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ABSTRACT: The left-handed DNA structure, Z-DNA, is
believed to play important roles in gene expression and
regulation. Z-DNA forms sequence-specifically with a
preference for sequences rich in pyrimidine/purine dinucleo-
tide steps. In vivo, Z-DNA is generated in the presence of
negative supercoiling or upon binding proteins that absorb the
high energetic cost of the B-to-Z transition, including the
creation of distorted junctions between B-DNA and Z-DNA.
To date, the sequence preferences for the B-to-Z transition
have primarily been studied in the context of sequence repeats
lacking B−Z junctions. Here, we develop a method for
characterizing sequence-specific preferences for Z-DNA
formation and B−Z junction localization within heterogeneous
DNA duplexes that is based on combining 2-aminopurine fluorescence measurements with a new quantitative application of
circular dichroism spectroscopy for determining the fraction of B- versus Z-DNA. Using this approach, we show that at least
three consecutive CC dinucleotide steps, traditionally thought to disfavor Z-DNA, can be incorporated within heterogeneous Z-
DNA containing B−Z junctions upon binding to the Zα domain of the RNA adenosine deaminase protein. Our results indicate
that the incorporation of CC steps into Z-DNA is driven by favorable sequence-specific Z−Z and B−Z stacking interactions as
well as by sequence-specific energetics that localize the distorted B−Z junction at flexible sites. Together, our results expose
higher-order complexities in the Z-DNA code within heterogeneous sequences and suggest that Z-DNA can in principle
propagate into a wider range of genomic sequence elements than previously thought.

Following its discovery more than 30 years ago,1 there was a
great deal of skepticism regarding the significance and

biological role of the left-handed Z-DNA double helix.2 Initial
studies showed that the B-to-Z transition required extreme
ionic strength conditions (4 M NaCl) and was largely limited to
poly(CG)x sequences.

3 This view has changed gradually over
the past 30 years as studies showed that CG and CA repeats as
well as some heterogeneous sequences can readily form Z-DNA
at low ionic strengths in the presence of negative super-
coiling.2,4−8 The subsequent discoveries of proteins that bind
specifically to Z-DNA and induce the B-to-Z transition under
physiological conditions in the absence of supercoiling
rigorously established the occurrence and biological significance
of Z-DNA in vivo.9,10 Although the biological role of Z-DNA is
not fully understood, it is thought to function as a general
sponge for absorbing negative supercoiling, thereby modulating
processes such as transcription and nucleosome position-
ing.2,11−16

The B-to-Z transition is a major structural transformation
(Figure 1). In right-handed B-DNA, bases adopt an anti
orientation and stack on both 5′ and 3′ neighboring bases while
the sugar moieties adopt the C2′-endo pucker (Figure 1). In Z-
DNA, alternating bases, typically purine residues, adopt a syn

orientation in which the base flips 180° about the glycosidic
bond (χ) and the sugar adopts the C3′-endo pucker (Figure
1).17 The base pair (bp) partner, typically a pyrimidine residue,
and its corresponding sugar simultaneously flip over with
respect to B-DNA to accommodate the left-handed helix while
retaining Watson−Crick base pairing and adopting an anti
conformation with C2′-endo sugar pucker (Figure 1). In Z-
DNA, the syn purine stacks only with its 3′ neighbor, while the
anti pyrimidine stacks with its 5′ neighbor and with the 3′
pyrimidine on the other strand (Figure 1). Thus, the B-to-Z
transition entails the loss and creation of new stacking
interactions that are highly sequence-dependent, and accord-
ingly, the propensity to undergo the B-to-Z transition is highly
dependent on sequence.
Thus far, studies exploring the sequence specificity of the B-

to-Z transition have primarily focused on DNA repeats and the
use of supercoiling or high salt concentrations to trigger the B-
to-Z transition.7,8,18,19 These studies have been used to generate
thermodynamic preferences for forming Z-DNA for all 16
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dinucleotide steps, which are in turn used in current algorithms
to predict Z-DNA favoring regions in genomes in vivo.20−23

However, in genomes, Z-DNA must form within a sea of
heterogeneous B-DNA sequences. Much less is known about
the sequence preferences for forming Z-DNA in such
heterogeneous sequences containing, Z-DNA, B-DNA, and
B−Z junctions. There is a growing body of evidence that
sequence preferences for the formation of Z-DNA derived from
studies of repeats do not fully capture the sequence-specific
energetic contributions that drive the B-to-Z transition in
heterogeneous sequences that include creation and loss of B−B,
Z−Z, and B−Z stacking interactions that are absent in
sequence repeats (Figure 1).
Indeed, recent studies indicate that current thermodynamic

models for predicting Z-DNA cannot fully explain the
occurrence of Z-DNA. For example, only 2 of 186 regions
located near promoter regions that are computationally
predicted to form Z-DNA hot spots were found to have a
strong propensity to form Z-DNA in vivo as determined using a
protein cross-linking chromatin affinity precipitation assay.21

Furthermore, the only available X-ray structure of a B−Z
junction [Z-JXN (Figure 2a)] reveals the unusual localization of
the B−Z junction away from the end of a CG repeat, such to
incorporate an additional CC step and localize the junction at
an A-T base pair that adopts an extruded conformation.24 This
is the case even though the incorporation of CC steps into Z-
DNA is ∼1.7 kcal/mol more energetically unfavorable per
dinucleotide as compared to CG steps.20 In a more recent
study, we showed that the A-T junction base pair of Z-JXN is
unstable in the B-form and proposed that localization of the
junction at this site, and incorporation of CC steps, is driven in
part by a desire to minimize the energetic cost for distorting the
B−Z junction.25 Consistent with this idea, replacement of the
flexible A-T junction site with a more stable G-C base pair
resulted in significantly weaker propensities to form Z-DNA as
judged by circular dichroism (CD) spectroscopy, suggesting
localization of the junction near the end of the CG repeat.
These results suggest that the energetics of junction formation
are sequence-specific and important determinants for B−Z
junction formation and localization in heterogeneous sequen-
ces.

Additional complexities in the sequence-specific preferences
for Z-DNA could potentially arise when triggering the B-to-Z
transition using Z-DNA binding proteins. However, the Zα

Figure 1. Schematic of the B-to-Z transition. Shown are the conformational changes and Zα domain−nucleobase interactions that take place upon
the transition between right-handed B-DNA and left-handed Z-DNA. The B−Z junction is colored green, and stacking interactions are indicated
using gray boxes; nucleobase protein interactions are shown as dashed red lines, and sugars with C3′-endo puckering are colored blue.

Figure 2. Probing B−Z junction localization using 2AP steady-state
fluorescence. (a) Crystal structure (Protein Data Bank entry 2ACJ24)
of a B−Z junction (Z-JXN) composed of B-DNA (black), Z-DNA
(gray), and extruded bases (yellow). (b) Sequence of Z-JXN (black)
and Z-CG (green) with 2AP fluorescent probes indicated using a star.
The differences between Z-JXN and Z-CG are colored green. (c)
Relative change in fluorescence (Zα bound intensity/free intensity)
upon inducing the B-to-Z transition with a saturating amount of Zα
protein. The increase in fluorescence for junction A24 is indicated with
a dashed line for comparison. (d) Fits of Zα-bound CD spectra with
the location of the 2AP label relative to the 5′ end of each sequence’s
(CG)3 element indicated using a star. The expected number of Z-DNA
base pairs is indicated with a dashed line.
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domain of the RNA adenosine deaminase (ADAR1) protein
has been shown to primarily interact with the Z-DNA
backbone,26 and though it is observed to make contacts with
syn bases (Figure 1), these interactions have been observed in
pyrimidine and purine bases alike.27,28 Thus, the Zα domain is
conformation-specific rather than sequence-specific in its
interaction with DNA, supporting a genomic role for
interacting with heterogeneous sequences.
One of the challenges in characterizing the propensities of

sequences to form Z-DNA in heterogeneous sequences is the
lack of techniques that can be used to characterize the extent of
Z-DNA formation and the specific location of B−Z junctions in
such heterogeneous environments. Bulk techniques such as
CD29,30 and Raman31,32 spectroscopy can be used to
characterize the presence or absence of B−Z junctions but
provide limited information about the location of the B−Z
junction along the DNA. Single-molecule techniques and NMR
spectroscopy have been used to obtain valuable insights into
B−Z junctions, but their application for exploring a wide range
of sequences is impractical.33,34 Measurement of fluorescence
intensity increases in DNA samples labeled with 2-aminopurine
(2AP) at or near the extruded B−Z junction35 provides a
convenient approach for monitoring junction formation.
However, the measured fluorescence intensity increases cannot
unambiguously be interpreted as evidence of an extruded base
pair at a B−Z junction because other conformational
changes,36−38 including formation of Z-DNA,39 and possibly
other structures, can also result in fluorescence intensity
enhancements, leaving a great deal of uncertainty in defining
the likely location of the B−Z junction.
Here, we combine 2AP fluorescence measurements with a

new CD spectroscopic approach for quantitatively measuring
the total number of Z-DNA base pairs in heterogeneous
sequences containing B- and Z-DNA. Using this approach, and
the Zα domain of ADAR1 to trigger the B-to-Z transition, we
show that at least three consecutive CC steps, traditionally
thought to disfavor Z-DNA, can be incorporated into
heterogeneous Z-DNA containing B−Z junctions. Our results
indicate that the incorporation of CC steps into Z-DNA is
driven by favorable sequence-specific Z−Z and B−Z stacking
interactions as well as by sequence-specific energetics that
localize the distorted B−Z junction at flexible sites. Our results
also suggest that heterogeneous DNA duplexes bound to the
Zα domain of ADAR1 do not adopt a single conformation but,
rather, likely exist as an ensemble of conformations that vary
with respect to the precise location of the B−Z junction.
Together, our results expose higher-order complexities in the
Z-DNA code within heterogeneous sequences and suggest that
Z-DNA can in principle propagate into a wider range of
genomic sequence elements than previously thought.

■ MATERIALS AND METHODS
Sample Preparation. DNA oligos were purchased from

Integrated DNA Technologies (Coraville, IA) and purified by
standard desalting with the exception of Z-19, which was
purified by high-performance liquid chromatography. Single-
stranded DNA was suspended in 15 mM phosphate, 25 mM
NaCl, and 0.1 mM EDTA (pH 7.5). The concentration of each
single-stranded oligo was determined by UV using extinction
coefficients provided by Integrated DNA Technologies. DNA
oligos were combined in equal molar ratios, heated to 95 °C for
5 min, and allowed to equilibrate at room temperature for
several hours to allow duplex formation. The Zα domain of

ADAR1 was prepared closely following a procedure described
previously40 with the following modifications. Protein ex-
pression was induced with 0.2 mM IPTG at 1.0 A600 units. The
protein was purified using HisSelect resin (Sigma), followed by
HiTrapS chromatography, without the intervening thrombin
cleavage step.

Fluorescence Spectroscopy. Steady-state fluorescence
spectroscopy experiments were conducted using a Fluormax-2
fluorimeter. Fluorescence spectra were recorded using an
excitation wavelength of 320 nm, and emission was recorded
from 335 to 500 nm at 25 °C. The Zα domain was titrated into
DNA samples (2.5 μM DNA), and the complex was allowed to
equilibrate such that the fluorescence intensity was constant
(typically 30 min). Fluorescence spectra were background
corrected by subtracting an emission spectrum of the buffer. All
sequences studied were found to reach saturation with Zα at a
molar ratio of ≤6:1. Relative changes in fluorescence intensities
(in x-fold) were calculated by comparing the ratio of free and
Zα-saturated fluorescence intensities at 370 nm.

CD Spectroscopy. CD spectroscopy experiments were
performed using an Aviv 62DS CD spectrometer. DNA
samples (2.5 μM DNA) were pipetted into a 1 cm quartz
cuvette, and spectra were recorded in duplicate using a 1 nm
interval and averaged for 2 s at 25 °C. CD spectra were baseline
corrected by subtracting reference spectra consisting of either
buffer or buffer with Zα protein of the same concentration as
bound DNA samples. DNA samples for CD experiments were
prepared independently from fluorescence experiments to
ensure that the titrated Zα protein concentration was identical
to the Zα reference for background subtraction. We note that
small sample losses resulted from pipetting over the course of
the fluorescence Zα titrations, therefore requiring preparation
of independent CD and fluorescence samples. Zα-bound CD
spectra used for fitting were recorded with a 6:1 protein:DNA
molar ratio, and all sequences were shown by fluorescence to
complete the transition at a Zα:DNA ratio of ≤6:1.
To determine the extent of Z-DNA formation via CD, we

quantitatively analyzed our data in a manner similar to that
used in protein studies in which the CD spectrum is assumed to
be a linear combination of its structural components.41 We used
the CD spectral region of 270−310 nm to determine the
fraction of residues in B-DNA versus Z-DNA. At wavelengths
of <270 nm, (CG)x sequences in the B conformation have a
significantly stronger CD ellipticity than heterogeneous
sequences in the B conformation. When the (CG)x sequences
undergo the transition to Z-DNA, they no longer have such a
large negative contribution to the CD ellipticity at wavelengths
of <270 nm compared to heterogeneous sequences that remain
in B-form. Thus, fitting CD spectra from 240 to 310 nm
generally resulted in fits that exceeded the expected number of
base pairs in the Z conformation because of the large ellipticity
arising from the CG repeats that undergo the transition to Z-
DNA. The 270−310 nm range also has a minimal protein
background ellipticity, which increases at lower wavelengths,
thus making background subtraction easier. The reference B-
form CD spectrum was recorded for each sequence in the
absence of protein, thus minimizing errors due to variations in
CD spectra across different B-form helices.
For proteins, linear combinations of secondary structure (α-

helix, β-sheet, etc.) reference spectra are used to best fit an
experimental CD spectrum, and the resulting structural
composition fits can achieve up to ∼5−15% accuracy for the
determination of secondary structure.41 Similar to protein CD
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analysis, we assumed the CD spectrum to be a linear
combination of its secondary structural components

θ α θ β θ= +( ) ( )exp B Z (1)

where θexp is the experimental CD spectrum, α is the
percentage of B-DNA, θB is the free B-form CD spectrum, β
is the percentage of Z-DNA, and θZ is a pure Z-DNA spectrum
[we used Zα-bound (CG)6 as the pure Z-DNA reference].
Equation 1 was fit using the “NonLinearModelFit” function
built into Wolfram Mathematica 8. The errors obtained from
fitting eq 1 (<0.2 bp) were not reflective of variations observed
between repeat experiments where the standard deviation
between experiments was ∼0.5 bp. Here, we ignore
contributions from the B−Z junction, which cannot be
independently measured, but on the basis of the size of B−Z
junctions, it is expected to account for at most 10% of the CD
signal for the size of constructs studied. Also, unlike the
chemically equivalent protein backbone, the spectral region
(220−230 nm) used for nucleic acids reports on the local
structure of the chemically heterogeneous nucleobases of which
each has slightly different optical properties. Therefore, CD
provides a rough estimate of how much Z-DNA is present,
which can in turn help to alleviate uncertainty in the location of
the B−Z junction determined by fluorescence data.

■ RESULTS AND DISCUSSION

Probing the Location of the B−Z Junctions Using 2AP
Steady-State Fluorescence. We performed a series of
experiments to test the limits of the applicability of 2AP
fluorescence measurements in defining the location of B−Z
junctions.35 We used the well-characterized Z-JXN sequence
containing a (CG)3 repeat, for which an X-ray structure has
previously been reported (Figure 2a,b).24 We incorporated a
2AP label at the B−Z junction and specifically at the extruded
residue A24 and measured the steady-state fluorescence
intensity following the incremental addition of increasing
concentrations of the Zα domain. We observed an increase in
fluorescence intensity upon addition of the Zα domain and a
binding curve that saturates at the expected Zα:DNA molar
ratio of ∼4:1 (Figure S1 of the Supporting Information).
Studies have shown that two Zα domains bind to (CG)3

26,42

and a total of four Zα domains bind to Z-JXN, which contains a
(CG)3CC Z-DNA helix.24

We observed a significant (∼4.3-fold) increase in fluo-
rescence intensity in the presence of a saturating level of Zα
domain, indicating that A24 loses stacking interactions upon
binding Zα, consistent with the extruded conformation
observed in the X-ray structure (Figure 2a−c). Much smaller
fluorescence intensity increases (1.1−2.5-fold) were observed
when the 2AP was placed at residues above the B−Z junction,
which according to the X-ray structure, undergo little to no
change upon binding Zα. We also observe little to no change in
fluorescence (1.3-fold) and CD measurements when scram-
bling the (CG)3 repeat in the Z-JXN sequence, indicating that
the conformational change sensed at A24 is dependent on Z-
DNA formation (Figure S3 of the Supporting Information, Z-
JXNcont).
The increase in fluorescence intensity observed at A24

cannot unambiguously be interpreted as evidence that A24 is
100% extruded as observed in the X-ray structure or, even, that
it is the site of the B−Z junction. First, we cannot rule out the
possibility that A24 exists in a dynamic equilibrium between

flipped-in and flipped-out conformations and, therefore, that Z-
JXN exists as an ensemble of conformations with varying
locations of the B−Z junction. Second, we cannot exclude the
possibility that the 2AP is incorporated into a Z-DNA helix
rather than adopting a flipped-out conformation. Prior studies
have shown that 2AP undergoes an ∼10-fold enhancement in
fluorescence intensity upon undergoing the transition from B-
DNA to Z-DNA.39 This can be attributed to a loss of stacking
interactions because in Z-DNA, the 2AP stacks with only its 3′
neighboring base (Figure 1). Indeed, we observed a 6.2-fold
increase in fluorescence intensity upon incorporation of a 2AP
into the center of a (CA)6 duplex and induction of a B-to-Z
transition in the entire duplex using the Zα domain (Figure S2
of the Supporting Information). This introduces a great deal of
uncertainty in pinpointing the location of B−Z junctions using
purely fluorescence. In this regard, the small fluorescence
intensity increases (1.5−2.5-fold) observed at sites above the
junction could reflect slight changes in B-form structure or even
partial formation of Z-DNA.
To explore these contributions further, we studied a

construct in which we replaced the Z-disfavoring CC step in
Z-JXN with a Z-favoring CG step. This substitution should
make it even more energetically favorable to localize the B−Z
junction at A24, as observed recently for a similar sequence
using single-molecule techniques.33 Thus, we did not expect to
see any differences between Z-JXN and Z-CG, because in both
cases, the junction should localize at A24. Fluorescence
experiments were conducted with Z-CG using the same 2AP
labels used to study Z-JXN (Figure 2b,c). We observed
saturation at Zα:DNA molar ratios of ∼4:1 similar to those
observed for Z-JXN, indicating that Zα proteins bind Z-CG in a
manner identical to that of Z-JXN. As expected, the largest
increase in fluorescence intensity was observed at A24 (8.4-
fold), while changes at other sites ranged from 0.9- to 2.2-fold
(Figure 2c). Importantly, despite working under similar
saturating conditions, we observe a much larger fluorescence
intensity increase at A24 in Z-CG than in Z-JXN. These
differences are difficult to explain on the basis of differences in
2AP stacking interactions in each of the two B-form helices,
which should give rise to smaller variations. These results
suggest that A24 is not 100% extruded in Z-JXN, possibly
because it exists as an ensemble of conformations with different
junction locations, and that replacing the CC step with a Z-
DNA-favoring CG step biases the junction ensemble toward
the A24 site. This is further supported by CD data (Figure 2d),
which generally show more Z-DNA in Z-CG than in Z-JXN.
We can rule out large differences in the propagation of Z-DNA
above the junction given the observation of otherwise nearly
identical fluorescence intensity increases observed at sites above
the junction in Z-JXN and Z-CG (Figure 2c).

CD Spectroscopy as a Quantitative Probe of B−Z
Junction Formation. We used CD spectroscopy as a
complementary probe of the B-to-Z transition to help pinpoint
the location of the junction. Thus far, CD has largely been used
qualitatively to infer the existence of Z-DNA and B−Z
junctions. Surprisingly, very few studies have employed
quantitative linear combination43 or singular-value decom-
position44 methods to assess the relative fraction of B-form
versus Z-form DNA, in analogy to what is routinely done in
characterizing the extent of secondary structure in proteins.
One of the problems in deconvoluting DNA CD spectra into
contributions from B-DNA and Z-DNA is that different
sequences can give rise to slightly different helical structures
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and/or have different optical properties, which cannot easily be
taken into account when quantifying the amount of B-DNA
versus Z-DNA.
We took a number of steps to minimize errors from the

contributions mentioned above so that the amount of Z-DNA
in a given sample can be reliably determined by fitting the
spectrum to linear contributions of reference CD spectra for B-
DNA and Z-DNA. First, the reference B-form CD spectrum
was measured for each tested sequence, thus minimizing errors
due to variations in CD spectra across different B-form helices.
Second, we used the 270−310 nm CD spectral region to
determine the fraction of residues in B-DNA versus Z-DNA. At
wavelengths of <270 nm, (CG)x sequences in the B-DNA
conformation have a significantly larger CD ellipticity than
mixed sequences of B-DNA. As a result, fitting CD spectra in
the region of 240−310 nm nearly always leads to over-
estimation of the number of Z-DNA base pairs in CG rich
sequences. The 270−310 nm range also minimizes the protein
background signal, which increases at lower wavelengths, thus
making background subtraction easier.
We used the Z-JXN sequence with a known X-ray structure

as a benchmark for our quantitative CD fitting analysis.24 We
obtained the DNA component of the Zα-bound CD spectra by
subtracting the CD spectrum of the free Zα domain from the
spectrum measured for DNA bound to the Zα domain. X-ray
and NMR structures of the Zα domain free and bound to Z-
DNA reveal minimal conformational changes upon binding Z-
DNA;26,45 therefore, its free and bound CD spectra are likely to
be very similar, making this a valid background subtraction.
Great care was taken to ensure that the concentration of Zα
protein in DNA samples and in the reference sample were very
similar.
Fits to the individually 2AP-labeled Z-JXN samples (Figure

2d) yielded 7.3−8.1 bp in the Z-DNA conformation, which
compares favorably with a value of 7.9 bp obtained for Z-JXN
in the absence of 2AP labeling and in excellent agreement with
the 8 bp of Z-DNA observed in the crystal structure of Z-
JXN.24 A representative example of the CD fits is shown in
Figure 3. In general, we did observe minor variations in the CD

spectra in the differently 2AP-labeled samples, particularly in
their B-form, which most likely reflect small differences in
optical properties and local structure.46 We do not observe any
trends between fitted Z-DNA base pair counts and the location
of the 2AP label, indicating that the 2AP does not impact the
propensities to undergo the B-to-Z transition.
Next, we applied our CD approach to characterize the

number of Z-DNA base pairs in the 2AP-labeled Z-CG samples.
This analysis yielded on average a slightly larger number of Z-
DNA base pairs (7.7−9.3) as compared to the number of Z-
JXN base pairs (7.3−8.1), consistent with larger fluorescence
enhancements measured for Z-CG (8.4-fold) than for Z-JXN
(4.3-fold). These results reinforce the fluorescence data (Figure
2c) and suggest that Z-JXN exists as a dynamic equilibrium
with varying junction location and that the Z-CG sequence
biases the ensemble of junctions toward the A24 position
observed in the X-ray structure. The dynamic equilibrium of Z-
JXN observed in our study is consistent with previous studies
involving heterogeneous Z-DNA formation with B−Z
junctions.47−50

Incorporating Additional CC Steps into Z-JXN.
Previous experimental studies have demonstrated the incorpo-
ration of non-pyrimidine/purine steps under multiple Z-DNA-
favoring contexts. Single non-pyrimidine/purine steps have
been incorporated into Z-DNA upon binding the Zα domain.28

In another linear sequence, the incorporation of multiple non-
pyrimidine/purine steps into Z-DNA required the combination
of a high salt concentration (1.8 M MgCl2) and ethanol
(∼20%) to induce the B-to-Z transition in a sequence
containing a CCGG, but without the presence of a B−Z
junction.51 Studies of closed-circular DNA under the influence
of negative supercoiling have also shown the incorporation of
single or two continuous non-pyrimidine/purine steps into Z-
DNA.7,49,50 We combined the fluorescence and CD approaches
to examine whether additional CC steps could be incorporated
into Z-DNA within the Z-JXN framework (Figure 4) upon
binding the Zα domain. We used the Zα domain as a tool to
probe Z-DNA formation because it binds conformation-
specifically rather than sequence-specifically,27,42 and its binding
is reflective of a sequence’s intrinsic thermodynamic propensity
to form Z-DNA.42,52 In Z-JXN, the syn C23 at the B−Z
junction experiences favorable stacking interactions with B-
DNA (Figure 1).24 Thus, we examined whether additional CC
steps could be incorporated without the potential benefits of
having stacking interactions with B-DNA. The X-ray structure
of a CC step incorporated into a pure Z-DNA helix reveals that
the syn C experiences a nearly complete loss stacking
interactions and also undergoes significant base pair buckling.53

Thus, we expected that the incorporation of more than one CC
step into Z-JXN might be unfavorable and result in a preference
for locating the junction at the end of the CG repeat.
We designed DNA constructs in which we introduced one

(Z-17) and two (Z-19) additional CC steps into Z-JXN and
2AP labeled the position equivalent to A24 (Figure 4a).
Strikingly, the incremental addition of Zα protein resulted in a
significant increase in fluorescence intensities (11.1- and 4.6-
fold for Z-17 and Z-19, respectively), indicating that the
additional CC steps were incorporated into Z-DNA (Figure
4b). In both cases, saturation was achieved at slightly higher
protein:DNA molar ratios of approximately 6:1 (Figure S1 of
the Supporting Information). The much larger steady-state
fluorescence intensity increase observed with Z-17 as compared
to Z-JXN and Z-19, which have similar intensity increases, is

Figure 3. Representative example of quantitative CD fitting. Shown
are experimental (black) and fitted (red) spectra of Z-JXN with a 2AP
label at A27 (Figure 2b) bound to a saturating amount of Zα protein.
The resulting fit (red) of 48.7% Z-DNA is consistent with the Zα-
bound crystal structure of Z-JXN, which is 53.3% Z-DNA having 8 of
15 bp in the Z conformation.24
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highly reproducible and needs to be explained. One possibility
is that additional Zα proteins bind the Z-17 and drive the
transition to Z-DNA more to completion as compared to that
of Z-19, which binds a similar number of proteins based on Zα
saturation data but has one additional CC step that has to be
incorporated into Z-DNA. Another possibility is that the
continuous CC steps adopt different length-dependent
conformations when free of the Zα domain, thus modulating
the observed increases in fluorescence intensities.
Fitting of the Zα-bound CD spectra yielded 8.1 and 11.0 Z-

form base pairs for Z-17 and Z-19, respectively (Figure 4c).
Combined with the fluorescence results, this suggests that the
B−Z junction is positioned near the 2AP labels in Z-17 and Z-
19 where 10 and 12 bp are in the Z form, respectively (Figure
4). We note that the CD prediction for Z-17 is 2 bp fewer than
if the junction localized at the 2AP-labeled A28 assuming an all-

or-nothing transition model. One possible explanation for the
CD underestimation of Z-DNA is that the spectrum used for
fitting, a (CG)6 in Z-DNA, might not fully agree with a non-CG
Z helix, therefore reducing the fitting accuracy with the
continued incorporation of additional non-CG steps. However,
the CD fitting of Z-19, which has three CC steps, agrees within
1 bp of the location of its destacked 2AP B−Z junction probe.
Another possibility is that CD is sensitive to the full complexity
of the protein−DNA ensemble where differing lengths of Z-
DNA may exist, unlike fluorescence that is only site-specifically
sensitive. Regardless of the uncertainty in CD interpretation,
the fluorescence enhancement observed for Z-17 unequivocally
indicates that the Z-DNA helix minimally incorporated two CC
steps. We did not explore further additions of CC steps as this
results in long continuous stretches of guanine that have a
strong propensity to form a quadruplex. Thus, at least three CC

Figure 4. Probing the incorporation of multiple CC steps into heterogeneous Z-DNA using 2AP steady-state florescence. (a) Sequences of Z-JXN
(black), Z-17 (red), and Z-19 (green) with 2AP fluorescent probes indicated using stars. The differences between Z-JXN and Z-17 and Z-19 are
colored red and green, respectively. (b) Relative change in fluorescence (Zα-bound intensity/free intensity) upon induction of the B-to-Z transition
with a saturating amount of Zα protein. (c) Fits of Zα-bound CD spectra with the location of the 2AP label relative to the 5′ end of each sequence’s
(CG)3 element indicated using a star.

Figure 5. Role of junction/B-form DNA in incorporating CC steps into heterogeneous Z-DNA using 2AP steady-state florescence. (a) Sequences of
Z-JXN (black), TGT (red), and TAC (blue) with 2AP fluorescent probes indicated using stars. The differences between Z-JXN and TGT and TAC
are colored red and blue, respectively. (b) Relative change in fluorescence (Zα-bound intensity/free intensity) upon induction of the B-to-Z
transition with a saturating amount of Zα protein. (c) Fits of Zα-bound CD spectra with the location of the 2AP label relative to the 5′ end of each
sequence’s (CG)3 element indicated using a star.
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steps can be incorporated into Z-DNA within heterogeneous
sequences even though the currently known intrinsic B-to-Z
transition thermodynamics would predict this to be a highly
unfavorable process.
Role of CG Repeat and Junction/B-Form DNA in

Incorporating CC Steps into Z-DNA. There are three
contributions that can modify sequence preferences for
incorporating CC steps into Z-DNA within heterogeneous
sequences such as Z-JXN as compared to sequence repeats.
First, CC steps may form favorable Z-DNA−Z-DNA stacks
with CG repeats. Second, on the other side, CC steps may form
favorable Z-DNA−B-DNA (or if the junction propagates
further, Z-DNA−Z-DNA) stacks with A6-T25 in Z-JXN.
Finally, localization of the junction at the flexible A24 may
favor the incorporation of CC into Z-DNA because the cost of
disrupting this base pair is lower than that for other base pairs,
including the C22-G9 base pair immediately above the CG
repeat.
Attempts to examine whether the CC repeats will

incorporate into Z-DNA in the absence of nearby CG repeats
or the junction/B-form region of Z-JXN were complicated by
the tendency of CC repeats to adopt either quadruplex or A-
form-like structures (Discussion and Figures S3 and S4 of the
Supporting Information). Nevertheless, our studies and prior
single-molecule studies provide no evidence that CC repeats
will incorporate into Z-DNA in the absence of either CG
repeats or the junction/B-form region of Z-JXN.33 These and
other data (see below) also argue that the observed
incorporation of CC steps into Z-DNA is not entirely driven
by favorable sequence-specific interactions with the Zα domain.
To assess the importance of the sequence-specific Z-DNA−

B-DNA stacking interactions above the junction, we used our
approach to measure the extent of Z-DNA in a previously
reported control sequence, TGT (Figure 5a), in which the B-
form A6-T25 base pair above the junction is replaced with a G-
C base pair.25 We previously showed that this mutation
diminishes the level of Z-DNA formation based on CD but did
not rigorously quantify this effect or examine it by
fluorescence.25 We observed a small 3.1-fold increase in 2AP
fluorescence upon addition of the Zα domain (Figure 5b).
Using our CD fitting approach, we found that the number of Z-
DNA base pairs drops from 8.1 in Z-JXN to 4.7 in the TGT

mutant (Figure 5c). Thus, the junction appears to primarily
localize at the end of the CG repeat as would be expected based
on the known thermodynamic propensities. Thus, sequence-
specific Z-DNA−B-DNA stacking interactions are an important
determinant of B−Z junction location, and the incorporation of
CC steps into Z-DNA is not predominantly driven by favorable
sequence-specific interactions with the Zα domain.
To assess the importance of sequence-specific extrusion of

base pairs, we studied a sequence, TAC (Figure 5a), in which
the T7-A24 junction is replaced with a stronger C-G base pair.
We previously showed that this mutation diminishes the level
of Z-DNA formation but did not rigorously quantify this
effect.25 Unlike that of Z-JXN and TGT, we were unable to
directly probe the incorporation of the CC step into Z-DNA by
monitoring 2AP fluorescence at position 24 due to the A-to-G
mutation. However, we inserted a 2AP at A6 and observed an
insignificant (1.1-fold) change in fluorescence upon addition of
Zα, consistent with no helical transition at A6 (Figure 5b).
Using our CD fitting approach, we found that the number of Z-
DNA base pairs drops from 8.1 in Z-JXN to 5.1 in the TAC
mutant, again indicating that the junction primarily localizes at
the end of the CG repeat (Figure 5c). Thus, the sequence-
specific energetics for extruding base pairs are also an important
determinant of B−Z junction location. These data also
reinforce that the incorporation of CC steps into Z-DNA is
not predominantly driven by favorable sequence-specific
interactions with the Zα domain.

Incorporating Other Steps into Z-DNA within Hetero-
geneous Sequences. Finally, we examined if dinucleotide
steps other than CC could be incorporated into Z-DNA within
the Z-JXN framework. We began by substituting the CC step in
Z-17 that neighbors the CG repeats with a Z-DNA favorable
CG step (Figure 6a, Z-17CG). Insertion of the CG step is
predicted to make Z-17CG energetically more Z favorable than
Z-17, and indeed, fluorescence (12.8-fold) and CD data (11.3
bp) suggest that the junction is localized at A28 similar to Z-17.
Next we made a similar substitution with either a GC (Figure
6a, Z-17GC) or GG (Figure 6a, Z-17GG) step. The free energy
cost to undergo the B-to-Z transition in these two steps is
predicted to be either 2-fold higher than (for GC) or equal to
(for GG) that of CC steps.20 In both cases, we observed small
(2.9- and 3.1-fold for Z-17GC and Z-17GG, respectively)

Figure 6. Examining the incorporation of GC and GG steps into heterogeneous Z-DNA using 2AP steady-state florescence. (a) Sequences of Z-17
(red), Z-17CG (purple), Z-17GC (green), and Z-17GG (blue) with 2AP fluorescent probes indicated using stars. The differences between Z17, Z-
17CG, Z17-GC, and Z17-GG are colored red, purple, green, and blue, respectively. (b) Relative change in fluorescence (Zα-bound intensity/free
intensity) upon induction of the B-to-Z transition with a saturating amount of Zα protein. (c) Fits of Zα-bound CD spectra with the location of the
2AP label relative to the 5′ end of each sequence’s (CG)3 element indicated using a star.
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changes in fluorescence upon addition of the Zα domain and
CD fitting suggested that only 5.1 and 6.1 bp were in the Z
conformation, respectively (Figure 6b,c). Thus, in both cases,
the B−Z junction does not localize at A28 but, rather, most
likely localizes at the end of the (CG)3 repeat. These data
suggest that the thermodynamic advantage of forming the
favorable CCA junction is outweighed by the penalty associated
with incorporating the GC and GG steps into Z-DNA when
binding the Zα domain. Both of these examples help to
highlight the energetic tug of war between junction formation
and extension of Z-DNA helices where the stacking of
dinucleotides within the Z-DNA helix also determines the
extent of Z-DNA formation.

■ CONCLUSIONS

In conclusion, we have developed a method to determine the
location of B−Z junctions within heterogeneous DNA duplexes
that contain B- and Z-DNA that combines 2AP fluorescence
with a new quantitative application of CD spectroscopy for
determining the fraction of B-DNA versus Z-DNA in
heterogeneous sequences. Application of this method revealed
that as many as three CC steps, which are thought to disfavor
the Z-DNA conformation, can readily be incorporated into Z-
DNA with simultaneous B−Z junction formation upon binding
the Zα domain. Our results argue against preferential
incorporation of CC steps into Z-DNA due to sequence-
specific interactions with the Zα domain. Rather, our results
suggest that the incorporation of CC steps into Z-DNA is
driven by favorable sequence-specific Z−Z and B−Z stacking
interactions as well as by sequence-specific energetics for
creating distorted B−Z junctions within heterogeneous
sequences. Taken together, this study highlights higher-order
complexities within the Z-DNA code and suggests that Z-DNA
might propagate into a wider range of sequence space than
previously thought. Finally, we note that formation of Z-DNA
in vivo requires the formation of two unfavorable B−Z
junctions while simultaneously competing with a multitude of
proteins that do not bind Z-DNA such as histones adding
additional layers of complexity into the Z-DNA code that
requires further investigation.
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