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SupercoiledpHXBc2 DNA (containing the genome of the human immunodeficiency 
virus type 1 and human sequences) migrated more slowly than linear DNA in native 
and ethidium bromide agarose gel electrophoresis at 4.5 volts/cm, suggesting the 
presence of unusual DNA structures. Sl nuclease analysis of pHXBc2 revealed 
two Sl hypersensitive sites. Site I was located within a 25 bp direct repeat 
in host DNA 0.6 kB upstream from the 5' LTR. Site II was mapped 0.2 kB upstream 
from the vif gene start site. Sequence analysis showed that Site I sequences 
could assume different unusual DNA structures, whereas sequences at Site II could 
assume either slipped or H-DNA forms. Unusual DNA structures in host DNA may 
be associated with active chromatin regions and may favor proviral integration. 
0 1989 Academic Press, 1°C. 

Unusual DNA structures may represent targets or control regions for 

replication, recombination, transcription, mutagenesis and repair (1). Such DNA 

structures include Z-DNA, H-DNA, cruciforms, Pur-Pyr structures, anisomorphic 

DNA, bent DNA and slipped DNA (l-13). Lefthanded Z-DNA and cruciform structures 

have been demonstrated in E. coli (192). With the exception of bent DNA, all 

the above structures are stabilized by negative supercoilicity as a result of 

DNA underwinding (1). In addition, the genomic DNA of eukaryotes is underwound 

as a result of chromatin structure (14,151. In general, unusual DNA structures 

are susceptible to Sl nuclease cleavage (1). 

This study was undertaken to determine whether sequences in the HIV-1 

genome could assume unusual DNA structures. Identification of such regions may 

potentially identify sequences with specialized regulatory functions. We have 

probed supercoiled pHXBc2 plasmid DNA, harboring a complete infectious provirus 

as well as neighboring sequences (16), for the presence of conformational 

transitions with Sl nuclease and linker insertion mutagenesis. We present 

evidence for the existence of unusual DNA structures within this clone. 
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MATERIALS AND METHODS 

Plasmid pHXBc2 (16), was grown in L & DH5 cells and purified by C&l- 
ethidium bromide isopycnic centrifugation. Supercoiled pHXBc2 DNA was digested 
with Sl nuclease (400 units/pg of DNA) in 0.2 M NaCl, 1mM ZnSO,, 0.5% glycerol, 
50mM sodium acetate, pH 4.5, 0.2 mg/ml yeast tRNA for 7 minutes at 4OC. After 
a phenol-chloroform-isoamyl alcohol extraction, the DNA was purified by Elutip 
column chromatography (Schleicher and Schuell, NH) and ethanol precipitated. 
Digestions withdifferentrestrictionendonucleaseswereperformedas recommended 
by the manufacturer. DNA samples were analyzed by native (0.089 M Tris-borate, 
0.089 M boric acid, 0.2mM EDTA), ethidium bromide (100 rig/ml) and alkaline 
agarose gel electrophoresis (17) at 4.5 or 0.8 volts/cm. 

To map the Sl hypersensitivity within pHXBc2, Sl digested DNA was end- 
repaired with T4 DNA polymerase and ligated to phosphorylated ClaI linkers 
(d[CATCGATG]). After digestion with ClaI, pHXBc2 DNA was electrophoresed through 
agarose, purified by electroelution and Elutip column chromatography, self- 
ligated and transformed into E. coli DH5 cells. Plasmid DNA from recombinant 
clones harboring a ClaI site was double-digested with PstI and ClaI, and the 
corresponding ClaI-PstI fragments were subclonedinto pBluescript KS (Stratagene, 
CA) and sequenced by the dideoxynucleotide method (18-20). 

RESULTS 

Supercoiled (RF I) pHXBc2 DNA was electrophoresed through 0.7% agarose, 

and its mobility was compared to that of linear (RF III) and of open circle forms 

(RF II). When electrophoresis was performed at 4.5 volts/cm, pHXBc2 RF III DNA 

migrated faster than the RF I DNA (Fig. 1A). Electrophoresis in the presence 

of ethidium bromide did not change this pattern (Fig. lB), which reverted when 

the electrophoretic analysis was performed at 0.83 volts/cm. The identity of 

pHXBc2 RF III DNA was confirmed by alkaline gel electrophoresis (Fig. 1C). 

Next, supercoiledpHXBc2 DNAwas digestedwith Sl nuclease and treated with 

different restriction endonucleases to probe for the presence of unusual DNA 

structures. This resulted in distinct DNA fragments not present in single 

digests with the corresponding restriction endonucleases (Figs. lA, 2, Lane 3). 

No specific Sl nuclease sensitivity was found in previously linearized pHXBc2 

DNA (Fig. 3, Lane e), suggesting that formation of unusual, Sl sensitive DNA 

structures depends on DNA supercoilicity (1). 

To map these Slnuclease hypersensitive sites, ClaI linkers were introduced 

after digestion of supercoiled pHXBc2 with Sl nuclease. Supercoiled plasmid DNA 

was characterized by ClaI digestion in conjunction with other restriction 

endonucleases. With the exception of ClaI (which has no cleavage sites within 

native pHXBc2), the restriction maps of all 7 complete clones (pHSC clones) 

analyzed were identical to that of pHXBc2 (Figs. 2 and 4). A XhoI-ClaI double 

digestion of pHSC clones revealed DNA fragments of either 7.2 and 9.8 kB or 12.7 

and 4.3 kB, respectively. These additional fragments were identical to those 

obtained when native pHXBc2 DNA was double-digested with Sl nuclease and the 

single cutter XhoI (Figs. 2,4). PstI-ClaI fragments from three pHSC clones were 

subcloned into pBluescript KS and sequenced. Figure 5 shows the sequence of the 
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Figure 1. Aearose ael electrophoresis analysis of DHXBC~ DNA. A.Native zel. 
The DNA was digested with the following enzymes: 1) uncut, 2) Sl nuclease, 3) 
XbaI, 4) Slnuclease followed by XbaI, 5) XhoI, 6) Sl nuclease followed by XhoI, 
7) BamHI, 8) Sl nuclease followed by BamHI. B. Ethidium bromide gel. 1) 
uncut, 2) XhoI, 3) Sl nuclease. C. Alkaline gel. 1) uncut, 2) XhoI. a) 
represents linear single stranded DNA and b) represents RF V DNA, respectively, 

Fieure 2. ClaI linker insertion into the Sl nuclease hypersensitive regions of 
pHXBc2. pHSC1 and pHSCI1 double digested with ClaI and XhoI (Lanes 1 and 2 
respectively). pHXBc2 digested with Sl nuclease followed by XhoI (Lane 3). 
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Figure 3. Sl nuclease sensitivity of uHXBc2. DHSCI and DHSCII DNAs. a) pHXBc2 
uncut, b) pHXBc2 digested with Sl nuclease, c) pHXBc2 digested with XhoI, d) 
pHXBc2 digested with Sl nuclease followed by XhoI, e) pHXBc2 digested with Xho 
I followed by Sl nuclease, f) pHSC1 uncut, g) pHSC1 digested with Sl nuclease, 
h) pHSC1 digested with Sl nuclease followed by XhoI, i) pHSCI1 uncut, j) pHSCI1 
digested with Sl nuclease, k) pHSCI1 digested with Sl nuclease followed by 
XhoI. 

Figure 4. Restriction mar, of D~Bc~ DNA. Site I and Site II represent the 
major Sl nuclease hypersensitive sites within the supercoiled plasmid. 
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Figure 5. Seauence analvsis of the Sl nuclease hypersensitive regions of pHXBcP 
RF I DNA. Arrows represent the boundaries of the Sl nuclease hypersensitive 
regions and also indicate the direction of the nucleotide sequence analysis. 
A. Site I. Underlined sequences represent the perfect direct repeats and 
double-underlined sequences indicate inverted repeats contained within the 
direct repeats. B. Site II. 

main Sl nuclease hypersensitive sites of pHXBc2. Site I maps about 0.6 kB 

upstream from the 5' LTR of HIV within a 25 bp direct repeat which could form 

either slipped DNA, cruciforms or both (Figs.6 and 7). Site II is found in the 
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Figure 6. SlipDed DNA at Site I in uHXBc2 RF I DNA. Schematic representation 
of the possible slippage of 2 direct repeats. Additional variations are 
possible (not shown). 
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Figure 7. A computer model for unusual DNA structures at Site I in DHXBC~ RF 
T. According to a computer program (22), the cruciform structure shown 
above exhibited the highest degree of thermodynamic stability. The program 
however, cannot calculate the free energy of unusual DNA structures in 
super-coiled DNA. 

integrase gene, about 0.2 kB upstream from the ATG start site of vif and has the 

potential to form slipped DNA and/or H-DNA structures (5,11,12,21) (Fig. 8). 

Supercoiled plasmid mutants carrying ClaI recognition sequences either at 

Site I (pHSC1) or Site II (pHSCI1) showed slower mobility than their linear 
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Figure 8. Unusual DNA structures at Site II in ~hXBc2 RF I DNA. 
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counterparts in native agarose gel electrophoresis (4.5 volts/cm), as previously 

observed for native pHXBc2. Sl nuclease digestion of pHSC1 followed by XhoI 

showed the same DNA fragments that were seen when native pHXBc2 DNA was treated 

identically. In contrast, Sl nuclease treatment followed by XhoI digestion of 

pHSCI1 revealed the loss of the 12.7 and 4.3 kB fragments seen in native pHXBc2 

DNA following digestion with Sl nuclease and XhoI (Fig. 3, Lane k). Since Site 

II has been abolished in pHSCI1, and since the supercoiled DNA form of this 

plasmid still migrates more slowly than its linear form in native agarose gel 

electrophoresis, unusual DNA structures localized at Site I seems to be primarily 

responsible for the unusual electrophoretic behavior of wild type pHXBc2. 

DISCUSSION 

We have analyzed pHXBc2 for the presence of unusual DNA structures by 

agarose gel electrophoresis, Sl nuclease sensitivity, linker insertion into the 

Sl hypersensitive sites and DNA sequence analysis. At high voltage 

electrophoresis, migration of the RF I DNA was retarded, suggesting that the 

presence of unusual DNA structures within supercoiled pHXBc2 DNA are responsible 

for the unusual plasmid migration. Digestion of Slnuclease-treated pHXBc2 with 

different restriction endonucleases revealed the presence of two main Slnuclease 

hypersensitive sites, which were not found in previously linearized pHXBc2 DNA. 

Site I was found about 0.6 kB upstream from the 5' LTR of the HIV-1 provirus. 

By sequence analysis, the Sl nuclease sensitivity was mapped to a region 

containing 3 AT-rich identical direct repeat units composedmainly of alternating 

purines and pyrimidines. Each direct repeat contains within itself a 16 bp 

perfect, inverted repeat. In addition, these direct repeat units are contained 

within a larger AT-rich region, also rich in alternating purines and pyrimidines. 

In other supercoiled DNA plasmids, Sl nuclease sensitivity has been found 

at direct repeats within promoter or enhancer regions, such as the heat shock 

promoter, chicken and mouse collagen promoters, as well as in the Moloney Murine 

Leukemia Virus (MoMuLV) LTR enhancer region (11,12,21). Our previous work showed 

that slipped DNA structures may be responsible for the Sl nuclease sensitivity 

of the MoMuLV enhancer (21). Slipped DNA structures within Site I of supercoiled 

pHXBc2 could explain the Sl nuclease sensitivity of this region. One direct 

repeat of one strand could base pair with a second direct repeat in the 

complementary strand, producing two staggered single stranded loops, susceptible 

to Sl cleavage (11,12) (Figs. 5 and 6). Alternatively, the nuclease sensitivity 

at Site I may be explained by the formation of cruciform structures within the 

direct repeat (Fig. 5). The formation of either slipped DNA or cruciform 

structures at Site I may not be mutually exclusive events since cruciform 

structures could arise within the staggered loops of the proposed slipped DNA 

structures. The fact that ClaI linker insertion into one of the direct repeats 
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did not result in the loss of Sl sensitivity may indicate that the formation of 

unusual DNA structures in the region is dependent on multiple structural 

elements. Computer analysis (22) of sequences at Site I predicts the formation 

of a complex cruciform as the most stable structure in this region (Fig. 7). 

The sequence CACACACACA, a potential target for recombination events, is 

found upstream from site I (Fig. 5) and may be capable of adopting Z-DNA 

structures (32,33). Such structures may help stabilize the unusual DNA structures 

at Site I and may promote proviral integration in vivo (32). 

Site II was mapped to sequences at position 4345-4357 within the HIV-1 

proviral DNA. As seen in Figure 8, Sl nuclease sensitivity at this site may be 

explained by the formation of either slipped DNA or H-DNA. G residues within 

one repeat may slip and anneal to their complementary C residues in the second 

repeat generating two staggered single-stranded loops characteristic of slipped 

DNA. The second model implies the formation of triple-stranded DNA, or H-DNA 

structures, as a result of Hoogsteen base-pairing between C.G.C+ residues (5). 

Formation of either slipped DNA or H-DNA is known to be stabilized by DNA 

supercoilicity as well as low pH (at which the Sl nuclease experiments were 

performed) (5,11,12). Sl nuclease digestion followed by ClaI linker insertion 

at Site II abolishes Sl hypersensitivity at this site but does not significantly 

affect the unusual migration of RF I versus RF III. This suggests that the 

formation of unusual DNA structures at Site I is mainly responsible for the 

unusual electrophoretic behavior of pHXBc2 RF I. 

Unusual DNA structures at Site I may represent targets for the enzymatic 

machinery involved in proviral integration, Strong selectivity in the retroviral 

integration process has been found in other systems. Rohdewohld et al -. found 

that MoMuLV preferentially integrates into chromatin regions located within a 

few hundred base pairs of DNase I hypersensitive sites (23). Shih et al. found 

that certain primary DNA sequences are present in provirus flanking regions at 

much greater frequency than expected solely by chance. In addition, they have 

postulated that the preferred target sites for integrationmaybe correlatedwith 

structural aspects of the chromosomal DNA (24). Our data lends support for this 

hypothesis. Sequence analysis of Site I revealed AT-rich DNA sequences composed 

mainly of alternating purines andpyrimidines (simple DNA) similar to those found 

upstream of the Drosoohila heat shock hsp70 gene (25). Therefore, Site I may 

constitute a host regulatory element which may facilitate activation of the HIV 

provirus under certain stimuli such as heat shock. 

AT-rich sequences (ARS) have been shown to be origins of replication h 

e, which require an 11 bp consensus core sequence (TAAACATAAAA), in addition 

to variable AT-rich flanking sequences (26-31). DNA unwinding at yeast origins 

of replication is promoted by ARS (29-31). In addition, ARS sequences are 

cleaved by mung bean and other single-strand specific nucleases when present in 
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naked DNA (30, 31). Sequences at position 209-219 adjacent to Site I (Fig. 5) 

show a 9 bp homology to the 11 bp ARS consensus sequence (30). Therefore, one 

might speculate that ARS sequences around Site I may regulate local DNA 

replication and chromatin structure. 

The significance of unusual DNA structures located within the HIV proviral 

genome (Site II) is unknown. They may constitute targets for effector proteins 

involved in the control of local chromatin structure and proviral transcription. 

At present, the influence of site II on HIV propagation is being investigated. 
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