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ABSTRACT: In this study, we have systematically compared the uranyl photocleavage of a range of bent
A-tracts and nonbent TA-tracts as well as interrupted A-tracts. We demonstrate that uranyl photocleavage
of A-tracts and TA-tracts is almost identical, indicating a very similar minor groove conformation.
Furthermore, a 10 base pair A-tract is divided into two independent tracts by an intervening TA or GC
step. Uranyl probing also clearly distinguishes the bent A4T4 and the nonbent T4A4 sequences as adopting
different structures, and our interpretation of the data is consistent with a structure for the bent A4T4

sequence that resembles a continuous A-tract, whereas the nonbent T4A4 sequences are closer to two
independent and opposite A-tracts that cancel each other in terms of macroscopic bending. Finally, we
also note that even single TA and TAT steps are highly sensitive to uranyl photocleavage and propose
that in addition to avarage minor groove width, uranyl also senses DNA helix flexibility/deformability.
Thus, the structural difference of TA-tracts and A-tracts may to a large extent reflect a difference in
flexibility, and DNA curvature may consequently require a rigid narrow minor groove conformation that
creates distinct A-tract-B-DNA junctions as the predominant cause of the bending.

Double-stranded DNA containing A-tracts of at least four
consecutive A/T base pairs, positioned in phase with the
helical pitch (approximately 10.5 base pairs) exhibits mac-
roscopic curvature, and several models have been proposed
to explain this phenomenon (1). One model suggests that
DNA curvature results from the additive effect of unique
ApA wedges in A-tracts produced by roll angles at these
steps (2, 3). A related model claims that individual rolls
characterize all base pairs in DNA and that solely ApA steps
possess no roll. According to this model, curvature is an
inherent property of random sequence B DNA and therefore
occurs between the A-tracts, which are themselves straight
(4, 5). A third model suggests that adenine tracts have a
unique structure, which is formed by negative inclination
between base pairs within the A-tract. This model is known
as the “junction model” because curvature (or rather kinking)
is proposed to take place where the normal B-DNA
conformation of random sequences and the A-tract confor-
mation meet each other (6-8).

Results obtained from A-tract crystal structures compared
to solution studies (gel mobility, chemical probing, and
NMR) have led to somewhat conflicting conclusions about
the origin of DNA curvature. Nevertheless, several features
are shared by A-tract crystal structures and structures inferred
from solution experiments, such as narrow minor groove,
propeller twisting, and hydration spines. A number of
experiments have demonstrated that the minor groove in an

A-tract is narrowing from the 5′ end toward the 3′ end. In
longer A-tracts, the minor groove is narrowing over the first
three to four base pairs from the 5′ end followed by a minor
groove width, which remains constant throughout the A-tract,
toward the 3′ end (9-13). Crystal structure analysis has
shown that compression of the minor groove is a result of a
substantial propeller twisting in the AT base pairs of A-tracts
(10, 14, 15). Furthermore, a narrow minor groove is required
for optimal interactions between bases and water, forming a
characteristic spine of hydration in the minor groove of
A-tracts (16, 17).

DNA curvature is critically dependent on the presence of
a pure A-tract because 5′-TA steps or G/C bases within
A-tracts destroy the A-tract structure (18-20). Likewise,
5′-TA steps and GC sequences disrupt the spine of hydration
possibly because of the reduced propeller twist in these base
pairs (15).

Although, the narrow minor groove of A-tracts is indisput-
able, narrowing of the minor groove along A-tracts is hardly
per se responsible for DNA curvature. For instance, inosine
tracts repeated in phase with the helical screw of the DNA
helix do not induce a macroscopic curvature of the DNA,
although the inosine tracts do possess a narrow minor groove
according to chemical probing (21). Furthermore, crystal
structures of CGC(AT)3GCG and CGCG(AT)2CGCG se-
quences show narrow minor grooves comparable to pure
A-tracts, although these sequences do not induce macroscopic
DNA bending (22). In addition, NMR studies of AAAATTTT,
TTTTAAAA, and ATATATAT duplexes suggest that a
narrow minor groove is present for all sequences (23).
Finally, uranyl probing of (T/A)4 regions produces a similar
pattern characteristic of a narrow minor groove for all (T/
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A)4 combinations (24). Thus, A/T-tracts appear to have a
narrow minor groove structure very similar to that of A-tracts.

Uranyl (UO2
2+) binds to the phosphates of the DNA

backbone and induces cleavage of the backbone by oxidation
of proximal deoxyriboses upon irradiation. Uranyl photo-
cleavage has within recent years been used for studying
protein-DNA interactions, drug-DNA interactions, and the
interactions of metal ions with nucleic acids (e.g., see refs
25-29). Most interestingly, uranyl photocleavage of DNA
at slightly acidic pH (below 6.5) shows high efficiency at
A/T-rich regions and low efficiency at G/C-rich regions (30).
Furthermore, the uranyl hypersensitivity at (A/T)4 sequences
is increasing from the 5′ end toward the 3′ end (24), and
this is consistent with a progressive narrowing of the minor
groove from the 5′ toward the 3′ end. Many lines of evidence
indicate a direct correlation between uranyl photocleavage
efficiency and minor groove width and/or electronegative
potential (24, 28, 31, 32). It may indeed be that the uranyl
ion predominantly senses the electronegative potential of the
groove, which is especially large in regions of narrow minor
grooves, where the phosphates of the two strands are closer
to each other (30).

In the present work, we have used uranyl probing for
studying the properties of A/T-rich sequences consisting of
pure A-tracts and sequences containing TA steps to further
understand the relation between A-tract structure, minor
groove width, and DNA curvature.

MATERIALS AND METHODS

Plasmids.The plasmid pA1-8 was constructed by cloning
a 75 base pair fragment containing adenine tracts with one
to eight adenines separated by CGGC into theBamHI site
of pUC 19. Likewise, pTA1-8 was constructed by cloning a
75 base pair fragment containing mixed A-T-tracts of one
to eight A/T basepairs in theBamHI site of pUC 19.

The plasmids pT10A10, pA9GT9C, and pA9T were con-
structed by cloning a 5′-AAAAAAAAAA-3 ′, a 5-AAAA-
GAAAAA-3 ′, and a 5′AAAATAAAA-3 ′ sequence in the
BamHI site of the bluescript KS vector. The two plasmids
pA4T4 and pT4A4 containing four inserts of the AAAA-
TTTTGC and TTTTAAAAGC sequences were constructed
by cloning self-complementary oligonucleotides of 52 base
pairs in theBamHI site of pUC 19.

Purification of DNA Fragments.The plasmids were
cleaved by restriction enzymes using standard techniques and
32P labeled at either the 3′ end usingR[32P]-dATP (Amer-
sham) and the klenow fragment from DNA polymerase I
(Gibco, BRL) or the 5′ end usingγ[32P]-ATP (Amersham)
and polynucleotide kinase (Gibco, BRL) labeling of dephos-
phorylated DNA ends.

DNA fragments containing the relevant sequences were
isolated on 5% native polyacrylamide gels and eluted from
the gel slice by diffusion in 90 mM Tris-borate and 1 mM
EDTA at pH 7.5.

Uranyl PhotocleaVage.The purified DNA fragments were
subject to uranyl photocleavage in a volume of 100µL
containing 50 mM NaAc at pH 6.2 and 1 mM uranyl nitrate.
The samples were irradiated in open tubes placed just below
a 40W/03 Phillips fluorescent light tube with maximum
emission at 420 nm. After 20 min of irradiation, NaAc at
pH 4.5 was added to a final concentration of 0.2 M together

with 2.5 volumes of ethanol. The tubes were placed on ice
for 15 min and thereafter centrifuged for 15 min. The dried
pellet was dissolved in 6µL of formamide, 90 mM Tris-
borate, and 1 mM EDTA at pH 8.3 containing xylene cyanol
and bromophenol blue and the samples were heated at 90
°C before loading 2µL onto a 10% denaturing polyacryl-
amide gel (19:1 acrylamide/methylenebisacrylamide). The
autoradiograms were obtained by overnight exposure using
intensifying screens.

Data Analysis. Autoradiographs of uranyl cleavage diges-
tion patterns were scanned using a Molecular Dynamics
computing densitometer. Control lanes from samples without
uranyl treatment were blank, showing no background cleav-
age bands. To quantify the gels, baseline-corrected scans
were analyzed by integrating all of the densities between
two selected boundaries using ImageQuant software version
5.1. The area under the peak was integrated by simple
addition of the pixels under the curve. Cleavage data are
presented as either autoradiographs and/or densitometric
scans of the autoradiographs.

Calculation of Uranyl Binding Based on CleaVage Data.
Uranyl binding to a specific phosphate induces equal
cleavage at the sugar (and thus nucleobase) at both the 3′ as
well as 5′ side (31). Therefore, the binding of uranyl to a
specific phosphate can mathematically be derived from the
cleavage results as follows.

If we consider a DNA backbone (S) sugar, P)
phosphate) and S1-P1-S2-P2-S3-P3-S4-P4 ..., Sn-Pn,
whereXn is the binding of uranyl to phosphaten andYn is
the cleavage at sugarn, it follows from experimental
evidence that (31)

Consequently,Xn is defined by two equations: 0.5Xn ) Yn

- 0.5Xn-1 and 0.5Xn ) Yn+1 - 0.5Xn+1.
Therefore, by addition

By iterative substitution in this equation, one obtains the
general calculation ofXn based on all cleavage intensities

For the calculations of uranyl binding efficiencies (to
phosphateXn), we used up to eight cleavage intensities (from
Yn-3 to Yn+4).

Ligation Ladders.DNA oligonucleotides were purchased
from DNA Technology A/S, Denmark. Single-stranded
oligonucleotides were phosphorylated withγ[32P]-ATP and
T4 polynucleotide kinase (Fermentas) according to the
recommendations of the manufacturer. Then, equal amounts
(1 µg) of complementary32P-labeled oligonucleotides were
mixed and heated to 90°C for 2 min and cooled gradually
to room temperature (23°C). The annealed oligonucleotides
were then assembled into ligation reactions containing
800 units of T4 DNA ligase (Fermentas) and incubated
at 4 °C for 12-14 h. After incubation, the samples were
analyzed by polyacrylamide gel electrophoresis on native
gels. Autoradiographs were used to determine the relative
mobilities of DNA fragments (A4N6, 5′-GGCCAAAACG;

Yn ) 0.5(Xn + Xn-1)

Xn ) Yn + Yn+1 - 0.5(Xn-1 + Xn+1)

Xn ) Yn + Yn+1 - 0.5(Yn-1 + Yn+2) + 0.25(Yn-2 +
Yn+3) - 0.125(Yn-3 + Yn+4) + 0.0625(Yn-4 + Yn+5) ...
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A8N2, 5′-CCAAAAAAAA; A 4T4, 5′-AAAATTTTGC; T4A4,
5′-TTTTAAAAGC; TATAT, 5 ′-CCGCTATATG) compared
to a standard sequence (5′-CCGTGTCTG).

RESULTS

Uranyl CleaVage of A-Tracts Is Consistent with a Unique
DNA Structure with a Minor GrooVe Narrowing from the 5′
End toward the 3′ End. In the first part of this study, the
structure of A-tracts with exclusively AA steps was examined
(these are referred to as pure A-tracts). For this purpose, a
plasmid (pA1-8) containing sequences of one to eight
adenines each separated by a CGGC sequence was con-
structed. Thus, seven A-tracts are analyzed (A2, A3, A4, A5,
A6, A7, and A8) of which A2 and A3 are not expected to
adopt the unique A-tract structure essential for DNA bending.

The analysis is done by measuring the uranyl photocleav-
age at individual phosphates of32P-end-labeled DNA frag-
ments under conditions that result in clear sequence-
dependent cleavage modulation (pHe 6.5) (30). Typical
autoradiograms displaying uranyl cleavage of a DNA frag-
ment from pA1-8 are shown in Figure 1A and the corre-
sponding scans in Figure 1B. Both the A-rich and the T-rich
strands of the DNA were analyzed, and for the T strand,
this was done from the 3′ end as well as from the 5′ end.
The results demonstrate that uranyl photocleavage is highly
variable along the DNA fragment and that uranyl cleavage
is strongest in regions containing four or more adenines/
thymidines in a row and weakest in the intervening G/C
sequences. Characteristically, the cleavage intensity of the
A-rich strand builds up from the 5′ end of each A-tract within
four bases and thereafter remains practically constant toward
the 3′ end (Figure 1B, upper scan). The cleavage pattern of
the T-rich strand is somewhat different. In this case, cleavage
intensity builds up from the 3′ end as well as from the 5′
end and the constantly cleaved positions are found in the
middle of the T-tract (middle and lower scans).

If uranyl photocleavage does indeed probe the width of
the minor groove as previously suggested (30), a correlation
of the cleavage at the two phosphates facing each other at
the shortest distance across the groove [i.e., thenth phosphate
on the upper A-rich strand and the (n - 2)th (or the (n -
3)rd) phosphate on the lower T-rich strand] is expected. As
indicated earlier for other A/T sequences, this is also the
case for the A-tract sequences of pA1-8 (Figure 1C). The
mechanism of uranyl cleavage has to be considered when a
quantitative interpretation of the cleavage intensities is
attempted. It was previously found that binding to a specific
phosphate induces approximately equal cleavage at the sugar
(and thus nucleobase) at both the 3′ as well as the 5′ side
proximal to the phosphate (31). Therefore, the binding of
uranyl to a specific phosphate can mathematically be derived
from the cleavage results (see the Materials and Methods).
This approach clearly demonstrates that relative binding is
correlated between thenth position on the upper strand and
the (n - 2)th position on the lower strand, which emphasizes
a mechanism involving uranyl cleavage/binding via the minor
groove as well as a reverse correlation between the intensity
of uranyl photocleavage and minor groove width (30). The
relative minor groove width deduced from this analysis is
illustrated by lines between then and (n - 2)th positions
below the histograms (Figure 1C). In principle, it should be

possible by calibrating these results with X-ray crystal-
lography structural data to derive absolute values for the
minor groove width from uranyl cleavage results, but our
data do not allow for that at the present stage.

The cleavage pattern supports the existence of a unique
A-tract structure, where the minor grove is gradually nar-
rowing from the 5′ end toward the 3′ end, reaching a mini-
mum approximately at adenine number four from the 5′ end
as previously concluded from other methods (13, 33-35).
In addition, the result suggests that the absolute minor groove
width of A-tracts is dependent upon the number of A/T base
pairs in the tracts. As an illustrative example, the minor
groove width is narrower in the A8-tract than in the A4-tract.
This is consistent with NMR experiments and lifetime
measurements showing that the distance across the minor
groove varies, with the number of A/T base pairs being
shorter in longer A-tracts (10, 12, 13).

A Single G/C Base Pair Interrupts the A-Tract Conforma-
tion. A detailed analysis of the sequence requirement for
DNA curvature has shown that an intact A-tract structure is
crucial (6, 8, 36). We chose to analyze uranyl cleavage of
an A-tract interrupted by a single G/C base pair. As
representative of a pure A-tract, an T10/A10 sequence included
in plasmid pT10A10 was used. For comparison, an A5GA4

sequence included in plasmid pA9GT9C was used to study
the effect of a G/C base pair. As expected from the results
with A8 inserts presented above, uranyl cleavage increases
from the 5′ end toward the 3′ end of the A-tract containing
10 adenines, reaching a maximum at adenine number five
from the 5′ end and at thymidine number six from the 5′
end (Figure 2A). Notably, the uranyl cleavage pattern is
completely changed if a single A/T base pair is substituted
with a G/C base pair in the center of the sequence as
illustrated by uranyl cleavage of the A4GA5/T4CT5 sequence
(lower scan of Figure 2A). Cleavage increases from the 5′
end toward the 3′ end of the four thymidines, reaching a
maximum at the most 3′ thymidine. The presence of the C
results in a dramatic reduction in reactivity at the two
thymines following the C, but uranyl reactivity increases
again from the 5′ end toward the 3′ end of the following
five thymidines. The cleavage pattern is analogous in the
A-rich sequence exhibiting an increased uranyl cleavage from
the 5′ end toward the 3′ end of both of the two A-tracts
interrupted by a guanine. It is also noted that the cleavage is
much stronger in the T-rich sequence than in the A-rich
sequence. The quantified results shown in Figure 2B again
stress a good correlation between cleavage at thenth and
the (n - 2)th nucleotide. Thus, the presence of a guanine in
the center of the long A-tract effectively interrupts the
progressive build up of a long A-tract structure with
narrowing of the minor groove toward the 3′ end. Instead,
two independent A-tracts are generated both with narrowing
of the minor groove from the 5′ end toward the 3′ end.

A Single TA Step within an A-Tract Affects Minor GrooVe
Width.A single TA step is inherently more flexible than all
other base pair steps and is able to adopt large roll, twist,
and slide values. Accordingly, introduction of a TA step
within an A-tract causes a disruption of the A-tract confor-
mation, which eliminates DNA curvature (37). Uranyl
cleavage of a sequence from pA9T containing a row of
adenines interrupted by a single TA step is presented in
Figure 3A. The sequence behaves essentially as the G/C

Uranyl Photocleavage of Bent and Nonbent DNA Biochemistry, Vol. 44, No. 21, 20057857



interrupted long A-tract discussed above. However, the TA
step clearly has a lesser effect on uranyl cleavage as
compared to the effect of a G/C base pair (compare Figure
2B with Figure 3B). Our quantification indicates that the
minor groove around the G/C base pair in the center of a
long A-tract sequence returns to the width as present in the
surrounding GC sequences, whereas the minor groove width
in the region of the TA step is still more narrow than in the
surrounding sequences (Figure 3B). The detrimental effect

on curvature by the presence of a TA step within A-tracts
has previously been ascribed to a local widening of the minor
groove, and our results are in agreement with this conclusion
(38-42).

Uranyl CleaVage of 5′-TA-Containing Sequences Exhibits
Minor GrooVe Narrowing from the 5′ End toward the 3′ End.
Previous experiments have shown that uranyl reactivity is
very strong not only in pure A-tracts but also in A/T regions
in general (24). We have addressed this feature of uranyl

FIGURE 1: (A) Left autoradiogram shows uranyl cleavage of the two strands of the A-tracts containing DNA fragments from pA1-8. The
A-rich strand (“A”) is labeled in the 3′ end and the T-rich strand (“T”) is labeled in the 5′ end. The right autoradiogram shows the T-rich
strand labeled in the 3′ end. s denotes A/G sequence reactions, and ura denotes uranyl cleavage. (B) Corresponding scans. Upper scan
represents the 3′-labeled A-rich strand, and the middle and lower scans represent the 5′- and 3′-labeled T-rich strands shown in the
autoradiograms. The A- and T-rich sequences are indicated along the autoradiograms and in the scans. (C) Correlation between calculated
uranyl phosphate binding and minor groove width in the A-tract sequences. The histogram shows calculated uranyl binding to thenth
(black bars) (usingYn andYn+1) and the (n - 2)th (gray bars) phosphates. Uranyl binding is correlated with the width of the minor groove
below the histogram where thenth and the (n - 2)th positions are aligned across each other. The lengths of the black lines between the
sequences correspond to relative minor groove width calculated as the reciprocal value of then plus n - 2 combined binding efficiency.
Because the results for the A and T strands were obtained from different experiments, the absolute cleavage/binding efficiencies cannot be
compared accurately. Numbers of adenines in each tract are denoted above the histogram.
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cleavage in more detail by analyzing a sequence with 5′-TA
steps building up from a single TA sequence to a TATA-
TATA sequence. The A/T-rich regions are separated by a
CGGC sequence, which makes possible a direct comparison
with uranyl cleavage of the pure A-tract sequences, analyzed
above.

However, again, it is shown that uranyl hypersensitivity
is restricted to regions containing A/T base pairs. Uranyl
cleavage of the two strands is characterized by weak cleavage
in the G/C sequences and in the 5′ end of the A/T sequences
(parts A and B of Figure 4). Through each A/T sequence,
cleavage is progressively increasing toward the 3′ end
reaching a maximum around A/T base pair number four from
the 5′ end. When the results are interpreted in terms of minor
groove width, the cleavage of the A/T-rich sequences is

clearly characterized by a pattern consistent with narrowing
of the minor groove toward the middle of the sequence quite
analogously to the behavior of pure A-tracts (Figure 4B).

As observed for the pure A-tracts, cleavage in longer A/T-
tracts is also stronger than in shorter A/T-tracts, which is
consistent with a more narrow minor groove in the longer
AT sequences as previously suggested by others (12, 13).

Thus, the striking similarity between the cleavage pattern
of the pure A-tract sequence and the TA sequences points
to a very similar minor groove width in pure A-tracts and in
alternating TA sequences (compare Figures 1C and 4B).
Interestingly, however, even the short TA and TAT steps
also induce some uranyl hyperreactivity that is less pro-
nounced than for longer A/T-tracts, but which is still
significantly stronger than for “random” sequence DNA

FIGURE 2: Effect of a G/C base pair within A-tracts. (A) Upper
scan corresponds to uranyl cleavage of the A10/T10 sequence, and
the lower scan corresponds to the A5GA4/T5CT4 sequence. (B)
Correlation between calculated uranyl binding and minor groove
width in the A10/T10 and A5GA4/T5CT4 sequences. The histogram
shows calculated phosphate binding to thenth (black bars) (using
Yn to Yn-3 and Yn+1 to Yn+4) and the (n - 2)th (gray bars)
phosphates. Uranyl binding is correlated with the width of the minor
groove below the histogram as in Figure 1. Because the results for
the A and T strands were obtained from different experiments, the
absolute cleavage/binding efficiencies cannot be compared ac-
curately.

FIGURE 3: Effect of a 5′-TA step within A-tracts. (A) Result of
uranyl cleavage of an A5TA4/T5AT4 sequence is represented by
scans. (B) Correlation between calculated uranyl phosphate binding
and minor groove width in the A10/T10 and A5TA4/T5AT4 sequences.
The histogram shows calculated uranyl binding to thenth (black
bars) (usingYn andYn+1) and the (n - 2)th (gray bars) phosphates.
Uranyl binding is correlated with the width of the minor groove as
in Figure 1. The results for the A and T strands were obtained
from cleavage on the same DNA fragment experiments, and
therefore, the absolute cleavage/binding efficiencies can be com-
pared directly.
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(Figure 4A). Therefore, uranyl appears to be sensing some
other structural/dynamic feature of the DNA in addition to
minor groove width. Most likely this feature is connected
to DNA helix flexibility/deformability that would allow
minor groove compression (Vide infra). In terms of flex-
ibility, T/G steps could show similar behavior, but analyses
of the DNA fragments in the present study as well as of
data from previous studies indicate that this is not the case.
However, a dedicated study to address the issue could be
warranted.

Uranyl PhotocleaVage of A4T4 and T4A4 Exhibits the
Presence of an Unusual A-Tract Structure in Both Sequences.
Several experimental approaches have been designed to study
why 5′-A4T4N2 multimers migrate anomalously slowly in
gels, indicating a curved structure, whereas multimers of the

analogous 5′-T4A4N2 migrate like normal B DNA of the same
length characteristic for a noncurved structure (43).

Two plasmids containing the symmetrical sequences
5′-CGAAAATTTTCG (pA4T4) or 5′-CGTTTTAAAACG
(pT4A4) were constructed to address this issue. In Figure 5,
the uranyl cleavage patterns of the two DNA fragments (each
containing four repeats) are compared.

The 5′-CGAAAATTTTCG sequence exhibits significant
position variations in uranyl cleavage. Cleavage is increasing
from the 5′ end of the four adenines toward the 3′ end, where
the strong reactivity continues through the 5′-AT step into
the four thymidines with a maximum at the 3′ end. This
indicates that the 5′-AT step does not affect a continuous
build up of the A-tract structure toward the 3′ end (parts A
and B of Figure 5, upper scan). In fact, the pattern is

FIGURE 4: Uranyl photocleavage of A/T-rich sequences from pTA1-8. (A) Results are represented by scans for both strands obtained by
labeling in the 3′ end. (B) Correlation between calculated uranyl phosphate binding and minor groove width in the TA-tracts. The histogram
shows calculated uranyl binding to thenth (black bars) (usingYn andYn+1) and the (n - 2)th (gray bars) phosphates. Uranyl binding is
correlated with the width of the minor groove as in Figure 1. Because the results for the A and T strands were obtained from different
experiments, the absolute cleavage/binding efficiencies cannot be compared accurately.
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reminiscent of the cleavage of the pure A8-tract (see Figure
1B). Interestingly, the uranyl cleavage of the 5′-CGTTT-
TAAAACG sequence is fundamentally different. Reactivity
is gradually increasing from the 5′ end toward the 3′ end of
the four thymidines, whereas a more uniform and much
weaker cleavage is observed at the four adenines, with
adenine number three from the 5′ end showing the weakest
cleavage (Figure 5B, lower scan). This shows that the
structure of this nonbent sequence is different from both
random DNA and pure A-tracts and that the TA step has a
very strong effect on uranyl cleavage and thus on the DNA
structure.

When cleavage intensities are aligned with the sequence
(Figure 5C), cleavage at opposite strands is not correlated
over the minor groove for either the A4T4 or the T4A4

sequences, which clearly indicates structures different from

that of an A8-tract. Nonetheless, a gel-migration analysis
reveals that A4T4N2 migrates more like A8N2 than A4N6,
indicating that A4T4 may structurally to some extent resemble
an A8-tract in terms of DNA bending (Figure 6). As expected,
the 5′-T4A4N2 multimers do not show anomalous migration.
It is also clear that the uranyl photocleavage of both the
unbent 5′-T4A4 and the bent 5′-A4T4 domain is unusual and
fundamentally different from the cleavage of A-tracts, TA-
tracts, and random DNA in being highly asymmetric between
close phosphates across the minor groove. This asymmetry
could be due to asymmetry in the binding of the uranyl
relative to the two phosphates. Accepting this interpretation
and using the combined cleavage information of both the
nth and the (n - 2)th position, one may still obtain an
estimated measure of uranyl affinity for a particular site in
the minor groove. Such an analysis reveals that, whereas the
minor groove structure is smoothly narrowing through the
5′-AT step in the 5′-A4T4 sequence, a distinct change is
present around the 5′-TA step of the 5′-T4A4 sequence,
essentially dividing this into two separate structural domains
(Figure 5C). The reason uranyl would bind asymmetrically
in the minor groove of these helices is not clear and warrants
further study.

CONCLUSION

There is compelling evidence in support of the contention
that pure adenine tracts in curved DNA have a unique
conformation clearly distinguished from that of normal B
DNA. One important feature of this conformation is nar-
rowing of the minor groove from the 5′ end toward the 3′
end induced by a cooperative build-up mechanism. This is
reflected in a parallel increase in sensitivity to uranyl
photocleavage. However, a similar effect is observed in TA-
tracts. Indeed, the uranyl photocleavage patterns of a pure
A-tract and a TA-tract are almost identical, which has been
ascribed to a very similar minor groove width (24, 32).
However, this simple interpretation may not be the full
explanation.

FIGURE 5: Uranyl photocleavage of (CGAAAATTTTCG)4 and
(CGTTTTAAAACG)4 sequences. The results are represented with
autoradiogram (A) and scans (B). Two lanes, one with a A/G
sequence (s) and one with the uranyl cleavage reaction (ura), are
shown for each sequence in the autoradiogram (A). The sequences
are indicated for one repeat for each sequence in the scans (B).
(C) Correlation between calculated uranyl phosphate binding and
minor groove width in (CGAAAATTTTCG)4 and (CGTTT-
TAAAACG)4 sequences. The histogram shows calculated uranyl
binding to thenth (black bars) (usingYn to Yn-3 andYn+1 to Yn+4)
and the (n - 2)th (gray bars) phosphates. Uranyl binding is
correlated with the width of the minor groove as in Figure 1. The
results for the A and T strands were obtained from cleavage on the
same DNA fragment experiments, and therefore, the absolute
cleavage/binding efficiencies can be compared directly.

FIGURE 6: Comparison ofR values for A4N6, A4T4,T4A4, TATAT,
and A8N2 sequences. A quantitative measure of anomalous gel
mobility was obtained by plotting theR values versus the actual
size of the DNA fragment (R is the apparent chain length of a certain
DNA fragment as judged by its migration compared to a standard
DNA fragment of normal mobility divided by the actual chain
length of the fragment).
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Not surprisingly, cations appear to play a pivotal role in
inducing DNA structures and conformations such as A-tract
conformations (38, 42). Consequently, it may well be that
under certain conditions the uranyl ion shifts the DNA
structure equilibrium upon binding and that the strong
cleavage in A/T-rich sequences (and in other sequences) in
addition to average (“static”) minor groove width could also
reflect high DNA helix deformability or flexibility that
facilitates uranyl coordination to the phosphates over the
minor groove in these regions. This effect would be expected
to be particularly pronounced at the highly deformable or
flexible TA steps. Indeed, our results show that even single
5′-TA steps exhibit increased susceptibility toward uranyl
photocleavage. Thus, uranyl photocleavage may probe a
combination of a pre-existing (high occupancy or “static”)
helix structure and a readily inducible helix structure as
previously suggested (32). In this respect, it would therefore
ideally complement the hydroxyl radical cleavage, which
solely probes the average structure in terms of solvent
accessibility. For instance, this mechanism would explain
why A-tracts are probed analogously by uranyl and hydroxyl
radicals, whereas TA-tracts are only differentially recognized
by uranyl. In other words, hydroxyl radicals would probe
the appearance of the DNA helix, while the uranyl in addition
would report flexibility properties, which could indeed be
extremely relevant for understanding the binding of proteins
(such as CRP or TBP) that perturb the DNA helix.

Furthermore, it is possible that the difference between
A-tract and TA-tract structures and the bending properties
of A-tracts may indeed reflect a difference in flexibility:
A-tracts adopt a very rigid DNA structure in contrast to
sequences containing the very flexible TA base pair step (14,
22, 40). Thus, TA-tracts may build up a flexible structure
with a (readily inducible) narrow minor groove like in pure
A-tracts. In addition, a single TA step is able to perturb the
rigid A-tract structure by inducing local flexibility (and a
slight local widening of the minor groove), which is sufficient
to disrupt DNA curvature. Therefore, the present results
support a model according to which bending would pre-
dominantly be a consequence of the rigid A-tract DNA region
and its junction with adjacent more flexible DNA.

On the basis of this interpretation of our data, we would
consider the most likely mechanism for binding of minor
groove ligands (including uranyl(VI), other cations, as well
as organic minor groove binders such as distamycin or
Hoechst) to AT sequences as predominantly an induced fit
by which the groove binder upon binding modifies the minor
groove conformation compatible with the various binding
interactions (45-47).

Finally, our results suggest that both the bent A4T4 and
the nonbent T4A4 sequences have unusual DNA structures
that result in backbone asymmetry for uranyl binding.
Nonetheless, the uranyl probing clearly distinguishes the two
sequences, and our interpretation of the data is consistent
with a structure for the bent A4T4 sequence that resembles a
continuous A-tract (which consequently produces macro-
scopic bending), whereas the nonbent T4A4 sequences is
closer to two independent and opposite A-tracts that cancel
each other in terms of macroscopic bending. Again, the
flexibility of the 5′-TA step would allow for formation of
the two structurally independent domains.

In conclusion, rather than being solely a probe for average
(“static”) minor groove width, uranyl may additionally have
the propensity of probing DNA flexibility/deformability,
which has an important function in many biological processes
such as folding of DNA in nucleosomes and chromatin as
well as in induced fit of sequence-specific protein-DNA
recognition. Furthermore, the results would indicate that
A-tracts adopt a rigid helix conformation with a narrow minor
groove, whereas the helix of AT-tracts has very high
flexibility/deformability that readily allows for minor groove
compression upon binding of certain cations such as UO2

2+

(and possibly Mg2+) or minor groove binding drugs. As a
consequence of this interpretation, macroscopic DNA bend-
ing would require a rigid A-tract, and the data will thus
support the “junction model”.
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