseltine, 1982; Pfeifer eKim, J.-K., Patel, D., & Choi, B.-S. (1993%)hotochem. Photobiol.

al., 1991), but nothing is known about the sequence 62 44-50.

dependence of trans-syn-I or Dewar product formation. Cis- Kim, S.-T., & Sancar, A. (1993photochem. Photobiol. 5B95~

syn dimers can also be repaired Bycoli photolyase (Kim ,904' .

& Sancar, A., 1993), whereas a trans-syn dimer is only Kim, S.-T., Malhotra, K., Smith, C. A., Taylor, J.-S., & Sancar, A.
- . L . (1993) Biochemistry 327065-7068.

repaired with very low efficiency (Kim et al., 1993) and the Kunkel, T. A. (1985)Proc. Natl. Acad. Sci. U.S.A. 8288-492

(6—4) and Dewar products not at all (Smith & Taylor, 1993). L ' ’ e T :

All of the photoproducts are substrates for the uvr(A)BC KuErlﬁ%I/,n']l'élei,Séleg?_rtgézJ.. D., & Zakour, R. A. (198Wjethods

excinuclease oE. coli, which repair.s the cis-syn, trans-syn, Lahue, R. S., Au, K. G., & Modrich, P. (1988cience 245160
(6—4), and Dewar photoproducts in the duplex form of 49- 164,

mers used in oun vivo mutation studies with relative rates | awrence, C. W., Banerjee, S. K., Borden, A., & LeClerc, J. E.
of approximately 1:6:9:9 (Svoboda et al., 1993). Thus, even (1990)Mol. Gen. Genet. 222166-168.



4154 Biochemistry, Vol. 35, No. 13, 1996

Lawrence, C. W., Gibbs, P. E. M., Borden, A., Horsfall, M. J., &
Kilbey, B. J. (1993)Mutat. Res. 299157-163.

LeClerc, J. E., Borden, A., & Lawrence, C. W. (19%roc. Natl.
Acad. Sci. U.S.A. §8685-9689.

Liu, F.-T., & Yang, N. C. (1978Biochemistry 174865-4876.

Mellon, 1., & Hanawalt, P. C. (1989Nature 342 95—-98.

Mendelman, L. V., Boosalis, M. S., Petruska, J., & Goodman, M.
F. (1989)J. Biol. Chem. 26414415-14423.

Patrick, M. H., & Rahn, R. O. (1976) ifPhotochemistry and
Photobiology of Nucleic Acid&Vang, S. Y., Ed.) Vol. Il, Chapter
2, pp 35-95, Academic Press, New York.

Pfeifer, G. P., Drouin, R., Riggs, A. D., & Holmquist, G. P. (1991)
Proc. Natl. Acad. Sci. U.S.A. 88374-1378.

Rao, S. N., & Kollman, P. A. (1985pPhotochem. Photobiol. 42
465-475.

Selby, C. P., & Sancar, A. (1998cience 36053—58.

Smith, C. A., & Taylor, J.-S. (1993). Biol. Chem. 26811143~
11151.

Smith et al.

Svoboda, D. L., Smith, C. A., Taylor, J.-S., & Sancar, A. (1993)
Biol. Chem. 26810694-10700.

Taylor, J.-S. (1994Acc. Chem. Res. 276—82.

Taylor, J.-S. (1995Pure Appl. Chem. §7183-190.

Taylor, J.-S., & Cohrs, M. P. (1987) Am. Chem. Soc. 102834~
2835.

Taylor, J.-S., & Brockie, I. R. (1988)lucleic Acids Res. 16123~
5136.

Taylor, J.-S., Garrett, D. S., & Wang, M. J. (198Bijopolymers
27, 1571-1593.

Taylor, J.-S., Garrett, D. S., Brockie, I. R., Svoboda, D. L., & Telser,
J. (1990)Biochemistry 298858-8866.

Woodgate, R., Bridges, B. A., & Blanco, H. G. (1981tat. Res.
183 31-37.

Zhao, X., Kao, J. L. F., & Taylor, J.-S. (199B)jochemistry 34
1386-1392.

BI1951975C



