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Phosphorus-3 1 Nuclear Magpetic Resonance of Double- and 
Triple-Helical Nucleic Acids. Phosphorus-3 1 Chemical Shifts as a 
Probe of Phosphorus-Oxygen Ester Bond Torsional Anglest 
David G. Gorenstein,*** Bruce A. Luxon, Evelyn M. Goldfield, Kofen Lai, and Donna Vegeais 

ABSTRACT: The temperature dependence to the 31P NMR 
spectra of poly[d(GC)]*poly[d(GC)], d(GC).,, phenylalanine 
tRNA (yeast) and mixtures of poly(A) + oligo(U) is pres- 
ented. The NMR spectra of mixtures of complementary 
RNA and of the poly d(GC) self-complementary DNA provide 
torsional information on the phosphate ester conformation in 
the double, triple, and “Z” helix. The increasing downfield 
shift with temperature for the single-strand nucleic acids 
provides a measure of the change in the phosphate ester 

have recently proposed that 31P chemical shifts in 
phosphate esters may serve as a direct probe of P-O ester bond 
torsional angles. Both theoretical considerations [Gorenstein 
& Kar, 1975; see also Gorenstein (1975, 1978, 1981) and 
Pradd et al. (1979)] and direct experimental tests of this 
hypothesis [Gorenstein et al., 1976; Gorenstein & Luxon, 
1979; see also Pate1 (1979a,b) and Gueron & Shulman (1975)l 
confirm that the 31P signal of a phosphate diester monoanion 
in a gauche,gauche (g,g)’ conformation (as found in the helix 
state) should resonate several parts per million upfield from 
a diester in a nongauche conformation (as found in the random 
coil state). 

These conclusions prove to be especially significant since 
other spectroscopic probes fail to provide detailed conforma- 
tional information on the phosphate ester bonds in the nucleic 
acids. Since it is now believed that of the six torsional angles 
that largely define the conformational structure of nucleic 
acids, the two P-O ester torsional angles provide the main 
conformational flexibility to the nucleic acid backbone (Kim 
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conformation in the single helix to coil conversion. A separate 
upfield peak (20-26% of the total phosphates) is observed at 
lower temperatures in the oligo(U).poly(A) mixtures which 
is assigned to the double helixltriple helix. Proton NMR and 
UV spectra confirm the presence of the multistrand forms. 
The 31P chemical shift for the double helix/triple helix .is 
0.2-0.5 ppm upfield from the chemical shift for the single helix 
which in turn is 1 .O ppm upfield from the chemical shift for 
the random coil conformation. 

et al., 1973; Sundaralingam, 1969). Thus 31P NMR can 
monitor the “helix-coil” transitions in single-stranded nucleic 
acids (Gorenstein et al., 1976; Haasnoot & Altona, 1979). A 
large (0.7-1.3-ppm) downfield shift for a wide structural range 
of nucleic acids was observed (Gorenstein et al., 1976) upon 
raising the temperature. At low temperature the nucleic acids 
will exist largely in a base stacked, helical conformation with 
the phosphate ester predominantly in the g,g conformation, 
while at higher temperatures the nucleic acids will largely exist 
in random coil, unstacked conformations with the phosphate 
ester in an increased proportion of nongauche (Le., g,t, etc.) 
conformations [see, for example, reviews such as Ts’o (1975)]. 

Earlier 31P NMR2 model studies were conducted on a 
number of simple ribo- and deoxyribodinucleoside mono- 
phosphates and homopolyribonucleic acids [see also Akasaka 
et al. (1975) and Cozzone & Jardetzky (1976)l. In the present 
work we extend these 31P NMR studies on single-stranded 
nucleic acids to double- and triple-stranded nucleic acids. In 

’ We should mention that for purposes of conveniently describing the 
torsional dependence to chemical shifts, we generally make no distinction 
between torsional angles +60° (+g) or -6OO (-g). In addition, w,w’ 
torsional angles of g,? (6Oo,18O0), -g,t, t g ,  and t,-g will often be grouped 
together as g,t. Similarly, g,g includes conformers -g,-g, g,-g, and -g,g, 
although the latter two conformers do have ,‘P chemical shifts that are 
different from g,g (Gorenstein & Kar, 1975). 

* Abbreviations: NMR, nuclear magnetic resonance; ORD, optical 
rotatory dispersion; CD, circular dichroism, EDTA, (ethylenedinitri1o)- 
tetraacetic acid; poly(A), poly(adeny1ic acid); oligo(U), oligo(uridy1ic 
acid); poly[d(GC)], poly(deoxyguanidylcytidy1ic acid); bp, base pair. 
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particular, separate 3'P signals are observed for the multi- 
stranded poly(A)-oligo(U) helix and the single-strand forms 
of poly(A) and oligo(U). 31P NMR thus will be shown to 
provide a useful tool for direct estimation of the fraction of 
the different strand forms in solution. 
Use of poly[d(GC)]-poly[d(GC)] which forms a "Z-DNA" 

conformation at high salt concentrations (Pohl & Jovin, 1972; 
Wang et al., 1979; Pate1 et al., 1979) provides an important 
model for testing the theoretical predictions of the stereoe- 
lectronic (P-O ester bond torsional angle) effect in 31P 
chemical shifts since in Z-DNA the conformation of the 
phosphodiester backbone alternates between g,g and g,t. 
Finally, these model systems will also serve as a basis for 
understanding the 31P NMR spectra of more complex nucleic 
acids (such as the transfer RNAs). 

Experimental Procedures 
NMR Spectra. All of the nucleic acids were obtained from 

either Sigma Chemical Co., P-L Biochemials, Boeringer 
Mannheim, or Collaborative Research. To safeguard against 
possible contamination of the biochemicals by paramagnetic 
metal ion impurities, we dissolved all (except the tRNA) in 
double distilled water and passed them through a column of 
Chelex- 100 ion-exchange resin (Na+ form) purchased from 
Bio-Rad Laboratories. The eluent was lyophilized, and the 
solid was dissolved in buffer solution [12-30 mg/mL for 
poly(A).oligo(U) and 50 OD units/0.4 mL for poly[d- 
(GC)]*poly[d(GC)]] if it was to be used immediately or stored 
at -5 "C if it was to be used at some later time. The pH of 
the buffer-nucleic acid solutions was adjusted on a Radiometer 
Model PHM 64 Research meter to a pH of 7.0. The tRNA 
samples were prepared as previously described (Gorenstein & 
Luxon, 1979). 31P NMR spectra were recorded on a Bruker 
WP-80 FT spectrometer at 32.4 MHz or a superconducting 
Nicolet NTC-360 spectrometer at 145.7 MHz (31P). For the 
high-field NMR studies, the nucleic acid solution plus 20% 
D20 for field locking was placed in a Wilmad spherical mi- 
crocell which in turn was inserted into a 12 mm OD NMR 
tube containing distilled water. In the low-field NMR studies, 
the sample was placed in a 5-mm NMR tube. Sample volume 
for both high- and low-field spectra was 0.4-0.5 mL. 

High-field, Fourier transform 31P NMR spectra were taken 
on the Nicolet NTC-360 spectrometer with 56" pulses, 16K 
data points, and a 1.86-s recycle time. At low field, 67-75' 
pulses, 4K-8K data points, and 2.0-s recycle times were used. 
Some spectra used 90" pulses and a 4.0-s recycle time. The 
spectra were broad-band 'H decoupled. The temperature of 
the sample was controlled to within f l  "C by Bruker or 
Nicolet (on the NTC-360 spectrometer) temperature control 
units with nitrogen gas as a coolant. Decoupling at the su- 
perconducting field produced about 10-15 "C heating of the 
sample above the gas stream measured temperatures, even 
when using a gated two-level decoupling procedure [see 
Gorenstein & Luxon (1979)]. A correction of the heating 
problem is described below. 

All chemical shifts were referenced to 15% phosphoric acid 
in D20 (0.00 ppm) at room temperature (25 "C). This sample 
is 0.453 ppm upfield from 85% H3P04 with an external D20  
lock. Positive chemical shifts are downfield from phosphoric 
acid. 

External Standard Measurements. The poly(A) used in 
an external standard measurement experiment was purified 
of paramagnetic metal ions by extraction of the aqueous so- 
lution with dithiazone (Baker) in CCl,. After the solution was 
further washed with CCl, to remove remaining dithiazone, the 
sample was centrifuged and the aqueous layer placed in an 
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NMR tube. An external standard of trimethyl phosphate 
(0.164 M) in a concentric capillary was inserted into a 5-mm 
NMR tube containing a 1:l poly(A)-oligo(U) sample which 
was 18 mM in base pairs. 
NOE Measurements. The nuclear Overhauser effect 

(NOE) measurements were done on the Bruker WP-80 by 
using a sample which was 64 mM in base pairs in standard 
buffer. Measurements used 90" pulses, 4K data points, an 
18-s recycle time, and 750 scans. Spectra were alternated 
between broad-band decoupling and a gated decoupling pro- 
cedure where the decoupler was off for 14 s between scans and 
turned on 0.002 s before the 4-s acquisition. These spectra 
were then Fourier transformed by using 16K of memory, with 
no exponential multiplication. 
'H spectra were taken on the WP-80 FT NMR spectrom- 

eter in D20 buffer. 
WSpectra,  Melting Curves, and Mixing Plots. Uv spectra 

were taken on a Varian/Cary 210 UV/VIS spectrophotometer 
equipped with the capability for direct plotting of absorbance 
vs. temperature. Melting CUNS were obtained by monitoring 
spectral changes with slow cooling (<0.5 "C/min) of the 
sample through the melting transition (80-4 "C). Melting 
temperatures, T,, represent the midpoint of the transition 
unless otherwise specified and are little different (f2 "C) from 
the T,'s defined by the inflection point in the curves. Little 
hysteresis ( f2  "C) in T ,  was observed if the same samples 
were slowly heated through the transition. 

Determination of extinction coefficients was done by hy- 
drolyzing the poly(A) or oligo(U) at pH 11.6 for 1 h at 40 
"C. The absorbance of the hydrolyzed sample was measured 
at pH 7 at 260 nm and room temperature [eza = (15.4 f 0.4) 
X lo3 for adenosine monophosphate and €262 = (10.0 f 0.4) 
X lo3 for uridine monophosphate]. 

31P Thermometer. In order to correct for the solution 
heating by the decoupler, we designed a 31P "thermometer". 
A solution of trimethyl phosphate (10 mM), sodium hydrogen 
phosphate (10 mM), and EDTA (1 mM) in a Tris buffer (100 
mM) and in the appropriate salt solution (0.1 M NaCl) in 20% 
D20 was adjusted to pH 7.0. The added salt was calculated 
to yield the approximate total ionic strength of the nucleic acid 
solution since decoupler heating is greater at higher salt 
concentrations. The frequency separation between the tri- 
methyl phosphate and inorganic phosphate signals is tem- 
perature sensitive (Figure 1). Trimethyl phosphate shifts 
downfield with increasing temperature while the inorganic 
phosphate shifts upfield as the pH decreases with increasing 
temperature (Tris pK is very sensitive to temperature). The 
shift range (1.5 ppm) and reproducibility of the measured shift 
difference from 0 to 90 "C are sufficient to calibrate the 
internal temperature of the 31P thermometer to f l  "C. The 
same thermometer sample was used on the NTC supercon- 
ducting and Bruker WP-80 spectrometers. The temperature 
on the WP-80 spectrometer was directly measured in the probe 
with a Wilmad 5-mm thermometer. The 31P shift difference 
(and hence sample temperature) on the Bruker spectrometer 
was the same with the decoupler off or set to 2.0 W. In 
contrast, the NTC decoupler heated the sample by 16 "C (at 
10 "C) to 4 "C (at 70 "C) even with a two-level decoupling 
procedure (gated low, 1 W, at all times except during collection 
of the FID when it was gated high, 2 W). Single-level, 4 W 
decoupling produced greater than 25 "C heating and points 
out the importance of correction for this problem at very high 
fields. 

Results 
Poly(A).Oligo(U) UV Spectroscopy. By monitoring the 
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FIGURE 1: thermometer. Chemical shift difference (0) between 
trimethyl phosphate and phosphate ,*P signals as a function of tem- 
perature ("C). 

I 
''O 1 260 nm 
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"C 

FIGURE 2: Ultraviolet melting curves of 1:l (A), 1:2 (A), 1:3 (O), 
and 2:l (0) mixtures of poly(A) and Urn in 0.2 M NaCl, 10 mM 
cacodylate, and 1 mM EDTA, pH 7.0. 

absorbance at 260 and 280 nm for various mixtures of poly(A) 
and UzO (P-L Biochemicals; average strand length, 20 bases) 
at constant total nucleotide concentration, we were able to 
demonstrate the presence of both double and triple helices 
(data not shown). Thus breaks occurred in the mixing curves 
at roughly 33 and 50% poly(A) at 5 OC, 280 nm. The ab- 
sorbance changes at 260 nm monitor melting of double (breaks 
at 50%) and triple (breaks at 33%) helices, whereas only 
triple-helix to single-strand Nuilibria are monitored at 280 
nm (Stevens & Felsenfeld, 1964). 

Melting curves (Figure 2) at various concentrations, salt 
conditions, and proportions of poly(A) + oligo(U) confm that 
a cooperative melting of these multistrand helices occurs at 

7 4 1  

0 20 40 60 BC 
O C  

FIGURE 3: Proton NMR chemical shift vs. temperature for the H6 
proton in U7 (0) and the H2 proton of poly(A) (X) in a 1:l complex 
in 1 mM EDTA and D20. 

melting temperatures, T,, between 45 and 55 OC. 
'H NMR ofPoly(A).Oligo( U). The temperature depen- 

dence to the H2 and H6 signals of the adenosine ring in 
poly(A) and the uracil ring in U7 (P-L Biochemicals; average 
strand length, seven bases), respectively, is shown in Figure 
3. Assignment of the signals in the high-temperature spectra 
is based upon the spectral assignments of mononucleotide 
models (Borer et al., 1975). In this 1:l mixture, association 
via base stacking and H bonding in a multistranded complex 
produces an upfield shift in the H-6 signal (0.8 ppm) (Patel, 
1979a,b; Borer et al., 1975). The sigmoidal curve with T,  - 30 OC thus monitors melting of the multistranded helices. 

The 31P NMR spectra of poly(A)*Uzo at a 1:l ratio and a 
1:2 ratio are shown in Figures 4-6. At high temperatures 
the spectra correspond to the superposition of the individual 
nucleic acid components. 

Heterogeneity in the single-strand forms of the nucleic acids 
is shown by the additional minor 31P signals in these spectra 
at high temperature. These signals must either represent 
phosphates in different sections of the strands (middle vs. ends) 
or in different strand lengths [the poly(A) and oligo(U) sam- 
ples are only mixtures of various lengths with averages of >400 
bases and -20 bases, respectively). Note that two quite 
distinct poly(A) single-strand signals (intensity - 2: 1) are 
observed at 145.8 MHz (Figure 5B). In addition, hetero- 
geneity in the oligo(U) sample can be seen most clearly in the 
31P spectrum of Figure 4B. This highly resolved spectrum 
reveals, besides the main oligo(U) downfield signal at 0.1 1 
ppm, additional minor signals at 0.22 ppm and at 0.06 ppm 
[a downfield shoulder to the poly(A) signal]. This hetero- 
geneity explains why even in the completely relaxed 31P 
spectrum of Figure 4B, the apparent signal intensities and 
areas for the two main signals corresponding to oligo(U) and 
poly(A) are not in the expected ratio of 1:l. Note that sample 
concentrations were determined by measurement of the optical 
density at 260 nm of standard solutions of the separate nucleic 
acids, Mixtures were prepared volumetrically from these 
standard solutions, and extinction coefficients for the nucleic 
acids were even redetermined (see Experimental Procedures) 
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sample is only 0.68 (spectra not shown). This ratio increases 
to 0.80 in Figure 4B with a recycle time of 18 s. Both signals 
are near their equilibrium magnetization with the longer re- 
cycle time while with the shorter times the oligo(U) signal is 
partially saturated relative to the poly(A) signal. 

At lower temperatures (T < T,  - 48 "C) a new broad 
upfield signal appears 0.4-0.6 ppm upfield from the single- 
strand nucleic acids. 13P melting curves (Figures 6 and 7) and 
line-width data (Figure 8) confirm that this upfield signal 
(above 0.8 ppm) corresponds to the double and/or triple 
helices. 

31P spectra and melting curves for poly[d(GC)].poly[d- 
(GC)] are shown in Figures 9 and 10, respectively. Besides 
the phosphate diester signals shown in Figure 9, two smaller 
monoester signals (total of 15% of total phosphate) are ob- 
served between 4 and 5 ppm. This is confirmed by the ob- 
servation that 16% of the total nucleic acid OD260 units are 
not precipitated in perchloric acid, and thus at most 16% of 
the sample represents small (<lo bp) oligonucleotides (Cohen 
et al., 1981). Our sample has either a number of single-strand 
breaks or a small amount of oligonucleotide fragments. 
However, this poly[d(GC)] has a reported sedimentation 
coefficient, s ~ ~ , ~ ,  of 8.2 (P-L Biochemicals circular), and UV 
spectroscopy shows that it does not melt up to 95 "C, con- 
firming that it is indeed a high molecular weight preparation. 
Thus Cohen et al. (1981) have shown that a sonicated sample 
of poly[d(GC)] characterized as being 50-200 bp in length 
has a T, of 58.5 OC under low salt conditions. d(GC)4 has 
a T, of 65 O C  under high salt conditions (K. Lai, unpublished 
experiments). The high melting temperature for this sample, 
the absence of even any minor transition in the UV melting 
curve from room temperature to 95 OC, and the absence of 
any sharp melting transition in the 31P melting curve of Figure 
10 suggest that these minor monoester phosphate signals likely 
originate from very small oligo[d(GC)] fragments (<4 bp) 
or infrequent single-strand breaks along the chain which will 
not affect our conclusions. 

31P Spectra and Melting Curves for Phenylalanine tRNA. 
The 31P spectra of yeast phenylalanine tRNA under high Na+ 
(ca. 0.2 M total Na+) and no added Mg2+ reveal a number 
of phosphate diester signals spread over - 7 ppm besides the 
downfield 3'-phosphate monoester (at +3.0 ppm) (Figure 11). 
As earlier reported by Gueron & Shulman (1975), Gorenstein 
& Luxon (1979), Salemink et al. (1979, 1981), and Gorenstein 
et al. (1981), these 31P spectral changes reflect melting of the 
secondary and tertiary structure in the L-shaped native 
structure. It has been suggested earlier that the main upfield 
signal (M) in the main cluster corresponds to the double-helix 
diesters in the cloverleaf structure and the downfield signals 
(J; K) in the main cluster correspond to nonhelical phosphates. 

The main cluster upfield signals L and M at -1.0 ppm shift 
downfield by a total of 0.8-0.9 ppm with increasing temper- 
ature. The other main signal at -0.8 ppm also shifts downfield, 
and the two peaks merge at 70 OC. The shoulder peaks in the 
main cluster and all of the scattered peaks eventually merge 
into the single random coil diester peak at high temperature 
upon melting of the secondary and tertiary structure. Except 
for U only small shifts are observed for the scattered signals 
prior to their disappearance at 40-50 "C. The sharp melting 
of the native tRNA structure in the absence of Mgz+ around 
50 OC is consistent with 'H NMR (Kan et al., 1977; Robillard 
et al., 1977) and optical melting (Romer et al., 1977) studies 
and Gueron & Shulman's (1975) earlier ,IP study. In ad- 
dition, the more recent studies (Gorenstein & Luxon, 1979; 
Salemink et al., 1979) suggest that the disappearance of the 
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FIGURE 4: IlP NMR spectra for poIy(A)-U2,, (1:l) at various tem- 
peratures in 0.2 M NaCI, 10 mM cacodylate, 1 mM EDTA, pH 7.0, 
and 20% DzO. (A) 32.4 MHz, total nucleotide concentration was 
24 mg/mL, exponential line broadening, 1 hertz, and a 4-s recycle 
time. (B) Same as (A) but at 60 OC, no exponential line broadening, 
and a 18-s recycle time. 

with a value for poly(A) within 1% of the literature and with 
a slightly higher value for oligo(U) (9.4 X IO3 as opposed to 
8.9 X lo3). The use of the new extinction coefficients for 
sample preparation in later experiments did not markedly 
affect the relative peak intensities. However, including the 
two minor signals in the oligo(U) integration, the intergrated 
intensities are within f2% of the expected 1:l ratio. 

A second reason for the apparent discrepancy between the 
observed and expected signal intensities at higher temperatures 
in Figures 4 and 5 lies in the difference between the spin-lattice 
( T I )  relaxation times of the poly(A) and oligo(U) signals. 
Since the oligo(U) is a smaller molecule, it will have a longer 
TI than poly(A). The nuclear Overhauser effects of the two 
main signals are, however, nearly equal: 1.78 f 0.05 for the 
oligo(U) signal and 1.76 f 0.06 for poly(A), at  60 OC (E. 
Goldfield, unpublished experiments). Using a Tl of 1.75 s for 
poly(A) (Akasaka, 1975) and the equality of the NOE's, we 
have roughly calculated that the TI for oligo(U) is 2.8-3.2 s. 
With a 4-s recycle time and a 90" pulse, the ratio of the 
oligo(U) main signal to the poly(A) main signal in the 1:l 
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FIGURE 5: NMR spectra for poly(A).Uzo (1:2) at various temperatures in 0.2 M NaCl, 10 mM cacodylate, 1 mM EDTA, pH 7.0, and 
20% D20. (A) 32.4 MHz; total nucleotide concentration was 24 mg/mL. (B) 145.8 MHz; nucleotide concentration was 17 mg/mL. 

scattered peaks is associated with loss of tertiary structure. 
Discussion 

Single-Strand Nucleic Acids. In previous studies (Goren- 
stein et al., 1976; Gorenstein, 1978) we presented evidence that 
the 0.7-1.3-ppm downfield shift at elevated temperature of 
various singlestranded nucleic acids reflected the base stacked, 
single helix to unstacked, random coil transition. Haasnoot 
& Altona (1979) have recently confvmed this interpretation 
as has the work of Patel (1979a,b) and Yamada et al. (1978) 
on 31P NMR of other model nucleic acids. The phosphate 
conformation goes from g,g (helical) at low temperature to 
a mixture of g,g, g,r, r,t, etc. conformations in the melted, 
high-temperature state. 

Mixtures of Complementary Nucleic Acids: Double and 
Triple Helices. The singlestranded nucleic acids are not ideal 
models for locking a phosphate diester into a g,g conforma- 
tional state since considerable conformational flexibility still 
exists in the single-stranded, “helical” nucleic acids even at 
0 OC (Ts’o, 1975). 

The double-helical state is much more limited as to the 
backbone flexibility, and generally the phosphate diester 
conformation is limited to g,g (Arnott, 1970). The 31P 
chemical shift of a mixture of complementary nucleic acids 
will hopefully therefore provide better information on the 31P 
chemical shift of a g,g phosphate diester. 

Selfcomplementary polymers or mixtures of complementary 
polymers would eliminate this problem since melting tem- 

peratures of doublestranded polymers are >50 OC (Bloomfield 
et al., 1974) and at room temperature exist almost entirely 
in the doublehelix state (g,g phosphate diester conformation). 
Unfortunately, the 31P NMR signal of such a double-helical 
polymer at lower temperatures is generally too broad to be 
very useful or even observable (Akasaka et al., 1975; Patel & 
Canuel, 1976; Hanlon et al., 1976). 

Our choice of complementary oligo(U) and poly(A) was 
intended to avoid this problem since the double-helix state in 
this mixture will have single-strand breaks every 20 uridine 
bases, corresponding to the length of the oligo(U) chain based 
upon M, -7500). This imparts considerable flexibility to the 
polymer-oligomer complex although not as much as present 
in the single-strand poly(A). 

The Multistrand. The assignment of the new upfield 
(0.8-0.9-ppm) signal to the double-helical (and/or triple- 
helical) state is suggested by (1) the signal broadness and (2) 
the sharp transition for its melting. 

(1) As shown in Figure 8 the downfield signal we have 
assigned to oligo(U) stays quite narrow, <5 Hz (at 32.4 MHz), 
over the temperature range of 25-65 OC. It is only slightly 
broader (7-8 Hz) at 146 MHz. The poly(A) signal is also 
only slightly broader at 32 MHz over this temperature range 
(3-8 Hz) but is substantially broader at 146 MHz (20-30 Hz). 
The upfield double (triple) helix signal is broader yet. At 32 
MHz it is 6-9 Hz while at 146 MHz it increases from 50 to 
109 Hz as the temperature is lowered (Figure 8). 
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FIGURE 6: OIP chemical shift vs. temperature for spectra of Figure 
4A (A) and Figure 5A (B). 

The polymeric multistranded helicle will be much more rigid 
than the poly(A) single helii, and the rotational motion of the 
molecule will be greatly reduced. This shortens the 31P 
transverse relaxation time and broadens the signal. Thus Pate1 
and Canuel(l976) observed only a very broad lSP signal for 
the self-complementary poly[d(AT)] below 60 OC. The oli- 
go(U)-poly(A) helix retains more flexibility than the poly- 
mer-polymer double helix and the 31P signal for the former 
is not as broad. The oligo(U) will tumble even more rapidly 
than the poly(A) and therefore will have even narrower lines 
(and a longer TI  as discussed earlier). 

The frequency dependence to these line widths further 
supports the signal assignments. We have previously shown 
for tRNAm that phosphorus relaxation is >90% dominated 
by the chemical shift anisotropy (CSA) mechainsm (Abragam, 
1961) at 146 MHz while it is dominated by the dipoledipole 
mechanism at lower field (Gorenstein & Luxon, 1979). The 
rotational correlation time for the tRNAP" and the poly- 
(A)-oligo(U) multistrand helix will probably be similar, and 
hence the relaxation studies at high field will also likely be 
dominated by the chemical shift anisotropy mechanism. 
Recent relaxation studies on various double-helical systems 
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FIGURE 7: OIP chemical shift vs. temperature for spectra of Figure 
SB. Oligo(U) (0); poly(A) (X; O), and multistrand helix (0). OIP 
shifts for minor signals (0; 0)  are shown as dashed curves. 
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FIGURE 8: Plot of the corrected line widths of half-height (Avl *) 
poly(A)digo(U) (1:2) spectra of Figure 5B (145.8 MHz). oiigo(6) 
signal (e), poly(A) signals (X; O), and multistrand helii signal (0). 

confirm this suggestion (Bolton & James, 1980; Klevan et al., 
1979). The CSA relaxation varies with the square of the 
magnetic field strength (Abragam, 1961) so that CSA 
broadening is expected to be 20X larger at 146 MHz as at 32 
MHz (1462/322). The presumed CSA contribution to the line 
width for the multistrand signal at 146 MHz is 50-109 Hz 
and will be '/**th or 2.5-4.2 Hz at 32 MHz. The 4-6-Hz 
residual broadening for this signal at the lower field is due to 
the dominant dipole-dipole relaxation mechanism (which is 
field-strength independent), Similar analysis explains the 
broadening of the poly(A) signal at higher field. The free 
oligo(U) signal is presumably dominated by the dipole-dipole 
term at both field strengths, consistent with the very short 
rotational correlation time for this molecule. 

(2) The 31P melting profiles (Figures 6 and 7) for the upfield 
signal show a sharp melting transition, characteristic of a 
cooperatively melting multistranded species. As shown earlier 
and seen for poly(A) or oligo(U) signals, the single-helix OIP 
melting profiles are spread over a wider temperature interval, 
characteristic of a noncooperative, melting phenomenon. In 
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FIGURE 1 0  31P chemical shift vs. temperature for the signals of Figure 
9. 

0.2 M NaCl, the melting temperature, T,, for the poly(A)*Uzo 
multistrand helix is 45-53 OC based upon the UV-VIS melting 
curves (Figure 2), the 3'P melting curves (Figures 6 and 7), 
or the temperature dependence to the integrated intensities 
for the poly(A).oligo(U) helix. Below 35-40 OC in the 1:2 
mixture in 0.2 M NaCl buffer solution, the upfield signal 
comprises 18 f 4% of the total phosphate intensity. The 
multihelix signal intensity drops to near zero by 55 OC with 
T,,, - 48 O C .  In the 1:l mixture, the signal intensity at 35 

I 

I 

I/ 

/ " ' l ' ~ ' 1 ' ' ~ 1 ~ " l ' ' ~  
Li 2 0 -2 - Y  -6 PPM 

FIGURE 11: 3*P NMR spectra (145.8 MHz) of yeast tRNAWe (33 
mg/mL) in 100 mM NaCI, 10 mM cacodylate, and 1 mM EDTA, 
pH 7.0, at the indicated temperatures. 

OC is 26% of the total and drops to zero by 55 OC with T, - 50 O C .  The low stability of the multistrand form is con- 
sistent with other spectrophotometric studies on oligo(U)- 
poly(A) mixtures (Lewis et al., 1975). 

In order to ensure that there is no absolute loss of intensity 
at lower temperatures due to an unobservable, very broad 
signal, we also placed in several poly(A).oligo(U) samples a 
concentric capillary of a trimethyl phosphate absolute standard 
in the NMR tube. At all temperatures the ratio of 31P signal 
areas for trimethyl phosphate to nucleic acids was constant 
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dependence of the chemical shift anisotropy relaxation 
mechanism. With the better resolution obtainable at lower 
field, we can actually identify four different signals in the 31P 
spectra shown in Figure 9. Besides the two Z-DNA signals, 
two larger, approximately equal signals at 0 and -0.14 ppm 
(45 "C) are assigned to normal right-handed, B-DNA phos- 
phates. Thus, a small conformational difference also must exist 
even between the two phosphates of the B-DNA in this sample. 
Similar small separations have been noted previously (Gor- 
enstein, 1981; Patel, 1979a,b; Cohen et al., 1981). 

Klysik et al. (1981) have shown that a section of right- 
handed B-structure DNA can coexist with the left-handed 
Z-DNA structure in a 157-bp restriction fragment containing 
a 95-bp lac fragment flanked by d(GC) sequences. In their 
31P NMR spectrum in 5.0 M NaCl, a smaller signal repre- 
senting -20% of the total phosphate is 1.45 ppm downfield 
from the larger and broader upfield signal [similar to Patel's 
(1979b) spectrum]. Since the DNA fragment contains 37% 
d(GC) tracts, essentially all the d(GC) is in the Z-DNA 
conformation (20% g,g + 20% g,t). Our 31P NMR results 
shown in Figure 4B confirms that the increased width of their 
upfield signal is surely due to a noncoincident superposition 
of B-DNA g,g phosphate and Z-DNA g,g phosphate signals. 
As pointed out by Klysik et al. (1981), the biological (Le., 
regulatory) implications of the possible coexistence of B and 
Z helices in DNA may be profound. 

Finally, it should be noted that d(GC)4 (Collaborative 
Research) does not form the Z-DNA structure at 4-5 M NaCl 
(when the 31P NMR spectrum criterion is used since no 
downfield g,t 31P signals could be found). This suggests that 
for shorter oligomers (4-8 bp) Z-DNA requires a d(CG) 
rather than a d(GC) repeat. Significantly, only short oligomers 
of the sequence d(CG) have been shown to form Z-DNA 
structures in X-ray crystallographic studies. Drew et al. (1981) 
have shown that the DNA dodecamer d(CGCGA4TTCGCG) 
forms a B-DNA double helix in spite of the tetrameric d- 
(CGCG) ends which might be expected to form short tracts 
of Z-DNA attached to a d(AATT) B-DNA section. This 
results is still consistent with the work of Klysik et al. (1981), 
who showed in their 157 base pair fragment that a junction 
of -11 bp exist between the purely B-DNA and Z-DNA 
tracts. Their CD results suggest that this 11-bp d(GC) 
junction does not have the Z-DNA glycosidic bond confor- 
mation (G residues are syn in Z-DNA but anti in B-DNA). 
However, their 31P NMR results showing essentially all d- 
(GpC) phosphates in g,t conformations suggest that this 
junction region does have phosphates in the g,t P-0 ester bond 
Z-DNA conformation. Significantly, in Drew et al. (1981) 
the 03'-P torsional angles fQr C,, G4, Glo, and Gzz are trans 
(all others as all P-05' angles are gauche). Thus it would 
appear that a phosphate in a g,t conformation is a necessary 
but not sufficient condition for formation of the Z-DNA 
structure. 

Transfer RNA "P NMR Spectra. The 31P NMR spectra 
for yeast tRNAPhc supports the assignments of the g,g phos- 
phates to the upfield signal in Figures 4 and 5 .  The upfield 
signal in the main cluster (signal M in Figures 11 and 12) has 
been rather unambiguously assigned to the double-helix diester 
phosphates (Gueron & Shulman, 1975; Gorenstein & Luxon, 
1979; Salemink et al., 1979, 1981; Gorenstein et al., 1981). 
Thus, in the 10 mM Mg2+ 31P spectra signals L and M inte- 
grate for 35 phosphates and in the X-ray structure 32 phos- 
phates (largely in the double-helical stem regions of the 
molecule) are in a gauche,gauche conformation. As shown 
in Figure 12, the 31P chemical shift changes of peak M in the 

(*2%), confirming that no 31P signals are buried in the base 
line of Figures 4 and 5 .  

A more exact analysis of signal areas is not possible since 
in most spectra 90" pulses were not used and the pulsing 
recycle interval was 2 s, which is comparable to the 31P T1 
relaxation times [see Results and Gorenstein & Luxon (1979), 
Klevan et al. (1979), and Bolton & James (1980)l. Longer 
relaxing species [such as the small molecule oligo(U) with Tl 
of 3 s] will be partially relaxed, and the signal area will not 
exactly reflect nuclear populations. Recall that at 60 OC in 
Figure 4, the oligo(U) and poly(A) signal areas are not 1 : 1, 
partially due to this effect. In addition, at lower temperatures 
an unknown relative population of triple and double helices 
is present. In Figure 5A at 45 OC, the poly(A) single-strand 
signal is considerably larger than the oligo(U) single-strand 
signal, suggesting that more of the oligo(U) than the poly(A) 
phosphates contribute to the upfield multistrand 31P signal. 
This confirms that a triple helix is indeed present. Apparently 
both poly(A) and oligo(U), locked into g,g, helical confor- 
mations of the multistrand species, contribute to this upfield 
signal since no splitting of the multihelix signal is observed. 
In addition, both double and triple helices must give similar 
31P chemical shifts (both g,g conformations). 

31PSpectra of Pory[d(GC)].Poly[d(GC)]. There has been 
considerable recent interest in the high-salt form of poly[d- 
(GC)]*poly[d(GC)] (Pohl & Jovin, 1972) because of its un- 
usual Z-DNA conformation. It has been spectulated that this 
new conformation has some biological significance (Wang et 
al., 1979, 1981; Drew et al., 1980), and it is very interesting 
that the unique 31P NMR features of Z-DNA are similar to 
those of various drug-duplex DNA or RNA complexes (Patel, 
1979; Reinhardt & Krugh, 1977; Gorenstein, 1981). X-ray 
crystallographic analysis of small d(GC) oligomers (Wang et 
al., 1979, 1981; Drew et al., 1980; Crawford et al., 1980) and 
31P NMR analysis of d(GC)I-lI (Patel et al., 1979), 145-bp 
poly[d(GC)] (Simpson & Shindo, 1980), poly[d(GC)].poly- 
[d(GC)] (Patel, 1979b), and sonicated polymer samples 
[50-200 bp in length (Cohen et al., 1981)] have indicated that 
under certain crystallizing conditions or high salt solution 
conditions, a new left-handed duplex form is stabilized. One 
of the unusual distinguishing characteristics of this Z-DNA 
conformation is that the phosphate ester torsional angle al- 
ternates between g,g and g,t along the duplex strands while 
in normal B-DNA the P-O ester conformation is uniformly 
-g,-g. As pointed out in the earlier 31P NMR studies, the 
appearance of two nearly equal 31P signals separated by 1.4-1.5 
ppm is likely a reflection of the two different P-O ester con- 
formations, as observed in the crystalline state. 

We had earlier predicted based upon 31P chemical shift 
calculations and various model system studies that the 31P 
chemical shift of a g,t phosphate diester should be 1.4 ppm 
downfield from the B-DNA g,g conformation (Gorenstein & 
Kar, 1975; Gorenstein & Luxon, 1979; Gorenstein, 1981). 
There can be little doubt that poly[d(GC)].poly[d(GC)] in 
high-salt (4 M NaCl) solution exists in the Z-DNA confor- 
mation and that the downfield signal originates from phosphate 
diesters in g,t conformations. Spectra in Figure 9 are qual- 
itatively similar to that reported by Patel (1979b) for poly- 
[d(GC)].poly[d(GC)] except that he observed two peaks 
separated by 1.4 ppm of unequal area (the downfield signal 
being smaller than a broader upfield signal). His spectrum 
was taken at 145.7 MHz and 80.5 "C, and the signals are 
considerably broader (50-100-Hz line widths) than those of 
Figure 9 (-7-Hz line width). As explained above, the larger 
line width is expected at higher field due to the frequency 
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phosphates are in double or triple helices c o n f h s  that a large 
percentage of the complementary nucleic acid mixture in these 
samples is in single helix and random coil states throughout 
the temperature range from 5 to 85 O C .  

Kinetics. To our knowledge these 31P NMR studies rep- 
resent the first time separate NMR signals for the multistrand 
state and single-strand state have been observed. For this to 
be possible, chemical exchange of the nucleic acid components 
between the single and multistrand states must be slow on the 
NMR time scale, or 

7 > 1/(27rAu) 

where 7 is the lifetime of the exchanging nuclei and Au is the 
chemical shift difference in hertz between the two states. Since 
Av - 20 Hz (at 32 MHz) for the poly(A)-oligo(U) single 
to multistrand exchange, 7 1 8 ms. Greslauer et al. (1 975) 
have observed a relaxation time T - 14 ms at 35 O C  for the 
melting of double-stranded A7U7 in 1 M NaC1. At lower 
temperatures the lifetime of the double helix will be even 
longer. In addition, the longer chain length for the oligo(U) 
strand also increase 7 (Craig et al., 1971; Porschke & Eigen, 
1971; Porschke, 1971). This estimate of the lifetimes for these 
states suggests we should be in the slow exchange limit, which 
is consistent with the observation of two signals (Pople et al., 
1959). Note that at 146 MHz with Au - 70 Hz we should 
certainly be in the slow exchange limit at lower temperature. 
This is confirmed by the temperature dependence to the 31P 
line width for poly(A) at 145.8 MHz (Figure 8). The line 
widths for the poly(A) signals reach a maximum at T, - 50 
O C .  This behavior suggests that chemical exchange line 
broadening contributes to the line width of the poly(A) signals. 
Note also that the 31P chemical shift-melting curves of the 
poly(A) and oligo(U) single strands at 145.8 MHz do not show 
an inflecton point at T, - 50 O C  (Figure 7), whereas an 
inflection point is observed in the chemical shift-melting 
curves of the single-strand poly(A) at 32.4 MHz (Figure 6). 
At the higher field, below Tm, the singlestrand and multistrand 
forms are in slow to intermediate chemical exchange. Line 
widths are affected but chemical shifts are not (Pople et al., 
1959), so that the chemical shift of the multihelix signal below 
45 O C  at 145.8 MHz does not shift with temperature (Figure 
7). At lower field, around T, the poly(A) and multistrand 
forms are in intermediate to fast chemical exchange so that 
the poly(A) single-strand signal shifts further upfield as 
the temperature is lowered through the T,: some multihelix 
state is averaged into the single-strand state. It is not possible 
to describe the relative populations (and 31P signal areas) for 
single- and multistrand states at intermediate temperatures, 
32.4 MHz, because of this chemical exchange averaging and 
the difficulty described above for quantification of signal areas. 

At lower temperatures chemical exchange is slow enough 
to allow signal areas to directly reflect strand populations 
(especially if recycle times greater than five Ti's are used). 
Under these conditions 31P NMR will allow facile estimation 
of the fraction of multistrand vs. singlestrand states by direct 
integration of the separate signals. 
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