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ABSTRACT: Raman spectra were obtained from aqueous solutions of the deoxyoligonucleotide d-
(CGCGAATTCGCG), (I), which has been suggested as a model for B-type DNA conformation. These
spectra were compared with the Raman spectra of the aqueous solutions of several DNAs of natural origin
taken under identical solution conditions. Since the model sequence has a high percent GC (66%), the Raman
spectrum was compared with the Raman spectrum of the DNA from Micrococcus lysodeikticus (72% GC),
and the spectra of the two different DNAs were found to be rather similar in both 50 mM salt and 6 M
salt solutions. Computer-aided band-shape analysis of the backbone vibrational region of the Raman spectra
shows the existence of several bands corresponding to different furanose ring puckers. This appears to indicate
a heterogeneity of furanose ring pucker in both the model dodecamer and the native DNA. Significant
differences were found in the intensity of the conformational marker band at 810 cm™, which indicates
corresponding differences in furanose ring pucker heterogeneities in these two high GC content DNAs. The
Raman spectrum of the dodecamer (I) was used to analyze the Raman spectrum of the DNA inside the
head of living intact salmon sperm. Sperm spectra were taken with both our conventional Raman spectrograph
and a newly developed intracavity laser Raman microscope system. Although the DNA in the sperm head
is required by packing considerations to be in a highly compact and condensed state, the Raman spectra
of the intact sperm are almost identical with that of the model dodecamer (I) if the difference in base
composition is taken into account. A comparison of the Raman spectra of purified DNA from salmon sperm
and DNA in the intact sperm head shows some differences in the Raman intensities of the base vibrations
(a different Raman hypochromism), indicating that there is a difference in the base stacking in the DNA
packed in the sperm head and the free DNA. It is concluded that the furanose ring conformations in the
purified salmon sperm DNA in solution are so varied that packing the DNA into the sperm head is carried

out without significantly changing the DNA average backbone conformation.

I‘e nature and magnitude of the changes in DNA structure
necessary for gene regulation and chromatin packaging have
been the subject of intensive research. In efforts to characterize
the sequence specificity of DNA conformation, DNA ligand
interaction, and DNA dynamical processes, many workers are
applying a number of physical techniques. At the present time
the only B-type DNA whose conformation is known exactly
is the dodecamer d(CGCGAATTCGCG), (I), whose three-
dimensional structure has been described in the crystalline state
by Dickerson and Drew (1981). This dodecamer represents
the most reasonable choice for use as a standard for the Raman
spectroscopic determination of DNA conformation in solution
and in living cells. In the past in this laboratory we have
developed a method for the determination of the secondary
structure of DNA that was based on a comparison of solution
DNA Raman spectra with the Raman spectra of fibers of
DNA taken under conditions where X-ray fiber diffraction
patterns show the DNA to be in the canonical B form (Erfurth
et al., 1972, 1975). This latter method has been used and
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extended by a number of laboratories (Goodwin & Brahms,
1978; Thomas & Peticolas, 1983; Benivides & Thomas, 1984,
Wartell & Harrell, 1986).

Since oligomer I contains a rather high G-C content (66%),
we began our studies with a detailed comparison of the Raman
spectra of the oligomer taken under a variety of conditions and
that of the natural DNA obtained from Micrococcus lyso-
deikticus, which has a similar G-C content (72%). Since
recent work has shown this native DNA is in the B family
(Wartell & Harrell, 1986), we did not expect much difference
in the Raman spectra of the native DNA and the model oli-
gonucleotide, both taken in 50 mM pH 7 salt solution. On
the other hand, DNA packed into a specific arrangement in
a living cell might well have a conformation considerably
different from that in solution. In particular, the packing of
DNA into sperm heads is of considerable interest because of
the possibility that the packing or condensation of DNA may
cause it to go into a different conformation. In many species
the process of spermatogenesis is accompanied by drastic in-
creases in nucleic acid packing, or condensation. This is
brought about by the replacement of the histones of the nu-
cleosome particles with protamines after the last step in
meiosis. These protamines effectively neutralize the negative
charges of the DNA backbone while occupying substantially
less volume. It seems reasonable to consider the possibility
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that such a high degree of condensation might introduce or
necessitate a change in the average backbone geometry of the
DNA helix in the sperm head compared to the same DNA
molecule in simple aqueous solution, where it is free of ligands.
Possible conformational distortions in the packed DNA con-
formation could include large global conformational changes
or localized conformational variability in the helical backbone.
Any such changes of the order of a few percent or more should
appear as anomalies in the Raman spectrum obtained from
living intact sperm heads.

It is possible to envisage the packing of DNA into the sperm
head with little change in the average conformation of the
backbone of the DNA. The accommodation of DNA con-
densation without measurable change in the average backbone
or furanose ring conformation requires that the DNA helix
be extremely flexible and possess a wide distribution of fu-
ranose ring conformations even in the purified form in solution.
There is considerable evidence now that this is the case.
Recently, a comparison was made of the Raman spectra of
crystals of the dinucleotide pTpT with the Raman spectrum
of the same dinucleotide in solution and with the Raman
spectra of native DNAs in solution (Thomas & Peticolas,
1983). The pTpT dinucleotide is unique in that it is the only
DNA fragment that has been crystallized with all of its fu-
ranose rings in the C2’-endo conformation. The comparison
of the Raman spectra of the dinucleotide pTpT in solution and
in the crystal with the Raman spectra of native DNAs in
solution shows that the Raman marker band at 835 cm™! for
the C2’-endo conformation is 3—7 times stronger for pTpT in
the crystal where both furanose rings are held rigidly in the
C2’-endo conformation than they are in native DNAs. This
includes native DN As in solution and in fibers. From the
comparison of these Raman spectra, it was concluded that only
a small fraction of the furanose rings of native DNAs have
the C2’-endo conformation. This conclusion was bolstered by
the fact that in solution, the dimer pTpT shows no intensity
at all in the 835-cm™ band characteristic of C2’-endo ring
pucker. In solution this dimer is almost certainly not a duplex
structure, and there is no evidence for any specific ring pucker
in the Raman spectrum for small single-stranded oligomers.

The conclusion that DNA in aqueous solution has only a
small fraction of furanose rings with C2’-endo ring pucker
appears to be in good agreement with the X-ray determined
conformation of I by Dickerson and Drew (1981), who find
that there is considerable variation in ring pucker among the
furanose rings of the monomers in I in the crystalline state
with only a third of the furanose rings having the C2’-endo
ring pucker. Thus, both Raman spectroscopy on crystals and
solutions (Thomas & Peticolas, 1983) and X-ray diffraction
(Dickerson & Drew, 1981) on crystals indicate that we must
reject the old idea that all of the furanose rings in B-form
DNA have the same (i.e., C2’-endo) ring pucker and realize
that extreme variability in furanose ring pucker is very likely
in all native DNA. Such a variability in furanose ring con-
formations would have the effect of making the DNA molecule
very flexible and possibly capable of undergoing considerable
packing or condensation without changing the average values
of the torsional angles of its backbone. This conclusion has
also been reached by Wartell and Harrell (1986), who showed
by careful band-shape analysis of the backbone vibrational
region of the Raman spectra that native DN As contain marker
bands characteristic of both the C2’-endo and C3’-endo vi-
brations.

In this Raman spectroscopic study the dodecamer I in so-
lution is used as a model for a B-form helix that is not rigid
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and exhibits a great deal of local conformational variation.
This model is then used to analyze the conformation of the
DNA found in the intact sperm of the salmon. The results
of this study show that, even in the highly condensed DNA
of the intact salmon sperm head, any distortion away from the
B form as exhibited by the conformation of I is small, but it
does make slight but measurable changes in the Raman
spectra.

MATERIALS AND METHODS

Raman spectra were obtained with right-angle scattering
geometry by using an argon ion laser at 514.5 nm with an
output power of approximately 200 mW at the source and a
Spex 1301 double monochromator. The sample was in a glass
capillary held in a thermostated copper block. The mono-
chromator was interfaced to a Hewlett-Packard 200 series
computer enabling computer-controlled data aquisition and
processing. The resolution of the monochromator was 2.5-cm™
half-width at half-height. Raman spectra of single sperm
heads were taken with an intracavity laser Raman microscope
spectrometer to be described elsewhere. Some of the Raman
spectra were fit to a sum of Lorentzians by a nonlinear
least-squares procedure. Correction to the band shapes arising
from the experimentally determined slit function was included
in the analysis by the use of a Voigt function. The Raman
spectra were prepared for analysis by a simple base-line ad-
justment procedure that assumes straight but sloped base lines.
For the small regions of interest studied here, this technique
was found to be quite adequate.

Salmon semen was obtained from fresh silver salmon at the
Dexter Fish Hatchery, Dexter, OR. The salmon were milked
by standard hatchery procedures. The semen was kept on ice
and rushed to the laboratory where the spectra were obtained.
Approximately 2 h elapsed from the time the semen was ob-
tained to the time when the Raman spectra were initiated. At
the beginning of the scans, the salmon sperm were still motile
as evidenced by standard light microscopic techniques. Salmon
semen spectra were obtained at a temperature of 15 °C.
Purified salmon sperm DNA was obtained from the salmon
sperm by standard methods. The Raman spectra of the pu-
rified DNA obtained from our preparation of salmon sperm
was compared with the Raman spectra of salmon sperm DNA
purchased from Sigma Chemical Co., and the two spectra were
essentially identical. DNA from M. [ysodeikticus was pur-
chased from Sigma and used without further purification.

The dodecamer d(CGCGAATTCGCG), was prepared by
the standard methods described elsewhere (Schoenwaelder &
van de Sande, 1985). The hexamer d(GCATGC), was the
gift of Dr. Werner Leupin of the Institute for Molecular
Biology and Biophysik in Zurich.

RESULTS AND DISCUSSION

Figure 1 shows the Raman spectra of the dodecamer d-
(CGCGAATTCGCG), in aqueous solution at pH 7, 50 mM
salt (bottom spectrum) and 6 M salt (top spectrum). Figure
2 shows the spectra of the DNA from M. lysodeikticus taken
under similar conditions. It is apparent that these spectra are
very similar to that of the canonical B-type DNA fiber. In
particular, the Raman band at 835 cm™ characteristic of the
C2’-endo ring pucker (Brown & Peticolas, 1975; Erfurth et
al., 1972, 1975) is evident in all four spectra. Since the GC
content of the oligonucleotide and the native DNA is very
similar, it is reasonable to expect that the relative intensity
of all of the bands assigned to the base vibrations would be
the same. A study of Figures 1 and 2 shows that this is
approximately the case. However, as we will show below,
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FIGURE 1: Raman spectra of the dodacamer d(CGCGAATTCGCG),
in aqueous solution at pH 7, 50 mM salt (bottom spectrum) and 6
M salt (top spectrum). These spectra were taken with 514.5-nm light
and are the result of several accumulated scans.
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FIGURE 2: Raman spectra of DNA of M. lysodeikticus in aqueous
solution, pH 7 and 50 mM salt (bottom spectrum) and 6 M salt (top
spectrum).

computer-aided band-shape analysis of the conformationally
sensitive region 700880 cm™! shows interesting and significant
differences.

It is important to examine the high-salt Raman spectra of
the native DNA and the dodecamer in view of the fact that
both contain a high percentage of C and G bases. The do-
decamer contains tetramers of alternating CG sequences so
that there is a possibility that the ends of the dodecamer might
go into the Z form at high salt. It has been recently shown
that the tetrameric duplexes of CG will go into the Z form
at high salt (Thomas & Peticolas, 1984). Examination of the
Raman spectra show that indeed there are two new but rather
weak bands that do appear in the high-salt Raman spectrum
of the dodecamer at 622 and 645 cm™, which are typical of
guanine bands for the Z and the A conformation, respectively
{Nishimura et al., 1983; Benevides & Thomas, 1983). Thus,
it appears that there may be some slight tendency of the
dodecamer to go into a noncanonical B conformation at high
salt in which some of the guanine residues are in an envi-
ronment similar to that found in Z-DNA or A-DNA. It
should be noticed however that there is no evidence for these
bands in the high-salt spectrum of the native DNA from M.
lysodeikticus. Hence, we must conclude that even with the
high CG content of the bacterial DNA there is no measurable
Raman evidence for it to go into the Z form at high salt.

In order to analyze the conformation of these DNAs, we
examine in more detail the bands in the region 700-875 cm™,
which include some important conformationally dependent
bands due to vibrations of the sugar-phosphate chain. Figure
3 shows this region of the Raman spectrum of the DNA from
M. lysodeikticus in aqueous solution at low (50 mM) salt. It
is plotted on an expanded scale with the Raman spectrum
resolved into a sum of Lorentzian bands by the nonlinear
least-squares program described under Materials and Methods.
In this figure, we see six bands between 700 and 875 cm™'.
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FIGURE 3: Raman spectrum of the DNA of M. lysodeikticus in
aqueous solution, pH 7, expanded to show the region of 700-875 cm™.
The use of computer-aided band-shape analysis permits the fit of the
Raman spectrum in this region into a minimum number of Lorentzian
bands.
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FIGURE 4: Raman spectrum of d(CGCGAATTCGCG), in low (50
mM) salt expanded to show the region of 700-875 cm™!, which is fit
to the minimum number of Lorentzian bands.

These computer-resolved bands have almost exactly the same
form and frequency as those obtained by Wartell and Harrell
(1986) for a number of DNAs of various base composition.
In particular, we confirm their result that for native DNAs
there exists a band at 810 cm™, which can only been obtained
by band-shape analysis. It should be remarked that the
computer program we have used here, although using a similar
theoretical approach to that of Wartell and Harrell (1986),
was developed completely independently in this laboratory.
The very close agreement in the analysis of this region of the
DNA Raman spectrum between the two laboratories shows
that this method of curve analysis is reproducible and inde-
pendent of the exact program.

Figure 4 shows the spectrum of the dodecamer d-
(CGCGAATTCGCG), in aqueous solution at low (50 mM)
salt expanded in the region 700875 cm™. Again, the spec-
trum is resolved into a sum of Lorentzian line shapes. Here
we see a very strong but broad peak at 835 cm™. This is the
canonical marker band for the C2’-endo ring pucker of DNA
(Brown & Peticolas, 1975; Erfurth et al., 1972) assigned to
the sugar—phosphate backbone. But, interestingly, we see only
a very weak, broad band at 810 cm™!. Although weak, this
band is required for adequate error reduction in fitting the
observed Raman line shapes. From this we conclude that the
dodecamer does not have exactly the same distribution of ring
puckers as most native DNAs. These latter appear to in-
variably show a more pronounced band at 810 cm™ as shown
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FIGURE 5: Raman spectrum of d(CGCGAATTCGCG), in 6 M salt
expanded to show the region of 700-875 cm™ with the curve fit to
a sum of Lorentzian bands.

1e T T T T T T T T

10

Intensity

T T T T T T T T
700 720 740 760 780 800 820 840 860
¥Wavenumber

FIGURE 6; Raman spectrum of M. lysodeikticus in 6 M salt expanded
to show the region of 700-875 cm™ with the curve fit to a sum of
Lorentzian bhands.

in Figure 3 for DNA from M. lysodeikticus and for many
other DNAs by Wartell and Harrell (1986). We have also
taken the Raman spectrum of the deoxyoligonucleotide d-
(GCATGC),, which has the same relative base concentrations
as the dodecamer. It has a Raman spectrum in aqueous
solution at low-salt concentration, which is remarkably similar
to the dodecamer. Like the dodecamer, this hexamer has a
pronounced but broad band at 835 cm™ and the similarly weak
band at 810 cm™!, which together with the intensities of the
other Raman bands show that in solution the hexamer and
the dodecamer deoxyoligomers have very similar conforma-
tions. It appears these oligodeoxynucleotides have weaker
bands at 810 cm™! than does the native DNA from M. lyso-
deikticus and most other native DNAs, indicating a smaller
number of furanose ring conformations with a C3’-endo ring
pucker in the oligonucleotides. However, as we will discuss
below, the DNA in living salmon sperm also has a weak, broad
band at 810 cm™ that appears to be unique among native
DNaAs.

Figures 5 and 6 show, respectively, the Raman spectra of
the dodecamer d(CGCGAATTCGCG), and the native DNA
from M. lysodeikticus at high (6 M) salt expanded to show
the region 700-875 cm™!. These spectra should be compared
with the low-salt Raman spectra from these DNAs shown in
Figures 3 and 4. The conformationally sensitive backbone
vibrations in the region 760-860 ¢m™' show a remarkable
insensitivity to this drastic change in salt concentration. But
for the DNA from M. lysodeikticus, the distinct pyrimidine
bands at 730 and 750 ecm™! are not present in the high-salt
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FIGURE 7: Raman spectra of an aqueous suspension of intact salmon
sperm (bottom spectrum) and purified salmon sperm from the same
sperm sample (top spectrum) in aqueous solution at pH 7 in 50 mM
salt.
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FIGURE 8: Raman spectrum of purified salmon sperm in low (50 mM)
(bottom spectrum) and high (top spectrum) (6 M) salt.
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form, but a single strong broad band at 728 cm™ appears.
Thus, it is apparent that even with its very high percentage
of GC base pairs the DNA of M. lysodeikticus and the do-
decamer remain in the B family even in very high salt con-
centration.

As was discussed above, it is of interest to examine the
Raman spectra of salmon sperm DNA in intact sperm heads
and in relatively dilute solution to see if there is an observable
difference due to a difference in DNA conformation. It is
apparent that, in the packing process or in the interaction of
the DNA with the polyamines that occurs in the sperm head,
the conformation of the salmon sperm DNA may be changed
from that in an ordinary DNA found in dilute (about 0.05 M
nucleotide) solution. Figure 7 shows the Raman spectra of
a suspension of living intact salmon sperm (bottom spectrum)
and that of a dilute aqueous solution (0.05 M nucleotide, 0.05
M salt, pH 7) of the DNA purified from the same salmon
sperm preparation used as the sample in the top spectrum.
This latter spectrum is quite similar to that reported by Alix
et al. (1981). It is apparent that both the purified DNA in
dilute low-salt solution and that in the intact salmon sperm
are in the B family. Since the bottom spectrum is obtained
from a turbid, white suspension of salmon sperm and the top
spectrum is obtained from a clear solution of purified salmon
sperm DNA, it is remarkable that the spectra are so similar.
It is to be expected that the spectrum of the suspension of
intact sperm heads would show bands from the membrane
components. Indeed, the bands at 896 and 1450 cm™! may
very well be due to the membrane components as they are
absent in the spectrum of the purified salmon sperm. In
addition to these differences, which are plainly due to other
components, there is a slight change in the relative intensities
of the Raman bands in the 1257-1340-cm™ region, which may
be indicative of some slight differences in conformation inside
and outside of the sperm head. That the conformation of
purified salmon sperm DNA is also independent of salt con-
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FIGURE 9: Expanded Raman spectrum in the region of 700-875 ¢cm™!
of a solution of purified DNA from salmon sperm in 50 mM salt
showing a curve fit to a sum of a minimum number of Lorentzian
bands.

centration may be seen from Figure 8, where the Raman
spectrum of purified salmon sperm DNA in low (50 mM) salt
(bottom spectrum) is compared with the same preparation in
6 M salt (top spectrum). Figure 9 shows the Raman spectrum
of the purified salmon sperm DNA in 50 mM salt expanded
to show the backbone marker bands. Note that in this spec-
trum there exists a sizable band at 810 cm™ similar to that
found in the DNA from M. lysodeikticus shown in Figure 3
and by Wartell and Harrell (1986) for many other DNAs.
Figure 10 shows the expanded Raman spectra of the intact
sperm head taken in a conventional Raman apparatus on an
opaque suspension of sperm (top spectrum) and from a single
sperm head with the microscope system. In each case, the
expanded spectrum in the region 700-870 cm™ is presented.
A comparison of the Raman spectra taken on the purified
salmon sperm DNA (Figure 9) and the spectra taken on intact
sperm heads is remarkably similar. However, using our
band-shape analysis program, it may be seen that there are
significant differences. The DNA in the intact salmon sperm
appears to have a much smaller band at 810 cm™. Indeed,
in the bottom of Figure 10, which shows the Raman spectrum
taken with the intracavity laser Raman microscope of a single
salmon sperm head, the band at 810 cm™ is absent. This
spectrum is also expanded in the region 700-870 cm™ (which
are noted by channel number in this spectrum) and analyzed
by means of a fit to a sum of Lorentzians. This Raman
spectrum of the intact sperm head shows that the 810-cm™
band usually found in DNA in normal aqueous solutions
(Wartell & Harrell, 1986) is either very weak or not present
in the DNA packed into the sperm head. There is also a slight
difference in the relative intensities of the two strong Raman
bands in the center of the spectrum at about 780 cm™.
However, considering the fact that these spectra were taken
on completely different types of apparatus, the agreement is
remarkable. As our development of the microscope Raman
technique continues, we anticipate an improved signal to noise
and the replacement of the channel numbers by the actual
wavenumbers.

Another interesting difference in the Raman spectra of
purified salmon DNA and the intact sperm head may be seen
in Figure 7. Both of the spectra in Figure 7 show a doublet
at 682 cm™' (due to guanine) and 668 cm™! (due to thymine).
One sees in the Raman spectrum of the intact salmon sperm
(bottom spectrum of Figure 7) that the 682-cm™ peak is higher
than the 668-cm™ peak while in the purified salmon sperm
DNA just the opposite is true of these intensities. The ex-
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FIGURE 10: (Top) The expanded Raman spectrum of a sample of
intact salmon sperm showing a curve fit to a minimum number of
Lorentzian bands. (Bottom) The same spectrum taken with the laser
Raman microscope system from a single living sperm head.

planation of this difference may be obtained from Figure 8,
where the high-salt form of the purified salmon sperm DNA
shows the 668—682-cm™ doublet to have the intensity ratio
of the intact sperm head. Thus in this case this inversion of
the intensities of this doublet from the values found in the
purified salmon sperm DNA in low salt appears to be brought
about by high salt concentration in the case of the salmon
sperm DNA in solution and the high spermine salt content
of the intact sperm head.

The fact that the Raman spectra of the deoxydodecamer
model B-DNA, the DNA inside the intact salmon sperm head,
and the purified salmon sperm DNA have bands with very
similar frequencies but with slightly altered intensities indicates
that the average conformation of these nucleic acids must be
very similar. The presence of numerous bands in the region
of the backbone vibrations indicates that there is a heterog-
eneity of furanose ring conformations indicating great flexi-
bility in the DNA backbone. It should be noted that the
technique of Raman spectroscopy appears to be the only
physical technique that can compare the average conformation
of DNA in a living cell such as a sperm head and the con-
formation of DNA in solution or in a crystal. However, we
cannot comment on the possibility that there exists a very small
amount of DNA in the sperm head (1% or less) with an un-
usual conformation such as, for example, the left-handed Z
form. The bands arising from such a small concentration of
unusual conformation would be very difficult to pick out.
However, it is certain that there are no major changes in
conformation between the salmon sperm DNA in aqueous
solution and that in the intact sperm head.

Registry No. I, 77889-82-8.
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ABSTRACT: We report below on features of the three-dimensional structure of the d(C-G-T-G-A-A-T-T-
C-G-C-G) self-complementary duplex (designated 12-mer GT) containing symmetrical G-T mismatches
in the interior of the helix. The majority of the base and sugar protons in the 12-mer GT duplex were assigned
by two-dimensional nuclear Overhauser effect (NOESY) spectra in H,O and D,O solution. A set of 92
short (<4.5-A) proton—proton distances defined by lower and upper bounds for one symmetrical half of
the 12-mer GT duplex were estimated from NOESY data sets recorded as a function of mixing time. These
experimental distances combined with nucleotide bond length parameters were embedded into Cartesian
space; several trial structures were refined to minimize bond geometry and van der Waals and chirality error.
Confidence in this approach is based on the similarity of the refined structures for the solution conformation
of the 12-mer GT duplex. The G and T bases pair through two imino~carbonyl hydrogen bonds, and stacking
is maintained between the G-T wobble pair and adjacent Watson—Crick G+C pairs. The experimental distance
information is restricted to base and sugar protons, and hence structural features such as base pair overlap,
glycosidic torsion angles, and sugar pucker are well-defined by this combination of NMR and distance
geometry methods. By contrast, we are unable to define the torsion angles about the bonds C3-O3'-P-

05—C5’~C4’ in the backbone of the nucleic acid.

rEe ready availability of synthetic oligonucleotides of defined
sequence has permitted a systematic attempt to probe the
conformation of DNA in solution by NMR techniques [see
reviews by Patel et al. (1982a), Kearns (1983), and Wemmer
and Reid (1985)] and in the solid state by X-ray methods [see
reviews by Dickerson et al. (1982), Rich et al. (1984), and
Kennard (1985)]. These approaches have been extended to
studies of errors in DNA such as base pair mismatches in an
attempt to delineate the conformational basis for their rec-
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Chart [

Cl1— 02— T3—G4—-A5— AB~=T7—-T8-C9~G10~Cll- G12
G12-Cl11-Gl0-C9—T8—=T7—AB—AB—-G4— T3~ G2 — (1

ognition and repair (Patel et al., 1982b).

The G-U mismatch in RNAs and the G-T mismatch in
DNAs drew initial attention on the basis of the proposal of
wobble base pair formation by Crick (1976). Support for this
model came from identification of G-U pairing in transfer
RNA by crystallographic (Quigley & Rich, 1976; Jack et al.,
1976) and NMR solution (Schimmel & Redfield, (1980)
investigations. An NMR chemical shift study has been re-
ported for poly(dG-dT) in solution (Early et al., 1978).
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