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ABSTRACT

Alternating pyrimidine-purine sequences typically
form Z-DNA, with the pyrimidines in the anti and
purinesinthe syn conformations. The observation that
dC and dT nucleotides can also adopt the syn
conformation (i.e. the nucleotides are out-of-alternation)
extends the range of sequences that can convert to
this left-handed form of DNA. Here, we study the
effects of placing two adjacent d(G <C) base pairs as
opposed to a single d(G <C) base pair or two d(A *T)
base pairs out-of-alternation by comparing the structure

of d(m>CGGCm®>CG), with the previously published
structures  of d(m SCGGGMSCG)+d(m>CGCCmM>CG)
and d(m>CGATmM>CG),. A high buckle and loss of
stacking interactions are observed as intrinsic prop-
erties of the out-of-alternation base pairs regardless of
sequence and the context of the dinucleotide. From
solution titrations, we find that the destabilizing effect

of out-of-alternation d(G <C) base pairs are identical
whether these base pairs are adjacent or isolated. We
can therefore conclude that it is these intrinsic
distortions in the structure of the base pairs and not
neighboring effects that account for the inability of
out-of-alternation base pairs to adopt the left-handed

Z conformation.

INTRODUCTION

NDB/PDB accession no. ZD0001

The detailed structure of Z-DNA was first defined by the single
crystal structure of d(CGCGCg&])1). This proved to be the
conformation responsible for the inversion of the circular
dichroism (CD) spectra of poly(d@C) at high salt3). In the
nearly two decades since these early studies, the Z-DNA
conformation has been studied in crystals by X-ray diffraction
and in solution by a variety of spectroscopic technigues, including
CD, NMR and infrared spectroscopy (reviewed4in The
culmination of these studies show that the nucleotide bases of
Z-DNA alternate between tlamti andsynconformations, which
accounts for the preference of the structure for APP sequences. In
addition, replacing d(€C) base pairs with d@¥') base pairs and
placing purine bases in trgyn conformation were found to
destabilize Z-DNA. Studies of Z-DNA induced by negative
superhelical strain confirm these general rules for the sequence-
dependent stability of this left-handed conformatibb)(and
further suggest that the structure can form under physiological
conditions {) and indeedh vivo (8).

The generality of Z-DNA as an alternative to B-DNA in
genomes requires that the structure not be limited to only APP
sequences, but to all possible combinations of nucleotides. The
first indication that Z-DNA could be formed in non-APP
sequences was found in the single crystal structure of
d(Br°CGATBIPCG), (9). The two adjacent d@) base pairs
were out-of-alternation, with the adenine nucleotides iratite
conformation and the thymidines adoptinggiieconformation.
These conformations around the glycosidic bonds were also
observed by NMR spectroscopy in the solution structure of
d(BPCGBPCGATBIPCGBIPCG), (10). The out-of-alternation

Since its discovery in 1979)( nearly every physical property of base pairs in the crystal structure were highly buckled as compared
left-handed Z-DNA has been characterized. Its structure has begith other base pairs in Z-DNA. Placing a pyrimidine in gie
studied by numerous physical methods and the thermodynancimnformation is thought to be disfavored by the steric collision
rules for its formation in solution and within plasmid DNAs havebetween the six-membered ring of the base and the five-membered
been studied in detail for a large number of different sequencesg of the ribose I1). Thus, this buckle in the base pair may be
(reviewed in2). Still, many of the detailed structural parameterdargely responsible for relieving this steric strain. The more recent
for Z-DNA are yet to be defined, particularly for sequences thatructure of d(PCGGGNPCG) d(mPCGCCn?CG) demonstrated

do not conform to the standard alternating pyrimidine-purinéhat out-of-alternation d(€€) base pairs can also be accommodated
(APP) sequence motif of Z-DNA and which are therefordy the left-handed conformatiorlid). The structure of the
considered to be out-of-alternation. In this study, we attempt taut-of-alternation d(€C) base pair also appeared to be highly
determine the structural perturbations to the Z-DNA structure thatickled. However, the structural features of 8(EBATBrPCG),

are inherent in out-of-alternation base pairs and how these affecid d("ffCGGGnPCG) d(mPCGCCn?CG) could not be direct-

the ability of these sequences to form Z-DNA.

ly compared since both the type and the number of base pairs that
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are out-of-alternation differed between the two sequences. Th@§00 K). Data in the resolution range from 8.0 to 1.65 A [1875
we needed a structure that helps to bridge these two previausique reflections observed above(B)] were included in
non-APP Z-DNA sequences in order to determine the intrinsisubsequent rounds of simulated annealing and conventional
properties of out-of-alternation base pairs. positional refinement. The refinement converged to a final R
In the current study, we address the question of whether thalue of 19.6% (Ree = 24.8%). Although data to 1.65 A was
distortions to out-of-alternation base pairs are intrinsic features orcluded in the refinement, the nominal resolution limit for this
induced by sequence or neighboring effects. We have determirstducture is 1.9 A for a thin shell completeness of at least 50%.
the structure of the self-complementary hexamer sequencdn the final structure of d(RECGGCNPCGY), the bond length
d(mPCGGCn?PCGY), as Z-DNA, where the two central base pairsand angle r.m.s. deviations from ideality were calculated in
are out-of-alternation. Comparing this structure with that oK-PLOR to be 0.008 A and 1.473espectively, with average B
d(Br°CGATBI°CGY), allows us to determine the contribution of factors of 10.3 for the 244 non-hydrogen DNA atoms and 32.3 for
sequence to the structure of out-of-alternation base pairs 3% water molecules. A coordinate error of <0.2 A was estimated
Z-DNA. To study the effects of neighboring base pairs orfrom a Luzzati plot15).
non-APP sequences, we compare the current structure wittHelical parameters were analyzed using the program NASTE
d(MmPCGGGNPCG) d(mPCGCCNPCG) and study the effect of (Nucleic Acid STructure_Ealuation), which was developed in
placing two out-of-alternation d¢&) base pairs either adjacent this laboratory specifically for analysis of Z-DNA duplex
to each other or separated by a distance on the ability of Z-DNgtructures16). The final coordinates and structure factors for the
to form in solution. In this way, we attempt to define the intrinsistructure of d(PCGGCnPCG), have been deposited in the
structure of out-of-alternation base pairs and their effects on tiMucleic Acid Databasel{) under the reference code ZD0001.
ability of sequences to adopt this left-handed form of the DNA

duplex. Salt/ethanol titrations

The oligonucleotides d(Gg) d[(GCECCGC(GCYGCGG(GCy]
MATERIALS AND METHODS ; A i

and d[(GC3GGCC(GCy] were synthesized and purified in the
Crystallization and X-ray diffraction studies same manner as described above foP@@GCNPCG). Stock

, solutions of MgC} were prepared by serial dilutions to give
The self-complementary hexanucleotide sequenc€@BEC-  concentrations of 0, 0.1, 0.25 and 0.5-3.5 M in increments of

m5C_G) was synthesized using phosphoramidite chemistry on & \p. To induce Z-DNA formation 10l of a 40-60 OD
Applied Biosystems DNA synthesizer in the Center for Gengjigonucleotide sample was diluted into 980of each MgCh
Research and Biotechnology at Oregon State University. Siggytion, heated to 6T in a water bath for 10 min and allowed
exclusion chromatography on a Sephadex G-25 column was U§gt:oo| overnight to achieve equilibrium and to ensure proper
to remove salts, blocking groups and prematurely terminategnealing. CD spectra were collected on a Jasco J-720 spectro-
oligonucleotides. The oligonucleotide was lyophilized, redissolvegq|arimeter at room temperature in a 1 cm path length cell.

in 30 mM sodiu_m cacodylate buf_ft_ar (_pH 7.0) and used fol The two non-APP sequences  d[(@OTGC(GCHGC-
crystallization without further purification. Crystals .of the GG(GC), and d[(GC3GGOC(GC)]» (the underlined bases are
sequence were grown at room temperature by vapor diffusionf,qe that are out-of-alternation) could not be induced to form
sitting drop set-ups with initial s_olutlons containing 0.3 MM DNAZ_pNA with MgCl, alone, even at 3.5 M MgglSolutions of
(single-stranded), 12 mM sodium cacodylate (pH 7.0), 25 M} gge sequences were therefore made with 1.8 M MgCl

MgClp, 1 mM spermine tetrachloride and 5% (VV) concentration at which d[(GEJ is 100% Z-DNA, and titrated
Z%rgg(t;y&%g—pentanedlol (MPD), equilibrated against a reservolfjith ethanol concentrations ranging from 0 to 45% (v/v).
of 30% .

Crystals were mounted in sealed glass capillaries and XJ%{’{ESULTS
diffraction data collected at room temperature on a Siemens

diffractometer with Culg radiation from a sealed tube source.z.pNA duplex structure of d(MSCGGCmMSCG),

The data was collected and reduced using the software XSCANS. )

The crystal diffracted to a resolution better than 1.65 A (319We have determined the crystal structure of the self-complementary
unique reflections) and belongs to the orthorhombic space grogpauence d(A€GGCnPCG), to a nominal resolution of 1.9 A.

P2, 212, with unit cell dimensions af=17.79 Ab=30.90 Aand In this sequence, the two center base pairs form an out-of-alternation
c=44.36 A. The space group and unit cell dimensions are consistéff3pC4)d(G9pC10) dinucleotide which breaks the APP se-

with a Z-DNA hexamer aligned along the crystallograpkicis.  quence motif favored by Z-DNA. The resulting structure (Ejigs
in the left-handed Z-DNA conformation and, despite the distortions

resulting from the d(G3pC4J(G9pC10) dinucleotide step, displays
the defining characteristics of previous crystal structures of Z-DNA
The structure of d(RCGGCNPCG), was solved by molecular hexanucleotidesl(18; reviewed in2). The helical twist between
replacement using as a starting model the 1.3 A resolution cryskaise pairs alternate between being highly left-handed 0645
structure of d(PCGGQAMPCG)d(mMPCGACNMPCG) (12) with  and only slightly left-handed (—134 1.8°), giving the overall
the d(GC) base pair at position 4 (underlined) replaced with atructure the characteristic zig-zagged pattern to the backbone
d(C+G) base pair. The structure was subsequently refined usii@able 2). The glycosidic bond angles alternate betwasti

a parameter file specific for DNALB) in the program X-PLOR (x = —150.7% 5.1°) andsyn (X = 68.0+ 9.2°) and the sugar
(14). The initial refinement included data observed ab@(&R  puckers alternate between '@hdo and C3-endo (Table 1).

in the resolution range 8.0-2.0 A. A model with an R value of 26.9%ucleotides with the base in tiati conformation adopt the
was obtained after simulated annealing (starting temperature ©2-endosugar conformation, while those in g conformation

Structure solution and refinement
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Table 1.Glycosidic torsion anglex) and sugar puckers in the structure of

d(mPCGGCn?PCG),

Nucleotide X (®) Sugar pucker
m°C1 —142.1 @nti) C2-endo
G2 59.4 6yn C3-endo
G3 —155.4 énti) C2-endo
C4 57.0 6yn C3-endo
mSC5 —152.6 4nti) Cl'-exo
G6 78.7 §yn C2-endo
m°C7 —147.6 4nti) C2-endo
G8 69.8 6yn C4'-exo
G9 —151.4 énti) Cl-exo
C10 64.9 ¢yn C4'-exo
m°C11 —155.2 4nti) Cl-exo
G12 78.2 6yn C2-endo

All glycosidic and pseudorotation angles (used to assign sugar pucker
conformations) were calculated using NASTEu¢hic Acid STructure
Evaluation), a program developed in this laboratory for structural analysis of Z-
DNA. CI'-exoand C4-exosugar puckers belong to the'@hdoand C3-endo
families, respectively.

_ _ _ Placing cytosines in the unfavorabigconformation perturbs
Figure 1.Stereo diagram of the d?mGGCn’i"_CG)z structure at 1.9 A resolution. th the planarity and the stacking of the base pairs in Z-DNA
Two hexamers are shown as they appear in the crystal, stacked end-on-end alo%ig . . . ’

the helix axis to give one pseudocontinuous turn of Z-DNA. Residues arel '€ d(G3C10) and d(C4G9) base pairs (Figl) are highly
numbered for one asymmetric unit only. The out-of-alternation@)@ase pairs  buckled, evident from the relatively large angldetween the
are lightly shaded. The high degree of base pair buckle at the cytosines of theytosine and guanine bases within the base pairs. In the
out-of-alternation base pairs is indicated by the dashed lines and arrows. d(G3C10) base pairk = 12.7, while k = —12.3 for the
d(C4 G9) base pair. The typical value for a standard base pair in
Z-DNA isk = 3.1+ 2.4 (Table2). The out-of-alternation base
pairs in d(MCGGGNMPCG)rd(MmPCGCCn?CG) (12) and
d(BPPCGATBIPCG), (9) are also highly buckled (Tabk. Thus,
adopt the C3endosugar conformation. As with previous Z-DNA this structural feature appears to be characteristic of out-
hexanucleotide crystal structures, however, therBinal guanines  of-alternation base pairs in Z-DNA, regardless of the type of base
of each strand are exceptions in that these nucleotidessgrthe pair that is out-of-alternation and regardless of whether the
conformation adopt a G2ndosugar pucker?). adjacent base pairs are in- or out-of-alternation. This large buckle
in the out-of-alternation base pairs results primarily from
perturbations to the position of the cytosine base in the duplex. As
Structure of the out-of-alternation d(G3pC4)d(G9pC10) we can see in Figutk the guanines in thenti conformation lie
dinucleotide step virtually parallel with the other base pairs in the duplex. This is
consistent with the premise that it is the cytosine that must
The most striking features of the current structure are found in tlecommaodate the steric strain of being ingjxeconformation.
out-of-alternation base pairs, d 3l0) and d(C4G9), of the In addition, the cytosines of the out-of-alternation base pairs
central dinucleotide. We observe that the structures of these aretrude into the major groove of the duplex, leaving the bases
similar to those in the non-APP structures M{@GGN?CG)-  largely unstacked and exposed to solvent @igrhe purines of
d(mPCGCCN?CG) and d(ACGATMPCGY), in terms of (i) the these base pairs, however, remain well stacked within the duplex,
conservation of alternatirenti-p-synglycosidic conformations much in the same manner as cytosine bases in normal Z-DNA
of the dinucleotides, (ii) the high buckle of the out-of-alternatioml(CpG) base steps. The protrusion of the out-of-alternation
base pairs and (iii) the base stacking at this central dinucleotiggrimidines into the major groove are also observed in the two
step (Fig2). other non-APP crystal structures. The instability of out-
Although base pairs d(G810) and d(C4G9) disrupt the APP  of-alternation base pairs in Z-DNA therefore could arise from
sequence motif for Z-DNA, the glycosidic bonds along eackither the perturbation to the planarity of the base pair plane or
chain still alternate between tt@ti and syn conformations from the additional exposure of the pyrimidine bases resulting
(Tablel). The guanine nucleotides at positions 3 and 9, which afeom a loss of stacking interactions. In an attempt to distinguish
typically occupied by pyrimidines in Z-DNA hexamer sequencesetween these two effects, we compared the specific solvent
havex angles of —1554and —151.4, placing them in thanti  interactions around the out-of-alternation base pairs of the current
conformation. Likewise, cytosines at positions 4 and 10, whichnd previous non-APP structures and compared the effects of
are typically occupied by purines, hayengles of 57.0and  pairing or isolating the out-of-alternation base pairs on the ability
64.9 associated with nucleotides in thgconformation. of sequences to adopt the Z-conformation.
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Table 2. Comparison of base step and base pair helical parameters of Z-DNA crystal structures containing out-of-alternatioif base steps

d(CGCGCG) d(MPCGNPCGNPCG) d(mPCGGAN°CG) d(mPCGGGNMPCG)»  d(BrPCGATBISCG)
d(mPCGCamsCG)
Twist
(C1pG2)(C11pG12) -8.5 -14.4 -12.8 -13.6 -13
(G2pN3)(N10pC11) -48.8 —-43.6 -46.8 —46.8
(N3pN4y (N9pN10) -9.1 -145 -11.5 -12.4 -9
(N4pC5Yy (G8pN9) -51.4 -44.5 —46.2 -46.8
(C5pG6Y (C7pG8) -10.6 -16.1 -15.1 -14.7 -12
Averageanti-p-synsteps 9411 -15.0+ 1.0 -13.1+1.8 -13.6:1.2 -11+ 2
Averagesynp-anti steps -50.%1.8 -44.1+ 0.6 -46.5- 0.4 -46.8 -49
Rise
(C1pG2y(C11pG12) 3.8 3.9 3.9 3.9
(G2pN3)(N10pC11) 3.7 3.8 3.6 3.6
(N3pN4y (N9pN10) 3.8 37 3.7 3.6
(N4pC5) (G8pN9) 3.6 3.8 3.7 3.8
(C5pG6Y (C7pG8) 4.3 3.9 3.6 3.8
Averageanti-p-synsteps 4.3 0.3 3.8£0.1 3.7£0.2 3.8£0.2
Averagesynp-anti steps 3201 3.8 3.#01 3.7+ 0.1
Propeller twist
Cl-G12 0.8 2.0 -2.0 0.9
G2-C11 2.1 3.4 3.6 1.8
N3+N10 5.6 4.8 1.6 3.0
N4+ N9 34 1.2 —4.7 2.2
C5>G8 0.6 0.3 1.3 2.3
G6:C7 3.2 21 0.5 2.8
Averagé 26+1.9 2.3+1.6 2.3+1.6 2.2+0.7
Buckle
Cl-G12 0.3 6.2 4.1 2.6
G2Cl1 -4.8 -4.8 -0.8 -0.8
N3+N10 2.8 2.1 12.7 14.8
N4+ N9 -5.9 5.7 -12.3 5.4
C5>G8 0.1 5.3 1.9 2.3
G6C7 4.4 -3.8 -2.0 -3.2
Averagé 3.1+2.4 4.7+ 1.5 5.6£5.4 4.8+5.1
Reference 1 28 This work 12 9

3Base step and base pair parameters for crystallized Z-DNA structures containing out-of-alternation base pairs (underfipacd@reith the alternating pyrimidine-purine
sequences d(CGCGCG) and 8@GnPCGPCG). Parameters for d(BEGATBISCG) were taken from Wargg al (9). All other values were calculated using the

program NASTE. All values are in degrees, except rise, which is in A.
bAverages for base pair propeller twist and buckle were calculated from the magnitudes of the values lisfed [&g;])/6, wherex; is the buckle at base piir

Solvent structure in the duplex. Two hydrogen bonded waters form a bridge by
hydrogen bonding to the N4 amino nitrogens of the stacked
The structure of Z-DNA in crystals is stabilized by highly cytosine bases from opposite strands of the d(CpG) dinucleotide.
conserved networks of water molecules that span the helix in bd®imilarly, a single water is typically observed to bridge the O6
the major and minor grooved reviewed in2). A detailed oxygens of two guanine bases from opposite strands of the
analysis of the perturbations to these networks provides insigi{GpC) dinucleotide step that bridges two d(CpG) dinucleotides. In
into the stability of the DNA duplex2(). In the structure the out-of-alternation structure presented here, the interactions in the
presented here, we observe that the out-of-alternation basgmajor groove are significantly disrupted at the out-of-alternation
interrupt the hydration pattern typically seen in Z-DNA. This isase pairs, but not significantly at the surrounding base pairs.
true in both the major and minor grooves of the Z-DNA duplex. At the central out-of-alternation d(GpC) dinucleotide, water
The standard d(CpG) dinucleotide in &mi-p-synconformation  molecules are observed to hydrogen bond to the N7 nitrogen of
typically shows two solvent motifs that bridge the stacked basggianine 3 and the O6 keto oxygen of guanine 9. These two waters
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~,C10---G3y LG9 ===Cdy A8 SO 5N
Ps,5C1 1= =GoeP PRC10---G3~P P~G9---C4-P

7 s £ 220

»C10---G34 LC9===Gdu, #GB "nSCEn
Ps,5C1 1+ -GoeP PNC10---G3-P P~Cg---.Ga-P

Figure 2. Comparing the stacking of the central base pairs in the crystal structureSGfXH@NPCG), (A) and d(ifCGGGNPCG) d(mPCGCCnPCG) (B). The
base pairs are viewed down the helix axes. In each structure, the base pairs are color coded according to their pakipdexiriTtne dinucleotide steps in the
synp-anti, anti-p-synandsynp-anti arrangements are shown from left to righf The out-of-alternation base pairs in 8@GGCnPCG), show that cytosines C4
and C10 are unstacked and protrude into the major groove. The complementary guanines G3 and G9 of the out-of-alteraasphdaseqy, remain stacked
in the same manner as cytosine residues ofakfip-syndinucleotides.B) The out-of-alternation base pair d@&3.0) in d(MPCGGGNPCG) d(MPCGCCNPCG)
also has the cytosine exposed to solvent in the major groove.

are separated by a distance >3.2 A and, therefore, cannot dyeove is entirely disrupted by the out-of-alternation base pairs.
considered to be analogous to the hydrogen bonded bridge norm&lly waters are observed bound to the O2 keto oxygens of
observed for stacked cytosine bases of d(CpG) dinucleotides. At thyosines C4 and C10 in the minor groove of the d(GpC)
d(C4pC5yd(G8pGY) dinucleotide, a single water was observedinucleotide. This results from the protrusion of the cytosines
to bridge the O6 oxygen atoms of guanines at positions 8 andt®ward the major groove, which leaves the O2 atoms largely
This is similar to the O6-bridging water linking opposite strandiaccessible to solvent (Fig). Surprisingly, the spine is also
at d(GpC) dinucleotides, but differs in that it connects twalisrupted at the flanking df@pG) dinucleotides. Water molecules
guanines on the same strand. This interaction is not observechet observed to hydrogen bond to the O2 oxygens only at
the opposite end of the duplex at d(G2p@8F10pC11), which 5-methylcytosines RC7 and C11, but not to ®C1 and rAC5.
results from differences in lattice interactions between the two In addition to the continuous spine of hydration, water
halves of the duplex. molecules are typically observed to help stabilize guanine
The minor perturbations from the normal solvent motifs in theesidues in theynconformation in Z-DNA by forming a bridge
major groove at the flanking df@pG) dinucleotides in the from the N2 amino nitrogen of the guanine base to the phosphate
structure here are due primarily to crystal lattice effects and are rtygens of the backbone. In the structure presented here, the N2
inherent in the out-of-alternation sequence. The two water molecuke®ino nitrogen of guanine G3 is bridged to the O2P phosphate
hydrogen bonding to the N4 amino atoms of 5-methylcytosinesxygen of cytosine C10 by a single water molecule. This
m°C5 and rC7 are not themselves hydrogen bonded. One afiteraction is similar to what is typically observed in APP
these waters is slightly displaced relative to the standaskquences, but differs in that the bridge occurs across strands. No
hydration pattern of Z-DNA and forms an intermolecularwater interactions, however, were observed at guanine G9 of this
hydrogen bond with the O1P phosphate oxygen of guanine G9sdme dinucleotide. Finally, all of the stabilizing water bridges
an adjacent duplex in the lattice. This is similar to the hydratiobetween the N2 amino nitrogens of the guanine bases and the O2F
of m°C1 and mC11, in which both waters contacting the N4oxygens on the backbone are still observed at these flanking
amino nitrogens of the cytosines are also hydrogen bonding to thimucleotides.
phosphate oxygen from a symmetry-related duplex. Therefore, theDifferences in the solvent organization between a non-APP
disruption to the waters bridging the cytosines of the’@p®) sequence and an APP sequence appear to be concentratec
dinucleotides appears to be induced by crystal lattice interactions gmitarily at the out-of-alternation base pairs and are not
is not relevant to the out-of-alternation base pair effects. propagated out to the flanking in-alternation base pairs. This was
There are two types of water interactions typically observed iobserved in the present structure, as well as in the structure of
the minor groove of Z-DNA. The most striking of these is thed(mPCGGGNYCG)d(mPCGCCN?CG), in which only the solvent
continuous hydrogen bonded network that forms a spine of watessucture of the out-of-alternation &G) base pair is disrupted,
lining the minor groove. This spine is defined by hydrogemwhile that of the flanking in-alternation base pairs remains intact
bonding of the waters to the O2 oxygen of the cytosine bases.(li?). Although slight perturbations to the positions of waters at
the current structure, the spine of hydration in the Z-DNA minothese flanking base pairs were observed in this structure, they



548 Nucleic Acids Research, 1999, Vol. 27, No. 2

were not regarded as significant because they could be attributed 10
to either a crystal lattice effect or by limitations in the
crystallographic data. How the specific patterns of hydration affect
the stability of Z-DNA, however, is not entirely obvios)).

In order to estimate the effects that these solvent interactions
have on the relative stability of Z-DNA versus the standard B-DNA
form, we compared solvation free energies for the out-of-alternation
base pairs (underlined) in the crystal structures of
d(mPCGGAMCG), and d(MCGGGNPCG)d(mPCGCANMCG). -10-
We had previously shown that the differences in solvation free
energy between a duplex in the Z- and B-forms (§gFEwere -15 — T
well correlated with the relative stabilities of APP dinucleotides 220 240 260 280
as Z-DNA @1,22). From the SFE g calculated for d(@C) and wavelength, nm
d(GpG)>d(CpQ (Table 3), we would predict that pairing two
adjacent out-of-alternation base pairs should be more stable as
Z-DNA than two out-of-alternation base pairs that are isolatedrigure 3. The transition of d[(GEGGCC(GC)]> from B- to Z-DNA

i ; ; ; monitored by circular dichroism. Spectra were obtained from samples
along a sequence. The SEEfor a dinucleotide with a smgle containing 0.4-0.6 OD oligonucleotide, 1.8 M Mg@hd ethanol at increasing

out-of-alternation d(&C) base pair is more positive than having ¢oncentration [0 (dashed curve), 5, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40 and 45%

two tandem base pairs out-of-alternation [as in the dinucleotid@old solid curve)]. The CD spectrum at 0% ethanol is indicative of the B-DNA

step d(GpC)]. conformation. Inversion of the spectra at high ethanol concentrations with a single
isodichroic point indicates a simple two-state transition from B- to Z-DNA.

Ag, M-1iecm-1

Ethanol

360 320

Table 3.Solvent free energies (SFEs) calculated for APP and

non-APP dinucleotide sequences ineai-p-syndinucleotide step base pairs, then we would not expect to observe any differences in

the behavior of sequences in which two of these base pairs are pairec

Dinucleotide (dn) SFE (kcal/moidn)P . . .

A(FCp0) =87 or isolated. In these studies, we compare _the a_blllty of salt and
d(CpG) 0.29 ethanol_to mduc_e a B- to Z-DNA transition in the 24 bp
dCOAR (TG 0'33 deoxyoligonucleotides  d[(Gg&)., d[(GCRCCGC(GCHGC-
(CpAXd(TpG) : GG(GC), and d[(GC3GGOC(GC)], (where the underlined
d(GrC) 0.49 nucleotides represent positions in the sequence where out-of-
d(GpG)-d(CpQ 0.64 alternation base pairs are introduced). The sequence d{&C)
d(ApT) 1.28 is an APP sequence that should undergo a standard transition to
d(TpA) 135 Z-DNA, while d[(GCRCCGC(GCYGCGEGC)l2 and

d[(GCxGGOC(GC)], have two out-of-alternation base pairs
underlined. isolated or paired in the sequences, respectively. The transitions were

PSFEs were taken from Kagaved al (22), except those in bold, monitored using CD _spectroscopy (F3y. .

which were calculated from hexanucleotides with the sequence  AS €xpected, solutions of d[(G{), under low salt conditions
d(mPCGNNNPCG)p, where NN refers to the dinucleotide listed. Terminal (<1 M MgClh) produced CD spectra indicative of the B-DNA
base pairs were not included in the calculation to eliminate crystallographic - conformation. As the salt concentrations in the solutions increased,
end-effects. Values for d(fE) (this work) and d(GpGY(CpQ (12) the spectra inverted, consistent with the inversion of the structure
were calculated from the crystal structures of these sequences and to Z-DNA (3,23,24). However, the spectra along the titration did
d(ApT) va_llues were galculated from a mod_el built by repl_acing the central not show a single isodichroic point at 282 nm as the salt
d(GpC) dinucleotide in dAEGGCNYCG), with a d(ApT) dinucleotide. concentration was increased. This suggested that the DNA did not
undergo a simple two-state transition from B- to Z-DNA. Closer
examination of the spectra showed that significant amounts of
single-stranded DNA were present in the initial solutions at low
salt. The spectra were thus deconvoluted into their double-
There are apparently large differences in the solvent structure asttanded components by the relationshipgs fs&(CDg9 +

the exposure of the bases in the out-of-alternation base pairsf@$(CDgg, where CRps CDssand CQg refer to the observed,
opposed to the standard base pairs in Z-DNA. To determirgingle-strand and double-strand CD spectra, respectively. The
whether these differences are significant in affecting the ability dfansition from B- to Z-DNA could thus be shown to occur with
non-APP sequences to form Z-DNA, we compared the ability & midpoint at 0.74 M salt for the sequence d[(GG)XFig. 4a).
isolated and paired out-of-alternation el(@3 base pairs to form  The two non-APP sequences d[(@CFGC(GCYGC-
Z-DNA. The results in Table suggest that coupling these GG(GC)]> and d[(GC3GGOC(GCk],, however, were not
non-standard base pairs in Z-DNA greatly reduces the exposwbserved to undergo a B- to Z-DNA transition even at MgCI
of the unstacked cytosines and, therefore, pairing the out-afencentrations as high as 3.5 M. This result is consistent with
alternation base pairs to form a single non-APP dinucleotiderevious biochemical data and the SFE calculations showing that
would be less detrimental to the ability of Z-DNA to form thanout-of-alternation base pairs greatly destabilize Z-DNA. These
having two isolated out-of-alternation base pairs. Alternatively, ifequences were therefore induced to invert to the Z-form with
the stability of Z-DNA is affected primarily by the inherent ethanol at a MgGlconcentration which gave 100% Z-DNA in
properties of the individual base pairs, for example the high[(GC)2]2 (Fig. 3). As shown in Figurdb, the two sequences
buckle observed in both the isolated and the paired out-of-alternationdergo nearly identical transitions to Z-DNA, with midpoints at

2APP, alternating pyrimidine-purine. Out-of-alternation base pairs are

Stabilities of isolated and paired out-of-alternation d(GG)
base pairs in oligomers
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sequences2(1,22). Thus, the inability of such base pairs to form
Z-DNA is a consequence of the inherent structural perturbations
to the base pairs, such as the high buckle caused by the steric
constraints of placing a pyrimidine in tegnconformation.
- . When trying to assess the ability of a sequence to form Z-DNA,

0o 05 10 15 20 O 10 2 30 40 50 we can now reduce the thermodynamic rules to a set of simple

[MgCl,], M [EtOH], % nucleotide propensities (Taldlg even though the basic repeating
unit of the Z-DNA structure is a dinucleotide (2 bp). This assumes
Figure 4.Tiration of APP (A) and non-APP (8) 24mer d i eoid that the basic structural motif of alternatimgi-p-synconformations
Igure 4. litration O and non- mer aeoxyoligonucleotides i i i i ifi

Wi(‘t:]h MgCI_z and ethanol to induce Z—DNA forr_natipn. The f_orzﬁa}tgiaon of Z-DNA {ﬁ?g:%i érétgg saljoen Sgl gtrl;]:dsteoq:?]r;iltﬁ)é -trf? és a%ﬁg}'%fsgggtgeni es to
was monitored by following the difference in circular dichroism at 257 and . A . .
294 nm (CDs7 — CDygs). Data was simulated using a standard statistical form Z-DNA in various genomes<%,26), including the human
mechanics treatment of structural transitions in linear DNA duplexes (31).genome 27)
Circles and squares represent data from two independent experiments for the
non-APP sequence# ) Titration of the APP sequence d with MgCl. P ’
Chows the midpant of e ranaion a1 0.7 M S8 Nor-APP olgamers 1201 4 2-DNA propensies n tems of e o cnergy to nduce
d[(GC)EGGCC(GCy], and d[(GCICCGC(GCIGCGG(GCY -, could not be T pairs in

% Z-DNA

induced to Z-DNA by salts alone. The oligonucleotides d[§GGICC(GC}]» their antie synandsyrranti conformation3

(filled symbols), which contains two adjacent out-of-alternation base pairs and

d[(GC)sCCGC(GCYGCGG(GCY» (open symbols), which contains two  Base pair (bp) Conformation AG°t (kcal/mobkbp)
isolated out-of-alternation base pairs, were titrated with ethanol (EtOH).”d(C.G)P antiesyn 0.3

Midpoints for both transitions were found to occur at 20.3% ethanol. Each

«A)C jo
sample contained 1.8 M Mgg; which induces 100% Z-DNA in d[(G&J 2. d(T=A) ant syr_1 11
d(C-Gyd syranti 2.1
d(T-A)® syrranti 2.2

20.3% ethanol. Thus, there is no discernible difference in thg_z yansition free energiea®°) were calculated from those values determined
ability of sequentially isolated and adjacent out-of-alternatioftom negatively supercoiled ccDNA.

d(G+C) base pairs to form Z-DNA. The SFE calculations predictCalculated as 0/85°t of the d(CpG) dinucleotide (7).

that stacking adjacent out-of-alternation ek base pairs into a CCalculated as 085° for d(TpA) (29,30) andG° of d(CpAyd(TpG) (26)
non-APP dinucleotide should be less deleterious to the stabilit§inusAG®t of a d(GG) base pair.

of the Z-conformation and, therefore, predict that the sequendgalculated a\G°t of the d(CpC)d(GpG) dinucleotide minuAGt of a
d[(GC)sGGOC(GC)], should form Z-DNA more readily. Since 4(CG) base pair (5). _ o

this was not observed, we can conclude that it is the inherezigl‘:“'ated adGr of the d(CpTYA(APG) dinucleotide minu&G* of a
structural distortions to the base pair, more than differences i *G) base pair (5).

solvent interactions, that define the inability of out-of-alternation

base pairs to adopt the Z-conformation. ACKNOWLEDGEMENTS

DISCUSSION This work has been supported by grants from the National

Institute of Health (RO5GM54538A), the National Science
In the current study, we have solved the structure dfoundation (MCB-9728240) and the National Institute of
d(MPCGGCnPCG),, a sequence that contains two adjacenfnvironmental Health Sciences (ES00210). We wish to thank
d(G+C) base pairs that break the pattern of alternating pyrimidirlé" Blaine Mooers for his suggestions during the structure
and purine nucleotides typically observed for Z-DNA. It is thée_ﬂner_nent and Jeannine Lawrence for help with the circular
cytosine of the out-of-alternation {G) base pairs in this dichroism spectroscopy.
structure that accounts for the perturbations to the Z-DNA
structure. This pyrimidine base is buckled out of the plane of tiREFERENCES
base pair and protrudes into the major groove surface, increasing .
the exposure of the base to solvent. These structural features were e o v 8_‘1{9':%’f;ighKﬂp&';’%;‘tu?éagggrgg&gg’gn Boom,J.H.,
also observed in the out-of-alternation pyrimidine base pairs 0p Ho P.s. and Mooers,B.H.M. (199¥}icleic AcidSci, 1, 65-90.
the earlier non-APP sequences &BBATBIPCG), [which 3 Pohl,F.M. and Jovin,T.M. (1972) Mol. Biol, 67, 375-396.
includes two adjacent out-of-alternation elfA base pairs9] 4 é?]V'ané'\é'-é ggugﬁs%aslsyD-M- and Mclintosh,L.P. (198@)u Rev Phys

H H em, 30, — .
gi?%Ig(gif(gf(;;tgfr?fﬁgg(gfé?ggsf%g)&gh'?Eugor\‘;gmcsag 5 Ellison,M.J., Kelleher,R.J., Wang,A.H.-J., Habener,J.F. and Rich,A. (1985)
-0l- . , Proc. Natl Acad. Sci. US&2, 8320-8324.

conclude that the distortions are inherent to out-of-alternatiors McLean,M.J., Lee,J.W. and Wells,R.D. (1988Biol. Chem 263

base pairs regardless of the base composition or whether the basg378-7385.

; ; i ithi 7 Peck,L.J. and Wang,J.C. (1983pc. Natl Acad. Sci. USB0, 6206-6210.
pairs are isolated or paired within the sequence. 8 Lukomski,S. and Wells,R.D. (199B)oc. Natl Acad. Sci. USA1,
We observed that out-of-alternation d(@ base pairs have 09809984,

identical effects on the ability of sequences to undergo a B- t@ wang,A.H.-J., Gessner,R.V.,, van der Marel,G.A., van Boom,J.H. and

Z-DNA transition regardless of whether these base pairs are Rich,A. (1985)Proc. Natl Acad. Sci. US82, 3611-3615. _

isolated or paired. Differences in the stacking of the base pairs aHdl (Fl%'gg)”sll; Wanzgéé-gé-354van der Marel,G.A., van Boom,J.H. and Rich,A.
H H : clence —o4.

the. ass_omated ef.feCtS On solvent |r}§eract|ons do not appear to pH’yHaschemeyer,A.E.\/. and Rich,A. (1967Mol. Biol, 27, 369-384.

a significant role in defining the ability of out-of-alternation base;s schroth,G p. Kagawa,T.F. and Ho,P.S. (188G3hemistry32,

pairs to form Z-DNA, as they do with standard base pairs in APP  13381-13392.



550 Nucleic Acids Research, 1999, Vol. 27, No. 2

13
14
15
16

17

Parkinson,G.N., Vojtechovsky,J., Clowney,L. and Berman,H.M. (1996)
Acta Crystallogr, D52, 57-64.

Briinger,A. (1992X-PLOR ManuaglVersion 3.1 Yale University Press,
New Haven, CT.

Luzzati,P.V. (1952)cta Crystallogr, 5, 802—810.

Basham,B., Eichman,B.F. and Ho,P.S. (1998) In Neidle,S. Tég.),
Oxford Handbook of Nucleic Acid Structu@xford University Press,
Oxford, UK, Vol. |, pp. 199-252.

Berman,H.M., Olson,W.K., Beveridge,D.L., Westbrook,J. Gelbin,A.,
Demeny,T., Hsieh,S.-H., Srinivasan,A.R. and Schneider,B. (Bi&a)ys J.,
63, 751-759.

Gessner,R.V., Frederick,C.A., Quigley,G.J., Rich,A. and Wang,A.H.-J.
(1989)J. Biol. Chem 264, 7921-7935.

Gessner,R.V,, Quigley,G.J. and Egli,M. (1994¥10l. Biol, 236 1154-1168.
Berman,H.M. (1994Curr. Opin. Struct. Bio| 4, 345-350.

Kagawa,T.F., Stoddard,D., Zhou,G. and Ho,P.S. (1B&@hemistry28,
6642—6651.

Kagawa, T.F., Howell,M.L., Tseng,K. and Ho,P.S. (19@B)leic Acids Res
21, 5978-5986.

23

24

25

26

27

28

29

30

31

Arnott,S., Chandrasekaran,R., Birdsall,D.L., Leslie,A.G.W. and
Ratliff,R.L. (1980)Nature(Lond), 283 743-745.

Patel,D.J., Canuel,L.L. and Pohl,F.M. (19P8)c. Natl Acad. Sci. USA
76, 2508-2511.

Ho,P.S., Frederick,C.A., Quigley,G.J., van der Marel,G.A., van Boom,J.H.,
Wang,A.H.-J. and Rich,A. (198&MBO J, 4, 3617-3623.
\ologodskii,A.V. and Frank-Damenetskii,M.D. (1984 Biomol Struct
Dyn, 1, 1325-1333.

Schroth,G.P., Chou,P.-J. and Ho,P.S. (199Bjol. Chem 267,
11846-11855.

Fujii,S., Wang,A.H.-J., van der Marel,G., van Boom,J.H. and Rich,A.
(1982)Nucleic Acids Resl0, 7879-7892.

Ellison,M.J., Feigon,J., Kelleher,R.J., Wang,A.H.-J., Habener,J.F. and
Rich,A. (1986)Biochemistry25, 3648—-3655.

McLean,M.J., Blaho,J.A., Kilpatrick,M.J. and Wells,R.D. (1986)

Proc. Natl Acad. Sci. USA3, 5884-5888.

Ivanov,V.l. and Krylov,D.Y. (1992ylethods Enzymo211, 111-127.



