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Abstract: The temperature dependence of the Raman spectrum of poly(dA)-poly(dT) (dA: deoxya-
denosine; dT: thymidine), a model for DNA containing consecutive adenine-thymine (A-T) pairs, has
been analyzed using a spectrometer of high spectral precision and sensitivity. Three temperature
intervals are distinguished: (a) premelting (10 < t < 70°C), in which the native double helix is
structurally altered but not dissociated into single strands; (b) melting (70 < t < 80°C), in which
the duplex is dissociated into single strands; and (c) postmelting (80 < t°C), in which no significant
structural change can be detected. The distinctive Raman difference signatures observed between 10
and 70°C and between 70 and 80°C are interpreted in terms of the structural changes specific to
premelting and melting transitions, respectively. Premelting alters the low-temperature conforma-
tion of the deoxyribose-phosphate backbone and eliminates base hydrogen bonding that is distinct
from canonical Watson—Crick hydrogen bonding; these premelting perturbations occur without
disruption of base stacking. Conversely, melting eliminates canonical Watson—Crick pairing and
base stacking. The results are compared with those reported previously on poly(dA-dT)-poly(dA-dT), the
DNA structure consisting of alternating AT and T-A pairs (L. Movileanu, J. M. Benevides, and G. J.
Thomas, Jr. Journal of Raman Spectroscopy, 1999, Vol. 30, pp. 637—-649). Poly(dA)poly(dT) and
poly(dA-dT)-poly(dA-dT) exhibit strikingly dissimilar temperature-dependent Raman profiles prior
to the onset of melting. However, the two duplexes exhibit very similar melting transitions, including
the same Raman indicators of ruptured Watson—Crick pairing, base unstacking and collapse of
backbone order. A detailed analysis of the data provides a comprehensive Raman assignment
scheme for adenosine and thymidine residues of B-DNA, delineates Raman markers diagnostic of
consecutive AT and alternating A-T/T*A tracts of DNA, and identifies the distinct Raman difference
signatures for premelting and melting transitions in the two types of sequences. © 2002 John
Wiley & Sons, Inc. Biopolymers 63: 181-194, 2002; DOI 10.1002/bip.10022
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INTRODUCTION

Double-stranded (ds) DNA containing only ade-
nine-thymine (A-T) base pairs exhibits physical char-
acteristics not observed for other members of the
B-DNA family of secondary structures.'”* Among
these is the property of premelting, i.e., temperature-
dependent structural polymorphism below the temper-
ature (7,,,) at which dissociation into single strands
occurs. Although CD spectra suggest that such pre-
melting is common to many AT-rich DNA sequenc-
es,” evidence has been presented that premelting may
be specific to dsDNA containing repeats of adenine
(A-tract) and thymine (T-tract) along complementary
strands.®~® The biological significance of the A-tract
derives from its occurrence in native kinetoplast
DNA.® The A-tract may also play a role in the anom-
alous gel mobilities observed for oligo(dA)-oligo(dT)
(dA: deoxyadenosine; dT: thymidine) and kinetoplast
DNA sequences.' ! Such electrophoretic behav-
ior has been attributed to the induction or stabilization
of DNA curvature. Because increases of temperature
that promote premelting also mitigate anomalous gel
mobility, it has been proposed that both effects reflect
a low-temperature structure specific to the
A-tract.>*'° However, the defining features of such
an A-tract conformation and the detailed structural
changes that may take place during premelting remain
largely unresolved. Whether premelting is specific to
DNA containing oligo(dA)-oligo(dT) tracts or inclu-
sive of alternating A-T/T-A tracts also remains an
open question.'!

The temperature dependence (10 < ¢ < 90°C) of
the Raman spectrum of poly(dA-dT)-poly(dA-dT),
the double-helical B-DNA containing A-T and
T-A pairs in alternating sequence, was recently
analyzed in detail.'? The results demonstrate that
poly(dA-dT)-poly(dA-dT), despite the absence of
A-tracts, undergoes a premelting phase (10 < ¢
< 66°C) prior to the onset of the canonical melting
transition (66 < ¢t < 75°C). The majority of Raman
bands in the spectrum of poly(dA-dT)-poly(dA-dT)
are affected greatly by both the premelting and
melting transitions. Unique Raman signatures of
premelting and melting have been identified. The
previous analysis has also revealed several novel
Raman bands diagnostic of A-T pairing and stack-
ing in poly(dA-dT)-poly(dA-dT).'* Of particular
interest is a Raman band of the thymidine moiety
occurring at 1182 ¢cm™'. The 1182 c¢cm™' band,
which had not been recognized previously as a
sensitive marker of DNA secondary structure, ex-
hibits maximum intensity when the dT residue is
unpaired, as in poly(dT) or thermally denatured

poly(dA-dT). Conversely, the intensity of the 1182
cm™ ! band diminishes proportionally to zero when
unpaired dT becomes paired with dA, as in B-DNA.
Structural characterization of the 1182 cm™'
marker was facilitated by the use of a recently
designed Raman spectrophotometer of high sensi-
tivity, which permits accurate quantitative measure-
ment of temperature-dependent Raman band inten-
sities and frequencies.

Here, we analyze in detail the temperature depen-
dence of the Raman signature of poly(dA)-poly(dT), a
model for B-DNA containing the A-tract. Although
vibrational spectra of poly(dA)-poly(dT) have been
reported previously,'*™' the temperature dependence
has not been probed in detail. The present results are
interpreted in connection with the recent findings on
premelting and melting in poly(dA-dT)-poly(dA-dT)"*
and previously reported Raman, infrared and ab initio
results on related model structures.' >’ We dem-
onstrate that the low temperature structures of
poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT) are
distinguished by characteristic Raman signatures and
that these distinguishing features are sustained
throughout the premelting phase. Interestingly, dA
and dT residues as well as the sugar-phosphate back-
bones of poly(dA)-poly(dT) and poly(dA-dT)poly(dA-dT)
exhibit Raman markers differing from those of
genomic B-DNA of mixed base composition.

The emphasis in the present study is on determin-
ing how the vibrational bands of poly(dA)-poly(dT)
change with temperature. The results are used to de-
velop an understanding of the structural significance
of temperature-dependent Raman bands of DNA con-
taining A-tracts. In combination with previous results
on poly(dA-dT)-poly(dA-dT),"? the findings also pro-
vide an improved basis for interpretation of the tem-
perature-dependent vibrational spectrum of genomic
DNA of mixed base sequence. In a related study, we
show that the temperature-dependent Raman proper-
ties of poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT)
can also be exploited to evaluate thermodynamic pa-
rameters of premelting and melting transitions in the
two structures (L. Movileanu, J. M. Benevides, and
G. J. Thomas, Jr., in preparation).

MATERIALS AND METHODS

Sample Preparation

Poly(dA)-poly(dT) was obtained as the sodium salt from
Amersham Pharmacia Biotech (Alameda, CA). Sedimenta-
tion analysis indicated a sedimentation velocity coefficient
(S50.w) of 19.9 Svedberg, corresponding to an average mo-
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lecular weight of 6400 kDa [~9700 base pairs (bp)]. The
high molecular weight of the duplex diminishes end effects,
which is favorable to thermodynamic analysis of the data, to
be reported elsewhere (L. Movileanu, J. M. Benevides, and
G. J. Thomas, Jr., in preparation). Samples were dissolved
to 30—40 mg/mL in H,O containing 100 mM NaCl at pH
7.0 = 0.1. Aliquots (~6 uL) of the solutions were degassed,
sealed in glass capillaries (Kimax no. 34502) and thermo-
stated at the indicated temperatures during data collection.?®

Raman Spectroscopy

Raman spectra were excited with the 514.5 nm argon line of
a Coherent Innova laser and collected on a single spectro-
graph (Spex model 500M; ISA Edison NJ, USA) described
previously.'? The radiant power at the sample was ~200
mW. Typically 7-12 accumulations of 10 s each were
averaged to generate the spectra presented below. Notewor-
thy features of this instrumentation are a holographic band-
pass filter to eliminate interfering laser emissions, a notch
filter to reject Rayleigh scattering, and a liquid-nitrogen
cooled charge-coupled device to provide state-of-the-art
quantum efficiency in Raman photon detection. In terms of
overall signal-to-noise ratio, the presently obtained Raman
spectra of poly(dA)-poly(dT) are between one and two
orders of magnitude improved over previously published
results.'*?” Additional performance features of the spec-
trometer design have been discussed by Carey and co-
workers in applications to proteins.>> Raman frequencies
(wavenumber values) are accurate to within £0.5 cm™ .
Raman spectra were collected at approximately 5°C
intervals in the range 5—95°C on samples maintained to
within £0.5°C of the indicated temperature. Raman inten-
sities were normalized using the peak height of the band at
1092 cm™', which is assigned to the PO, symmetric
stretching mode of the polydeoxynucleotide phosphate
groups. The peak height of the 1092 cm ™' band has been
demonstrated as a reliable intensity standard for both
polydeoxynucleotides and genomic DNA of the B confor-
mation throughout the temperature range 10-90°C.?>*° The
reliability of the 1092 cm™' band was verified indepen-
dently in the present study (data not shown) using the 980
cm™ ! band of SO~ (Na,SO,, added as an intensity stan-
dard).?° Presentation of digital difference spectra is used as
in previous work to identify specific Raman band intensity

changes or wavenumber shifts as a function of tempera-
ture.12’20’22’31

RESULTS AND INTERPRETATION

Temperature Dependence of the Raman
Spectrum of Poly(dA)-Poly(dT)

Poly(dA)-poly(dT) forms a double helix in the B-
DNA family of secondary structures, as indicated by
fiber x-ray diffraction®*>? and solution Raman spec-
troscopy.”’~*37 X-ray crystallography of the A-tract

model, d(CGCAAAAAAGCG)-d(CGCTTTTTTGCG),
also confirms a B-like conformation in the central
oligo(dA)-oligo(dT) segment, although with the un-
usual feature of bifurcated hydrogen bonds.® Addi-
tional nonstandard features of poly(dA)-poly(dT) are a
narrow minor groove,*” a high degree of hydration,*®
and a propensity toward polymorphism, promoted by
changes in temperature, relative humidity, or chemi-
cal environment.>*-’ Here, we investigate the tem-
perature dependence of the Raman spectrum of
poly(dA)-poly(dT) in physiological salt solution (100
mM NaCl). The results are compared with a corre-
sponding study of poly(dA-dT)-poly(dA-dT)."?

Raman spectra (600—1800 cm™) of double-helical
poly(dA)-poly(dT) (10°C) and of fully denatured
poly(dA) and poly(dT) single strands (85°C) are
shown in the bottom and top traces, respectively, of
the left panel of Figure 1. Other traces of this panel
show difference spectra computed at intervals of ap-
proximately 5°C between the indicated intermediate
temperature (minuend) and 10°C (subtrahend). These
difference spectra illustrate that although the most
pronounced spectral changes occur between 70 and
80°C, the Raman signature of poly(dA)-poly(dT) is
sensitive to temperature throughout the range 10 < ¢
< 80°C. In the interval 10-70°C, the spectral changes
consist primarily of shifts in Raman band frequencies,
typical of highly localized structural perturbations;
conversely, in the interval 70—80°C large increases
are also observed in the intensities of many Raman
bands, indicating recovery of Raman hypochromism.
The latter interval defines the cooperative melting
transition of poly(dA)-poly(dT), and the observed
spectral intensity changes reflect both unstacking and
unpairing of bases attendant with strand separation.
Raman bands diagnostic of melting are those near 727
and 1182 cm™ !, as illustrated in Figure 2. Quantitative
measurement of the Raman intensity increase at 1182
cm~ ! with temperature indicates a median melting
temperature (7,,) of 76.5 = 0.4°C for the cooperative
transition. The spectral changes observed prior to the
onset of melting represent the premelting transition of
poly(dA)-poly(dT). Premelting is noncooperative, as
exemplified by the temperature-dependent profiles of
bands near 842 and 1513 cm ™' shown in Figures 3
and 4, respectively. In accordance with previous de-
terminations,'*?° the phosphodioxy (PO5) marker
band at 1092 cm ™' exhibits neither a significant
wavenumber shift nor an appreciable intensity change
with temperature, and serves as the primary basis
for normalization of intensity and wavenumber val-
ues of other Raman bands in the spectrum of
poly(dA)-poly(dT).
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FIGURE 1 Left panel: Raman spectra of poly(dA)-poly(dT) in 100 mM NaCl solution, pH 7.0, at
10°C (bottom trace) and 85°C (top trace). Intermediate traces show the difference spectra computed
with the higher temperature spectrum as minuend and the 10°C spectrum as subtrahend. Right panel:
Corresponding Raman spectra of poly(dA-dT)-poly(dA-dT) at the same conditions given in the left
panel. DNA concentration is 35 mg/mL in each case.

Corresponding data for double-helical poly(dA-dT)
poly(dA-dT) are shown in the right panel of Figure 1.
Melting of poly(dA-dT)-poly(dA-dT) occurs in the
interval 66-75°C with T,, = 71.4 = 0.3°C, while
poly(dA-dT)-poly(dA-dT) premelting occurs over the
range 10—66°C."2

The results of Figures 1-4 (as well as other
melting and premelting data not shown) are com-
piled in Table I, which also lists specific residue
and vibrational assignments for the Raman bands.
Assignments are based upon detailed analyses of
related nucleic acids and nucleotides.'?'20-38~41
In Table I, the temperature-dependent change of a

Raman band between the lowest (either 10 or 15°C)
and highest temperature (85°C) is characterized by
two parameters: Ao, the shift in wavenumber value,
and Al /I, the percent change in relative band
intensity defined by Eq. (1):

AT /I, = 100(I¥ —1,)/1, (1)

Here, I, is the intensity of the band at wavenumber o
in the lower temperature spectrum, A/  is the change
in band intensity between the lower temperature and
85°C, and the data are normalized using the 1092
cm™ ! band of the PO, group.
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FIGURE 2 Top panel: Temperature dependence of the
normalized Raman intensity at 1182 cm™' (I,,4,) in
poly(dA)-poly(dT) (®) and (dA-dT)-poly(dA-dT) (O) over
the range 10 < r < 85°C. The increasing amplitude of 7,4,
with temperature is a quantitative measure of the extent of
thymine unpairing and indicates a median melting temper-
ature 7, = 76.5 £ 0.4°C for poly(dA)-poly(dT). Bottom
panel: Temperature dependence of the normalized Raman
intensity at 727 cm™ ' (I5,,) in poly(dA)-poly(dT) (®) and
poly(dA-dT)-poly(dA-dT) (O) over the range 10 < ¢
< 85°C. The increasing amplitude of /,,, with temperature
is a quantitative measure of the extent of adenine unstack-
ing. The slightly lower cooperativity and marginally higher
apparent melting temperature suggested for poly(dA)-poly(dT)
by the I,,, plot compared with the /,,4, plot (above) reflect
the persistence of adenine base stacking in the separated
poly(dA) strand.
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FIGURE 3 Temperature dependence of the normalized
Raman intensity at 842 cm™ ' (Ig,,) in poly(dA)-poly(dT)
(®) and poly(dA-dT)-poly(dA-dT) (O) over the range 10 < ¢
< 85°C. The amplitude of Ig,, is a quantitative measure of
ordered phosphodiester C5'-O5'-P-03'-C3’ linkages in
each DNA. The data show that the ordered backbone con-
formation of poly(dA)-poly(dT) is significantly more ther-
mostable than that of poly(dA-dT)-poly(dA-dT) at all tem-
peratures below complete melting (80°C). For example, the
value of Ig,, for poly(dA-dT)-poly(dA-dT) at 10°C is com-
parable to that of poly(dA)-poly(dT) at 53°C (dashed hori-
zontal line); also at 53°C, poly(dA-dT)-poly(dA-dT) main-
tains only about one-third of the backbone order of
poly(dA)-poly(dT) (dashed vertical line).

Raman Signatures of Premelting and
Melting Transitions of Poly(dA)-Poly(dT)

The top panel of Figure 5 compares Raman difference
signatures for the melting (top trace) and premelting
(bottom trace) transitions of poly(dA)-poly(dT). The
two are strikingly dissimilar, indicating that very dif-
ferent types of structural changes take place during
premelting and melting phases. A corresponding com-
parison for poly(dA-dT)-poly(dA-dT) is shown in the
bottom panel of Figure 5, again demonstrating dis-
tinctively different structural changes for the premelt-
ing and melting transitions of this structure.

Figure 5 also shows that poly(dA)-poly(dT) and
poly(dA-dT)-poly(dA-dT) exhibit dissimilar premelt-
ing signatures, particularly with respect to the ampli-
tudes of their respective difference bands. This re-
flects primarily the fact that the two types of B-DNA
have a significantly different Raman spectrum at low
temperature (10—15°C). The distinguishing character-
istics in low temperature spectra are gradually elimi-



186 Movileanu, Benevides, and Thomas

—@— Poly(dA)-poly(dT)

1514 —O— Poly(dA-dT)-poly(dA-dT)
E», 1512
>
Q
=
Q
E
g 1510
(=
&

1508

0 20 40 60 80 100 120

Temperature (°C)

FIGURE 4 Temperature dependence of the center of the
adenine Raman band near 1513 = 2 cm™' (0ys;3) in
poly(dA)-poly(dT) (®) and poly(dA-dT)-poly(dA-dT) (O)
over the range 10 < ¢t < 85°C. The decreasing wavenumber
value of 05,5 with temperature is a measure of the decreas-
ing extent of adenine N-acceptor hydrogen bonding.

nated as temperature is increased up to the premelting
limit (data not shown). Virtually identical structural
changes ensue as temperature is further increased
through the melting phase, and thus poly(dA)-poly(dT)
and poly(dA-dT)-poly(dA-dT) exhibit quite similar
melting signatures.

Backbone Conformation

The definitive Raman marker of DNA secondary
structure occurs in the spectral region 750—850 cm .
The band is assigned to a bond-stretching vibration
localized in the phosphodiester C5'-05'-P-03'-C3’
network, a group of linkages sensitive to the confor-
mation of the DNA backbone.'”'?**2>39=41 The Ra-
man marker of “canonical” B-form geometry is gen-
erally observed at 835 = 1 cm™ ' in genomic B-DNA
of mixed base composition. However, in GC-rich poly-
nucleotide duplexes, such as poly(dG-dC)-poly(dG-dC)
(dC: deoxycytidine; dG: deoxyguanosine), the
corresponding marker is observed near 829 * 1
cm ™ '; conversely in AT-rich polynucleotide du-
plexes, including both poly(dA-dT)-poly(dA-dT) and
poly(dA)-poly(dT), the marker is observed near 841
+ 1 cm '.'%2%% These polynucleotide duplexes,
though members of the B family of DNA structures,
are minor variants of “canonical” B-DNA in the sense
that they exhibit certain properties—including Raman
markers of phosphodiester geometry—differing
somewhat from those of genomic B-DNA. The de-

pendence of Raman markers of phosphodiester geom-
etry on base composition has been attributed to subtle
differences in the conformations of the C5'-O5'-P-
03'-C3’ networks in AT and GC sequences of
DNA?? and may reflect nonidentical groove dimen-
sions.**

The normalized intensity of the 842 cm ' band
(Ig4,) of poly(dA)-poly(dT) is plotted as a function of
temperature in Figure 3, where it is compared with the
corresponding plot for poly(dA-dT)-poly(dA-dT). In-
terestingly, at every temperature below the onset of
melting, Ig,, is greater for poly(dA)-poly(dT) than for
poly(dA-dT)-poly(dA-dT). For example, the Ig,, am-
plitude that is observed in the A-tract structure at
53°C is not observed in the alternating A-T/T-A
structure unless the temperature is as low as 10°C.
Indeed, the local backbone conformation (C5'-0O5'—
P-03'-C3’ geometry) specific to this B-DNA variant
is more prevalent in poly(dA)-poly(dT) than in
poly(dA-dT)-poly(dA-dT) at every temperature below
the onset of melting. This geometry is believed to be
characterized by « and { torsions in the gauche™ (g~)
and trans (f) orientations, respectively.'? The premelt-
ing-induced attenuation of /g, without corresponding
changes in Raman bands of the bases (cf. top and
bottom panels of Figure 2) demonstrates a significant
change in backbone geometry without a concomitant
change in either base stacking or Watson—Crick
pairing. This appears to be the case for both
poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT), al-
though the effect is much more pronounced in the
former duplex.

Watson-Crick Pairing and Base
Stacking

The top panel of Figure 2 compares the tempera-
ture-dependent intensity of the Raman band at 1182
em~ ' (I,,4,) of poly(dA)-poly(dT) with that of
poly(dA-dT)-poly(dA-dT). The 1182 cm ™' band,
assigned to dT,?"is diagnostic of the unpaired thymi-
dine residue.'? The band owes its intensity to coupling
between a ring-stretching vibration of the base and a
methylene wagging vibration of the deoxyribosyl
C2'H, group. This vibrational coupling is conforma-
tion sensitive and is significant only when thymidine
is unpaired. When paired with dA, the thymidine base
and C2'H, modes uncouple and the 1182 cm ™' band
is supplanted by a pure thymine ring mode at 1204
cm ' (Table I).*! Because vibrational coupling is
significant only when thymidine is unpaired, the per-
cent change in Raman band intensity is a quantitative
measure of the distribution of dT between paired and
unpaired states.'* The data of Figure 2 (top panel) show
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Table I Assignments and Temperature Dependence of Raman Bands of Poly(dA-dT)-Poly(dA-dT)
and Poly(dA)-Poly(dT)
Poly(dA-dT)-Poly(dA-dT) Poly(dA)-Poly(dT)
o Assignment® I° Ao AT (%)° o* I Ao AT (%)°
668 dT, dA 4.5 -3 —11.5 670 54 =5 —21.7
728 dA 7.8 -2 93.1 728 8.9 -1 55.8
750 dT 7.8 =5 4.0 751 8.2 -7 —-9.2
792° bk (OPO st) 13.2 0 —10.2 790 13.6 -2 —20.2
819 bk (OPO st) 5.1 U U 816 5.1 U U
842 bk (OPO st) 3.8 U -56.3 842 5.1 U —67.6
896 C2'H, rk 22 —18 9.9 896 1.9 —18 7.4
923 d (ring st) 1.9 —10 —44.7 926 2.8 -9 —62.5
972 T (C6H op df) 1.1 U —44.0 975 0.9 U —46.2
1016 T (CH; ip rk) 4.5 —4 18.2 1015 4.5 -3 1.5
1053 d (CO st) 34 0 5.7 1056 34 0 —12.2
1061 d (CO st) 4.0 U U 1060 32 U U
1092 bk (PO, st) 10.0 0 0.0 1092 10.0 0 0.0
1144 T 2.5 —4 —43.7 1143 3.1 =5 3.1
1182 dT 5.1 U () 1182 5.0 U ()
1193s C2'H, wg 1.7 U 125.1 1196 2.3 U U
1208 dT, A 4.1 —4 24.8 1212 4.6 -8 254
1236 T 8.7 U 158.5 1232 4.6 +4 109.0
1256 A, T 6.4 =5 -79 1254 6.3 =5 33
1302 A, T 9.0 +2 46.4 1304 6.4 0 77.7
1342 A 15.2 =5 7.4 1343 13.8 —4 —6.5
1376 T (CH; df), A 16.8 -1 23.6 1376 16.3 -2 233
1420 A, C5'H, df 3.8 0 10.6 1421 33 -1 31.3
1444 C5'H, df 1.6 -2 —55.7 1442 1.3 +1 —26.3
1462 C2'H, df 2.6 -1 —34.4 1463 2.8 -2 —46.3
1483 AT 2.8 -3 74.6 1485 2.2 -3 90.6
1512 A 6.1 =5 —3.5 1513 54 —6 —139
1577 A (ring st; N6H, df) 114 +1 33.9 1578 9.4 +1 44.9
16502 C4=0/C5=C6 st 19.2 U 37.3 1650¢ 17.2 U U
16732 C4=0/C5=C6 st 18.1 U 26.4 1670¢ 17.9 U U

2 Raman wavenumber (cm ™! units) in the spectrum of the duplex at 10°C. Entries in italics indicate bands observed only for the dissociated

single strands (r > T,,).

m

® From Refs. 12 and 47 and citations therein. Abbreviations: dA, deoxyadenosine; dT, thymidine; A, adenine; T, thymine; bk, backbone;
d, deoxyribose; st, stretch; df, deformation; rk, rock; wg, wag; op, out-of-plane; ip, in-plane.

¢ Intensity relative to an arbitrary value of 10.0 for the 1092 cm ™! band.

¢ Raman wavenumber shift (cm™ " units) observed with melting. U indicates an unmeasurable quantity.

¢ Percent relative intensity change with melting [Eq. (1)]. The band at 1182 cm™ " has zero intensity at 10°C (see text). Bold type indicates

the maximal and minimal intensity changes observed.

T A thymine ring mode is also expected near 785 cm ™!

as discussed in the text. See also Table IT (1661 and 1681 cm™1).

that unpairing of dA and dT is highly cooperative in both
the A-tract structure [poly(dA)-poly(dT)] and alternating
A-T/T-A structure [poly(dA-dT): poly(dA-dT)], and that
the T,, values are separated by about 5°C, with the
A-tract structure being more thermostable.

The bottom panel of Figure 2 demonstrates the
temperature dependence of adenine base unstacking,
as monitored by the intensity increase (recovery of

and may contribute to the observed band intensity.
€ The C2=O0 stretching mode of thymine and additional factors complicate the assignment of peaks observed near 1650 and 1670 cm™ ',

Raman hypochromism) in the 727 cm ™! band of dA
residues.'*'®*? [, shows that adenine unstacking is
highly cooperative in both the A-tract and alternating
A-T/T-A structures, with 7,, again higher for the
former structure. The results of Figures 2 and 3 con-
trast the cooperativity of melting vs the noncooperat-
ivity of premelting for both poly(dA)-poly(dT) and
poly(dA-dT)-poly(dA-dT).
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FIGURE 5 Top panel: Raman difference spectra dem-
onstrating premelting and melting transitions of
poly(dA)-poly(dT) in 100 mM NaCl solution, pH 7. The
Raman premelting and melting signatures are defined as
the difference spectra between 66 and 10°C and between
80 and 66°C, respectively. Bottom panel: Raman differ-
ence spectra demonstrating premelting (between 66 and
10°C) and melting (between 75 and 66°C) transitions of
poly(dA-dT)-poly(dA-dT) in 100 mM NaCl solution,
pH 7.

Comparison of Premelting in
Poly(dA)-Poly(dT) and
Poly(dA-dT)-Poly(dA-dT)

Deoxynucleoside and Backbone Conformations.
Although Raman spectral changes with premelting
are generally different in poly(dA)-poly(dT) and

poly(dA-dT)-poly(dA-dT) (Figure 5), many similar
wavenumber shifts are observed for the two struc-
tures. One interpretation for the Raman band shifts
670 — 660 (dT), 728 — 722 (dA), 753 — 743 (dT),
and 1346 — 1330 cm ' (dA) is a change in de-
oxynucleoside sugar pucker from the C2'-endo/anti
family to the C3'-endo/anti family.'*'* A rough
quantitative estimate consistent with the data is that
approximately one-third of the deoxynucleosides are
converted to the C3'-endo conformation in premelted
poly(dA)-poly(dT) at 70°C.'* The premelting shift in
the phosphodiester marker (842 — ~835 cm™ ') sug-
gests that the backbone conformation specific to AT-
rich DNA at low temperature is altered in favor of the
canonical B conformation (834 cm ™! marker) associ-
ated with genomic DNA of mixed base composi-
tion.>® Thus, the shift of the 842 c¢cm™' marker to
lower wavenumber with increasing temperature can
be interpreted as a widening of the narrow minor
groove of AT-rich DNA toward the groove size of
genomic B-DNA >

Interbase Hydrogen Bonding. The Raman band
shifts 1262 — 1243 (dA), 1378 — 1366 (dT), 1516 —
1505 (dA), and 1579 — 1571 cm ™' (dA) are common
to the two duplexes and all are associated with elim-
ination of hydrogen bonding at base sites. Because
Watson—Crick pairing remains intact through the pre-
melting phase (Figure 2, top), the ruptured hydrogen
bonds must involve either interbase interactions of a
non-Watson—Crick type, such as bifurcated hydrogen
bonding,3 or interactions of base sites with other
agents, such as water molecules or ions. Further dis-
cussion is given below.

Adenine Marker at 1513 cm™'. Surprisingly, the
adenine marker at 1513 cm™' exhibits different
premelting behavior in poly(dA)-poly(dT) and
poly(dA-dT)-poly(dA-dT), as shown in Figure 4.
Whereas poly(dA)-poly(dT) premelting is charac-
terized by a monotonic and approximately linear
wavenumber decrease between 10 and 60°C,
poly(dA-dT)-poly(dA-dT) shows a large decrease
between 10 and 30°C, followed by a more gradual
decrease between 30 and 60°C. These results imply
that hydrogen-bonding interaction of the applicable
dA site is significantly more thermostable in
poly(dA)-poly(dT) than in poly(dA-dT)-poly(dA-dT).
On the basis of isotopic substitution experiments, the
1513 cm™ ! band of dA has been assigned to a vibra-
tion localized in the imidazolium ring of adenine.**
Polarized Raman measurements demonstrate a large
anisotropy in the Raman tensor, implying that the
1513 cm ™ ! band may be responsive to hydrogen-bond
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formation not only at N7,*> but also at N1 and/or
N3.'"® Accordingly, it is reasonable to conclude that
the observed difference in premelting behavior of
1513 cm™ ' markers of poly(dA)poly(dT) and
poly(dA-dT)-poly(dA-dT) reflects stronger hydrogen
bonding of N1, N3, and/or N7 acceptor sites of the
former.

Thymine Markers Near 16001700 cm™". The most
striking spectral difference between poly(dA)-poly(dT)
and poly(dA-dT)-poly(dA-dT) occurs in the interval
1600-1700 cm ™', where thymine carbonyl (C2=0
and C4=0) and ring double-bond (C5=C6) stretch-
ing vibrations are the expected major contribu-
tors.”!3%! Assignment of the bands to specific C=0
and C=C stretching coordinates is not trivial, but is
important for interpreting hydrogen-bonding interac-
tions in the two duplexes. In the 10°C spectra of Fig.
1, there appear to be three distinct Raman bands for
poly(dA)-poly(dT), at 1650, 1664 and 1670 cm ™", but
only two for poly(dA-dT)-poly(dA-dT), at 1650 and
1673 cm~'. Additional bands ca. 1635-1640 and
1686 cm ™! emerge in the premelting difference sig-
natures of Figure 5. In a recent analysis of ultraviolet-
resonance Raman (UVRR) spectra of poly(dA)-poly(dT),
bands at 1650 and 1679 cm ™' were assigned, respec-
tively, to in-phase and out-of-phase stretching vibra-
tions of coupled C2=0O and C4=0 groups, whereas
a band near 1665 cm™ ' was assigned to the C5=C6
stretch.” The 1679 ¢cm™' UVRR band exhibits the
largest premelting perturbation (a shift to 1686 cm ™'
at 55°C). An alternative and more comprehensive
assignment scheme has been developed from detailed
analysis of Raman, UVRR and infrared spectra and ab
initio calculations on thymine and isotopically labeled
analogs.*® Thus, thymine bands near 1650 and 1670
cm ! were assigned, respectively, to out-of-phase and
in-phase stretching vibrations of coupled C4=0 and
C5=C6 groups, and the thymine band of highest
wavenumber value (near 1680—1690 cm ™' for thy-
mine residues of DNA) was assigned to the C2=—0
stretch. In this scheme, the definitive UVRR premelt-
ing shift of poly(dA)-poly(dT), i.e., 1679 — 1686
cm ', *® cannot reasonably be attributed to the rupture
of bifurcated hydrogen bonds along the major groove
(i.e., involving C4==0 sites), because the band in
question is more appropriately assigned to C2=0,
which is situated along the minor groove.

Figure 6 compares on an expanded scale the strik-
ingly different temperature-dependent Raman profiles
in the 1500-1800 cm ™! interval of poly(dA)-poly(dT)
and poly(dA-dT)poly(dA-dT). The data demonstrate
different premelting shifts for the respective C2=—=0
markers, i.e., 1661 — 1684 cm ™! in poly(dA)-poly(dT)

Poly(dA)-poly(dT) Poly(dA-dT)-poly(dA-dT)
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FIGURE 6 Left panel: Raman difference spectra of
poly(dA)-poly(dT) in the interval 1500—1800 cm™ ', show-
ing temperature-dependent changes in bands due to thymine
double-bond stretching modes. Right panel: Corresponding
data for poly(dA-dT)-poly(dA-dT). All data are from spectra
of Figure 1.

vs 1681 — 1689 cm ' in poly(dA-dT)-poly(dA-dT).
This suggests much stronger hydrogen bonding of
C2=0 in the low-temperature structure of
poly(dA)-poly(dT) (1661 cm™ ' marker) than in that
of poly(dA-dT)-poly(dA-dT) (1681 cm ' marker).
The greater hydrogen bonding strength exhibited by
the C2=0 carbonyl of poly(dA)-poly(dT) may con-
tribute to the greater thermostability (higher T,,) of
this homopurine/homopyrimidine duplex. In any case,
we interpret the results as evidence that the two AT-
rich DNA structures are distinguished by very differ-
ent hydrogen-bonding characteristics of C2=0 ac-
ceptors situated along their respective minor grooves.
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Another interesting feature of Figure 6 is the dif-
ferent premelting profiles observed for 1578 cm ™' bands
in poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT).
The band is unperturbed by poly(dA)-poly(dT)
premelting, but substantially perturbed by
poly(dA-dT)-poly(dA-dT) premelting. The Raman
marker at 1578 cm ™ is due to a ring mode of adenine
that includes a contribution from the exocyclic amino
group (N6H,).'**” Studies of adenosine model com-
pounds in polar and apolar solvents confirm that the
band is sensitive to changes in N6—H hydrogen
bonding.'®** Accordingly, one interpretation of the
present results is that N6—H - -+ O4 bonding (A'T
pairing) is significantly more thermostable in the ho-
mopolymer duplex. This interpretation is consistent
with proposed bifurcated hydrogen bonding in A-
tracts.’

Comparison of Melting in Poly(dA)-Poly(dT)
and Poly(dA-dT)-Poly(dA-dT)

Figure 5 reveals that the melting signatures of
poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT) are
qualitatively very similar. Both are dominated by Ra-
man intensity increases (near 727, 1200, 1237, 1309,
1333, 1369, 1480, 1581, 1660, and 1688 cm™ ') that
reflect primarily base unstacking and the recovery of
Raman hypochromism.'*'®*?  Several intensity
changes (bands at 1182, 1663, and 1688 cmfl) are
also associated with the rupture of Watson—Crick
hydrogen bonding.

An unfortunate consequence of the recovery of
Raman hypochromism in intrinsically intense Raman
bands is the obscuration of underlying weaker Raman
bands. For example, the recovery of hypochromism at
~1578 cm™ ! obscures the region 1570—1580 cm ™'
and prevents continued monitoring of the distinctively
different premelting profiles of poly(dA)-poly(dT) and
poly(dA-dT)-poly(dA-dT) ca. 1578 cm™'. Many sim-
ilar interference effects occur in the 1150—1400 cm ™'
interval.

DISCUSSION

Premelting

Premelting is detected by Raman spectroscopy in both
poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT), con-
sistent with earlier CD studies.>>'' The present results
also support the previous finding by UVRR spectro-
scopy’ of premelting in poly(dA)-poly(dT). The inability
to detect premelting in poly(dA-dT)-poly(dA-dT) by
UVRR spectroscopy’ is not consistent with either

earlier CD studies or present results, and presumably
reflects the low signal-to-noise quality of the previ-
ously reported UVRR data as well as the narrower
focus of resonance Raman vis-a-vis off-resonance Ra-
man as a spectroscopic probe. For example, UVRR
spectroscopy of DNA is largely transparent to struc-
tural changes localized in the deoxyribosyl-phosphate
backbone, whereas such conformational changes are
reported by the off-resonance Raman method.*®

Premelting signatures of both poly(dA)-poly(dT)
and poly(dA-dT)-poly(dA-dT) are dominated by Ra-
man wavenumber shifts, rather than the intensity
changes that dominate the corresponding melting sig-
natures (Figure 5). This indicates that structural
changes occurring during the premelting phase in-
volve relatively minor readjustments in backbone
conformation and hydrogen bonding, rather than rup-
ture of base pairing, base unstacking and strand sep-
aration. Several major differences are apparent be-
tween the premelting signatures of poly(dA)-poly(dT)
and poly(dA-dT)-poly(dA-dT). For example, Raman
features associated with the non-Watson—Crick hydro-
gen bonding of adenine (i.e., involving acceptor sites
N1, N3, and/or N7) are more resistant to premelting in
poly(dA)-poly(dT) than in poly(dA-dT)-poly(dA-dT).
Thus, although adenine acceptor-site hydrogen
bonding is present in both duplexes at lower temper-
atures, the interactions are more thermostable in
poly(dA)-poly(dT). This is in accord with the en-
hanced stability of the low-temperature backbone
conformation of poly(dA)-poly(dT) compared to that
of poly(dA-dT)-poly(dA-dT), as monitored by the 842
cm ' Raman marker (Figure 3). Another major
difference in premelting involves Raman bands
associated with the thymine 2C=O group. In
poly(dA)-poly(dT) we observe a premelting shift of
the carbonyl Raman marker from 1661 to 1681 cm ™.
This reflects rupture of 2C=0 hydrogen bonding as
temperature is increased through the premelting
phase. In the case of poly(dA-dT)-poly(dA-dT) the
effect is much less pronounced, indicating much
weaker 2C=0 hydrogen-bonding interaction. These
results show that the two AT-rich DNA structures are
distinguished by different hydrogen-bonding charac-
teristics of their respective thymine C2=O acceptor
and adenine N-acceptor sites. With the exception of
N7, such sites line the minor-groove. A third signifi-
cant difference between premelting transitions in
poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT) oc-
curs in the Raman marker at 1578 cm™ !, which we
interpret as diagnostic of different thermostabilities of
base pairing in the two duplexes.

During premelting, the backbone Raman markers of
both poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT)
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shift noncooperatively from 842 to ~835 cm 1 ie.,

from the position diagnostic of the structure of AT-
rich DNA to the position characteristic of mixed se-
quence genomic DNA. The midpoint of the non-
cooperative transition in poly(dA)-poly(dT) is 35
* 5°C, which is consistent with values reported by
others for this transition.>®® The present findings are
consistent with CD spectra, DNase-I digestion and
daunomycin-binding studies of poly(dA)-poly(dT) by
Herrera and Chaires,”> who proposed a structure ad-
justment from a variant of the form to the canonical B
form during premelting. Our results are also in accord
with the finding that poly(dA)-poly(dT) can be incor-
porated into stable nucleosomes only at temperatures
higher than required for other polynucleotide duplexes.*’
Finally, we note that the temperature profile observed for
the 1182 cm ™' marker of poly(dA-dT)poly(dA-dT)
(Figure 2, top panel) implies that hairpin intermedi-
are not formed during the premelting phase,
which is consistent with previous spectroscopic stud-

jes.>3

Melting

DNA base unstacking and unpairing transitions dur-
ing strand separation are highly cooperative phenom-
ena. Such cooperativity is manifested in sharp melting
profiles for Raman bands sensitive to certain interbase
interactions (Figure 2). Importantly, similar cooperat-
ivity is observed for the 842 cm ™' backbone marker
during the melting phase, but not during the premelt-
ing phase (Figure 3). These results indicate that strand
separation leads to a cooperative “collapse” of the
C5'-05'-P-03'-C3’" geometry associated with B-DNA.
Subsequent to strand separation the ~835 cm '
marker of the premelted duplex is replaced by a broad
band centered near 878 cm ™' (Figure 1). We assign
the 878 cm ™' band as a marker of the C5'-05'-P-
03'-C3' structure (or group of closely related struc-
tures) associated with the melted polynucleotide sin-
gle strands. Very likely, the 878 cm™' band is diag-
nostic of a broad range of phosphodiester bond
torsions.

Minor-Groove Hydrogen Bonding

The Raman spectra of poly(dA)-poly(dT) and
poly(dA-dT)-poly(dA-dT) provide evidence that hy-
drogen bonding occurs at sites of adenine (N accep-
tors) and thymine (C2==0 acceptor) in addition to the
sites involved in Watson—Crick base pairing. Such
hydrogen bonding, which is much more robust in
poly(dA)-poly(dT) than in poly(dA-dT)-poly(dA-dT),
is gradually eliminated as temperature is increased

through the premelting phase. The Raman spectra do
not identify the hydrogen-bond donor groups that may
interact with either the C2=0 acceptor site of thy-
mine or the N-acceptor site(s) of adenine. Neverthe-
less, the participation of C2=0 implicates the minor
groove as the locus of hydrogen bonding interactions
that stabilize the secondary structure of AT-rich
DNA. Minor-groove involvement is also consistent
with the adenine Raman markers.

Previously, the Raman 1661 — 1681 cm ™' shift
(observed by UVRR) had been attributed to the
rupture of bifurcated hydrogen bonds involving
C4=0 sites situated along the major groove of the
poly(dA)-poly(dT) duplex.” In the present work, we
assign the Raman marker in question to C2=0, rather
than C4=0, which is consistent with a very large
body of experimental and theoretical vibrational anal-
yses.*® The present results do not preclude bifurcation
in poly(dA)-poly(dT), as originally proposed on the
basis of x-ray crystallography of a related oligonucle-
otide.? Rather, the present findings suggest that bifur-
cated hydrogen bonding of C4=0 is not monitored
by the 1661 cm™' marker and is not necessarily
eliminated by heating through the premelting phase.
This conclusion is also supported by the resistance of
the 1578 cm ' marker of poly(dA)-poly(dT) to
changes during the premelting transition.

Spine of Hydration

Although hydration is important for the stabilization
of all B-DNA sequences,”’>> a unique and highly
ordered “spine of hydration” has been identified in
the minor groove of DNA containing adenine
tracts.>*>*~>? The specifically bound water molecules
of A-tract DNA duplexes exhibit much slower ex-
change rates than water molecules in general, includ-
ing water associated with DNA single strands.®®~%3
Recent osmotic stress measurements®® indicate that
melting of poly(dA)-poly(dT) releases ~4 such spe-
cifically bound water molecules per base pair, in rea-
sonably good agreement with x-ray crystal structures
showing ~5 hydrogen-bonded water molecules per
DNA base pair.> The Raman wavenumber shifts that
characterize the premelting signatures of AT-rich
DNA may reflect the disruption of specifically bound
water molecules. While the data of Figure 5 are con-
sistent with bound water for both poly(dA)-poly(dT)
and poly(dA-dT)-poly(dA-dT), the differences ob-
served between the two duplexes are compatible with
much stronger minor-groove binding of H,O in
poly(dA)-poly(dT) than in poly(dA-dT)-poly(dA-dT).
The Raman results are also consistent with thermo-
dynamic analyses suggesting that the probability of
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Table I Raman Markers Diagnostic of Structural Features of AT-Rich DNA

Marker (cm™ ") Structural Significance
842 Indicator of the phosphodiester C5'—O5'—P—O03'—C3’ conformation (g, f)
specific to the narrow minor-groove variant of B-DNA
878 Indicator of the phosphodiester C5'—O5'—P—O03'—C3’ conformation of
single-stranded (melted) poly(dA), poly(dT), and poly(dA-dT)

1182 Indicator of unpaired thymine residues

1262 Indicator of adenine interaction common to both poly(dA)-poly(dT) and
poly(dA-dT)-poly(dA-dT); shifts to 1243 cm ™" with premelting

1378 Indicator of thymine interaction common to both poly(dA)-poly(dT) and
poly(dA-dT)-poly(dA-dT); shifts to 1366 cm ™" with premelting

1513 Indicator of non-Watson—Crick hydrogen bonding of adenine N-acceptor sites
(probably N1 and/or N3)

1578 Indicator of adenine N6H, hydrogen-bonding interactions in AT-rich DNA;
shifts to lower wavenumber (ca. 1575 cm™ ') with premelting; returns to
higher wavenumber (ca. 1578 cm ™ ') with melting

1661 Indicator of non-Watson—Crick hydrogen bonding of the thymine C2=0 site;
shifts to ~1684 cm ™" in premelted poly(dA-dT)-poly(dA-dT)

1681 Indicator of weak (or negligible) thymine C2=—0 hydrogen bonding; shifts to

~1689 cm ™! in premelted poly(dA-dT)-poly(dA-dT)

disruption of the spine of hydration in A-tract DNA

increases with temperature.

66,67

CONCLUDING SUMMARY

The salient results and conclusions of this study can
be summarized as follows:

1. Poly(dA)-poly(dT) exhibits a secondary struc-

ture that is a minor variant of canonical B-DNA.
Although dA and dT residues of this structure
adopt the C2'-endo/anti conformation found in
B-DNA, the local geometry of nucleotide phos-
phodiester C5'-05'-P-03'-C3’ linkages differs
from that of B-DNA. A similar (though much
less thermostable) secondary structure is ob-
served for poly(dA-dT)-poly(dA-dT). Because
the local C5'-0O5'-P-03'-C3’ geometry spe-
cific to nucleotides of these AT-rich DNAs re-
sults in a globally narrow minor groove, the
defining Raman marker (842 cm ™) can be con-
sidered diagnostic of such a global structure.

. Poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT)

exhibit distinctive and noncooperative pre-
melting transitions in the range 10 < ¢
< 70°C. The premelted structures are charac-
terized by Raman markers of backbone geom-
etry similar to those of canonical B-DNA.
However, a substantial proportion (roughly
one-third) of deoxynucleosides in the pre-

melted structures appear to undergo a confor-
mational change from C2'-endo/anti at 10°C
to C3'-endo/anti at ~70°C.

. The premelting Raman signatures of

poly(dA)-poly(dT) and poly(dA-dT)-poly(dA-dT)
can be rationalized as representative of the
destabilization of hydrogen-bonding interac-
tions of adenine and thymine base sites that
line the minor groove. Such minor-groove
interactions are much more prevalent and
thermostable in poly(dA)-poly(dT) than in
poly(dA-dT)-poly(dA-dT).

. Premelting in poly(dA)-poly(dT) is also distin-

guished from that of poly(dA-dT)-poly(dA-dT)
by more robust N6—H - - - O4 hydrogen bond-
ing. This may reflect stabilization conferred to
AT pairs of poly(dA)-poly(dT) through bifur-
cated hydrogen bonding, as proposed in the
A-tract oligonucleotide, d(CGCAAAAAA-
GCG)-d(CGCTTTTTTGCG).?

. Above 70°C, poly(dA)-poly(dT) and poly-

(dA-dT)-poly(dA-dT) exhibit similar coop-
erative melting transitions, characterized by
T,, values of 76.5 and 71.4 °C, respectively.

. Although definitive Raman markers of bifurcated

hydrogen bonding in poly(dA)-poly(dT) have
not yet been identified, the resistance of the
1578 cm™ ' adenine marker to premelting may
signal a stabilizing effect of bifurcated hydro-
gen bonds.
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7. Raman markers diagnostic of key structural
features of AT-rich DNA are listed in Table II.
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