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Premelting and Melting Transitions in the d(CGCGAATTCGCG)

Self-Complementary Duplex in Solution'

Dinshaw J. Patel,* Sharon A. Kozlowski, Luis A. Marky, Chris Broka, Janet A. Rice, Keiichi Itakura,

and Kenneth J. Breslauer

ABSTRACT: We have characterized structural and dynamic
aspects of the d(c1G2C3G4A5A6T6T5C463C2G1) 12-mer du-
plex based on an analysis of the proton and phosphorus nuclear
magnetic resonance parameters in the premelting and melting
transition region. The self-complementary dodecanucleotide
sequence forms a 12 base-paired duplex with 2-fold symmetry
in solution. The six Watson—Crick imino protons are well
resolved between 12.5 and 14.0 ppm and have been assigned
to individual positions in the sequence. Fraying of the ends
of the duplex is most pronounced at terminal base pair 1. This
fraying extends into the interior of the duplex up to and in-
cluding base pair 3 with increasing temperature in the pre-
melting transition region. A temperature-dependent transition
is detected in the dA-dT-containing tetranucleotide core of the
duplex in the premelting temperature range, which is not
observed at the flanking dG-dC-containing tetranucleotide
regions. The 11 phosphodiesters in the 12-mer duplex exhibit
31p chemical shifts spread over a 0.45-ppm chemical shift
range, suggestive of a distribution of O-P torsion angles and/or
O-P-O bond angles at individual phosphodiester linkages
along the sequence. Well-resolved resonances of nonex-
changeable base protons are observed in the 12-mer duplex
spectrum. Partial assignment of these resonances to specific
base pairs in the 12-mer was accomplished with spin decou-

w have begun a program in which nuclear magnetic
resonance (NMR) and differential scanning calorimetry
(DSC) have been used to investigate the conformation, dy-
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acknowledge support from the National Institutes of Health, Grant
GM-23509, the Research Corporation, and the Charles and Johanna
Busch Memorial Fund.

pling, nuclear Overhauser effect, and chemical modification
studies. These base protons shift as average resonances during
the helix—coil transition of the 12-mer duplex in 0.1 M
phosphate solution with a transition midpoint of 72 & 2 °C
at the 10 nonterminal base pairs. Upfield shifts are observed
at the base protons of the dodecanucleotide sequence on duplex
formation, which reflect the stacking interactions in the
double-helical state. The thermally induced transitions of the
right-handed 12-mer duplex in 0.01 and 0.1 M NaCl were
investigated by differential scanning calorimetry. In 0.01 M
NaCl an enthalpy change of 90 kcal (mol of double strand)™!
was measured with a melting temperature of 65.5 °C. In 0.1
M NaCl an enthalpy change of 102 kcal (mol of double
strand)™! was measured with a melting temperature of 71.3
°C. Analysis of the shapes of the calorimetric heat capacity
curves yields van’t Hoff enthalpies of 94 kcal in 0.01 M NaCl
and 74 kcal in 0.1 M NaCl. Thus, we conclude that in 0.01
M NacCl the transition approaches two-state behavior (AH
= AHy y) while in 0.1 M NaCl the transition from duplex
to strands involves intermediate states (AHyy < AH)). The
ratio of the van’t Hoff and calorimetric enthalpies allows
specification of the size of the cooperative unit. Thus, in 0.1
M NaCl 9 £ 1 base pairs of the 12-mer melt in a cooperative
manner.

namics, and thermodynamics of order—disorder transitions in
a series of DNA duplexes containing at least one turn of helix
in which the structures systematically differ due to selected
modifications.

Our initial studies focused on the self-complementary do-
decanucleotide d(CGCGAATTCGCG) duplex (Chart I) since
parallel crystallographic investigations have been undertaken
(Wing et al., 1980; Drew et al., 1981; Dickerson & Drew,
1981) and should permit a direct comparison between data
obtained in solution with that obtained at atomic resolution
in the crystalline state.

The application of high-resolution nuclear magnetic reso-

0006-2960/82/0421-0428801.25/0 © 1982 American Chemical Society
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Chart I
CGCGAATTCGCG
123456654321
GCGC TTAAGCGC

Scheme I: Synthesis of d(CGCGAATTCGCG)
1. TPSTe

HO -GCG-0Bz (1)
2. BSA

DM-GC-PO~ + HO-G-OBz

TPSTe
—i

DM=-AT -PO” + HO-TC-PO” DM-ATTC-PO™ (2)

1. TPSTe
2 TPSTe -ATTCGCG 0Bz (3
(2) + (1) SPSI& HO-ATTCOCG -0Bz  (3)
DM-GA-PO + (3) —T1PSTe 5 _GAATTCGCG-0Bz (4)
2 BSA
TPSTe

DM -CGC-PO + (4) DM -CGCGAATTCGCG -0Bz (5)

—_—

nance spectroscopy toward the elucidation of structural fea-
tures of helix to coil transitions in deoxyoligonucleotide du-
plexes is well documented at the complementary and self-
complementary oligonucleotide and synthetic DNA level
(Cross & Crothers, 1971; Crothers et al., 1973; Patel 1974,
1979, 1980; Kallenbach et al., 1976; Early et al., 1977, 1980;
Selsing et al., 1978; Patel & Canuel, 1979; Haasnoot et al.,
1980; Miller et al., 1980; Schweizer, 1980; Pardi et al., 1981).

Differential scanning calorimetry of order—disorder tran-
sitions in oligonucleotide duplexes can provide the basis for
a complete thermodynamic characterization of the molecular
forces that control the structure and conformational flexibility
of nucleic acids in solution (Breslauer et al., 1975; Albergo
et al.,, 1981; Marky et al., 1981).

This paper describes high-resolution NMR and DSC studies
of the premelting and melting transitions of the d-
(CGCGAATTCGCG) 12-mer duplex in-aqueous solution.

Experimental Procedures

Synthesis. The dodecanucleotide was prepared by the
modified triester method (Hirose et al., 1978) as outlined in
Scheme I.

General Coupling Procedure. An oligonucleotide (1.5 equiv)
protected at the 5 end with a 4,4-dimethyltrityl group (DM)
and containing a reactive o-chlorophenyl phosphate (PO") at
the 3’ end plus 1 equiv of an oligonucleotide containing a free
hydroxyl group (HO) at the 5 end and a benzoyl group (OBz)
at the 3’ end are taken up in pyridine and evacuated in vacuo.
The procedure is repeated to ensure freedom from moisture,
and 2-2.5 equiv of 2,4,6-triisopropylbenzenesulfonyl tetrazolide
(TPSTe) is added to a concentrated solution of the reactants
in pyridine (1.5 mL/mmol). The reaction is completed in less
than 3 h as monitored by silica gel thin-layer chromatography
(TLC). The reaction is stopped by addition of water and the
solution evaporated in vacuo. The product is taken up in
chloroform, washed repeatedly with 5% sodium bicarbonate,
and with water, dried over MgSO,, and evaporated in vacuo
with a little toluene to azeotrope off residual pyridine. The
protected oligonucleotide is purified by silica gel chromatog-
raphy with a 0-4—6% methanol gradient in chioroform. The
DM-—oligonucleotide—~OBz product is deprotected at the 5’ end
with benzenesulfonic acid (BSE) to yield the HO—oligo-
nucleotide—OBz to be used in subsequent coupling steps. The
bases are N-benzoylated at adenine and cytosine and N-iso-
butyrylated at guanine during the coupling reactions.

Preparation of HO-GCG-0B:z (1). HO-G-0OBz (0.66 g,
1.5 mmol) and 3.0 g of DM-GC-PO~ (2.5 mmol) were con-

densed in the presence of 1 g of TPSTe in dry pyridine (1.5
mL/mmol). Workup and silica gel chromatography (gradient
of methanol in chloroform) afforded pure DM—-GCG—-OBz in
78% yield. Deprotection with 2% BSE in 3:7 methanol/
chloroform at 5 °C for 5 min followed by washing with sat-
urated sodium bicarbonate, drying, concentration, and tritu-
ration (1:2 ethyl ether/pentane) gave HO-GCG-OBz (1).

Preparation of DM~ATTC-PO™ (2). DM-AT-PCE (3.9
g, 3 mmol) was deblocked (1:1:3 triethylamine/water/pyridine,
20 °C, 15 min) and condensed with 1.95 g of HO-TC-PCE
(2 mmol) in the presence of 1.3 g of TPSTe. Following workup
and purification, DM-~ATTC-PO™ (2) was isolated in 82%
yield.

Preparation of HO-ATTCGCG—-OBz (3). DM-ATTC-
PCE (3.77 g, 1.77 mmol) was deblocked as before and con-
densed with 1.60 g of HO-GCG-OBz (1.11 mmol) in the
presence of TPSTe condensing agent. The product was
detritylated with BSE and chromatographed to yield the 7-mer
HO-ATTCGCG-OBz (3).

Preparation of HO-GAATTCGCG-0Bz (4). The 7-mer
HO-ATTCGCG-OBz was condensed with 1.5 equiv of DM-
GA-PO" to give the protected 9-mer DM-GAATTCGCG-
OBz in 60% yield, based on HO-GCG-OBz. Detritylation
yielded HO-GAATTCGCG-OBz (4), which was used for the
synthesis of the various dodecanucleotide duplexes outlined
in this and subsequent papers in this series.

Preparation of DM-CGCGAATTCGCG-0OBz (5). HO-
GAATTCGCG-OBz (0.35 g, 0.08 mmol) was condensed with
0.224 g of DM—-CGC-PO~ (0.12 mmol) in the presence of
TPSTe condensing agent. The product was worked up and
chromatographed through a short column of silica gel to yield
82% of fully protected DM-CGCGAATTCGCG-OBz (5).

Deprotection and Purification of Dodecamer. The o-
chlorophenyl and base-protecting groups were removed by
heating overnight at 50 °C in 1:1 concentrated ammonium
hydroxide/pyridine in a closed flask. The basic reaction
medium was removed under vacuum and the product dried
prior to treatment with 80% acetic acid for 20 min. The acid
was removed under vacuum, and the product was taken up
in aqueous solution and washed repeatedly with ether to re-
move the trityl alcohol and other byproducts. The deprotected
12-mer in aqueous solution was passed through a millipore
filter, and 8000 OD units of 12-mer was taken up in 500 mL
of 7 M urea, 0.2 M KCl, and 0.05 M Tris! buffer, pH 7.5.
This was applied to a 50 cm X 1.5 cm column of DE-23, which
was eluted with a salt gradient ranging from 0.2 to 0.4 M KCl.
A sharp peak containing 950 OD units was collected and
reapplied following a 7-fold dilution to a 6-cm DE-23 ion-
exchange column. The urea and salts were removed by elution
with excess 5 mM triethylammonium bicarbonate buffer, pH
7.8. The dodecanucleotide was eluted with 1 M triethyl-
ammonium bicarbonate and the salt removed by evaporation
under vacuum.

NMR Spectra. The exchangeable protons of the dodeca-
nucleotide in H,O were recorded in the correlation mode on
a Bruker WH-360 spectrometer with 1-s acquisition time per
scan. The nuclear Overhauser effect (NOE) experiments on
the 12-mer duplex in H,O solution were recorded on a Nicolet
360-MHz spectrometer with the application of a Redfield 214
low-power pulse sequence to nuil the H,O resonance. The
temperature-dependent nonexchangeable proton spectra of the
dodecanucleotide duplex were recorded in the Fourier trans-

! Abbreviations: OD, optical density; Tris, tris(hydroxymethyl)-
aminomethane; EDTA, ethylenediaminetetraacetic acid.



430 BIOCHEMISTRY

5¢ 2
L p 34
-5
+19°
+51°
M
| | i
14 13 12

FIGURE 1: The 360-MHz correlation proton NMR spectra (12-14
ppm) of the 12-mer duplex in 0.1 M phosphate, 2.5 mM EDTA, and
4:1 Hy0/*H,0, pH 7.50, between ~5 and +63 °C. The signal to noise
of the spectra was improved by applying a 5-Hz exponential line
broadening contribution.

form mode on an HX-360 NMR spectrometer. A proton
spectrum of the 12-mer duplex in 2H,0 at ambient temper-
ature was recorded on the Caltech 500-MHz spectrometer.
The spin decoupling experiments were undertaken in the
Fourier transform mode on a WH-500 spectrometer. The
chemical shifts are referenced relative to the internal standard
4,4-dimethyl-4-silapentanesulfonate (DSS).

The dodecanucleotide 81-MHz phosphorus NMR spectra
were recorded with broad band proton noise decoupling on a
Varian XL-200 spectrometer in the Fourier transform mode.
The chemical shifts are referenced relative to the internal
standard trimethyl phosphate. Phosphorus spin-lattice re-
laxation times were measured by the inversion recovery method
under conditions of broad band proton decoupling. The data
were accumulated in the interleave mode with a 10-s repetition
rate between pulses. Phosphorus nuclear Overhauser effects
were measured with the gated decoupling technique. Data
were accumulated in the interleave mode with the broad band
decoupler either on or off during the 10-s repetition rate be-
tween pulses.

Calorimetry. The differential scanning calorimetry was
carried out on a Microcal-1 instrument similar to one previ-
ously described in detail (Jackson & Brandts, 1970). In a
typical experiment, the reaction and the reference platinum
cells are each filled with 0.9 mL of solution, and the tem-
perature is scanned from 5 to 95 °C at a rate of 0.94 °C/min.
For a thermally induced endothermic transition, the temper-
ature of the reaction cell will lag behind that of the solvent
reference cell. In a given experiment, one continuously
measures the additional electrical energy fed back to the re-
action cell to maintain it at the same temperature as the solvent
reference cell. The instrument is calibrated by measuring the
area produced by a controlled electrical pulse. These data
(along with the known concentration of the solute) permit the
construction of a specific heat vs. temperature curve. The data
are plotted as excess heat capacity values relative to buffer.
The concentration of the 12-mer for the calorimetric mea-
surements is based on an extinction coefficient of 1.15 x 10°
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FIGURE 2: The temperature dependence of the line widths of the six
imino protons of the 12-mer duplex in 0.1 M phosphate, 2.5 mM
EDTA, and 4:1 H,0/2H,0, pH 7.50, between -5 and +63 °C.

Table I: Assignment of the Imino Watson-Crick Proton Chemical
Shift to Individual Base Pairs in the 12-mer Duplex at—5 °C%

chemical shift

base pair assignment- (ppm)
dG-dC 1 13.29
dG-dC 2 13.14
dG-dC 3 12.96
dG-dC 4 12,75
dA-dT S 13.97
dA.dT 6 13.86

@ Buffer: 0.1 M phosphate, 2.5 mM EDTA, and 4:1 H,0/*H,0,
pH 7.50.

in strands at 90 °C and 260 nm.

Results

NMR Studies. The d(CGCGAATTCGCG) duplex ex-
hibits 2-fold symmetry, and the base pairs are numbered 1-6
proceeding from the ends to the interior of the double helix
(Chart I).

(A) Imino Proton Spectra. The 360-MHz proton correla-
tion NMR spectra (12-14 ppm) of the 12-mer duplex in 0.1
M phosphate and H,0, pH 7.5, between -5 and +63 °C are
presented in Figure 1. We observe six resonances corre-
sponding to the six base pairs related by 2-fold symmetry in
the -5 °C dodecanucleotide spectrum (Figure 1). Previous
studies on model systems (Crothers et al., 1973; Patel &
Tonelli, 1974; Kallenbach et al., 1976) and transfer RNA
(Patel 1978; Robillard & Reid, 1979) demonstrate that the
two resonances at low field correspond to the thymidine H-3
imino proton in dA-dT base pairs while the four resonances
at high field correspond to the guanosine H-1 imino proton
in dG-dC base pairs for the -5 °C spectrum of the 12-mer
duplex (Figure 1).

(B) Imino Proton Line Widths. There is sequential
broadening of guanosine H-1 imino protons at 13.29, 13.14,
and 12.96 ppm of the 12-mer duplex on raising the temper-
ature from -5 to +60 °C in 0.1 M phosphate, pH 7.5 solution
(Figure 1). The remaining guanosine H-1 imino proton at
~12.7 ppm and the two thymidine imino protons at ~13.5
ppm in the 12-mer duplex broaden to the same extent above
60 °C (Figure 1). The temperature-dependent line widths of
the 12-mer duplex in 0.1 M phosphate, pH 7.5, between -5
and +63 °C are plotted in Figure 2.

(C) Guanosine Imino Proton Assignments. The observed
sequential broadening of the guanosine imino protons origi-
nates in fraying at the ends of the duplex (Patel, 1974; Patel
& Hilbers, 1975; Kan et al., 1975) and permits the assignment
of the 13.29, 13.14, 12.96, and 12.75 ppm resonances to the
imino protons of dG-dC base pairs at positions 1, 2, 3, and 4,
respectively, at -5 °C (Table I).
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FIGURE 3: The temperature dependence of the chemical shifts of the
six imino protons of the 12-mer duplex in 0.1 M phosphate, 2.5 mM
EDTA, and 4:1 H,0/?H,0, pH 7.50, between -5 and +63 °C.
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FIGURE 4: The 360-MHz correlation proton NMR spectra-(12-14
ppm) of the 12-mer duplex in 0.1 M phosphate, 2.5 mM EDTA, and
4:1 H,0/*H,0, 35 °C, at pH 7.5 and 9.3. The signal to noise of the
spectra was improved by applying a 5-Hz exponential line broadening
contribution.

(D) Thymidine Imino Proton Assignments. We have as-
signed (see NOE studies in a later section) the downfield imino
proton at 13.97 ppm to dA-dT base pair 5 and the upfield
imino proton at 13.86 ppm to dA-dT base pair 6 in the 12-mer
duplex at -5 °C (Table I, Figure 1).

(E) Imino Proton Chemical Shifts. The temperature-de-
pendent chemical shifts of the six imino protons in the 12-mer
duplex are plotted between —5 and +63 °C in Figure 3. Since
the data for terrhinal dG-dC base pair 1 are limited to one
temperature, we focus on the remaining five base pairs. We
observe a small upfield shift (<0.1 ppm) for the guanosine H-1
protons at base pairs 2—4 over this temperature range. Spe-
cifically, the imino protons of base pairs 3 and 4 exhibit tem-
perature-independent chemical shifts between ~5 and +30 °C
(Figure 3).

By striking contrast, the thymidine H-3 protons of base pairs
5 and 6 of the 12-mer duplex shift ~0.4 ppm to high field on
raising the temperature from -5 to +63 °C (Figure 3). The
chemical shift change at these resonances in the center of the
dodecamer duplex are linear with temperature and of similar
magnitude.

(F) Base Catalysis of Exchange. The imino protons in the
dodecanucleotide duplex broadened in the order: base pair
1 followed by 2 and then 3 with base pairs 4—6 broadening
out simultaneously with increasing temperature (Figures 1 and
2).

The pH dependence of the imino proton spectra of the
12-mer duplex at 35 °C is presented in Figure 4, and it can
be readily noted that the guanosine H-1 imino proton of base
pair 2 at ~13.1 ppm in the pH 7.5 spectrum is completely
broadened out in the pH 9.3 spectrum. The effect of pH on
the line widths of the 12-mer as a function of temperature is

T T T T

31.5°C

73.0°C

i 1 ] L
3 4 5

FIGURE 5: The proton noise decoupled 80.995-MHz Fourier transform
phosphorus NMR spectra (3—5 ppm upfield from standard trimethyl
hosphate) of the 12-mer in 20 mM phosphate, 0.5 mM EDTA, and
H,O, pH 8.0, at 31.5 and 73.0 °C. The signal to noise of the spectra
was improved by applying a 0.5-Hz exponential line broadening
contribution. The chemical shifts are not corrected for the temperature
dependence of the standard.

Table II: 81-MHz *'P Spin-Lattice Relaxation Time (7)) and
Nuclear Overhauser Effect (1 + n) for the Resolved
Phosphodiesters in the 12-mer Duplex at 20 °C®

relaxation

chemical shift time, NOE
(ppm)® area T, (5)° (1 +n)?
4.013 2 1.55 1.12
4.055¢ 1 1.66 0.96
4.151 2 1.62 1.11
4.258 2 1.81 1.05
4.367 2 1.62 1.04
4.479 2 1.53 1.03

9 Buffer: 20 mM phosphate, 0.5 mM EDTA, and ?H ,0, pH 8.0.

b Upfield from internal standard trimethyl phosphate. ¢ T, values
measured by mterleaved inversion recovery method with a repetx—
tion delay of 10s. @ NOE values measured by interleaved gated
decoupling method with a repetition delay of 10s. € Shoulder on
4.013 ppm resonance.

most pronounced at base pair 1, decreases at base pair 2, and
decreases further at base pair 3.

(G) Phosphorus Spectra. Proton noise decoupled 81-MHz
31P spectra of the 12-mer duplex in 20 mM phosphate solution
at 31.5 and 73.0 °C are presented in Figure 5. In the duplex
state at 31.5 °C, eight partially resolved spread over a 0.45
ppm chemical shift range are observed. By contrast, in the
strand state at 73.0 °C the chemical shifts are spread over 0.25
ppm (Figure 5). At this time we are unable to assign the
resolved phosphorus resonances to specific phosphodiesters in
the d(CGCGAATTCGCG) sequence.

We have evaluated the 81-MHz 3'P spin—lattice relaxation
times (7;) and the 3'P['*H] nuclear Overhauser effect (1 +
n) for the resolved phosphodiesters in the 12-mer spectrum
at 20 °C (Table II). The T, relaxation time values range
between 1.5 and 1.8 s while the 1 + 5 NOE values range
between 0.95 and 1.12 for the six resolved resonance in the
spectrum (Table II). Thus, there are no significant differences
between the T, and NOE values amongst the resolved phos-
phodiesters in the 12-mer duplex in solution at 20 °C.
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FIGURE 6: The 500-MHz Fourier transform proton NMR spectra
(5.3-8.1 ppm) of the 12-mer duplex in 0.1 M phosphate, 2.5 mM
EDTA, and 2H,0, pH 7.70, at ambient temperature. The resolution
of the spectrum was improved by applying an exponential line nar-
rowing contribution.
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FIGURE 7: The temperature-dependent 360-MHz chemical shifts of
the guanosine H-8 and the cytidine H-6 and H-5 resonances of the
12-mer duplex in 0.1 M phosphate, 2.5 mM EDTA, and 2H,0, pH
7.70.

(H) Nonexchangeable Proton Spectra. The 500-MHz
proton NMR spectrum of the aromatic region (5.3 to 8.1 ppm)
of the d(CGCGAATTCGCG) duplex in 0.1 M phosphate and
2H,0, pH 7.70, at ambient temperature is presented in Figure
6.

The purine H-8 resonances are deuterated at high tem-
perature and, hence, readily distinguishable from the other
resonances. The guanosine H-8 resonances are deuterated
more readily than their adenosine H-8 counterparts. The two
adenosine H-8 singlets are superimposed at 8.08 ppm while
the four guanosine H-8 singlets resonate between 7.82 and 7.94
ppm (Figure 6).

The narrow (long relaxation time) adenosine H-2 singlets
at 7.26 and 7.62 ppm can be differentiated from the broad
(long-range coupling to the CH,-5 group) thymidine H-6
singlets at 7.08 and 7.36 ppm (Figure 6).

The four cytidine H-6 doublets resonate between 7.24 and
7.62 ppm while the four cytidine H-5 doublets are observed
at 5.90 ppm and between 5.35 and 5.62 ppm (Figure 6).
Finally, the twelve sugar H-1” multiplets resonate between 5.4
and 6.2 ppm (Figure 6).
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FIGURE 8: The temperature-dependent 360-MHz chemical shifts of
the thymidine H-6 and CH,-5 protons and the adenosine H-2 and
H-8 grotons in the 12-mer duplex in 0.1 M phosphate, 2.5 mM EDTA,
and ‘H,0, pH 7.70.

Table III: Chemical Shift of dG-dC Base Pair Nonexchangeable
Protons in the 12-mer Duplex at 50 and 95 °C and Their
Transition Midpoints?

chemical shift (ppm)

resonance assignment 50 °C 95°C T CO
G(H-8) 7.93 7.94
G(H-8) 7.91 7.94
G(H-8) 7.87 7.94
G(H-8) 7.80 7.77
C(H-6) 1 7.60 7.62
C(H-6) 4 7.43 7.70 72.0
C(H-6) 2,3 7.295 7.70 72.0
C(H-6) 2,3 7.24 7.65 74.0
C(H-5) 1 5.90 5.97
C(H-5) 4 5.64 6.01 70.0
C(H-5) 2,3 5.43 5.94 71.5
C(H-5) 2,3 5.35 5.90 72.0

@ Buffer: 0.1 M phosphate, 2.5 mM EDTA, and *H,0, pH 7.70.

Table IV: Chemical Shift of dA-dT Base Pair Nonexchangeable
Protons in the 12-mer Duplex at 50 and 95 °C and Their
Transition Midpoints®

chemical shift (ppm)

assign-
resonance  ment 50°C 95°C Ty (°C)
A(H-8) 8.04 8.14
A(H-8) 8.04 8.27
A(H-2) 5 7.30 8.02 71.5
A(H-2) 6 7.63 8.00 71.5
T(H-6) 5 7.35 7.545 71.5
T(H-6) 6 7.04 7.50 72.0
T(CH,-5) 5 1.545 1.835 70.5
T(CH,5) 6  ~1.28 1.745

% Buffer: 0.1 M phosphate, 2.5 mM EDTA, and *H,0, pH 7.70.

(I) Duplex to Strand Transition. The nonexchangeable
resonances of the 12-mer duplex in 0.1 M phosphate can be
monitored through the duplex to strand transition as average
resonances. The data for the four dG-dC base pairs are plotted
in Figure 7 and for the two dA.dT base pairs are plotted in
Figure 8. Those resonances, which shift by 20.4 ppm during
the melting transition, exhibit broadening in the vicinity of
the midpoint of the transition. )

The nonterminal base pair resonances exhibit transition
midpoints of 72 £ 2 °C for the dodecanucleotide duplex in
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0.1 M phosphate with no significant differences between the
three nonterminal dG-dC base pairs (Table III) and the central
dA-dT base pairs (Table IV).

We attempt below to assign as many of the base protons
to specific residues in the sequence. By contrast, we are unable
at this time to assign any of the sugars H-1" resonances.

(J) Cytidine Proton Assignments. The H-6 and H-5 protons
on a given cytidine are coupled to each other and can be
identified by spin decoupling experiments. This permitted
correlation of the cytidine H-6 and H-5 protons corresponding
to each of the four cytidines in the dodecanucleotide sequence.
The results of the decoupling experiments are summarized in
Table III.

The cytidine H-6 and H-5 resonances at lowest field, which
do not exhibit significant chemical shift change during the
melting transition (Figure 7, Table III), are assigned to the
cytidine at position 1 in the sequence. This reflects the neg-
ligible shielding contributions from base pair 2 at this terminal
residue.

The cytidines at positions 2 and 3 are located in the interior
of the alternating d(CGCG) tetranucleotide segment in the
dodecanucleotide duplex. It follows that the cytidine H-5 and
H-6 chemical shifts at positions 2 and 3 in the dodecanu-
cleotide should be similar to the cytidine H-5 chemical shift
of ~7.28 ppm and cytidine H-6 chemical shift of ~5.38 ppm
in the (dC—dG),, duplex (Patel, 1980). This permits the as-
signment of the two H-5 doublets at highest field and the two
H-6 doublets at highest field to the cytidines at positions 2
and 3 in the dodecanucleotide sequence although we cannot
distinguish between them (Table III). The remaining cytidine
residue with H-6 and H-5 duplex chemical shifts at 7.43 and
5.64 ppm, respectively, are assigned to cytidine 4 in the do-
decanucleotide sequence (Table III).

The cytidine H-6 and H-5 proton assignments of base pairs
1 and 4 were confirmed by NMR studies on the 4-Br*dC
12-mer and 1-Br®dC 12-mer analogues. Three cytidine H-6
doublets and three cytidine H-5 doublets are observed in these
spectra. The missing cytidine H-6 doublet and H-5 doublet
are assigned to the cytidine at the bromination site. These
results unambiguously confirm the tentative assignments
discussed above of the cytidine protons at positions 1 and 4
in the 12-mer duplex (Table III).

(K) Guanosine Proton Assignments. The four guanosine
H-8 protons can be resolved from each other and undergo
negligible shifts during the 12-mer duplex to strand transition
(Figure 7). Currently, we are unable to assign individual H-8
resonances to specific guanosines in the sequence.

(L) Thymidine Proton Assignments. The d(GGAATTCC)
8-mer duplex and the d(CGCGAATTCGCG) 12-mer duplex
have a common d(GAATTC) hexanucleotide core. This re-
sults in the thymidine base proton resonances exhibiting similar
chemical shifts in the 8-mer and 12-mer duplexes. We have
distinguished between the two thymidines in the d-
(GGAATTC) duplex by studies on an analogue where one of
the dT residues is replaced by a trifluoromethyl*dU residue
(D. J. Patel, C. Broka, and K. Itakura, unpublished results).
The known thymidine assignments in the 8-mer duplex permits
by analogy the assignment of the downfield thymidine H-6
and CH;-5 to position 5 and the upfield thymidine H-6 and
CH,;-5 to position 6 in the 12-mer duplex (Table IV).

(M) Adenosine Proton Assignments. The two adenosine
H-8 resonances are superimposed in the 12-mer duplex state
but exhibit a chemical shift difference in the strand state
(Figure 8). We are unable to distinguish between dA.dT base
pairs 5 and 6 for these two adenosine H-8 resonances.

T T

FIGURE 9: Nuclear Overhauser effect between the thymidine H-3
imino exchangeable proton and the adenosine H-2 nonexchangeable
proton in the dA-dT base pairs of the 12-mer duplex in 0.1 M
phosphate, ] mM EDTA, and 4:1 H,0/?H,0, pH 5.8, at 1 °C. (A)
The decoupling pulse is applied in a resonance-free region. (B) The
decoupling pulse is applied at the dA-dT base pair 6 imino proton,
and the difference spectrum shows negative NOE’s at the adenosine
H-2 protons (see asterisks). (C) The decoupling pulse is applied at
the dA«dT base pair 5 imino proton, and the difference spectrum shows
negative NOE’s at the adenosine H-2 protons (see asterisks) and the
imino proton of dG-dC base pair 4 (see arrow). The spectra were
recorded by using a Redfield 214 low-power pulse sequence. The
decoupler was on for 1 s with a 10-ms delay between pulses. The
signal to noise of the spectrum was improved by applying a 5-Hz line
broadening contribution. A smoothing routine-was applied to remove
the curvature in the base line associated with the 214 pulse sequence.

Sanchez et al. (1980) demonstrated a nuclear Overhauser
effect (NOE) between the nonexchangeablé adenosine H-2
proton and the exchangeable uridine H-3 proton of the same
A-U base pair in tRNA. It should therefore be possible to
correlate the known thymidine H-3 assignments at base pairs
5 and 6 in the 12-mer duplex to their adenosine H-2 coun-
terparts by NOE measurements.

The two thymidine imino protons in the 12-mer duplex are
separated by 0.1 ppm (Figure 9A), and, hence, it is not possible
to saturate one of them without partially saturating the other.
Full saturation of the upfield thymidine imino proton of dA-dT
base pair 6 along with partial saturation of its dA-dT base pair
5 downfield counterpart results in the observation of two
resonances in the aromatic region (7.0-9.0 ppm) of the 12-mer
difference spectrum at 1 °C (Figure 9B). We assign the
downfield adenosine H-2 at 7.6 ppm, which exhibits the greater
intensity in the difference spectrum (Figure 9B), to base pair
6 while its upfield counterpart at 7.2 ppm is assigned to base
pair 5 in the 12-mer duplex (Table III).

The reverse experiment involving full saturation of the
downfield thymidine imino proton of base pair 5 and partial
saturation of the upfield thymidine imino proton of base pair
6 is presented in Figure 9C. The two adenosine H-2 reso-
nances in the difference spectrum of the 12-mer at 1 °C have
similar intensities (Figure 9C). This suggests that the mag-
nitude of the thymidine H-3-adenosine H-2 NOE at dA.dT



434 BIOCHEMISTRY

ZBUFFER

| J | I | | | | ‘

20 30 40 50 60 0 80 90
TEMPERATURE (*C}

FIGURE 10: Tracing of recorder output from differential scanning
calorimeter for the 12-mer in 10 mM phosphate buffer, 0.1 M NaCl,
and 0.1 mM EDTA at pH 7.0. The strand concentration is 0.65 mM.
The y axis is compensating electrical energy required to maintain the
sample cell at the same temperature as the reference cell and the x
axis is temperature.

COMPENSATING ELECTRICAL ENERGY

Table V: Transition Enthalpies for the 12-mer Duplex
in NaCl Solution®

method of analysis  0.01 M NaCl 0.1 M NaCl
calorimetric 90 kcal (mol 102 kcal (mol
of duplex)™! of duplex)!
van’t Hoff 94 kcal (“mol”)™! 74 kcal (“mol”)™!

¢ Buffer: 10 mM phosphate and 0.1 mM EDTA, pH 7.0.
Calorimetric data represent averages of at least three independent
determinations.

base pair 6 is larger than that at dA.dT base pair 5 in the
12-mer duplex in solution.

Recent studies have demonstrated small NOE effects be-
tween imino protons on adjacent base pairs in tRNA (Redfield
et al,, 1981). Inspection of the difference spectrum in Figure
9C indicates that saturation of the thymidine imino proton of
dA-dT base pair S results in a small negative NOE at the imino
proton of dG-dC base pair 4 (indicated by arrow).

(N) Premelting Chemical Shift Changes. We observe
temperature-dependent chemical shift changes at the upfield
thymidine H-6 and adenosine H-2 protons (Figure 8) of the
d(CGCGAATTCGCG) duplex between 0 and 60 °C. By
contrast, the nonexchangeable cytidine H-5 and H-6 and
guanosine H-8 resonances of the four dG-dC base pairs in the
dodecanucleotide duplex do not exhibit any significant chem-
ical shift changes in the premelting transition region (Figure
7).

Calorimetry. Figure 10 shows a tracing of the recorder
output from the differential scanning calorimeter (DSC) for
the thermally induced transition of the 12-mer duplex. The
derived calorimetric heat capacity curves for the helix to coil
transition of the dodecanucleotide duplex in 0.01 and 0.1 M
NaCl are shown in Figure 11. The transition midpoints are
65.6 °C in 0.01 M NaCl and 71.3 °C in 0.1 M NaCl.

(A) Calorimetric Enthalpy. From the areas under the heat
capacity curves (Figure 11), calorimetric enthalpies of 90 kcal
(mol of double strand)~! in 0.01 M NaCl and 102 kcal (mol
of double strand)™! in 0.1 M NaCl are obtained for the or-
der—disorder transition of the 12-mer duplex (Table V).

(B) van't Hoff Enthalpy. Analysis of the shapes of the
calorimetric heat capacity curves allows calculation of the van’t
Hoff enthalpy change according to the equation (Gralla &
Crothers, 1973)

-4.37

T (/T - (/o)

This treatment yields transition enthalpies of 94 kcal in 0.01
M NaCl and 74 kcal in 0.1 M NaCl. Inspection of the data
in Table V reveals that in 0.01 M NaCl the model-dependent
van’t Hoff and model-independent calorimetric transition

AHy y (n
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FIGURE 11: Calorimetric heat capacity vs. temperature curves for
the 12-mer duplex in 0.01 and 0.1 M NaCl, 10 mM phosphate, and
0.1 mM EDTA at pH 7.0. The strand concentration is 0.65 mM.

enthalpies are equal within experimental uncertainty. This
contrasts with the 0.1 M NaCl data where the van’t Hoff
transition enthalpy is substantially smaller than the calori-
metrically determined value. The significance of the equality
and inequality of the calorimetric and van’t Hoff enthalpies
will be discussed.

Discussion

Symmetry in the Duplex State. We observe six ex-
changeable imino resonances for the self-complementary d-
(CGCGAATTCGCG) sequence in 0.1 M phosphate, pH 7.5,
at =5 °C (Figure 1), consistent with the formation of a twelve
base-paired dodecanucleotide duplex with 2-fold symmetry in
solution. These observations contrast with the absence of 2-fold
symmetry in the d(CGCGAATTCGCG) duplex in the crys-
talline state (Wing et al., 1980; Drew et al., 1981; Dickerson
& Drew, 1981). This difference may reflect the effect of
crystal packing forces since adjacent dodecanucleotide duplexes
are staggered relative to each other with hydrogen bonding
between trinucleotide ends in the crystalline state (Wing et
al., 1980; Drew et al., 1981; Dickerson & Drew, 1981).

Resonance Assignments. The assignment of all six resolved
imino protons in the 12-mer spectrum (Table I) yields NMR
markers at individual base pairs in the duplex.

We are unable to assign any of the phosphodiester reso-
nances in the 3!P spectra of d(CGCGAATTCGCG) in the
duplex (31.5 °C) or the strand (73.0 °C) states (Figure 5).
The chemical shift dispersion is larger in the duplex state (0.45
ppm) compared to the strand state (0.25 ppm). This obser-
vation suggests variation in the O-P torsion angles and/or
O-P-O bond angles of individual phosphodiester residues
(Patel, 1976; Gorenstein & Kar, 1977; Simpson & Shindo,
1980) in the duplex state.

The application of spin decoupling, NOE effects, chemical
modification, and comparison with suitable models has per-
mitted the assignment of the majority of the purine H-2 and
pyrimidine H-6, H-S, and CH;-5 resonances to specific pos-
itions in the d(CGCGAATTCGCG) sequence (Tables ITI and
IV). By contrast, we are unable to differentiate between the
four guanosine H-8 and between the two adenosine H-8
protons nor can we assign any of the sugar H-1’ protons.

Fraying. We have previously demonstrated base and
phosphate catalysis of the temperature-dependent exchange
of the imino protons at dA-dT base pairs at the ends of the
d(ATGCAT) duplex (Patel, 1974; Patel & Hilbers, 1975;
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Hilbers & Patel, 1975). The sequential broadening of the
thymidine imino protons with temperature in the premelting
transition region was assigned to fraying at the terminal and
internal dA.dT base pairs of the hexanucleotide duplex. By
contrast, proton NMR studies on a pentanucleotide comple-
mentary duplex containing dA-dT base pair flanked by dG-dC
dinucleotide segments provided no evidence for fraying at the
dG-dC ends of the duplex (Crothers et al., 1973).

We therefore set out to probe for fraying at the dG-dC
tetranucleotide ends in the d(CGCGAATTCGCG) duplex by
monitoring the imino protons as a function of pH and tem-
perature in phosphate solution. The sequential nature of the
broadening with increasing temperature in the premelting
region of three guanosine imino protons followed by the si-
multaneous broadening of the remaining guanosine and thy-
midine imino protons demonstrates fraying at the terminal
dG-dC base pair 1, which extends up to base pair 3 for the
dodecanucleotide duplex in 0.1 M phosphate at pH 7.5
(Figures 1 and 2).

Fraying is represented by a rapid equilibrium between
base-paired and open states with exchange occurring through
occassional leakage from the open state to solvent. Since this
exchange process can be catalyzed by base, the fraying process
can be identified in the premelting transition region from the
pH dependence of the imino proton line widths of oligo-
nucleotide duplexes (Patel & Hilbers, 1975). The base ca-
talysis of the guanosine imino proton exchange rates in the
12-mer duplex is readily observable by the increase in line
widths on raising the pH from 7.5 to 9.3 (Figure 4).

We also note an ~ 100-Hz broadening of the imino protons
of base pairs 2 and 3 at 26 and 51 °C, respectively, for the
12-mer duplex in 0.1 M phosphate, pH 9.3, solution. By
contrast, the duplex to strand transition of the dodecanucleotide
monitored by the nonexchangeable protons exhibits a transition
midpoint of 72.5 °C. These data are consistent with solvent
exchange at base pairs 1, 2, and 3 occurring at temperatures
below the midpoint of the cooperative component of the
transition.

Premelting Transition. The large temperature-dependent
chemical shifts of the thymdine imino protons of the dA-dT
base pairs in the center of the duplex contrasts strongly with
the small temperature-dependent chemical shifts of the gua-
nosine imino protons of dG-dC base pairs at either end of the
dodecanucleotide duplex in the premelting transition region
(Figure 3).

We observe an ~0.4 ppm upfield chemical shift at the imino
protons of the tetranucleotide core of the dodecanucleotide
duplex over a 70 °C temperature range (Figure 3). This
observation may reflect sequence-dependent conformational
changes such as base-pair propeller twisting and/or duplex
unwinding at the dA.dT base pairs in the premelting region.

Melting Transition. We observe upfield shifts at the dG-dC
base resonances (Table III, Figure 7) and the dA.dT base
resonances (Table IV, Figure 8) on d(CGCGAATTCGCG)
duplex formation. These upfield shifts reflect the ring current
and heteroatom magnetic anisotropy contributions (Prado et
al., 1981) at a given base-pair proton from adjacent stacked
base pairs in the dodecanucleotide duplex. The calculated
shifts have been computed for the conformation of the dode-
canucleotide in the crystalline state (Drew et al., 1981) and
are reported elsewhere (B. J. Waganor, C. K. Mitra, M. H.
Sarma, R. H. Sarma, and D. J. Patel, unpublished results).

The observation of a common transition midpoint of 72 £
2 °C for the nonexchangeable protons on dG-dC base pairs
2, 3, and 4 (Table III) and dA-dT base pair 5 and 6 (Table

VOL. 21, NO. 3, 1982 435

IV) in the d(CGCGAATTCGCG) duplex in 0.1 M phosphate
requires that the nonterminal base pairs of the dodecanu-
cleotide melt cooperatively through the duplex to strand
transition.

Overall Stability. From the calorimetric heat capacity
curves, we obtain melting temperatures of 65.6 (0.01 M NaCl)
and 71.3 °C (0.1 M NaCl) for the cooperative double to single
strand transitions of the 12-mer duplex. Inspection of the
12-mer NMR melting temperature data in 0.1 M phosphate
(Tables III and IV) reveals a common transition midpoint of
72 £ 2 °C for the nonexchangeable, nonterminal protons.
Thus, at comparable duplex and salt concentrations NMR and
DSC provide equivalent means for determining T, values for
the cooperative transition investigated in this study.

Nature of the Transition. Comparison of the van’t Hoff
and calorimetric enthalpies provides unique insights into the
nature of the transition. If the van’t Hoff enthalpy (which
is calculated here assuming two-state behavior) equals the
directly measured calorimetric enthalpy, then the transition
occurs in an all-or-none manner. However, if “intermediate
states” are significantly populated, then AHy 3 < AH, (Tsong
et al., 1970). In the event of intermolecular effects (e.g.,
aggregation), it is possible for AHyy > AH;. However, for
several reasons we do not believe that our data are influenced
by such intermolecular phenomena. To begin with, our
transitions start at temperatures well above the range in which
NMR line width data suggest aggregation to be significant.
Furthermore, repeat calorimetric scans yield identical results
thereby eliminating the possibility of effects due to aggregates
whose formation is kinetically linked. For these reasons we
feel that our calorimetric results correspond exclusively to the
duplex to single strand transition.

Inspection of the data in Table V reveals that in 0.01 M
NaCl the calculated van’t Hoff enthalpy (94 kcal) is similar
in magnitude to the calorimetric value [90 kcal (mol of du-
plex)™!] while in 0.1 M NaCl the van’t Hoff enthalpy (74 kcal)
is considerably smaller in magnitude than that measured
calorimetrically [102 kcal (mol of duplex)™']. Thus, we con-
clude that in 0.01 M NaCl the helix—coil transition of the
dodecamer duplex approaches two-state behavior while in 0.1
M NacCl the transition does not occur in a two-state manner.

The detailed nature of the transitions can be further defined
by using the thermodynamic data to calculate the fraction of
the duplex that melts in a cooperative manner. By dividing
the van’t Hoff enthalpy by the calorimetric enthalpy, we obtain
a measure of the size of the cooperative unit. Using the data
listed in Table V, we calculate that in 0.01 M NaCl the co-
operative unit involves 100% of the base pairs formed under
these conditions. By contrast, in 0.1 M NaCl we calculate
that the cooperative unit involves 72% of the duplex or about
9 £ 1 out of the 12 base pairs.
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