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ABSTRACT. Spectroscopic evidence of a DNA bend in solution is presented by analyzing model 15-mer
duplexes spin-labeled with the five-atom-tethered nitroxide DUAP located in the major groove. Three
15-mers containing AATT with DUAP enzymatically incorporated into three different positions yielded
nearly identical line shapes while a fourth 15-mer containing AAATT produced an EPR spectrum with
significant additional line broadening. These results are interpreted according to the dynamic cylinder
model where the DNA dynamics are decoupled into overall and internal contributions. It is shown that
the AAATT sequence induces a change in the internal dynamics characterized by local ordering of DUAP.
The increase in ordering evident in 15-mers containing AAATT rather than AATT suggests that the former
sequence gives rise to a bend toward the major groove resulting in spatial restriction of the probe.

The ability of DNA to adopt various conformations is A-tract occurs in both strands, a sequence as shortzas A
crucial to the many cellular processes with which it is results in bending as well (Hagerman, 1985). Global bending
involved. For example, the formation of a bend in the has been studied by gel electrophoresis (Crothers, 1994) as
arabinose operon has been found to repress the expressiofe|| as several other experimental methods including NMR
of the Ara proteins (Schleif, 1992). Furthermore, bending 4ng X-ray crystallography (Diekmann, 1992), but the struc-

induced by protein binding appears to allow the formation tural bases for DNA bending are still unresolved (Zhurkin
of higher-order nucleoprotein complexes associated with et al., 1991; Young et al., 1995b)

transcription (Love et al., 1995; Jacobson & Tjian, 1996).
DNA bending has been the subject of several reviews in  Spin-labeled nucleic acids have been used to detect the
recent years (Crothers et al., 1990; Hagerman, 1992; Sindenpresence of various helical conformations. A variety of
1994; Young et al., 1995a). It is believed that intrinsically probes were designed for that purpose. We have focused
bent or curve_d DNA results when some base sequences %bn tethers varying in length {211 atoms) exhibiting different
structural motifs are repeated. Although most base Sequences - flexibilities (Kao et al., 1983; Kao & Bobst, 1985

can give rise to DNA curvature, most bends are small Pauly et al., 1987: Strobel et al., 1990a, 1995: Keyes &

compared with the effect produced by A-tracts. It has been b h hers h d iaid q
found that polymers containing.4 repeated every 10 base- Bobst, 1995), whereas others have used more rigid two- an

pair interval (one helical turn) are bent with the greatest bend four-atom tethers consisting of mono- and diacetylene
occurring with A (Koo et al., 1986). However, when the linkages, respectively (Spaltenstein et al., 1989a; Hustedt et

al., 1995). While the labels containing the propyne group

R . cause a slight variation in the melting temperature with
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(Shared Instrument Grant). respect to the native duplex (Spaltenstein et al., 1988; Hustedt
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denaturation study of a 26-mer labeled with either DUAP
or its six-membered ring analog DUAT revealed no differ-
ence inTy between the labeled and unlabeled oligomers
(Bobst et al., 1988). In addition, a preliminary study with
the uvrABC protein complex showed that substitution of a
four-atom-tethered nitroxide in position C5 of thymidine does
not cause distortional sites in the duplex (Kao & Bobst,
1985). Although these two classes of spin labels display
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5'CCACCGAATTCGCCC3'
3'GGLGGCTTAAGCGGGHS5'

6-DUAP 15mer

5'CCCACGAATTCGCCC3'
3'GGGLGCTTAAGCGGGS5'

5-DUAP 15mer

different spectroscopic characteristics, they have both been

successfully used to monitor nucleic acid conformations.
These include A-form RNA (Kao et al., 1983), B-form DNA
(Kao & Bobst, 1985), Z-DNA (Strobel et al., 1990a, 1995),

and hairpins (Spaltenstein et al., 1989b). While both classes
of tether couple the nitroxide to the base, the experimental

EPR line shapes will be significantly different for a given
conformation. Even though each conformation displays a
unique line-shape signature, the difficulty lies in interpreting

these line shapes in terms of which motional modes are
dominant and what their magnitudes are. Although the more

flexible nonperturbing tethers employed by Bobst and co-
workers may lead to an overestimation of local base motion,

the acetylenic tethers may restrict the local base motion since

it is believed that a propyne group is planar with respect to

5'CCCCAGAATTCGCCC3
3'GGGGLCTTAAGCGGGS5'

4-DUAP 15mer

5'CCCCGAAATTCGCCC3'

the heterocycle which could cause increased base stacking |

(Froehler et al., 1992).

3'GGGGCLTTAAGCGGGS5'
3-DUAP 15mer
o)
(0] ||
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EPR data have been successfully analyzed by using a “baséicure 1: Oligomer sequences containing the DUAP spin label in

disk” model which was applied to polymeric RNA and DNA

systems (Kao et al., 1983; Kao & Bobst, 1985). The spin-
labeled base diffusion is modeled as axially symmetric with
the principal diffusion axis along the bond connecting the

tethered nitroxide to the C5 base position. Rotation about

this axis is characterized hy which was found to depend
upon tether length. Motions perpendicular to the principal
diffusion axis are quantified by; and were found to be

each of four positions. The label positions are numbered with respect
to the dyad axis.

al. (1993a). Both the base disk and dynamic cylinder models
are special cases of the more general slowly relaxing local
structure (SRLS) model (Polimeno & Freed, 1995). The
essence of the dynamic cylinder model is that it describes a
diffusing hydrodynamic cylinder (e.g., DNA helix) where

dependent upon duplex conformation and independent ofthe principal diffusion axis corresponds to the long axis of

tether length. A consistent value of about@ ns for 7

was found for B-form nucleic acid polymers (Bobst et al.,
1984; Keyes & Bobst, 1995), while the value was ap-
proximately doubled for Z-DNA (Strobel et al., 1990a,b).
From preliminary studies of a B-DNA 26-mer and polymer
spin-labeled with the five-atom-tethered nitroxide DUAT,

the cylinder. The internal dynamics consisting of spin-label
motion, base oscillations, and collective bending and twisting
modes are characterized by an order param@tghich is
determined by linear averaging of the hyperfine tensor
elements (Keyes & Bobst, 1995). Calculatiggby this
simple model yields a measure of motional restriction of the

it was concluded that the 4 ns value is also independent ofspin-labeled base. For instance, in the case of a B to Z
the helix length (Bobst et al., 1988). At that time, the transition monitored by the five-atom-tethered DCAT, &e
detectable small difference between the spectral line shapewalue increased from 0.15 to 0.26 (Keyes & Bobst, 1995).
of the oligomer and polymer was attributed to a small change This increase indicates a local ordering which is consistent
in tilt angle due to some subtle geometric difference in the with studies claiming that Z-DNA is more rigid than B-DNA
major groove of the two systems. However, a more recent (Hagerman, 1988). Hustedt et al. (1993a) used the tensor
systematic study on a series of nucleic acids of varying length averaging models of Van et al. (1974) to calculate mean
(15-mer, 30-mer, 45-mer, and polymer) indicates that there squared amplitudes of internal motion which can be used to
is some helix length dependence detectedrby1.4—6.2 calculate a dynamic flexural persistence length.
ns) (Keyes & Bobst, 1995). Thusy is sensitive to both . . .

In this paper, we present spectroscopic evidence of a

internal and global dynamics. sequence-specific DNA bend in solution. The five-atom-

These two classes of motion are decoupled in the “dynamic ; . )
. . . tethered spin label DUAP was enzymatically incorporated
cylinder” model (Keyes & Bobst, 1995). This model was into three pmodeI DNA 15-mers co¥1taining ),/AATT F:):md a

inspired by a theoretical framework published by Hustedt et fourth containing AAATT (Figure 1). The 15-mer contain-

ing the triplet AAA yielded a spectral line shape with
significant broadening with respect to the spectra of the other
three oligomers. The spectra were simulated according to
the dynamic cylinder model (Keyes & Bobst, 1995). The
triplet A-tract sequence yielded an order parameter of 0.32
compared with a value of 0.20 for the other three oligomers
indicating greater motional restriction of DUAP. This

1 Abbreviations: CD, circular dichroism; DCAT, 5-[3-(2,2,6,6-
tetramethyl-1-oxypiperidine-4-carboxamido)prop-1-enyfg2oxycy-
tidine; DUAP, 5-[3-(2,5-dihydro-2,2,5,5-tetramethyl-1-oxyl-1H-pyrrole-
3-carboxamido)prop-1-enyl]~=tleoxyuridine; DUAT, 5-[3-(2,2,6,6-
tetramethyl-1-oxypiperidine-4-carboxamido)prop-1-enyHd2oxy-
uridine; EPR, electron paramagnetic resonamgepynamic cylinder
rigid-body correlation timeT,, parallel component of.,; Tn, perpen-
dicular component ofy,; S, order parameter.
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Table 1: Simulation Parameters Used To Detern8rfer 15-mer Sequences

compound J'xx Jyy J'2 Algx Ay Az S T To Odc B

4-DUAP 15-mer 2.0071 2.0060 2.0055 12.2G 159G 20.0G 0.20 4.7ns 11.4ns° 5@.01G
3-DUAP 15-mer 2.0071 2.0060 2.0055 111G 144G 224G 0.32 4.7ns 11.4ns°® 50.97G

5'CCACCGAATTCGCCC3

Hybridize with A
9mer primer
6-, 5-, or 4-DUAP 1 5mer

5'CCACCGAATTCGCCC3' ke
TTAAGCGGGS5' 7
Top = 8.4 ns

Enzymatically extend
primer to incorporate

L = DUAP
5'CCACCGAATTCGCCC3' B
3'GGLGGCTTAAGCGGGH5' 4-DUAP 15mer
Ficure 2: Synthesis scheme for DUAP-labeled 15-mers. o
restriction appears to result from the triplet AAA induced
Top = 8.4 ns $=0.20

narrowing of the major groove due to bending.

MATERIALS AND METHODS

Synthesis of Spin-Labeled Oligomerghe four DNA c
oligomers were synthesized by first hybridizing the 9-mer 3-DUAP 15mer
sequence GGGCGAATT to each of the 15-mer sequences 5
CCACCGAATTCGCCC, CCCACGAATTCGCCC, CCCCA-
GAATTCGCCC, and CCCCGAAATTCGCCC. The 9-mer
and 15-mers were produced on an Applied Biosystem (Foster
City, CA) 380A DNA Synthesizer using phosphoramidite
chemistry. Purification of the products was achieved by Bio-
Gel P-2 (Bio-Rad Laboratories, Richmond, CA) column
chromatography and FPLC on an anion-exchange MonoQ ) ) ) )
column (Pharmacia Inc., Piscataway, NJ). 1.4 nmol of 15- FiIGURE 3: Spin-labeled oligomers with corresponding EPR spectra.

. . The 15-mers are represented as hydrodynamic cylinders with the
mer with 1.3 nmol of 9-mer were annealed overnight at 4 same global diffusion rate characterizeddy (A) Superimposed
°C in propylene tubes. The Klenow fragment was then used experimental EPR spectra of 6-, 5-, and 4-DUAP 15-mers display
to fill in the remaining sequence with dCTP, dGTP, and nearly identical line shapes. Experimental (solid line) and simulated
DUAP (Figure 2). The filling reaction was carried out with  (dashed line) spectra of the (B) 4-DUAP 15-mer and (C) 3-DUAP
25 nmol of pppDUAP, 140 nmol of dGTP, and 25 nmol of 15-mer illustrate the line-shape change observed for the triplet AAA
. . . . sequence where the base-pair step conformational change is
dCTP in a total volume of 260L with a final concentration  jpgicated by shading.
of 0.14 M Tris-HCI, 0.05 M NaCl, pH 7.8, 0.014 M Mggl . ) o i
1.4 mM pL-dithiothreitol, and 28ug/mL bovine serum & Bobst, 1995) using an axially symmetric simulation

albumin in the presence of 25 units of Klenow fragment Program (Schneider & Freed, 1989) coupled with a nonlinear
(Promega, M220) at 28C. The enzymatic reaction was f|tt|ng_rout|ne (Hustedt eF al., 1993b; _Keyes & B(?bst, 1995).
stopped after 160 min with 50L of 0.3 M EDTA. About A cylinder hydrodynamic model (Tirado & Gdecide la
0.8 nmol of double-stranded DUAP-labeled 15-mers could Torre, 1980) was used to describe the diffusion of the DNA
be isolated by this method. The 15-mers were purified by helix. The principal magnetic axis through the, Zpbital
Bio-Gel P-30 gel filtration using as elution profile 0.04 M~ Of the N of the nitroxide is at an angléq. [note fqc
NH,HCO,, pH 7.5, and 10% ethanol. An FPLC analysis of corres_po_nds t@ti.t in Hustt_adt etal. (1993a)] with respect to
the product gave two peaks of which only the one eluting at the principal diffusion axis of the cylinder. _
the higher salt concentration gave an EPR signal. Molecular Model. The bent B-DNA 12-mer coordinates
EPR Spectra and SimulationsThe EPR spectra were ~ Were obtained from the Nucleic Acid Database (Index
recorded on a Bruker ESP 300 spectrometer fitted with a #BDL011). The DUAP spin label was constructed in the
TM cavity. The instrument parameters were: modulation Builder module of Insight Il (MSI) and attached to the 12-
amplitude 1.6 G; modulation frequency 100 kHz; microwave Mer in position 3 with respect to the dyad axis. The
power 32 mW; sweep width 100 G; conversion time 164 canonical B-DNA structure was built with the Biopolymer
ms: time constant 164 ms: and 9 scans. The EPR data werdnodule. The ribbon traces were generated in the Viewer
obtained on a sample volume of 180 containing 0.2 nmol ~ Module.
of DUAP-labeled 15-mers in 0.01 MJPO,, pH 7, 0.1 M
NaCl, and 1 mM EDTA. RESULTS
The spectra of all four 15-mers were simulated according The experimental and simulated EPR spectra of the four
to the dynamic cylinder model (Hustedt et al., 1993a; Keyes oligomers are illustrated in Figure 3. Figure 3A displays

Tep = 8.4 ns 5=0.32
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(i

FiGURe 4: Molecular model (NDB BDLO11) containing DUAP (L) in position 3 resulting in the sequeRCES Marcages With

backbone ribbon shown (left) to illustrate structural distortion with respect to canonical B-DNA 12-mer (right).

small change in duplex dimension due to the bend illustrated
- — in Figure 4, it is assumed as a first approximation that the
compound g YsTrg YTrg A YsTrA sTrA cylinder correlation times are the same for all four oligomers

4-DUAP 15-mer 2.0062 2.0062 2.0062 16.1G 16.0G 16.0G (Table 1).
3-DUAP 15-mer 2.0062 2.0062 2.0062 16.1G 16.0G 16.0G
DISCUSSION

the EPR spectra of the AATT-containing 15-mers labeled The sensitivity of a five-atom-tethered spin label in
either in position 4, 5, or 6 which are essentially superim- detecting a change in nucleic acid conformation was
posable. The experimental spectrum of the 4-DUAP 15- demonstrated with DCAT, a cytidine analog of DUAP
mer is shown in Figure 3B along with the simulated spectrum (Strobel et al., 1990a,b; Keyes & Bobst, 1995). The EPR
yielding an order paramet& = 0.20. The 3-DUAP 15-  spectrum of (dG-dG) spin-labeled with DCAT showed
mer yields a significantly broadened experimental spectrum significant line broadening when placed in 4.5 M NaCl. CD
as shown in Figure 3C. A computer simulation of this confirmed that the effect was the result of a B to Z
spectrum is also shown in Figure 3C with a vatie 0.32. conformational transition. That the EPR broadening could
Table 1 lists the parameters used to simulate the EPR spectrape attributed to a nucleic acid conformational change and
and Table 2 displays the rotational invariance of ghend not just to a viscosity change of the solution was verified
A tensors, confirming the consistency of the motional by running control experiments with spin-labeled (dA-dT)
averaging. Also, as can be seen from Table 1, the hydro-(dA-dT), is known not to undergo a salt dependent B to Z
dynamic cylinder correlation times are held constant from transition, and indeed no EPR line-shape change was
which the rigid body correlation time, = 8.4 ns can be  observed between the low- and high-salt EPR spectra (Strobel
calculated (Keyes & Bobst, 1995). et al., 1990b). A more recent motional analysis of the B
Figure 4 illustrates ribbon traces of both the 12-mer and Z spectra indicates that the order parameter increases
S aceses spin-labeled in position 3 with DUAP  from 0.15 to 0.26 suggesting greater rigidity in the Z form
(L) and an unlabeled canonical B-DNA 12-mer. The (Keyes & Bobst, 1995).
distorted B-DNA structure on the left is from X-ray data of In this paper, we present experimental data that conclu-
a DNA 12-mer with an 18bend (Drew & Dickerson, 1981).  sively show that in a series of 15-mers a five-atom-tethered
An increase of 1.8 A was calculated for the cross-section spin-labeled base reports a sequence-dependent motional
perpendicular to the cylinder axis of the bent structure effect. The global motion of all four 15-mers is assumed to
compared to the canonical B-DNA. Based on Figure 6 of be very similar, and the sequence-dependent line-shape
Garcea de la Torre and Bloomfield (1981), the components change is attributed to an increase in the ordering of DUAP.
of the global diffusion tensor of a bent rod change as a No attempt is made to analyze the experimental findings in
function of the degree of bending. However, in view of the terms of a particular geometry or amplitude of motion.

Table 2: Rotational Invariance of Magnetic Tensors
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DUAP allows the detection of subtle conformational changes Hagerman, P. J. (1988iochemistry 247033-7037.
that occur from one base pair to the next as a result of Hagerman, P. J. (198&nnu. Re. Biophys. 17265-286.
ordering of the probe. The increase in order evident in the Hagerman, P. J. (199Biochem. Biophys. Acta 113125-132.

base-pair step from position 4 to 3 indicates a structural

distortion at this point in the sequence.

Hustedt, E. J., Spaltenstein, A., Kirchner, J. J., Hopkins, P. B., &
Robinson, B. H. (1993aBiochemistry 321774-1787.
Hustedt, E. J., Cobb, C. E., Beth, A. H., & Beechem, J. M. (1993b)

Such base-pair steps have been implicated in the bending Biophys. J. 64614-621.

process (Young et al., 1995b).
oligomers containing AAA triplets (Hagerman, 1985), this

Based upon studies of Hustedt, E. J., Kirchner, J. J., Spaltenstein, A., Hopkins, P. B., &

Robinson, B. H. (1995Biochemistry 344369-4375.

structural distortion appears to correspond with a bend. Jacobson, R. H., & Tjian, R. (199&cience 272827-828.

Furthermore, crystallographic studies have found that AA
steps result in compression of the major groove (Young et

Kao, S.-C., & Bobst, A. M. (1985Biochemistry 245465-5469.
Kao, S.-C., Polnaszek, C. F., Toppin, C. R., & Bobst, A. M. (1983)
Biochemistry 225563-5568.

al., 1995b). Figure 4 is shown to illustrate the distortions Keyes, R. S., & Bobst, A. M. (1998iochemistry 349265-9276.

present in an AAA triplet-containing sequence when com-

pared with canonical B-DNA. In view of the location of

the tethered nitroxide in the major groove (Figure 4), the
observed change in the EPR line shape can be ascribed t
an increased ordering of the probe due to a narrowing of

the major groove.

While gel electrophoresis has been effective for the study

Koo, H.-S., Wu, H. M., & Crothers, D. (1986Yature 320 501—
506.

Love, J. J., Li, X,, Case, D. A,, Giese, K., Grosschedl, R., & Wright,
P. E. (1995)Nature 376 791-795.
auly, G. T., Thomas, I. E., & Bobst, A. M. (198Bjochemistry
26, 7304-7310.

Polimeno, A., & Freed, J. H. (199%). Phys. Chem. 9910995~
11006.

of global bending when the sequence is long enough andSchleif, R. (1992)Annu. Re. Biochem. 61119-223.

the bend is prominent, and X-ray studies on crystals have
shown the effect of sequence upon bending, the spectroscopic

Schneider, D. J., & Freed, J. H. (1989) $pin Labeling: Theory
and ApplicationsVol. 8 Biol. Magn. Reson(Berliner, L. J., &
Reuben, J., Eds.) pp—T76, Plenum, New York.

probe DUAP allows the detection of sequence-dependentsinden, R. R. (1994PNA Structure and Functignpp 58-94,

local distortions in solution that form the basic building

Academic Press, New York.

blocks of bending. One aspect of bending currently under Spaltenstein, A., Robinson, B. H., & Hopkins, P. B. (1988Am.

discussion is which individual base-pair steps induce a roll

toward the minor or major groove (Zhurkin et al., 1991,

Chem. Soc. 1101299-1301.
Spaltenstein, A., Robinson, B. H., & Hopkins, P. B. (1989a)
Biochemistry 289484-9495.

Young et al., 1995b). The increased ordering observed with Spaltenstein, A., Robinson, B. H., & Hopkins, P. B. (1989b)

DUAP in AAATT implies that the bend occurs toward the
major groove in this sequence.
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