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ABSTRACT

Short inverted repeat sequences adopt hairpin stem-loop type structures in
supercoiled closed circular DNA molecules, demonstrated by Si nuclease cleav-
age. Fine mapping of cleavage frequencies is in good agreement with expected
cleavage patterns based upon the interaction between an unpaired loop and a
sterically bulky enzyme molecule. Whilst the topological properties of
underwound DNA circles depend ultimately upon reduced linkage, necessarily a
global molecular property, hairpin loop formation is an essentially local
property. Thus molecular size is unimportant for the Sl hypersensitivity of
the ColEl inverted repeat. Furthermore, a 440 bp Sau3AI, EcoRI fragment of
ColEl which contains the inverted repeat has been cloned into pBR322 where-
upon it exhibits Sl cleavage similar to ColEl in the supercoiled recombinant
molecule. The effect is therefore both local and transmissible. Direct
competition between inverted repeats in the recombinant, coupled with close
examination of flanking sequences, enables some simple 'rules' for base
pairing in hairpin loops to be formulated. Whilst limited G-T and A-C base
pairing appears not to be destabilising, A-G, T-C or loop outs are highly
destabilising.

JLNTRODUCTION

A striking feature of DNA B-form structure is its continuous symmetrical
nature (1-3). However from a functional point of view it is equally apparent

that discontinuities must be introduced into DNA structure in a sequence-
dependent manner in order to delineate functionally significant loci such as

promoters, replication origins, phasing signals and other putative sites of

DNA-protein interaction. Recently it has beccme apparent that DNA may be
rather more polymorphic and heterologous (4-6) than has previously been

considered. Many fundamental genetic processes such as RNA polymerase initi-

ation events, require localised loss of base pairing, and thus any potential
mechanism providing specific opening of the double helix is of considerable
importance.

I have demonstrated (7) that inverted repeats separated by short non-

repetitious sections of DM are specifically cleaved by the single strand
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specific nuclease Si at or very close to the centre of symmetry, provided

that the DNA is underwound in a negatively supercoiled structure. The
simplest conclusion is that the inverted repeats adopt new secondary struc-

tures, formally described by paired hairpin loops, which on theoretical

grounds should be stabilised by the free energy of DNA supercoiling. Whilst

cruciform and similar secondary structures have been proposed for particular
DNA sequences for many years (8), no direct evidence has previously been

available.
In this paper I present more detailed evidence for the adoption of hairpin

structure by the ColEl inverted repeat, and demonstrate that the property is

local and transmissible. Furthermore, by close examination of sequences

flanking the inverted repeats, coupled with competition experiments in a

recombinant plasmid, it becomes possible to propose a set of 'rules' for

constructing alternative secondary structure in DNA.

EXPERIMENTAL PROCEDURES

Plasmids

ColEl, pDS1118, pVH51 and pBR322 were grown in E. coli K12 for 16 hrs
under 150 ig/ml chloramphenicol amplification, followed by lysis and banding

by caesium chloride-ethidium bromide isopycnic centrifugation (9). Plasmid

bands were removed by side puncture, with minimal exposure to long wavelength

UV light in order to minimise nicking of supercoiled circles. Ethidium
bromide was removed by two n-butanol extractions and the plasmids ethanol

precipitated.
Enzymes

S1 nuclease was a gift from Dr. J.S. Emtage, prepared from Aspergillus
oryzae according to Vogt (10). Typical S1 reaction conditions are a 20 l1
incubation containing 0.1-1 -ig plasmid DNA, 1 u S1 (10), 30mM sodium acetate,

pH 4.6, 50mM sodium chloride and lmM zinc chloride. Reactions at 370C are

performed for 1-2 hr whilst low temperature incubations require times between
15 to 40 hr.

Restriction enzymes were obtained from either Bethesda Research Labora-

tories (BRL) or New England Biolabs.
T4 polynucleotide kinase was obtained from BRL, and DNA 5'-termini

labelled according to Maxam and Gilbert (11). T4 DNA ligase and bacterial

alkaline phosphatase was obtained from BRL.

Cloning Techniques
A Sau3AI, EcoRI digest of ColEl was electrophoresed through a 5% poly-
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acrylamide gel and the 440 bp band excised. DM@ was eluted frcm the slice
using extraction in 0.5M ammonium acetate, lOmM magnesium acetate, 0.1% SDS
and M.lM EDTA (11) followed by binding to and elution fram DEAE cellulose
and ethanol precipitation. pBR322 was restricted with EcoRI and BamHI, and
5'-terminal phosphate residues removed using bacterial alkaline phosphatase.
10 ng of the ColEl,Sau3AI, EcoRI fragment were ligated to 100 ng of the
phosphatase treated pBR322, BamHI, EcoRI using 0.1 u T4 ligase in 5OrM Tris,
pH 7.5, lOm!M MgCl2, 20Mt DIT and lt.M ATP for 4 hr at 150C. The ligated
molecules were used to transform CaCl2 treated E. coli K12 HB101 cells (12)
and plated onto agar containing 100 pg/ml carbenicillin (Pyopen). Colonies
were picked onto agar plates containing either 100 pg/ml carbenicillin or
10 vg/ml tetracycline (Sigma), and Ap Tc colonies selected for further
analysis. Plasmid was prepared from 0.5 ml overnight incubations using a

rapid alkaline extraction procedure (13) coupled with restriction and gel
electrophoresis to identify the required recombinants. Pure plasmid was then
prepared as above.
Gel Electrophoresis

[NA samples were electrophoresed in 1% or 1.4% agarose (14), 5% polyacryl-
amide (15) or 8% polyacrylamide sequencing gels (11).

RESULTS

Sl cleavage distribution at the ColEl inverted repeat
In a previous paper (7) I have demonstrated that restriction of single

strand specific nuclease Sl cleaved supercoiled ColEl, pBR322 and 0X174 RF
DN[ results in the generation of specific fragments, corresponding to a
highly selective cleavage by the enzyme Sl. Since Si is extremely specific
for single stranded substrates it was concluded that local unpairing was
occurring at inverted repeat sequences. In order to study the cleavage at a
specific repeat, a nearby restriction site is required, together with a gel
electrophoresis system capable of resolving fragments differing in length by
single nucleotides. The ColEl repeat lies about 98 bp on the origin side of
the unique EcoRI site (7), and fragments of this size range are well resolved
using standard sequencing gels (11). Thus ColEl was S1 cleaved at 70C and
the resulting 5' ends labelled using y-32 and T4 polynucleotide kinaseP ATPhn 4plncloiekns
(11). After subsequent EcoRI restriction cleavage and denaturation, the
labelled fragments were examined on an 8% sequencing gel, shown in figure 1.
It is evident that whilst the cleavage appeared highly specific on gels of
lower resolution (7), we can now see that the major cleavage position is
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Figure 1

Cleavage frequency distribution by Si nuclease at the inverted repeat of
ColEl. The scheme shows the basic principle of the experiment, the sequence
of ColEl was obtained from Patient (45); ColEl was digested with Si nuclease
at low tempera re for 24 h and the 5'-termini generated were radioactively
labelled with P. After subsequent cleavage with EcoRI the -100 nucleotide
labelled fragments were examined on a sequencing geT7 the autoradiograph of
which is shown on the right.

flanked symmetrically by weaker cleavages. These cuts correspond precisely

to the central and surrounding P-O bonds of the T-T-A-C loop. Scanning the

autoradiograph followed by integration gives relative cutting frequencies of

1:2:1.
Thus the observed cleavages are well in accord with expected interactions

between a relatively bulky enzyme and a symnetrical loop/stem structure. The
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most accessible bond is at the centre of symrmetry, with decreasing access-

ibility towards the stem. Hairpin formation is stabilised by negative super-

coiling, since this corresponds to a considerable twist reduction at an

enthalpic net expense of a small number of hydrogen bonds (7). Theoretical

considerations are therefore totally in agreement with the experimental data

in support of the existence of hairpin-loop structures, or their fourstranded

equivalents (16,17).

Molecular size does not affect hairpin formation

Supercoiling is a global property of an intact closed circular DNA

molecule, whereas the S1 cleavage sites are highly localised. Is the size of

the species containing the inverted repeat of any importance therefore?

Figure 2 shows S1 cleavage site mapping for ColEl and two related plasmids
p0S1118 and pVH51. pDS1118 (18) contains all the ColEl sequence plus an

additional 5.3 kb arising from transposition of Tn 1 (Ap ) at 0.47 map units.

It can be readily seen by inspection of figure 2A, that Sl introduces
cleavages of similar selectivity into both ColEl and pDS1118. Furthermore,

measurement of longer fragment lengths indicate that in both plasmids the Si
cleavage site is 1170 ± 40 bp from the unique SmaI site, which is confirmed
by the equality in length of the weakly visible 1.2 kb fragments. Thus the

extra transposed DNA appears to affect neither the site nor the selectivity

of the cleavage reaction, i.e. hairpin formation by the inverted repeat. By

contrast the plasmid pVH51 (19) is a 'mini-ColEl', having approximately half

the genetic content of ColEl plus a small region of 080ptl90 inserted at the

EcoRI site. The deletion affects the region of the plasmid distal to the

replication origin from the EcoRI site, and so pVH51 should still retain the

ColEl inverted repeat. Figure 2B shows that this small derivative of ColEl

contains a strong cleavage site for S1 within the large (2.1 kb) HaeII frag-

ment, which also contains the EcoRI site, and that the EcoRI and S1 sites are

separated by 100 ± 5 bp. This is in excellent agreement with the S1 cleavage

position at the centre of the ColEl inverted repeat. Thus plasmid size,

covering the range 4.0 to 11.8 kb, in no way affects hairpin formation by the

ColEl inverted repeat, the molecules presumably being reduced to the same

negative superhelix density by gyrase. I have observed similarly (unpub-

lished results) that the S1 sites of pBR322 are retained in its partially

deleted counterpart pATl53 (20).
Molecular cloning of the ColEl inverted repeat

The above results begin to suggest that whilst for S1 sensitivity the
inverted repeats are required to be under torsional constraint, necessarily a
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global property of the molecule, the essential sequence information is
probably local. To test this in greater detail I decided to clone a small

fragment of ColEl into pBR322 to see if the repeat would retain its hairpin
properties in its new location. There was a second reason for this experi-
ment. As outlined in discussion it appears that large repeats to some extent

'overpower' smaller ones. pBR322 derives its replication functions from

pMBl, which is extensively homologous with ColEl (21), and the major S1
sequence in pBR322 should also be present in ColEl, although no cleavage is
observed. This is slightly canplicated, however, since in the sequence of

the mini-ColEl pAO2 by Oka et al. (22), the 11 bp inverted repeat, whilst
present, shows one nucleotide difference in the stem from the equivalent
structure in pBR322 (23). It is therefore of great interest to transfer the

ColEl repeat to pBR322, and monitor the cleavage of the pBR322 major repeat

in the recombinant plasmid.
It was noted from the sequence data for ColEl (22) that a double digest by

Sau3AI and EcoRI should yield a 440 bp fragment which would contain the ColEl
inverted repeat. This is experimentally confirmed in figure 3 which shows
Sau3AI and Sau3Al, EcoRI digests of ColEl DNA. The 660 bp ColEl Sau3AI band
is cleaved by EcoRI to give bands of 440 and 220 ±10 bp. It may be seen that

the 440 bp band is in a region of non-ambiguity and must therefore be the

fragment containing the inverted repeat. The cloning scheme I selected is

outlined in figure 4. The 440 bp ColEl, Sau3AI, EcoRI band was excised from

Figure 2

S1 cleavage site selection in ColEl, p0S1118 and pVH51. The scheme indicates
the relationship between these three plasmids. p0S1118 was derived (18) from
ColEl by transposition of Tnl at 0.47 ± 0.03 map units, whilst the deletant
pVH51 (19) retains approximately half of ColEl, shown as a heavier line. The
open triangles, marked H, are the sites for HaeII; the filled square box in
this and later figures indicates the inverted repeat.

A. S1 cleavage of ColEl and p0S1118, shown by 1% agarose gel electrophoresis
of the supercoiled plasmids, Sl linearised plasmids, and subsequently SmaI
restricted DMA. Note that in these and other experiments, the order in
which enzyme reactions are performed is important (7).

B. S1 cleavage of pVH51. 1.4% agarose gel electrophoresis of supercoiled
plasmid, plasmid cut by HaeII, EcoRI, and SI, and double digests with Si
and EcoRI, S1 and HaeII, and EcoRI and HaeII. Note that the longest HaeII
fragment (2.1 kb) is cut by EcoRI to give 1108 and 1022 bp fragments,
whilst prior S1 cleavage results in fragments of 1212 and 925 bp.
Key: cc - covalently closed supercoiled plasmid, S - S1 nuclease treated,
R - EcoRI cleaved, P - phage PM2 cleaved by HindIII, L - phage lamda
cleaved by HindIII.
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Figure 3

Cleavage of ColEl by Sau3AI with and without EcoRI cleavage. 5% polyacryl-
amide gel electrophoresis of resulting DN fragiients.
Key: P - phage PM2 cleaved by HaeIII.

a polyacrylamide gel, purified and ligated into pBR322 which had been cleaved
r swith BamHI and EcoRI. Selection of Ap and Tc reconbinants should yield

plasmids of almost identical size to pBR322, but containing the ColEl

inverted repeat flanked by BamHI and EcoRI sites.
Figure 5 shows the restriction characterisation of one such plasmid,

pColIR215. Figure 5A shows the mobility of supercoiled pBR322 and pColIR215
on gel electrophoresis in agarose to be very similar. Cleavage with EcoRI to
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CCTAG
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Figure 4

Cloning scheme to construct a recombinant plasmid derived from pBR322
containing the 440 bp Sau3AI, EcoRI fragment of ColEl which includes the
ColEl inverted repeat. Note that this method depends upon the comnon CTAG 5'
termini left by both BamHI and Sau3AI restriction cleavage which may there-
fore be ligated together. Since the base adjacent to the Sau3AI recognition
sequence happens to be another cytosine (22), the resulting junction in the
recombinant is a new BaiHI site.

1279



Nucleic Acids Research

u1

a431-

cl a, r-
r:, C\ r4

cO orav_ ecoD r St X co :fE Z, 11rl

18033 SLZ

- ZgZ£
- o

cn 3103

I uew6ej;

0 0 V

"I ~~N
v vN -

M 9 I IzE1. m
.5 m
w zzu

ir- S t Z
0
u
w zzc

9 L z
u
u

ZZIE

1280



Nucleic Acids Research

give full length linear species reveals the slightly greater length of

pColIR215, but a double digestion with EcoRI and BamHI gives identical length

fragments of 3.99 kb, with faintly visible short fragments of unequal length.

Using the better resolution for smaller fragments of polyacrylamide gel

electrophoresis, shown in figure 5B, it can be seen that double digests using
EcoRI with either Sau3AI or BamHI result in the production of a fragment
identical in size with the original ColEl Sau3AI, EcoRI 440 bp fragment. All

the remaining EcoRI, Sau3AI bands fram pColIR215 arise from pBR322 sequences.

I have subsequently confirmed the nature of the inserted MA by Gilbert-Maxam

sequencing (11) fram the EcoRI site (not shown).
A cloned ColEl inverted repeat retains its sensitivity to Sl nuclease

Figure 6 shows the results of S1 digestion followed by restriction

cleavage of the recombinant plasmid pColIR215. Agarose gel electrophoresis
of supercoiled pColIR215 cleaved by Sl at 50C and subsequently cut with AvaI
or SalI localises the S1 cleavage site to the EcoRI end of the inserted ColEl
DNA. Finer mapping using HinfI, shown in figure 5B, demonstrates that the S1

cleavage site lies at 2 ± 3 bp from the centre of the ColEl inverted repeat.

Thus it is evident that pColIR215 is cleaved specifically at the position of

the inserted ColEl inverted repeat in an identical manner to its cleavage in

the parent plasmid. Thus the requirement for local sequence information only
is proven. This experiment further demonstrates that the ability of inverted
repeats to form hairpin structures is transmissible. Whilst this is clearly
of considerable importance in its own right it serves further to demonstrate

that cloned DNA from any given source can be probed with S1 nuclease for

similar hairpin features.

Figure 6A also illustrates the competitive nature of the S1 cleavage.

Figure 5

Restriction enzyme cleavage analysis of the recombinant plasmid pColIR215.
The scheme shows the expected distribution of restriction targets, based upon
the cloning scheme shown in figure 4. Open triangles denote HinfI target
sites.

A. 1% agarose gel electrophoresis of supercoiled, EcoRI cut and EcoRI, BamHI
cut pBR322 and pColIR215.
Key: cc - supercoiled plasmid, P - phage PM2 cleaved by HindIII.

B. 5% polyacrylamide gel electrophoresis of fragments of ColEl, pBR322 and
pColIR215 derived by double digests with EcoRI and either Sau3AI or BamHI.
The first track contains some of the purified 440 bp ColEl, Sau3AI, EcoRI
fragment used in the construction of pColIR2l5.
Key: P - phage PM2 cleaved by HaeIII.
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Figure 6

Si cleavage site selection in pColIR215.

A. Canparison of Si cleavage sites and selectivity in ColEl, pBR322 and
pColIR215 1% agarose gel electrophoresis of supercoiled plasmids, S1
linearised plasmids and restriction enzyme cleaved S1 cut plasmids.

B. 5% polyacrylamide gel electrophoresis of HinfI fragments of pColIR215 with
and without prior S1 cleavage.
Key: cc - supercoiled plasmid, S - S1 nuclease digestion at the temper-
ature indicated by the subscript, P - phage PM2 cleaved by HindIII. Refer
to the scheme in figure 5 for the position of relevant restriction enzyme
targets.

This figure shows the result of SalI restriction of $1 cleaved pBR322 at

200C. The major inverted repeat is cleaved, albeit rather weakly under these
conditions, whereas in pColIR215 under the same conditions this cleavage is

virtually abolished, replaced by the far stronger cutting at the inserted

1282

I ~~~~~~~10dou r &s



Nucleic Acids Research

ColEl repeat. Si cleavage of pColIR215 is totally dominated by the ColEl

repeat over a range of temperature. It is to be concluded that the ColEl

hairpin structure is of considerably greater stability than even the major
repeat of pBR322. As discussed below, this conclusion has informative
ramifications concerning the effects of nucleotide mismatch on hairpin
stability.

DISCUSSION
Global linkage properties produce local structural perturbation

The evidence presented above argues strongly for the adoption of hairpin
loop structures by inverted repeats in supercoiled MA. This is the first
hard evidence for such features in double stranded DNA and is of intrinsic

importance in addition to being of considerable significance for several

functional aspects of DNA. The requirement for negative superhelicity should

be stressed. The majority of natural [NI molecules are either explicitly or

intrinsically supercoiled (24) and thus are likely to be under torsional

constraint at some stage of their existence. ED underwinding is an energy

requiring process either dependent upon the continuous binding of coiling
protein (histone) (25) or linkage reduction by an ATP dependent enzyme

(gyrase) (26). It seems likely that the cell should expect some return on

its investment of energy in this process, and negative supercoiling has been

implicated in replication (27), transcription (28-33) and recombination (34).
However, supercoiling is a global property of DNEA molecules and so mechanisms
which convert global to local constraint are sought. Supercoil driven
hairpin formation is just such a mechanism.

The data above show that adoption of hairpin structure by an inverted
repeat is independent of the size of the molecule. EDN can be deleted out

of, or transposed into, ColEl without affecting the S1 cleavage of the

inverted repeat. More significantly, a relatively small fragment containing
this inverted repeat can be cloned into pBR322, whereupon the repeat adopts

the hairpin structure in the recombinant molecule. The effect is therefore

demonstrably local and transmissible. There is, furthermore, an interesting
element of competition involved, since larger repeats tend to 'overpower'

smaller ones. S1 cleavage at the major inverted repeat of pBR322 becomes
insignificant once the larger ColEl repeat is recombined into the same
molecule.

Thus the inverted repeats exert a pronounced conformational effect upon
the molecules in which they exist in a manner which has the following
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interesting properties: the effects are (i) local, (ii) transmissible, (iii)

hierarchical and (iv) necessarily cis-acting. These are just the properties

which might be required in a transposable controlling DNA segment.

Hairpin base-pairing 'rules'
Further analysis of the competitive aspect of these structures, coupled

with examination of flanking DNA sequences, allows the formulations of some

elementary 'rules' for alternative structure in DNA. Table 1 shows the seq-

uences of five inverted repeats which exhibit hairpin loop formation (7),
together with their flanking sequences. Table 2 lists these same repeats in

decreasing order of cleavage specificity, including two more repeats identi-
fied in the pBR322 sequence by computer analysis, and which are insignifi-

cantly S1 cleaved. It is to be expected that hairpin stability will be

proportional directly to stem length (or, more precisely, to the length of

the entire unit) but inversely to loop length. Thus the repeat of ColEl will

relax approximately 10% of the torsional constraint at the expense of merely

four sets of base-pair hydrogen bonds and stacking interactions. It can be

seen that the tabulated repeats conform closely to these requirements, with

stem length possibly being slightly more important than loop length. Retur-

ning to Table 1, examination of the ColEl repeat indicates that no extension

Table 1: Inverted repeat sequences (underscored) shown (7) to be cleaved by
S1 nuclease with high specificity, with some flanking sequences.

1284

Site Sequence Source of original
sequence data

ColEl A (45)
TATMCATcC AGGT AACGcCTrG'rcTG

pBR322 GCAAACAACCACCGCrGGT±GkJ±1±1TTTTTTG (23)
major IGGCGACATCGCCACCAAAAAAACA

pBR322 A (23)
minor TATAGI'ITICCTAGAAGTCTAGGAAAATFrAAr

pBR322 CAGAAAAAAAGAAGATCCTGATC¶IIA (23)
sub-minor G,±t±±l llll.±AGAGICTAGGAAACTAGAAAGAT

0X174RF A (46)
__GCFI~GCATFITMAAT~AAMACGCGACTCCC
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Table 2: Tabulation of inverted repeats found (7) as S1 hypersensitive sites
in decreasing order of cleavage frequency.

*
These repeats found by computer analysis of the pBR322 sequence correspond
to no observable S1 cleavages.

of the symmetry is possible by manipulation of the flanking sequences. This

sets a standard with which to compare the other sequences.

Firstly, the cleavage of the ColEl and 0X174 repeats are of similar
specificity, consistent with their similar stem lengths. However, the 0X174
stems require the formation of one set of non-Watson-Crick purine-pyrimidine
approximations. Therefore it can be concluded that G-T and A-C pairs do not

result in a major loss of stability. Secondly, using the flanking region of

pBR322 major, the stem size can be increased from 11 to 16 provided a single
pyrimidine-pyrimidine or purine-purine approximation is made, see Table 3.

Such an increase in stem length should make this structure considerably more

Table 3: Pseudo-symmetric extension of loop-stems for two inverted repeats
from pBR322, which are also present in pColIR215.

pBR322 major:

GCAAA CA AACC CGCT G TA GC GGTGGGTTT TT TT T

C GT TT GT TT G G GGC GACCA GCj C AC CAAAAAAA CA

pBR322 sub-minor: A T
_G c

C AGAAAAAAAG GATC TCAAGA AGAT CC TT T TTTTCTA
G TC TT TT TT TC CT AGAG TT CT TC TA GG AAA AAAAGAT

C G
TA
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stable than the ColEl repeat. The results frcm the recombinant pColIR215

refute this entirely, however, and thus these A-G and T-C base pairs ate

clearly highly destabilising. Thirdly a similar analysis of the flanking

region of pBR322 sub-minor repeat allows a similar exclusion of 'loop-out'
structures, shown in Table 3. If four nucleotides are looped-out of the stem

of one side of this repeat the new stem size becomes 15. This would once

again result in a hairpin of at least comparable stability to that of ColEl.

That this is again contrary to the pColIR215 data indicates that loop-outs
must be destabilising.

Clearly the requirements for alternative secondary structure are quite

rigorous. This is to be expected, for the hairpin loops, unlike comparable
structures in single stranded nucleic acids, are always in competition with

perfect duplexes. Of course one cannot exclude specific protein binding
resulting in the stabilisation of particular structures of lower inherent

stability, but in sunmary the following 'rules' emerge from this analysis:
i) Limited A-C and G-T pairing is permissible;

ii) A-G and C-T pairing are excluded;
iii) Loop-out sections are excluded.

These conclusions are in good agreement with the thermodynamic consid-
erations of Tinoco, Uhlenbeck and Levine (35), and can be considered as an

experimental verification in the case of double stranded DNAA, subject to

reservations concerning the small data base and consequent inability to

consider nearest-neighbour interactions.
Some functional implications

Perhaps the most frequently postulated hairpin regions are replication
origins. Indeed one can select many such structures from the pages of the

1978 Cold Spring Harbor Symposium. Yet almost all these proposed loops break
one or more of the above rules, and certain specific cases may be excluded.

The ColEl replication origin (36,37) is clearly not a strong Sl site, and
this is true also for the replication origins of the papova viral DNAs

(D.M.J. Lilley, in preparation). Thus these regions do not adopt hairpin

structures unaided, although specific replication proteins may bind to and

stabilise similar structures.
Hairpin loops are also possible gene promoter contenders, the unpaired

loop being attractive as an RNA polymerase initiation region. Again,
however, there is presently no single case of direct evidence for this,

although superhelix density has been shown (33) to modulate gene expression
in bacteria. In the case of eukaryotes perhaps the whole issue of promotion
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is still somewhat contentious, but the structure of the Ad2 major late

promoter mapped by Ziff and Evans (38) apparently breaks none of the above

rules, and would provide a most interesting Sl cleavage substrate in cloned

closed circular form. Inverted syrmmetry has also been noted in the region of

the capping site and TATA box of the mouse a-globin gene (39). Class III

genes are turning out to provide a fascinating exception to dogma inherited

fram bacterial molecular genetics (40,41), which could be related to the

pronounced secondary structures of their transcripts and, thus, inherently of

the genes themselves.

A third cellular process which might take advantage of localised un-base-

pairing is genetic recombination. It has been proposed (42) that the form-

ation of Holliday-type intermediates (43) in recombination events may require
the interaction of two homologous unbroken strands, and it seems possible
that hairpin-type structures might be the sites of primary interaction. Long

range interactions of a similar nature may be important in the somatic

recombination events thought to occur in immunoglobulin gene rearrangement

(44).
In sumnnary M?IA under topological constraint can exhibit alternative

secondary structure, subject to some rather stringent symnetry requirements.
Hairpin loop formation is a local property which is transmissible and

cis-competitive. Specific functional significance is unclear, but the

general phenamenon is of considerable importance to many dynamic properties
of DNA.
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