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ABSTRACT: DNA molecules collapse into compact structures in the presence of multivalent cations. To 
probe the possible importance of supercoiling and conformational effects, pUC18 plasmids (2686 bp) 
were modified by inserting 12-bp and 20-bp alternating d(CG), sequences, which are capable of converting 
to a left-handed Z-conformation under appropriate conditions, into the polycloning region. Condensation 
was induced by rapid addition of hexaammine cobalt(II1) [C0("3)6~+] and monitored by laser light 
scattering and electron microscopy. Light scattering shows that plasmids with longer d(CG), inserts 
condense more extensively at natural superhelical densities. Electron microscopy indicates that the 
morphological distribution of condensed d(CG),-containing plasmids changes as a function of C0("3)6~+ 
concentration. At lower C0("3)6~+ concentration, the proportion of rods is higher, and at higher Co- 

concentration, most of the condensates have the form of toroids. In addition, the inner radii of 
the toroids are much smaller relative to condensed pUC18 under the same conditions. Enzymatic analysis 
and chemical probing show that the d(CG), inserts in naturally supercoiled plasmids have extensively 
converted from B-form to Z-form in the presence of C0("3)6~+ at the upper range of concentrations 
under which condensation occurs. To determine whether the enhanced condensation of d(CG),-containing 
plasmids results from the change of superhelical density due to the B-Z transition, we treated wild-type 
pUC 18 molecules with topoisomerase I and varying amounts of ethidium bromide to generate a range of 
supercoil densities. Light scattering indicates that supercoiling did not affect the condensation process. 
Plasmids containing two inserts separated by 0.6 kb condense more extensively than those containing 
just one insert. We conclude that the B-Z transition of d(CG), inserts enhances DNA condensation, 
perhaps through the higher flexibility of secondary structure around the d(CG), insert region, greater 
exposure of bases to solvent in the Z-form, or the alteration of a larger region of flanking DNA. 

DNA is tightly packaged in its biological milieu within 
cells and viruses. In vitro, plasmids and other DNA 
molecules condense into compact structures in the presence 
of multivalent cations. Condensation can be induced in 
aqueous solution by cations of charge 3+ or more (Arscott 
et al.,  1990; Chattoraj et al.,  1978; Gosule & Schellman, 
1976; Plum et al., 1990; Widom & Baldwin, 1980, 1983; 
Wilson & Bloomfield, 1979), such as hexaammine cobalt- 
(111), spermidine(III), and spermine(1V). If carefully con- 
densed from very dilute solution, DNA has a well-ordered 
morphology, generally toroidal but occasionally rodlike. The 
mechanism of in vitro DNA condensation by multivalent 
cations is still unclear despite much experimental and 
theoretical work. In this paper we explore the role of 
localized Z-DNA formation in condensation of plasmids. 

In order for DNA or any other polymer to collapse, 
attractive interactions must outweigh repulsive ones. The 
repulsive contributions include entropy loss, bending or 
kinking energy, electrostatic repulsion (Marquet & Houssier, 
1991; Riemer & Bloomfield, 1978), and hydration structure 
(Rau et al., 1984). The list of postulated attractive interac- 
tions includes cross-linking (Schellman & Parthasarathy, 
1984) or bending (Marquet et al., 1985; Porschke, 1984) by 
bound ligands, polarization of fluctuating counterion clouds 
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(Marquet & Houssier, 1991; Oosawa, 1971; Riemer & 
Bloomfield, 1978) or water structure (Rau & Parsegian, 1984, 
1992) near the DNA surface, and intrinsic local curvature 
or buckling of DNA when a critical degree of charge 
neutralization is achieved (Manning, 1978, 1980, 198 1). At 
least as initially formulated, these interactions are all general 
ones, depending only on the general structural and polyelec- 
trolyte properties of DNA and with no specific dependence 
on base composition or sequence. 

However, there is increasing evidence that sequence- 
dependent distortions of the B-DNA double helix may play 
an important role in DNA condensation. In particular, 
alternating purine-pyrimidine sequences that can form 
Z-DNA under appropriate conditions also have a tendency 
to aggregate or condense under the same conditions (Castle- 
man & Erlanger, 1983; Chaires & Norcum, 1988; Revet et 
al.,  1983; Thomas et al.,  1985). Furthermore, the same 
cations-spermidine, spermine, and C~(NH&~+-that cause 
DNA condensation in dilute aqueous solution also are 
effective in inducing the B-Z transition in poly(dG-dC) and 
poly(dG-m5dC) (Behe & Felsenfeld, 198 1). 

Despite the strong circumstantial connection between DNA 
condensation and the formation of Z-DNA, the fact remains 
that most random DNA sequences will condense although 
they cannot adopt the Z-conformation. This has led us to 
consider the possibility that localized conformational transi- 
tions induced by multivalent cations are sufficient to provoke 
condensation. d(CG), sequences inserted into naturally 
negative supercoiled plasmids can form Z-DNA while the 
rest of the plasmid DNA remains in the B conformation 
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FIGURE 1: Schematic diagram for construction of plasmids pSMl 
and pSM2, obtained by inserting oligonucleotides d(CG)6 and 
d(CG),o, respectively, into the parental plasmid pUC18 at the PstI 
and AccI sites. 
(Peck et al., 1982; Singleton et al., 1982). The free energy 
of negative supercoiling is a powerful force for stabilization 

We therefore sought to test the relations between DNA 
condensation, localized Z-conformation, and supercoiling by 
inserting 12 and 20 base pairs of alternating d(CG), 
sequences into the polycloning region of pUC18 (2686 bp) 
and determining the effects of added CO(NH&,~+. To 
determine whether the enhanced condensation of d(CG),- 
containing plasmids results from the change of supercoiling 
due to the B-Z transition, rather than the formation of 
Z-DNA per se, we treated wild-type pUC18 molecules with 
topoisomerase I and varying amounts of ethidium bromide 
to generate a range of supercoil densities. We monitored 
DNA condensation by changes in light scattering intensity 
and determined the morphological forms of condensates by 
electron microscopy. In order to study the conformations 
of the small d(CG), inserts, we used S1 nuclease susceptibil- 
ity, chemical probing, and restriction enzyme digestion. We 
found that the B-Z transition of d(CG), inserts enhances 
DNA condensation, the effect being stronger for the longer 
inserts, but that changes in supercoiling without Z-DNA 
formation did not affect condensation. 

MATERIALS AND METHODS 
Chemicals and Enzymes. Agarose was purchased from 

Pharmacia (Piscataway, NJ). Highly purified cobalt hexaam- 
mine chloride was purchased from Kodak (Rochester, NY). 
Diethyl pyrocarbonate (DEPC) and piperidine were pur- 
chased from Sigma (St. Louis, MO) and stored at 4 "C. DNA 
ladder (1 kb), topoisomerase I, S 1 nuclease, T4 DNA ligase, 
and calf intestinal phosphatase (CIP) were obtained from 
Gibco-BRL (Gaithersburg, MD). All restriction endonu- 
cleases were purchased from New Englad Biolabs (Beverly, 
MA). 

Construction of d(CG),-Containing Plasmids. The DNAs 
studied were plasmid pUC18 and its recombinant plasmids. 

of Z-DNA. 

2 1 kb 0 6kb - 
d(CG)n 0 insert insert 

2.7 kb 
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FIGURE 2: Schematic diagram of the process of construction of 
3.3-kb plasmids pCMOO, pCMO1, pCM02, pCM11, and pCM22, 
which contain zero, one, or two d(CG), inserts. 

FIGURE 3: Relative total scattering intensity at 90" from plasmid 
DNA as a function of time after addition of condensing agent at 
different concentrations of C0("3)6~+: (a) 30 pM; (b) 50 pM; 
(c) 80 pM. (0) pUC18; (A) pSM1; (m) pSM2. All solutions 
contained 5 pg/mL DNA, 1 mM sodium cacodylate, and 1 mM 
NaC1, pH 7.8. Experiments were done at room temperature, about 
25 "C. 

Circular pUC18, containing 2686 bp, was restricted at 
positions 41 1 and 417 by single-site restriction endonucleases 
PstI and AccI, respectively. Insert oligonucleotides contain- 
ing 12-bp and 20-bp alternating d(CG), were synthesized 
by OLIGO Etc. (Ridgefield, CT). Figure 1 shows how the 
d(CG), sequence was cloned into pUC18. Proper insertion 
was confirmed by BssHII digestion and DNA sequencing 
using purified plasmids. The recombinant plasmids contain- 
ing 12- and 20-bp inserts are denoted pSMl and pSM2, 
respectively. 

Plasmid Preparation. Escherichia coli DH5a containing 
pUC18, pSMl or pSM2 was grown overnight in Luria- 
Bertani (LB) medium containing ampicillin. The plasmids 
were isolated by standard methods (Sambrook et al., 1989) 
and purified by ethidium bromide-CsC1 density gradient 
ultracentrifugation. Linear pUCl8 (pUC18- 1) was obtained 
by cutting with the single-site restriction endonuclease ScaI 
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FIGURE 4: SI nuclease digestion of plasmids (a) pSMI, (b) pSM2, and (c) pUC18 as a function of Co(NH&'+ concentration. In each 
panel, lane M is a I-kb ladder from Gibco-BRL; lanes 1-5 correspond Lo digested plasmid with [Co(NHl)h3+] = 0, 15,30,50, and 80pM, 
respectively. The order of increasing mobility is relaxed circular < linear < supercoiled molecules. 

or BsrFl followed by phenol-chloroform extraction and 
ethanol precipitation. Stock DNA solutions of 50 pg/mL 
(determined by A Z M )  were made in IO mM Tris-HCV1 mM 
EDTA, pH 8. 

Construction of Plasmids Containing Two d(CG). Inserts. 
Plasmids pCM00, pCMOI, pCM02, pCM11, and pCM22, 
3.3 kb long and containing zero, one, or two discrete d(CG). 
inserts were constructed by subcloning d(CG).-containing 
fragments from the existing plasmids pUC18, pSMI, or 
pSM2 according to the diagram in Figure 2. The parental 
vectors were obtained by linearizing these plasmids with 
SspI. Further digestion with SspI and SmaI produced blunt- 
end restriction fragments about 0.6 kb in length. These were 
isolated by agarose gel electrophoresis and a Millipore 0.45- 
pm Ultrafree-MC filter unit. The products were ligated and 
the ligation mixture was used to transform E. coli DH5a 
competent cells. Ten transformants were selected for each 
reaction, and small plasmid preparations were performed and 
analyzed by restriction endonuclease digestion. The correct 
plasmids were selected and used for large-scale preparations. 

Generation of Plasmids with Different Superhelical Densi- 
ties. Different superhelical densities were obtained according 
to the method described by Singleton and Wells (1982), by 
incubating natural supercoiled DNA with 2 units of calf 
thymus topoisomerase I and various amounts of ethidium 
bromide (0-10 pg/mL) in 50 mM Tris-HCI (pH 7.3,  50 
mM KCI, 0.1 mM EDTA, 0.5 mM dithiothreitol (D'IT), and 
30 pg/mL bovine serum albumin (BSA) at 37 "C for 2 h. 
The reaction was stopped by phenol-chloroform extraction 
followed by ethanol precipitation, and then the DNA pellets 
were resuspended in 10 mM Tris-HCI (pH 8.0)/1 mM EDTA. 

Chemical Modification of DNA with DEPC. DNA (1 pg) 
was diluted into 200pL of solution containing 1 mM sodium 
cacodylate (pH 8), I mM NaCI, and 80pM CO(NH,)~,+ and 
left at room temperature for 2 h. Then 3 p L  of diethyl 
pyrocarbonate was added and the solution was incubated at 
20 "C for 15 min. The sample was mixed once during 

incubation. Twenty microliters of 5 M NaCl and 600 p L  of 
ethanol were added, and the sample was vortexed briefly 
and centrifuged at IOOOOg for I O  min. The DNA pellet was 
redissolved in 0.5 M NaClllO mM Tris-HCI (pH S.O)/l mM 
EDTA and reprecipitated with ethanol. The pellet was 
suspended in 100 p L  of 1 M piperidine and incubated at 95 
"C for 5 min. The DNA sample was purified by precipitating 
twice with ethanol, washed once with 70% ethanol, lyo- 
philized, and resuspended in IO mM Tris-HCI (pH 8.0)/1 
mM EDTA. 

SI Nuclease Susceptibility. Aliquots (34 pL) of DNA 
solutions at 5 pg/mL containing various CO(NH,)~,+ con- 
centrations were incubated at room temperature for 2 h. S1 
nuclease at 910 units/pL was diluted with 1 x reaction buffer 
(50 mM NaCV20 mM sodium acetate/O.l mM ZnC12) to 91 
unitdpl immediately before reaction, and then 2 p L  of 
diluted enzyme and 4 p L  of lox reaction buffer were added 
to each sample and incubated at 37 "C for 20 min. Samples 
were left on ice until gel electrophoresis. 

BssHII Digestion. Aliquots (52 pL) of DNA solutions at 
5 pg/mL containing various amounts of CO(NH~)~)+ were 
incubated at room temperature for 2 h. BssHII restriction 
endonuclease at 4 unitdpl, which is specific for the sequence 
GCGCGC, was diluted with 1 x NEB reaction buffer for 
BssHII (100 mM NaCVlO mM Bis-nis propane hydrochloride/ 
I O  mM MgCldl mM dithiothreitol) to 0.6 unit/pL im- 
mediately before reaction, and then 6 pL of lox reaction 
buffer and 2 p L  of diluted enzyme were added to each 
sample and incubated at 37 "C for 15 min. Samples were 
left on ice until gel electrophoresis, for which 18-pL aliquots 
were used. 

Light Scattering. Total intensity light scattering experi- 
ments were perfonried at 90" scattering angle with a Lexel 
argon-ion laser operating at 488 nm. Buffers were passed 
through 0.22-pm GS Millipore filters before mixing. Glass- 
ware was extensively rinsed with double-distilled water and 
baked before use. DNA stock solutions were passed through 
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FIGURE 5:  BssHII digestion of linear (resulting from BsrFI 
digestion) and supercoiled plasmids (a) pSMl and (b) pSM2 with 
indicated concentrations of Co(NH&?+. In each panel, lane M is 
a I-kb ladder; lane 1, linear, 30 pM; lane 2, supercoiled, 30 pM, 
lane 3, linear, 8OpM; lane 4, supercoiled, 80pM. (c) Densitometric 
scan of panel b, with (cl-c4) corresponding to lanes 1-4. 

0.45-pM GS Millipore filters before the concentration was 
measured by AZm. Intensities I, plotted in Figures 3, 7, and 
9 were measured on a scale on which a benzene standard 
gave 30.5. They were the average of 2-5 measurements 
on the same sample. Typical standard deviations were the 
size of the data symbols. 

Electron Microscopy. Electron microscopy was canied 
out as described previously (Arscott et al., 1990). Negatives 
were optically projected at 6x enlargement, and the images 
of individual particles were traced on paper, scanned, and 
measured with a digitizing program written in Hypercard 
on a Macintosh computer. For each toroid, the inner and 
outer radii were the average of two perpendicular measure- 
ments. 
RESULTS 

We used the large increase in light scattering intensity to 
monitor the condensation process. All condensation experi- 
ments were carried ont at 5 pg/mL DNA in a 1 mM sodium 
cacodylate/l mM NaCl buffer, pH 7.8 at room temperature 
(about 25 "C). Figure 3 shows the condensation kinetics of 
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pSMl and pSM2 compared with the control pUC18 at Co- 
(NH3)63+ concentrations of 30, 50 and 80 pM (panels a, b, 
and c). The plasmids with inserts condensed more rapidly 
and with a larger increase of scattering intensity, in the order 
of pSM2 > pSMl > pUC18. This indicates that the d(CG), 
insert facilitates DNA condensation, and the longer the insert 
the greater the effect. The increase in scattering intensity 
with concentration of CO(NH&~+, shown in the three panels 
of Figure 2, indicates that the extent of condensation 
increases (probably both more condensed particles and more 
DNA molecules per particle) as more condensing agent is 
added. 

Since d(CG). inserts in supercoiled plasmids have been 
shown to convert to Z-form under physiological ionic 
conditions or in the presence of small amount of Co(NH3)6'+, 
we wanted to ascertain whether the B to Z transition takes 
place under our experimental conditions. DNA molecules 
which contain d(CG). inserts show an increased susceptibility 
to SI nuclease (Kim ef al., 1993); the nuclease is active at 
B-Z junctions (Peck et al., 1982). Figure 4 shows the 
results of treating pSMl and pSM2 with SI nuclease after 
incubation with increasing concentrations of Co(NH&?+. The 
pSMl and pSM2 supercoils are nicked and cleaved more 
extensively within the 20-min incubation period as the Co- 
(NH3)63+ concentration increases, which suggests either that 
the B to Z transition occurs more extensively or that other 
secondary stmcture perturbations are induced at higher Co- 
(NH3)63+ concentrations. By contrast, the wild-type pUC18 
control, when subjected to identical treatment, is only slightly 
converted to linear molecules, and the amount of cleavage 
remains invariant as the C O ( N H ~ ) ~ ~ +  concentration increases. 
This shows that C O ( N H ~ ) ~ ~ +  is not activating the S1 nuclease. 

Restriction endonucleases are very sensitive to changes 
in conformation of both recognition and flanking sequences 
(Azorin et al., 1984; Lesnik et al., 1991; Singleton et al., 
1983). BssHII has maximum reactivity for the B-conforma- 
tion of GCGCGC (Azorin ef al., 1984). Therefore, the 
adoption of the Z conformation by d(GC). inserts can be 
assayed by measuring the inhibition of cleavage with BssHII. 
Figure 5 shows the results of an experiment designed to 
measure the extent to which cleavage by BssHII is inhibited 
in the supercoiled plasmids compared with the linear DNA. 
The d(CG). inserts, located at 0.42 kb, should remain in the 
B form in the linear molecules produced by cleavage of 
supercoiled pSMl and pSM2 with BsrFl at 1.78 kb. As seen 
in Figure 5, linear and supercoiled molecules were rapidly 
cleaved into 1.35-kb fragments and linear full-length mol- 
ecules, respectively, by BssHII at 30 pM Co(NH&'+. 
However, at 80 pM Co(NH&?+ the negatively supercoiled 
plasmids were less rapidly linearized, as shown by the 
persistence of supercoiled molecules. The densitometric 
scans of the pSM2 gel in Figure 5c make these conclusions 
more quantitative. 

Diethyl pyrocabonate (DEPC) reacts with purines in 
Z-DNA (Herr, 1985; Johnston, 1985, 1988; Kohwi-Shige- 
matsu ef al., 1983) and B-Z junctions (Kohwi-Shigematsu 
ef al., 1987), modifying the N-6 and N-7 positions of adenine 
and the N-7 position of guanine when these sites are 
accessible. We therefore used DEPC to assay for Z-DNA 
structure in our plasmids. We condensed pUC18, pSM1, 
and pSM2 with 80 pM Co(NH&?, reacted it with DEPC, 
and then treated with piperidine, which cleaves DNA at the 
DEPC modification sites. As shown in Figure 6b, the 
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FIGURE 6: Gel electrophoresis of plasmids after diethyl pyrocar- 
bonate modification and piperidine cleavage in the presence of (a) 
3 0 p M  and (h) 80pM CO(NH,)~~+. Lanes M, I-kh ladder; lane C, 
pSMl without treatment; lane I ,  pUC18; lane 2, pSMI; lane 3, 
pSM2. 
supercoiled forms of both pSMl and pSM2 were cleaved to 
linear forms running at 2.7 kb, while the control pUC18 
remained unchanged. This indicates that D E W  reacts with 
the d(CG). sequences and demonstrates that the inserts have 
converted to Z-form. These gels also show that the relaxed 
forms of pSMl and pSM2 remain unmodified, confirming 
that d(CG), does not convert to Z-form without supercoiling. 
However, at 30 pM CO(NH&~+, only small proportions of 
pSMl and pSM2 were cleaved to the linear form, most 
remaining supercoiled as seen in Figure 6a. This suggests 
that, at Co(NH&?+ concentrations near the condensation 
threshold, the inserts stay mainly in the B-form. 

The foregoing experiments have demonstrated that d(CG). 
inserts in naturally supercoiled plasmids are able to flip from 
right-handed B-form to left-handed Z-form under our 
experimental conditions. The B-Z transition causes a 
reduction of superhelical density. In order to test whether 
the enhanced condensation of d(CG).-containing plasmids 
results from the change of superhelical density, control 
plasmid pUC18 was treated with topoisomerase I and 
increasing amounts of ethidium bromide which produced 
various degrees of supercoiling from totally relaxed to highly 
supercoiled (u = -0.14 compared with -0.05 assumed for 
native plasmids). The resultant DNAs were incubated with 
10-80 pM Co(NH3)e3+ for 2 h at room temperature before 
the total scattering intensity was measured. Figure 7 shows 
that condensation of pUCl8 without inserts is not affected 
by the superhelical density, which implies that the enhanced 
condensation of plasmids containing Z-DNA-forming se- 
quences is not due to the superhelical density change while 
converting to Z-DNA. 

Another possible cause of enhanced condensation is the 
d(CG). sequence itself, no matter what conformation it is 
in. This was tested by linearizing both insert and control 
plasmids by the single-site restriction endonuclease ScaI. All 
three plasmids should remain in B-form without topological 
constraints under our experimental conditions. Light scat- 
tering condensation curves (data not shown) are superim- 
posable upon each other within experimental error, implying 
that the d(CG). insert does not affect DNA condensation 
when it is in the B-conformation. 
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FIGURE 7 Scattering intensity of pUCl8 plasmids 2 h after addition 
of Co(NH&?+ as a function of condensing agent concentration and 
superhelical density. Solution conditions were 5 pg/mL DNA, 1 
mM NaCI, and 1 mM sodium cacodylate, pB 7.8. Ethidium 
bromide concentrations (micrograms per milliliter) and correspond- 
ing superhelical densities u were (0) 0, 0; (.) 2.5, -0.04; (*) 
5.0, -0.08; (A) 7.5, -0.11; (0) 10, -0.14. 
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Tablr. I .  
Conirol Plasmid plJC18 and dtCC,. I n w t  Plamids pSMl 3nd 
pSM2 in Ihc Prc\mcc of Differrni Amounts of Co!NHijo‘- 

Comparison of the Morpholopical Diciihuiions for 

ICofNll~)a”l no of iomd no. of rod 
p 1 a 3 mid P M J  toroid, + rod* % 

pUClR 30 1SY 91.9 14 a. I 
32 218 9 2 0  19 8 0  
40 166 97.6 4 2.4 

pSM1 30 156 73.6 56 26.4 
32 I 5 5  89.6 18 10.4 
40 I47 514.2 Y 58 

pSM2 311 in7 781 30 21.9 
32 129 YII 2 I ?  Y.8 
an 85 96.6 3 3.4 

Table 2: 
pllC18. pSMI. and pSM2 i n  the Presence uf Differeni Amount, of 
ColNl l ,~~ ‘*  

Inner and Ouier Kadlt and Moleculsni) of Toroids for 

~ 

ICo(NHds’+I 
plasmid 01M) ~i..., (A) R,.,, (A) molecularity 

18f24 4.0f1.6 
*24 305 f 34 5 . 6 f 2 . 0  
t 18 

32 75 f 16 255 f 35 4.1 f 2.1 
40 86f12 281f31 6.0f2.2 

pSM2 30 122f20 285f31 4.651.6 
32 72 + 17 259 + 28 5.0 + 1.8 
40 78 f 29 307 f 36 8.7 f 3.8 

We used electron microscopy to investigate whether the 
condensed particles produced from wild-type and insert- 
containing plasmids had different morphologies. Samples 
were prepared 2 h after addition of 30-40 p M  of Co- 
(NH3)a”. Consistent with previous observations (Arscott 
et ai., 1990). the great majority of structures formed with 
pUC18 are toroids, regardless of C O ( N H ~ ) ~ ~ +  concentration. 
However, as Table 1 shows, significant percentages of rods 
are observed with pSMl and pSM2 at 30 pM CO(NH&~+; 
the proportion of rods decreases at higher concentrations of 
condensing agent. In addition, the inner radii of the toroids 
formed with pSMl and pSM2 decrease significantly as the 
Co(NH3)P concentration increases, while the outer radius 
remains roughly unchanged (see Table 2 and Figure 8). The 
molecnlarity, or average number of DNA molecules per 
toroid, calculated according to the procedure described in 
Arscott ef al. (1990), increases as a result of the decrease of 
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FIGURE 8: Electron microgrephs of (a) pUCl8 and (b) pSM2 after 
addition of 3 2 p M  Co(NH&‘+. The bars represent 1000 A. 
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FIGURE 9 Scattering intensity 2 h after addition of Co(NH&’+ as 
a function of condensing agent concentration. (7) pCMOO; (A) 
pCMOI; (*) pCM02; (W) pCMl I ;  (0) pCM22. 

inner radius. This presumably accounts for at least part of 
the higher light scattering intensity observed in Figure 3. 

Matters become more complicated if two separated d(CG). 
inserts are present in the same supercoiled plasmid, since 
they must compete for the limited free energy of supercoiling. 
It has been demonstrated that the B-Z transition of one small 
insert in supercoiled DNA can affect the conformational 
transition of another insert at a distance within the same 
topological domain (Ellison et ai., 1987; Kelleher et ai., 
1986). We extended our analysis of the connection between 
condensation and the B-Z transition to plasmids with natural 
superhelical density containing two d(CG). sequences sepa- 
rated by 0.6 kb, prepared as diagrammed in Figure 2. Figure 
9 shows the light scattering intensity as a function of Co- 
(NH3)63+ concentration 2 h after condensation. At 40 pM 
or higher CO(NH,)~’+, the intensity increases as the length 
of the insert increases, in the order pCM22 > pCMll > 
pCM02 > pCM0l > pCM00. This is consistent with the 
behavior plotted in Figure 3, showing that DNA with longer 
inserts condenses more extensively. 

In order to test whether both d(CG). inserts convert from 
B- to Z-form, DEPC chemical probing and piperidine 
cleavage was carried out for pCM22 in the presence of 80 
pM Co(NH&’+. Figure I O  shows that the majority of the 
supercoiled pCM22 is cleaved into 2.7-kb and 0.6-kb 
fragments, consistent with the conversion of both inserts. 
There is, however, a light band corresponding to the linear 
3.3-kb form of pCM22, implying that in a small fraction of 

t 0.6 kb 

FIGURE IO Gel electrophoresis of pCM22 after diethyl pyrocar- 
bonate modification and piperidine cleavage in the presence of 80 
p M  CO(NH,)~’+. Lane I ,  I-kb ladder; lane 2, pCM22 without any 
treatment; lane 3. pCM22 + DEPC + piperidine. 

pCM22 only one d(CG). insert converts to Z-form. 
DISCUSSION 

We have shown that Co(NH&+ can induce a B-Z 
conformational transition in sequences of d(CG)6 and d(CG)lo 
inserted into pUC18 plasmid DNA and that the B-Z 
transition enhances DNA condensation. The B-Z transition 
is detectable at 30 pM Co(NH&+, near the onset of 
condensation, hut it is more advanced at higher Co(NH3)a” 
concentrations. Future work should delineate more precisely 
the range over which most of the B-Z transition occurs. 
Control experiments with the parental plasmid demonstrate 
that the B-Z transition is a property of the d(CG), insert 
and that it is facilitated by the torsional stress of negative 
supercoiling. 

The connection between the Z-conformation and DNA 
condensation is consistent with previous reports. The 
&conformation of d(CG), has a strong tendency to aggregate 
in solutions containing metal cations or alcohols (Van de 
Sande & Jovin, 1982; Van de Sande et al., 1982; Zacharias 
et ai., 1983). Z-DNA aggregates into well-ordered fibrous 
structures (Chaires & Norcum, 1988) in the presence of 
divalent cations and under various solvent conditions; this 
form is called Z*-DNA (Van de Sande & Jovin, 1982). A 
toroidal condensed form of left-handed poly(dG-mSdC) was 
observed in the presence of 5 pM Co(NH&?+ (Thomas & 
Bloomfield, 1985); similar structures form in poly(dG-m5- 
dC) solutions containing only NaCl. 

Our experiments were done at very low ionic strengths, 
about 1.5 mM Na+, which is similar to the conditions under 
which numerous other DNA condensation studies have been 
performed. At this ionic strength, the Co(NH&,’+ concentra- 
tion at the midpoint of the condensation transition is in the 
range 30-40 pM for the various plasmids (Figures 7 and 
9). It is interesting to compare this with the midpoints of 
the B-Z flipping transitions provoked by trivalent cations 
at higher ionic strengths that are closer to physiological. Peck 
ef al. (1982) found the midpoint near 100 pM Co(NH&’+ 
for plasmids with d(C-G) inserts in 100 mM ionic strength 
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buffers. Thomas et al. (1991), also using plasmids with GC 
inserts, found a midpoint of 280 pM spermidine in a 50 mM 
NaCl buffer with 1 mM sodium cacodylate and 0.15 mM 
EDTA, pH 7.4. These results are consistent with previous 
observations of the increased concentration of trivalent ion 
needed for competition with monovalent cation (Wilson & 
Bloomfield, 1979) and the greater effectiveness of Co- 
(NH3)63+ relative to spermidine (Widom & Baldwin, 1980). 
Interestingly, for plasmids containing (dA-dC),.(dG-dT), 
inserts in 50 mM NaCl buffer, the concentration of spermi- 
dine needed for the midpoint of the B-Z transition is only 
25 pM and C0("3)6~+ had no effect (Thomas & Thomas, 
1994). This indicates a specific interaction dependent on 
polyamine structure. 

What is surprising about our results is that such short 
segments of Z-DNA can facilitate condensation of molecules 
that are almost entirely B-DNA. The d(CG), inserts are only 
0.45% and 0.74% of the total length of DNA in pSMl and 
pSM2, respectively, but they have a large effect on the 
compactness and morphology of the condensed DNA. It 
may be either that the inserts serve as local nuclei or that 
they have longer-range structural effects. Unfortunately, we 
have no evidence that distinguishes between these mecha- 
nisms. The latter is consistent with the striking observation 
(Kim et al., 1993) that a 16-base-pair d(CG)8 sequence in a 
1.1-kb restriction fragment of pBR322 hss a long-range 
effect, extending over 330-550 bp, on the dynamical 
secondary structure of the (linear) fragment. The potential 
coupling of short- and long-range effects is even more 
credible, of course, in closed circular molecules. 

A local nucleation role for Z-DNA may be related to the 
properties of Z-DNA itself or the B-Z junction or both. 
Crystallography of the Z-form of alternating d(CG) oligo- 
nucleotides shows the formation of a large uncharged surface 
(Wang et al., 1979; Arnott et al., 1980; Drew et al., 1980). 
Haniford & Pulleyblank (1983) have suggested that this may 
reduce electrostatic repulsions and allow the close approach 
of these segments in the plasmid. Electron microscopy 
shows a higher proportion of rods at 30 pM C0("3)6~+ for 
pSMl and pSM2 than for pUC18 and smaller inner radii of 
toroids at higher concentrations of condensing agent. This 
suggests that B-Z junctions produce kinking or flexibility 
that facilitates the tight curvature needed for such structures. 
The S1 nuclease susceptibility results shown in Figure 4 
imply that more secondary structure perturbations appear in 
plasmids containing d(CG), inserts as the C0("3)6~+ 
concentration increases. Several lines of evidence, including 
enzymatic and chemical reactivity and electrophoretic mobil- 
ity, suggest that B-Z junctions increase the bending and/or 
flexibility of DNA (Johnston, 1985, 1988; Klysik et al., 1983; 
Lu et al., 1992; Palecek et al., 1987; Winkle et al., 1991). 

Finally, since pCMll with two 12-bp inserts has a 
significantly higher scattering intensity than pCM02 with a 
single 20-bp insert (Figure 9), there is a hint that two 
separated short inserts can initiate condensation more ef- 
fectively than a single long one, either by providing two 
nucleation centers or by coming together to form an intraring 
complex. 
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