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ABSTRACT: The self-complementary oligonucleotides [r(CGC)d(CGC)], and [d(CCCCGGGG)], in sin- 
gle-crystal and solution forms have been investigated by Raman spectroscopy. Comparison of the Raman 
spectra with results of single-crystal X-ray diffraction and with data from polynucleotides permits the 
identification of a number of Raman frequencies diagnostic of the A-helix structure for G C  sequences. The 
guanine ring frequency characteristic of C3’-endo pucker and anti base orientation is assigned at  668 f 
2 cm-’ for both dG and rG residues of the DNA/RNA hybrid [r(GCG)d(CGC)],. The A-helix backbone 
of crystalline [r(GCG)d(CGC)], is altered slightly in the aqueous structure, consistent with the conversion 
of a t  least two residues to the C2’-endo/anti conformation. For crystalline [d(CCCCGGGG)] ,, the Raman 
and X-ray data indicate nucleosides of alternating 2’-endo-3’-endo pucker sandwiched between terminal 
and penultimate pairs of C3’-endo pucker. The A-A-B-A-B-A-A-A backbone of the crystalline octamer 
is converted completely to a B-DNA fragment in aqueous solution with Raman markers characteristic of 
C2’-endo/anti-G (682 f 2) and the B backbone (826 f 2 cm-’). In the case of poly(dG).poly(dC), 
considerable structural variability is detected. A 4% solution of the duplex is largely A DNA, but a 2% 
solution is predominately B DNA. On the other hand, an oriented fiber drawn at  75% relative humidity 
reveals Raman markers characteristic of both A DNA and a modified B DNA, not unlike the [d- 
(CCCCGGGG)], crystal. A comparison of Raman and CD spectra of the aqueous [d(CCCCGGGG)], 
and poly(dG).poly(dC) structures suggests the need for caution in the interpretation of C D  data from G 
clusters in DNA. 

R e c e n t l y ,  Benevides et al. (1984b) obtained and interpreted 
laser Raman spectra of the Z-DNA crystals [d(CGCGCG)],, 
[d(m5CGTAmSCG)]2, and [d(CGCATGCG)],, the molecular 
structures of which had been determined by single-crystal 
X-ray diffraction analysis at atomic resolution. In combining 
the results of X-ray diffraction and Raman spectroscopy, it 
was possible to identify a number of Raman lines characteristic 
of specific nucleoside conformations of Z DNA, including those 
of both GC and AT base pairs. Since the correlations between 
Raman frequency and molecular structure apply also to 
noncrystalline samples, this approach provides a means of 
identifying nucleoside C3’-endo/syn and C2‘-endo/syn con- 
formers in DNA fibers, gels, and solutions by Raman spec- 
troscopy. Raman data from crystalline DNA oligomers and 
from polydeoxynucleotide fibers and solutions have also been 
compared with corresponding data from viral nucleic acids and 
nucleoproteins to identify conformational properties of the 
native viral genomes (Thomas et al., 1985). 

In the present work we report the Raman spectra of two 
self-complementary oligonucleotides, r(GCG)d(CGC) and 
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d(CCCCGGGG), both of which form miniature double-helical 
structures. The latter has been investigated by single-crystal 
X-ray diffraction analysis (Wang et al., 1982a; T. Haran, Z. 
Shakked, A. H.-J. Wang, and A. Rich, unpublished results), 
which reveals both C3’-endo/anti and C2’-endo/anti con- 
formers, or minor variants thereof. The double-stranded hy- 
brid hexamer [r(GCG)d(CGC)], is similar in sequence to the 
terminal segments of the larger DNA/RNA hybrid, [r- 
(GCG)d(TATACGC)] ,, which forms a double-helical A-type 
structure containing only C3’-endo/anti nucleoside confor- 
mations (Wang et al., 1982b). The A conformation of the 
decamer is evidently due to the presence of ribonucleotides, 
since the corresponding deoxy sequence adopts a B-DNA 
conformation in solution (Mellema et al., 1983). Therefore, 
we anticipate that the hybrid hexamer [r(GCG)d(CGC)], also 
forms an A-type helix containing C3’-endo/anti conformers. 

As far as we know the Raman spectrum of an A-DNA 
model containing only GC base pairs has not been reported 
previously. The preferred geometry of a hybrid DNA/RNA 
structure at physiological conditions is of importance because 
of the relevance of such structures to transcription, reverse 
transcription, and DNA replication. The secondary structure 
of [r(GCG)d(CGC)], in aqueous solution is also of interest 
since the minimum number of hybrid base pairs required to 
retain an A-helix geometry in water is not known. 

The octanucleotide crystal investigated in this work, [d- 
(CCCCGGGG)] 2, diffracts to near atomic resolution and is 
isomorphous with the related crystal, [d(GGCCGGCC)],, in 
which all nucleosides except the third and fifth from the 5’- 
terminus, Le., C(3) and G(5), assume the A-type geometry 
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The octamer or hexamer crystal, authenticated by X-ray 
diffraction as referenced in the preceding section, was trans- 
ferred with approximately 10 pL of mother liquor [2- 
methyl-2,4-pentanediol (40%) + 25 mM sodium cacodylate 
(pH 7) + 2 mM spermine + 10 mM MgC12) to a Raman 
sample cell (Kimax 34507 glass capillary), which was ther- 
mostated at 32 OC. The 514.5-nm line from a Coherent Model 
CR-2 argon laser was focused on the crystal, and the Raman 
scattering at 90° was collected and analyzed by a Spex Ra- 
malog spectrometer under the control of a North Star Horizon 
I1 microcomputer. Spectral data were collected at 1 .O-cm-' 
intervals with an integration time of 1.5 s. A slit width of 8.0 
cm-I was employed for each scan of the spectrum from 300 
to 1800 cm-'. Additional data from some samples were 
collected at 4.0- and 2.0-cm-I slit widths to search for band 
splitting as described under Results and Discussion. Spectra 
of solutions of the oligomers and polymers were obtained 
similarly. Generally, solution spectra were recorded at or 
below 32 "C. 

Each Raman spectrum displayed in the figures is the av- 
erage of several scans, of 1 S-cm-' or less repeatability, from 
which the fluorescent background and scattering by the solvent 
or mother liquor have been removed by computer-subtraction 
techniques as described (Benevides et al., 1984b). The 
spectrum of solvent or mother liquor was always recorded with 
the same instrument setting employed for solution or crystal. 
In some of the spectra, the noise was smoothed by a least- 
squares fit of third-order polynomials to overlapping 15-point 
regions. This procedure did not measurably alter the Raman 
line frequencies or intensities. Raman frequencies are believed 
accurate to within f 2  cm-'. The sharp line at 764 cm-', due 
to mother liquor and measurable to a precision of f l  cm-I 
(Benevides et al., 1984b), was employed as an internal fre- 
quency standard in spectra of crystals. 

Deconvolution 
methods for enhancement of resolution in Raman spectra of 
nucleic acids have been described in detail elsewhere (Thomas 
& Agard, 1984). Here, deconvolution has been employed only 
to separate or sharpen partially overlapped bands that cannot 
be resolved instrumentally. Generally, a Gaussian function 
of 15-cm-I half-width was employed to deconvolute the spectral 
envelope in the 600-900-cm-' interval. This desmearing 
function corresponds closely to the instrument slit function. 

(C)  Circular Dichroism Spectroscopy. CD spectra were 
recorded on a JASCO Model J-500A recording spectropo- 
larimeter, equipped with a Model DP501N data processor 
(Institute for Protein Research, Osaka University). Melting 
temperatures of the aqueous oligomers were determined by 
standard UV methods and yielded the following results. In 
0.1 M NaC1, pH 7, the T,  of [r(GCG)d(CGC)], was 41 OC, 
and that of [d(CCCCGGGG)], was 47 OC. Both melting 
transitions were sharp in the sense that 80% of the total UV 
intensity change over the temperature range 20-65 OC took 
place within the interval T,,, f 5 OC. Less than 10% of the 
increase in occurred between 20 and 32 OC. These results 
were confirmed by the Raman spectra, which showed no 
significant change over the temperature range 20-32 OC. At 
the latter temperature it is estimated that less than 10% of 
the helical structure of either oligomer has been melted. 

RESULTS AND DISCUSSION 
Molecular Structure and Raman Spectrum of [r(GCG)d- 

(CGC)12. The molecular hybrid [r(GCG)d(CGC)], is ex- 
pected to form an A-helix structure (Wang et al., 1982b). 
Figure 1 shows the Raman spectrum of the single crystal of 
[r(GCG)d(CGC)],. The close correspondence between the 

( B )  Deconuolution of Raman Spectra. 

(Wang et al., 1982a; T. Haran, Z. Shakked, A. H.-J. Wang, 
and A. Rich, unpublished results). The central four base pairs 
in both of these structures share the same sequence (CCGG), 
and conformational similarities are therefore anticipated. In 
the central quartet, the sugar ring pucker alternates between 
C3'-endo and C2'-endo geometries along one strand (5' -+ 3') 
and conversely for the complementary strand. The fate of this 
structure in solution is relevant to a number of recent studies, 
which suggest that an alternation in ring pucker along one 
DNA strand (or between two strands) may be a rather com- 
mon feature of aqueous nucleic acid structure (Arnott et al., 
1983; Fodor et al., 1985). The C4G4 sequence may also serve 
as an appropriate model for ascertaining the effect of alter- 
nating ring pucker upon Raman lines, which serve as markers 
for A-DNA and B-DNA helices. 

Experimental evidence indicates that the transition between 
B and A forms of DNA depends upon the GC content, with 
the A structure preferentially stabilized for GC sequences 
(Drew & Dickerson, 1981; Inui-Nara et al., 1985). In fact, 
apparently stable A-helix structures have recently been re- 
ported for aqueous poly(dG)ply(dC) (Nishimura et al., 1985) 
and low-humidity fibers of poly(dA-dT).poly(dA-dT) (Thomas 
& Benevides, 1985). We have examined the Raman spectra 
of fibers and solutions of poly(dG).poly(dC), as well as both 
Raman and circular dichroism (CD) spectra of aqueous so- 
lutions of C4G4, over a wide range of solute concentration and 
compared the spectral data with those obtained from the 
crystalline GC oligomers. The results indicate conformational 
similarities between GC sequences of fibrous poly(dG).poly- 
(dC) and those of the C4G4 crystal but reveal that the con- 
formations of aqueous GC models are significantly influenced 
by solvent and salt environment. 

EXPERIMENTAL PROCEDURES 
Materials. ( A )  Synthesis and Growth of Single Crystals 

of Self-complementary Oligonucleotides. The oligo- 
nucleotides r(GCG)d(CGC) and d(CCCCGGGG) were syn- 
thesized by an improved phosphotriester technique in which 
1-hydroxybenzotriazol was used as an activating reagent (van 
der Mare1 et al., 1981). After the deblocking of the fully 
protected molecules, both fragments were purified by Sephadex 
G-50 column chromatography and converted into ammonium 
salts. The purity of each oligomer was greater than 95% as 
judged by HPLC analysis. The crystallization of these 
molecules has been described in detail elsewhere (Wang et al., 
1982a,b; T. Haran, Z. Shakked, A. H.-J. Wang, and A. Rich, 
unpublished results). 

( B )  Polynucleotides. Poly(dG) (lot 427840), poly(dC) (lot 
663/82), and poly(dG)-poly(dC) of homogeneous size (lot 
709-57, CsCl buoyant density = 1.793 g/cm3) were purchased 
from Pharmacia P-L Biochemicals. Solutions were prepared 
either by directly dissolving the polynucleotide duplex at the 
concentrations specified below in 0.1 M NaCl at pH 7.5 or 
by first dissociating the duplex at pH 13 and then reannealing 
it through progressive dialysis against media of gradually 
decreasing pH down to 7.5. Both methods produced samples 
of apparently identical secondary structures as judged from 
Raman results. Fibers of poly(dG).poly(dC) were drawn as 
described previously (Prescott et al., 1984) and were sealed 
in hygrostatic Raman cells maintained at the desired relative 
humidity (RH). 

Spectroscopy. ( A )  Raman Spectroscopy. Raman spectra 
of solutions, fibers, and crystals were obtained by methods 
previously described in detail (Prescott et al., 1984; Benevides 
et al., 1984b; Thomas & Benevides, 1985) and summarized 
below. 
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spectrum of Figure 1 and Raman spectra of aqueous A-RNA 
(Lafleur et al., 1972; Thomas & Hartman, 1973) and fibrous 
A-DNA structures (Erfurth et al., 1975; Prescott et al., 1984) 
is remarkable and confirms the A-helix structure for the hybrid 
hexamer in the crystalline state. This result also confirms the 
transferability of Raman liqes characteristic of the A backbone 
geometry among crystalline, fibrous, and aqueous nucleic acids. 
The Raman lines or markers that are most useful for distin- 
guishing A-helix geometry of the DNA or RNA backbone are 
labeled in Figure 1 and several of these are tabulated in Table 
I. Further discussion of the Raman assignments is given under 
the next section. 

Comparison of Figure 1 with spectra of GC sequences in 
Z -  and B-helical forms shows also that the [r(GCG)d(CGC)], 
crystal lacks Raman lines assigned previously to Z and B 
backbone geometries, which confirms the earlier Raman 
marker assignments (Benevides & Thomas, 1983; Benevides 
et al., 1984b). 

Raman Lines Characteristic of the A-Helix Geometry. ( A )  
The Conformation-Sensitive Guanosine Ring Mode Occurs 
at 668, cm-'. One of the most useful indicators of nucleoside 
conformation is a Raman line in the region 620-690 cm-', 
which arises not from a vibration within the backbone itself 
but from a vibration of the guanosine ring that is mechanically 
coupled through the glycosidic bond to the furanose ring (Lord 
& Thomas, 1967; Thamann et al., 1981; Nishimura et al., 
1983; Benevides et al., 1984b). The guanine frequency is 
therefore influenced by both sugar ring pucker and glycosyl 
torsion angle. As discussed by Nishimura et al. (1983), 
C3'-endo/anti-guanosines should produce the ring frequency 
at 667 f 3 cm-I. As seen in Figure 1, this frequency occurs 
as a single sharp band at 668 f 2 cm-I, which defines its 
position and intensity for the C3'-endo/anti-G conformation. 
Since a single, sharp line is observed, both dG and rG nu- 
cleosides are confirmed to yield the same C3'-endo/anti 
marker. 

(B)  Backbone Vibrations Correspond Closely to Those of 
Aqueous R N A  and A-DNA Fibers. The weak Raman line 
at 7 1 1 cm-l is assigned to a main-chain vibration characteristic 
of C3'-endo-ribosyl structures. This line is the analogue of 
the 7 10-7 15-cm-' line observed previously in polyribo- 
nucleotides and oligoribonucleotides and assigned to a vibration 

Table I: Conformation-Sensitive Raman Frequencies and 
Assignments from Spectra of [r(GCG)d(CGC)], and 
[d(CCCCGGGG)]*' 

[r(GCG)d(CGC)]z [d-(CCCCGGGG)I2 
crystal solution crystal solution assignment* 

668 668 663 3'-endo/anti-G 
686c 682 2'-endo/anti-G 

690 690 d A helix 
71 1 711 705 A helix 

792* 784c B helix OPO 
810 810 807 A helix OPO 

826 B helix OPO 
850' B helix OPO 

1092 B helix PO2- 
1100 1096 1099 A helix PO2- 

132lC 1333 2'-endo/anti-G 
1415 1415 1415 3'-endo sugarf 

1420 2'-endo suaarf 
"Frequencies (cm-I) are accurate to f 2  cm-I. *Abbreviations: G, 

guanosine or deoxyguanosine; OPO, stretching vibration of backbone 
phosphcdiester group; PO2-, stretching vibration of backbone phospho- 
dioxy group. Other nomenclature is defined in the text. CAssigned to 
C2'-endolanti or C1'-exo/anti conformer. See text. dThe region near 
690 cm-' is obscured by other bands. 'Overlapped by a band due to 
the cytosine ring ca. 782 cm-I. /See Prescott et ai. (1984). 

of the ribose ring involving C-C and C-0 stretching motions 
(Prescott et al., 1974). 

The conformation-sensitive diester OPO stretching vibration 
gives rise to an intense and sharp line at 810 cm-', while the 
PO2- symmetric stretch occurs at 1100 cm-'. These are the 
frequencies anticipated for a double helix of the A backbone 
geometry. Further, the observed ratio of Raman intensities 
(Zslo/Zlloo = 1.6 f 0.1) corresponds to that expected of a pure 
A helix (Thomas & Hartman, 1973; Benevides & Thomas, 
1983). 

We note that in RNA fibers the OPO frequency is usually 
centered near 813 f 2 cm-' (Thomas & Hartman, 1973), 
slightly higher than in A-DNA fibers (807 f 2 cm-I) (Prescott 
et al., 1984). The fact that we observe a single OPO band 
for the hybrid [r(GCG)d(CGC)], at the position intermediate 
between markers for A RNA and A DNA rather than two 
bands of equal intensity at the respective positions for A RNA 
and A DNA, is indicative of a homogeneous backbone geom- 



44 B I O C H E M I S T R Y  B E N E V I D E S  E T  A L .  

3'- endolanti rC-dG 3'-endo/anti 
3'-endo/anti rG-dC 3'-endo/anti 
3'-endo/anti dC-rG 3'-endo/anti 

I 1 I I I 1 I I I I I I 1 I 

500 1000 cm-1 I500 

3'-endo/anti rC-dG 3'-endo/anti 
3'-endo/anti rG-dC 3'-endo/anti 
3'- endolant I dC- rG 3'- endo/ ant I 

FIGURE 2: Raman spectrum of [r(GCG)d(CGC)], dissolved to 20 mg/mL in 0.1 M NaCl solution at pH 7.5. The spectrum has been corrected 
for scattering by the solvent. Arrows indicate Raman lines associated with nucleoside or backbone conformations of B DNA. 

etry in the hybrid, which is distinct from structures of homoribo 
and homodeoxyribo A helices. It is important to recognize 
from Figure 1 that the 810-cm-' line displays a half-width as 
narrow as that of any other line in the Raman spectrum of 
[r(GCG)d(CGC)],, indicating that the band is not the com- 
posite of two overlapping bands at nominally higher and lower 
frequencies. We have verified that the 810-cm-' line cannot 
be resolved into a doublet by recording spectra with an in- 
strumental slit width as low as 2 cm-', as shown in the inset 
of Figure 1. The experimental finding is also confirmed by 
Fourier deconvolution of the spectrum, which yields a single 
deconvoluted peak at 810 cm-' rather than two peaks at higher 
and lower frequencies (not shown in Figure 1, but see Figure 
7). Ribosyl (5'-CH2) and deoxyribosyl (5'-CH2 and 2'-CH2) 
methylene deformations give rise to a weak, broad band at  
1415 cm-', as expected for sugars of the A-helix backbone 
(Benevides & Thomas, 1983; Prescott et al., 1984). 

( C )  The A-Helix Structure of Crystalline [r(GCG)d- 
(CCC)] , Is Predominantly Unchanged in Aqueous Solution. 
The Raman spectrum of aqueous [r(GCG)d(CGC)], (Figure 
2) indicates that the A-helix structure of the crystal is largely 
conserved in aqueous solution. However, several Raman lines 
characteristic of B DNA appear very weakly in the solution 
spectrum, indicating a slightly less uniform A helix than in 
the crystal. A quantitative estimate of the loss of A character 
may be obtained by comparing the value of the Raman in- 
tensity quotient (1810/Zll,,o) in crystal and solution spectra 
(Thomas & Hartman, 1973). This quotient falls from 1.6 f 
0.1 in the crystal (Figure 1) to 1.4 f 0.1 in solution (Figure 
2), which corresponds closely to a decrease of 2 of the 12 bases 
per hexamer duplex. 

The partial A - B isomerization, evidenced by the ap- 
proximate 16% intensity decrease of the 810-cm-' line, is 
consistent with an "end effect" in which the terminal rG-dC 
base pairs fall out of the strict A helix register of the crystal 
and in which rG retains C3'-endo pucker while dC is converted 
to C2'-endo pucker. Fraying of the double helix would also 
account for the very weak B backbone marker in the solution 
spectrum (830-cm-' shoulder to the 810-cm-' line, Figure 1) 
and would be consistent with the interpretation of NMR results 
on related structures (Mellema et al., 1983; Sanderson et al., 
1983). It is interesting to note that the sharpness of the 
668-cm-' line in the crystal (Figure 1) is also attenuated in 
the solution spectrum (Figure 2), which is consistent with a 
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FIGURE 3: Stereo drawing of the model of the double-helical structure 
of [r(GCG)d(CGC)], as determined from the Raman spectrum of 
the crystal. The model was generated by assuming C3'-endo/anti 
nucleoside conformations and coordinates of A DNA. AKOWS indicate 
the positions of dC residues of the 3'-terminus, which are believed 
to assume the CY-endolanti conformation in aqueous solution. (Top) 
View along the 2-fold axis approximately perpendicular to the helix 
axis; (bottom) view perpendicular to both the 2-fold and helix axes. 

or nonalternating, produce the same marker bands in the 
600-900-cm-' interval of the Raman spectrum. [The lower 
intensity of the 826-cm-I line of the octamer in comparison 
to the corresponding (829 cm-l) intensity of the polymer is 
attributable to end effects in the octamer.] 

On the other hand, the 1200-1400-cm-' intervals of the 
Raman spectra of Figure 4 are clearly different for [d- 
(CCCCGGGG)], and poly(dG-dC)qxdy(dG-dC). The major 
difference between the two spectra occurs for the cytosine line 
near 1240 cm-'. In poly(dG-dC).poly(dG-dC), the cytosine 
line exhibits the same relative intensity as the corresponding 
line in calf thymus DNA (Prescott et al., 1984) and other 
B-DNA polymers (Brown et al., 1972; Thomas et al., 1985). 
By comparison, a more intense 1240-cm-I line occurs in [d- 
(CCCCGGGG)I2. These results suggest strongly that the 
higher intensity of the 1240-cm-' line of [d(CCCCGGGG)], 
is due to less hypochromism associated with stacking of cy- 
tosine in the C4 sequences. 

The inset to Figure 4 shows the CD spectrum of [d- 
(CCCCGGGG)], in more dilute aqueous solution (0.1 mg/ 
mL). This CD profile exhibits many similarities to that of 
B DNA and confirms the conclusion reached from Raman 
spectra. The [d(CCCCGGGG)], solution that yielded the CD 
spectrum of Figure 4 contained approximately the same ratio 
of counterion to phosphate as the more concentrated oligo- 
nucleotide solutions prepared for Raman spectroscopy. We 
found, however, that significant changes in salt (and/or buffer) 
concentration produce substantially altered CD spectra, which 
could not be easily interpreted in terms of known CD patterns. 

( B )  The Molecular Structure of Crystalline [ d -  
(CCCCGGGG)], Is Not B DNA. Figure 5 shows the Raman 
spectrum obtained from the single crystal of [d- 
(CCCCGGGG)],, which is isomorphous with [d- 
(GGCCGGCC)], (Wang et al., 1982a). Comparison with 
Figure 4 demonstrates that the octamer duplex in the crystal 
is structurally different from the solution form. Specifically, 
the secondary structure of the octamer backbone in crystalline 
[d(CCCCGGGG)], is unlike that of B DNA, and the average 
deoxyguanosine conformation differs slightly from the uniform 
C2'-endo/anti pattern of the aqueous octamer and the low-salt 
form of poly(dG-dC).poly(dG-dC). This is in accord with 
recent X-ray results indicating that an unusual conformation 
occurs at the CpG step of the C4G4 sequence (T. Haran, Z. 
Shakked, A. H.-J. Wang, and A. Rich, unpublished results). 

L I I I I I I I I I I I I I I 

500 1000 cm-1 I500 
FIGURE 4: (Top) Raman spectrum of [d(CCCCGGGG)], dissolved to 20 mg/mL in 0.1 M NaCl solution at pH 7.5. (Bottom) Raman spectrum 
of poly(dG-dG).poly(dG-dC) dissolved to 20 mg/mL in H20  solution at pH 7.5 (no added salt). The inset shows the CD spectrum of aqueous 
[d(CCCCGGGG)]2. 
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We rely upon analogy with the [d(GGCCGGCC)], crystal 
structure, and Raman correlations established previously 
(Benevides et al., 1984b; Prescott et al., 1984; Benevides & 
Thomas, 1983), to reach certain conclusions about the mo- 
lecular structure of crystalline [d(CCCCGGGG)],. 

First, the spectrum of the crystal shows a richness of Raman 
lines in the 600-900-cm-I interval quite different from a pure 
B-DNA conformation [cf. Figure 5 with Figure 4 and data 
of Benevides & Thomas (1983)], indicating a greater diversity 
of secondary structure than is present in B DNA. Second, the 
guanosine conformation marker occurs as a doublet (ap- 
proximate relative peak heights in parentheses): a major peak 
at 663 cm-’ (0.70 f 0.05) and a minor peak at 686 cm-1 (0.30 
f 0.05). This indicates that in the crystal structure roughly 
two-thirds to three-fourths of the dG residues may adopt the 
C3’-endo/anti conformation but roughly one-fourth to one- 
third of the dG residues adopt a conformation that differs from 
C3’-endo/anti. From previously established correlations, the 
686-cm-’ line is most likely due to a C2’-endo/anti-dG con- 
former, or a minor variant thereof (Benevides et al., 1984b). 
Note that the additional shoulder near 700-705 cm-I is too 
high in frequency to be assigned to guanine (Nishimura et al., 
1983) but exhibits the position and intensity of the sugar ring 
mode discussed previously as an A-helix marker (Prescott et 
al., 1974) (see also Figure 1). 

Third, we find evidence for at least two different backbone 
OPO conformation markers near 800 cm-I: 790 (B backbone) 
and 807 (A backbone). The former occurs as a partially 
resolved shoulder to the more intense cytosine ring mode at 
784 cm-I; the latter is reasonably intense. Fourth, the weak 
Raman line near 850 cm-’ (superposed over a broader back- 
ground) suggests an unusual OPO diester stretch for a small 
portion of the octamer backbone. We presume the 850-cm-I 
line to be indicative of backbone geometry within the B family 
because of its proximity to other B-DNA markers. The diffuse 
Raman scattering that underlies the 850-cm-’ peak is con- 
sistent with the Occurrence of other B-type secondary structure. 

Collectively, these results indicate an approximate 3 to 1 
ratio of C3’-endo to C2’-endo (or closely related) G conformers 
in the octamer crystal, as well as the presence of OPO linkages 
associated with both A- and B-form DNA backbones. The 
pucker of the minor G conformer cannot be deduced une- 
quivocally from the Raman data but is reasonably assigned 
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as C2‘-endo/anti. Typically, the C2’-endo-G marker is ex- 
pected at 682 f 2 cm-’; here, it occurs at 686 f 2 cm-’. From 
X-ray studies it is known that both C2’-endo and the closely 
related C1’-exo conformers can be incorporated into a B-type 
backbone and both are quite stable in GC sequences of this 
kind (Wang et al., 1982a). Both would be consistent with the 
Raman backbone markers noted above. Therefore, we do not 
rule out the possibility of C1’-exo or another minor variant 
of the dG sugar ring pucker as the source of the 686-cm-’ line. 
However, for simplicity, in the subsequent discussion we shall 
refer to the minor dG conformer of crystalline [d- 
(CCCCGGGG)] , as C2’-endo/anti-dG. 

With reference to the crystal structure of [d- 
(GGCCGGCC)], (Wang et al., 1982a), residues G(1), G(2), 
C(7), and C(8) have sugar conformations close to the C3’-endo 
pucker of A DNA. The two base pairs on each end therefore 
comprise miniature A-DNA helices. The sugar puckers of the 
central four nucleosides, C(3) through G(6), alternate in 
B-A-B-A fashion. Since the octamers [d(CCCCGGGG)], and 
[d(GGCCGGCC)], have the same CCGG sequence in their 
respective central four bases and since their crystal structures 
are isomorphous, we anticipate that the molecular structures 
of both crystals may be very similar to one another. Such an 
alternation of ring puckers along the central four residues of 
[d(CCCCGGGG)],, sandwiched between two miniature A 
helices, would explain all of the above-noted qualitative fea- 
tures of the Raman spectrum. Furthermore, an alternation 
in ring pucker for [d(CCCCGGGG)],, as occurs for [d- 
(GGCCGGCC)] ,, would generate guanine ring modes near 
662 and 682 cm-’ with an approximate 3:l Raman intensity 
ratio, in close quantitative agreement with the data of Figure 
5. Finally, this interpretation would also be consistent with 
the occurrence of an irregularity at the CpG step of the C4G4 
sequence (T. Haran, Z. Shakked, A. H.-J. Wang, and A. Rich, 
unpublished results). 

In Figure 6 we show the deconvolution of the C4G4 crystal 
spectrum in the region 600-900 cm-’. The deconvolution 
permits better separation of the overlapped Raman lines and 
more reliable measurement of the relative Raman intensities 
(band areas). The results show that the ratio of integrated 
intensities of the 663- and 686-cm-l lines (2.70:l) compares 
favorably with the expected 3:l ratio for an A-A-B-A-B-A- 
A-A geometry like that of [d(GGCCGGCC)],. 
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FIGURE 6: Comparison of the observed (+) and deconvoluted (-) 
spectra of the [d(CCCCGGGG)], crystal in the region 600-900 cm-’. 
A Gaussian desmearing function of 15-cm-’ half-width was employed 
in the Fourier deconvolution method of Thomas & Agard (1984). 

Table 11: Conformation-Sensitive Guanine Ring Frequencies and 
C3’-C4’ Torsion Angles in Model Structures 

C3’-C4’ Raman 
torsion angle frequency 

structure residue (8). (cm-I) 
A DNA G 83 668 
d(CCCCGGGG) G(6) ( 8 5 )  663 
B DNA G 139 682 
d(CCCCGGGG) G(5) (116) 686 

‘Data from Wang et al. (1984). Values in parentheses are taken 
from the isomorphous crystal [d(GGCCGGCC)],. Values for DNA 
are from model-building analyses. Torsion angles of the backbone are 
defined as 

a B 7 8 c 5  
03‘-?-Q5‘-C5‘-C4‘- C3‘-Q3‘--P-O5‘ 

Finally, we note that Cl’-exo/anti-G remains a plausible 
candidate for the minor conformer of [d(CCCCGGGG)] ,. 
This would not only account for the somewhat anomalous 
positions of the guanine marker (686) and OPO marker (850 
cm-I) but would also be completely consistent with the 
structure determined for the isomer [d(GGCCGGCC)],. In 
any case it seems clear from the Raman data that the proposed 
B-like base pairs in the [d(CCCCGGGG)], crystal, viz., 
C(3).G(5) and G(5).C(3), deviate in a minor way from the 
so-called “average” B geometry found in the alternating GC 
sequence of the low-salt form of poly(dG-dC).poly(dG-dC) 
(Benevides & Thomas, 1983). 

Comparison of the Guanine Ring Mode and the Torsion 
Angle of the C3’-C4’ Bond. In Table I1 we list the confor- 
mation-sensitive guanine ring frequencies from several 
structures together with the C3’-C4’ torsion angles from 
model-building and X-ray structure studies (Wang et al., 
1982a). Additional studies will be required in order to de- 
termine whether a reliable correlation can be established be- 
tween the sugar torsion angle and the guanine ring mode. 
Nevertheless, the present data are consistent with a sugar 
pucker for the internal G(6) residue of [d(CCCCGGGG)] 
close to that found in A DNA and a sugar pucker for the 
internal G(5) residue more similar to that of B DNA. 

Backbone Structures and Raman Markers in A DNA and 
B DNA. One of the most pronounced differences between the 
solution and crystal spectra of [d(CCCCGGGG)], is the in- 
tense 807-cm-’ line in the latter. As detailed elsewhere 
(Thomas & Hartman, 1973; Erfurth et al., 1975; Prescott et 
al., 1984), a line near this frequency is due to a quasi-sym- 
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FIGURE 7: (Top) Raman spectrum of [r(GCG)d(CGC)], crystal in 
the 600-900-~m-~ region (+) compared with its deconvoluted spectrum 
(-). (Bottom) Corresponding data for the A-helix fiber of poly- 
(dA-dT).poly(dA-dT), taken from Thomas & Benevides (1985). Other 
conditions are as given in Figure 6. 

metric OPO stretching vibration and is characteristic of A- 
DNA backbone geometry. In B DNA, the corresponding 
backbone vibration gives rise to two Raman lines at ca. 790 
(symmetric component) and ca. 835 cm-I (antisymmetric 
component). Benevides & Thomas (1983) have shown from 
studies of deuterated DNAs that the B-DNA band observed 
at 790 cm-I actually comprises two Raman components, a 
cytosine ring breathing mode centered near 784 cm-I and the 
OPO symmetric stretching vibration of the B backbone, which 
occurs closer to 790 cm-l. These features are evident in the 
deconvoluted spectrum of Figure 6. 

Although it has been suggested elsewhere that A DNA also 
contains a backbone mode at 790 cm-I (Nishimura et al., 1983, 
1985), we find scant evidence for such a Raman line in our 
spectra of A-DNA models. We have examined the Raman 
scattering in the 600-900-cm-’ region of the DNAIRNA 
hybrid [r(GCG)d(CGC)],, as a model for pure A helix con- 
taining GC pairs only, and the same spectral region of low RH 
fibers of poly(dA-dT).poly(dA-dT), as a model for pure A 
helix containing AT pairs only. Both the observed and de- 
convoluted spectra are shown in Figure 7. The results indicate 
no prominent Raman line centered near 790 cm-I for these 
A-helix models. The very weak line near 792 cm-I in poly- 
(dA-dT)-poly(dA-dT) can be attributed entirely to a thymidine 
ring mode not associated with secondary structure and not 
sensitive to conformation (Thomas et al., 1985). Similarly, 
the apparent asymmetry in the 783-cm-I line of [r(GCG)d- 
(CGC)] ,, discernible only in the high-resolution spectrum of 
Figure 1 (inset), indicates at best an extremely weak 790-cm-I 
line in the A helix, of little practical use for structure diagnosis. 

Comparison with the [d(CCCCGGGG)], crystal (Figure 
6) confirms that partial B-DNA character is required to 
generate a conformation-sensitive 790-cm-I line of appreciable 
intensity. We conclude that the A helix contains no signifi- 
cantly intense Raman marker near 790 cm-I, associated with 
either GC or AT sequences. 

It is interesting to note that the Z-DNA polymer, high-salt 
poly(dG-dC).poly(dG-dC), as well as Z-DNA oligomers in- 
vestigated previously (Benevides & Thomas, 1983; Benevides 
et al., 1984b), all exhibit a weak Raman line near 790 cm-l. 
In the Z form, C2’-endo/anti-cytidine is paired with C3’- 
endolsyn-guanosine. The 790-cm-’ frequency appears to be 
common to GC structures containing C2’-endo/anti-cytidine. 
Further crystal analyses will be conducted to confirm this 
assignment. 
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Poly(dG)*Poly(dC) in Fiber and Solution States. In Figure 
8, the Raman spectra of poly(dG).poly(dC) in fibrous and 
solution states are shown for comparison with the spectrum 
of the [d(CCCCGGGG)], crystal (Figure 5). The significant 
features of these data and their interpretations are as follows: 

(i) All spectra have a line near 807 cm-’, but the line in- 
tensity varies greatly from one spectrum to another, indicating 
different amounts of A-helix structure. The A-helix marker 
is most intense for the concentrated (40 mg/mL) solution of 
poly(dG)-poly(dC), followed by the fiber at 75% RH, the 
[d(CCCCGGGG)], crystal, and the more dilute polymer so- 
lution (20 mg/mL). 

(ii) All spectra have a line between 830 and 852 cm-I, the 
intensity of which varies inversely with that of the 807-cm-I 
line. Accordingly, as A-helix content diminishes, the alternate 
structure giving rise to the 830-850-cm-I line(s) increases. 
Because of the similarity of the 852-cm-l line of fibrous 
poly(dG).poly(dC) to the 850-cm-’ line of [d(CCCCGGGG)],, 
we believe these frequencies have a common structural origin, 
namely, a “modified” B-type backbone (see Raman Spectra 
and Nucleoside Conformations of [d(CCCCGGGG)],). The 
corresponding Raman line in dilute poly(dG).poly(dC) occurs 
at 830 cm-’, close to the value expected of a Ynormaln B DNA. 

(iii) Several other Raman markers of poly(dG).poly(dC) 
and [d(CCCCGGGG)], fit into a pattern consistent with the 
OPO backbone markers, including the band due to dioxy 
stretching ca. 1090-1 100 cm-’. The band has the expected 
position (1097 cm-’) for a predominantly A-DNA structure 
in the concentrated poly(dG).poly(dC) solution and the ex- 
pected position (1092 cm-l) for a predominantly B-DNA 
structure in the dilute solution. 

(iv) Regarding guanosine conformation markers, the [d- 
(CCCCGGGG)] , crystal displays the strongest C3’-endo 
marker (663 cm-’), followed closely by the concentrated 
poly(dG).poly(dC) solution and the fiber, whereas the dilute 
poly(dG)-poly(dC) solution contains the strongest C2’-endo 
marker (682 cm-I). 

(v) The different intensity of the cytosine ring mode near 
1240-1250 cm-I in all poly(dG).poly(dC) structures (Figure 
8) indicates different base-stacking arrangements in the various 

structures. The fact that the Raman pattern in the 1200- 
1400-cm-l region of the [d(CCCCGGGG)], crystal resembles 
more closely the pattern of fibrous poly(dG).poly(dC) than 
that of aqueous poly(dG).poly(dC) is in accord with the 
previous discussions. 

(vi) In summary, although none of the samples represented 
in Figure 8 appears to contain a homogeneous secondary 
structure, the spectrum of the concentrated poly(dG)-poly(dC) 
solution resembles most closely the spectrum of the A-DNA 
model, [r(GCG)d(CGC)], (Figure l) ,  while the spectrum of 
the dilute poly(dG)-poly(dC) solution is more like that of B 
DNA [cf. poly(dG-dC).poly(dG-dC), Figure 41. However, 
it is important to note that the intermediate cases, Le., the 
[d(CCCCGGGG)], crystal and the fiber of poly(dG)-poly- 
(dC), contain geometries in which the non-A structure departs 
significantly from that of prototypical B DNA. Under Raman 
Spectra and Nucleoside Conformation of [d(CCCCGGGG)],, 
we have speculated that the modified B-DNA structure of 
crystalline [d(CCCCGGGG)], may involve variants of C2’- 
endolanti-G, including the C 1’-exolanti conformer, as in 
[d(GGCCGGCC)],. Clearly, such variants may also be 
present in the fiber of poly(dG).poly(dC). 

CONCLUSIONS 
The DNAIRNA hybrid [r(GCG)d(CGC)], adopts a uni- 

form A-helix structure in the crystal examined in this work. 
The present results validate the assignment of the following 
Raman markers: C3’-endo/anti-guanosine at 668 f 2 cm-’ 
and A backbone at 810 f 2 cm-’. Both deoxyguanosine and 
deoxyriboguanosine residues of the crystalline hybrid yield the 
same Raman markers. In aqueous solution, the A-helix 
structure of [r(GCG)d(CGC)], is substantially retained. It 
appears that only deoxy residues of the hybrid can be converted 
to the C2’-endo/anti conformation, which may be a conse- 
quence of fraying at the ends of the A-type double helix. These 
results indicate that a hexanucleotide sequence is sufficient 
to retain a predominantly A-type structure for the hybrid in 
aqueous solution at physiological conditions. 

The [d(CCCCGGGG)], crystal contains both A and B 
backbone characteristics and both C3’-endo and C2’-endo 
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nucleoside puckers. Raman and X-ray data suggest an overall 
structure similar to that of [d(GGCCGGCC)], (Wang et al., 
1982a). Raman markers for the C3’-endo nucleosides and the 
A backbone of [d(CCCCGGGG)], are identical with those 
of [r(GCG)d(CGC)],; however, the Raman markers assigned 
to the B-like residues of the octamer indicate small but sig- 
nificant structural differences from canonical B-form poly- 
nucleotide models. 

The present results, together with previously published 
Raman spectra of DNA crystals, fibers, and solutions (Erfurth 
et al., 1972; Prescott et al., 1984; Benevides et al., 1984b; 
Benevides & Thomas, 1985; Thomas et al., 1985), indicate 
substantial variability in the positions of backbone and nu- 
cleoside markers associated with B DNA, in contrast to the 
constancy of markers associated with A DNA and Z DNA. 
Thus, the Raman marker identified with the B backbone 
ranges from ca. 826 cm-’ in aqueous [d(CCCCGGGG)], and 
ca. 829 cm-’ in aqueous low-salt poly(dG-dC).poly(dG-dC) 
to values as high as 850 cm-’ in crystalline [d(CCCCGGGG)], 
and 852 cm-’ in aqueous poly(dG).poly(dC). A consensus 
value of 834 f 5 cm-’ is usually cited for DNA of high mo- 
lecular weight and irregular base sequence. (Corresponding 
markers of A and Z backbone occur at’807 and 748 cm-’, 
respectively, with little or no observed dependence on base 
sequence or chain length.) Accordingly, we conclude that the 
larger the DNA fragment, the greater is the diversity of B- 
family structures that contribute to the overall secondary 
structure. It is this “averaged” B structure that gives rise to 
the band envelope centered at 834 cm-’ in the Raman spectra 
of DNA fibers and solutions. A similar conclusion is reached 
from X-ray results (Dickerson et al., 1982). 

The structure-sensitive guanine ring mode of B DNA (Le., 
680-687 cm-’ for C2’-endo/anti-G conformations) also ap- 
pears to span a greater range than its counterparts in A-DNA 
(C3’-endo/anti) and Z-DNA (C3’-endo/syn) structures. This 
finding is consistent with the conclusion that minor variations 
in the geometry of B DNA, perhaps associated with base 
sequence, are reflected also in the Raman markers assigned 
to nucleoside conformers. Therefore, both the backbone OPO 
and guanosine conformation markers give indications that high 
molecular weight B DNA may contain an ensemble of similar 
but nonidentical conformers, dictated by the local base se- 
quence. 

Alternation of sugar ring pucker along each oligonucleotide 
strand is a conspicuous feature of the structure proposed here 
for crystalline [d(CCCCGGGG)],. It is tempting to conclude 
that such alternation may be a general characteristic of DNA 
structure. However, alternation of pucker is not found in either 
crystalline [r(GCG)d(CGC)], or aqueous [d(CCCCGGGG)],. 
Additional DNA models will have to be investigated in order 
to determine the relevance of alternating pucker to the A and 
B forms of DNA. 

Poly(dG)-poly(dC) would appear to represent a poor model 
for characterization of DNA structure. Raman spectra of 
solutions at different solute concentrations and of fibers are 
not identical with one another, indicating that effects of in- 
termolecular aggregation may influence or even determine the 
secondary structure. A similar conclusion has been reached 
from CD studies of substantially more dilute solutions of 
poly(dG).poly(dC) (Y. Kyogoku, J.  M. Benevides, and G. J.  
Thomas, Jr., unpublished results). Apparently, clusters of G 
residues in oligomer and polymer structures tend to generate 
anomalous CD patterns, which cannot be interpreted with 
correlations developed for random or irregular base sequences. 
The present results confirm the findings of others (Nishimura 

et al., 1985) and indicate the need for caution in applying 
empirical CD correlations to DNA fragments containing 
clusters of G residues. 

Finally, we may draw an interesting conclusion from the 
appearance of a single sharp Raman line at 810 cm-’ as the 
A-helix marker in the [r(GCG)d(CGC)], crystal. The oc- 
currence of only one line at 810 cm-’ (rather than a doublet 
at 807 and 813 cm-’ due to rib0 and deoxyribo residues, re- 
spectively) is direct evidence for a uniform structure isomor- 
phous with neither A DNA nor A RNA. Furthermore, the 
singlet provides indirect evidence that the different A backbone 
markers observed in A DNA (807 cm-’) and A RNA (813 
cm-’) probably arise from small but significant structural 
differences in the two kinds of A helix and not from the effects 
of different mechanical coupling from the two kinds of sugar 
ring (e.g., coupling with respective C2’ substituents). In other 
words, the nonidentical Raman markers observed in A RNA 
and A DNA are more likely due to differences in secondary 
structure than to differences in primary structure. If this 
interpretation is correct, we may hope to exploit the Raman 
OPO frequency to distinguish A-DNA and A-RNA geome- 
tries in hybrid structures that manifest such differences or to 
detect hybrid structures in which RNA conformation domi- 
nates DNA, or vice versa, rather than the present situation 
of an “intermediate” geometry. In future work it will be of 
interest to investigate the Raman spectra of well-defined RNA 
oligonucleotide fragments, the molecular structures of which 
have been determined by X-ray diffraction. 

Registry No. r(GCG)d(CGC), 99327-09-0; d(CCCCGGGG), 
99327- 10-3; poly(dG)*poly(dC), 255 12-84-9. 
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Hydrogen- 1 Nuclear Magnetic Resonance Investigation of Clostridium 
pasteurianum Rubredoxin: Previously Unobserved Signals? 
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ABSTRACT: Previously unobserved signals were located in the 470-MHz 'H N M R  spectra of oxidized and 
reduced rubredoxin (Rd) from Clostridium pasteurianum. When the protein was oxidized, some of the 
resonances broadened beyond detection. Longitudinal relaxation (TI) measurements identified a number 
of these peaks as arising from residues close to the paramagnetic iron; these resonances exhibited short T I  
values attributable to the dominant electron-nuclear dipolar relaxation mechanism. The chemical shifts 
of these peaks were not strongly dependent on the oxidation state of the protein, although relative ratios 
of line widths of several peaks in the spectra of oxidized and reduced Rd suggested localized conformational 
changes of the protein as a result of oxidation. Furthermore, spectra of the oxidized protein collected in 
the range 8-60 O C  revealed no appreciable changes in the chemical shifts of these peaks with temperature. 
These results seem to point out a negligible dipolar contribution, due to either magnetic anisotropy or zero 
field splitting, to the observed shifts in the spectrum of oxidized Rd. Resonances were assigned to tyrosine- 1 1 
or phenylalanine-49 (but not to either specifically) on the basis of their TI values and the X-ray diffraction 
data of the protein molecule [Watenpaugh, K. D., Sieker, L. C . ,  Herriott, J. R., & Jensen, L. H.  (1973) 
Acta Crystallogr., Sect.  B: Struct. Crystallogr. Cryst .  Chem. B29, 943-956; and a further refinement 
deposited with the Protein Data Bank]. An upfield-shifted peak at  about -1.1 ppm in the spectra of both 
oxidized and reduced Rd was assigned to a methyl group. Broad, rapidly relaxing peaks in the 8-10 ppm 
spectral region of oxidized Rd and even broader peaks in the 0 to -4.5 ppm spectral region of reduced Rd 
were identified with the ligated cysteinyl a- and &hydrogens, respectively, as suggested by an analysis of 
their chemical shifts, line widths, and longitudinal relaxation properties. 

O u r  interest in high-potential ironsulfur proteins (HiPIPs) 
and ferredoxins prompted us to investigate rubredoxin (Rd) 
as a potential model for assigning the hyperfine-shifted 'H 
NMR peaks in spectra of the more complicated iron-sulfur 
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proteins. For example, in contrast to the HiPIPs, which have 
4Fe-4S clusters (Carter, 1977), Rd has no acid-labile sulfur 
and only one iron atom, which is nearly tetrahedrally coor- 
dinated to the sulfur of four cysteinyl ligands (Cammack et 
al., 1977). Various physical techniques, including X-ray 
diffraction (Herriott et al., 1970; Watenpaugh et al., 1973, 
1979), ESR (Atherton et al., 1966), Mossbauer (Phillips et 
al., 1970), NMR (Phillips et al., 1970), and laser Raman 

Abbreviations: HiPIPs, high-potential iron-sulfur proteins; 4Fe-4S, 
cluster containing four iron atoms and four inorganic sulfur (acid-labile) 
atoms; Rd, rubredoxin; ESR, electron spin resonance; NMR,  nuclear 
magnetic resonance; ppm, parts per million; DSS, sodium 4,4-di- 
methyl-4-silapentanesulfonate. 
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