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ABSTRACT. Double-stranded RNA adenosine deaminase (ADAR1) is an ubiquitous enzyme in metazoa
that edits pre-mRNA changing adenosine to inosine in regions of double-stranded Rian K-terminal
domain of human ADAR1 encompassing 76 amino acid residues, shows apparent specificity for the left-
handed Z-DNA conformation adopted by alternating (dGdC) polymers modified by bromination or
methylation, as well as for (dGdg)inserts present in supercoiled plasmids. Here, a combination of
circular dichroism, fluorescence, and gel-retardation studies is utilized to characterize recomhinant Z
peptide and to examine its interaction with DNA. Results from laser-Raman spectroscopy experiments
provide direct evidence for the existence of Z-DNA in pept@NA complexes.

Z-DNA was first described in structural detail in 1978).( dsRNA-binding

domain

Since then, considerable knowledge of this unusual DNA

motif has been accumulated using biochemical and structural

techniquesZ—5). In Z-DNA the glycosidic bond between Z_D?\g\_(éﬁmg Catalytic

base and sugar alternates betwasthandsynconformations domain domain

causing the phosphate backbone to zigzag. In contrast, thergure 1: Domain structure of ADARL (adapted from Herbert,
phosphate groups of B-DNA follow a smooth right-handed 1996). Human double-stranded RNA adenosine deaminase (ADAR1)
arc, with all glycosidic bonds in thanti conformation. ~ enzyme has three functional parts: a C-terminal catalytic domain
Z-DNA is preferentially formed by alternating purire which is responsible for the conversion of adenosine into inosine,

L ) three adjacent segments which have homology with known double-
pyrimidine sequences and best formed by alternating deoxy-granded RNA binding domains, and an N-terminal domain which

guanosine-deoxycytidine 4). Z-DNA has been proposed  contains %, a 78 amino acid domain with apparent specificity for
to play a role in a number of important biological processes Z-DNA in vitro (Herbert 1996, Herbert et al., 1997). Based on

such as positive and negative transcriptional regulation Séquence homology, a second Z-DNA-binding maff)has been
(6, 7) and general DNA recombinatio8{11). While the identified (Herbert, 1996, Herbert et al., 1997).
existence of Z-DNA in transcriptionally active encapsulated
nuclei has been demonstrated for a number of genes
(12—17), an understanding of the physiological consequences
of the occurrence of this left-handed conformation in vivo
has been elusive to date.

Recently, this laboratory reported the isolation of a protein
with apparent specificity in vitro for the left-handed Z-DNA

N
NH,+

tissues that have been tested. Subsequently, another mam-
malian enzyme, ADARZ2, has been found that has a similar
activity (22). ADAR1 and ADAR2 catalyze hydrolytic
deamination of adenosine at the C6 position in regions of
double-stranded RNA2B3, 24. This reaction gives rise to
inosine, which is subsequently translated as guanosine. Such
an editing process involving adenosine deamination has been

conformation 18, 19. The activity was isolated from found to be of importance in mammals during the processing
chicken lung tissue2Q) based on a gel-retardation assay)
9 ) g ( of the glutamate receptor, GIuR-B, pre-mRNA. Here a CAG

and identified as the enzyme double-stranded RNA adenosine’. L L :
deaminase (ADAR1). A homologous protein exists in triplet (glutamine) is changed to CGG (arginine), drastically

humans (hADART), which is ubiquitously expressed in all altering the electrophysiological properties of the GIuR-B
' transmembrane receptor by reducing channel permeability
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to stabilize Z-DNA at low saltZ6). Modified polymer was Peptide collected as pool C, on the other hand, rechromato-

chosen instead of unmodified poly(dGdC), because methy-graphed consistently at 275 mM NaCl. The experiments in

lation of cytosine at the C5 position largely reduces the this study were all carried out withdZpeptide eluting as

energy needed to reach the midpoint of the transition from pool C. For the individual experimentspdvas dialyzed

B to Z (27). The CD experiment produced an inversion of extensively into the appropriate buffers (see below). The

the spectrum that was in reasonable agreement with theconcentration of pure @ was monitored by UV absorption

original studies carried out by Pohl and Jovin on poly(dGdC) at 280 nm assuming an extinction coefficient’gf, = 8250

at low-salt (B-form) and high-salt (Z-form) concentrations M~ cm™ (29). In addition to the 76 amino acid domain

(28). The results were interpreted as supporting data for thefrom hADAR1 (26), recombinant & peptide contained 5

specificity of this peptide domain for the left-handed Z-DNA vector-encoded residues at the N-terminus and 11 vector

conformation 26). encoded amino acid residues at the C-terminus resulting in
This report confirms that & interacts with Z-DNA. By a molecular weight of 10.3 kD. The amino acid sequence

using a variety of biophysical techniques, we examine of recombinant & peptide used throughout this study is as

whether 41 is able to stabilize the left-handed Z conforma- follows:

tion adopted by unmodified, linear alternating (dGdC)

polymer as well as the methylated form. We also examine GSHMGGVDCL SSHFQELSIY ODQEQRILKE LEELGEGKAT TAHDLSGKLG

the effect of &v on short, methylated and unmethylated TPKKEINRVL YSLAKKGKLQ KEAGTPPLWK IEFPGRLERL TD

deoxycytidine-deoxyguanosine oligonucleotides.o. Zec-

ognizes and binds to unmodified poly(dGdC) and also short  Circular Dichroism (CD) SpectroscopyThe CD spectra

d(CG), oligonucleotide sequences. In addition, we demon- were recorded at 28C, unless otherwise indicated using an

strate using laser-Raman spectroscopy that gé&ptide AVIV 62DS spectropolarimeter (Lakewood, NJ) equipped

does indeed stabilize unmodified poly(dGdC) in the Z-DNA with a thermoelectric temperature controller and interfaced

conformation. to a personal computer. Stock solutions of peptide samples
(4 mg/mL) were prepared in a 20 mM sodium phosphate
EXPERIMENTAL PROCEDURES buffer, pH 7.0, containing 20 mM NaF and 0.5 mM DTT

(buffer A). DNA was purchased from Pharmacia, NJ

Peptide Preparation.The Zo. domain of human ADAR1  (polymers) or DNAgency, PA (oligonucleotides). Prior to
protein @6) was expressed as a six histidine tag fusion mixing with Za. peptide, DNA stocks were dialyzed exten-
peptide cloned into a pET28a plasmid containing a thrombin Sively against buffer A and adjusted to a concentration of
cleavage site. Novablue DE3 cells were induced at-0.8 40uM/basepair. & peptide was then added in aliquots not
1.0 OD (after 56 h) with 1 mM IPTG. Cells were exceeding 1% of the total sample volume in the cuvette.
harvested afte3 h and centrifuged at 6000 rpm for 15 min Peptide concentrations of 10/ or less were used to obtain
in a Sorvall GS-3 rotor. Pellets were resuspended in 20 mL the spectra. The CD spectra ofifpeptide and peptide
of ice cold binding buffer from the Hisbind buffer kit DNA complexes were measured with a step size of 0.5 nm
(Novagen Inc., WI). Cells were lysed with a French press With 5 s averaging time/point in a 0.2 cm cuvette. Spectra
at 1000 psi over ice and centrifuged fbh at 17 000 rpom  were signal averaged by adding three scans, baseline
at 4°C. The supernatant was loaded on a 10 mL column corrected, and smoothed using the software provided by
containirg a 2 mLvolume of Zn-charged Hisbind resin AVIV. Experiments were reproduced at least three times.
(Novagen Inc., WI), except in the case of the protein used On the basis of the CD spectra, the percent helicity @f Z
in Figure 3C, where Ni-NTA (Qiagen, CA) was used. peptide was estimated from the equation:
Purification followed according to the protocol supplied by )
Novagen except that an additional wash step (wash buffer % a-helix = [([©],, + 3000)/(36 006t 3000)]100 (1)
from His—bind buffer kit containing 1.5 M NaCl) was added
to remove bound nucleic acids (monitored by UV absorbance Where [P]zz; is the mean residue ellipticity at 222 nm. In
at 260 nm)_ E|uted pept|de was Co”ected in 5@_0a|iqu0ts addition, thea'helical content was approximated by the
in Eppendorf tubes containing/A. of 0.5 M EDTA. The  @algorithm k2d 80, 3).
N-terminal histidine tag was removed by incubation with ~ For thermal denaturation, scans were performe®ddz}
10 units thrombin/mg of peptide at room temperature. from 283 to 363 K atAT = 1 K/min. Spectral data were
Cleavage was terminated afté h with 5-10uL of PMSF ~ averaged for 25 s every 30 s and stored along with
(250 mM in EtOH stock). The peptide solution was then temperature data. The reversibility of the thermal denatur-
dialyzed into 50 mM Hepes buffer (pH 7.4) containing 25 ation was assessed by measuring the signal at native
mM NaCl, 1 mM EDTA, and 1 mM DTT. Any precipitate ~ conditions after refolding with the percent renaturation at
formed was removed by centrifugation at 17 000 rpm. The 293 K (20°C) calculated as follows:
supernatant was filtered and purified using a MonoS column. 0.6
The peptide eluted consistently in a series of three major 0 ; d r
peaks at 150 mM (pool A), 175 mM (pool B), and 275 mM % renaturation= g ——g (100) 2)
NaCl (pool C) with pools A and C containing a single peptide
(Za) and pool B containing a contaminant with lower with ®4 being the signal of the denatured peptide extrapo-
molecular weight in addition to & peptide. After several lated to 293 K,®; the initial signal at 293 K, an®, the
days, peptide sample from pool A eluted as a mixture of signal of the renatured peptide at 293 K.
pool A and pool C when rechromatographed over the MonoS  Gel-Retardation Assay Oligonucleotides were radioac-
column, suggesting a possible equilibrium ef Zonformers. tively end labeled using [32RP]JATP and T4 polynucleotide
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kinase. Following labeling, samples were heated t6©0 RESULTS
and allowed to slowly cool overnight. Labeled oligonucle- ] N
otides were purified by electrophoresis through a 20% Zo Peptide and Poly(dGdC).The B-Z transition of
nondenaturing polyacrylamide gel. For gel-retardation as- alternating purine-pyrimidine deoxynucleic acids can be
says, 500 ng of & peptide was preincubated in incubation Monitored conveniently by CD spectroscopy. The confor-
buffer (45 mM Tris base, 45 mM boric acid (pH 8.3), 5 mM mational change of poly(dGdC) from dilute to concentrated
MgCl,, and 0.05 mg/mly-globulin) with 0.5ug of -DNA salt solutions is characterized by inversion of the CD signal
(Life Technologies, NY) as nonspecific competitor, repre- Detween 240 and 310 nrd§). The spectra of poly(dGdC)
senting a 2000-fold excess on a mass basis. After 15 min,determined at low salt (20 mM NaCl, dashed line) and high
between 10 000 and 20 000 cpm of labeled oligonucleotide Salt (4 M, solid line) are shown in Figure 2A to demonstrate
was added and incubation Continued' fb h at room the features CharaCteriStiC Of B- and Z-DNA. Superimposed
temperature. Samples were then loaded on a 5% nondenaiS the spectrum obtained by adding.Zo a 40uM (per
turing polyacrylamide gel (200 V). Gels were dried, and basepair) solution of poly(dGdC) at low salt (20 mM NaCl)
the radioactivity was measured using a phosphorimageruntil the positive peak at 273 nm reached its maximum
(Molecular Dynamics, CA). (Figure 2B). No baseline correction was applied because
Raman Spectroscopﬁaman Spectra of po|y(deC) in Zo alone d.oes not ShOW a.ny Significant CD Signal a..bOVe
20 mM sodium phosphate buffered solution (pH 7) were 250 nm (Figure 2D). Although below 250 nm, the signal
obtained at low-salt (20 mM NaCl) and high-salt (4 M NacCl) from the peptide dominates and the spectrum is negative,
conditions. To measure the Raman spectra of the peptidethe spectrum, between 250 and 305 nm, of poly(dGdC)
alone, 25:L of a solution containing approximately 10 mg/ Mixed with Zoc is similar to that of poly(dGdC) in high salt
mL Zo pepude (1 mM) was prepared using Centricons (F|gure.28). There are, hOWeVer, S?Veral Slgnlflcalf]t dlf‘fe!‘-
(Amicon) to concentrate complexes ofiznd poly(dGdC). ~ €nces in the long wavelength region. The maximum is
Peptide concentration was verified Byg, absorption and ~ shifted from 258 nm (high-salt form) to 273 nm in the
Bradford assay (Bio-RAD Laboratories, CA). Thexz  Mixture. The negative peak at 285 nm (high-salt form) is
pept|de_po|y(deC) Comp]ex was prepared at a pep“de less pronounced and shifted to 295 nm for the mixture of
Concentration of approximate'y 1 mM and a basepair_to_ Zo and the pOlymeI’. Similar observations were made with
peptide ratio of 4:1. the (dGdmiC) polymer containing deoxycytidine methylated
Samples (25:L) of poly(dGdC) and the peptidepoly- at the C5 position2(6), which has_beerj shown _previously
(dGdC) complex contained in a capillary were excited with t0 form Z-DNA readily under physiological conditions upon
407 nm light (prefiltered with a Photophysics Laser Filter the addition of metal ions, synthetic peptides, and polyamines
monochromator) from a Krypton laser (model Innova 90, (27). The alteration of the CD signal of poly(dGdC) upon
Coherent)_ Raman Signa's were C0||ected in a°mk_ addition Of. the peptlde can b?interpreted to be indicative Of
scattering geometry, Rayleigh light rejected using a holo- the formation of Z-DNA, stabilized by The differences
graphic notch filter (Kaiser Optical Systems Inc., MI), in the shape of the curves for the high-salt form of the
dispersed in a 0.6 m spectrograph equipped with a 600 lines/Polymer and in the mixture with@ could indicate a slightly
mm grating (model 1877 without filter stages, SPEX different copformatlon qf the left-handed polymer in the
Industries, NJ), and detected by a liquid nitrogen cooled CCD complex with the peptide, as reasoned before for the
detector (model LN-CCD-512TK, Princeton Instruments Inc., (dGdnfC) polymer @6). The different isodichroic points
NJ). Spectra were obtained in 50 s accumulation time using for NaCl-induced and @-induced changes are consistent
alaser power of 80 mW, with a spectral resolution of 4&m  With this view. Alternatively, residual B (or any other non-
polymer) were obtained under identical conditions and used the peptide may contribute to the CD spectrum observed at
as references. The reference spectra were subtracted fror@Ur conditions.
the solution spectra to obtain the signal contributed by poly- The conformation of &, both in the absence and in the
(dGdC) at low salt, at high salt, and in the stoichiometric presence of DNA, was also studied by CD to determine
mixture with Zo. peptide, respectively. Raman spectra were whether changes occurred in peptide structure following
corrected for the spectral response of the system (CCD,interaction with DNA. The CD spectrum of frégo peptide
spectrograph, and notch filter) using a NIST traceable is shown in Figure 2C. It is indicative of a significant
tungsten light source and wavenumber calibrated amount ofo-helical content which was determined to be 35%
using indene Raman lines as the Raman frequencybased on formulal) and 32% based on the algorithm k2d.
standard. This value rises to more than 50% upon addition of TFE
Fluorescence SpectroscopYhe fluorescence experiments  (2,2,2-Trifluoro-ethanol), a chemical that has been shown
were performed on a Perkin-Elmer spectrofluorimeter. To to stabilize helical structures in shorter peptidga+34) and
monitor essentially pure tryptophan fluorescence, the excita- proteins 85). It is assumed that TFE acts by disrupting
tion wavelength was set to 293 nm. The concentration of hydrogen bonds between amino acids and solvent, thereby
peptide in the experiments wag(l. DNA was added from promoting intramolecular hydrogen bonding and helix for-
concentrated stock solutions in aliquots not to exceed mation 32, 39. In the case of 4, addition of TFE causes
altogether 1% of the sample volume. Fluorescence experi-the spectrum to become more negative, indicating that the
ments were carried out in 20 mM sodium phosphate buffer, molecule is more structured. The minimum at 208 nm as
pH 7.0, containing 20 mM NaCl and 0.5 mM DTT. The well as the ratio between the signal amplitudes at 208 and
UV absorbance of the samples at any time was checked t0222 nm remains unchanged (Figure 2C). This result suggests
be below 0.05 OD to prevent inner filter effects. that adding TFE stabilizes the native conformation of Z
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Ficure 2: Circular dichroism of poly(dGdC) andoZpeptide. (A) CD spectra of poly(dGdC) in low salt (20 mM NacCl, - - -), in high salt
(4 M NaCl,—), and at low salt in the presence ofipeptide at a basepair-to-peptide ratio of 4@-f- The inversion of the CD signal of
the polymer with high salt (Z-form) is also seen in the presence of the peptide. The spectrum aefgbptide-DNA mixture (-O-) below
250 nm is dominated by the peptide leading to a large negative peak (see text). Above 250 nm, the speatrahord B baseline; no
correction has been applied to the spectrum of the mixture. (B) Enlarged view of the CD spectra of poly(dGdC) in the region between 250
and 300 nm. It can be seen that the peptiB®A spectrum (©-) differs from the spectrum of poly(dGdC) 4 M NaCl (Z-form,—). The
positive peak at 260 nm (high-salt form) is shifted to 273 nm for the mixture. Correspondingly, the negative peak at 285 nm (high-salt
form) is shifted to 295 nm and is less pronounced for tlepéptide-poly(dGdC) mixture. (C) CD spectra of freenZpeptide in the
absence (x-) and presence [-) of 50% TFE. The spectra indicate a largehelical content of the free peptide under the conditions
examined. Addition of TFE causes an increase in signal amplitude; however the relative ratio between the signals at 208 and 222 nm is
maintained, indicating that a significant amount of peptide folds into the native conformation under these conditions. (D) Superimposed
spectra of the @ peptide-DNA mixture (-O-) and a calculated sum spectrum of poly(dGdC) at high salt (Z-form) and free pepkide (-
The spectra are in reasonable agreement in the region between 200 and 250 nm, indicating that any changes in the conformation of the
peptide upon binding to DNA are not detectable within the resolution of CD spectroscopy.

and promotes proper folding of the peptide. The effect of in Figure 3B. Increasing ionic strength causestd release
DNA on the Zo conformation was also tested. Figure 2D the bound polymer gradually, and at 750 mM NacCl the
shows the spectrum between 190 and 255 nm of a mixturespectrum in the region between 240 and 305 nm largely
of Za peptide and (dGdC) polymer. A calculated sum converts to that of poly(dGdC) in the regular B-form. The
spectrum obtained by adding the CD signatures of #ee isodichroic point at 276 nm is unchanged, indicating that
peptide and the high-salt form of poly(dGdC) is also shown. this process occurs without hysteresis, as is characteristic of
Both of these spectra are very similar, suggesting that thethe B—Z transition 7).
conformation of £ does not change upon binding to DNA. Zo. Peptide and OligonucleotidesiVe sought to identify
This finding is further supported by our observation that the alternating deoxycytidinedeoxyguanosine nucleic acid frag-
molar ellipticity at 222 nm of a solution containingoZ ments that are shorter in length than the polymers (average
peptide remains constant upon addition of stoichiometric length ~100 bp) and hemi-brominated probes40 bp)
amounts of (dGdC) polymer (data not shown). Therefore, investigated so farl@8, 2. We monitored the @-induced
poorly folded regions of @ affected by TFE are unlikelyto  change in the CD signal of deoxycytidindeoxyguanosine
be involved in the recognition of DNA. oligomer duplexes 18 nucleotides and less in length. The
Additional experiments were performed to further examine experiments were performed in a fashion similar to that
the interaction between poly(dGdC) a#x. Figure 3A described before for the (dGdC) polymer. Results are shown
shows the result of a titration performed at low salt to for a hexamer hairpin with the sequence d(€GICG)
determine the amount of &Z peptide needed to obtain (Figure 3C). The CD signal of this hairpin changes
complete inversion of the CD spectrum of poly(dGdC). The detectably upon addition of & peptide. The isodichroic
results indicate that the transition occurs in a single step, point is around 285 nm in the case of the oligonucleotide
with an isodichroic point at 276 nm. The maximal amplitude (Figure 3C) as compared to 276 nm in the case of poly-
of the CD signal at 273 nm is reached at a ratio of 4 base (dGdC). The negative peak between 290 and 300 nm, which
pairs/Zo. molecule, which is in good agreement with what is clearly observed in the case of the (dGdC) polymer, is
was observed for the methylated (dG@h polymer @6). significantly less pronounced in the spectrum of the hairpin.
Next, we investigated the effect of increasing ionic strength The maximum alteration of the curves is observed at a
on the binding ofZa to poly(dGdC). The result is shown basepair-to-peptide ratio of approximately 2:1 for the
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23 Ficure 4. Gel-retardation assay obzpeptide and oligonucleotides.
3 [32P]y-ATP-labeled oligonucleotides [d(C&)X(CGRT4(CG); and
5§ the nPC derivatives] in a band shift assay. Both modified and
53 unmodified oligonucleotides show retardation in the presence of

= NaCl (mM) Za. In the case of the methylated di@G) dodecameradditional

< bands are observed above the dominant signal, indicating that more

240 250 260 270 280 290 300 than one z peptide can bind to an oligonucleotide with this
Wavelength [nm} sequence and length.

In parallel to the CD studies, we performed gel-retardation
assays with & peptide and radiolabeled DNA oligonucle-
otides, some of which were methylated at the C5 position
of deoxycytidine (Figure 4). Both the methylated and the
unmethylated dodecamer and hairpin oligonucleotides gave
rise to a gel mobility shift in the presence ofZ The signals
obtained with the dodecamer oligonucleotides (both methy-
lated and unmethylated) are stronger than those of the

T respective hairpins. This is consistent with the higher
Wavelength [am] propensity of the dodecamer oligonucleotide to adopt the
FIGURE 3: Aspects of 4 peptide-DNA interaction. (A) Titration Z-DNA Con.f_ormatlon’ as a_ result of the cooperativity of the
of poly(dGdC) with Zx peptide in 20 mM NaCl, 20 mM Na  B—Z transition. Methylation led to a stronger band shift
phosphate, pH 7.0. The positive peak at 273 nm reaches itssignal in the case of the dodecamer. Again, this is consistent
maximum at a basepair-to-peptide ratio of approximately #), ( with the stabilization of the Z-DNA conformation by
and reversal of the spectrum is observed relative to the B-form methylation. When using the methylated dodecamer, an

(-+-). An isodichroic point for the transition is observed at 276 nm. S : .
Spectra at intermediate basepair-to-peptide ratios are drawn with""dd't'on"’II band was observed in the retardation assay,

dotted lines. A large negative peak below 250 nm is contributed indicating that more than oneoZpeptide can bind to the
by the peptide. The CD spectrum of free peptide (Figure 2D) did DNA oligomer. Only a single band was observed for the

not show a significant signal above 250 nm, and thus, a corre- shorter hairpin oligonucleotide, indicating that has only
sponding baseline correction was not applied. (B) Influence of ionic a single DNA binding site

strength on DNA binding. Upon addition of increasing amounts of . . . ) )
NaCl (mM are indicated), the CD spectrum of & @eptide-poly- Melting Studies Next, we investigated the influence of

(dGdC) mixture (basepair-to-peptide ratio 4:1) gradually reverts to temperature on both the folding of thexzeptide as well

that of the low-salt conformer and at 750 mM salt concentration is P
very similar to the spectrum of poly(dGdC) in the B-form-}- as the binding of 4 to poly(dGdC). The resuits are shown

(C) Titration of a hairpin with the sequence d(GGYCG); shows in Figure 5. Upon increasing the temperature from 15 to
the effect of Zx peptide on these oligonucleotides. The reversal of 80 °C, Za. loses its secondary structure and is essentially a
the spectrum from the B-form-Q to Z (—) is clearly observable,  random coil at 8GC (Figure 5A). The thermal denaturation
albeit less pronounced than in the case of the polymer. The of the peptide is largely reversible (Figure 5B), with a degree
isodichroic point is shifted to 285 nm. of renaturation of more than 90% at 2C based on eqQ.
hairpin, whereas a ratio of 4:1 is sufficient for the polymer. This extreme thermal stability was previously noted for Z
Addition of more peptide to the sample does not change prepared from chicken blood nuclél). The midpoint of
either spectrum (data not shown). The higher amount of melting occurs at 52C, and the existence of an isodichroic
peptide needed to invert the hairpin spectrum may be due topoint at 203 nm (Figure 5A) is indicative of a two-state
destabilizing effects stemming from the firn, and to the  transition. The effect of peptide melting upon DNA binding
lack of cooperativity in the BZ transition for a short d(CG) is demonstrated in Figure 5C. A DNA solution titrated to a
hexamer stem. With longer oligonucleotides such as maximum amplitude of the CD signal at 273 nm by adding
d(mPCG)s, the basepair-to-peptide ratio leading to maximum aliquots of Zx was heated from 15 to 8@€. With increasing
reversal of the spectrum was also close to 4:1 (data nottemperature, the CD spectrum of the DNA in the mixture of
shown). Za peptide and poly(dGdC) gradually reverted to essentially

Molar Ellipticity (x10 3)
([0](deg/cm 2/decimole basepairs))
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Ficure 5: Thermal denaturation studies. (A). CD spectra of free
Zo. peptide recorded at increasing temperatures frorh@%a) to
80°C (d). Za. gradually loses its secondary structure components
and has the spectrum of a random coil at°@ A two state is
suggested by an isodichroic point near 203 nm. (B) eptide
melts ©) with a thermal transition midpoint at 5Z, and thermal
denaturation is largely reversible with renaturati®) (eading to
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FIGURE 6: Laser-Raman spectra of poly(dGdC). Spectra of poly-
(dGdC) at low salt (Spectrum |, B-form), at high salt (Spectrum
Ill, Z-form), and in a mixture of poly(dGdC) with & peptide at

an approximate basepair-to-peptide ratio of 4:1 (Spectrum II).
Raman resonance frequencies at 1318 and 627 ¢boxed and
arrows) indicate the presence of Z-DNA in the mixture. Residual
peaks characteristic of the B-DNA conformation (boxed, no arrows)
indicate that a portion of the DNA molecules retain the right-handed
B-DNA conformation under the conditions studied.

627 cm! at high salt. This change is due to the different
chemical environment of the guanine base in Z-DNA which
is in the syn conformation, whereas all glycosidic bond
angles in B-DNA are in the anti conformation. Major
differences in the phosphodiester vibrational modes {780
1100 cm?) are apparent, associated with loss of B-DNA
specific bands at 832 and 910 ci Differences in the
guanine modes between 1300 and 1600%catso exist. The
guanine doublets at 1315 ci(not labeled) and 1331 cmh

>90% signal recovery. Thermal scans were performed monitoring (labeled) in the low-salt form (B-DNA), for example, become

the molar ellipticity at 222 nm. (C) Thermal denaturation af Z
peptide in a mixture with poly(dGdC) at an approximate basepair-

to-peptide ratio of 4:1. Upon melting of the peptide, the CD signal |

a strong single band at 1318 chin the high-salt Z-form.
These spectral features, particularly at 627 and 1318'cm

of the polymer between 240 and 310 nm gradually reverts to B-type in the high-salt form (Figure 6, Spectrum IlI), are also found
at 80°C. Numbers denote the temperatures at which the spectrain crystals of Z-DNA and can be used as fingerprints for

were recorded.

B-form at 80°C, indicating that correct folding of & is
necessary for stabilization of Z-DNA.

Laser-Raman ExperimentsTo gather additional data
about the conformation of the (dGdC) polymer in the
peptide-DNA complex, we decided to collect and analyze

the left-handed Z conformation37). Spectrum Il was
collected using poly(dGdC) complexed ta At a stoichio-
metric ratio of 4 basepairs/peptide. Data were baseline
corrected by subtracting the spectrum of a solution containing
Za peptide at the same concentration (approximately 1 mM).
Spectrum Il exhibits striking similarities to that observed for
poly(dGdC) at high salt. The Z-conformer specific modes

the laser-Raman spectra of poly(dGdC) at low salt, at high at 627 and 1318 cm are clearly observed, indicating the

salt, and in a complex wito. The results of this study
are presented in Figure 6.
Figure 6 shows the unmodified spectrum | of poly(dGdC),

presence of Z-DNA in the peptie®NA mixture. Spectrum
Il also shows several bands at 684, 832, and 910 ¢hoxed
in Figure 6) which are characteristic for the right-handed B

measured at pH 7 and low salt (20 mM NaCl). The Raman conformation, indicating that some residues remain as

frequencies are characteristic of the B-conformar).
Spectrum 1l in Figure 6 shows the poly(dGdC) signals

B-DNA under the conditions studied. In the spectrum of
the Zo.—poly(dGdC) mixture, additional bands are present

measured at high salt (4 M NaCl). Alterations associated at 1060 cm* and between 1575 and 1650 chwhich are

with the conformational transition of the polymer from the
right-handed B-form at low-salt to the left-handed Z-form
at high-salt conditions are evide®¥7). The normal guanine
mode at 684 cmt in the low-salt form is shifted down to

not observed in the spectra of either the B-form or the
Z-form, and these currently cannot be assigned. The
guanosine peak at 1488 cifappears to be reduced in
magnitude relative to that at 1595 chrin Spectrum Il. The
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significance of this is currently unclear, although it may 1
suggest an interaction between the peptide and some gua-
nosine residues leading to changes in these particular
vibrational modes.

Fluorescence ExperimentsThe amino acid sequence of
Za. contains a single tryptophan residue in the C-terminal
region that is part of a conserved motif in ADAR1 enzymes
from various species26). Tryptophan fluorescence is a
useful spectroscopic marker for major state transitions in
proteins in many different system3g). With this in mind,
we performed steady-state experiments to examine the
interaction of 4. peptide with DNA. The fluorescence
emission maxima and quantum yields of tryptophan are very
sensitive to the microenvironment of this amino acid residue. 0
We sought to establish whether we could probe the microen-
vironment of this tryptophan for changes in the fluorescence
emission upon binding to different DNA sequences. The 1
changes in the steady-state emission spectrum of tryptophan
as a function of DNA concentration are shown in Figure 7.
Za peptide showed an intrinsic fluorescence spectrum with
a maximum emission wavelength centered around 329 nm
when excited at 293 nm (Figure 7A), which is significantly
blue shifted as compared to the maximum emission wave-
length of L-tryptophan in solution (around 355 nm). This
indicates that, on average, the tryptophan residue in unbound
Za. is in a nonpolar (hydrophobic) environment. Upon
addition of aliquots of poly(dGdC), the fluorescence signal
was quenched considerably (Figure 7A) reaching a plateau
at a basepair-to-peptide ratio of6. An essentially identical

behavior was observed for the methylated (d@djpolymer FIGURE 7: Steady-state fluorescence af peptide. (A) Fluores-

(Figure 7B). To verify that signal quenching was actually cence emission signal of the single tryptophan residue in the Z
due to specific binding of & to DNA, calf thymus DNA peptide in the region from 300 to 400 nm. The fluorescence signal
was used as a negative control. No quenching was foundof the tryptophan of unbounddZpeptide is centered around a
showing that this effect is specific for poly(dGdC) polymers. e at 329 nm. |Up.°“ adding aliquots of (dGdC) po'ﬁ’mer
Interestingly, the alternating polymer (dCdA)dTdG) also (dotted lines) to a solution containing AM Za peptide, the
gly, the ating poly fluorescence intensity is significantly quenched. No blue or red
caused a significant, if less pronounced, change of the shifting of the fluorescence signal is observed. (B) Fluorescence
fluorescence signal (Figure 7B). This asymmetric polymer signal at 330 nm plotted against the relative basepair-to-peptide

can also adopt a left-handed conformation; however it ratio upon addition of aliquots of different DNA sequences to a
requires more stringent conditions than required for alternat- S0lution containing kM Za. peptide. The (dGdC) polyme]

. . and methylated poly(dGdi@) (O) give rise to a comparable
ing (dGdC) sequence8¢-42). This property may account  reqyction of the fluorescence intensity and reach a plateau at a ratio
for the reduced ability of this polymer to quenchoZ

of between 5 and 7 basepairs/peptide. The asymmetric polymer,
fluorescence. No significant shift of the maximal wavelength (dCdA)—(dTdG), also quenches the fluorescence emission signal
of the fluorescence spectrum was observed in any of thesef Zo peptide [0), but not to the extent of poly (dGdC). Signal
experiments, indicating that the microenvironment of the ?Xfmh'ng was not observed when calf thymus DNA was added
tryptophan chromophore did not change dramatically upon =~
DNA binding. Za-peptide and the catalytic domain &ok restriction
enzyme, show that this chimera can selectively cleave
DISCUSSION supercoiled plasmids that contain Z-forming inserts, such as
The RNA editing enzyme ADAR1 has been identified as (dGdC);(43). These data lead to the interpretation that Z
the first naturally occurring protein with apparent in vitro recognizes and binds to the left-handed Z-DNA conforma-
specificity for hemi-brominated and methylated DNA probes tion. In particular the observation thatepeptide causes a
with alternating deoxyguanosingleoxycytidine sequences reversal of the circular dichroism spectrum between 250 and
(19, 26. Further, it has been demonstrated that supercoiled310 nm of methylated (dGdt@) polymer @6), as well as
plasmids containing alternating deoxyguanosideoxy- unmodified poly(dGdC) and (dGdh@) oligonucleotides (this
cytidine inserts competed with the hemi-brominated probe study) is in reasonable agreement with original studies of
(20). The same plasmids failed to compete when relaxed the B to Z transitionZ8). Although no biological function
with topoisomerase |. An extensive panel of other nucleic for ADAR1 binding to Z-DNA has been established, these
acids, including r(GC) polymer, also failed to compete. An results provide strong circumstantial evidence thap2&ptide
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o
%

o
o
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~
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N-terminal 76 amino acid DNA binding domain of ADAR1,
Za, was demonstrated to bind to chemically brominated
(dGdC) polymer with &p of 4 nM (26). Studies carried
out with an artificial restriction endonuclease, made by fusing

recognizes and binds to left-handed Z-DNA.

Circular dichroism spectroscopy is a powerful tool to
monitor conformational changes in biological macromol-
ecules and is particularly well suited to examine theB
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transition of DNA polymers. However, the underlying predict a helix-turn-helix motif. Molecular modeling studies
quantitative biophysical principles of this method are not consistently indicate a helix-loop-helix or helix-turn-helix
known in great detail. Thus, changes in the CD spectrum tertiary structure for a core segment of thex peptide
must be interpreted in the context of other evidence. For encompassing approximately 50 amino acid residues (Ortiz
instance, titration of a solution of poly(dGdC) with Mito- & Ribas de Pouplana, personal communication to I.B.). The
mycin C, an antibiotic which covalently binds to and cross- peptide does not alter its conformation detectably over a
links DNA at d(GC) dinucleotide steps, leads to a reversal proad concentration range as indicated by the molar ellipticity
of the CD spectrum with increasing drug concentrations, of the peptide remaining constant at concentrations from 2
which is strikingly similar to that observed for the transition uM to 0.5 mM (data not shown). Proper folding ofids

of poly(dGdC) from the right-handed to the left-handed equired for the transition of poly(dGdC) from the B-
conformation 44). The CD spectrum of a Mitomycin ~ .onformation to left-handed Z-DNA. Unfolding of the
C—poly(dGdC) complex exhibits a positive peak around 260 o ige occurs with a midpoint of melting at 52 and leads

grﬁeaenn?e?]tne'?r?ttlxg spe:cktragigdozr?eij :‘g?)t(hg]hexﬁ?slg?:‘orm to a gradual release of bound DNA such that there is no
g i pectiu P '9 significant amount of Z-DNA detectable by CD at 8G.

of thg polymer £8). Yet, as high-resolution '\.IMR sqlutlon Za does not become further structured upon binding to DNA,
studies revealed recently, the complex of Mitomycin C and

DNA contains no left-handed Z-DNA4E). ats) suggdestﬁd byd;he cggs;?:nt rr:olar (:Ilipticityt_:t 22|2t_nm
We therefore recognized the need to augment the existing0 served when adding ( ) polymer to a peptide solution.

body of evidence for the existence of left-handed Z-DNA  CD experiments involving both poly(dGdC) and short
in the complex between & and poly(dGdC), using a oligonucleotide fragments show a pronounced effect at a
different approach. The question of whether the conforma- basepair-to-peptide molar ratio of approximately 4:1. In
tion of poly(dGdC) observed at high sak8) was identical addition, the fluorescence intensity of the single tryptophan
with the left-handed Z-DNA conformation observed in the residue at 330 nm is fully quenched at a basepair-to-peptide
crystal of the d(CG)hexamer was answered unambiguously ratio of between 5:1 and 6:1. This result suggests that a
by a Raman spectroscopic investigation, which compared molecule of Zx may interact with a stretch of-46 basepairs
these two sample§{7). Distinct bands in the Raman spectra of alternating deoxyguanosireleoxycytidine under the
of crystalline d(CGj) and poly(dGdC) at high salt were conditions studied. This interpretation is further supported
identified as characteristic for the left-handed Z conformer. by the occurrence of h|gher bands in the ge| shift assay when
Those at 1318 and 627 crhare present only in Z-DNA. 3 methylated d(SCG) dodecamer is used as a probe and
In this study, we provide evidence for the existence of py our finding that a hairpin containing only a short d(GG)
Ieft-haqc_zled Z-DNA in the complex formed between and hexamer stem can be shifted by Zoeptide in a gel-
unmodified poly(dGdC). The laser-Raman spectrum Of & retardation assay. Short repeats of alternating deoxy-
mixture of poly(dGdC) and d at a basepair-to-peptide ratio guanosine and deoxycytidine appear frequently in the 5

of 4:1 at low salt allows us to clearly identify characteristic region of eukaryotic geneg9) where they could possibly

signals at 1318 and 627 cr The conversion to Z-DNA .7 b stabilized by negative supercoiling generated

is not complete, as demonstrated by the presence of sever% e
: ) . . . the wake of a transcribing RNA polymeras®). These
bands which are diagnostic of residual right-handed B-DNA. stretches might provide pogt]ential Einging siteg for the Z

Atthe same basepaipeptide ratio, the CD spectrum shows domain of ADARL, if they are present in the left-handed Z

maximal inversion between 240 and 305 nm. conformation §). The fluorescence studies indicate that Z
Th i here i I i ili :
e peptide used here is not able to induce and stabi |zealso binds to poly(dCdA}poly(dTdG). but not as well as

Z-DNA formation in poly(dGdC) as efficiently as mono- or e .
divalent metal ions, short peptides, polyamines, or alcohols {© POIY(dGdC). DNA containing (dCdA)(dTdG) dinucle-

(27). This may be explained by the fact that the smaller ot.ide fep.e.ats is able to flip into th(_a Z conformation, albeit
molecules, and, in particular individual metal ions, can With significantly reduced propensity than (dGdC) repeats.
contact the DNA polymer at any position. Interaction Z¢ binding in vivo may also involve more diverse DNA
involving the Zo peptide may be limited by its significantly ~ sequences and thus affect a large number of genes in the
larger size. This interpretation is further supported by the 9genome.
CD of short oligonucleotides in the presence of.Z
Unmodified hairpins with a stem built by merely three d(CG) CONCLUSION
dinucleotide steps can be completely flipped from B to Z at .
room temperatureni4 M NaClQ, (46). In contrast, the @ In the present study, we have provided laser-Raman
peptide used in these studies shows a less pronounced effecEPeCtroscopic evidence for the existence of the left-handed
Other constructs may be more effective in altering thezB ~ £-DNA COﬂfOfmatlt_)n ina complex of poly(deC) wn_mz
equilibrium of shorter oligonucleotides (Schwartz et al., @ novel DNA binding domain in the N-terminal region of
manuscript in preparation). In addition, the data presented human double-stranded RNA adenosine deaminase (ADAR1)
here cannot rule out the possibility thattdinds to B-Z enzyme. These studies represent the first such data on a
junctions @7, 48. naturally occurring peptide domain with apparent specificity
These results suggest that recombinanip@ptide adopts ~ for left-handed Z-DNA, and are direct evidence to date for
a structure with a largex-helical content. CD spectra the interaction of z with the left-handed DNA conformer.
indicate that about 30% of the residues arevihelices, and Our analyses of the& peptide itself and its interaction with
this number increases to 50% on addition of TFE. Predic- DNA constitute a reference point for additional biophysical
tions based on sequence analysis affZmily membersZ6) studies.
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