Ribonuclease P, the M1 RNA-CS pro-
tein complex, cleaves not only precur-
sors to tRNA’s but also another sub-
strate, the precursor to 4.5 RNA, a
small stable RNA found in E. coli (9).
The pM1 RNA-CS5 protein complex can
also effect this reaction. The arrow in
Fig. 1, lane 3, points to the upper part of
a doublet band in Fig. 1, lane 4. We have
shown, using material isolated in prepar-
ative cleavage experiments, that the up-
per band in Fig. 1, lane 4, corresponds to
mature 4.5 RNA and that it has the

expected oligonucleotide, pGGGGC, .at

its 5’ terminus. Fingerprints of the cleav-
age products generated by pM1 RNA
from both of our substrates are identical
to those obtained when M1 RNA was
used as the source of ribonuclease P
activity [figure 7 in (3)].

The pM1 RNA used in our experi-
ments was prepared by transcription in
vitro and extracted with phenol prior to
assay for nuclease activity. We earlier
showed (3) that mature M1 RNA prepa-
rations, treated in the same way, lacked
detectable protein. In the case of pMl
RNA, the only possible source of con-
taminating protein in the preparation is
the transcription mixture used to synthe-
size the RNA. This mixture has no nu-
clease activity when incubated with the
substrates we used. Thus, the ability of
pM1 RNA preparations to cleave the
precursor to tRNA™Y" and generate the 5’
terminus of the mature tRNA lies in the
pM1 RNA itself. Furthermore, the molar
concentration of product generated in
reactions such as those illustrated in Fig.
I, lane 2, is greater than the concentra-
tion of pM1 RNA in the reaction mixture
(10). In preparative reactions, pM1 RNA
can generate a more than tenfold molar
-excess of product compared to its own
concentration. pM1 RNA is unchanged
in size during the course of the reaction
(data not shown). These data indicate
that pM1 acts catalytically, as is the case
for M1 RNA (3).

Our results confirm and extend our
previous findings (3) that an RNA is
capable of acting as a catalyst. It has also
been shown that a precursor to ribosom-
al RNA in Tetrahymena has the ability to
carry out enzymatic reactions (/7). In
this report, we have shown that the
precursor to an RN A species has catalyt-
ic capability and that this precursor, as
well as the processed, mature molecule,
interacts with a protein cofactor to make
an enzymatic complex with a higher rate
of reaction and wider substrate range
than that shown by the precursor RNA
alone. Until studies of the kinetic charac-
teristics of these reactions provide more
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information, the only function we can
ascribe to the extra sequences in pM1
RNA is that of a signal for the termina-
tion of transcription (4).

CEecILIA GUERRIER-TAKADA

SIDNEY ALTMAN

Department of Biology,
Yale University,
New Haven, Connecticut 06520
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Molecular Dissection of Transcriptional Control Elements

Within the Long Terminal Repeat of the Retrovirus

Abstract. The retroviral long terminal repeat (LTR) contains transcriptional
control elements that affect viral gene expression. By deletion mutagenesis of the
genome of the cloned Abelson murine leukemia virus, regulatory signals could be
mapped to at least three domains within the LTR. A defective 5' LTR that did not
sustain transforming gene function was complemented by an intact LTR positioned
at the 3' end of the genome. This versatility of the retroviral genome with respect to
its transcriptional control elements appears to provide a strong selective advantage

for viral gene expression.

The proviral genome of a retrovirus
contains characteristic directly repeated
sequences designated long terminal re-
peats (LTR’s). The LTR is synthesized
from viral genomic RNA components
specific to the 5’ (US), 3’ (U3), and
repeated terminus (R) regions of the mol-
ecule during reverse transcription into a
U3-R-US configuration [for review see
(1)]. Because of their location within the
viral genome, as well as their resem-
blance to transposable elements, retro-
viral LTR’s have been said to function in
processes including virus transcription,
integration, replication, and genome re-
arrangement (2, 3).

With respect to viral RNA transcrip-
tion, certain LTR functions have been
tentatively ' assigned. Nucleotide se-
quence analysis of LTR’s derived from a

number of avian and mammalian retro-
viruses has revealed the existence of
consensus promoter sequences in the U3
region located at similar distances from
the RNA initiation site in the R region (2,
3). Moreover, evidence from eukaryotic
cell-free transcription systems has indi-
cated that viral RNA transcripts initiate
within the LTR (4). Evidence is also
accumulating for the existence of se-
quences with an ‘‘enhancer’’-like func-
tion within the U3 region of the LTR [for
review see (5)]. In other systems, en-
hancer elements, which can act at a
distance from the RNA start site and
independent of orientation, appear to
play an essential role in efficient gene
function (6).

Abelson murine leukemia virus, a pro-
totypical acute transforming retrovirus,
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arose by recombination of Moloney mu-
rine leukemia virus (Moloney-MulLV)
with a cellular onc sequence designated
abl. Moreover, abl is translated from a
message initiated within the 5" LTR (7).
Molecularly cloned A-MuLV demon-
strates high-titered transforming activity
as determined by transfection analysis
on NIH/3T3 cells (8). Since A-MuLV
transforming activity is dependent on
efficient abl gene expression, we under-
took deletion mutagenesis of the A-
MuLV 5" LTR in an effort to precisely
locate its transcriptional control ele-
ments. We have also explored the possi-
bility that the 5’ and 3’ LTR’s can actin a
cooperative manner to allow transform-
ing gene function. '
We used an A-MuLV deletion mutant,
pHind, which lacks the distal 1.019 kilo-
bases (kb) of the viral genome, including
the 3’ LTR (9). This mutant transforms
NIH/3T3 cells at a titer comparable to
that of the wild-type A-MuLV genome
(10). By use of pHind, any influence of
the 3’ LTR on abl expression could be
eliminated. In order to construct deletion
mutants in TATA, CAAT (A, adenine;
C, cytosine; and T, thymine), and the 5’
cap site, we cleaved pHind with the
restriction enzyme Xba I and treated the
linearized plasmid with Bal31 exonucle-
ase. After preliminary screening with
appropriate restriction enzymes, we es-
tablished the precise extent of each

Fig. 1. Physical map
of A-MuLV in the 0
pHind recombinant

1

deletion by DNA sequencing (I1]).

An A-MuLV mutant (pAva), in which
the TATA box and the 5’ cap site were
specifically deleted, showed no impair-
ment in transforming activity (Fig. 1).
Deletion of the CAAT box as well
(pHX25) reduced A-MuLV focus forma-
tion by a factor of about 10. Finally,
mutants pHX37 and pHX90, in which
larger portions were deleted, including
the polyadenylation (poly A) signal and
other downstream sequences, lacked
any detectable biologic activity. These
findings indicate that the TATA box and
the 5’ cap site are not essential for the
expression of the abl gene. In the ab-
sence of the TATA box and the cap site,
adjacent sequences seem to function as
alternative promoter or initiation sites
for transcription. Such sequences appear
to be farther downstream since
mutants with large deletions encompass-
ing this downstream region—for exam-
ple, pHX37 and pHX90—lacked trans-
forming activity.

Nucleotide sequence analysis has re-
vealed a 72— to 74-base pair (bp) repeat
sequence in the U3 region of the LTR’s
of a number of retroviruses, including A-
MuLV (2, 3, 9). A 72-bp unit has been
identified within the genomes of papova-
viruses (5). Deletion of this element in
SV40 has been reported to reduce
expression of the T antigen by a factor of
at least 100 and to abolish virus viability

kbp
2 3 4 5

1 1 1 I

plasmid (10) and sche-
matic representation

Xbal Aval BstEll Hind Il

Accl Sall

of the deletions pre-

L
I

L I

v

Hind Il

(6, 12). Evidence that the retroviral 72-
bp repeat can replace the SV40 repeat
and restore SV40 viability has suggested
that the retroviral 72-bp repeat may simi-
larly play a role in efficient retroviral
gene expression (13). '

To explore the effect of this region of
the LTR on A-MuLV transforming gene
function, we constructed another series
of LTR deletion mutants lacking one or
both 74-bp repeats. The strategy used to
generate these mutants is summarized in
Fig. 2. A subgenomic plasmid, pMEP,
which contained 1.8 kilobase pairs (kbp)
of flanking cellular sequences upstream
from the LTR, the 5’ LTR, and an addi-
tional 280 bp of viral sequences, was
subjected to restriction with Pvu II alone
or in combination with Xba I. This re-
sulted in the generation of the mutants
pP, lacking a single 74-bp repeat, and
pPX, lacking both 74-bp repeats, along
with 31 bp downstream from the repeats
(Fig. 2). As shown in Fig. 1, loss of one
74-bp repeat did not impair A-MuLV
transforming activity. However, loss of
both repeats completely abolished this
function.

Because the retrovirus genome is or-
ganized with an LTR at each terminus,
we explored the possible cooperative
effects of an intact 3’ LTR on A-MuLV
deletion mutants lacking transforming
activity as a result of a defective 5’ LTR.
Thus, pHX37 and pPX deletion mutants

sent in the mutants Plcizn:d BamHI Sacl Kpnl
analyzed in  this yng ﬂ
study. A-MuLV se-

quences are repre-

sented by a solid line, =

an LTR is indicated PP 7

as a rectangle, and ppPx ¢ )
flanking mink cellular

sequences are marked PAva 2
by wavy lines. Details pHx2s )

of the isolation of mu-

tants pP, pPX, and PHX37 )
pAva are given in the pHxg0 (
legend to Fig. 2. Mu-

tant plasmids pHX25,

pHX37, and pHX90

were isolated with the ppx-3° { )

use of the pHind plas-

mid; pHind was lin- pHX37-3" ) >

Foci per
Deletion Features lost microgram
size (bp) of DNA
0 None 5x 102
76 One 72-bp repeat 5x 102
179 Two 72-bprepeats <10°
66 TATA, 5’ cap site 2x 102
168 CAAT,TATA,5'cap 2.5x 10!
site
349 CAAT,TATA,5' cap <10°
site, poly(A) signal
520 polyiflsia <100
{ }—- 4.5x 102
{ I——-— <10°

earized with restric-
tion  enzyme Xba I

and then treated with Bal31 nuclease to produce progressive deletions covering sequences both upstream and downstream from the putative cap
site. Mutants were first characterized by restriction enzyme mapping, and the extent of the deletion was further established by DN A sequencing
(11). Plamid pPX-3" with defective 5’ LTR and wild-type 3" LTR was generated as follows. After pPX (5 pg) was digested with Hind III, the defec-
tive 5" LTR—containing fragment was purified on a 0.7 percent low-melting agarose gel. The purified fragment was ligated to a 1.25-kbp fragment
containing 3" LTR and flanking mink cellular sequences, and the resulting DNA was cloned in pBR322 cleaved with Hind III and Eco RI. Plasmid
pHX37-3" was constructed with essentially the same method. The presence of a defective 5’ LTR and wild-type 3’ LTR in the recombinant
plasmid was confirmed by restriction enzyme mapping. The sequences deleted in different mutant constructs are indicated by parentheses.
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were cleaved with Hind III, and a wild-
type 3’ LTR was inserted at this site
(Fig. 1). The resulting recombinant plas-
mids, pHX37-3" and pPX-3', respective-
ly, were analyzed for transforming activ-

shown in Fig. 1, the addition of a 3' LTR
failed to complement the defective 5’
LTR in pHX37-3’. In contrast, the trans-
forming activity of pPX-3’ was restored
almost to wild-type levels.

ity in the NIH/3T3 transfection assay. As Eukaryotic  transcriptional  units,
kbp
0 1 2 3 4 5 6 7 8
L 1 L 1 1 1 1 1 J
Ecth RI Pvul EcoRlI
I I
A-MuLV
Pvul L .
EcoRI '
Pvull
' EcoRl Eco RI Pvul
Pvul I'u_'l J
D Xbal
Pvu ll/Xbal

Isolate large fragments on low-melting agarose
gel and ligate to pBR322 cleaved with Pvul and EcoRI

DNA polymerase |

\ ligation
* Pvul/EcoRl + Pvul/EcoRl
EcoRl Pvul EcoRI Pvul
T4 ligase Pvul :E::)RI T4 ligase
Hind Il ~l {
i Hind
pP

4 <
N

Fig. 2. Construction of A-MuLV mutants lacking one or both 74-bp repeats. In preparing
plasmids pP and pPX, a 7.8-kbp insert containing A-MuLV proviral DNA (10 ug) (8) was
digested with restriction enzyme Pvu I, and the resulting 2.7-kbp (containing 5’ LTR) and 5.1-
kbp (containing the rest of the viral genome) fragments were separated on an 0.8 percent low-
melting agarose gel. DNA was extracted and purified on a DEAE 52 column (/7). The 2.7-kbp
fragment was ligated to pBR322 DNA restricted with both enzymes Eco RI and Pvu I, and the
ligated DNA was used to transform Escherichia coli cells C600 (I7) to obtain recombinant
plasmid pMEP. The 2.7-kbp fragment released from this plasmid was digested with Pvu II alone
or with Pvu II and Xba I together. The resulting larger fragments were purified from the middle
smaller fragment and ligated to pBR322 DNA cleaved with Pvu I and Eco RI. After ligation of
pBR322 DNA to DNA fragments obtained by Xba I and Pvu II cleavage, the noncompatible
ends were blunt-ended with DNA polymerase I and religated. Transformation was carried out
as described above. From the tetracycline-resistant colonies, mutants with a truncated LTR
were isolated. Those with deletions including 74-bp repeats were removed from the recombi-
nant plasmid and ligated back to the 5.1-kbp viral fragment, and the resulting insert was cloned
in pBR322 restricted with Eco RI. This plasmid was then cleaved with Hind 11l and subcloned at
the Hind III site of pBR322. Mutant pAva was constructed with essentially the same strategy.
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which are recognized by RNA polymer-
ase II, appear to contain at least two
essential regions, designated promoters
and enhancers (5, 6). The promoter re-
gion harbors the canonical TATA box
which is thought to position RNA poly-
merase II near the site of transcription
initiation (12, 14). Our studies demon-
strate that retroviruses, like certain eu-
karyotic genes (5, 6, 12), do not require
the TATA box for efficient gene expres-
sion. This is in contrast to prokaryotic
genes in which even single base alter-
ations in the promoter region can abolish
transcriptional activity (6).

Structural analysis of a number of
genes has established that the CAAT box
in eukaryotic genes is located in a region
60 to 80 bp upstream from the RNA start
site. The well-conserved nature of this
signal implies that it functions as part of
a larger transcriptional unit (5, /5). We
have now found that loss of this signal in
addition to the TATA box results in
some reduction in ab! transforming ac-
tivity. Thus, our findings support the
concept that these two signals allow
more efficient gene expression when
they act in concert.

Recent studies in several systems, in-
cluding papovaviruses and some eukary-
otic genes (5, 6), have identified en-
hancer elements upstream from the pro-
moter site. These sequences are indis-
pensable for the function of such genes
in vivo (5, 6). In Moloney-MuLV, a
region of 300 bp in the LTR that encom-
passes the 72-bp repeat has this function
(16). Our studies map this activity to a
region including only a single 74-bp re-
peat and no more than 31 bp of adjacent
downstream sequences. An important
feature of enhancer elements appears to
be their ability to act at a distance, and
independent of orientation, to facilitate
gene expression (6). Our demonstration
that the intact 3’ LTR can act at a
distance of more than 5 kbp to restore
biologic activity to a mutant lacking
these sequences firmly establishes that
this region in U3 has enhancer activity.

It has been suggested that enhancer
elements act to provide a DNA entry site
for RNA polymerase II or a polymerase-
associated molecule (5, 6). Such a hy-
pothesis would be consistent with the
position and orientation independence of
enhancement observed in our studies
and those of others (6). Alternatively,
the enhancer may alter chromatin struc-
ture or superhelicity to create regions of
increased trancriptional activity (5, 6).

The present studies assign transcrip-
tional regulation signals to at least three
domains within the LTR; the first con-
tains the CAAT box, the second contains
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the TATA box and downstream se-
quences including RNA initiation sites,
and the third contains the enhancer ele-
ment. Our evidence suggests that the
LTR is capable of utilizing alternative
promoter and/or initiator signals when
normal promoter signals are deleted or
mutated. While an enhancer element
seems to be an absolute necessity for
viral gene function, the organization of
the retrovirus genome allows the intact
3’ LTR to complement loss of the en-
hancer element.in the 5' LTR. This ver-
satility of the virus genome with respect
to its transcripftional control elements
may provide the virus with a strong
selective advantage and help to account
for its ability to maintain an intimate
association with the vertebrate genome.
A. SRINIVASAN
E. PREMKUMAR REDDY
CLAIRE Y. DUNN
STUART A. AARONSON
Laboratory of Cellular and Molecular
Biology, National Cancer Institute,
Bethesda, Maryland 20205

References and Notes

1. H. M. Temin, Cell 27, 1 (1981).

2. , ibid. 28, 3 (1982).

3. H. E. Varmus, Science 216, 812 (1982).

4. J. L. Manley, A. Fire, A. Cano, P. A. Sharp, M.
L. Gefter, Proc. Natl. Acad. Sci. U.S.A. 71,
3855 (1982); T. Yamamoto, B. deCrombrugghe,
1. Pastan, Cell 22, 787 (1980); M. C. Ostrowski,
D. Berard, G. L. Hager, Proc. Natl. Acad. Sci.
U.S.A. 78, 4485 (1981); S. A. Fuhrman, C.
VanBeveren, I. M. Verma, ibid., p. 5411 (1981);
S. A. Mitsialis, J. L. Manley, R. V. Guntaka,
Mol. Cell. Biol. 3, 811 (1983).

5. G. Khoury and P. Gruss, Cell 33, 313 (1983); Y.
Gluzman and T. Shenk, Enhancers and Eukary-
otic Gene Expression (Cold Spring Harbor Lab-
oratory, Cold Spring Harbor, N.Y., 1983).

6. R. Breathnach and P. Chambon, Annu. Rev.
Biochem. 50, 349 (1981); P. Moreau et al.,
Nucleic Acids Res. 9, 6047 (1981); B. Wasylyk,
C. Wasylyk, P. Augereau, P. Chambon, Cell 32,
503 (1983).

7. J. M. Bishop and H. Varmus in RNA Tumor
Viruses, R. Weiss, N, Teich, H. Varmus, J.
Coffin, Eds. (Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y., 1982), p. 999.

8. A. Srinivasan, E. P. Reddy, S. A. Aaronson,
Proc. Natl. Acad. Sci. U.S.A. 78, 2077 (1981).

9. E. P. Reddy, M. J. Smith, A. Srinivasan, ibid.
80, 3623 (1983).

10. A. Srinivasan, C. Y. Dunn, Y. Yuasa, S. G.
Devare, E. P. Reddy, S. A. Aaronson, ibid. 79,
5508 (1982).

11. A. M. Maxam and W. Gilbert, Methods Enzy-
mol. 65, 499 (1980).

12. C. Benoist and P. Chambon, Nature (London)
290, 304 (1981); P. Gruss, R. Dhar, G. Khoury,
Proc. Natl. Acad. Sci. U.S.A. 78, 943 (1981).

13. B. Levinson, G. Khoury, G. F. Vande Woude,
P. Gruss, Nature (London) 295, 568 (1982).

14. G. C. Grosveld, E. deBoer, C. K. Shewmaker,
R. A. Flavell, ibid., p. 120; P. K. Ghosh, P.
Lebowitz, R. J. Frisque, Y. Gluzman, Proc.
Natl. Acad. Sci. U.S.A. 78, 100 (1981); M.
Frg(g?)m and P. Berg, J. Mol. Appl. Genet. 1,457
(1 .

15. T. Shenk, Curr. Top. Microbiol. Immunol. 93,
25 (1981); S. L. McKnight and R. Kingsbury,
Science 217, 316 (1982).

16. T.G. Wood, M. L. McGeady, D. G. Blair, G. F.
Vande Woude, J. Virol. 46, 726 (1983); D. J.
Jolly, A. C. Esty, S. Subramani, T. Friedmann,
I. M. Verma, Nucleic Acids Res. 11, 1855
(1983).

17. F. Bolivar, R. L. Rodriguez, P. J. Greene, M. C.
Betlach, H. L. Heyneker, H. W. Boyer, Gene 2,
95 (1977).

18. We thank A. Nguyen, G. Sanders, and H.
Fuhrer for help at various'stages of the work.

17 October 1983; accepted 1 December 1983

20 JANUARY 1984

Fluorescence-Line-Narrowed Spectra of Polycyclic
Aromatic Carcinogen-DNA Adducts

Abstract. The laser excited fluorescence-line-narrowed spectrum of DNA modified
with (*)-r-7,t-8-dihydroxy-t-9,10-epoxy-7,8,9,10-tetrahydrobenzolalpyrene (BPDE),
the ultimate carcinogenic metabolite of benzolalpyrene (BP), has been obtained in a
water-glycerol-ethanol glass at 4.2 K. The spectrum was well resolved and highly
characteristic of the chromophore. Comparisons were made between the spectrum
of this modified DNA and the isolated deoxyguanosine-BPDE adduct and a series of
other 7,8,9,10-tetrahydro-BP (THBP) derivatives. 9-Hydroxy-BP 4,5-oxide, which is
also involved in the binding of BP to DNA, and THBP have very similar conventional
broadband fluorescence spectra. However, the fluorescence-line-narrowed spectra
of their derivatives were readily distinguishable either as individual components or

as mixtures.

Many carcinogens, including polycy-
clic aromatic hydrocarbons (PAH’s), re-
quire metabolic activation to derivatives
that bind covalently to DNA before they
exert their carcinogenic effects. Conven-
tional fluorescence spectra of DNA con-
taining such derivatives, obtained at
temperatures substantially above 4.2 K
and with broadband excitation sources,
have shed light on this activation process
(). Such spectra have fluorescence line
widths of a few hundred reciprocal centi-
meters, and therefore species with simi-
lar structures cannot be distinguished in
mixtures. This limitation can be circum-
vented with the use of fluorescence-line-

narrowed (FLN) spectrometry (2, 3),
which affords line widths of a few recip-
rocal centimeters. The direct determina-
tion of substitutional PAH isomers in
samples, such as solvent-refined coal,
has been possible with the use of FLN
spectrometry (4). This technique would
be very valuable in the study of DNA
adduct formation resulting from human
exposure to PAH mixtures such as diesel
engine emissions, cigarette smoke, or
coke-oven emissions if FLN spectra
could be obtained on DNA samples iso-
lated from cells from such exposed indi-
viduals.

As a first step toward this goal, we

Table 1. The FLN spectra of THBP derivatives; A.x., €xcitation wavelength. Vacuum-corrected
vibrational frequencies (in reciprocal centimeters) were measured relative to the fluorescence
origin. Values are accurate to = 10 cm™!. The following chemicals, THBP (R7-10 = H in Fig.
1), (+)-7-hydroxy-THBP, 10-oxo-THBP, and 9-methoxy-BP 4,5-dihydrodiol, were supplied by
R. G. Harvey, University of Chicago. The (*)-10-hydroxy-THBP was obtained by sodium
borohydride reduction of the corresponding ketone. The BPDE was obtained through the
Chemical Repository of the National Cancer Institute and was used to prepare DNA modified
with BPDE (/1). A side product of the modification reaction was the (+)-BP tetrol (7,8,9,10-
tetrahydroxy-THBP). The BPDE-dG (R7-9 = hydroxy, R10 = deoxyguanosine attached
through its 2-amino group in Fig. 1) was prepared by enzymic hydrolysis of the modified DNA
(13). We purified all the derivatives, except the modified DNA, by reverse-phase HPLC, using
mixtures of water and methanol. Letters in parentheses, s, m, and w, indicate strong (> 0.5),
medium (0.5 to 0.2), and weak (< 0.2) peaks, respectively, relative to the most intense.
Strengths are assigned qualitatively relative to the most intense vibrational frequency in the
spectrum. The frequencies of many of the weak peaks have not been tabulated.

THBP 7‘}%;’]3";"" IO'IT{IY{‘g‘l;"Y' Tetrol BPDE-dG  BPDE-DNA
(exc = 3784 s = 3800 (hoxe = 3784 (}; =3771  Qexe = 3771 hexe = 37§4
AIS6 M) G5 D AT660 wM) ,220 M) AL 017 uM) A, 8 uM)
284(w), 311(w) 294(w) 270(w) 251(w) 251(w) 242(w)
331(w), 372(w) 467(w) 463(w) 456(w) 445(w)
460(w), 494(w) 551(w) 544(w) 552(w)
574(m) 582(w) 574(w) 592(w) 579(w) 592(w)
636(m) 635(w) 628(w)

753(m) 759(w) 747(w) 785(m) 785(m) 770(m)

864(m) 844(m) 836(w)

1072(w) 1069(w) 1072(w) 1073(w) 1069(w)

1104(m) 1107(m) 1104(m) 1105(m) 1105(m) 1101(m)
1162(w) 1177(w) 1168(w)

1245(s) 1240(s) 1238(s) 1234(s) 1234(s) 1241(s)
1270(s) 1265(s) 1264(s) 1278(m) 1278(m) 1272(m)
1333(w) 1321(w) 1320(w) 1310(w) 1317(w)

1404(s) 1408(s) 1420(s) 1411(s) 1404(s) 1404(s)
1551(w) 1550(m) 1545(w) 1547(m) 1547(m) 1546(m)
1595(w). 1581(w) 1558(w) 1587(w) 1580(w) 1583(w)
1625(w) 1624(w) 1619(w) 1630(w)- 1624(w) 1602(w)
*With respect to the adduct concentration, 0.4 percent of the bases were modified.
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