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ABSTRACT A 121-base-pair DNA restriction fragment
derived from the kinetoplast minicircle, Ltl9, of Leishmania
tarentolae displays substantially abnormal electrophoretic be-
havior on polyacrylamide gels. The electrophoretic behavior of
a series of palindromic dimers containing all or part of the 121-
base-pair fragment has been used to establish that curvature of
the DNA helix is the basis of the abnormal behavior. One of
the palindromic dimers, KP242, has been examined in more
detail by using the technique of differential decay of birefrin-
gence (DDB). The technique consists of analyzing the differ-
ence in the rates of decay of birefringence for two DNA frag-
ments, each consisting of an identical number of base pairs,
and is capable of resolving differences in length as small as
1%. This approach has yielded an estimate for the apparent
curvature of the dimer which, when represented as an equiva-
lent rod with a single bend at its center, equals approximately
520. DDB measurements inmade at several ionic strengths indi-
cate that a substantial portion of the curvature is static, rather
than a simple consequence of increased flexibility.

Over the past several years, a wealth of information pertain-
ing to the detailed structure of double-helical DNA has be-
come available, due in large part to the successful analysis of
several oligonucleotide duplexes by single-crystal x-ray dif-
fraction methods. In their investigation of the dodecamer C-
G-C-G-A-A-T-T-C-G-C-G, Wing et al. (1) noted that the
double helical structure was associated with significant cur-
vature. As noted by those authors, and subsequently by
Dickerson et al. (2), such curvature may be influenced by
various constraints introduced during crystallization. How-
ever, the primary basis for such curvature, namely, inter-
strand purine clash (3), is believed to be a fundamental prop-
erty of the helix and should, therefore, be detectable in solu-
tion under appropriate conditions.
The suggestion that sequence-dependent curvature of

DNA does exist in solution has come from studies of certain
restriction fragments derived from kinetoplast (k) minicircles
of the trypanosomatid Leishmania tarentolae (Lt). Simpson
(4) noted that certain kDNA fragments behave abnormally
(reduced electrophoretic mobility for size) on polyacrylam-
ide gels, although their behavior is normal on agarose gels.
Englund and co-workers (5, 6) made similar observations
and proposed that this anomalous electrophoretic behavior
is due to an unusual, perhaps bent, DNA structure. Marini et
al. (7) have ruled out the presence of secondary structure
associated with single-stranded DNA, and they have exclud-
ed bound protein or in vivo modifications as causes of the
abnormal electrophoretic behavior. Those authors have also
presented circular dichroism data which suggest that the
structure of their kDNA fragment is essentially normal B-
form helix.
The major aim of the present work is to identify the struc-

tural feature ofkDNA that gives rise to its abnormal electro-

phoretic behavior. Evidence is presented which establishes
that certain specific regions of a particular minicircle, Ltl9
(8), do indeed possess significant curvature and, moreover,
that a substantial portion of this curvature is static, not sim-
ply a manifestation of increased flexibility. It is demonstrat-
ed that a plausible explanation for the observed curvature is
provided by the "purine-clash" model of Calladine (3, 9),
which states that local deformations of the double helix oc-
cur as a simple consequence of cross-chain repulsive interac-
tions between purines in adjacent base pairs.

MATERIALS AND METHODS
Plasmids. pXH7 is a pBR325 derivative that contains a

242-base-pair (bp) insert (derived from OX174), here desig-
nated XH242, at the EcoRI site (10). The plasmid-containing
bacterial host, Escherichia coli HB101/XH7, was kindly
provided by D. Shore. pLtl9 is a pBR325 derivative contain-
ing two copies of a unit-length BamHI-linearized, kineto-
plast minicircle from L. tarentolae (8). The plasmid-contain-
ing host, E. coli RR1/pLtl9, was kindly provided by L.
Simpson. The cloned unit-length minicircle DNA has been
designated Ltl9 and has been completely sequenced (8).

Isolation of Plasmid DNA. Plasmid DNA was isolated ac-
cording to the high-density fermentor protocol of Sadler (11)
with the following significant modifications: (i) The chromo-
somal DNA pellet was discarded after the cleared-lysate
spin. (ii) After resuspension of the polyethylene glycol/DNA
pellet, the solution was extracted several times with chloro-
form prior to the usual phenol/chloroform extraction. (iii)
The CsCl/ethidium bromide banding step was eliminated.

Preparative Isolation of Restriction Fragments. Preparative
isolations typically utilized 20-50 mg of plasmid DNA,
which was digested with EcoRI or BamHI (0.5-2 units of
enzyme per pug of DNA) for 2-6 hr at 370C under standard
enzyme buffer conditions. Reactions were terminated by ex-
traction with phenol/chloroform followed by precipitation
with ethanol. DNA (plasmid + insert) was loaded onto a pre-
parative, continuous-elution, polyacrylamide gel column
(>50 mg capacity) designed in the author's laboratory (to be
described elsewhere). Column fractions containing the insert
were pooled and passed over a DEAE-cellulose (Whatman
DE52) column for concentration and further purification of
the insert. Restriction fragments were stored as isopropyl al-
cohol slurries at -200C until further use. The preparative gel
column was also used to isolate the various reconstructed
fragments used in this study.
Enzymes. EcoRI, BamHI, and T4 DNA ligase were pre-

pared according to published procedures. Hae III, Dde I,
and Sau3A were purchased from Bethesda Research Labo-
ratories.

Characterization of the Physical State of the Fragments
Used in This Study. Reconstructed fragments were subjected
to alkaline agarose gel electrophoresis to establish the ab-

Abbreviations: kDNA, kinetoplast DNA; bp, base pair(s) (formally,
number of bases per molecule divided by two); DDB, differential
decay of birefringence.
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sence of nicks, sites of depurination or depyrimidination, or
incomplete ligation. The integrity of the ends of the various
DNA molecules was verified by ligation and subsequent
cleavage with the appropriate restriction enzyme. These
control studies were also performed after the DNA mole-
cules had been used for birefringence measurements. Under
the conditions employed in this study, there was no detect-
able degradation of DNA structure, nor was there any in-
complete ligation in the construction of the palindromic frag-
ments.

Electric Birefringence Measurements. All measurements
were performed with a dual-beam birefringence instrument
designed by the author (12). The temperature rise in the cell
during any measurement or set of measurements was always
less than 50 millidegrees. The cell temperature was main-
tained at 3.0 ± 0.05'C. Under the conditions employed in
this study, the terminal rates of birefringence decay were in-
dependent of the configuration of the pulse and were inde-
pendent ofDNA concentration. The overall system response
time is less than 100 nsec.

RESULTS
A 121-bp EcoRI/Lfae Il kDNA Fragment from LtI9 Dis-

plays Significantly Abnormal Electrophoretic Behavior on
Polyacrylamide Gels. The electrophoretic behavior of a num-
ber of restriction fragments of Ltl9 is presented in Fig. 1.
These data suggest that essentially all of the abnormal be-
havior is dependent upon sequences lying within an approxi-
mately 250-bp conserved region of Lt19, in agreement with
the results of Kidane et al. (8). Furthermore, inspection of
Fig. 1 reveals that sequences giving rise to the anomalous
electrophoretic behavior are distributed over at least 60 bp
within the conserved region. It should also be noted that
kDNA fragments consisting of fewer than 100 bp were still
capable of manifesting abnormal electrophoretic behavior on
9o polyacrylamide gels. One kDNA restriction fragment,
namely, the 121-bp EcoRI/Hae III fragment, was chosen for
further study, on the basis of (i) its abnormal electrophoretic
behavior, (ii) the presence of different restriction enzyme
termini, and (iii) the presence of suitably placed internal re-
striction sites.
The Electrophoretic Behavior of a Series of Palindromic

Molecules Derived from the 121-bp EcoRI/Hae HI Fragment
Provides Direct Evidence for Curvature Within That Frag-
ment. The sequences of interest have been further character-
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ized by constructing a series ofDNA molecules that are pal-
indromic with respect to various restriction sites associated
with the 121-bp EcoRI/Hae III fragment (Fig. 2). Several
conclusions can be drawn from the electrophoretic behavior
of these palindromes. (i) The fact that the two 242-bp kDNA
palindromes (identical molecular weight and base composi-
tion) differ markedly in electrophoretic mobility immediately
rules out simple base-composition effects (including base
modifications) as well as simple solenoidal effects (i.e.,
changes in helical structure that preserve the overall linear-
ity of the helix). (ii) The abnormal behavior is not a conse-
quence of secondary structure (i.e., cruciform) formation in
the palindromic molecules, since a heterotypic "dimer" con-
sisting of a 100-bp Hae III/EcoRI fragment derived from
phage 4X174 plus a 121-bp EcoRI/Hae III kDNA fragment,
ligated across the EcoRI site, also displays significantly ab-
normal electrophoretic behavior (data not shown). This ob-
servation is consistent with the observations of Marini et al.
(7), who failed to detect any secondary structural elements in
their kinetoplast fragment, which, after redetermination of
the sequence, is known to be identical in sequence to the
410-bp SaO3A fragment of Ltl9 (7, 13). This conclusion pro-
vides direct evidence in support of the proposal that a bent
helical structure exists in kDNA. (Hi) The observation that
both 242-bp kDNA fragments migrate abnormally rules out a
sharp bend at either the EcoRI site or the Hae III site, a
result that is not surprising since neither site is associated
with abnormal electrophoretic behavior in nonkinetoplast
DNA. (iv) The essentially normal behavior of the 238-bp
BamHI/EcoRI fragment as well as both of its palindromic
dimer counterparts (data not shown) suggests that the region
of curvature lies mainly to the right of the EcoRI site. (v) The
markedly abnormal behavior of the 123-bp Dde I palin-
drome, coupled with the relatively normal behavior of its
119-bp complement, further suggests that most of the curva-
ture of the helix resides within the 61.5-bp (58 paired bases +
7 unpaired bases forming the two tails) EcoRI/Dde I frag-
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FIG. 1. Partial restriction map of the cloned kinetoplast minicir-
cle Ltl9 derived from the trypanosome L. tarentolae. The numbers
associated with various restriction fragments refer to the ratio of the
apparent molecular weights of the fragments, as determined on 9o
polyacrylamide gels (acrylamide-to-bisacrylamide ratio, 38:1; run-

ning buffer, 40 mM Tris acetate/20 mM sodium acetate/1 mM Na2-
EDTA, pH 7.9, room temperature), to their true molecular weights
based on sequence (8). DNA fragments migrating with apparent mo-
lecular weights within 5% of their true molecular weights are indicat-
ed by N. The heavy bar refers to a region of substantial sequence
homology between Ltl9 and other kinetoplast minicircles from L.
tarentolae (8). For the scale at the bottom of the figure, the separa-
tion between vertical bars is 100 bp. B, BamHI; S, Sau3A; E,

EcoRI; D, Dde I; H, Hae III.

FIG. 2. Outline of the construction and gel electrophoretic be-
havior of several derivatives of the 121-bp EcoRI/Hae III fragment
from Ltl9 (Fig. 1). The 121-bp fragment was converted to higher-
order multimers by overnight ligation with T4 DNA ligase (0.02
unit/yg of DNA) at 16'C (ligation buffer: 50 mM Tris.HCl/10 mM
MgCl2/20 mM dithiothreitol/1.0 mM ATP, pH 8.0). The reaction
was stopped by heating to 650C for 10 min. After cooling to 370C, the
reaction mix was diluted 1:5 and supplemented with the appropriate
enzyme buffer prior to the addition of restriction enzymes. All di-
gestions were carried out with excess enzyme (>1 unit/yg of DNA)
for approximately 4 hr. Reactions were terminated by extraction
with phenol/ether followed by precipitation with isopropyl alcohol.
All gels contain a Hae III digest of pBR322 for reference (right
lanes). The 242-bp palindrome HEH has also been designated
KP242 (see text) and was used for subsequent birefringence mea-
surements. Ratios of apparent molecular weights to true molecular
weights are given in parentheses.
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FIG. 3. (A) Semilogarithmic plots of the decay of birefringence
(n) for the two 242-bp fragments, KP242 and XHR242. Buffer com-
position: 1.0 mM Tris-HCI, pH 8.0/0.1 mM MgCl2. This buffer was
chosen to maximize the birefringence signal while minimizing the
electrostatic contribution to the persistence length (14). The birefrin-
gence decay curves have each been normalized with respect to their
respective birefringence signals 4 jusec after removal of the electric
field (descending arrow). The portion of each curve corresponding
to t < 4 usec displays a small fast component and is therefore ex-
cluded from the subsequent analysis of DDB. (Inset) Alkaline agar-
ose gel (2.0%) of KP242 (lane b). Other lanes include 98-bp marker
(lane a), XH242 (lane c), and 366-bp marker (lane d). This control gel
was run with KP242 that had been subjected to DDB measurements.
Single-stranded half-molecules would have appeared slightly above
the position of the 98-base fragment in lane a. (B) Plot of DDB using
the prenormalized curves from A [An'(t) = An(t)/An(4 psec)]. The
filled circles have been obtained by subjecting the primary differ-
ence curve to a 3-point averaging procedure. The broken lines repre-
sent expected difference curves for various values of R [= (TXHR/
TKp) - 1] as indicated. The solid line represents a least-squares best
fit to the experimental difference curve (R = 0.24 + 0.01). The un-

ment, although a small amount of curvature in the Dde
I/Hae III fragment cannot be ruled out.

It should be noted that abnormal electrophoretic mobility
does not necessarily imply static curvature. Such abnormal
behavior might arise as a consequence of a region of marked-
ly increased flexibility. This ambiguity will be considered
further below.

Estimation of the Apparent Curvature of the 242-bp Frag-
ment KP242, Using the Technique of Differential Decay of Bi-
refringence (DDB). The 242-bp palindrome containing a cen-
tral EcoRI site (designated KP242; Fig. 2) has proven to be a
suitable starting point for the study of curvature for the fol-
lowing three reasons: (i) the molecule is sufficiently small to
facilitate the study of structure with only a relatively minor
contribution due to the flexibility of the helix (14); (ii) the
electrophoretic mobility of KP242 is markedly abnormal
(Fig. 2); and (iii) an unrelated 242-bp, blunt-ended DNA mol-
ecule derived from XH242 by inversion about an internal Alu
I site (designated XHR242), which displays normal electro-
phoretic behavior, can be prepared easily.
By comparing the rotational diffusion of the two DNA

molecules, KP242 and XHR242, an estimate of the apparent
curvature of KP242 can be made. This comparison was per-
formed by analyzing the difference in the rates of decay of
birefringence [designated DDB (12)]. With this method, dif-
ferences in length as small as 1% can be detected (Fig. 3).
The results of the DDB analysis for one set of buffer condi-
tions is displayed in Fig. 3. For this example, the ratio of the
birefringence decay times is TXHR/rKP = 1.24 + 0.01. For a
rigidly bent rod with a single sharp bend at its center, this
ratio corresponds to a bend angle of 52° ± 20. An estimate of
the effect of residual flexibility on the difference analysis,
based on the formulas of Hagerman and Zimm (17), indicates
that such effects would alter the apparent bend angle by only
a few degrees. The true curvature is undoubtedly distributed
over a substantial portion of the molecule, and may not be
confined to a single plane.
A Substantial Portion of the Curvature Present in KP242 Is

Static. The measurements depicted in Fig. 3 were made in
the presence of 0.1 mM MgCl2, which essentially eliminates
electrostatic contributions to the persistence length (P) of
DNA (14). Under those conditions, if all of the difference
between TKP and TXHR were due to a uniform reduction in the
value of P associated with KP242, the resulting value of P
would be 325 A (PXHR 500 A). As the ionic strength of the
solutions used in the DDB measurements is decreased to the
point at which electrostatic contributions to P predominate,
R [ (TXHR/TKP) - 1] should approach zero. For example,
the expected value of R at 0.1 mM ionic strength would be
ca. 0.01 (14). As can be seen by inspection of Table 1, R is
substantially larger than 0.01 under those conditions. The
gradual drop in R values may reflect either a small difference
in P between PKP and PXHR or, more likely, a gradual repul-
sion of the ends of the curved molecule.
The Purine-Clash Model of Calladine Provides a Plausible

Molecular Basis for the Curvature of kDNA in Solution. To
test the plausibility of the hypothesis that purine clash (3) is
responsible for the curvature observed in kDNA, contours
representing the helix axis (Fig. 4) were generated by using

certainty in R (± 0.01) represents the combined standard error ob-
tained from the single-parameter (R) fit displayed in B and the initial
determination of TXHR. A 5% uncertainty in the value of TXHR would
lead to a 1.7% uncertainty in R. The overall standard error corre-
sponds to a difference in length between two straight rods of 0.3%,
thus underscoring the extreme precision of the DDB approach. The
bend angle for an equivalent once-bent rod was determined by inter-
polation from table 2 of ref. 15, using the formula R = D - (B/3) -

1, in which D = (D, + D, + Dz)/3 and B = (Dj2 + Dy2 + Dz2 - DXDV -

DIDz - DyDz)1/2 (16), and Dx, D., and Dz are the three principal
diffusion coefficients for the bent rod (15).
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Table 1. Dependence of DDB on buffer composition for the two
fragments KP242 and XHR242

Buffer R*

0.1 mM NaCI/0.001 mM Na2EDTA 0.12
0.3 mM NaCl/0.003 mM Na2EDTA 0.17
1.0 mM NaCI/0.01 mM Na2EDTA 0.21
1.0 mM Tris-HCI, pH 8.0/0.10 mM MgCl2t 0.24

*R= (rXHR/TKP) - 1.
tPresented in Fig. 4.

the set of rules proposed by Dickerson (9) with one signifi-
cant modification-namely, the removal of compensatory
roll at positions adjacent to the central base pair transition,
as suggested by Dickerson (R. Dickerson, personal commu-
nication). This modification should provide a somewhat bet-
ter representation of the "native" helix, since the sum func-
tions were developed for the self-compensating MPD7 helix
(9-Br derivative soaked in methylpentanediol at 7°C), which
has undergone a transition from a helix with curvature to a

straight helix (1, 18). The contour of the KP242 helix is only
marginally influenced by the mode of compensation of local
twist (data not shown), suggesting that the sequence depen-
dence of curvature is primarily determined by locally un-

compensated roll. It should be noted that the fully compen-
sating sum functions proposed by Dickerson (9) were de-
signed to yield a straight helix, in conformance with the
structure of the MPD7 helix, upon which they are based. In
view of the caveats associated with a direct comparison of
the crystal and solution forms of the DNA helix, no attempt
has been made to obtain a "best fit" for twist and roll angles
at this point, the purpose of Fig. 4 being simply to demon-
strate the plausibility of the purine-clash model as a basis for
the observed curvature of kDNA in solution.

DISCUSSION
Evidence has been presented that establishes the existence
of static, sequence-dependent curvature ofDNA in solution.
Substantial curvature of a duplex DNA dodecamer in crys-
talline form had been observed previously (1). The proposed
basis for the curvature of the dodecamer-namely, inter-
strand purine clash (3, 9)-leads to the prediction that such
curvature should also exist in solution. The present study
confirms this prediction. Although it has not been estab-
lished that the observed curvature ofDNA in solution is, in
fact, a direct consequence of purine clash, application of the
modified sum functions of Dickerson (ref. 9; Fig. 4) leads to
estimates of curvature for KP242 in reasonable agreement
with the results of DDB measurements (Fig. 3).

A B

FIG. 4. Predicted contours for KP242 (A) and XHR242 (B),
based on modified rules for cross-chain purine clash (detailed defini-
tions of the sum functions as well as for twist and roll are given in
refs. 9 and 18). In the present analysis, the magnitudes of the contri-
butions to twist and roll due to purine clash are those of Dickerson
(9) with the following exception: compensatory roll at positions ad-
jacent to the central purine-pyrimidine (or pyrimidine-purine) tran-
sition has been eliminated (see text). Solid lines, x-z plane; broken
lines, x-y plane. The transformation matrix used in this study has
been presented elsewhere (17). The use of the solution value of 10.4
bp per turn (19), both for locally compensated and for locally un-

compensated twist, imparts a spiral character to the contour while
preserving local curvature (data not shown). As calculated by using
the modified sum functions of Dickerson (9), the angle between tan-
gents to the ends of the KP242 contour is approximately 30°C, irre-
spective of whether locally compensated or locally uncompensated
twist is used.

An alternative model for static curvature, based on a cor-
relation analysis of a number of sequences of eukaryotic
DNA, has been proposed (6, 20), in which a slight bend oc-
curs at positions of ApA dinucleotides. However, the crys-
tallographic data of Dickerson fail to demonstrate any sub-
stantial roll or tilt angles associated with either of the ApA
dinucleotides present in the dodecamer, rendering this mod-
el unlikely as a source of significant static curvature. Further
evidence that militates against the ApA model comes from
studies (unpublished results) of a 415-bp Tha I fragment de-
rived from Paramecium mitochondrial DNA (21). This mole-
cule consists of 96% A-T base pairs, and it migrates on 9%
polyacrylamide gels with an apparent size only 16% higher
than its size based on sequence; the 410-bp Sau3A fragment
(Fig. 1) migrates with an apparent molecular weight 3 times
its size based on sequence. Using the angle of 5° per ApA
dinucleotide proposed by Levene and Crothers (22), the 415-
bp mitochondrial DNA fragment is predicted to be dramati-
cally contorted, with an attendant 17% reduction in end-to-
end separation. The end-to-end reduction predicted by using
the modified sum functions is 2%. For comparison, the re-
ductions in end-to-end separation for KP242 and XHR242,
determined by using the modified sum functions, are 3% and
0.5%, respectively. The observation (20) of the approximate-
ly 10.5-bp periodicity of ApA dinucleotides may, in fact, re-
flect a reduced bending potential at those positions, thus fa-
cilitating the packaging of DNA into nucleosomes. This last
proposal is in accord with the model of Zhurkin et al. (23).
A previous study (6) of the structure of kDNA relied on a

sequence for an Mbo I fragment that was in error (P. Eng-
lund, personal communication; ref. 13). The correct se-
quence is identical to that of the largest Sau3A fragment of
Ltl9 (8) and consists of 410 bp, not 490 bp as previously
reported. The Sephacryl S-500 study (6), therefore, does not
demonstrate any significant filtration abnormality associated
with the kDNA fragment. Moreover, those authors appar-
ently missed the slow phase of the decay process in their
dichroism measurements of the 410-bp Sau3A (MboI) frag-
ment (Fig. 5). The terminal decay constant, T410 = 23.1 Asec
(Fig. 5) is only 20-30% smaller than the value predicted (14)
for a "normal" fragment of the same contour length. This
result, along with the results presented in Fig. 3 and Table 1,
indicates that even significant curvature is associated with
relatively subtle changes in the rates of rotational diffusion

I I 1 I1
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FIG. 5. Semilogarithmic plot of the decay of birefringence of the

410-bp Sau3A fragment from Ltl9 (Fig. 1). Measurements were

made in buffer having a composition identical to that of Marini et al.
(6) (0.3 mM NaH2PO4/0.6 mM Na2HPO4). Temperature, 3.0°C.
Analysis of the linear portion of the curve yields T410 = 23.1 ,usec. A
forced fit of the entire birefringence decay curve to a single expo-
nential yields a value for Tapparent of 7-10 ,sec, depending upon the
field strength. The decay time of the terminal portion of the curve is
independent of the field strength.
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and, therefore, a sensitive approach such as DDB is re-
quired.
The biological role for the curvature found associated with

certain regions of the kinetoplast minicircles is unknown at
present. One might surmise that such curvature is important
to the organism since it appears to be localized to within con-
served regions among various minicircle classes (8). Howev-
er, it may turn out that it is the sequence that is important,
the curvature simply being a consequence of the required
sequence arrangement. Regardless of the biological role of
kDNA curvature, the systematic examination of such re-
gions of curvature should provide important clues regarding
the nature of the forces governing the structure of double-
helical DNA. These investigations should also provide a
means by which information derived from x-ray crystallogra-
phy can be related to the structure of DNA in solution.
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