
Gene. 71 (1988) 165-176 

Elsevier 

165 

GEN 02689 

A domain that assumes a Z-conformation includes a 
complex satellite 

specific deletion in some cloned variants of a 

(Recombin~t DNA; DNA confo~ations; topoisomers; antibody binding; land crab; GecQrcin~s ~ateraIis) 

Richard F. Fowler *, Leslie A. Stringfellow * and Dorothy M. Skinner 

University of Tennessee-Oak Ridge Graduate School of Biomedical Sciences, Biology Division, Oak Ridge National Laboratory, 
Oak Ridge, TN 37831, and East Tennessee State University, Johnson City, TN 37614 (U.S.A.) 

Received 18 May 1988 

Accepted 3 June 1988 

Received by publisher 9 August 1988 

SUMMARY 

Sequence analyses show that deletions of 10 and 12 bp occur at homologous sites in a domain that is rich 
in alternating purines and pyrimidines (Pu/Py) in B42 and EXT, two cloned variants of a complex satellite 
DNA. A 3-bp deletion occurs 27 bp upstream from the site of the specific deletions in B42 and RU, a third 
cloned satellite variant that has not suffered the lo-bp deletion. Under torsional stress, the Pu/Py-rich domain 
adopts a Z-conformation as shown by (i) inhibition of cutting at a BssHII site that accounts for */5 of a 15-bp 
tract of pure Pu/Py in the domain; (ii) binding of polyclonal and monoclonal anti-Z-DNA ~tibodies to the 
domain; and (iii) antibody stabilization and subsequent relaxation of the Z-region. 

INTRODUCTION 

We have explored the potential for the adoption of 
a Z-conformation by domain V, a segment of a 
complex satellite DNA of the Bermuda land crab 
Ge~ar~i~~u~~ latgralis that is rich in alternating Pu/Py 
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Abbreviations: aZ-Ab, anti-Z-DNA immunoglobulins; bp, base 

pair(s); CQ, chIoroquin~; EtdBr, ethidium bromide; EXT, see 

(Skinner, 1967; LaMarcaet al., 1981; Skinner et al., 
1982; 1983). The reasons for our interest follow: 
(I) Domain V is associated with major changes in 
primary sequence of several otherwise very closely 
related cloned variants of the satellite; segments of 
Z-DNA appear to be involved in recombination in 
other systems (Klysik et al., 1982; Jovin et al., 1983; 
Kmiec et al., 1985; Kmiec and Holloman, 1986). 
(2) The domain contains a 9- and either a 14” or 

INTRODUCTION; kb, kilobase or 1000 bp; N, non-alternat- 

ing purines and pyrimidines; NAT, native plasmids isolated from 

cells (-0 = approx. 0.055 + 0.01); nt, nucleotide(s); Pu, purine; 

Py, pyrimidine; Pu/Py, blocks of alternating purines and pyri- 

midines; pBRZl-4, segments of PujPy in pBR322 that adopt a 

Z-DNA conformation; REL, relaxed plasmids; RU, see 

INTRODUCTION; -0, negative superhelical density; VHS, 

very highly supercoiled plasmids; Z-DNA, left-handed alterna- 

tive to B-DNA. 



15bp segment of uninterrupted Pu/Py (Fowler et al., 

1985; see Fig. 1); with the exception of d(T-A) 

(Ellison et al., 1986), Pu/Py of 9 or more bp adopt a 

Z- as opposed to the usual B-DNA conformation 

under certain conditions including high levels of 

torsional stress (reviewed in Rich et al., 1984). 

(3) Domains I-IV in the crab satellite comprise 

unrelated repetitive sequences (Fowler et al., 1985); 

at high levels of torsional stress domains I-IV also 

adopt altered conformations, albeit different from Z 

(Fowler et al., 1985; Fowler and Skinner, 1986); 

they are also the sites of major changes in primary 

sequence in different cloned variants of the crab 

satellite. Thus, it appears that domains of the satellite 

that are susceptible to alterations in higher-order 

structure are also susceptible to sequence modifica- 

tions. 

We describe here experiments on domain V from 

RU, a cloned satellite variant of 2089 bp, representa- 

tive of the average-sized repeat unit (Fowler et al., 

1985). The domain is a 53-bp PujPy-rich segment. 

To study it free from the influence of other domains 

of unusual sequences nearby in the satellite repeat 

unit, we used a subclone that contained domain V 

from RU (Stringfellow et al., 1985). Two other full- 

length cloned variants, EXT, which is extended by 

an amplified segment outside domain V (Bonnewell 

et al., 1983; Fowler et al., 1985), and B42, a satellite 

variant inserted into a different restriction site of 

pBR322 (Stringfellow et al., 1985), have deletions of 

12 and 10 bp, respectively (see Fig. 1) that include 

most of a 9-bp Pu/Py segment near the 5’-end of 

domain V. RU, B42 and one other variant also 

contain a 3-bp deletion 27 bp upstream from the site 

ofthe IO- and 12-bp deletions in B42 and EXT; EXT 

and six other variants do not (not shown). 

Segments of DNA rich in Pu/Py can be induced 

to flip to a Z-conformation by a number of treat- 

ments (Peck et al., 1982; Kilpatrick et al., 1984; 

Rich et al., 1984; Singleton et al., 1984; Wang et al., 

1984; 1985; Hayes and Dixon, 1985). Segments of 

interrupted Pu/Py also adopt a Z-conformation 

(Nordheim et al., 1982; Nordheim and Rich, 1983; 

Singleton et al., 1983; Barton and Raphael, 1985; 

Feigon et al., 1985; Konopka et al., 1985). In our 

experiments, we have induced Z-DNA formation by 

torsional stress. 

A single site for the restriction enzyme BssHII 

(5’-GCGCGC-3’) occurs in the longest stretch of 

Pu/Py that constitute domain V (Fig. 1) in all 75 

variants of the satellite tested. Since BssHII cleaves 

DNA in the B- but not Z-conformation (Azorin 

et al., 1984), the site serves as a specific probe for the 

adoption of the Z-conformation in the satellite insert. 

We have used both polyclonal and monoclonal anti- 

Z-DNA immunoglobulins (aZ-Ab) to confirm that 

this domain is in a Z-conformation under high levels 

of torsional stress. Monoclonal antibody binding 

also revealed that the length of the ahered conforma- 

tion encompasses the entire 53-bp Pu/Py segment 

despite several inte~uptions in alternation. Thus the 

domain in RU may be represented by the formula 

Z,N,Z,Z,Z,NZ,,NZ,Z, where Z, indicates the 

length of a Pu/Py segment and N,, indicates the 

length of interruptions in Pu/Py. 

MATERIALS AND METHODS 

(a) Plasmids 

B42, a full-length satellite repeat unit inserted into 

the Psti site of pBR322, and three subclones 

containing selected fragments of RU inserted at the 

ClaI site of pBR322 were studied (Figs. 1 and 2 and 

see Stringfellow et al., 1985). The subclones were 

(I) pZE15-4.53kb containing domain V of RU plus 

105 bp upstream and 13 bp downstream; (2) pZE 15- 

2.66kb, constructed by deleting 1881 bp from the 

EcaRV to the PvuIl site from pZEl5-4.53kb (String- 

fellow et al., 1985) to remove one of the Z-DNA 

segments identified in pBR322 (Nordheim et al., 

1982) and (3) pDEL, a spontaneous deletion of 

approximately the same size (viz. 2.6 kb) which 

(a) has no crab satellite DNA, (6) lacks one of the 

Z-DNA segments in pBR322, but (c) includes three 

other potential Z-DNA segments detected by Barton 

and Raphael (1985); the latter are described in 

RESULTS AND DISCUSSION, section c. 

Purified plasmids were enriched in supercoiled 

forms by phenol extraction at pH 4.0 (Zasloff et al., 

1978). Such NAT plasmids had negative super- 

helical densities (-0) of 0.055 + 0.01. Populations 

of topoisomers were prepared by relaxation with 

topoisomerase I (wheat germ, Promega Biotec, 

or calf thymus, Bethesda Research Laboratories) 

in the absence of EtdBr (REL/covalently-closed ; 
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842 : 
EXT : 
RU : 

842 : 
EXT : 
RU : 

B42 : 
EXT : 
RU : 

. . . . . . 
__-_-_-__-_--de-_ 

1 -_-__-______-----_---G_-_-__------_--_-___~~_-_-_-_-_-~_~---_ 

1 CGGTTTCGAAGACGCGCCTGTTATCTCGCTCTGTTGCGCCCC::AATTCCTTGTGCCACGG 

. . . . 
______-________________-_-_---_______-_-____-_-~__----__ 

61 _-_G_-___G__--_-_C__-_-A_TTCA-_---___---__--_-----__-_~- 

60 GTTTGCGCTTCCTGTGGTCTTCGCG,.,.,. “““GTGATGAGAGTGAAATCAATTj= 

214 N3 '6 
. . . . . . 

.,\..,...~.~.,...,., _,.,.,.r.l.~.r.,.~.,._______-_-____~____-_L--_ 
115 ., ..,,., . . . . 1.1, ., 1, ., ., ,.,...,. * .,.,.,.,. I .,.,.__ -_--_-----_~_____- ____ ::_. 
111 G~AA~TGTGCGTAGTGCCGTGCTTGCGCGCACGTGC~G GCAGTTGTGATC 

-- 

N3 z9 z4 25 N z15 N z5 24 

Fig. 1. Sequence of subcloned 171-bp MspI fragment of RU containing the 53-bp Pu/Py-rich domain V (bottom line) and homologous 

regions of two other satellite variants. Numbers on left margins: nt positions within RU and EXT (for complete sequences of RU and 

EXT, see Fowler et al., 1985). Clone B42 is not numbered because the sequence ofthe entire repeat unit has not been determined. Blocks 

of Pu/Py segments in domain V are boxed. Between some blocks the Pu/Py alternation is out of phase (i.e., Z, abuts Z, which abuts 

Z,). Dashes, homologous residues; bold letters and dashes, BssHII site; multiplication symbols, deletions; Z, blocks of Pu/Py; N, 

non-Pu/Py; head-to-head arrows, 12-bp inverted repeat in RU and EXT, IO-bp inverted repeat in B42. Tail-to-tail arrows, global dyad 

axis of symmetry. 

171 bp 

51-31 

pZE15-4.53 kb 

PVUJI 

171 bp 

ZE15-2.66k 

(linker) 

Fig. 2. Diagrams of hybrid plasmids pZE15-4.53kb and pZEl5-2.66kb. The 171-bp MspI fragment (open segment; not drawn to scale) 

shown in Fig. 1 was inserted into the ClnI site of pBR322. Large hatched segment, Pu/Py-rich segment of satellite; small hatched 

segments, Z-DNA segments in pBR322 at nt positions 1447-1460 (Z,, Nordheim et al., 1982), 2315-2328,3265-3277, and 4254-4264 

(Z,, Z,, respectively, Barton and Raphael, 1985), and 1349-1360.1388-1393, and 1410-1423; asterisk, Z-DNA segment(s) first detected 

here; pBRZ1 has been removed from pZE15-2.66kb. Bent arrows, EcoRV, PvuII, restriction sites deleted during construction of 

pZEl5-2.66kb. Named restriction sites were used for constructing derivatives or for assays. HaeIII sites, used for determining sites of 

antibody binding, are indicated by lines; those that produce fragments smaller than 100 bp are not shown; those fragments whose sizes 

are shown contain Z-DNA. 



-cr = 0 + 0.01) or in the presence of 17.5 pg/ml 

EtdBr (VHS; --D = 0.11 a 0.01) at 37°C in buffers 

specified by the manufacturers. Topoisomerase was 

inactivated by heating to 65°C (wheat germ) or 

adding SDS to 1% (calf thymus) and topoisomers 

were purified by ethanol precipitation. The --(T was 

determined by the band-counting method (Keller, 

1975). The sequence of the domain V insert of 

pZE15-4.53 kb was determined (Maxam and 

Gilbert, 1980) as was that of a segment of B42 by a 

strategy used for homoIogous fra~ents of RU and 

EXT (Fowler et al., 1985). 

37°C. Plasmids containing Z-DNA stabilized by 

aZ-Ab binding were relaxed by treatment with calf 

thymus topoisomerase I (20 units/pg DNA) at 23 ‘C 

for 24 h after which another aliquot of topoisomerase 

was added and the incubation continued for 24 h 

(Lafer et al., 1985a). The topoisomerase and aZ-Ab 

were digested with 300pg/ml proteinase K in the 

presence of0.5% Sarkosyl at 37°C for 1 h following 

which samples were electrophoresed directly on 

agarose gels containing 10pM CQ. Gels were 

stained, photo~aphed, and negatives scanned as 

described in MATERIALS AND METHODS, section b. 

(b) Binding of monoclonal or polyclonal aZ-Ab to 

specific segments of DNA 

RESULTS AND DISCUSSION 

NAT and VHS plasmids (l-3 pg DNA) were 

treated with a 10: I mass ratio of goat polyclonal 

aZ-Ab GlOcDE2 (gift of B.D. Stellar, Department 

of Biochemistry and Pharmacology, Tufts University 

School of Medicine; Lafer et al., 198 1, 1985a) as 

described (Nordheim et al., 19X2), or with a 4.7: 1 

mass ratio of monoclonal aZ-Ab Z22B (gift of B.D. 

Stellar) for 30 min at 37°C in 50 mM NaCI, 40 mM 

triethanolamine (pH 7.5) and crosslinked with 0.1 T0 

glutaraldehyde during 2-h incubation at room tem- 

perature (polyclonal aZ-Ab; Nordheim et al., 1982) 

or 30 min at 37°C (monoclonal aZ-Ab; Nordheim 

et al., 1986). Excess glutaraldehyde was quenched 

with 20 mM glycine for 1-2 h at room temperature 

after which samples were diluted five-fold into 

restriction enzyme reaction mixtures. Because of the 

unfavorable reaction conditions for subsequent 

restriction digests, high levels of enzymes (10 

units/pg DNA) and long digestion times were used. 

Twice as much VHS DNA was used in some experi- 

ments to compensate for heavy losses of the VHS 

DNA-aZ-Ab complex during purification. After 

purification, samples were electrophoresed on 7:, 

polyacrylamide gels. Gels were stained with EtdBr 

and photographed. Negatives were scanned with an 

LKB UItroScan soft laser densitometer. 

(c) stabilization of Z-DNA by high concentrations 

of monoclonal aZ-Ab 

Samples containing 1 to 3 pg VHS plasmids in 

topoisomerase I buffer were treated with 10 to 

100 @g/ml monoclonal aZ-Ab Z22B for 30 min at 

(a) B42 contains a lo-bp deletion at the same site as 

EXT 

The sequence of domain V in B42 has a 3-bp 

deletion at the same site as in RU. This deletion 

occurs in three of ten cloned satellite variants (not 

shown) but not in EXT. The sequence of B42 differs 

from that of RU by only 2 bp, an A --) T transversion 

and an insertion. and by a lo-bp deletion. This larger 

deletion is shared by EXT which has lost an addi- 

tional bp on either end. Evidence that the differences 

in the cloned satellite inserts were not due to recom- 

bination in the bacterial host was the identity of three 

different restriction enzyme digests of recloned RU 

to those of the original RU (Stringfellow et al., 1985). 

Even more directly, no changes in the sequence of 

domain V from pZE15-4.53kb were detected on 

resequencing. 

(b) Demonstration of an altered DNA conformation 

in domain V by inhibition of restriction enzyme 

cleavage 

Populations oftopoisomers ofpZEl5-4.53kb with 

-@ranging from 0 to 0.14 were digested with BssHII, 

ethanol-precipitated, and electrophoresed on agar- 

ose gels. Supercoiled plasmids under torsional strain 

insufficient to drive a structural transition were 

linearized (Fig. 3A, lanes 1-6 and 12), whereas those 

with higher --(T were not (lanes 7-l I), indicating 

inhibition of BssHII cleavage. Linearized DNA in 

samples in which cleavage of the supercoiled species 



was inhibited is due to the presence of nicked 

molecules, approx. 20% of the total. Quantification 

of the amount of linear DNA in each sample by 

densitometry showed that cutting occurred at --d 

lower than 0.08, but decreased significantly as -0 

increased. The transition had a midpoint of 

-C = 0.095 (Fig. 3B). Inhibition of BssHII cleavage 

is most likely due to structural alterations induced by 

negative supercoiling rather than by EtdBr remaining 

in the samples. This was demonstrated by control 

experiments (not shown) in which aliquots of the 

same topoisomer samples of pZE15-4.53kb were 

Al23456 7 8 9 10 11 12 
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linearized by EcoRI. Both BssHII and EcoRI linear- 

ized pZE15-4.53 kb after exposure to the same range 

of EtdBr concentrations but without topoiso- 

merase I. 

(c) Localization of Z-DNA by antibody binding to 

two subclones containing domain V 

The first Z-DNA segment identified in pBR322 at 

nt positions 1447-1460 (Nordheim et al., 1982) and 

three additional Z-DNA segments at nt positions 

23 15-2328,3265-3277, and 4254-4264, all cleaved 

I I 3 
0 0.05 01 015 

NEGATIVE SUPERHELICAL DENSITY 

Fig. 3. pZE15-4.53kb under different -CT treated with BssHII. 

(Panel A) Agarose gel (1.5%) showing BssHlI digests of topo- 

isomers of pZE15-4.53kb with -0 of 0.007 (lane 1). 0.027 (lane 

2), 0.047 (lane 3), 0.063 (lane 4), 0.081 (lane 5), 0.089 (lane 6), 

0.100(lane7),0.107(1ane8),0.124(lane9),0.127(1ane 10),0.139 

(lane 1 I), and 0.055 (native, lane 12). SC, supercoiled; R, relaxed, 

L, linear forms of DNA. (Panel B) Plot of BssHII cleavage as a 

function of -0. Fraction of linear DNA in each lane of A was 

determined by densitometry and plotted against --d Native 

pZE15-4.53kb is indicated by a solid circle. 
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by cobalt(III)[Tris-(diphenylphenanthroline)]’+ 

(Barton and Raphael, 1985) are designated here as 

pBRZl-Z4 in a clockwise direction from the EcoRI 

site (Fig. 2). At the time we constructed pGlElS- 

2.66kb, the only Z-DNA segment of pBR322 that 

had been described was pBRZ1 (Nordheim et al., 

1982). Accordingly, we deleted 1.88 kb from pZE15- 

4.3kb which included only that segment and did not 

attempt to delete other Pu/Py-rich regions. 

VHS pZE15-4.53kb, a subclone containing 

domain V (Fig. 2), was treated with monoclonal 

aZ-Ab at pH 7.5 and digested with HueIII. Hue111 

was selected because it produced restriction frag- 

ments that contained the crab insert, pBRZ 1-4, and 

a 184-bp fragment with a newly identified Pu/Py-rich 

segment in pBR322 that bound aZ-Ab (Fig. 2, 

A 

asterisk in left map), each in an individual fragment 

larger than 180 bp. Considerable aZ-Ab binding had 

occurred to the crab insert as shown by marked 

reduction in the amount of a 363-bp fragment that 

contained it (Fig. 4,A and B). Two fragments of 504 

and 540 bp containing pBRZ1 and pBRZ2, respec- 

tively, were noticeably reduced; a 587-bp fragment 

containing pBRZ4 was slightly reduced, and a 

458-bp fragment containing pBRZ3 was not affected. 

The 184-bp fragment that contains heretofore un- 

detected segments of Z-DNA in pBR322 had dis- 

appeared. That fragment has three segments of 

Pu/Py-rich DNAs: one extending from nt 

1349-1360 has one interruption, another from nt 

1388-1393, and the third, comprised of 8- and 6-bp 

contiguous blocks, extends from nt 1410-1423. 

Fig. 4. Scans of 7% polyacrylamide gel showing REL (A) and VHS (B) forms of pZE15-4.53kb bound and cross-linked to monoclonal 

aZ-Ab and digested with HaeII1. Sizes of fragments that contain satellite DNA (363 bp) or potential Z-DNA of pBR322 are shown. 

Arrows in (B) point to fragments reduced by aZ-Ab binding. 
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Populations of topoisomers of pZE15-2.66kb, a treated with monoclonal Z22B, crosslinked, and 

construct containing domain V and pBRZ2-4 but digested with HueIII. Again, the satellite insert had 

not pBRZ1 (Fig. 2, right panel), and of pDEL, a bound aZ-Ab: as --(T increased, the 363 fragment to 

spontaneous deletion of 2.6 kb that is missing the which antibody had bound was reduced in amount 

crab satellite DNA but has pBRZ2-4, were also in restriction patterns (Fig. 5,A and B). Fragments 

540 

363 
Fig. 5. Binding and crosslinking ofmonoclonal aZ-Ab to pZEl5-2.66kb and pDEL. (Panel A) Polyacrylamide gel showing Hue111 digests 

of topoisomers of pZElS-2.66kb (lanes l-6) or pDEL (lanes 7-12) with -u of approx. 0.005 (lanes 2, 8) 0.010 (lanes 3, 9) 0.050 (lanes 

4, lo), 0.085 (lanes 5, 11) or 0.130 (lanes 6, 12). Controls (lanes 1,7), HaeIII digests of plasmids without monoclonal aZ-Ab treatment. 

(Panel B) Densitometer scans of lanes 1 and 6 in panel A. Numbers indicate the size of fragments reduced in amount by aZ-Ab binding. 
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that contained pBRZ2,445 bp in pZE15-2.66kb and 

540 bp in pDEL (Fig. 5A), were markedly depleted, 

while fragments containing pBRZ3 and pBRZ4 were 

not affected in either plasmid. 

(d) Estimation of the length of the Z-DNA segment 

in domain V 

The equilibrium in favor of Z-DNA can be forced 

by very high concentrations of aZ-Ab. In such experi- 

ments, plasmids containing Z-DNA stabilized by 

aZ-Ab are relaxed with topoisomerase I and then 

treated with proteinase K to digest both the topo- 

isomerase and the antibody (Lafer et al., 1985b). In 

the absence of sufficient superhelical stress and 

without stabilization by the antibody, Z-DNA 

reverts to B-DNA accompanied by a measurable 

change in the mean linking number (Lk), which can 

be determined from the change in positions of topo- 

isomers on gels. Thus, the length of the Z-DNA 

segment stabilized by aZ-Ab can be estimated from 

changes in the topological properties of the products. 

VHS forms ofpZE15-2.66kb, pDEL, and pZE15- 

4.53kb were treated with up to 100 pg/ml monoclo- 

nal antibody Z22B. Following relaxation by topo- 

isomerase I and digestion with proteinase K, 

samples were electrophoresed on agarose gels 

containing 10 PM CQ which permits the resolution 

of topoisomers with higher numbers of superhelical 

turns by decreasing the number of turns present. 

Both pZE15-4.53kb (not shown) and pZE15-2.66kb 

(Fig. 6A, lanes 7-10) exhibited a significant decrease 

in the mean linking number over the range of aZ-Ab 

concentrations, reaching a maximum at approx. 

100 pg/ml aZ-Ab. By contrast, control plasmid 

pDEL exhibited no detectable shift in the mean --D 

(Fig. 6A, lanes 2-5). Although pZEl5-4.53kb ex- 

hibits a distinct change under these conditions, it is 

not quantitatively comparable to pZE15-2.66kb 

because the molar ratio of plasmid to antibody is 

different. To demonstrate that the binding was 

specific, we used a monoclonal IgG (IgGp3 x 

63Ag8) from a control source (gift of J. Hotchkiss 

and S. Kennel, Biology Division, Oak Ridge 

National Laboratory); there was no binding with 

either pZE15-2.66kb or pDel (not shown). 

Densitometric analyses (Fig. 6B) of the gel shown 

in Fig. 6A were used to determine the approximate 

centers of the distributions of topoisomer popula- 

tions of pZE15-2.66kb resulting from relaxation in 

the presence of 1 pg/ml aZ-Ab (indistinguishable 

from samples relaxed in the complete absence of 

aZ-Ab) and lOOpg/ml aZ-Ab. At low aZ-Ab (lane 

B 
I i Control 

11 

N L 

N L 
Fig. 6. Estimation of length of Z-DNA segment. (Panel A) 

Agarose gel (1.5% with 10 PM CQ) ofpZEl5-2.66kb and pDEL 

following stabilization in a Z-conformation by high levels of 

monoclonal aZ-Ab, treatment with topoisomerase, then pro- 

teinase K (positively supercoiled under these gel conditions). 

pDEL (lanes 2-5), pZElS-2.66kb (lanes 7-10) treated with 

monoclonal aZ-Ab at concentrations of 1 (lanes 2, 7), 10 (lanes 

3, 8). 20 (lanes 4, 9), or lOO~g/ml (lanes 5, 10). Lanes 1 and 6 

show native pDEL and pZEl5-2.66kb, respectively; they are 

negatively supercoiled and illustrate the appearance of a typical 

distribution of topoisomers. (Panel B) Top and bottom panels. 

respectively, densitometer scan of lanes 7 (control) and 10 

(100 pg/ml aZ-Ab) (see panel A). Numbers, positions in topo- 

isomer ladder; N, nicked; L, linear forms of DNA. 



173 

7) populations were centered at approximately 11.5 

superhelical turns under the gel conditions used 

(running buffer containing 10 PM CQ). The topo- 

isomers relaxed in the presence of 100 pg/ml aZ-Ab 

(lane 10) were shifted considerably. The broad and 

non-Gaussian distribution of individual topoiso- 

merit species suggested that a heterogeneous popu- 

lation of conformational isomers had been produced. 

The approximate center of the distribution was 

measured as 6.5, indicating an average change of 

approx. live superhelical turns and corresponding to 

the formation of a Z-DNA segment of approx. 29 bp, 

calculated as shown below: 

ALk = l/( 10.5 bp per turn of B-DNA) + Z/( 12 bp per 

turn of Z-DNA) 

5 = ljlO.5 + I,/12 

1 = 28.6 

where 1 is the length of the Z-DNA segment (Klysik 

et al., 1981) and ALk is the change in the linking 

number. 

The broad and non-Gaussian distribution of the 

100 pg/ml-treated samples (Fig. 6A, lane 10) indi- 

cates heterogeneity in the length of the Z-DNA seg- 

ments formed. It is reasonable to consider the 

lengths of Z-DNA segments co~esponding to each 

individual topoisomer species in the distribution. 

Position 1 reflects the maximal shift of approx. 10.5 

superhelical turns, corresponding to a Z-DNA seg- 

ment of approx. 60 bp that would include the entire 

Pu/Py-rich domain and possibly reflect some con- 

tribution from pBR322 Z-DNA segments. Each suc- 

cessive topoisomer species in the distribution corre- 

sponds to a decrease in the length of Z-DNA by 6-bp 

increments. Position 5 reflects a shift of 6.5 super- 

helical turns and best approximates the population 

of molecules with a 35-bp stretch of Z-DNA, possi- 

bly the Z,Z,NZ , 5NZ5Z4 segment. The Z, and Z , 5 

blocks would be expected to form Z-DNA most 

readily, and they would correspond to positions 

between 8 and 10. Thermal fluctuations in the plas- 

mid molecules produce a Gaussian distribution for 

each distinct molecular species (Pulleyblank et al., 

1975) thus the broad distribution seen with pZE15- 

2.66kb most likely consists of overlapping Gaussian 

distributions contributed by several distinct confor- 

mational isomers. 

The --o required to drive a B-Z transition in the 

crab insert is large when compared to that required 

to drive Z-DNA in tracts of polyd(G-C) 

polyd(G-C) or polyd(C-A) . polyd(T-G) of similar 

lengths, but it is comparable to values reported for 

other naturally occurring sequences containing 

mixed A : T and G : C base pairs with interruptions 

in alternation (Rich et al., 1984). In naturally 

occurring sequences this may reflect the relative 

instability of A : T base pairs (Wang et al., 1984) and 

interruptions in Pu/Py, but it is also consistent with 

the hypothesis that this region of the crab satellite 

undergoes a cooperative transition to a Z-DNA 

structure that is destabilized by interruptions in alter- 

nation and by the fact that some of the Pu/Py are in 

short contiguous blocks. Furthermore, methylation 

facilitates a B-Z transition (Behe and Felsenfeld, 

198 1). Primary sites of methylation are CpG dinucle- 

otides (Cooper, 1983). Domain V contains nine CpG 

pairs (Fig. I), an unusually high number for a 53-bp 

segment of eukaryotic DNA (Swartz et al., 1962). 

Although methylation is uncommon in the DNAs of 

other arthropods (Urieli-Shoval et al., 1982), pre- 

liminary evidence indicates that the crab satellite is 

methylated (P.M. Biesiot and D.M.S., unpublished). 

Thus, --CT required for the B-Z transition may be 

considerably lower in vivo. 

When the sequence d(C-G)~d(T-A)~d(C-G)~ is 

under torsional stress, d(T-A), was reported to be in 

an underwound state rather than a left-handed helix 

(Ellison et al., 1986). The nucleotides that comprise 

the downstream segment following the &HI1 site in 

the Pu/Py-rich segment of the crab satellite are 75 y0 

GC and the two A : T pairs are scattered therefore it 

is unlikely that the segment would unwind as did the 

d(T-A), segment bordered on each side by d(C-G),. 

Domains V of two variants of the crab satellite, 

RU and EXT, are not only rich in Pu/Py with an 

~rangement that would permit the adoption of a 

Z-DNA structure with dyad symmetry along the 

phosphodiester backbone, they also contain a perfect 

12-bp inverted repeat that could adopt a cruciform 

structure extending in either direction from its center 

to include the entire 35-bp Z,Z,NZ,,NZ,Z, region 

with only a few mismatches (Fig. 7). B42 has one 

additional interruption which trims its longest Pu/Py 

segment from 15 to 14 nt (Fig. 1). Similar G + C-rich 

12-bp perfect inverted repeats are found at regular 

intervals in a minor cryptic satellite of another crab 

(Fowler and Skinner, 1985). The sequence of the 
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Fig. 7. Diagram of possible cruciform in domain V of RLl and 

EXT. Although pairing is perfect over the outermost 12 bp, a 

4-bp loop, the smallest permitted (Schetller et al., 1970), is 

shown. The hypothetical cruciform includes the entire 

Z4Z5NZ,5NZ5Z, structure indicated for RU and EXT in Fie. 1. 

N3 separating Z,, from Z, on the 3’-end of B42 (Fig. 1) would 

shorten the S-bp uppermost part of the stem by 1 hp. 

Pu/Py-rich region of the land crab satellite might 

permit an equilibrium between two symmetrical 

altered conformations within the same stretch of 

DNA. Similar structures in other systems are sta- 

bilized by negative superhelical stress (Bauer, 1978; 

Lilley, 1980; Lee and Bauer, 1985). Thus, domain V 

presents a situation where one or both axes of sym- 

metry might be binding sites for specific proteins: 

one dimeric protein might recognize the dyad sym- 

metry of a cruciform structure (Fig. 7) while another 

might recognize a different dyad symmetry in the 

same stretch of DNA in a Z-configuration (Fig. 1). 

There are many examples of dimeric DNA binding 

proteins that recognize dyad symmetries in nucle- 

otide sequence. Notable among them are most 

restriction enzymes, the cyclic AMP receptor 

(McKay and Steitz, 1981) and the lambda cro 

repressor (Anderson et al., 1981). All of these 

apparcntIy bind to a region of symmetry in the 

B-DNA conformation or a distorted version of 

B-DNA. Other proteins in addition to aZ-Ab that 

specifically bind Z-DNA have been identified in 

eukaryotic systems (Kmiec et al., 1985; Lafer et al., 

1985b; Kmiec and Holloman, 1986). Particularly 

noteworthy in the present context, some of the 

aZ-Abs, and presumably other proteins, recognize 

the Z-DNA phosphodiester backbone without re- 

gard to nucleotide sequence (Lafer et al., 1985b; 

Nordheim et al., 1986). 

The 1%bp segment of Pu/Py-rich DNA containing 

the BssHII site in the crab satellite is the longest 

uninterrupted stretch of complex Pu/Py DNA yet 

described in eukaryotic DNA. Longer runs of Pu/Py 

are confined to simple sequences such as runs of 

d(T-A) associated with histone and globin genes in 

~~~~~~~ (Greaves and Patient, 19X5), which do not 

form Z-DNA (Ellison et al., 1986), or d(A-C), 

adjacent to protamine genes of the trout, which do 

(Aiken et al., 1985; see also Hamada and Kakunaga, 

1982). Other naturally occurring more complex 

Pu/Py-rich segments that adopt the Z-conformation 

arc shorter than 15 bp and/or contain an occasional 

interruption. 

(e) Conclusions 

Under the influence of relatively high 1eveIs of 

negative superhelical stress, a Pu/Py-rich domain of 

the crab satellite and three Pu/Py-rich segments of 

pBR322 adopt altered conformations with properties 

similar to Z-DNA as shown by binding to aZ-Ab. 

Inhibition of cutting by &HI1 localized the site of 

Z-conformation in the subclone containing the crab 

satellite insert to the longest stretch of Pu/Py in 

domain V. In regions immediately adjacent to, but 

not including, the Z,ZSNZ,sNZ,Z, segment (Fig. 

I), a 3-bp deletion has occurred in homologous sites 

of two of three cloned variants and specific IO- and 

12-bp deletions have occurred in a homologous site 

in two of the three; the latter deletion includes an 

entire Z, segment in EXT and 7/9 nt of that segment 

in B42. If these deletions are omitted from calcula- 

tions of homology, the segment of > 500 bp 3’ to 

domain V is 96% conserved between RU and EXT, 

two variants that have been completely sequenced. 

Furthermore, 300 bp upstream are 97 2 homologous 

between those two. In addition, 235 bp of TRU, a 

cloned variant that has been truncated near its 3’ 

end, is 95 % conserved with respect to RU and EXT 

upstream from the site of its truncation. Partiai 

sequences of ten other cloned variants indicate that 

they, too, share greater than 907; homology (not 

shown). Thus, these deletions are confined to two 

specific loci in segments of otherwise very highly 

conserved DNA as are other major sequence 

changes in the satellite (Fowfer et al., 1985; Fowler 

and Skinner, 1986). Given the evidence that Z-DNA 

is inlplicated in recombination (Klysik et al., 1982; 
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Jovin et al., 1983; Kmiec et al., 1985; Kmiec and 
Holloman, 1986) and that symmetries in DNA 
primary or secondary structure are potential binding 
sites for proteins, this region of the crab satellite 
appears to be a mutation hotspot or regulatory 
element that might be recognized by hypothetic~ 
proteins by virtue of its dual potential for symmetrical 
organization either as a conventional cruciform or as 
a symmetrical Z-DNA structure. 
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