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ABSTRACT: The self-complementary dodecamer d(CGCAAATTTGCG) crystallizes as a double helix of
the B form and manifests a Raman spectrum with features not observed in Raman spectra of either DNA
solutions or wet DNA fibers. A number of Raman bands are assigned to specific nucleoside sugar and
phosphodiester conformations associated with this model B-DNA crystal structure. The Raman bands
proposed as markers of the crystalline B-DNA structure are compared and contrasted with previously proposed
markers of Z-DNA and A-DNA crystals. The results indicate that the three canonical forms of DNA can
be readily distinguished by Raman spectroscopy. However, unlike Z-DNA and A-DNA, which retain their
characteristic Raman fingerprints in aqueous solution, the B-DNA Raman spectrum is not completely
conserved between crystal and solution states. The Raman spectra reveal greater heterogeneity of nucleoside
conformations (sugar puckers) in the DNA molecules of the crystal structure than in those of the solution
structure. The results are consistent with conversion of one-third of the dG residues from the C2’-endo/anti
conformation in the solution structure to another conformation, deduced to be C1’-exo/anti, in the crystal.
The dodecamer crystal also exhibits unusually broad Raman bands at 790 and 820 cm™, associated with
the geometry of the phosphodiester backbone and indicating a wider range of (a, ¢) backbone torsion angles
in the crystal than in the solution structure. The results suggest that backbone torsion angles in the CGC
and GCG sequences, which flank the central AAATTT sequence, are significantly different for crystal and
solution structures, the former containing the greater diversity. The Raman data also suggest no significant

change in the geometry of the central AAATTT domain between crystal and solution structures.

Methods of single-crystal X-ray diffraction analysis have
provided high-resolution structures of a number of DNA ol-
igomers in left-handed Z and right-handed A conformations
(Wang et al., 1979, 1982; Wang & Rich, 1985; Shakked et
al., 1983; McCall et al.,, 1985). Typically, the nucleotide repeat
of A-DNA and the dinucleotide repeat of Z-DNA exhibit
characteristic backbone conformations and, with the possible
exception of terminal residues, a regularly repeating pattern
of nucleoside sugar puckers. Many conformational properties
of the Z and A families of DNA structure are also not par-
ticularly sensitive to the base sequence. On the other hand,
the X-ray-determined secondary structure of the dodecamer
sequence d(CGCGAATTCGCG), which has been recognized
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as that of B-DNA, manifests much less regularity in helix
parameters and nucleoside conformations (Wing et al., 1980).
Refinement of this structure by Dickerson and Drew (1981)
has revealed a broader distribution of sugar puckers and base
orientations than ordinarily found in oligomeric Z- and A-
DNA crystals. It is not known whether such
“microheterogeneity” of structure is a fundamental property
of the B form of DNA, an attribute of the particular dode-
camer sequence investigated, or a consequence of solvent-helix
and helix-helix interactions in the crystal. In order to address
questions of this sort, we are examining the crystal and solution
structures of several sequences selected as candidates to form
right-handed double helices of the B form. This paper reports
the use of laser Raman spectroscopy to investigate the con-
formation of one such sequence, d(CGCAAATTTGCG), in
both its crystal and its aqueous solution states.

The target sequence, d(CGCAAATTTGCG), is similar to
that investigated by Dickerson and co-workers (Wing et al.,
1980). Its composition differs only in 2 of the 12 nucleotide
positions, with A replacing G at the fourth residue and T
replacing C at the ninth residue from the 5’ end. The double
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helix of the present dodecamer contains 50% GC pairs and
50% AT pairs, as well as an internal sequence (AAATTT)
considered to have the potential for forming “curved DNA”
(Trifonov, 1984).

In previous studies, we have employed laser Raman spec-
troscopy in conjunction with results of X-ray diffraction
analysis to identify bands in the vibrational Raman spectrum
that are distinct indicators of Z-DNA and A-DNA structures
(Thomas & Benevides, 1985; Benevides et al., 1984, 1986).
A composite tabulation of these Raman markers (Thomas et
al., 1986) has shown that many are distinct from the corre-
sponding vibrational bands found in spectra of aqueous solu-
tions of double-stranded calf thymus and viral DN As and of
complementary polydeoxynucleotides and oligodeoxy-
nucleotides (Prescott et al., 1984, 1986; Thomas et al., 1987).
Insofar as the latter structures are categorized generally as
B-DNA,! it has been possible to infer that all three of the
canonical structures of DNA yield distinctive Raman markers
(Thomas & Wang, 1988). The present study examines for
the first time the Raman spectrum of a DNA model for which
the X-ray crystal structure indicates the B-DNA conformation.
The results provide direct evidence that the Raman confor-
mation markers of the B-form structure of DNA are clearly
different from those of Z-DNA and A-DNA and that the B
structure is not invariant to effects of crystallization.

EXPERIMENTAL PROCEDURES

Materials. The oligonucleotide d(CGCAAATTTGCG) was
synthesized by an improved phosphotriester technique in which
1-hydroxybenzotriazole was used as an activating reagent (van
der Marel et al., 1981). After the deblocking of the fully
protected molecule, the fragment was purified by Sephadex
G-50 column chromatography and converted into the am-
monium salt. The purity of the dodecamer was greater than
95%, as judged by high-performance liquid chromatography
(HPLC) analysis. The crystallization of the dodecamer fol-
lowed procedures described in detail elsewhere (Wang et al.,
1982).

Crystal Structure. The crystal structure of the d-
(CGCAAATTTGCG) double helix has been refined by
Hendrickson—-Konnert refinement procedures at 2.5-A reso-
lution to a current R factor of 20.5%, and the refinement is
continuing to include solvent molecules. The double-helical
oligomer adopts an overall B-DNA conformation not unlike
that of the dodecamer d(CGCGAATTCGCG) (Wing et al,,
1980). While a detailed comparison between the two dode-
camers must await the final refinement of the d-
(CGCAAATTTGCG) structure, some conclusions can be
drawn from the current results. For example, the base pair
stacking patterns along the double helix are quite similar to
each other. However, when we examined the backbone torsion
angles of the molecule of present interest, it was apparent that
a large degree of variability occurs in them, particularly in
the conformational angles «, {, and x, which are associated
with 5/-O-P, 3’-O-P, and glycosyl torsions, respectively.

Sample Handling for Raman Spectroscopy. Crystals of
varying sizes up to 0.2 X 0.5 X 1.0 mm, authenticated by

! We use the term “B-DNA” in its conventional context, viz., to des-
ignate the most stable conformation of DNA, Structural characteristics
usually associated with the B form are 10.5-fold helix pitch, anti-glycosyl
torsion, C2’-endo family sugar pucker (including C3’-exo0, C1’-exo, and,
occasionally, O4’-endo), low base tilt (~5-10°), and phosphodiester
torsion angles («, ¢) in the range (-50 £ 10°, ~120 £ 30°). Further
discussion is given in the work of Arnott et al. (1976) and Saenger
(1984).
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X-ray diffraction as referenced in the preceding section, were
suspended in mother liquor in a sealed glass capillary. The
mother liquor contained 2-methyl-2,4-pentanediol (40%) +
25 mM sodium cacodylate (pH 7) + 2 mM spermine + 10
mM MgCl,. Spectra were excited with the 514.5-nm line of
an argon laser (Coherent Innova 70-2) with 200-300 mW of
radiant power at the sample. The Raman scattering at 90°
was collected and analyzed on a Spex Ramalog spectrometer
under the control of a North Star Horizon-II microcomputer.
Spectral data were collected at intervals of 1.0 cm™ with an
integration time of 1.5 s and with a spectral slit width of either
8.0 or 4.0 cm™! as indicated in the figure legends. All data
collected from the crystals were corrected for Raman scattering
of the mother liquor as described previously (Thomas &
Benevides, 1985; Benevides et al., 1986).

Similar procedures were employed for collection of Raman
spectra of solutions, obtained by dissolving the sodium salt of
the dodecamer in 0.1 M NaCl to a DNA concentration of 25
mg/mL (2.5 wt %). Further details of instrumentation, sample
handling, data collection, signal averaging, and Fourier de-
convolution techniques are described in previous publications
(Thomas & Benevides, 1985; Benevides et al., 1984, 1986;
Thomas et al., 1986; Prescott et al., 1984; Thomas & Agard,
1984).

RESULTS AND DISCUSSION

Comparison of the B-DNA Dodecamer in Crystal and
Solution States. Figure la shows the Raman spectrum of the
d(CGCAAATTTGCG) crystal. The frequencies of many of
the Raman bands of this B-DNA model structure are labeled
in cm™ units at the peak positions. Principal assignments to
base (A, T, G, or C) or backbone groups (OPO, PO, etc.),
derived from earlier studies of mono-, oligo-, and poly-
nucleotides [Thomas et al. (1986) and references cited therein],
are listed in Table I.

Figure 1b shows the Raman spectrum of the d-
(CGCAAATTTGCG) solution, expected to represent also a
B-DNA structure. Remarkably, the solution spectrum is
significantly different from the crystal spectrum, and these
differences are evident in the digital difference spectrum shown
in Figure 1c. Here, the crystal is the minuend and the solution
is the subtrahend, with the 1093-cm™ band of the PO, group
employed for normalization of intensities. Many of the
prominent difference bands occur in the regions 600-900 and
1200-1400 cm™. These regions are sensitive fingerprints of
nucleoside conformation (Thomas et al., 1986) and are re-
displayed on an expanded scale in Figure 2.

Comparison with Other Model Structures Shows That
d(CGCAAATTTGCG) Assumes a B-DNA Conformation in
Aqueous Solution. In previous work we have discussed the
Raman spectra of aqueous solutions of poly(dG-dC)-poly-
(dG-dC) and poly(dA-dT)-poly(dA-dT) in relation to the
Raman spectrum of calf thymus DNA (Thomas & Benevides,
1985; Benevides et al., 1986; Thomas et al., 1986). Like calf
thymus DNA, both polydeoxynucleotides are believed to adopt
structures of the B form in solutions of low ionic strength, and
both exhibit Raman markers characteristic of B-DNA, as
judged from comparison of their solution Raman spectra with
spectra of wet DNA fibers that yield B-type fiber diffraction
patterns (Prescott et al., 1984; Erfurth et al., 1972). In fact,
it has been shown that the Raman spectrum of aqueous calf
thymus DNA can be well represented as a simple sum of
spectra of aqueous poly(dG-dC)-poly(dG-dC) and poly(dA-
dT)-poly(dA-dT) (Thomas et al., 1986).

In view of the above, it is of interest to compare the spectrum
of the d(CGCAAATTTGCG) solution (Figure 1b) with the
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FIGURE 1: Raman spectra in the region 300-1800 cm™! of the dodecamer d(CGCAAATTTGCG) in crystal (a) and solution (b) forms and
their difference spectrum (c). Experimental conditions are described in the text. Methods for correction of contributions from mother liquor
and solvent have been described (Benevides et al., 1985). The band near 1093 cm™ has been used as the basis for normalization of intensities
in computing the difference spectrum. Band assignments and relative intensities are given in Table I.
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FIGURE 2: (a) Comparison of the Raman spectra of the dodecamer
crystal (—) and solution (—~) in the region 600-900 cm™ plotted on
an expanded scale and the corresponding difference spectrum nor-
malized to compensate positive and negative difference bands due to
dG residues in the 660-690-cm™ interval. (See text.) (b) Similar
presentation of data for the region 1200-1400 cm™'. Abbreviations
indicate bands assigned to the nucleosides (A, C, G, or T) or backbone
(bk).
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spectra of aqueous calf thymus DNA and with the sum of
spectra of the aqueous deoxynucleotide copolymers. Such a
comparison is shown in Figure 3, for the 600-900-cm™! region.
Figure 3 shows a close correspondence between Raman bands
of aqueous d(CGCAAATTTGCG) and those of aqueous calf
thymus DNA. Further, Figure 3 shows that the spectrum of
the aqueous dodecamer can be well represented as a simple
sum of spectra of the polynucleotides poly(dG-dC)-poly(dG-
dC) and poly(dA-dT)-poly(dA-dT). Although the data shown
in Figure 3 span only the 600-900-cm™! interval, similar
correlations exist throughout the 300-1800-cm™ region. These
results indicate that in aqueous solution the secondary structure
of the d(CGCAAATTTGCG) duplex is similar to that of calf
thymus DNA and to a composite of secondary structures of
the deoxynucleotide copolymers. Thus, d-
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> 7ee

Oodecamer \

RAMAN INTENSITY
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FIGURE 3: Comparison of the Raman spectrum (600-900 cm™) of
the dodecamer solution (middle) with the spectrum of a calf thymus
DNA solution (top) and with a composite of spectra of poly(dG-
dC)-poly(dG-dC) and poly(dA-dT)-poly(dA-dT) solutions (bottom).
The virtual identity of all three Raman profiles is apparent.

(CGCAAATTTGCG) assumes a B-DNA secondary structure
in aqueous solution.

From previous studies of mononucleotide and oligonucleotide
model compounds it has been determined that the nucleoside
conformation common to aqueous solutions of calf thymus
DNA and deoxynucleotide copolymers contains a furanose
pucker of the C2’-endo family, with anti-glycosyl bond ori-
entation and phosphodiester dihedral angles («, ¢) in the range
(=50 £ 10°, —120 £ 30°). These features are considered
characteristic of B-DNA (Thomas et al., 1986; Benevides et
al., 1984; Arnott et al., 1976). Figure 3 shows that the same
conformational properties apply also to the miniature double
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Table I: Raman Frequencies and Assignments of the B-DNA
Dodecamer d(CGCAAATTTGCG)

crystal® solution® assignment?
325 (1.8 B) 325 (0.6) A
344 (0.8) d
391 (1.2) 389 (0.9) d
402 (1.1) 402 (0.8) d
463 (0.3) d
495 (1.9) 500 (1.2) G, T
529 (0.4) A
556 (0.5) d
580 (0.9) G, C
590 (2.0) 596 (1.0) G, C
612 (0.4) ACT
645 (1.0) A C
671 (2.3) T
675 (3.8 B) G T
681 (3.2) G
729 (2.6) 730 (2.6) A
749 (1.9) 752 (2.2) T
786 (10.0) 788 (10.0) C, T, bk (OPO)
841 (1.8) 835 (2.8) bk (OPO)
896 (1.1) 894 (0.8) d
926 (0.9) 926 (0.6) d
969 (0.8) d
996 (1.4 S) 999 (1.6 S) d
1015 (2.1) 1015 (2.3) d
1055 (2.5) 1058 (1.6) d (CO)
1093 (4.7) 1094 (5.2) bk (PO,")
1109 (1.6) 7
1143 (0.8) 1143 (1.0) d (CO), A, T
1186 (2.5) 1179 (1.3) T, C
1215 (3.6) 1220 (2.7) T
1235 (4.9) 1242 (3.3) T
1253 (6.4) 1256 (3.7) C, A
1290 (3.1) C
1307 (3.9'S) 1304 (4.3) A
1333 (6.9) G
1342 (6.7) 1339 (6.1) A, G
1375 (7.6) 1376 (6.9) T,AG
1422 (2.9) 1421 (2.4) d (CH,)
1448 (2.2 S) d (CHy)
1461 (3.0) 1468 (1.5) d (CH,)
1486 (7.7) 1489 (7.8) A, G
1511 (1.9) 1513 (1.2) A
1531 (1.0) 1540 (0.9) ce
1576 (7.1) 1579 (7.6) G, A
1606 (1.8) 1607 (3.78) c?
1671 (3.9 B) T (C=0)
1696 (1.6 S) 1699 (2.6 S) G (6C==0)°

¢Frequencies are in cm™ units. Values in parentheses are relative
intensities on a 0-10 scale. S = shoulder; B = broad band. ®From
Prescott et al. (1984) and references cited therein. A = adenine, C =
cytosine, G = guanine, T = thymine, d = deoxyribose, and bk =
backbone. Symbols in parentheses indicate specific group vibrations
where known. ¢This work. ¢Benevides & Thomas, 1983.

helix of d(CGCAAATTTGCG) in aqueous solution. The
pertinent Raman markers in the 600-900-cm™ interval and
their conformational significance are as follows: shoulder at
671 and band at 752 cm™! (C2’-endo/anti dT), band at 681
cm™ (C2’-endo/anti dG), band at 730 cm™ (C2’-endo/anti
dA), band at 788 cm™! (C2’-endo/anti dC, except as noted
below), and broad band centered at 835 cm™! (OPO geometry
of B-form backbone) (Thomas et al., 1986). In addition, the
B-form backbone contributes a band near 790 cm™ which
cannot be resolved from the overlapping dC band except by
Fourier deconvolution methods. Deconvolution shows that the
dC component of the band is actually centered close to 780
cm! (Benevides et al., 1986). The presence of two overlapping
band components accounts for the high intensity and unusual
breadth of the composite 788-cm™ band (Thomas et al., 1986).

In the C2’-endo family we include Cl1’-exo and C3’-exo
puckers. The O4’-endo pucker is sometimes also included in

BENEVIDES ET AL.

this family, although in terms of the pseudorotation angle P
this conformation is intermediate between C2’-endo and
C3’-endo puckering (Saenger, 1984). A recent study has
suggested that the Raman spectrum might be used to distin-
guish the various members of the C2’-endo family of furanose
puckers from one another in mononucleoside and mono-
nucleotide crystals (Nishimura et al., 1986). However, it has
not yet been established that the Raman spectrum can be used
to definitively distinguish these closely related geometric
conformers from one another in oligomeric DNA, even though
as a group they can be easily distinguished from C3’-endo/anti
nucleosides, as well as from C3’-endo/syn nucleosides, in both
low and high molecular weight DNAs (Benevides et al., 1984,
1986). Further discussion of this subject has been given
elsewhere (Thomas et al., 1986; Nishimura & Tsuboi, 1986).

Crystal Structure of d(CGCAAATTTGCG) Deviates from
the Aqueous B Conformation. The Raman results discussed
in the two preceding sections imply that the structure of the
d(CGCAAATTTGCG) crystal contains significant differences
from the B-form structures of the d(CGCAAATTTGCG)
solution and of DNA solutions. The nature of the spectral
differences between dodecamer crystal and dodecamer solution
are shown for two informative regions of the vibrational
spectrum in Figure 2. On the other hand, X-ray diffraction
of the d(CGCAAATTTGCG) crystal suggests predominantly
a B-DNA structure (Coll et al., 1987). This apparent conflict
is resolved by considering the probable origins of the bands
in the difference Raman spectrum of Figure 2 and the limits
in resolution of both the Raman and X-ray structures.

Figure 2a shows that the principal OPO marker band of the
d(CGCAAATTTGCG) crystal occurs at 841 cm™, which is
within the interval expected for a structure containing the
B-form backbone (Thomas et al., 1986). The band intensity,
half-width, and peak position are all consistent with the B-
DNA backbone, insofar as the local geometry at the phos-
phodiester groups is concerned. Further, the absence of a
strong band near 807 £ 3 cm™ conclusively rules out the OPO
geometry of right-handed A-form DNA [cf. Figure 1 in
Benevides et al. (1986)]. Likewise, a left-handed Z-DNA
conformation can be categorically rejected on the basis of the
absence of Raman markers for C3’-endo/syn dG conformers
[Table I in Benevides et al. (1984)]. In summary, the Raman
spectrum shows that the crystalline dodecamer contains pri-
marily the OPO geometry associated with the right-handed
B-DNA backbone. Yet, the fact that the 841-cm™ B-DNA
marker in the crystal is significantly displaced from the 835-
cm™' B-DNA marker in the d(CGCAAATTTGCG) solution
spectrum is evidence that these two B backbones are not
identical.

The difference spectrum of Figure 2a also indicates a much
greater half-width for the composite 786-cm™ band in the
crystal than for its solution counterpart. Since the contribution
from deoxycytidine (ca. 780 cm™, see above) to this composite
band is not highly structure sensitive (Benevides & Thomas,
1983), the simplest explanation for the observed dissimilarity
is that the OPO contribution to the band (ca. 790 cm™) is
much broader in the crystal than in the solution spectrum.
Increased breadth of a Raman band usually results from an
increase in the distribution of molecular structures that gen-
erate the band, in this case greater structural “heterogeneity”
of the population of OPQO groups in the crystalline dodecamer
than in the solution dodecamer. The precise distribution of
OPO geometries in the d(CGCAAATTTGCG) crystal cannot
be deduced unambiguously from the available data because
discrete peaks are unresolved in the 790-830-cm™ interval.
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Nonetheless, the crystal’s larger bandwidth at 786 cm™ and
its apparently higher OPO frequency at 841 cm™ (versus 835
cm™! in the solution spectrum) both indicate a different B
backbone geometry vis-i-vis the solution structure.

Another important dissimilarity between crystal and solution
spectra of d(CGCAAATTTGCG) is evident in the shape of
the complex band near 665-685 cm™. In aqueous B-DNA,
including the calf thymus DNA solution shown in Figure 3,
we expect and find a principal peak at 681 £ 2 cm™ due to
C2’-endo/anti dG and a weaker shoulder at 668 £ 2 cm™ due
to C2-endo/anti dT (Benevides et al., 1986; Thomas &
Benevides, 1985). The same is observed for the d-
(CGCAAATTTGCG) solution (Figure 3). Such a band
profile is generally regarded as an unambiguous fingerprint
of B-DNA nucleoside conformations, i.e., C2’-endo/anti dG
and dT conformers (Thomas, 1986; Nishimura & Tsuboi,
1986). However, in the d(CGCAAATTTGCG) crystal the
band in question is much broader, and its peak appears at
a significantly lower frequency (675 cm™) than that observed
for the solution.

The difference spectrum of Figure 2a clearly shows that the
change in band shape consists of a shift of Raman intensity
from 681 cm™ in the solution to about 670 cm™ in the crystal.
Model compound studies have shown that a band shift of this
kind can occur from either of two types of discrete confor-
mation change in the deoxyguanosine residue: (i) when the
sugar pucker of dG is altered from C2’-endo to Cl’-exo
(Nishimura & Tsuboi, 1987) or (ii) when the glycosyl torsion
is rotated from the mid-anti range toward the syn range
(Benevides et al., 1986; Nishimura et al., 1986). Thus, by
either interpretation, the data indicate a more heterogeneous
distribution of dG nucleoside conformers in the crystal
structure than in the solution structure. The amplitude of the
difference band suggests that about one-third of the dG res-
idues exhibit the altered conformation in the crystal. We may
distinguish between which of the two alternatives noted above,
i.e., change in sugar pucker or change in glycosyl torsion, is
the more likely by considering the following. There is no
evidence for syn or very high anti-glycosyl torsions of dG
residues from the present level of refinement of the X-ray data
(Coll et al., 1987). Neither are syn dG conformers indicated
by conformation-sensitive Raman bands in other regions of
the spectrum. We propose, therefore, that one-third of the
dG residues of the dodecamer crystal exhibit sugar pucker
outside the normal C2’-endo range that prevails for dG residues
of B-DNA in solution. We emphasize that the Raman data
indicate the altered dG conformation in the crystal to be in
the Cl’-exo range, which is generally considered within the
C2’-endo family. Supporting evidence for this interpretation
is provided by the appearance of a Raman doublet at 1333
and 1341 cm™, characteristic of a mixture of C2’-endo and
C1’-exo0 dG in the crystal, in lieu of the sharp singlet at 1339
cm™! for the solution spectrum (Figure 2b).

The preceding discussion has focused on conformation-
sensitive Raman bands of the sugar—phosphate backbone and
dG nucleosides in the region 600-900 cm™, because spectra—
structure correlations for these are the best understood
(Thomas, 1986; Thomas & Wang, 1988). However, it is clear
from Figures 1c and 2b that a large number of other Raman
bands are also sensitive to the crystal/solution structure change
of the B-DNA dodecamer. It is improbable that the nucleoside
conformational changes are restricted exclusively to deoxy-
guanosine residues. Unfortunately, a basis does not yet exist
for reliable interpretation of the rich pattern of difference
bands in the 1200-1400-cm™ region (Figure 2b). In addition,
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FIGURE 4: (Top) High-resolution spectrum (4-cm™ slit width) of the
dodecamer crystal (-) compared with its Fourier deconvolution (—).
(Bottom) Spectrum of the dodecamer solution (-+) compared with
its Fourier deconvolution (—). A Gauss—Lorentz deblurring function
of 20-cm™ half-width was employed in the constrained, iterative
Fourier deconvolution procedure (Thomas & Agard, 1984).

the extensive overlap of multiple bands in the 1200~1400-cm™
region severely complicates the potential usefulness of the data,
even if spectra—structure correlations for Raman bands of
individual nucleosides could be established. The latter limi-
tation may be partly overcome by the use of curve decompo-
sition methods, such as Fourier deconvolution as next illus-
trated, to enhance the resolution of overlapping bands.

Enhanced Resolution of d(CGCAAATTTGCG) Raman
Spectra. Figure 4 (top) shows an improved spectrum of the
dodecamer crystal (600-900-cm™ interval), achieved by
narrowing the spectral band-pass to 4 cm™! and signal aver-
aging the data collected. With this approach, it is possible
to just begin resolving the doublet near 665-685 cm™! into two
discrete components. Application of Fourier deconvolution
to this partially resolved spectrum achieves further band
separation, with peaks of nearly equal intensity discriminated
at 670 and 682 cm™!. By contrast, Fourier deconvolution of
the solution spectrum separates peaks of greatly different
intensities (Figure 4, bottom). Since in both cases the lower
frequency member of the doublet contains a contribution from
C2-endo/anti dT residues, it is the change in relative intensity
that accurately reflects the shift of the dG conformation
marker. The deconvolution results of Figure 4 confirm the
conclusion reached earlier by difference spectroscopy that
approximately 33% of the Raman intensity, or one-third of
the dG residues per dodecamer, is shifted from the C2’-
endo/anti dG marker position in the solution spectrum (681
cm™) to the C1’-exo/anti position in the crystal spectrum (670
cm™). The same conclusion is reached by application of a
nonlinear least-squares curve-fitting method (Thomas &
Wang, 1988) to find the best fit of the experimental data of
Figure 4 to Lorentzian peaks centered at the positions of the
partially resolved components.

Estimation of the Water Content of the Dodecamer Crystal.
Prescott et al. (1984) have shown that the relative Raman
intensities of bands due to nucleotide CH stretching
(2800-3100 c¢m™) and water OH stretching vibrations
(3000-3700 cm™!) provide a reliable basis for estimating the
weight percent compositions of DNA and water in solutions
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FIGURE 5 Raman spectrum of the dodecamer crystal in the region
2750-3800 cm™!, containing bands due to DNA residues (base and
sugar CH stretching vibrations) and water of crystallization (OH
stretching vibrations). The data are corrected for Raman scattering
of the mother liquor as described (Benevides et al., 1985). These results
should be compared with corresponding data obtained from DNA
fibers at controlled relative humidity (Prescott et al., 1984).

or fibers (Prescott et al.,, 1984). Here we use the Raman
spectrum to approximate the water content in the crystal of
the B-DNA dodecamer. The appropriate Raman data on the
dodecamer crystal are shown in Figure 5, and the necessary
reference data are given elsewhere [Figure 1 of Prescott et al.
(1984)].

The ratio of the peak heights of the DNA and water bands
in Figure 5 is 2.0. The reference value of the Raman peak
ratio for DNA at 75% relative humidity (RH) is 2.7. Ac-
cordingly, we find the water content of the crystal to be ap-
proximately 2.0/2.7 = 0.74 & 0.12 times that of DNA at 75%
RH. Falk et al. (1962) have accurately determined by BET
gravimetric analysis that DNA contains 36% by weight H,O
at 75% RH, which corresponds to seven water molecules per
nucleotide. Thus, we calculate that the crystal contains ap-
proximately 26 £ 5% by weight H,O, or roughly five water
molecules per nucleotide. The present estimate is subject to
a rather large uncertainty, mainly because of arbitrariness in
establishing base lines for peak measurements. However, a
similar value for the weight percent H,O in the crystal is
reached from the X-ray-determined unit cell parameters (Coll
et al., 1987).

CONCLUSIONS

The principal conclusion of the present work is that the
differences between Raman spectra of crystal and solution
forms of d(CGCAAATTTGCG) reflect differences in struc-
tural details of the dodecamer. In crystal and solution, the
Raman bands sensitive to backbone phosphodiester geometry,
though not identical, fall into the ranges expected of B-DNA
structures (Arnott et al., 1976), from which we have concluded
that in both cases the dodecamer forms a B-DNA secondary
structure; yet, the structures are not identical. Similarly,
Raman bands sensitive to dG nucleoside pucker are signifi-
cantly altered in the crystal spectrum from their positions in
the solution spectrum, from which we have concluded that in
the crystal the dodecamer double helix contains as many as
two of its six dG residues in Cl’-exo-related conformations
not present in solution. The Raman spectra, though sensitive
to dT pucker, give no indication of other than C2’-endo/anti
dT in either solution or crystal. For dC and dA residues,
C2’-endo/anti conformations are also indicated in the solution
structure, but no definitive conclusions can be drawn about
possible differences in these puckers in the crystal structure.
However, the large number of unassigned bands in the dif-
ference spectrum suggests that dC and/or dA residues of the
crystal structure, like dG, may differ from the C2’-endo/anti
puckers observed in the solution structure. Thus, we view the

BENEVIDES ET AL.

Table II: Selected Raman Line Frequencies Diagnostic of A-, B-,
and Z-DNA Structures?

residue A-DNA B-DNA Z-DNA
G 664 £ 2¢ 682 =2 625+ 3
1318 £ 2 1333 £ 3¢ 1316 = 2
A 624 £ 3
1335 £ 2 1339+ 2 1310 £ 5
C 780 + 2 782 2 784 £ 24
1252 £ 2 1255+ 5 1265 = 2
T 745 £ 2 748 £ 2
777 £ 2 790 £ 3
1239 = 2 1208 £ 2
backbone 705 £ 2 790 £ 5 745 + 3
807 + 3¢ 834 £ 7/
1099 £ 1| 1092 £ 1 1095 £ 2
1418 £ 2 1422 £ 2 1425 = 2

?Frequencies in cm™ units are determined from Raman spectra of
DNA and RNA crystals and fibers of known structure. [This work
and references cited in Thomas (1986) and Thomas et al. (1986).]
®This line is usually observed at 668 + 1 cm™' in structures containing
rG. A weak companion line near 1316 cm™ is also observed in B-
DNA structures. 4 The virtual invariance of this frequency to structure
change makes it of limited usefulness. °This line occurs at 813 + 3
em™! in A-RNA structures. A very weak line also occurs at ca. 810
cm™ in Z-DNA structures. /The line is centered close to 830 or 840
cm™!, for DNA containing GC or AT, respectively.

dodecamer as a relatively uniform B-DNA double helix (all
C2’-endo) in solution but as a more irregular (heterogeneous)
B-DNA double helix in the crystal.

Table II contains a partial list of B-DNA Raman markers
for comparison with Raman bands recognized previously as
indicators of Z-DNA and A-DNA. The Raman marker of
the B-form phosphodiester backbone of d-
(CGCAAATTTGCG), at 841 cm™ in the crystal or at 835
cm™" in the solution, and markers of the C2’-endo/anti dG and
dT nucleosides, at 681 and 668 cm™, respectively, in both
crystal and solution, are likely to be the most useful for sec-
ondary structure analyses. [Table II exciudes many of the
conformation-sensitive bands of A-, B-, and Z-DNA outside
the 600-900-cm™! interval. A more comprehensive tabulation
will appear in a future paper (Wang, Benevides, and Thomas,
unpublished results).]

Previous studies of oligonucleotide and polynucleotide so-
lutions have shown that the B-DNA backbone marker (OPO
symmetric stretching vibration) usually occurs in the interval
825-845 cm™!. However, the precise position of the band
within this interval depends upon the base sequence. The
pattern that has emerged from the numerous examples studied
[reviewed in Thomas (1986)] is the following: In structures
containing only AT base pairs, the marker is located at 841
+ 2 cm™!. In structures containing only GC base pairs, the
marker is located at 829 = 2 cm™. In structures containing
both AT and GC pairs in comparable numbers, the marker
occurs at ca. 835 cm™'. In the last category are found calf
thymus DNA, P22 DNA, and other DNAs of mixed-base
composition. Although two discrete components to the 835-
cm™! band cannot ordinarily be resolved by experimental
means, Fourier deconvolution can be employed to successfully
resolve two overlapping components assignable to the AT and
GC domains (Thomas et al., 1986). These results indicate at
least two distinguishable OPO geometries for B-DNA, one
specific to AT sequences and the other specific to GC se-
quences. By contrast, the corresponding A-DNA (807 &+ 3
cm™!) and Z-DNA (745 £ 3 cm™!) markers are invariant to
the base composition. The precise configurational features
of the OPO group which account for two regimes of the B-
DNA marker band are not known, but evidently reside in the
values of backbone («, {) torsion angles.



RAMAN SPECTROSCOPY OF D(CGCAAATTTGCG)

VOL. 27, NO. 3, 1988 937

Table III: Average Torsion Angles and Deviations for AT and GC Residues in Two B-DNA Dodecamer Crystals

deg
d(CGCAAATTTGCG)® d(CGCGAATTCGCG)”
torsion angle? GC AT GC AT
a -59.1 £ 60.2 -39.2 £ 239 656 £7.5 =579 £ 8.1
B8 164.9 + 20.1 -167.5 £ 27.2 1689 £ 13.8 1758 £ 14.4
¥ 58.8 £ 60.2 19.6 £ 29.9 53.4 %84 56.4 £ 6.3
6 129.1 £ 30.3 1440 £ 26.3 124.4 £ 235 119.6 £ 14,7
€ -177.2 £ 28.6 ~-185.9 = 14.1 -160.3 £ 28.4 -184.0 £ 3.2
¢ -100.9 £ 50.0 -90.1 £ 22.1 -117.9 £ 40.7 -92.0 £ 5.1
X ~-111.8 £22.4 -104.2 £ 13.1 -118.8 £ 14.1 -120.8 £ 9.1

?Dihedral torsion angles are defined as follows (Saenger, 1984):

P : ¢ ,
08'—p 2085’2 g5’ c4'— € — 03— P —05

®Coll et al., 1987. ¢Dickerson & Drew, 1981.

The dodecamer examined here contains equal percentages
of AT and GC pairs and is therefore expected to exhibit, like
other DNA of equal base composition, a broad Raman band
near 835 cm™ as the OPO marker of B-form backbone ge-
ometry. In the dodecamer crystal we find instead that the
OPO marker is centered at 841 cm™!, which is the position
expected for DNA containing only AT pairs. This suggests
that the OPO geometry specific to the central AAATTT se-
quence dominates the crystal structure or, stated otherwise,
that the flanking CGC and GCG sequences contain such a
broad distribution of OPO geometries that there is insufficient
cumulative intensity at 829 cm™ to produce a discrete Raman
peak characteristic of the GC domains. This explanation is
consistent with the preliminary X-ray results for the OPO
torsion angles («, {), summarized in Table III (Coll et al.,
1987). The X-ray data indicate a much broader range of
torsion angles for the flanking GC domains than for the central
AAATTT domain. In the solution structure, on the other
hand, the OPO marker occurs at 835 cm™!, which is the value
expected for DNA containing comparable numbers of AT and
GC pairs. Apparently, the solution structure contains greater
consistency in the OPO torsion angles of the flanking GC
segments, resulting in an accumulation of Raman intensity
ca. 829 cm™, which in turn combines with the AT contribution
ca. 841 cm™ to generate a resultant band that is peaked at
the mean value of 835 cm™'. The interpretation given here
is well supported by the results of Fourier deconvolution of
the Raman band envelope in the 800-850-cm™! interval, as
shown in Figure 4. These results further support the general
notion of greater heterogeneity in the dodecamer crystal
structure than in the solution structure.

The Raman spectra reported here do not contain features
that can yet be interpreted as markers of curved DNA, even
though the dodecamer contains a central sequence (AAATTT)
considered to have a higher than average probability of in-
ducing DNA curvature (Trifonov, 1984). On the other hand,
the strong influence of the central six AT pairs on the position
of the Raman backbone marker in the crystal (841 cm™ as
noted above) indicates that in this flexible double helix the
topological properties are dictated by the same portion of the
sequence which also is potentially curved. Certainly, the
present results are not inconsistent with the possibility of a
different degree of curvature in the crystal and solution
structures. Further study of model DNA sequences known
to exhibit different degrees of curvature should reveal whether
discrete Raman bands are sensitive to this conformational
property.

The manipulation of crystal and solution spectra to generate
a difference spectrum (Figures 1 and 2) is somewhat arbitrary.
Thus, the validity of the interpretation developed here rests

upon the accuracy of our assumption that the sum of all
difference bands should be a minimum. This assumption is
equivalent to assuming that both the solution and crystal
samples contain only one molecular structure. There is little
doubt that this holds true for the solution. However, in the
case of the crystal, ambiguity exists as to whether the observed
structural heterogeneity actually arises from within a given
dodecamer (as we have assumed) or between nonequivalent
dodecamers in different unit cells of the lattice. Neither
Raman nor X-ray methods can definitively resolve this point.
The Raman spectrum, on the other hand, can resolve the
question of whether the observed heterogeneity is static or
dynamic, i.e., a consequence of heterogeneity in molecular
conformation or a consequence of rapid interconversion be-
tween conformers. We may reject the latter alternative on
the grounds that a dynamic basis for the observed effects would
lead to broadening of all Raman bands in the spectrum, not
just the few actually noted (Figure 2a).

Finally, we mention that the present results allow us to
predict some features of the Raman spectrum of the Dickerson
dodecamer crystal d(CGCGAATTCGCG). We expect that
the Dickerson structure would contain its OPO marker fre-
quency below 841 cm™ by virtue of its lesser AT content and
the lesser structural influence anticipated from its central
AATT domain upon backbone OPO geometry. In solution,
we would expect the OPO marker band to be more nearly the
same as in the crystal structure. In fact, the significant shift
of the OPO marker observed for our dodecamer would not be
expected to occur for the Dickerson dodecamer. The complex
band near 665-685 cm™!, which is anomalously broadened in
the present crystal, should not exhibit the same breadth in the
Dickerson crystal, because the sugar puckers and glycosyl
torsions span a greater range in the present case (Table III)
than in the Dickerson model (Dickerson & Drew, 1981).
Again, this would render more similar the spectra of crystal
and solution forms of the Dickerson dodecamer. In effect, we
expect that it would be difficult to detect significant structural
differences by comparing the crystal and solution Raman
spectra of the Dickerson dodecamer.
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A Novel Actin Label: A Fluorescent Probe at Glutamine-41 and Its
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ABSTRACT: By peptide isolation and analysis, it has been shown that the dansyl fluorophore of dansyl-
cadaverine [ N-(5-aminopentyl)-5-(dimethylamino)naphthalene-1-sulfonamide] transfers to Gln-41 of actin
from rabbit skeletal muscle when the reaction is catalyzed by guinea pig liver transglutaminase. As a function
of time, the degree of labeling asymptotically approaches 1 mol of dansyl/1 mol of actin. About 80-85%
of the attached dansyl fluorophore was found at Gln-41. Such labeled G-actin polymerizes to the same
extent as control actin, but the polymerization rate is greater and the critical concentration is less than for
control actin. Complete polymerization is accompanied by a 1.5-2.0-fold increase in the emission intensity
of the attached fluorophore. Labeled F-actin thus obtained activates myosin subfragment 1 (S-1)
Mg?*-ATPase activity with the same K, and to the same V,,,, as control actin; moreover, when such
labeled F-actin is cross-linked to S-1 by 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide, the resulting
superactivation of Mg?*-ATPase is the same as that attained with control actin. The attributes of this label
thus make it an ideal reporter of events in the N-terminal 10-kilodalton region of actin, and a new topological
point for proximity mapping.

Actin is one of the most important proteins of eukaryotic
cells; it is essential in cytoskeletal phenomena and in muscle
cells; it is, along with myosin, a partner in the contractile event.
Domain structure has been ascribed to actin in two senses:

* This research was supported by Grants HL-16683 (National Heart,
Lung, and Blood Institute) and NSF INT-8414375.

Crystallographic studies (Kabsch et al., 1985) show that actin
monomer consists of two somewhat unequal lobes; on the other
hand, proteases of different specificity all cut initially between
two quite unequal fragments of actin (Jacobson & Rosenbusch,
1976; Mornet & Ue, 1984; Konno, 1987). For example,
Konno (1988) found chymotrypsin to cleave between Met-44
and Val-45, thus generating isolatable, N-terminal “10-kilo-
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