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Sequence-Dependent Variations in the 31P NMR Spectra and Backbone Torsional 
Angles of Wild-Type and Mutant Lac Operator Fragmentsf 
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ABSTRACT: Assignment of the 31P resonances of a series of six sequenced-related tetradecamer DNA duplexes, 

(TGTGTGCGCACACA)2, d(TGTGACGCGTCACA)* and d(CACAGTATACTGTG)2, related to the 
lac operator DNA sequence was determined either by site-specific 170 labeling of the phosphoryl groups 
or by two-dimensional 1H-31P pure absorption phase constant time (PAC) heteronuclear correlation 
spectroscopy. J(H3’-P) coupling constants for each of the phosphates of the tetradecamers were obtained 
from 1H-31P J-resolved selective proton flip 2D spectra. By use of a modified Karplus relationship the 
C4’-C3’-03’-P torsional angles (c) were obtained. Comparison of the 31P chemical shifts and J(H3’-P) 
coupling constants of these sequences has allowed greater insight into those various factors responsible for 
31P chemical shift variations in oligonucleotides and provided an important probe of the sequence-dependent 
structural variation of the deoxyribose phosphate backbone of DNA in solution. These sequence-specific 
variations in the conformation of the DNA sugar phosphate backbone of various lac operator DNA sequences 
can possibly explain the sequence-specific recognition of DNA by DNA binding proteins, as mediated through 
direct contacts between the phosphates and the protein. 

d (TGTGAGCGCTCACA)2 ,  d (TATGAGCGCTCATA)2 ,  d (TCTGAGCGCTCAGA)2 ,  d-  

Lac Operator. A number of studies have been carried out 
both in solution and in the solid state to gain a better un- 
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derstanding of binding interactions between regulatory proteins 
such as the lac repressor and DNA operator sequences. Most 
efforts directed toward defining the binding specificity between 
amino acid sequences and DNA sequences have centered on 
hydrogen bonding to the acceptor/donor groups on the 
Watson-Crick base pairs in the major groove [cf. Landschulz 
et al. (1988); see also the critical discussion in Matthews 
(1988)]. At present we do not understand this “second genetic 
code” of protein-DNA recognition. Perhaps one reason for 
the inability to dissect the basis for this specificity is the em- 

@ 1989 American Chemical Society 
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this part of the structure (Van De Ven & Hilbers, 1988). 
However, a major limitation in the use of 31P NMR in pro- 
viding information on the backbone conformation has been 
the difficulty in assigning the signals. Conventional 2D het- 
eronuclear correlation techniques were of limited value in 
resonance assignments for longer oligonucleotides (Pardi et 
al., 1983; Shah et al., 1984b), and regiospecific labeling of the 
phosphorus residues by selective I8O and 170 labeling proved 
quite useful (Petersheim et al., 1984; Schroeder et al., 1987; 
Shah et al., 1984b). Although this latter method provides 
unambiguous assignments of 31P resonances, it suffers by being 
both time consuming and expensive with regard to the number 
of separate oligonucleotide syntheses required-for an oligo- 
nucleotide n nucleotides in length, n - 1 syntheses are required. 
Until recently, only oligonucleotide sequences six or less base 
pairs in length have been assigned by using the conventional 
HETCOR method (Cheng et al., 1982; Pardi et al., 1983; 
Shah et al., 1984b). Unfortunately, this NMR technique is 
limited by both spectral resolution and sensitivity, especially 
for longer oligonucleotides. However, newer reverse detection 
(SklenBi et al., 1986) and long-range, constant time HETCOR 
(Fu et al., 1988) methods have now been successfully applied 
to the 31P assignment problem. Thus the assignment problems 
that initially held back the use of 31P NMR have now been 
solved. 

One of the main reasons for assigning 31P resonances of 
oligonucleotides is to obtain information on the conformation 
of the phosphodiester bonds (Gorenstein, 1981, 1984, 1987; 
Gorenstein & Findlay, 1976). The internucleotidic linkage 
conformation is characterized by six torsional angles, which 
correspond to the six individual bonds that make up the linkage 
from one phosphate atom to the next along the DNA back- 
bone. Theoretical studies have shown that the conformation 
of two of the six torsional angles (a, 03’-P-O5’-C5’, and 3; 
C3’-03’-P-O5’) appears to be most important in determining 
31P chemical shifts (Gorenstein, 1984, 1987; Gorenstein et al., 
1988). 

In duplex B-DNA, the gauche(-), gauche(-) (g-,g-; 3; a) 
conformation’ of the phosphate ester is energetically favored, 
and this conformation is associated with a more upfield 31P 
resonance. In single-stranded DNA the trans, gauche(-) (t,g-) 
conformation (as well as other staggered conformations about 
the P-O ester bonds) is also significantly populated due to the 
added flexibility of the random coil phosphodiester backbone, 
and the 31P signal is observed more downfield in the 31P NMR 
spectrum (Gorenstein, 1981; Gorenstein et al., 1976). The 
relative 31P chemical shift difference between the two g-,g- and 
t,g- conformational states is estimated to be 1.5 ppm. 

In this paper, the 31P chemical shifts and J(P-H3’) coupling 
constants of six different self-complementary 14-base-pair 
oligonucleotides (Figure 1) related to the operator sequence 
are reported [with the exception of the J(P-H3’) coupling 
constants for one of the 14-mersI. The mutant operator se- 
quences 14-mer[l], 14-mer[2], and 14-mer[3] consist of two 
symmetry-related, base-pair changes from the “wild-type” 
pseudooperator 14-mer. Two additional 14-mer base-pair 
sequences, 14-mer[4] and 14-mer[5], have a greater number 
of base-pair changes. (14-mer[5] is not really related to the 
pseudooperator at  all. In this sequence we switch all of the 
purine and pyrimidine nucleotides. This results in “identical” 
purine-pyrimidine base-pair steps and allows for a comparison 

IOmit G C  
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14-mer[ 31 
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FIGURE 1 : Natural operator, symmetric pseudooperator (14-mer), 
and mutant DNA sequences 14-mer[l], 14-mer[2], 14-mer[3], 14- 
mer[4], and 14mer[5]. Asterisks indicate base-pair alterations relative 
to the 14-mer pseudooperator. 

phasis on base-pair interactions alone. As described in this 
paper, the conformation and position of the phosphates appear 
to show sequence specificity, which may be an important 
component of protein-DNA recognition. 

Although the results of a number of genetic studies suggest 
possible regions of contacts between the lac repressor and 
operator (Groeddel et al., 1978; Miller & Reznikoff, 1978; 
Takeda et al., 1983), the exact nature of the binding interaction 
on a molecular level is not known. The repressor protein 
recognizes and binds tightly to the operator DNA, a unique 
21 -base-pair sequence of the Escherichia coli chromosome. 
As described in this and a forthcoming paper (Schroeder et 
al., in preparation), we have assigned the ‘H and 31P NMR 
spectra and in turn derived the 3D solution structure of the 
14-base-pair lac “pseudooperator” segment d- 
(TGTGAGCGCTCACA)* and various mutants. This sym- 
metrical base sequence is about two-thirds the length of the 
21-base-pair wild-type sequence and is believed to contain most 
of the important contact sites (Simons et al., 1984). The 
14-base-pair pseudooperator segment and various mutants are 
derived from the natural operator sequence as shown in Figure 
1. 

31P N M R  of Nucleic Acids. Nuclear magnetic resonance 
methods have developed as powerful probes of the structure 
and dynamics of DNA fragments in solution (Pate1 et al., 
1987; Reid, 1987; Van De Ven & Hilbers, 1988; Gorenstein 
et al., 1989). While ‘H chemical shifts offer little information 
with regard to DNA structure, 31P chemical shifts and 1H-31P 
coupling constants can provide valuable information on the 
phosphate ester backbone conformation (Gorenstein, 1984). 
Furthermore, ‘H-lH 2D NOESY spectra give no direct in- 
formation on the sugar phosphate conformation, and N O S Y  
distance constrained structures are effectively disordered in 

~~ 

I Gauche(-) or -60’ torsional angle; trans or 180’ torsional angle. 
Crystal structures of duplex oligonucleotides show that these angles are 
only approximate and indeed the f angle is generally closer to -90’ 
although we define this as “g-”. 
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of 31P shifts that occur at common purine-pyrimidine steps 
having a different nucleotide sequence.) 

EXPERIMENTAL PROCEDURES 
Materials. Nucleoside-derivatized porous glass support was 

either purchased from Applied Biosystems or prepared as 
described by Gait (1984). The amount of support loading was 
typically 25-30 mmol/g. The (dimethoxytrity1)deoxyribo- 
nucleoside phosphoramidites were purchased from either 
Beckman or Applied Biosystems. Capping solutions, acetic 
anhydride and 2,5-lutidine, were purchased from Applied 
Biosystems. 

Sample Preparation. The self-complementary 14-mers were 
synthesized by a manual modification of the solid-phase 
phosphite triester method (using 10 pmol of the starting nu- 
cleoside derivatized support at a 28 mmol/g loading level for 
each separate synthesis) as previously described (Lai et al., 
1984; Schroeder et al., 1987; Shah et al., 1984). The amounts 
of purified oligonucleotide obtained through one or more 
separate syntheses were 43.6 mg (871 OD units, 12.0 pmol) 
of 14-mer[l], 36.8 mg (737 OD units, 9.9 pmol) of 14-mer[2], 
34.2 mg (685 OD units, 9.2 pmol) of 14-mer[3], 17.5 mg (351 
OD units, 4.8 pmol) of 14-mer[4], and 24.6 mg (492 OD units, 
6.8 pmol) of 14-mer[5]. The samples were desalted by dialysis 
in a cellulose, 1000 molecular weight cutoff dialysis tubing 
against double-distilled water. The samples were then treated 
with Chelex-100 cation-exchange resin. The purity of the 
14-mers was verified by both reverse-phase (Altech C- 18) and 
ion-exchange (Nucleogen column) HPLC as well as by ‘H and 
,‘P NMR spectroscopy. 

31P NMR samples were prepared by dissolving 4-20 mg (ca. 
3 mM duplex) of the lyophilized DNA in 0.4 mL of buffer 
solution in D 2 0  containing 25 mM Hepes, 10 mM EDTA, 75 
mM KCI, and 0.1 mM NaN,, pH 8.0. Amounts of the 14- 
mers were determined spectrophotometrically by using the 
relationship of 20 absorbance units (optical density, OD units) 
per 1.0 mg of DNA per mL at 260 nm. 

NMR Measurements. The 31P 1D NMR spectra, the 31P 
melting profiles, and the 2D lH-,’P correlation COLOC 
(PAC) and J-resolved spectra were run on a Varian XL-200A 
spectrometer at ambient temperature (ca. 20 “C) operating 
at 81.1 MHz. A sweep width of 172 Hz, acquisition time of 
2.98 s, block size of 1K zero filled to 16K, and pulse width 
of 7 ms were used for the 1D spectra. Spectra were resolution 
enhanced by using a combination of positive exponential and 
Gaussian apodization functions. Typical values were 0.1-0.2 
resolution enhancement values and 0.5-0.6 apodization 
function values, respectively. The values were adjusted in 
accordance to the signal to noise ratio in the ,‘P NMR 
spectrum. The number of acquisitions for each spectrum was 
typically between 2000 and 3000. The 31P resonances were 
referenced to an external sample of trimethyl phosphate 
(TMP) at 0.0 ppm, which is 3.53 ppm downfield of 85% 
phosphoric acid. 

A 31P-1H pure absorption phase constant time (PAC) 
version of the Kessler-Griesinger long-range heteronuclear 
correlation (COLOC) experiment (Kessler et al., 1984) was 
conducted on the 14-mers (Fu et al., 1988; Jones et al., 1988). 
The PAC spectrum provides chemical shift correlation between 
the H3’, H4’, and H5’ protons of the deoxyribose rings and 
the three or four bond coupled phosphorus. Coupling occurs 
between the phosphorus and the H3’ proton on the 5’ end and 
the H4’ and H5’ protons on the 3’ end of the dinucleotide 
fragment. 

The Bax-Freeman selective 2D J-resolved long-range cor- 
relation experiment with a Dante sequence for the selective 
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180’ pulse (SklenBi & Bax, 1987) was performed on the 
tetradecamers to correlate the 31P chemical shift with the 
phosphorus-H3’ coupling constant. The J-coupled spectra 
were recorded at 18-50 OC. The data set was acquired with 
256 points in the 31P dimension and 32 t l  increments and then 
zero filled to 512 X 128. Gaussian resolution enhancement 
was applied before Fourier transformation in both dimensions. 
J values were measured from peak center to peak center. 

The observed three-bond coupling constant J(P-H3’) is used 
with a proton-phosphorus Karplus relationship to measure the 
H3’43’4-P torsional angle 0 from which we have calculated 
the C4’-C3’-O-P torsional angle t (=0 + 120O). The rela- 
tionship J = 15.3 cos2 0 - 6.1 cos 0 -1.6 was determined by 
Lankhorst et al. (1984) [see also SklenIi and Bax (1987)l. 

RESULTS 
Assignment of 31P Signals of 14-mer Oligonucleotide Du- 

plexes. Using the solid-phase phosphoramidite method, we 
have synthesized the six 14-base-pair deoxyoligonucleotide 
duplexes. The 31P spectrum for each 14-mer is shown in Figure 
2. [The spectra and assignments of parent 14-mer, 14- 
mer [ 11, 14-mer [2 J ,  and 14-mer [ 31 have previously been re- 
ported (Gorenstein et al., 1988) and are presented in the figure 
for comparison.] The 31P signals of the tetradecamers were 
assigned by either a 2D pure adsorption phase constant time 
(PAC) heteronuclear correlation NMR (Fu et al., 1988) or 
170/’80 labeling methodologies (Schroeder et al., 1987). 

Although the I7O labeling method is straightforward and 
provides unambiguous assignments of 31P chemical shifts, it 
suffers by being rather expensive and time consuming. All 
mutant 14-mers were thus assigned by the 2D heteronuclear 
NMR methodology. As shown in Figure 3, assignment of the 
31P signal of the ith phosphate was achieved through con- 
nectivities with both the H3’(i) and H4’(i + 1) or H5’(i + 
l)/H5”(i + 1) deoxyribose protons-the proton signals had 
been previously assigned by the 2D IH-’H spectra (Schroeder 
et al., in preparation). Although the H5’(i + 1) and H5”(i 
+ 1) protons overlap with the 4’ protons, the intensities for 
the ,lP-H5’ and -H5” PAC crosspeaks generally appear to 
be weaker than the H4’ crosspeaks. 

Even though the “conventional” 31P-1H HETCOR exper- 
iment (with separate time periods for both frequency labeling 
and development of antiphase magnetization) was used to 
originally assign some of the H5’ and H5” protons of the 
wild-type pseudooperator 14-mer (Schroeder et al., 1987), this 
method has been applied in 31P assignment studies with success 
only for short DNA sequences, typically six or less nucleotides 
in length (Pardi et al., 1983; Shah et al., 1984b). For larger 
DNA sequences, the HETCOR experiment suffers from both 
poor sensitivity and resolution. This is mainly due to the 
interference of ‘H-IH scalar couplings, which are more nu- 
merous and of the same magnitude as the IH-,lP couplings. 
As a consequence, ‘H-IH coherence transfer competes with 
1H-31P coherence transfer; the problem is magnified further 
since longer DNA fragments have short proton T2’s. 

The conventional HETCOR spectrum required an acqui- 
sition period of 3 days (Schroeder et al., 1987), certainly 
providing significant experimental limitations. From a reso- 
lution standpoint, a single crosspeak width is about 0.5 ppm, 
which is approximately the entire range of the H3’ proton 
chemical shifts. In order to improve the heteronuclear ex- 
periment, modification of a 13C-lH HETCOR experiment was 
carried out to emphasize the small (2-6 Hz) ,lP-IH scalar 
couplings (Fu et al., 1988). This COLOC (correlation spec- 
troscopy via long-range coupling) experiment was originally 
designed to emphasize long-range 13C-’H couplings (Kessler 
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FIGURE 2: 31P NMR spectra and phosphate assignments of 14-mer (A), 14-mer[l] (B), 14-mer[2] (C), 14-mer[3] (D), 14-mer[4] (E), and 
14-mer[5] (F). Numbering corresponds to phosphate position from the 5’ end of the duplexes. 
et al., 1984) that are of the same magnitude as the three-bond 
31P-1H scalar couplings in oligonucleotides (Gorenstein, 1984). 

In essence, the COLOC pulse sequence [and our pure ab- 
sorption phase constant time (PAC) modification; Fu et al., 
19881 incorporates both the evolution of antiphase magneti- 
zation and chemical shift labeling in a single “constant time” 
delay period, thereby improving the efficiency of coherence 
transfer and, as a consequence, increasing the sensitivity of 
the 31P-1H scalar coupling. Homonuclear decoupling during 
t l ,  along with acquiring the spectrum in the phase-sensitive 
mode, can be used to improve spectral resolution (Kessler et 
al., 1984). 

An example of the PAC spectrum and assignments for 
14-mer[l] is shown in Figure 3A [the spectra and assignments 
of 14-mers[2]-[4] are shown in Figure 3B-D (see paragraph 
at  end of paper regarding supplementary material), and the 
parent 14-mer spectrum may be found in Fu et al. (1988)l. 

The resonance assignments were made on the basis of the 
previously assigned H3’ assignments obtained from the 2D 
NOESY spectrum (Schroeder et al., in preparation). Note 
the increase in resolution when compared to the conventional 
31P-1H HETCOR spectrum shown in Figure 3 of Schroeder 
et al. (1987). The sensitivity is also several times greater, since 
the PAC spectrum was acquired overnight. All 13 31P reso- 
nances of each of the 14-mer mutants were assigned in this 
fashion and are listed in Table I. 

The following is a summary of the selected base-pair 
modifications and results for each of the mutant pseudoop- 
erator sequences. 

14-mer[l] d( TATGAGCGCTCATA)2. In this base-pair 
change (G-C - A-T, position 2) and complementary change 
at position 13 (C-G - T-A) the purine-pyrimidine sequence 
remains the same, and therefore the predicted helical distor- 
tions based upon the Calladine-Dickerson rules also remain 
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Table I: IIP Chemical Shifts (ppm) and J(H3’-P) Coupling Constants (Hz) of 14-mers at 18 ‘C .. ~- 
IlP shift 14-mer IIP shift J(  H3‘-P) 14-mer [ 11 IlP shift J(H3’-P) 14-mer[2] 

T -4.23 3.6 T -4.10 4.1 T -4.28 
G 
T 
G 
A 
G 
C 
G 
C 
T 
C 
A 
C 
A 

-4.63 
-4.19 
-4.14 
-4.37 
-4.19 
-4.27 
-4.19 
-4.54 
-4.42 
-3.97 
-4.23 
-4.09 

1.8 
3 .1  
5.6 
nd 
3.1 
3.6 
3.1 
2.7 
2.7 
6 .0  
3.6 
5 .3  

A 
T 
G 
A 
G 
C 
G 
C 
T 
C 
A 
T 
A 

-4.64 
-4.18 
-4.08 
-4.38 
-4.18 
-4.25 
-4.18 
-4.53 
-4.43 
-3.82 
-4.42 
-4.13 

nd 
4.8 
5.6 
nd 
4.1 
4.7 
4.1 
3 .5  
3.2 
nd 
3.9 
4.8 

C 
T 
G 
A 
G 
C 
G 
C 
T 
C 
A 
G 
A 

-4.51 
-4.10 
-4.08 
-4.38 
-4.20 
-4.26 
-4.19 
-4.56 
-4.02 
-3.76 
-4.28 
-4.02 

14-mer[3] ’IP shift J(H3’-P) 14-mer[4] IIP shift J(H3’-P) 14-mer[5] Ilp shift J(H3’-p) 
T -4.17 5 .3  T -4.19 6.1 C -4.16 nd 
G 
T 
G 
T 
G 
C 

-4.63 
-4.14 
-4.48 
-4.32 
-4.27 
-4.22 
-4.18 
-4.17 
-4.37 
-4.03 
-4.22 
-4.1 1 

2.1 
3.6 
2.0 
5.2 
3.8 
5.6 
5.6 
5 .3  
3.1 
4.1 
3.8 
5.2 

G 
T 
G 
A 
C 
G 
C 
G 
T 
C 
A 
C 
A 

-4.63 
-4.13 
-4.20 
-4.38 
-4.17 
-4.54 
-4.08 
-4.29 
-4.38 
-3.97 
-4.27 
-4.04 

2.3 
5 .3  
5 .8  
4.1 
6.1 
2.5 
5.2 
5.0 
5.7 
5.4 
6.1 
6.1 

A 
C 
T 
G 
T 
A 

-4.44 
-4.25 
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FIGURE 3: Two-dimensional IIP-IH PAC heteronuclear correlation 
NMR spectrum at 200 MHz (‘H) of duplex tetradecamers 14-mer[l] 
(A). The 1D decoupled jlP NMR spectrum is shown along one axis, 
and the H3’, H4’, and H5’,5” region of the proton spectrum is shown 
along the second axis. 
the same (the rules are based upon generic purinepurine clash 
present in purinepyrimidine or pyrimidinepurine base steps). 
This allows a comparison of the 5’-TGTG-3’/3’-ACAC-5’ 
terminal region which shows a large variation in 31P shifts. The 
PAC spectrum of 14-mer[l] along with the identified P-H3’ 
scalar couplings is shown in Figure 3A. No ambiguities arose 
in assigning the resonances due to the resolved order of H3’ 
chemical shifts and the relatively resolved 31P spectrum. The 
P-H4’ correlations match exactly with the assigned H4’ 
chemical shifts; however, no A(2)-P to T(3)-H4’ coupling is 
observed. Interestingly, T(  13)-P shows a scalar coupling to 
the A( 14)-”’,HS’ protons, and scalar couplings of this type 
are not observed for any other residue in the sequence. 
Crosspeaks in the PAC spectra between the phosphate of 
residue 13 and the HS’,H5’’ protons of residue 14 are observed 
in the other 14-mers and may be used to verify the 31P as- 
signment. 

14-mer[2] d( TCTGAGCGCTCAGA),. A base-pair change 
(G-C - C-G) was carried out at position 2 (and again a 

complementary C-G - G-C change was made at position 13). 
The PAC spectrum of 14-mer[2] is shown in Figure 3B (see 
supplementary material). Besides the expected scalar coupling 
crosspeaks in the spectrum, two or three additional crosspeaks 
remain unidentified, for example, the two high-field crosspeaks 
flanking the C(9), C(2), and C(7) P-H3’ correlations. These 
crosspeaks were excluded in the assignments for three reasons. 
First, none correspond to a 31P resonance in the 31P spectrum; 
second, no H4’ correlations are associated with these cross- 
peaks; and third, no H3’ peaks corresponding to the ‘H cor- 
relations are seen in the 1D or 2D ‘H spectra. Because of the 
punty of the sample and the possibility of forming hairpin loops 
in palindromic sequences, we currently believe that these small 
crosspeaks arise from a minor hairpin loop conformation. Note 
that a hairpin loop would be expected to have longer transverse 
31P relaxation times which would selectively enhance the in- 
tensity of the PAC crosspeaks. From the order of H3’ as- 
signments given in Schroeder et al. (in preparation), the purine 
31P assignments were straightforward. G(6)-H3’ and G- 
(1 3)-H3’ protons were assigned identical chemical shifts in 
the NOESY spectrum; however, the two could still be dis- 
tinguished, where G(6)-H3’ is slightly more upfield than 
G( 13)-H3’. G(6)-P does not show any scalar coupling to a 
H4’ proton, but G(13) does show coupling to both A(14)- 
HY,”’’ protons (4.10, 4.19 ppm) which were easily assigned 
in the NOESY spectrum. This type of coupling was also seen 
in the PAC spectrum of the pseudooperator and 14-mer[ 11. 
The pyrimidine 31P assignments were also straightforward from 
the assigned order of H3’ chemical shifts. Interestingly, the 
31P assignment associated with C(7) shows scalar couplings 
to the G(8)”5’,H5’’ protons, which suggests atypical coupling 
constants for these protons. 

14-mer[3] d(TGTGTGCGCACACA)2. The 14-mer se- 
quence resulting from the base-pair changes at position 5 (A-T - T-A) and 10 (T-A - A-T) now represents an oligo- 
nucleotide sequence having an arrangement of completely 
alternating 5‘-PyPu-3‘ and 5’-PuPy-3’ base steps. The PAC 
spectrum is shown in Figure 3C (see supplementary material). 



31P Resonances of DNA Duplexes 

The 31P resonance assignments were again straightforward 
with no ambiguities. G(8) and G(6) 31P resonances were 
distinguished on the basis of their slightly different H3’ 
chemical shifts, where G(8)-H3’ is slightly more downfield 
than G(6)-H3’. C( 1 1) and C( 13) can be confirmed by their 
H4’ correlations to A( 12) and A( 14) residues, respectively. 
In addition, the 31P resonance of C( 13) shows a coupling to 
both the A( 14)-”’,H5” protons, as observed in the PAC 
spectra of 14-mer[l] and 14-mer[2]. All of the 31P-H4’ 
couplings correspond exactly to those assigned from the 
NOESY spectrum. Interestingly, A(12) does not show a 
coupling to the C( 11)-H4’. 

14-mer[4] d(TGTGACGCGTCATA)2. The PAC spectrum 
of 14-mer[4] is shown in Figure 3D (see supplementary ma- 
terial). The six purine 31P resonance assignments were iden- 
tified easily from the more upfield purine H3’ chemical shifts. 
Two overlapping crosspeaks are obvious at around -4.28 ppm 
since the 1D 31P spectrum shows only two peaks near this 
frequency. These 31P resonances, G(7) and G(9), were dis- 
tinguished via the corresponding H4’ correlations to C(8) (4.17 
ppm) and T(10) (4.11 ppm). The pyrimidine assignments 
were made in a similar fashion. Two anomalous crosspeaks 
are evident, one occurring at -4.33 ppm and the other at -4.19 
ppm. Again, neither one is associated with a 31P resonance 
in the 1D spectrum. T(10) and C(11) have identical H3’ 
chemical shifts, but these two can be distinguished by their 
31P-H4’ correlations; in this case C( 1 1) correlates with a purine 
H4’ while T( 10) correlates with a pyrimidine H4’. A(5)- and 
G(2)-H4’ crosspeaks overlap once again, as in the previous 
PAC spectra, while as usual, C( 13) shows a scalar coupling 
to the A( 14)-”’,H5’’ protons. 

14-mer[5] d(CACAGTATACTGTG)2. The PAC spectrum 
is not shown (the spectrum is available upon request). All of 
the H3’ and H4’ scalar couplings can be identified except for 
one unidentified crosspeak at -4.10 ppm. Again, this crosspeak 
was eliminated from the assignment possibilities since it is a 
less intense 31P resonance and is not associated with an H4’ 
correlation. All of the 31P resonances were assigned in a 
straightforward manner by using the previously determined 
H3’ and H4’ chemical shifts. Although the position of the 
A(9) crosspeak is just slightly more downfield than A(2) (as 
in the NOESY spectrum), these two can be distinguished by 
their H4’ correlations to C(10) and C(3), respectively. Sim- 
ilarly, T(6) and T(7), having identical H3’ chemical shifts at 
4.86 ppm, can be distinguished by using the H4’ correlations 
of A(7) and A(9). C(3) and C(10) were also distinguished 
in the same manner. The H4’ assignment of T(8) was not 
sufficiently resolved to yield a precise chemical shift; however, 
no chemical shift of this type is found more upfield than around 
-4.10 ppm. Therefore, the H4’ correlation associated with the 
A(7) 31P resonance must be a T(8)-H5’, as is the A(2)-H5’ 
and G( 14)-H5’ shown. 

J-Correlated Spectra. The C4’-C3’-O-P torsional angle 
(e) may be measured by the heteronuclear proton-flip ex- 
periment as optimized for P-H3’ coupling constants (SklenPi 
& Bax, 1987). These spectra were taken, without reverse 
detection, on the tetradecamer sequences, and one of the J- 
resolved 31P-1H spectra is shown in Figure 4 (other spectra 
not shown may be found in the supplementary material or will 
be provided upon request). The coupling constants were 
measured from the slice through the 31P dimension for each 
of the separate 31P resonances and are believed accurate to 
f0.2 Hz (the slices show a well-resolved doublet). Table I 
lists the P-H3’ coupling constants measured at 18 ‘C. Com- 
bined with a proton-phosphorus Karplus relationship (see 
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FIGURE 4: 2D 31P-1H J-resolved spectrum at 200 MHz (‘H) of duplex 
tetradecamer 14-mer at 18 “C. The 1D decoupled 31P NMR spectrum 
is also shown along one axis, and the H3’ coupled doublets are shown 
along the second dimension. 

Experimental Procedures), we can determine the H3’-C3’- 
0-P torsional angle 8 from which we have calculated the 
C4’-C3’UP torsional angle e. Up to four different torsional 
angles (0-360’) may be derived from the same coupling 
constant, and we assume that the e torsional angle closest to 
the crystallographically observed value of -1 69’ (Saenger, 
1984) is the correct value. As shown by Dickerson (Dickerson, 
1983; Dickerson & Drew, 1981), there is a strong correlation 
(R = -0.92) between torsional angles { and e in the crystal 
structures of the dodecamer [ { may be calculated from the 
relationship (Dickerson, 1983; Dickerson & Drew, 1981) { = 
-317 + 1.23~1. Thus, assuming this correlation of {and e exists 
for other duplex structures in solution as well, and from the 
measured coupling constants, we can calculate both C4’- 
C3’-03’-P (e) and C3’-03’-P’-05’ ({) torsional angles. A 
plot of the variation of { (and e) vs 31P chemical shifts for each 
of the tetradecamer sequences is shown in Figure 5. The 
correlation coefficient between {(or e) and 31P chemical shifts 
varies between 0.74 and 0.89 for the various 14-mers. 

DISCUSSION 
31P Chemical Shifts, Phosphodiester Conformation, and 

Calladine Rules. Studies carried out on model systems in- 
dicate that 31P chemical shifts are dependent on the phosphate 
diester conformation (Gorenstein, 1981, 1983, 1984, 1987; 
Gorenstein & Findlay, 1976). 31P chemical shifts of the 
wild-type and mutant pseudooperator sequences (and other 
duplex oligonucleotides) offer insight into those factors re- 
sponsible for the variation of 31P chemical shifts in oligo- 
nucleotides. One of the major contributing factors that de- 
termines 31P chemical shifts is the P-0 ester conformation 
(Gorenstein, 1984), defined by C3’-03’-P-05’ ({) and 
03’-P-O5’-CS’ (a) torsional angles (Gorenstein, 1984). The 
more internal the phosphodiester linkage occurs within the 
oligomer sequence, the more constrained the torsion angles 
become, which can be attributed to an increase in double 
helical character of the oligonucleotide. More internal 
phosphates assume the lower energy, stereoelectronically fa- 
vored g-,g- (t = -60°, a = -60’) conformation, whereas 
phosphodiester linkages located toward the two ends of the 
double helix tend to adopt mixtures between g-,g- and t (C 
t = 18Oo),g- (a), conformations, where an increased flexibility 
of the double helix is more likely to occur (Gorenstein, 1987). 
Studies carried out to investigate this relationship have de- 
termined that the g-,g- conformation is responsible for a more 
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FIGURE 6:  Comparison of the 31P chemical shifts of pseudooperator 14-mers vs sequence. 31P chemical shifts of 14-mer (dashed line in A-D), 
14-mer[l] (solid line, A), 14-mer[2] (solid line B), 14-mer[3] (solid line, C), and 14-mer[4] (solid line, D). 

upfield 31P chemical shift, while a t,g- conformation is asso- 
ciated with a lower field 31P shift (Gorenstein, 1984). Of 
course, conformations in between these two states as well as 
different population mixes of the two state can exist and are 
associated with corresponding shifts in the 31P resonance. 

An additional factor other than position that could poten- 
tially affect the phosphodiester conformation would be local 
variations in parameters such as helix twist that occur along 
the duplex backbone. Sequence-specific, local conformational 
heterogeneity in the duplex structure has been noted in the 
crystal structures of duplex oligonucleotides (Calladine, 1982b; 
Dickerson, 1983; Dickerson & Drew, 198 1). Sequence-specific 
variation in 31P shifts has also been noted (Ott & Eckstein, 
1985a,b; Schroeder, 1986; Gorenstein et al., 1988). The plots 
of helical twist, along with the variation in 31P chemical shifts, 
are shown in Figure 5 .  The 31P chemical shift variations of 
the three to four phosphates on each end of the 14-mers in 
the terminal region follow the predicted helical twist, while 
those in the middle region follow more closely the predicted 
roll angle adjustment [see Figure 9 in Gorenstein et al. (1988)l. 
Note that the helical twist predictions closely match the re- 
spective 31P chemical shift variation at adjacent 5'-PuPy-3' 
base steps relative to the 5'-PyPu-3' position in each case. 

Most significantly measured J(H3'-P) (and by inference 
t and e torsional angles) also only follows the helix twist sum 
function pattern at the ends of the helix, just as is observed 
for the 31P chemical shifts. This further substantiates the point 
we earlier made regarding the distinction between helix ad- 
justment in response to steric clash at the ends versus the 
middles of the duplex (Gorenstein et al., 1988). Dickerson 
and Calladine have shown that sequence-specific helix dis- 
tortions as measured by adjustments of the bases are well 
represented throughout the entire helix by the sum function 
relationships (except for the residue at each end of the helix). 

Comparison of 31P Resonance Assignments of 14-mer, 
I l -mer [ l ] ,  14-mer[2], and 14-mer[3]. Comparison of the 31P 
chemical shifts of each mutant to that of the pseudooperator 

versus sequence is shown in Figure 6. The solid line in the 
plots is that of the pseudooperator, while the dashed lines 
represent the variations of the mutant sequences. Remarkably, 
the 31P spectra and shift variation (Figure 6A) of mutant 
14-mer[ 11 and the 14-mer are very similar despite the G - 
A and C - T changes at positions 2 and 13, respectively. As 
would be predicted from the sequence-specific effects, the 
variation from one base step to the next of 14-mer[l] remains 
the same, with some small variation observed at steps sur- 
rounding the base-pair alteration. Base steps that are two 
positions removed have 31P shifts essentially identical with that 
of the pseudooperator. Surprisingly, larger differences occur 
at the 3' end, while only subtle differences occur at the 5' end, 
in contrast to the Calladine rules which predict equal effects 
at both ends. Both phosphate positions 11 and 12 are shifted 
in an "opposite" manner in lCmer[l]  by approximately the 
same amount. Note that the base-pair changes in 14-mer[l] 
relative to the 14-mer conserve the pattern of pyrimidine and 
purine base pairs, thus supporting our hypothesis that either 
purine G or A will produce comparable local helical adjust- 
ments in the phosphate ester backbone (similarly for the py- 
rimidines). 

The 31P chemical shift pattern of 14-mer[2] is also quite 
similar to that of the pseudooperator; however, the magnitude 
of the 31P chemical shift perturbations is significantly greater 
than in 14-mer[l] (Figure 6B). lCmer[2] mutation is again 
at positions 2 (G - C) and 13 (C - G). As in the 14-mer[l] 
mutation sequence, greater perturbations (relative to the 
wild-type pseudooperator) in the 31P shifts are observed at the 
3' end of the sequence. These modifications cause the alter- 
nating purinepyrimidine sequence at the terminal ends to be 
different and as a result change the alternating clash order 
from minor groove-major groove-minor groove to a single 
minor groove clash step at phosphate position 3 (now an iso- 
lated 5'-PyPu-3' step without adjacent 5'-PuPy-3' steps). Since 
a low-field 31P chemical shift has been detected at every minor 
groove clash in the pseudooperator and 14-mer[l], it is not 
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surprising to see a similar downfield shift at position 3 in 
14-mer[2]. Note that positions 1 and 13 are now homopolymer 
steps rather than a 5’-PyPu-3’ step as the result of the mutation 
at positions 2 and 12. It is thus surprising that the 31P chemical 
shifts of phosphates 1 and 13 of 14-mer[2] are quite similar 
to those of the parent 14-mer (note that the chemical shifts 
at these positions for mutant 14-mer[ 11 are also quite similar). 
Additionally, the chemical shift of phosphate position 2, now 
being a homopolymer step, is unexpected. Apparently, the 
conformation arising from the lone TpG step at position 3 
affects the adjacent CpT in the same fashion as the GpT step 
in the pseudooperator or 14-mer[l]. Of course, this is con- 
sistent with the interpretation that 5’-PyPu-3’ steps account 
more for helical distortions, as well as the observation that 
5’-PuPy-3‘ steps are equivalent to homopolymer steps. The 
slight difference in shift between the two positions probably 
is a result of sequence differences between 5’-GpT-3’13’- 
ApC-5‘ and 5’-CpT-3‘/3’-ApG-5’ base steps. 

The 31P chemical shift patterns at positions 5-9 in the 14- 
mer, 14-mer[l], and 14-mer[2] are all the same (Figure 6A,B), 
as expected since these are equivalent positions in these three 
14-mers. Interestingly, the perturbations in the 31P chemical 
shifts between the 14-mer[2] and the parent 14-mer extend 
to phosphates at positions 4 and 10. As in the 14-mer[l], 
perturbations in 31P shifts in the 14-mer[2] are more accen- 
tuated at the 3’ end. Note particularly the large 0.40 ppm 
downfield shift of phosphate 10 in 14-mer[2] relative to the 
same phosphate in the wild-type 14-mer. These steps are two 
positions away from the base-pair changes, indicating that 
backbone distortions are affected further away from the clash 
sites. The Calladine-Dickerson rules predict substantial 
changes at the clash site and smaller effects at the nearest- 
neighbor site on either side of the base step. Our 31P results 
thus suggest that sequence effects can extend to structural 
perturbations in the backbone conformation further than the 
local helical parameters originally predicted by the Calla- 
dine-Dickerson rules. 

Duplex 14-mer[3] represents mutations at positions 5 (A - T) and 9 (T - A). These modifications produce a 14-mer 
with completely alternating purine-pyrimidine sequence. In 
addition, phosphate positions that are now identical in both 
base sequence and purine-pyrimidine steps are as follows: 1, 
3, and 5 (TpG); 9,11, and 13 (CpA); 2 and 4 (GpT); and 10 
and 12 (ApC). Note that the 31P chemical shifts of phosphates 
1-5 and 9-13 also completely alternate (first downfield, then 
upfield, downfield, etc.) in keeping with the alternating nature 
of the sequence (Figure 6C). However, in the central region 
(positions 5-9) there is no alternation of the 31P chemical shifts. 
Phosphates at positions 5-8 have 31P shifts very similar to those 
of the pseudooperator, and the loss of an alternating pattern 
represents quite small changes in 31P chemical shifts in this 
central region (<0.1 ppm). 

Not surprisingly, the 31P shift variations at the two ends of 
14-mer[3] (mutations occurring at positions 5 and 10) are 
identical with that in the pseudooperator. Phosphate positions 
4 and 9 directly adjacent (both in the 5’ direction) to the 
mutations are most affected by the base-pair changes, while 
the central region is also only slightly affected. the 0.3-0.4 
ppm perturbations produced in the 31P chemical shifts of both 
phosphates 4 and 9 agree exactly with the predicted variations 
expected for the alternating purine-pyrimidine base steps. 
Phosphate 4 is shifted 0.34 ppm upfield relative to the parent 
14-mer while phosphate 9 is shifted 0.37 ppm downfield. 

Note also in all of these sequences that the actual 31P shift 
is dependent on the position in the sequence. Identical base 
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FIGURE 7: Comparison of the 31P chemical shifts of pseudooperator 
14-mer mutants [4] and [ 5 ]  vs sequence. 31P chemical shifts of 
14-mer[4] (solid line) and 14-mer[5] (dashed line). 

steps at more internal positions are associated with smaller 
changes in 31P shift variation from one base step to the next. 
Undoubtedly, this is due to differences in helix flexibility 
between base steps located at the two ends and central regions. 
Thus the 31P shifts of identical base steps also depend on 
position within the sequence. 

The 3 1 P  chemical shut comparison of 14-mer, 14-mer[4], 
and 14-mer[5] is shown in Figures 6D and 7. 14-mer[4] 
represents multiple mutations at positions 6-9 involving G/C 
replacements, and not surprisingly, the only major 31P chemical 
shift differences between the parent 14-mer and 14-mer [4] 
are found in the central region. At the two ends of 14-mer[4], 
nearly identical 31P shifts to the parent 14-mer are observed, 
the only difference being at positions 3 and 4 where the 31P 
shifts are just slightly different. Note that the 31P shifts at 
positions on the 3’ side of the central region are more perturbed 
by the base-pair changes, consistent with that observed for the 
other 14-mer sequences studied. Excluding positions 3 and 
4, the only step that the variation is different from the pseu- 
dooperator is at positions 9 and 10. This is analogous to 
14-mer[2], where creation of a 5’-PyPu-3’step (at position 
8) affects the adjacent homopolymer base step in the same 
manner. 

Even though the variation is identical for the central region 
where the changes occurred, the variation of 14-mer[4] is 
exactly “opposite” if one considers how the alternating pu- 
rine-pyrimidine base steps were changed. That is, at the 
5’-GpCpGpC-3’ steps in the 14-mer pseudooperator, the 31P 
shift is downfield-upfield-downfield, respectively. In 14- 
mer[4], the variation for the 5’-CpGpCpG-3’ steps is also 
downfield-upfield-downfield. But now the order of the pu- 
rine-purine clash steps is opposite, being minor groove-major 
groove-minor groove in 14-mer[4] while being major 
groove-minor groove-major groove in the pseudooperator. 
Because of the difference in alternating nucleotide sequence, 
the equivalent variation of 31P shift simply suggests that the 
central regions of each sequence exist in different conforma- 
tions. 

14-mer[4] and 14-mer[5] are related by an “opposite” nu- 
cleotide sequence (a pyrimidine is replaced by the other py- 
rimidine and a purine is replaced by the other purine). This 
retains the purine-pyridimine base steps (and clashes) but 
obviously completely alters the sequence at every position. The 
31P chemical shift patterns of 14-mer[4] and 14-mer[5] are 
shown in Figure 7. Remarkably, the pattern of variation of 
31P chemical shifts and to a lesser extent e / {  of the two se- 
quences is quite similar. The actual 31P shifts and torsional 
angles between any two identical phosphate positions do differ 
slightly and can be attributed to base-sequence differences 
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affecting the local helical conformation. 
Sequence-Specific Variations. Figure 5 compares the 31P 

shift variation and the t torsional angles to those of the pre- 
dicted helical twist. The 31P chemical shifts and t (and {) 
torsional angles [directly derived from the experimentally 
measured J(P-H3') coupling constants; see Experimental 
Procedures] follow essentially identical patterns (Figure 5 ) .  
In those parts of the duplexes where the chemical shifts 
follow the Calladine rules (particularly at the ends of the 
duplex), we observe that the t torsional angles also follow the 
predicted helix twist. In those base-pair steps where the 31P 
chemical shifts do not fit the predicted Calladine rules (es- 
pecially in the middle regions of the duplexes), we find that 
the e torsional angles also do not follow the predicted helix 
twist values. This strongly supports our argument that 31P 
chemical shifts are strongly dependent upon the backbone 
conformation. Furthermore these data suggest as we had 
previously concluded from our 31P chemical shift studies 
(Gorenstein et al., 1988) that the backbone conformation does 
not appear to always follow the Calladine rules. As described 
in our previous paper (Gorenstein et al., 1988), 31P shifts (and 
now also backbone torsional angles) follow the predicted helical 
adjustments from Calladine rules predominantly at the ter- 
minal sequences. However, the correlation is not strong, and 
the plot of 31P chemical shift at all phosphate positions vs the 
predicted helical twist gives a correlation coefficient of only 
0.60 (plot not shown; it is only slightly better if only the eight 
positions at the ends of the sequence are considered). 

Correlation of J(P-H3? Coupling Constants and 31P 
Chemical Shifts. In our earlier work (Gorenstein et al., 1988) 
we had suggested that the sequence-specific variations in 31P 
chemical shifts could be interpreted in terms of different 
conformational mixes of the BI and BII states. (The BI con- 
formational state is defined by { = g-, a = g-, e = t and BII 
by { = t ,  a = g-, e = g-; Dickerson, 1985.) As can be seen 
in Figures 5 and 8, there is a very good correlation between 
31P chemical shifts and J(P-H3') coupling constants (corre- 
lation coefficient R = 0.80 at 18 'C). This correlation holds 
whether we compare only the nonclash positions ( R  = 0.88), 
Pu-Py clash positions ( R  = 0.78), Py-Pu clash positions ( R  
= 0.61), or all clash positions ( R  = 0.80). Again, this strongly 
supports the hypothesis that the 31P chemical shift variations 
are attributable to torsional angle changes. For example, the 
lowest downfield 31P shift observed in a modest size oligo- 
nucleotide is around -3.8 ppm, whereas the most upfield 31P 
shift is around -4.6 ppm. This then represents a range of 31P 
chemical shift values of 0.8 ppm for all phosphate positions 
within an oligonucleotide sequence. If the 31P chemical shift 
is determined solely by torsional angles t and {, then the 
orientation of the phosphodiester backbone will take on con- 
formations ranging in between fully g-,t and t,g- (BII and BI) 
states (referring to the E,{ torsional angles). Further analysis 
of the relationship between 31P chemical shifts and measured 
torsional angles is described in Roongta et al. (to be sub- 
mitted). 

Limitations of Calladine Rules. Our analysis of the 31P 
shifts and P-H3' coupling constants of the pseudooperator and 
mutants confirms that some aspects of the Calladine rules are 
obeyed for variation of the sugar phosphate backbone of duplex 
oligonucleotide sequences in solution. Certainly the sum 
function rules have been experimentally verified in the crystal 
state due to the excellent correlations between the observed 
helical parameters and the corresponding sum function rules. 
Note, however, that the backbone torsional angles in the crystal 
state do not appear to follow any easily understandable rules 
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FIGURE 8: Plot of 31P chemical shifts vs J(P-H3') coupling constants, 
P-03' ester torsional angle 5, C-03' torsional angle e, and percent 
of the BI state (Roongta et al., to be submitted) for the native 14-mer 
(0), 14-mer[l] (+), 14-mer[3] (X), 14-mer[4] (#), and 14-mer[5] 
(*), at 18 OC. Additional symbols represent other 12-mer oligo- 
nucleotides (Roongta et al., to be submitted). 

(Gorenstein et al., 1988). Furthermore, limitations of the 
Calladine rules in solution have been suggested from the so- 
lution structure of an asymmetrical l l-mer sequence (Clore 
& Gronenborn, 1985). Exactly opposite correlations were 
observed between certain helical parameters and those pre- 
dicted by the sum function rules. In contrast, Feigon et al. 
(1 983a,b) have observed helical parameters that correlated 
well with both predicted helical twist roll angle sum functions. 
Clearly the use of Calladine rules to predict various helical 
parameters is not universal for every oligonucleotide sequence, 
and some caution should therefore be taken in any type of 
interpretation with respect to Calladine sum function rules. 

Conclusions and Some Suggestions Regarding DNA- 
Protein Recognition and Specificity Mediated through the 
Phosphate Ester Conformation. Most attention on DNA 
recognition has focused on primary base-pair specificity 
(Landschulz et al., 1988), defined as a direct readout mech- 
anism (Matthews, 1988). As described in this paper, the 
conformation (as well as position) of the phosphates appears 
to show sequence specificity. It is thus not unrealistic to 
assume that at least a portion of protein-DNA recognition 
derives from recognition of the sequence-specific variation in 
the sugar phosphate backbone (an indirect readout mecha- 
nism). DNA is not a uniform cylinder of equivalently placed 
negative charges, but rather one in which the phosphate 
charges can significantly migrate across the surface of the 
cylinder in the response to changes in local helical parameters 
such as helix twist (in turn responsive to sequence specificity). 
With helical twist variations of 12-14' expected in normal 
B-DNA, the phosphate groups can vary from their uniform 
B-DNA position by f7', which translates into linear dis- 
placements of 1 A. It would appear that the location of these 
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charges could represent a convenient signpost for designating 
a specific DNA sequence. 

In  phage 434 repressor (Anderson et al., 1987; Aggarwal 
et al., 1988), and h repressor (Jordan & Pabo, 1988) the 
proteins make contacts to the base pairs as well as to the 
phosphates of the backbone. Extensive networks of hydrogen 
bonds are made with the oxygens of the phosphates in the 
direct operator recognition site. Certainly electrostatic in- 
teractions directly to the phosphates can be a major factor in 
stabilizing these complexes, but whether they represent a major 
part of the recognition code remains unanswered. Most sig- 
nificantly, in trp repressor it appears that most if not nearly 
all of the direct protein contacts to the operator are to the 
phosphate ester phosphoryl oxygens (Otwinowski et al., 1988). 
No direct hydrogen bonds exist between the base pairs of the 
operator and the repressor. 

It is important to point out that changes in the torsional 
angles t and {similar to the BI to BII conformational transitions 
not only shift the position of the phosphate but also rotate the 
orientation of the phosphoryl oxygens relative to the helix axis. 
As shown in the crystal structure of a 12-mer (Dickerson, 
1983; Fratini et al., 1982), the plane formed by the phosphorus 
atom and the phosphoryl oxygens of the phosphate in the BII 
conformation is nearly perpendicular to the plane formed by 
the phosphorus atom and the phosphoryl oxygens of the 
phosphates in the BI conformation. Any set of H-bond donors 
or positively charged groups could readily discriminate between 
these two conformations that differ significantly in the ori- 
entation of their electrostatic potential. Our coupling constant 
and 31P chemical shift data indicate that some phosphates have 
greater than 50% BII conformational character. Certainly 
these structural differences are large enough that they could 
provide a signature of the base step. It is important to note 
that most of these direct proteinsugar phosphate contacts are 
mediated via amino acids with short polar side chains. Thus 
in h repressor only Lys-26 in the loop containing Lys-24, 
Lys-25, and Lys-26 makes a possible contact with the operator 
phosphates. Obviously, if recognition is attributable to binding 
to the position and orientation of the phosphoryl oxygens, then 
long side chains cannot as effectively provide a unique readout 
of these phosphates. These sequence-specific variations in the 
conformation of the DNA sugar phosphate backbone thus can 
possibly explain the sequence-specific recognition of DNA by 
DNA binding proteins, as mediated through direct contacts 
and electrostatic complementarity between the phosphates and 
the protein. Perhaps a portion of the second genetic code will 
be found in the sequence-specific variation in the phosphate 
ester backbone, an often overlooked component of DNA 
structure. 
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Transfer of Phospholipid and Protein into the Envelope of Gram-Negative Bacteria 
by Liposome Fusion7 
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ABSTRACT: A liposome-bacterial fusion system was developed in order to introduce preformed terminal 
complement complexes, C5b-9, into the outer membrane of Gram-negative bacteria. Liposomes were 
prepared from a total phospholipid extract of Salmonella minnesota Re595. Fusion between liposomes 
and Salmonella sp. or Escherichia coli 17 was dependent on time, temperature, pH, and Ca2+ and PO.,- 
concentration. Only Salmonella sp. with attenuated LPS core regions were able to fuse efficiently with 
liposomes. It was demonstrated that fusion of liposomes with S.  minnesota Re595 or E. coli 17 under optimum 
conditions resulted in (i) quantitative transfer of the self-quenching fluorescent membrane probe octadecyl 
rhodamine B chloride from the liposomal bilayer to the bacterial envelope, (ii) transfer of radiolabeled 
liposomal phospholipid to the bacterial outer membrane and its subsequent translocation to the cytoplasmic 
membrane, demonstrated by isolation of the bacterial membranes following fusion, and (iii) delivery of 
liposome-entrapped horseradish peroxidase (HRF') to the periplasmic space, confirmed by a chemiluminescent 
assay. Following fusion of liposomes incorporating CSb-9 complexes with S.  minnesota Re595 or E .  coli 
17, immunological analysis of the isolated membranes revealed C5b-9 complexes located exclusively in the 
outer membrane. 

Liposomes have been used extensively as model systems for 
the study of membrane interactions and membrane fusion. 
Fusion is an important event in many processes associated with 
eukaryotic cell activity and has been extensively investigated 

t S.T. is supported by on SERC CASE postgraduate studentship, 
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in relation to intracellular membrane traffic including endo- 
cytosis, exocytosis, and viral genomic delivery to host cells 
(White et al., 1983; Pastan & Willingham, 1985; De Lisle & 
Williams, 1986; Morre et al., 1988). In contrast, there is no 
intracellular vesicle transport system in prokaryotes, and it is 
at present unclear whether protein-controlled fusion events 
have any role to play in secretion, conjugation, and cell division 
in bacteria (Bamford et al., 1987). 
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