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I. INTRODUCTION

Fundamental Features of Gene Expression

Substantial advances have occurred in the past
15 years towards understanding various facets of
genetic regulation. During that time our
knowledge has progressed from vague genetic
concepts to a clearer biochemical and physical
comprehension of certain control elements. For
example, detailed information is presently
available on the molecular interactions involved
between certain operators and repressors, as well
as between some promoters and RNA poly-
merases.

At the heart of a complete and fundamental
understanding of gene regulation is the precise
interaction of a specific region of DNA with a
regulatory protein. For years it has been known
that this interaction is exquisitely specific and
leads to very tight binding in some cases. In order
for a region of DNA to be recognized as a “specific
site” it must have structural features which make
it distinctive from other regions of DNA. A
complete understanding of this interaction
requires detailed knowledge of the kinetics and
thermodynamics of this process and detailed
information on the structural features involved in
the recognition interaction.

Numerous excellent review articles have
appeared on the genetic aspects of gene reg-
ulation.’™ In addition, other reviews have dealt
extensively with the proteins involved in gene
expression.*® Due to space limitations this review
will not deal primarily with these topics.

This review will place special emphasis on
consideration of the réle of DNA conformation in
gene expression. The hypothesis at the foundation
of this concept is that DNA does not have the
same conformation throughout its entire length;
instead, it has interesting structural variations at
certain positions. A corollary to this hypothesis is
that DNA structure is not unalterable but may be
perturbed when certain proteins are bound. At the
outset it should be emphasized that proof for this
hypothesis is only beginning to emerge. Only
recently data have been presented which indicate
that chromosomal DNA does not have the same
static conformation throughout its entire length.
Likewise, recent data suggest that neighboring
nucleotide sequences can mutually influence the
dynamic properties and conformations of each
other. Rigorous proof of these concepts must
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await further studies, but they are of fundamental
importance to our eventual understanding of the
details of DNA conformation in gene regulation.
Emphasis will be placed on the work from this
laboratory since only a few other groups have
addressed the problem at this place on the
spectrum between the pure physical chemistry of
nucleic acid structures through DNA biochemistry
to pure genetic analyses. Also, this review is not
intended to be comprehensive. On some topics it is
necessarily speculative; however, it is hoped that
the hypotheses presented will provoke revealing
experiments.

In past years, this problem has attracted only
modest interest from an experimental standpoint.
This is due to the lack of appropriate probes for
determining unique configurations, and to the
extent of sensitivity required for detection. Since
it appears certain that structural anomalies in
chromosomal DNA cannot be detected with
composite measurements (such as circular dichro-
ism, nuclear magnetic resonance [NMR],
spectroscopy, or X-ray diffraction on high molec-
ular weight molecules [see below]), it follows that
such regions must be present in very small
amounts per molecule. This is consistent with the
notion that they may exist at regulatory sites. In
order to determine the existence of such regions,
sensitive monitoring agents, such as repressor-DNA
interactions, are necessary. Also, very sensitive
probes are required such as the single-strand-
sensitive-specific nucleases which have high
specificity for single-stranded, compared to
double-stranded, nucleic acids.

DNA Structural Features Which May Be
Recognized by Regulatory Proteins

At the outset it will be useful to consider the
possible types of nucleic acid structural features
which may be recognized by special proteins.
Some of these structural features have been
discussed previously by von Hippel’ in a short
article which showed considerable insight into the
possible role of nucleic acid configuration in
protein recognition.

Single-stranded DNA

True single-stranded regions — If a polynucleo-
tide chain is single stranded, e.g., completely
devoid of ordered structure, it would contain an
abundance of specific sites to which a regulatory
protein may attach. These would include the
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heterocyclic bases as well as the phosphate and
sugar moieties. However, most DNA genomes are
not single stranded but are double stranded; thus,
we shall not consider this possibility further. In
addition, it is apparent that even single-stranded
polynucleotides are not completely devoid of
ordered structure;® however, in any case, an
abundance of structural information is readily
available for protein recognition.

Double-helical regions within “single-stranded™
genomes — As described below, at least three DNA
viral genomes which are considered to be primarily
“single stranded” (i.e., do not exist as a double-
stranded or replicative form within the virus
particle) contain substantial amounts of double-
helical hairpin loop regions according to their
sensitivity to certain DNA restriction endo-
nucleases. These DNAs are from ¢$X174, M13, and
fd viruses. In addition, recent sequence studies® on
single-stranded RNA genomes suggest that the
RNAs may be folded into highly ordered
configurations. The double-helical regions in these
single-stranded viral genomes could serve as
recognition benchmarks for biological processes
such as recombination'® or replication.!!
Additional specificity in the system could be due
to “frayed” polynucleotide regions near the helical
segments; protein recognition of these frayed
regions near the helical segments would provide
for a greater degree of specificity than might be
found in a completely double-stranded DNA.

Double-stranded DNA

Recognition of double helix — If there are no
structural anomalies in duplex DNA genomes, €.g.,
base pairs in chromosomal DNA only exist in a
typical B configuration (see below), regulatory
proteins must recognize structural features of the
double-helical molecule. Examination of a mole-
cular model of DNA reveals that the unique
features (base sequences) of regulatory regions of
DNA are well protected within the helical struc-
ture. In the major groove, only the six and eight
positions of purines and the four and five positions
of pyrimidines are available. In the minor groove,
even fewer structural features are available for
specific interactions with proteins. It is con-
ceivable that there could be sufficient specificity
in the interaction between a duplex B-DNA site
(providing a sufficiently large number of base pairs
were involved) and a regulatory protein (of
approximate molecular weight 100,000). However,

more specificity would be provided by a partially
nonhelical structure.

Partially nonhelical DNA segment — If a
regulatory region of DNA was partially nonhelical,
perhaps due to increased thermolability, this seg-
ment could be substantially more easily recognized
by regulatory proteins than helical B-DNA struc-
ture. This thermolabile region (Figure 1A) was
previously proposed as a possibility for explaining
the high degree of sensitivity of repressor binding
to Aplac DNA after treatment with S; or mung
bean nucleases. This site could be generated by
low GC content or by the presence of modified
nucleotides which destabilize the helix. Direct
studies (see below) have been performed to dis-
tinguish between models containing single-
stranded regions and those which are completely
helical.

Cruciform region — An alternate model which
contains nonpaired nucleotides is the cruciform
structure which can be generated from a number
of the regulatory regions which have been
sequenced to date (see below). However, to the
best of our knowledge, there is no direct evidence
supporting the existence of this type of con-
figuration in a natural chromosome for any sub-
stantial period of time. Indeed, some evi-
dence’2>!3 suggests that it does not exist.

A THERMOLABILITY

\

B. CRUCIFORM
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FIGURE 1. Possible models for structural irregularities
in DNA.
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However, if a cruciform exists transiently, it could
be stabilized by a suitable protein.

Helical, non-B-DNA configuration — In this
model a unique region may be totally helical but
in a different geometric configuration {(not
B-DNA) than the majority of the DNA chromo-
some. For example, tilt of the base pairs or the
helical dimensions could be somewhat altered;
such helical variances have been recognized with
DNA polymers (described below). In addition, a
previously unrecognized configuration was ob-
served at the junction of the AT blocks and GC
blocks of d(C,;sA;s) and d(T,5G,s) by high
resolution NMR studies (see below).

Protein-induced Distortion of DNA

When a regulatory protein binds to a specific
site. on DNA, it may distort that region and/or
nearby sequences. The capacity of a region of
DNA to be distorted may be an important
component in the recognition mechanism. Also,
the binding of a second protein may be influenced
by the prior binding of another protein; the
influence may be transmitted through the DNA
molecule which acts like a conduit of dynamic
and/or static structural changes. However, this
hypothesis does not resolve the uncertainty of the
mechanism of recognition by the first protein. A
portion of this model has been termed the

“director protein” concept,” and a specific hypo-

thesis was formulated to explain the capacity of
the catabolite gene activator protein to influence
transcription of the lac and gal operons.'4+! 5

I1. STUDIES WITH DNA POLYMERS
OF DEFINED REPEATING
NUCLEOTIDE SEQUENCE

In the mid 1960s, our laboratory became
interested in the concept of DNA nucleotide
sequence influencing DNA properties as an
outgrowth of our studies on the genetic code.!®
High molecular weight DNA polymers of defined
repeating nucleotide sequences were synthesized
and used as templates for forming RNAs of
defined repeating nucleotide sequence. Subse-
quently, these RNAs were used as messenger
molecules to form polyamino acids with specified
composition and sequence.

Early studies with these DNAs by several

spectral and physical techniques demonstrated
that DNA polymers with the same nucleotide
composition but different sequences had funda-
mentally different properties. The first investi-
gations which revealed these notions were
absorbance-temperature and absorbance-pH pro-
files on (dT-dC),°(dG-dA), and
(dT-dG),+(dC-dA),. In 1965 and 1967,'7-1%
analytical buoyant density analyses in CsCl
gradients demonstrated that sequence isomeric*
DNAs had different and characteristic properties.

The notion that sequence isomeric DNAs
should have different properties was unexpected at
that time, since many investigations between 1955
and 1965 on natural DNAs showed that DNAs
with the same nucleotide composition had
virtually identical properties. Some of the pro-
perties studied were X-ray diffraction (see below),
absorbance-temperature transitions' * and buoyant
density analyses.?® Thus, it was not recognized
that the studies on natural DNAs were composite
measurements on various types of sequences.
Altematively, the effect of nucleotide sequence on
DNA properties is apparent in the case of DNA
polymers, presumably because of their alternating
and repetitious sequence. Thus, any effect of
sequence is greatly magnified and not masked, or
cancelled out, by other types of sequences.

Table 1 lists the duplex DNAs which have been
synthesized. The techniques of synthesis and
characterization of these molecules have been
reviewed previously.?' DNAs of the repeating
homo-, di-, tri-, and tetranucleotide sequences have
been prepared and studied. The majority of these
DNAs were formed by a combination of chemical
and enzymatic techniques; however, five of the
most simple DNAs are synthesized by de novo
reactions. Thus, no preformed template is neces-
sary>? making their synthesis rather simple.
However, after any of these DNAs has been
synthesized and fully characterized, it is then
possible to rereplicate it so that a continuing
supply is available in principle.

QOver the past 10 years, various studies have
been performed on the physical, spectral, and
biological properties of these DNAs in an effort to
fully evaluate the influence of DNA structure on
properties (Table 2). Since the results of virtually
all of these measurements have been previously
reported and these studies have been previously

*Sequence isomeric DNAs are defined as DNAs with the same nucleotide composition but different sequences. Thus, the
arrangement of nucleotides on the complementary strands is different, but the overall composition is identical.

308  CRC Critical Reviews in Biochemistry

RIGHTS



75—08 ‘vE

6 ‘8

9% ‘St ‘€€ ‘91
PO ‘T ‘L1

8€—9¢
vT ‘€T
LY ‘6€ ‘SE ‘€T

saxapdnp owAjodowoy s13ayjuis
JO $2IM3onI1)s UO UOIIIIS 338

¥E ‘9T ‘vT

133
€ ‘1¢
o€ ‘67

87 ‘LT ‘ST €T ‘81
LT 9T €T ‘L1
ST—€T LT

aouarajay

uonONpUI UOIIJIAIU]
Surpuiq 1ossaxdar ooy
uondidsueI} onIA ug
uonediydal ona ujg
salpnjs jesrdojorg
$31pN}s 30UBUOSI O1j3uFew
Teaponu uojord uonnjosar-ysiy
e13oads ja101AETI[ )
WISTOIYDIP IB[NON))
SUONBUIWIa1AP [e110adS

uondeInp Ael-yY
AJSOOSTA
uondiosuern jo

uonIqIyul 2AN9[3s MaY) pue VN
papue1}s-o[3uls pue yYN(I Popuens
-9[qnop uUsamjaq saxajduwod papueIls

-99IY3 JO UOIBWLIO] dtj1oads oy |

uisdoriau jo Surpmg

d wofwounoe jo 3urpulg
sjuatpeId *Qgis)

pue [Ds)) ur Ajsuap juedong

Hd-eoueqrosqy

uonjisuen amjeraduway-adoueqlosqy

" SUOHJRUIUISIAP [BIISAY]

saouanboag

apnospnN Sunyeaday paurjaq Jo SVNA Xa1dng yiim paurojad saipnig jo sadAy

*AJuo asn [euosied o4

-goueytoduny
SAIE[AI IIOY} JO asnBOSq 3[qe] SIY) Ul papnpoul e
SYN( 3uruieiuod- sayJ | ., A[snotaard pamoraal sram pue
PAZ11210BIRYD PUE PIZISIYIUAS UIIQ IABY SYN(] 3saY} Jo
swos jo sando[eue apriodpnu Jurureiuos siswAjod YNJ g

Y(vp-1p-vp-op)-“(OP-10-vP-1P)
“(vp-vp-1p-9p)- "(OP-VP-Lp-1P)

siswAjod apryosponuens; suneaday
HQw.ovoE.”O_vu?%v
:Evﬁvoe. :C?EIEV
=A<?<v03.= Op-1p-1P)
:Cb.,ﬁv&.wv. (LP-VP-VP)
=22v03.=6v<:3
(ve-vp-OP)- "(Dp-LP-1P)

sidwAjod sproadjonuiny Juneaday
“(vp-5p)-"(Op-1D)
“(vp-op)-"(5p-1P)

s1swAjod apriosponuip Suneadsy
“p-1p)-*(OP-1P)
=Ov03.”6v03
Y(1e-ve)-“(1p-vp)

saInonis Arejuswaldwod-Jlas yiim sasuanbas Suneadoy
Y(op)-"(1p)
“op)-"(op)

u u

(LP)- (VP)

srowAjodowoy Junesday

pSaouanbag
Suneadsy yYum  spwihlog VNA  papuens-ajqnoQq

1d74vV.L

ZT/20/T0 U0 9ET HE'E9T"68 AQ WO0'3. 20U} [BaLBLLLIOJU | WO} papeojumoq ABO(01g e nadjo A pUe AIISILBLDOIE Ul SMBIASY [BI1LD

309

January 1977

i,

RIGHTS



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

reviewed in part,2! they will only be summarized
at this point. (The X-ray results are discussed
separately below.)

Polymer nomenclature is in accordance with
the IUPAC-IUB recommendations. Thus, poly(dT-
dG)-poly(dC-dA) is a doublestranded DNA with
precisely alternating dG and dT moieties in one
strand and alternating dC and dA moieties in the

complementary strand. An alternative form of.

nomenclature for this DNA is (dT-dG), -(dC-dA),.
However, the value of n is not necessarily the same
in all cases, neither for this example nor for the
DNAs shown in Table 1.

The polymer nomenclature was designed to
show the repeating, complementary, and anti-
parallel nature. Thus, poly(dT-dA-dC):poly(dG-
dT-dA) stands for the polymer which has the
deoxy sequence ...pTpApCpTpA... in one
strand and ...pGpTpApGpT ... in the comple-
mentary strand, both of which are written with
the 5'-hydroxyl on the left and the 3"-hydroxyl on
the right. The nucleotides at the beginning and
ends of the polymers are unknown. Thus, the
above example could equally well be designated as
(dA-dC-dT), -(dA-dG-dT),.

The general conclusion from all of these deter-
minations is that sequence isomeric DNAs do not
have identical properties; instead, they have
different and characteristic properties. In each
group of sequence isomeric DNAs a polymer with
both purines and pyrimidines in each comple-
mentary strand usually has properties closer to
those of naturally occurring DNAs than the
polymer containing all purines in one strand and
all pyrimidines in the complementary strand.
Moreover, there is greater variance in virtually
every measurement between properties of the
more simple sequence isomers [i.e., between
(dG-dC),+(dG-dC), and (dG),*(dC),] than
between the more complex sequence isomers
[ie., between (dT-dT-dC),-(dG-dA-dA), and
(dT-dT-dG),,*(dC-dA-dA),]. The repeating tri-
and tetranucleotide polymers resemble each other
and natural DNA more closely than do polymers
with only two complementary nucleotides.

Two of the early key determinations performed
on solutions of DNA polymers were absorbance-
temperature transitions and analytical buoyant
density gradient studies. A great deal of informa-
tion was obtained from absorbance-temperature
transition studies with the DNA polymers, and this
information has been reviewed.?! One of the more

310  CRC Critical Reviews in Biochemistry

striking conclusions is that sequence isomeric
DNAs do not have identical helix-coil transitions.
Instead, sequence isomeric polymers have T,
values which differ by as much as 9°C.

In addition, analytical density-gradient centrifu-
gation studies in both CsCl and Cs, SO4 solutions
have been performed at both pH 7.3 and
12.5.'8:23,27 Each polymer has its own charac-
teristic and unique density value. This behavior
was unexpected since studies with natural DNAs
had demonstrated direct relationships between
buoyant density and nucleotide composition in
both salt solutions.2?°*% Also, natural DNAs with
the same nucleotide composition had the same
buoyant density.

Figure 2 shows a composite of helix-coil tran-
sitions and CsCl buoyant density determinations
for 12 DNA polymers. This empirical relationship
demonstrates that the isomer with the greatest T
value always has the smallest density (data points
for sequence isomeric DNAs are connected). In
addition, the points for the sequence isomers do
not fall in the line generated from values with
natural DNAs, but tend to straddle this line with

the exception of (dT-dA-dC),*(dG-dT-dA), which
has an unusually high density.>!>*3 The detailed
explanation of buoyant density and helix-coil
transition data requires a quantitative knowledge
of the polymer properties governing these mea-
surements. A complete understanding is not yet
available for either measurement; thus, it is not
possible to fully define the reason for this
behavior. However, these composite data clearly
indicate that the data for natural DNAs are an
approximate average of the DNA polymer values.

Most of the determinations listed in Table 2 are
inadequate for providing fundamental information
on the absolute conformation of a DNA polymer.
Instead, most determinations measure differences
in the property in question for the DNAs under
study. Only X-ray diffraction measurements on
oriented fibers provide static structural informa-
tion. The results of these studies are described
below. Also, high-resolution NMR studies show
promise for revealing detailed conformational
properties of DNA.>® However, these studies are
in their infancy; comparative determinations with
a variety of DNAs and the interpretation of these
results are not yet available.?®>'¢5 However, as

described below, high-resolution NMR studies on

the DNA block polymer (dC1 I3 AIS)'(dTl sdG] 5)
revealed that three to four A-T pairs at the
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FIGURE 2. Ty, as a function of CsCl buoyant density for synthetic DNAs.
The solid diagonal line (dotted for extrapolation) represents the expected values
for natural DNAs of various base compositions. The density standard is Escheri-
chia coli DNA (1.703 g/ml™"). The point for AAT-ATT is extrapolated from
the published information®* and the Ty, data for the polymers containing G and
C are extrapolated from the observed data.?® Whereas it is realized that large
errors may be made in the latter extrapolations, these points are included solely
for the sake of comparison. The extrapolated TM value for (dG)n-(dC)n at this
salt concentration is 106°C. Cesium chloride density studies on this DNA have
not been successful due to aggregation problems; similarly Cs, SO, measurements
are beset with difficulties but it is clear that the values?® are greater than those
found for (dG-dC)p,-(dG-dC)y,. Thus, since the same ordering of densities is found
in both CsCl and Cs, SO, solutions, (dG)no(dC)n is probably more dense than the
alternating polymer in CsCl solution. Hence, this pair of sequence isomers also
conforms to the observation described in the text. (From Wells, R. D., Larson, J.
E., Grant, R. C., Shortle, B. E., and Cantor, C. R., J. Mol. Biol., 54, 465, 1970.
With permission.)

junction of the A-T and G-C blocks have a
configuration different from the remainder of the
A-T pairs in the block polymer, as well as those in
any other A-T polymer examined to date.>® In the
future, this technique may be useful for obtaining
a detailed structure of nucleic acids.

III. THE STRUCTURE OF DNA
DUPLEXES: X-RAY STUDIES

Classical DNA Structures (A, B, and C)

To date, most of the information concerning
the three-dimensional conformations adopted by
DNA duplexes has resulted from X-ray diffraction

studies of oriented fibers of high molecular weight
DNA. For instance, such studies have shown that
the Watson-Crick base-paired double helix can be
observed in two different conformational forms,
designated as A-DNA and B-DNA (Figure 3),
depending on the environment of the DNA
molecules in the fiber.5*»°% At high relative
humidities (most likely corresponding to high
levels of hydration of DNA in the fiber), the
B-DNA conformation is usually observed, whereas
the A-DNA helix is seen at lower humidities (Table
3). A reversible transition between these two
forms can be induced by appropriately raising or
lowering the hydration of the fiber.%%:%¢ Salt
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FIGURE 3. Helical projections for (A) A-DNA, (B) B-DNA and (C) D-DNA. Two helical turns are represented for each
duplex conformation. All atoms of the bases are indicated as large circles, whereas atoms of the sugar-phosphate backbones
are shown as smaller circles with carbon atoms smallest, oxygen atoms intermediate in size and shaded, and phosphorus

atoms largest and unshaded.

content and hydration affect the allowable confor-
mations of DNA molecules in fibers. At suffi-
ciently low ion concentrations, only A-DNA is
seen independent of the relative humidity, while at
high salt contents only B-DNA is seen. As with
relative humidity, increasing the ion content of a
DNA fiber containing duplexes in the 4-DNA
form induces the 4-DNA - B-DNA transition.
X-ray diffraction data from the A-DNA and
B-DNA conformations have been analyzed exten-
sively,’ 7"¢? and well-defined molecular models for

312 CRC Critical Reviews in Biochemistry

both of these helices are available.®' The two
forms are quite dissimilar in three-dimensional
structure. The B-DNA helix has a rise per residue
(h) (the distance between successive base pairs in
the helix measured along the helix axis) of 3.38 A
with ten base pairs per turn of helix (turn angle
per residue (t) equal to 36°), whereas A-DNA has
h = 2.56 A and eleven residues per turn (t = 32.7°)
(Table 4). The shorter rise per residue in A-DNA
reflects the positioning of the bases in the mole-
cule. The base pairs are out from the helix axis and
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TABLE 3

Effect of Humidity and Salt Concentration on DNA Conformations

Calf thymus Nonclassical
Environment DNA (dA),-(dT), (dG),- Oy, DNAs

Low salt, A B’ A D
all humidities

Slight salt, A B’ A D
low humidity

Slight salt, B B’ (A+B) (D)
high humidity

Intermediate salt, C (B") (A + B) (B)
low humidity

Intermediate salt, B B (A+B) B
high humidity

High salt, B Three stranded B B

all humidities

Note: DNA conformations are listed as their single letter prefixes. Parentheses imply that the

For personal use only.

listed conformation has not been extensively studied under these conditions and should
be regarded as a tentative assignment. A + B means that the diffraction patterns show a
mixture of A and B forms. Nonclassical DNAs are defined in the text. Calf thymus DNA
should be considered representative of most DNAs having relatively random base
sequences. Salt concentrations are difficult to characterize in fiber diffraction
experiments. In general, low salt implies 0 to 2% excess Na* over the amount needed to
counter the DNA negative charges in the fiber, slight salt is taken as 2 to 4% excess salt,
intermediate salt is 4 to 6% excess and high salt is 6% excess and above. Humidities are
more well defined; low humidity is taken as 0 to 75% relative humidity and high humid-
ity is taken as 75 to 100% relative humidity.

TABLE 4
Structural Parameters of Polynucleotide Duplex Conformations

Base pair parameters

3Values are for a representative C-DNA structure (see text).

Helix Helix Rise per residue
conformation symmetry (A) Tilt() Twist(®) ¥C) R(A)
A-DNA 11, 2.56 19.3 -3.2 20.2 4.5
B-DNA 10, 3.38 -5.9 -2.1 6.3 -0.2
C-DNA? 28, 3.31 -8.0 1.0 8.0 -0.9
D-DNA 8, 3.03 -16.0 5.6 16.4 ~1.8
B'-DNA 10, 3.29 -7.9 -1.0 8.0 -0.1
A-RNA 11, 2.82 16.0 -6.9 17.4 44
A'-RNA 12, 3.00 10.0 -7.6 12.5 4.5

Note: Selected conformational features of DNA and RNA double-stranded helices are listed.

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12

Helix symmetry is given as N, meaning N residues per m turns of helix. Marvin et al.**
describe tilt and twist angles in greater detail. Tilt is essentially the angle base pair planes
make to the helix axis, while twist is the angle between base planes in a base pair (bases
are not coplanar in a base pair, but are related like the blades of a propelier). Tilt and
twist angles can be easily visualized in Figure 4. v is a composite of tilt and twist and is
described in the text. R is the x coordinate of purine C8 in the helix (as described in
Reference 65) and represents the distance of base pairs from the helix axis. Positive and
negative values of R denote opposite directions from the helix axis, as can easily be seen
in Figure 4.
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are skewed (Figure 4) so that a line perpendicular
to the plane of any base in the duplex makes an
angle (designated as )52 of 20.2° with respect to
the helix axis. On the other hand, in B-DNA the
base pairs are positioned astride the helix axis and
are more closely perpendicular to it (y =6.3%). In
addition to differences in base positioning, the two

"duplex geometries exhibit differences in the

conformations adopted by the furanose ring
groups in the molecule. In 4-DNA the sugar rings
are puckered in the C3-endo manner (sugar ring
pucker nomenclature is described in 63), whereas
in B-DNA the rings adopt the C3-exo pucker.

All polynucleotide structures analyzed to date

PANY

FIGURE 4. Dinucleotide residue projections for polynucleotide helix conformations. Two base pair residues are shown
in projection both parallel and perpendicular to the helix axes for A-DNA (A and D), B-DNA (B and E) and D-DNA (C
and F). The upper base pair is accentuated in each illustration for clarity. Helix axes in the projections are represented as
crosses in A, B, and C and vertical lines in D, E, and F. (Courtesy of Drs. Andrew Leslie and Struther Arnott.)
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(including one-, two-, three-, and four-stranded
complexes of both RNA and DNA) can be
conveniently classified according to sugar ring
pucker into two separate families of conforma-
tionally similar helices.®? One, designated as the B
family and including B-DNA, has C3-exo (or very
similar C2-endo) sugar ring puckers; the other,
denoted as the A family, has C3-endo rings as in
A-DNA. Interestingly, only DNA-DNA double-
stranded helices have thus far been found to
display B geometries. All complexes containing
one or more RNA strands display A conforma-
tions.66773

The relative base pair positioning in A- and
B-DNA drastically affects the overall morphologies
of the two helices (Figure 3). In A-DNA the major
groove of the molecule is quite deep and the minor
groove is shallow, whereas in B-DNA the major
and minor grooves are relatively equal in size and
depth.

At low relative humidities, DNA fibers having
salt contents intermediate to those favoring
A-DNA and B-DNA forms exhibit X-ray diffrac-
tion patterns similar to but distinct from B-DNA
patterns.

Under these conditions, analysis of these
patterns has indicated that DNA duplexes can
adopt a series of closely related structures
(collectively designated as C-DNA forms), all of
which are essentially slightly distorted B-DNA
helices.®4+®5 C-DNA structures exhibit ranges of
rises per residue (h = 3.31 to 3.4 A) and turn
angles per residue (t = 36 to 40°), but are all
examples of B geometry, having C3-exo sugar rings
and bases near the helix axis. Transitions from
C-DNA forms to B-DNA can be affected by
increasing the hydration of DNA fibers.

Structures of Synthetic Homopolymer Duplexes

While the A-, B-, and C-DNA conformations
described above were originally observed with calf
thymus DNA, studies have indicated that these
conformations are common to all DNAs having
relatively random nucleotide sequence and com-
position.”* More recently, however, X-ray studies
of DNA duplexes containing simple, repeating
sequences indicate that certain of these helices can
exhibit geometries different from the classical
forms.

The synthetic homopolymer duplex (dA),-
(dT), has been found to adopt only one confor-
mation — a tenfold helix having a rise per residue

of 3.29 A.”® This form, designated as B"-DNA, is
extremely similar to B-DNA, with the bases being
only slightly more skewed to the helix axis (y =
8%). No 4-DNA form has been found for (dA),-
(dT), at low relative humidities or salt contents,
whereas at high salt contents (dA),*(dT), fibers
disproportionate to a triple-stranded helix,
2(dT),*(dA),, plus residual (dA),.”* This triplex
is conformationally similar to previously analyzed
triplexes, (A),-2(U),, (dA),-2(U),"® and
(A),-2(D),,”7 since all display 4 geometry with
C3-endo sugar rings and bases out from the helix
axis. The bases of the “extra” strands in the
complexes hydrogen bond to the adenine poly-
nucleotides in a Hoogsteen manner.”%™7”7 Interest-
ingly, the possibility of isogeometrical base triplets
between adenine and thymine (or uracil) and
between guanine and cytosine’® implies that
triple-stranded structures should be allowed
between any polypurine and two polypyrimidines
of appropriate sequence. The finding that
(dA-dG),*(dC-dT), can form a triplex with
(C-U), and that DNAs with both purines and
pyrimidines in both complementary strands do not
form triplexes with their complementary RNAs
strongly supports this contention.

In contrast to the single nonorthodox confor-
mation of the (dA),-(dT), duplex, (dG),*(dC),
complexes display only the classical forms, A-DNA
and B-DNA.”® However, it is noteworthy that, as
opposed to the lack of any A-like geometry for
(dA),(dT),, the (dG),+(dC), helix seems to
prefer the A-DNA form. While a transition to
B-DNA can apparently be effected at higher sait
concentrations, only a partial transition occurs
under conditions that would normally result in a
complete conversion of calf thymus DNA from 4
to B forms.”®

The homopolymer duplex (dI),-(dC), is
chemically identical to (dG),,-(dC),, except for the
C2 amino substituent on guanine, which results in
an additional hydrogen bond between G:C base
pairs. Interestingly, this duplex displays a geome-
try similar to that of (dA),-(dT), (B'-DNA) and
does not behave structurally like (dG),,*(dC),,." ¢¢

Nonclassical DNA Structures

Synthetic DNA duplexes with base sequences
somewhat more complex than homopolymers have
also been investigated by X-ray diffraction. Like
the homopolymer helices, several of these have
been found to demonstrate conformational
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behavior distinct from natural DNAs. At high
relative humidities and high salt contents, DNA
fibers of the alternating copolymer duplexes
(dA-dT),-(dA-dT),, (dG-dC),-(dG-dC), and
(dI-dC),+(dI-dC),, all exhibit classical B-DNA
geometries.”®*®® However, under low salt and low
humidity conditions the A-DNA form is not
observed. Instead, these duplexes adopt a novel
helical structure, designated as D-DNA, which has
only eight base pairs per turn (t = 45°) and a rise
per residue of 3.03 A.?%:2° D.DNA is clearly a
member of the B family of nucleic acid structures
(having C3-exo sugar rings), yet it displays a
molecular architecture that is distinct from other
B duplexes.®® As in A-DNA, the base pairs in
D-DNA are positioned out from and are skewed
with respect to the helix axis. However, the
D-DNA base positioning, relative to B-DNA, is
opposite in sense to that seen in 4-DNA (Figure
4).8% This results in a helix morphologically
different from either A- or B-DNA (Figure 3).

It should be noted that an A-DNA structure for
(dA-dT),-(dA-dT), has been observed at low salt
concentrations.”® However, this form appears to
be metastable and always undergoes a transition to
a D-DNA form, which is apparently the preferred
structure under these conditions.

For ease of discussion, the structural behavior
of the alternating copolymer duplexes (B-DNA at
high and D-DNA at low relative humidities) will be
termed ‘‘nonclassical” behavior, in contrast to the
“classical” behavior (4-, B- and C-DNA) of calf
thymus DNA.

Recent studies indicate that the D-DNA helix
may be more than an isolated structural anomaly
of synthetic repeating trinucleotide DNA duplex-
es. (dA-dA-dT),-(dA-dT-dT),, (dA-dI-dC),-(dI-
dC-dT),, and (dA-dC-dT),-(dA-dI-dT), all exhibit
nonclassical structural behavior similar to the
alternating copolymers described above.®!+' €7 On
the other hand, the synthetic DNA duplexes
(dA-dG),+(dC-dT),, (dA-dG-dT),*(dA-dC-dT),,
(dA-dG-dC),*(dG-dC-dT),, (dA-dT-dC),*(dG-dA-
dT),, and (dA-dC-dC),-(dG-dG-dT), display only
classical behavior.' ¢¢

It is noteworthy that, despite the nonclassical
conformations exhibited by some DNA duplexes
in fibers under certain conditions, all of the DNAs
studied to date, with the exception of
(dA),-(dT),,, can exhibit B-DNA geometries at
high salt concentrations and relative humidities.

316  CRC Critical Reviews in Biochemistry

Thus, extrapolating from fiber studies, this is the
conformation that may be expected to be the
time-average structure occurring in solution.
Therefore, with the possible exception of
(dA),*(dT),, which may adopt the B’ structure in
solution, many of the anomalous solution proper-
ties of certain synthetic DNAs may not be
attributed to differences in conformation. How-
ever, sequence-dependent conformations, like
D-DNA, may be relevant in vivo when DNAs enter
specialized environments, such as during inter-
action with proteins. Also, at least one helical
conformation different from those mentioned
above was demonstrated by NMR at the AT-GC
junction of a synthetic block polymer (see below).
Thus, different types of helices in one poly-
nucleotide duplex may be mutually perturbing,
generating a third conformational type.

In view of the results described above, it should
be mentioned that DNAs having unusual base
compositions, such as greater than 66% A,T, but
also having more random base sequence (i.e., no
homopolymer or alternating copolymer tracts)
than the synthetic DNAs mentioned, apparently
demonstrate only classical A-DNA and B-DNA
structures.”’ #2784  Nonetheless, unusual base
compositions do seem to affect DNA structural
behavior, since A,T-rich DNAs are reluctant to
undergo the B — A transition. This effect has been
seen with both synthetic DNAs?2>26:3° and with
natural DNAs isolated from organisms such as
Clostridium perfringens and Cytophaga johnsonii,
with A, T-rich genomes.%*

Tendencies for small tracts of a DNA duplex to
favor either A-DNA (G,C-rich tracts) or B-DNA
(A,T-rich tracts) forms may be biologically rele-
vant during initiation and termination of DNA
transcription and replication. Enzymes with differ-
ent affinities for the 4 and B geometries of DNA,
the preference of RNA*DNA hybrid complexes
for A-like forms, and the forementioned confor-
mational tendencies of DNA duplexes with differ-
ing base compositions could participate in these
processes without the necessity of precise
sequence recognition sites. A scheme based on
such conformational arguments has already been
put forth for steps in the replication of $X174.%¢
In accord with the notion of the role of DNA
conformation in gene regulation, without precise
sequence homology, is the presence of alternating
blocks of A-T-rich and G-C-rich regions near
certain control elements (see Section V).
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IV. DOES NATURAL DNA CONTAIN
STRUCTURAL ANOMALIES?

As an outgrowth of our studies on DNA
polymers of defined nucleotide sequence, we
wanted to determine if natural DNA chromosomes
contain small segments of structural irregularities.
The hypothetical contrasting view would be that
every base pair in natural DNA is in the same
conformation (presumably B-DNA).

The Lac Operator-repressor System

The problem of ascertaining DNA structural
irregularities in high molecular weight genomes is
formidable. DNA structural irregularities must be
present in very small quantities in high molecular
weight chromosomes since composite measure-
ments (such as buoyant density measurements or
X-ray diffraction) do not reveal these fea-
tures! *»2° (see Section III). Thus, highly specific
and sensitive probes must be used; very few
suitable probes currently exist. We reasoned that if
DNA structural anomalies exist in small quantities
in natural chromosomes, this was consistent with
their presence at regulatory sites. The interaction
between the lac repressor and lac operator con-
taining DNA was chosen because of the high
degree of specificity and tightness of binding of
this protein to the DNA, as well as the apparent
simplicity of the interaction (no translocation or
polymerizing functions as with RNA polymerase).
The single-strand-specific nucleases, mung bean
nuclease and S, nuclease, were chosen as probes
because of their pronounced specificity for
random coil compared to helical DNA. In addi-
tion, chemical probes were used (see below).

The structural uniqueness of the lactose opera-
tor was demonstrated!®:87 by the ability of
single-strand-specific nucleases to influence lac
repressor binding. Aplac DNA was treated with
various concentrations of nucleases, and the
modified DNA was analyzed for its lac repressor
binding activity as well as the number of nicks, as
judged by alkaline sucrose gradient sedimentation
or by gel electrophoresis.

The repressor binding capacity of Aplac DNA
was maximally reduced by as few as 2 to 5 cuts
per molecule by either S; or mung bean nucleases.
These nucleases are highly specific for random coil
DNA. However, approximately 300 cuts per
molecule by any three less specific nicking agents
(micrococcal nuclease, pancreatic DNase or

sonication) were necessary to produce the same
effect. In addition to the repressor-operator
equilibrium measurements, the same effect has
recently been demonstrated with measurements of
the rates of association and dissociation.!? Also
prior binding of the lac repressor, before treatment
with the nuclease, protected the operator from
selective cleavage. The dissociation kinetics
showed that mung bean nuclease damaged 30 to
40% of the operators.

Mapping experiments were recently per-
formed'® on Aplac DNA treated with various
amounts of mung bean nuclease by cleaving the
DNA with Ain Il and III and then fractionating
the fragments by polyacrylamide gel electro-
phoresis. Statistical analysis of the loss of duplex
restriction fragments as a function of nuclease
concentration demonstrated that the lac operator
fragment (789 base pairs) was not uniquely sensi-
tive. However, when the fragments were analyzed
on denaturing gels, a specific nick was revealed at
approximately 100 nucleotides from the end of
the 789 base-pair fragment. The amount of nicked
fragment was commensurate with the extent of
loss of repressor binding. Other studies showed
that this fragment was uniquely nicked compared
to other fragments of approximately the same size.

These studies clearly demonstrate that a DNA
region near the final position of binding of the
repressor is uniquely sensitive to single-strand-
specific nucleases. The reason for this sensitivity is
unknown at present, but is currently being studied
by other techniques. In addition, this work
demonstrates the necessity of “outside” regions of
DNA for maximum repressor binding activity since
DNA containing several random nicks is not a
suitable substrate.!> This notion is also buttressed
by the finding that repressor binding was reduced
after treatment of Aplac DNA with three different
DNA restriction endonucleases.'® The extent of
reduction was a function of the molecular weight
of the operator-containing fragment, e.g., the
smaller the operator-containing fragment, the
lower the binding constant."?

The structural peculiarity which is recognized
by the single-strand-specific nucleases is unknown
at present, but is currently being studied by several
other techniques. However, it has recently been
argued’? that neither model A nor B (thermola-
bility or cruciform models, Figure 1) adequately
explains these data. In addition, even though the
lac operator region can be written into a two-
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dimensional “loop-back” structure, it is unlikely
that the nucleases specifically cleave this con-
figuration since the DNA is cut at least 100 base
pairs away from this sequence.

Three lines of evidence'3’®2 indicate that the
unique feature of the lac operator is lost when a
few cuts are introduced at other loci on the DNA
chain. It is not known whether a particular
nucleotide sequence of composition is required for
the maintenance of the unique feature. Similarly,
the necessary minimum length of the adjoining
sequence is uncertain at the present time.

Number of Nonpaired Nucleotides Necessary for
Cleavage by S, or Mung Bean Nucleases

Two of the models (Figure 1) invoked to
explain the unusual DNA structure near the
lactose operator contain nonpaired nucleotides.
Recent work has provided information on the
substrate structural requirements for these
nucleases. In addition to the use of single-strand-
specific nucleases to probe the lac operator, these
nucleases have also been used to detect regions of
instability in supercoiled DNA.8°+*® Furthermore,
from studies on genetic heteroduplex (wild-type
hybridized to temperature-sensitive mutant) SV40
DNA molecules, Shenk et al.®! have suggested
that S; nuclease may be useful in the isolation of
specific blocks of DNA bounded by single-base
mismatches.

To examine S; and mung bean nuclease action
on more defined substrates, a variety of defined
heteroduplex regions were synthesized flanked by
blocks of G-C base pairs.’? Using calf thymus
terminal transferase and Escherichia coli poly-
nucleotide phosphorylase, the oligonucleotides of
the form d(C, 2AXC;) (Figure 5) were synthesized
where x =1,2,3...6 andy=(y-5,...y+5).
y was between 10 and 30 in different preparations.
These oligomers were annealed to (dG),, to give
dA-dG heteroduplex regions of one to six base
pairs. The products of S; or mung bean nuclease
action on these defined heteroduplexes were
analyzed by electrophoresis on 20% polyacryla-
mide gels.”® Heteroduplexes three or more base
pairs in length were cleaved by high concentrations
of both nucleases as judged by the appearance of
dCy,Ag,1..x peaks on the analytical gels (Figure
6). The heteroduplex regions one and two bases in
length were weakly attacked by high concentra-
tions of the nucleases, as judged by a decrease in
the amount of substrate oligomer, and very low
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PREPARATION OF DEFINED HETERODUPLEX REGIONS
(dC)p
l DNase
lRPC-S chromatography
dC,
E coli polynucleotide
phosphorylase + dADP
RPC-5 chromatography

d(CyA).d(C, Ay -+ -+ dC, Ay

lcclf thymus terminal
transferase + dCTP

lRPC-S chromatography

d(C,ACL), d(C, A, CL) - -+ d(C,AC.)
x=(X-5%-4, %+4,%+5)
Xx= 10-30

lonneol to (dG)n
dGd(Cy AC, ), dG-d(CyA,C,) -+ dG-d(C,, A Cy)

S, or mung bean
nuclease

20% onalytical polyacrylamide gel electrophoresis

FIGURE 5. Scheme of synthesis of defined hetero-
duplex DNAs of the form (dG)n-d(C, 1 ARCR)- The
oligomer dC,, was purified from a pancreatic DNase
digest of (dC), by RPC-5 chromatography.'*® The dC, ,
was extended from the 3'-hydroxyl end with Escherichia
coli polynucleotide phosphorylase and dADP.' 3 After
purification of the individual d(C, ;A)) product oligo-
mers, a block of dC residues was added to the 3'-hydroxyl
end of each oligomer with calf thymus terminal trans-
ferase.!'*? In each case, the product oligomers were pur-
fied and annealed to (dG), to give a series of DNAs with
regions of dA-dG mismatched base pairs of defined
length. These were tested for sensitivity to S, nuclease by
analytical gel electrophoresis.” 2

levels of product oligomer were seen on the gels.
Thus, the cleavage of the single or double
heteroduplex sites occurred only at very low levels,
similar to the low levels of “nibbling” (ie.,
cleavage from the 5’ and 3’ ends of the oligomers).
Similar results have been obtained with a series of
dG-dG heteroduplexes one, three, four, and five
nucleotides in length.%?

These results are subject to two major qualifi-
cations. The first is that heteroduplex regions
surrounded by dG-dG blocks had to be used due
to the nuclease susceptibility of the homoduplex
(dA),*(dT),. While the results appear to be
unaffected by the changes in the overall stability
of the oligomer-polymer complex resulting from
changing the length of the 3' C stretch (¥ above),
it is not certain that heteroduplexes would behave
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FIGURE 6. Reaction of 8, nuclease with (dG),-
d(C,,A;Cs3). 0.34 A, units of (dG),+d(C,,A,C53)
were incubated in a 0.34-ml reaction mixture containing
0.03 M sodium acetate buffer, pH 4.6, 5% glycerol, 0.05
M NaCl; 1.5 mM ZnSO, and O (upper left), 34 (upper
right), 85 (lower left) and 850 (lower right) units of S,
nuclease.® * Incubations were for (30 min at 37° and were
terminated by making the mixture 8 mM in EDTA and 15
mM in tris base. 0.95 A, ,, units of (dC),, were added and
the mixture was boiled for 3 minutes and then cooled on
ice. After the addition of sucrose and 0.04 A, ,, units of
dC,, the solution was electrophoresed on 20% polyacryla-
mide gels, and the gels were scanned for absorbance at 270
nm.®* Electrophoresis is from left to right; the sharp peak
on the right side of each panel is the (dC)} marker oligo-
nucleotide. Oligonucleotides produced by cleavage of the
heteroduplex DNA appear between the uncleaved oligonu-
cleotide peak (upper left panel) and the (dC), marker. Note
especially the four product peaks in the lower right-hand

panel, whose mobilities correspond to d(C,,A,),.

d(C, ,A,), d(C,,A), and (dC),, (from left to right).

similarly when situated in blocks of complex DNA
sequences. Furthermore, while the results of
dA-dG and dG-dG heteroduplexes appear quite
similar, other heteroduplex combinations may
behave differently. (Only certain heteroduplex
combinations can be examined in our system due
to the constraint of using surrounding blocks of
dG+dC homoduplex.)

With the above reservations in mind, these
results influence the interpretations of previous
experiments using single-strand-specific nucleases

as structural probes. If the region of single-strand
nuclease susceptibility near the lactose opera-
tor'3>%7 results from unpaired bases, its unusual
sensitivity suggests that several unpaired bases
would be involved. Since the results of iodination
studies (discussed below) indicate that there can
be few unpaired cytidine residues, the combined
results of our experiments suggest that the
sensitive site may involve an unusual duplex
structure (Figure 1C).

These results also suggest that the nuclease-
sensitive sites in supercoiled DNAs®%:°° may
involve several unpaired bases. We cannot be sure
whether these would be transiently unpaired or
stably unpaired, as suggested by Dean and
Lebowitz.?*

Finally, these results suggest that the use of
single-strand-specific nucleases for isolation of a
block of DNA between two single base-pair
heteroduplex sites would be rather difficult to
accomplish with reasonable yield. Recently,
Dodgson et al.!®8 tested such an experiment by
isolating the 789 base pair Hin Il and HI fragments
containing the lactose promoter-operator'®
isolated from Aplac S or A (lac-trp) fusion strains
that were either of the wild type or contained a
single base mismatch (or single base deletion) in
the promoter region. The lac promoter mutations
studied were L305, L241, and p*la. The promoter
regions of both the wild type and the mutant
strains have been sequenced'® so the nature of the
mutant site was clearly defined. Three different
heteroduplexes arising from the cross hybridiz-
ation of two base substitution mutants and one
base deletion mutant with the wild-type promoter
fragment were tested for sensitivity to S; and
mung bean nucleases. No observable cleavage at
the heteroduplex site was observed when analyzed
by polyacrylamide gel electrophoresis. While the
nature of the lac fragment heteroduplex system
would preclude the detection of cleavage if less
than about 10% of the initial heteroduplex
fragments were cut, these experiments certainly
suggest that this reaction would not normally be
useful in isolating defined gene fragments. Shenk
et al®! observed that these results do not
necessarily imply that the rather low percentage of
cleavage is due to other than single base-pair
heteroduplexes.

Chemical Probes for Determining if the lac
Operator Contains Nonpaired Nucleotides
The three models (Figure 1) invoked to explain
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the structural uniqueness of the lac operator differ
since models A and B contain nonpaired nucleo-
tides, whereas model C is helical but contains
other structural irregularities. Attempts have been
made, using iodination as a selective probe for
nonpaired nucleotides, to further distinguish
between these models.

Conditions were established where the jodina-
tion (catalyzed by thallium chloride) of heat-
denatured DNA proceeds linearly (for several
hours at 40°) at a rate approximately 150 times
the rate with native DNA.'¢® Kinetic studies were
performed with both helical and random-coil DNA
at 40°, 50° and 60°C; the presence of 5 mM
MgCl, substantially enhanced the selectivity for
random-coil DNA. :

This technique was used to determine if the lac
operator contained nonpaired nucleotides. Intact
Aplac DNA was iodinated with '2°1 under con-
ditions which should cause selective reaction with
nonpaired nucleotides. The labeled DNA was
degraded with Hin 1I and III restriction endo-
nucleases, and the specific radioactivity of the
operator-containing fragment (789 base pairs)®®
was compared with the specific activity of 15
other fragments. No difference in specific activity
was observed under any experimental condition
tested. If as few as three dCMP residues in the
operator-containing fragment were in a nonpaired
state, this fragment would have been iodinated
with a specific activity twice that of the average
fragment. Of course, this negative result depends
on the rate of iodination of those dCMP residues
which are equal to that in nonhelical DNA. Hence,
within this level of sensitivity, it is concluded that
the thermolability and cruciform models (Figure
1) are less likely to exist than the helical
non-B-DNA model.

Studies have been performed to determme the
minimum number of nonpaired nucleotides which
are detectable by these iodination procedures. A
heteroduplex was constructed between ¢80 plac 1
DNA and the same genome containing the L,
deletion. The sequence deleted in the mutant DNA
is known to be 73 base pairs (38 are GC pairs), and
the deletion extends from the carboxyl terminal
end of the i gene into the promoter of the lac
operon.! 7° ¢80 plac 1 DNA and ¢80 plac 1 DNA
containing the L, deletion were restricted with
Hin 11 and III. The operator-containing fragments
were isolated by binding to the lac repressor.’®
Subsequently, the hetero- and homoduplexes were
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prepared according to established procedures.’”’
The three possible duplexes were well separated by
polyacrylamide gel electrophoresis, and the
heteroduplex was identified by its extreme
sensitivity to single-strand-specific endonucleases.

When subjected to the iodination conditions
described above, the heteroduplex incorporated 12
times as much iodine as the corresponding
homoduplexes. Assuming that all of the excess
jodine is located in the single-stranded “loop” of
the longer strand of the heteroduplex, this
indicates a 200- to 210-fold preferential iodination
of the single-stranded fragment over double-
stranded DNA on a nucleotide residue basis. Thus,
approximately 2 to 3 nonpaired dCMP residues in
the operator fragment of Aplac DNA should have
resulted in a doubling of the specific radioactivity
of this fragment compared to other fragments and,
thus, should have been easily detectable. However,
if the base pairs in models A or B (Figure 1) are
nonhydrogen bonded a small fraction of the time,
they cannot be eliminated. Such structures may
have been recognized by the single-strand-specific
nucleases, since they are substantially more
specific for nonpaired nucleotides than the iodina-
tion procedure.®®

Do ‘‘Singlestranded” Viral DNAs Contain
Double-helical Regions?

The genomes of the small icosahedral (¢X174,
G4, and S13) and filamentous (M13, fd, and f1)
bacteriophages are single, circular polynucleotide
chains of DNA. These “single-stranded” viral
DNAs may at first be considered as random coils,
seemingly inappropriate in a review on DNA
structure and genetic regulation. However,
considering the extensive secondary structure of
single-stranded RNAs (for example phage MS2
RNA),’»? it should not be unexpected to find
structure in these viral DNAs. Recent results
indicate that “‘single-stranded”™ viral DNAs indeed
possess double-helical regions; hence, they may
have interesting properties, as discussed above.

Restriction endonucleases can be used as probes
for duplex structure in DNA.!%° Most restriction
enzymes are endonucleases that recognize and
cleave twofold symmetrical sequences of four to
six nucleotides in duplex DNA.'®! Using the
restriction reaction as an assay for helical regions
in a DNA molecule is justified since only duplex
DNA is cleaved. Haemophilus aegyptius TI1
restriction endonuclease readily cleaved Aplac 5
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DNA into more than 50 fragments. However, no
cleavage was observed when the DNA was heat
denatured prior to incubation with the
enzyme.'®® Oligonucleotides containing ap-
propriate restriction enzyme recognition sequences
for either Haemophilus parainfluenzae 11'°% or
Escherichia coli'®® R were cleaved only under
conditions where the complementary oligonucleo-
tides were in a duplex form. Also, the restriction
reaction is sensitive to perturbants of duplex
structure (see below).

Under standard conditions, Haemophilus aegyp-
tius 111 cleaved the viral DNA of ¢X174, M13,
and f1 into specific fragments. Figure 7 is a
densiometric scan of stained Haemophilus
aegyptius 111-9X174 viral DNA fragments
electrophoresed on polyacrylamide gels under
denaturing conditions. By comparison, these
fragments are identical in size to those obtained
from a Haemophilus aegyptius 111 digestion of the
double-stranded replicative form (RF) DNA. Thus,
there was site-specific cleavage of the viral DNA.
Similar results were obtained for the viral and RF
DNAs of M13'9° and f1.'%*

That the duplex-specific restriction enzyme was
cleaving only duplex sequences in these viral DNAs
was confirmed by studying the effect of pertur-
bants of helical structure on the reactjon.'®$
Temperature affected the initial rate of reaction of
H. aegyptius 111 with $X174 viral and RF DNAs
(Figure 8, note the difference in the scales of the
ordinate axes). When the incubation temperature
was raised above a certain critical temperature
(57°), cleavage of the viral DNA no longer
occurred. However, as evidenced by the reaction
with RF DNA, H. aegyptius 11l remained active to
at least 72°. Thus, increasing the reaction
temperature inactivated the viral DNA substrate
by destroying duplex regions. Analysis of the
products of these reactions by polyacrylamide gel
electrophoresis revealed a differential thermal
stability between cleavage sites. Thus, there are
several different duplex regions within the ¢X174
viral DNA.

Actinomycin, a drug which perturbs duplex
DNA structure by binding at GC pairs,*° inhibited
the H. aegyptius 1II cleavage of ¢X174 viral and
RF DNAs.'°% If the viral DNA did not contain
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FIGURE 7. Densiometric scan of Haemophilus aegyptius 11l fragments of $X174 (+)-strand
DNA separated by formamide-polyacrylamide gel electrophoresis. X174 (+)-strand (-) and
RF (o) DNAs were incubated under standard conditions, and the products were electropho-
resed in parallel 5% polyacrylamide gels containing 98% formamide and 20 mM sodium phos-
phate (pH 7.5). The bands were stained with Stain’s All and scanned. The RF fragment peaks
are plotted against the logarithm of their molecular weights. For details, see Reference 100.
(From Blakesley, R. W. and Wells, R. D., Nature, 257,421, 1975. With permission.)
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FIGURE 8. Effect of temperature on cleavage of ¢X174 (+)-strand and RF
DNAs. *?P-labeled ¢X174 (+)-strand or RF DNA was incubated with Haemophi-

. lus aegyptius 111 in the standard reaction mixture!®® at various temperatures.
The initial rate of cleavage at each temperature was measured by following the
disappearance of RF I, II, and 1II DNAs into smaller fragments. Aliquots were
removed from the reaction at 30-sec intervals during the 3-min period following
enzyme addition. Quantitation of the unrestricted DNA was essentially as des-
cribed.!®® The units are defined as the microgram of unit lenth DNA degraded
per hour per milliliter of Heemophilus aegyptius 111.

duplex structure at the restriction sequences,
actinomycin should not bind and no interference
in the restriction reaction would be expected.
Therefore, the observed inhibition of cleavage of
$X174 viral DNA was a result of the binding of
actinomycin to cleavage sites within duplex
regions of DNA.

There are other indications of structure in
“single-stranded” viral DNAs. Early studies'®®
suggested the presence of a hairpin structure based
on the inability of an exonuclease to totally
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degrade the DNA. More recently, Schaller et
al.'®7 digested fd DNA with the single-strand-
specific nucleases FE. coli exonuclease 1 and
Neurospora crassa  endonuclease to identify
possible helical regions. A nuclease-resistant core
was isolated, comprising about 2% of the total
viral DNA. The core was 40 nucleotides in length,
G + C rich, double-strand-like in its spectra, and
rapidly renaturable. Bartok et al.! ®® also obtained
a resistant DNA core by treating X174 viral DNA
with N. crassa endo- and exonuclease. Again, the
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core comprised about 2% of the viral genome and
was characterized as double-strand like. In contrast
to the fd DNA core, the two sequences of the
$X174 DNA core, 16 and 24 base pairs in length,
were A,T rich. In both cases the cores are
presumed to be hairpin structures, apparently with
enough stability to prevent further cleavage by
these nucleases. The cores are believed to originate
from unique points in the viral DNA sequence and
may have some important biological function. One
hairpin has been tentatively mapped in the H.
aegyptius 1l restriction fragment 3, which
contains an RNA polymerase promoter.'®®

The design of these nuclease experiments has
only allowed for the detection of the longer, more
stable duplex or hairpin structures in the viral
DNA. From the restriction endonuclease results, it
seems certain that there are several duplex regions
in the DNA, each with a different degree of
stability. Digestion with the single-strand-specific
T4 endonuclease IV'°® has permitted the
detection of less stable structures by using low
temperatures and high ionic strength. At least ten
site-specific fragments were obtained from ¢X174
vira] DNA. However, when the temperature was
increased and the jonic strength lowered, these
fragments did not appear, but total digestion was
achieved.

Another approach to detect structural features
in the viral DNAs was to protect specific regions of
the DNA from nuclease digestion. In the absence
of unwinding protein, E. coli RNA polymerase
binds to several places on fd viral DNA. However,
the polymerase can be directed to bind only to the
origin of replication, if the single-stranded portions
of the DNA are first covered with E. coli un-
winding protein. Nuclease digestion of this
complex yields a protected fragment with double-
strand-like properties. As opposed to the non-
specific polymerase binding sites, this fragment is
resistant to the single-strand nucleases S; and
exonuclease [.'1°

Another site-specific protection experiment was
the binding of E. coli ribosomes to fl or ¢X174
DNA.''! A DNA fragment was protected from
pancreatic DNase digestion, then ijsolated and
sequenced.!'? Although the sequence can be
arranged to form a hairpin loop,''?:''? no
evidence for duplex structure was obtained.

That helices, hairpins, and/or unique structures
exist in the “single-strand™ viral DNAs should be
no surprise when one considers the single-stranded

genomes of the RNA bacteriophages.®®!'!*
Approximately 75 to 85% of the RNA of MS2 and
R17 is in a base-paired or stacked arrange-
ment.'1%:' 16 Fiers et al® combined low-
temperature nuclease digestion patterns with the
most thermodynamically stable arrangement of
nucleotides (based on the complete primary
sequence) to draw an extensively folded and
base-paired model. Confidence in accepting this
structure in the RNA phage molecules is based on
a wider variety of analytical procedures (e.g.,
References 114—119).

The most important but most speculative
aspect of the structural features in these viral
genomes is their correlation with a biological
function. A hairpin structure was postulated'' in
a model of DNA replication for the circularization
of nascent linear DNA molecules. Localization of
the RNA polymerase protection fragment at the
origin of replication''® gives support to the
presence of such a hairpin. In addition, Eisenberg
et al.'2° found a single gap in the viral strand of
the replicative intermediate, occurring near the
origin of replication. Such a gap would be
uniquely located when RNA polymerase creates an
RNA primer at its binding site at the origin of
replication.

The use of DNA restriction endonucleases as
sensitive probes of helical segments promises to
provide new means for assessing biological
function of regions in ‘‘single-stranded” DNA
genomes.

Structural Peculiarities in Supercoiled DNAs

As briefly discussed above, there is a large body
of evidence suggesting that unique structural sites
occur in superhelical closed circular DNA mole-
cules, at least in those of fairly high superhelix
density. Whereas space considerations preclude an
extensive review of this work, the nature of the
evidence for unique structural sites is briefly
summarized below. Much of this evidence involves
the use of single-strand-specific nucleases to detect
sensitive sites in supercoiled DNA that are absent
in untwisted DNA. Such sites have been found in
¢X174 RF 1,°%:!21 SV40 DNA,2%'22 polyoma
DNA,!?3 PM2 DNA,!?* and M13 RF.' 25

These nuclease-sensitive regions have also been
investigated by other techniques designed to de-
tect either transiently or stably unpaired regions of
DNA. These techniques include the use of single-
strand DNA binding protein coded for by T4 gene
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32,126,127 the binding of complementary oligo-
deoxynucleotides,! 2® and a variety of chemical
probes such as carbodiimide and formalde-
hyde.94 ,129-132

The nature of the site of action of these probes
in supercoiled DNA is still uncertain. Chen et
al.! 32 argue that the sites involve hairpin loops in
the two DNA strands composing a palindromic
region of the DNA duplex or some other stably
unpaired block of DNA. Hsieh and Wang argue
against such a proposal from a thermodynamic
aspect,’3? the inability of supercoiled PM2 to
initiate DNA synthesis in the presence of oligo-
nucleotide primers, and an examination of the rate
of action of mung bean nuclease on supercoiled
PM2 DNAs.'?* Whereas recent upward revisions
in the free energy of supercoiling have negated the
thermodynamic arguments, it is not yet possible to
determine the actual unique structure(s) that
results in the observations summarized above.

V. SEQUENCE
IRREGULARITIES IN DNA

The nucleotide sequences of a number of
regions of procaryotic and eucaryotic genomes
have been elucidated including several operators,
more than a dozen promoters and several structur-
al genes (reviewed in part in References 136—138).
Several types of symmetry have been revealed in
these sequences and palindromic elements in par-
ticular were discussed by the original authors of
the sequencing papers as possible sites of inter-
action with regulatory proteins.

Whereas nucleotide sequence data provide new
insights from both biochemical and genetic stand-
points, they do not provide information on the
three-dimensional structure of the DNA. Even
though several DNA sequences can be drawn into a
reasonable two-dimensional “loop-back™ (or
cruciform) structure, this does not prove that a
conformation of this type actually exists in high
molecular weight DNA. Hence, elucidation of a
DNA sequence provides little or no information on
conformaional problems.

A few sequences of selected regulatory sites are
presented in Table 5. The list is not intended to be
complete; however, the sequences were chosen to
point out the occurrence -of contiguous blocks of
AT followed by GC pairs. That DNAs containing

*pur, purine; pyr, pyrimidine.

324 CRC Critical Reviews in Biochemistry

contiguous blocks of AT and GC pairs may have
unusual properties is discussed in Section VI.
Table 5 shows that numerous examples of
“block-polymer”-like structures exist at or near
genetic control regions. Some of the runs of nearly
pure AT (or GC) regions are quite long, more than

" two turns of DNA helix. For example, the SV40

sequence has a 100% AT region 17 base pairs long
joined to an 83% GC region 24 base pairs long; the
trp attenuator contains a “five-block” region with
the longest an 83% AT region 30 base pairs long;
and a sequence near the leftward A operator-
promoter has a 96% AT region 23 base pairs long
joined to a 90% GC block 10 base pairs long joined
to an 86% AT block 7 base pairs long.

An additional feature of note is the bias for
(dpur)_ -(dpyr) * type sequences within some of
these blocks. In the 17 base pair AT block of the
SV40 sequence, 76% of the As are on one strand.
In the 96% AT block of the sequence near the
leftward A operator, 77% of the As are on one
strand and in the contiguous 90% GC block, 78%
of the Gs are on one strand. The unusual proper-
ties of (dpur), +(dpyr),, polymers were discussed in
Sections II and III.

Dykes et al.'®® previously determined the
probability of occurrence of a number of types of
symmetries and other sequence irregularities. They
conclude that the expected frequency of occur-
rence of adjacent alternating regions of high GC
and AT blocks (three or more) is as rare or rarer
than palindromes. Table 5 shows several
sequences, published after the Dykes et al. calcula-
tions, which have as many as seven contiguous
blocks; also, the longer stretches of AT (or GC)
blocks would render these sequences even more
improbable. In addition, if the (dpur)m-(dpyr) m
bias is considered, this type of sequence becomes
an even rarer event. On the other hand, Dykes et
al.!38 calculate that the probability of occurrence
of many types of palindromic sequences is quite
high.

Thus, it may be useful to devote more atten-
tion to the presence of alternating AT and GC
blocks in natural DNA sequences as they become
available. The possible biological role of these
types of sequences is discussed in Section VL.

VI. DYNAMIC STRUCTURE OF DNA

In addition to the studies described above on
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the static structure of DNA, interest has developed
on the dynamic properties of helical polynucleo-
tides and the possible role of these dynamic
transitions in gene regulation. A portion of these
notions has developed from physical and enzym-
atic studies on the three duplex block polymers
shown in Figure 9. These DNAs were synthe-
sized®3>* %% using a combination of DNA polymer-
ases and exonucleases coupled with a high-resolu-
tion preparative scale fractionation technique which
gave high-resolution separations according to chain
length. These studies led to the telestability model
for gene regulation at a distance. More recently,
studies have been performed on the high-
resolution 300-MHz nuclear magnetic resonance of
one of these polymers, d(C;sA;5)*d(T,5G,5).3¢
These studies suggest that the alternating AT and
GC blocks present in some regulatory regions (see
above) may act at several levels in defining these
regions as specific sites for protein recognition.

Telestability in DNA

The duplex block polymers were synthesized
with 10 or 15 AT base pairs attached to either 15
or 20 GC base pairs (Figure 9). The thermal
denaturation of these polymers was studied at
various sodium ion concentrations.'®>'*4° These
thermal denaturation analyses showed that a re-
gional cooperativity existed in the melting of these
polymers. The thermal denaturation of
d(C30A,5)d(T,5G30) clearly illustrates this
point. Figure 10 presents this analysis in 0.01 M
sodium ion along with a tabulation of the calcu-
lated T of the isolated portions of this block
polymer. As shown, this molecule melted in a
single monophasic transition with a T, of 51°.
The GC portion of the block polymer stabilized
the AT portion of 34° above the calculated T, of
isolated d(A);s*d(T),s. The observed T, was
even 3° above that found for high molecular
weight d(A),-d(T),. In addition, the 20 GC base

Block DNA Polymers

d(C'5 A|5)‘d(T|5 G

I5)

CCCCCCCCCCCCCCCAAAAAAAAAAAAAAA
GGGGGGGGGGGGGGGTTTTTTTTTTTTTTT

d(C,_A

20 |5)'d(T G

15 20

CCCCCCCCCCCCCCCCCCCCAAAAAAAAAAAAAAA
GGGGGGGGGGGGGGGGGGGGTTTTTTTTTTTTITTT

d .
(CZOAIO) (T, _G

10 20

CCCCCCCCCCCCCCCCCCCCAAAAAAAAAA
GGGGGGGGGGGGGGGGGGGGTTTTTTTTTT

FIGURE 9. Block DNA polymers used in the study of telestability. The syn-
thesis and characterization of these DNAs were described elsewhere.®34°®
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FIGURE 10. Helix-coil transition for d(C,,A,5)-d(T,,G,,) in 0.01 M sodium ion. The
Ty values of related DNAs in the same salt concentration are listed. Further details are des-

cribed elsewhere.!*®

pairs were destabilized by the AT portion of the
helix. This block polymer melted 8° below the
calculated T _ of isolated d(G)40+d(C)s0.
Telestability (the stabilization or destabilization
of one region of DNA helix by an adjacent region)
may be important in DNA-protein interactions.
The studies described above show that the ability
of a portion of a natural DNA helix to breathe can
be influenced by the nucleotide sequence of
adjacent regions. Hence, alterations in the nucleo-
tide sequence (via deletions or base pair changes)
or regions adjacent to an actual DNA-protein
interaction site could influence the recognition of
that site, particularly if the frequency of breathing
is important for protein binding (see below).
Additional information on telestability was
obtained using base-pair-specific drugs which
bound to only one end of the block polymers.
Actinomycin bound only to the GC portion, and
netropsin bound only to the AT portion of the
synthetic polymers.!*>'4® The increased thermo-
stability caused by drug binding extended to the
nonbinding portions of these DNAs. For example,
thermal denaturation of a block polymer in the
presence of actinomycin increased the Tm by 12°
but still yielded a single monophasic transition,
indicating that both ends of the molecule melted
simultaneously. Degradation of the AT portion of
d(CysA;s)dT,5sG,s) by E. coli exonuclease I

(which recognizes single-stranded character in
DNAs) was inhibited when AT was bound to the
GC end. This finding was consistent with the
thermal denaturation studies, e.g., ligand binding
to one region of a DNA can influence the dynamic
properties (e.g., breathing frequency) of adjacent
regions of the DNA.

Can Nearest-neighbor Interactions Explain Tele-
stability?

The extent to which one DNA region can
influence the thermostability of adjacent regions
will depend on the range and magnitude of their
cooperative interactions. The melting curves of the
DNA block polymers were analyzed'*° to quan-
tify the interactions between the AT and GC
regions. The nearest neighbor base pair interaction
model of the DNA helix-coil transition was
used.'*! The merit of this model is that only
nearest-neighbor base pair interactions are needed
to account for observed transitions of nucleic
acids. Although the model is a simplified descrip-
tion of DNA melting, it provides a framework to
measure the influence of one DNA region on
adjacent regions. The aim of this work was to
determine if nearest-neighbor interactions alone
could describe the block polymer melting curves
and, if not, what the results would imply about
the interactions between the two regions.

January 1977 327

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

The melting of a block DNA polymer can be
described by essentially three equilibrium con-
stants. k is the equilibrium constant for the
association of two separate strands by an isolated
base pair. S,  is the equilibrium constant assigned
to the reaction of forming an intact AT base pair
next to an intact AT pair. S, is the equilibrium
constant for forming an intact GC pair next to an
intact GC pair. k¥ is generally assumed to be
independent of temperature. S AT and S - can be
expressed in terms of the free energy change of
forming a base pair by the equation

-RTlogS=AG = AH - TAS 1)
where

R = the gas constant;

T = temperature;

AH and AS = enthalpy and entropy changes of
forming a base pair.

Estimates for AH and AS can be obtained from
the melting temperatures of d(A)n-d(T)n and
d(G),+d(C), and appropriate calorimetric
measurements. The AT and GC pairs at the ends
and at the AT/GC junction would be expected to
have altered equilibrium constants due to their
nearest neighbors. Changes in these parameters
were included in the analysis but did not have a
significant effect.

The analysis of the block DNA melting curves
showed that nearest-neighbor interactions could
not predict the experimental transitions of all
three DNAs.!*® This was observed in 0.01 and 0.1
M sodium ion solutions. The nearest neighbor
mode! provided good agreement with the melting
curves of d(C20A1 5)'d(T1 5G20) and d(Cl 5A] 5)'
d(Ty5Gys5), but not d(Cz20A40):d(T;0G20).
Adjustments of the theoretical model to account
for the phosphate repulsion terms did not alter
this conclusion. However, if all 10 AT pairs in
d(C20A10)d(T;0G,y0) were arbitrarily stabilized
4°C above the melting temperature for the 15 AT
pairs of the other block DNAs, a good agreement
was observed on both high and low salt. This result
is consistent with a substantial stabilization of the
AT region nearest the GC block.

Further evidence for telestability in the block
polymers was provided by the analysis of the
effect of actinomycin on the melting of

328 CRC Critical Reviews in Biochemistry

d(C20A15)d(T;sG20) and d(CysA,s):
d(T;5G;s). Actinomycin binds tightly to GC
regions, but does not bind DNAs containing only
AT pairs.® Saturating actinomycin concentra-
tions shifted the entire melting curves of
d(C20A15)*d(T;5G20) and d(C, sA;5)°d(T; 5Gy )
by 12°C in 0.01 M Na’ solutions. No significant
change in the breadth of the transition was noted.
A test was conducted to determine if the nearest-
neighbor theory could predict these results (Figure
11). In the theory, the stability of the G-C base
pairs was increased by 18.5°C. This is the increase
observed for d(G) -d(C),. The predicted curve
disagreed substantially with the experimental
curve. The only way to produce agreement be-
tween the calculated and experimental curves was
to increase the stability of all AT pairs by 9°C.
The possibility of actinomycin binding and stabi-
lizing several AT pairs near the GC/AT junction
was ruled out as an explanation of the observa-
tions.! 5 Changes in the single strand to duplex
association constant, k, could not explain the
results. Hence, the entire AT end of the block
DNAs appeared to be stabilized by 9°C due to
actinomycin bound to the GC end.

In summary, interactions extending over a
range greater than nearest nucleotide neighbors
must be invoked to explain the helix-coil behavior
of the block polymer. Thus, the novel feature of
telestability is the range over which interactions
must extend. At present, we know the range must
extend over 35 base pairs; future work should
provide further information on the extent of the
range.

Sequence-dependent Conformational Differences

In addition to substantiating the results of the
thermal denaturation studies on the block poly-
mers described above, the high-resolution (300
MHz) proton magnetic resonance analysis of
d(C;sA;5)d(T;5G,s) vyielded several results
which have implications regarding the function of
the AT- and GC-rich blocks found in DNA
regulatory regions.>$

The NMR results were as follows. The AT
portion of this duplex block polymer existed in
two conformations; the major portion (11 to 12
base pairs) had the same conformation as
d(A),-d(T),s while 3 to 4 base pairs at the
junction of the block were induced into an altered
conformation by the adjacent GC block. The GC
base pairs existed in only one conformation.
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80

Temperature, °C

FIGURE 11. Effect of actinomycin on helix-coil transition of
d(C, s A, 5)-d(T, ;G, ;). Experimental curves are shown for the block DNA
polymer in 0.01 M sodium ion in the absence of actinomycin (-0-0) and in the
presence of 0.4 mol AM/DNA nucleotide (-e-¢-). Curve a employs the theoret-
cal parameters which fit the block DNA transition.in the absence of actinomycin,
except that the stability of G-C pairs was increased 18.5°C. Curve b shows the

result of also increasing the stability of the AT pairs by 9°C.

However, the conformation of the GC portion
varied at different salt concentrations. The AT
portion was not influenced by variation in-the salt
concentration. Actinomycin binding to the GC
portion of the block polymer did not alter the
conformation of the majority of AT base pairs.

Possible Recognition and Regulatory Functions of
AT- and GC-rich Blocks in DNA
Telestability

The studies with the synthetic duplex block
DNA polymers suggest several ways in which the
AT- and GC-rich blocks may function in the
recognition and control of DNA regulatory re-
gions. The thermal denaturation studies are rele-
vant to DNA regulation if the dynamic properties
(“breathing™) of DNA are important in its recogni-
tion and/or if it is necessary for a protein to “melt
out” the helix after it binds. It is clear from a
variety of studies*’’® that in natural DNA there

are, at least transiently, stretches of open single-
stranded nucleotides. The ability to form such
melted regions must be defined by the nucleotide
sequence in and adjacent to these regions. Recent
direct data show that an AT-rich region would be
more likely to exist in an open form than a
GC-rich region.!® As discussed above, such open
regions offer a wealth of potential interaction
sites, particularly when compared to the sites
afforded by the helical double-stranded form.

A possible recognition process might involve
the interaction of melted regions of DNA with a
specific protein. Transcription of certain messen-
ger RNAs could involve the recognition by RNA
polymerase of a defined number and sequence of
nucleotides in the open form. One mechanism for
regulating mRNA production would be to vary the
amount of time that this recognition sequence for
different mRNAs existed in ‘the open form. This
regulation could be accomplished by varying the
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stability (e.g., nucleotide sequence) around this
region. For example, an operon which required
high levels of mRNA production at all times would
have a high AT content adjacent to the recog-
nition site. In contrast, an operon which required
low levels of mRNA production might have a high
GC content adjacent to the recognition site. This
would work against the open conformation, thus
allowing recognition by the RNA polymerase less
often than in the case with the AT-rich adjacent
region. The same arguments hold true for the case
where the protein must “melt out” the DNA helix
as it proceeds down the DNA. Regions of high GC
content will impair progress, while high AT regions
will offer lowest resistance. The processes involved
in the termination of mRNA synthesis may require
blocks of high GC content.

An extension of the principle of telestability is
the possibility that a protein binding at one region
of DNA alters the binding of a second protein at
adjacent regions. The telestability model for the
mechanism of action of catabolite gene activator
protein (CAP) has been previously described.’ ! *
This model states that CAP binds to a region of
DNA adjacent to the RNA polymerase binding
site, destabilizing the DNA and, hence, promoting
the initiation of transcription on the nonhelical
DNA template. One aspect of repressor binding to
operator DNA may be to stabilize the adjacent
DNA region, thereby disallowing RNA polymerase
binding or progression. This seems reasonable in
operons such as the arabinose operon where the
operator is on the distal side of the promoter.
However, in all of these systems there is the
possibility of competition for overlapping sites
leading to steric hindrance as well as direct
protein-protein interaction on adjacent binding
sites.

Several recent studies suggest that if the dynam-
ic properties of DNA are important in its recogni-
tion and interaction with proteins, then these
interactions at one region of DNA could be
influenced by both the adjacent nucleotide
sequence and by protein binding at adjacent
regions.'3»! 525153 Hirsh and Schleif'S* indicate
that the ‘“repression complex” for the arabinose
regulatory region is located 108 base pairs up-
stream from the site of the “induction complex.”
The mechanism by which repression is accom-
plished from this distance and on the “wrong” side
of the genome is unknown at présent but may be
an effect transmitted through the. DNA helix, such
as telestability.

330 CRC Critical Reviews in Biochemistry

Also, sequence studies on the lac messenger
RNA formed in vitro'*5 showed a GC-rich block
of eight to ten bases directly followed by six to
eight Us at the 3’ end. That the GC-rich region on
the DNA template may be important in the
termination of transcription was demonstrated by
sequence studies on a number of short transcripts
from abortively terminated RNAs directed by
mutant DNAs.!4°:'55 When GC pairs (in the
GC-rich region) were changed to AT pairs, there
was little or no abortive termination. However,
when the single AT pair in the string of GC pairs
was converted to a GC pair (to give a string of 6
GCs), a stronger pause was found. Thus, a muta-
tion ten base pairs upstream influenced the termi-
nation of transcription.

Unique DNA Conformations

The high-resolution NMR studies with the
duplex block polymer d(CysA;5)d(Ty5G;s)
provide evidence for the existence of unique
conformations within the regulatory regions of
DNA. Furthermore, structural perturbants may
differentially alter DNA conformation in such
regulatory regions. Studies on high molecular
weight synthetic double-helical DNAs (described
above) show that they had a variety of properties
and sometimes had different conformations, de-
pending on the base sequence. The high-resolution
NMR results showed that two different DNA
conformations can exist with a transition zone of
three to four base pairs possessing some inter-
mediate conformation.

The promoter region of the gene for Escherichia
coli tyrosine transfer RNA provides an example of
how the NMR results may relate to a biological
system and suggests several unique structural
possibilities for this promoter. This sequence
(Table 5) contains three blocks: 9/9 GC followed
by 11/14 AT followed by 8/8 GC. Since the AT
portion of the block polymer existed in two
distinct conformations (one conformation for
three to four base pairs being induced by the
adjacent GC block), the tyrosine tRNA promoter
AT-rich block could have an altered structure
adjacent to the GC blocks on either side. Due to
the proximity of the GC blocks, the entire AT-rich
region may exist in a structure totally different
from the structure of such a sequence when not
bounded by such GC segments. The flexibility of
DNA structure has been suggested from a variety
of studies,*>3? thus allowing different con-
formations to coexist. These unique con-
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formations may provide for the specific recog-
nition by proteins.

The block polymer studies also suggest that the
GC blocks may exist in different conformations,
depending on the solution environment. An
intracellular environmental change could alter the
conformation of one portion of a regulatory
region, allowing (or disallowing) the recognition of
that region by a specific protein.

VII. LARGE-SCALE
ISOLATION OF DEFINED
SEGMENTS OF CHROMOSOMES

In order to study the influence of nucleotide
sequence on DNA properties and conformations, it
will be necessary to obtain sizeable quantities of
small genetically defined regions of DNA. One
approach involves direct chemical synthesis of the
sequence of interest.!36:157 Although laborious
this method allows the construction of variant
sequences not obtainable by genetic techniques.
The alternative approach is to isolate certain DNA
restriction fragments. This requires carrying the
fragment on a vector molecule which may be
obtained in quantity. Additionally, the fragment
must be easily purified on a large scale from a
restriction digest of the vector.

Past preparative fractionation procedures
usually involved gel electrophoresis or ligand
binding. Recently, reversed phase column
chromatography (RPC) on RPC-5 resin has been
investigated as a high-capacity separatory method
for the fractionation of DNA fragments.'5®:!5%
Milligram quantities of fragments generated by
restriction endonuclease (either Haemophilus
aegyptius 111, H. influenzae 11 + 111, or Escherchia
coli R1) cleavage of Aplac 5 DNA have been
purified on high-pressure columns. A fractionation
of a H. influenzae 11 + 111 digest of Aplac 5 DNA is
shown in Figure 12.

Figure 13A shows that the fragments generated
by H. aegyptius 111 digestion of ¢X174 replicative
form DNA are each purified to homogeneity by a
single chromatography step on RPC-S. Figure 13B
demonstrates the extent of resolution of fragments
28,77, and Z6.

Considering the results from all restriction
digests fractionated by RPC to date, the following
generalizations can be stated. Fractionation is
approximately according to increasing molecular
weight. A 30 to 40% difference in molecular

weight between any two fragments is sufficient for
essentially complete resolution of the DNAs.
Fragments in the range of 6 X 10% to 14 X 10°
daltons have been fractionated, and it appears
probable that both smaller and larger DN As will be
amenable to study by RPC. DNAs of the same
molecular weight are resolved according to the
presence or absence of four base single-stranded
ends. In many cases, fragments of the same
electrophoretic mobility are resolved by RPC. The
property of DNA responsible for this behavior is
unknown, but is not correlated with base
composition.

Cloning into a more convenient vector can
greatly simplify the subsequent large-scale separ-
ation of a certain fragment from the vector DNA.
In general, a suitable DNA carrying the target
sequence is cleaved by a restriction enzyme, and
the resulting fragments are randomly joined to an
autonomously replicating vehicle, such as the
colicinigenic factor, a drug-resistant plasmid, or
bacteriophage ADNA. Both sticky ends'¢® and
blunt ends'®! can be successfully jointd. Next, a
suitable E. coli host is either transformed or
transfected with the recombinant DNA molecule
and cloned to single colonies or plaques. A suitable
selection or screening procedure based on the
properties of the inserted sequence must then be
applied.

Figure 14 shows the technique recently used
for the large-scale preparation of the ‘controlling
elements of the E. coli lactose operon.'”!
Fragments produced by H. influenzae d II + III
were joined to a H. influenzae d ll-treated mini-
colicin E; DNA.'®? The minicolicin E, DNA
possesses only one H. influenzae 11 site.’ "2 After
the T, DNA ligase reaction, E. coli was trans-
formed with the composite plasmids. The resulting
colicin-immune colonies were screened for lac
constitutivity. The rationale for this assay is that
the composite DNA sequesters the lac repressor as
suggested by Abelson. After isolation, the plasmid
DNA was cleaved with H. influenzae d Il to give a
2 X 10 colicin segment and a 0.5 X 10® lac
segment. These segments have been preparatively
separated by chromatography on RPC-5.! 73

VIII. CONCLUDING REMARKS
A full understanding of the role of DNA

structure in gene regulation will require the
combined use of genetic, biochemical, and
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FIGURE 12. Fractionation of Haemophilus influenzae d 11 + 111 digest of Aplac DNA by RPC-5 column chromatography.
Ninety-six A, ., units of the digest were loaded onto a 135 X 0.9 cm column; the column was run at 200 to 400 psi.
Four-milliliter fractions were taken; other details were described.! *® Upper panel: 4% polyacrylamide gel electrophoretic
analysis of odd-numbered fractions from the column. The gels at the extreme right and left are on unfractionated digests.
The scale at the left is an arbitrary measure for ascertaining the position of fragments. Middle panel: artist’s conception
of upper panel. Dotted lines indicate faint bands. Lower panel: A,,, elution profile. (From Hardies, S. C. and Wells,
R. D., Proc. Natl. Acad. Sci. U.S.A., 73,3117, 1976. With permission.)

physical techniques. Developments over the past
15 years in the area of fine structure mapping of
various types of mutations and rapid advances in
the past 2 years in the sequencing of DNAs justify
high expectations for the future. Also, the
biochemical and genetic characterization of several

332 CRC Critical Reviews in Biochemistry

genetic controlling elements has provided new
understanding of the mechanism of gene regu-
lation.

In addition, the recent characterization of a
variety of DNA restriction endonucleases, in
combination with sequence analyses, permits the
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FIGURE 13. Fractionation of Haemophilus aegyptius Il fragments of ¢X174 RF DNA by high-
pressure RPC-§ column chromatography. X174 RF DNA (approximately 20 OD, ) was digested to
completion with H. aegyptius 11l under standard conditions.'®® The 11 fragments'¢* range from
1350 to under 100 base pairs and are designated Z1 to Z10, respectively. (Z6a and b are a doublet and
are poorly resolved.) The fragments were fractionated on a 0.6 X 60 cm column of RPC-5 at 200 psi
essentially as described previously.! *® Fraction sizes were 4 ml from Fractions 20 to 110 and 3 ml
thereafter; the flow rate was 60 ml/hr. (A) The column profile. The dots represent visible bands on
the analytical gel electrophoresis. The size of the fragment' ¢4 and the salt concentration at which it
elutes (determined by conductance, open circles) are plotted. (B) A photograph of the analytical
polyacrylamide gels for fractions 116 through 136; unfractionated total digests are shown on the
extreme right and left. Note the complete resolution of fragment Z8 on the left and the partial overlap

of fragments Z7 and Z6b on the right.

dissection of defined gene segments. The use of
DNA cloning and/or column purification tech-
niques will facilitate the large-scale purification of
a variety of gene segments.

However, a simple and unambiguous physical or
biochemical assay for different types of nucleic
acid conformational features has been, and still is,
a serious problem. New techniques must be ex-
plored.
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