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Multimerization-Cyclization of DNA Fragments as a Method of
Conformational Analysis

Alexei A. Podtelezhnikov, Chengde Mao, Nadrian C. Seeman, and Alexander Vologodskii
Department of Chemistry, New York University, New York, NY 10003 USA

ABSTRACT Ligation of short DNA fragments results in the formation of linear and circular multimers of various lengths. The
distribution of products in such a reaction is often used to evaluate fragment bending caused by specific chemical
modification, by bound ligands or by the presence of irregular structural elements. We have developed a more rigorous
quantitative approach to the analysis of such experimental data based on determination of j-factors for different multimers
from the distribution of the reaction products. j-Factors define the effective concentration of one end of a linear chain in the
vicinity of the other end. To extract j-factors we assumed that kinetics of the reaction is described by a system of differential
equations where j-factors appear as coefficients. The assumption was confirmed by comparison with experimental data
obtained here for DNA fragments containing A-tracts. At the second step of the analysis j-factors are used to determine
conformational parameters of DNA fragments: the equilibrium bend angle, the bending rigidity of the fragment axis, and the
total twist of the fragments. This procedure is based on empirical equations that connect the conformational parameters with
the set of j-factors. To obtain the equations, we computed j-factors for a large array of conformational parameters that
describe model fragments. The approach was tested on both simulated and actual experimental data for DNA fragments
containing A-tracts. A-tract DNA bend angle determined here is in good agreement with previously published data. We have
established a set of experimental conditions necessary for the data analysis to be successful.

INTRODUCTION

Long DNA molecules can be cyclized in solution becauseods like X-ray analysis, whose results may be affected by
they are flexible. The efficiency of cyclization depends onpacking forces, or nuclear magnetic resonance (NMR),
the DNA length and on the presence of bends in the doublevhich is not sensitive enough to give information about
helix, either intrinsic bends or those induced by boundbending angles. Thus, cyclization efficiency can serve as an
ligands or proteins. The experimental study of the cycliza-efficient tool to study DNA conformational features asso-
tion was pioneered by Wang (Wang and Davidson, 1966a,lziated with a variety of structural elements, such as branch
1968; Wang, 1967). A well-known application of cycliza- points, mismatches, chemical modifications, and ligand or
tion studies to DNA flexibility was performed by Shore and protein binding.

Baldwin (1983), who obtained elegant evidence of the he- To evaluate a few conformational parameters the exper-
lical nature of DNA, manifested in the periodicity of the imental data have to be obtained for different DNA lengths.
cyclization efficiency. Crothers’s and Hagerman’s labora-The choice of these lengths is critical for the subsequent
tories have developed a quantitative analysis of cyclizatiomnalysis. Two major approaches were suggested. In the first
efficiency to study DNA conformational properties. Hager- of them introduced by Shore and Baldwin (1983) fragment
man and coworkers applied the approach to study regulgengths are chosen to cover one helical repeat of DNA to
DNA and obtained accurate estimates of the DNA persishighlight the effect of equilibrium torsional orientation of
tence length, helical repeat, and torsional rigidity of thethe fragment ends on the cyclization efficiency. About ten
double helix for different ionic conditions (Taylor and Hag- different lengths, which differ by 1-2 bp, have to be used in
erman, 1990; Hagerman and Ramadevi, 1990). Crothers anflis case; the lengths should not exceed 400—500 bp. The
coworkers investigated the intrinsic bending of DNA assO-gpproach allows very accurate and unambiguous determi-
ciated with A-tracts (Koo et al., 1990; Crothers et al., 1992)ation of DNA persistence length, helical repeat and tor-
as well as bending induced by protein binding (Kahn andsjonga| rigidity (Shore and Baldwin, 1983; Hagerman and

Crothers, 1992; Zeman et al,, 1998; Kahn and CrothersRamadevi, 1990). This approach is certainly preferable to
1998). Conformational information that can be obtained bystydying properties of the double helix under different con-
this method is hardly accessible by other biophysical methditions, but it is more difficult to apply the experimental

design to the molecules with irregular structural elements,
which cannot be reproduced by replication. A set of mul-
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izzo' - s 10 Dr. Alexander Volododski. New York Uni sponds to two turns of the double helix, is used in the second
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clization is not so simple. However, the approach has the Bsr I site Bsr I site
important advantage of experimental simplicity for applica-

tions involving complex structural motifs, like mismatches, s ¢ 1 s A 1a 2ok e a4 eecattantslggiltets s
! Involving plex structu s, i ' 1 GEAGTEACKTTTTTTGCECGTTTTTTGACETCTECS

modified bases, Holiday junctions, etc., incorporated in the* | |
oligonucleotides. It was used to evaluate the values of DNA
bends caused by A-tracts (Ulanovsky et al., 1986; Koo et
al., 1990), three-way DNA junctions (Shlyakhtenko et al.,
1994a,b), protein or ligand binding with DNA fragments

Bsr I Digestion

(Lyubchenko et al., 1991, 1993; Balagurumoorthy et al., AAAAACGGGCAAAAAACTG GA
1995; Dlakic and Harrington, 1995, 1996; Nagaich et al., GIITTTTGCCCOTTTTTTGAC

1997), or perturbation of the regular double helix resulting

from a chemical modification (Xu et al., 1998). This second™GYRE 1 Preparation of DNA fragment for the multimerization-cy-
clization reaction. The drawing illustrates a DNA hairpin that has been

approach is the SUbjeCt of the current paper. synthesized as a single strand. The hairpin contains two Bsr | restriction
There are two possible ways to obtain the data for Cysites which create non-self-complementary cohesive ends and thus guar-

clization efficiency of the multimers of an oligonucleotide. antee identical orientation of the fragments in multimers. Digestion at these

Crothers and coworkers used a Straightforward solution byositic_ms producesf the completely phosphorylated fragment used for the

measuring the cyclization efficiency for different multimers &XPeriments described here.

individually (Koo et al., 1990). It is more attractive from the

experimental point of view to extract the same data from the

product distribution in a single multimerization-cyclization

reaction. Both linear and circular products of multiple liga-

tion of the oligonucleotide are obtained in the same reactionlhree nanomoles of the purified hairpin molecules were treated with 500

and the formation of shorter circles correlates well with units of corresponding restriction enzymes obtained from New England
iolabs (NEB; Beverly, MA) for 2 hours in 500! of NEB buffer 2 at 37°C

intrinsic or induced bends in the monomers. This approact['13o
: obtain the required fragments with cohesive ends (Fig. 1). The reaction

introduced by L_JlanOVSky etal. (1986) is now widely used tOmixture was phenol-extracted and ethanol-precipitated, followed by elec-
detect bends in DNA fragments. However, the approachrophoresis on a nondenaturing 10% polyacrylamide gel in a buffer con-

based on the multimerization-cyclization reaction has beefrining 40 mM Tris-HCI, pH 8.0, 20 mM acetic acid, 2 mM EDTA, and
applied as a semiquantitative method only, because ther’l(_g.s mM magnesium acetate (TAE/Mg) at room temperature. After stain-

has been no reaular procedure to extract conformation ing with ethidium bromide, the band corresponding to the 21-bp DNA
gu P u X ! olecule was excised from the gel under UV illumination. The DNA

parameters from the experimental data. Usually only thenolecule was eluted, butanol-extracted, ethanol-precipitated, and resus-
length of the modal circular product or the length of the pended in a buffer containing 10 mM Tris-HCI, pH 7.6, and 1 mM EDTA
smallest circle has been used to draw conclusions regardin@g)-
the bend angle in the monomer. These conclusions overes-
timate the value of the bend angle (see below and Hagerman
and Ramadevi, 1990). Here we developed a procedure tBadioactive labeling
extraqt conforma_tional data. from_ the distribgtions of IinearOne picomole of the DNA duplex was mixed withi of 2.2 uM -ATP
and circular multimers obtained in the reaction. The proce'(lo mCi/mL) and 3 units of polynucleotide kinase obtained from U.S.
dure has been tested on simulated experimental data wheg@chemical (USB, Cleveland, OH) in 10! of kination buffer (50 mM
the desired answers were known exactly, and on actudlris-HCI pH 7.6, 10 mM MgC}, and 10 mM 2-mercaptoethanol) for 3
experimental data obtained for a DNA fragment Containinghqurs at_37°C. The reaction mixture was subjgctgd to pher_lol-extraction, a
well-studied bends associated with A-tracts. We have esl\_/hcroSpm G72'5 column (Amersham Phgrmaua Biotech, Piscataway, NJ),

. . . ethanol-precipitated, and resuspended in TE buffer.
tablished a set of experimental conditions that have to be

satisfied to obtain data suitable for this type of analysis.

Preparation of the 21-bp DNA duplex

Ligation time course

METHODS Ligations were performed in 2@l of the ligation buffer used by Koo et al.
(1990) (50 mM Tris-HCI, pH 7.6, 10 mM MgGJ| 10 mM dithiothreitol, 1
Synthesis and purification of DNA mM ATP, and 100ug/ml bovine serum albumin) at 22°C. The DNA

concentration was 10@M and 0.2 unitsil DNA ligase (USB) were used.
The DNA molecule used in this study was synthesized on an AppliedFrom the original 2Qul reaction solution, a Jul solution was withdrawn
Biosystems 380B automatic DNA synthesizer (Applied Biosystems, Fosteand mixed with 2Qul of denaturing gel loading buffer (90% formamide, 10
City, CA) removed from the support, and deprotected, using routinemM NaOH, 50 mM EDTA, trace of xylene cyanol FF) preheated to 95°C
phosphoramidite procedures (Caruthers, 1985); the DNA was purified fromat the following time points: 0, 30 s, 1, 2, 4, 10, 20, and 40 min, and 16 h.
12% polyacrylamide denaturing gels. The molecule synthesized is showhive-microliter aliquots of each sample were then applied to a 7% dena-
in Fig. 1. This molecule forms a hairpin containing restriction sites thatturing polyacrylamide gel to determine which sample was suitable for data
enable us to produce a DNA duplex in which eatlegd can be guaranteed analysis. For the accuracy of the data extraction, the experiment must keep
to be phosphorylated. roughly 10% of the monomers unligated for the optimal analysis.
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Two-dimensional denaturing polyacrylamide cohesive ends is a slow process, whose rate is not limited by
gel electrophoresis the rate at which these ends diffuse (Wang and Davidson,
. . . _ 1968); therefore, th¢-factor also can be expressed as the
The first dimension contained 5% polyacrylamide, and the second con-_,. . L . .
tained 7% acrylamide (19:1 acrylamide:bisacrylamide). These gels aIs&ath, of the CorreSpondmg kinetic constants Qf irreversible
contained 8.3 M urea and were run at 55°C. The running buffer consistedigation (Shore et al., 1981; Shore and Baldwin, 1983). On
of 89 mM Tris-HCI, pH 8.0, 89 mM boric acid, 2 mM EDTA (TBE). After the other hand, the value of thefactor is completely
electrophoresis, they were dried onto Whatman 3MM paper (Whatmargefined by the conformational parameters of the DNA frag-
Int_ernational Ltd., UK) and exposed to X-ray film overnight or quantitated ment: the minimum energy conformation of its axis, the
using a Bio-Rad GS-525 Molecular Imager (BioRad, Hercules, CA). . L . e .
bending rigidity of the fragment, its total equilibrium twist,
and its torsional rigidity. The value of thiefactor can be
Solution of kinetic differential equations computed if these parameters are known (Hagerman and
) ) ) o o ~ Ramadevi, 1990; Koo et al., 1990). Thydactors can be
The s_ystem qf dn_‘ferentlal_equatlons describing the kinetics of_the mu|t|m-COI,]Sid(:H_(:jd as a bridge between experimentally measurable
erization-cyclization reaction (see Eq. 2 below) was solved using the Euler i A i
difference scheme (Godunov and Riabenkii, 1987). We arbitrarily set thoroperties and the basic conformational parameters of DNA
rate constank’, equal to 1 M s~ since its value scales only the absolute fragments.
time of the reaction, which was not essential for the current analysis. The The values o]‘-factors can be measured directly for each
time step of the integration was equal to 10"° (K;Mo) *. We checked  of the considered multimers (Koo et al., 1990), but this
fhat time steps 5 times smaller improved the accuracy of calculations by, o, ireq substantial experimental efforts. It is more attrac-
ess than 1%. With this time step size, the calculation of the product . . .
distribution with 1% of the monomers remaining takes less than 1 min onflve to extract the values qh‘actors for the entire set of
a Pentium Il 266 MHz. multimers from one multimerization-cyclization experi-
ment. Under certain conditions that must be satisfied in the
. . experiment (Crothers et al., 1992; Livshits and Lyubchenko,
Computation of j-factors 1994) the process can be described by the following system
The DNA model and the computational procedure used here to calculat®f Kinetic equations:
j-factors for a particular set of the conformational parameters of the

oligonucleotide are described in the Appendix. dr 1 n—1 e
Two programs used in the work for the extraction of the sgtfattors — = k’é E Lmn-m — |(’§|_n E L™ — KL"
from the distribution of ligation products and the calculatioft#ctors for dt 2 m=1 m=1 2)
a particular set of conformational parameters are available on the authors’
web site, http://crab.chem.nyu.edul/jfactor/. The programs are written in C. d
R — kn Ln
dt !
RESULTS

with the initial conditions

General description of the method
P LY0) = Mo, L%0)=0forn>1, C'0)=0.

Suppose we have identical oligonucleotides with two com- . ., ) _
plementary cohesive ends, so they can be ligated into mulere,C'(t) andL"(t) are the concentrations of circular and

timers. These oligonucleotides can be bound by proteins di€arn-mers at momert;, k3 is the rate constant of joining

ligands, or they can contain irregular structural elementstwo linear fragments of different lengths togethictjs the

We wish to obtain quantitative information about their rate constant of the-mer cyclization. The expressions in

conformational properties from the efficiency of cyclization EQ- 2 assume that the rate of ligating two fragments to-

of their multimers. The cyclization efficiency is specified by 9€ther,k, does not depend on their sizes (Crothers et al.,

j-factors, which can be measured directly for DNA mole-1992). The values df; andk,, the rate constant of ligating

cules (Shore et al., 1981; Shore and Baldwin, 1983). ThéV0 distinguishable half molecules, are related by equations

j-factor is defined as the ratio of two equilibrium constants, Kt = 4k (3a)
e . . . . 2 2

the equilibrium constant for cyclization of a chain with

cohesive enddg,, and the bimolecular equilibrium constant for molecules with identical cohesive ends, and

for the association of two distinct half moleculds, (Ja- .

cobson and Stockmayer, 1950): Kz =2k (3b)

i = KK, 1) for the_ molecules with different cohesive ends (S_hore and
Baldwin, 1983; Taylor and Hagerman, 1990). Usifig=
Each of these half molecules has one cohesive end and ok&k, and Egs. 2 and 3, one can obtain the distributions of
blunt end, which does not participate in the joining reactionlinear and circular products for any set j8f My, k,, and
Eq. 1 means thgtfactor equals the effective concentration reaction timet (Fig. 2A). However, we need to solve the
of one end of the chain in the vicinity of the other end in thereverse problem, to extragtfactors from the measured
appropriate angular and torsional orientation. Joining thelistribution of the reaction products. This problem is the

Biophysical Journal 79(5) 2692-2704
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| T T | T whereB depends oM, and on the extent of the reaction
and does not depend onAnalyzing numerical solutions of
Egs. 2 and 3 we unexpectedly found that this proportionality
is valid for a much broader time interval. Eq. 4 was verified
for a wide range of the initial concentratiorid,, and for
j-factors corresponding to different bend angles and bending
rigidities. We found that Eq. 4 holds with good accuracy
b while the amount of circles is less than the amount of linear
] multimers of the same length,

0.1

T

0.01

T

Relative amount of products

c'=L" 5
0.001 (%)

T
1l

L l L l ! ' ] for all n. The coefficientB can be found by successive
0 42 84 126 168 210 252 294 approximations which minimize the difference between the
Multimer length, bp experimentally measured and numerically calculated distri-
butions of C" and L". During this procedure we vary the
value of B and the reaction time,
r g B - The first approximation foB, B,, is chosen in such a way
a that the largest value ¢ obtained from Eq. 4 is larger than
104 | A . any reasonable expectation (we assumed jthaannot be
r o] ] larger than 10% M). The first approximation forj" is
) obtained by substituting this value Bf and experimentally
ol 1 measured values &" andL" into Eq. 4. For a particular set
of " andM,, the functionsC"(t) andL"(t) depend ort only.
| Thus, by numerical solution of Egs. 2 and 3, we can find
o [ | which minimizes the sunt(L"(t,) — L")? andt,, which
minimizes the sunt (C"(t,) — C")% We have checked that
10° ' ' : : ' ' each of the two sums has only one minimum. Comparison

0 42 & _126 168 210 252 294 of t; andt, is used to choose the next approximation Bor
Multimer length, bp B, .
i+1

ffactor, M

FIGURE 2 Determination of-factors from the distributions of linear B.,=B — Bll2i if t,<t

and circular multimers for the computer experiment. The distributions of _

C" (hollow circle§ and L (filled circles) shown inA were obtained by B, =B +ByJ/2 if t,>t

numerical solution of Egs. 2 and 3 ft, = 1074 M, and a set of-factors

which was calculated for multimers of 21-bp fragment with the intrinsic The iterations are stopped whéy, ,/B; — 1| < 0.01. The

bend of 36°, DNA persistence length of 50 nm, and helical repeat of 10.33st condition also means that the final values, @ndt, are
bp, and the torsional rigidityC, of 2+ 107 *° erg- cm. The set of-factors also very close to each other.

was then reconstructed from the distribution€8findL" by the procedure . . .
described in the text. The load€idléd square$ and reconstructedllow We tested the procedure by applylng it to simulated

circles) values ofj-factors are shown iiB. experimental data (Fig. 8). These data, the sets 6f and

L", were obtained by numerical solution of Egs. 2 and 3 for
subject of the first part of our analysis. A simple method to@ chosen set gf'. The advantage of the simulated data is
determine the conformational parameters of the monomeriat the desired solution, which has to be obtained in the
from the set of” will be described in the second part of the extraction procedure, is known precisely. Fig3 8hows the
paper. result of such a test. We performed similar tests for very
different sets ofi" and found that the difference between
extracted and loaded values j8fdoes not exceed 10% if
condition 5 holds. Since the values pfvary by a few
The first attempt to extragf from the product distributions orders depending on the parameters of the monomer units,
was performed by Livshits and Lyubchenko (1994). TheyWwe consider that this accuracy is sufficient for our purposes.
found approximate solution of Egs. 2 for the case when the Although condition 5 is the only one necessary to apply
cyclization can be considered negligible with respect tothe extraction procedure, there is also a natural restriction on
multimerization. It follows from their analysis that at the the dynamic range oC" and L" values, such that the

Extraction of j-factors

very beginning of the reaction measurements can be made with reasonable accuracy. Use
of phosphoimaging allows us to extend the dynamic range
= BE ) to three orders of magnitude. This is sufficient for the
R current approach if we are careful to restrict the range of

Biophysical Journal 79(5) 2692-2704
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C"(t) andL"(t) as much as possible. This can be achieved byo the maximum,S,,,, the width of the function at half-
choosingM, close to the largest' and by restricting the heightAS,,,, and the value at the maximun{S,,,,)-

extent of the reaction, so that 10-20% of the monomers General analysis of a function of four variables usually
remains at the end of the experiment. requires enormous resources, but in our case simplifying
circumstances help to handle the problem. In the following
treatment we have accounted for the restricted range of
possible values of the parameters, have used some approx-
imations, and have applied a scaling treatment. In particular,
we have considered only molecules with notable equilib-
In the preceding part we described a method to obtain thgum curvatures.

set of j-factors for multimers of a short oligonucleotide.  First we studied the effect of torsional misfit of the
Here, we consider how to obtain conformational informa-multimer ends oni(S). The simulation results show that the
tion from thesg-factors. Crothers and coworkers were the position of the maximum and the distribution width depend
first group to solve this problem (Koo et al., 1990; Crothersweakly on the value of (Fig. 3). We always observed this

et al., 1992). Their approach was based on direct optimizabehavior forp < 0.20. Thus, we concluded that for mole-
tion of the model parameters to fit the measured set ofules with notable bend$(S) can be reasonably approxi-
j-factors. They used a Monte Carlo program that calculatesrated as the product of the bending and twisting components:
a j-factor for particular parameters of DNA fragment by . . . s

simulating an equilibrium set of fragment conformations. (S = jo(S p, Djra(S h, C). (8)

They were first who determined the bending of the DNA Here,jo(s; P, b) is thej_factor that does not account for the
axis associated with A-tracts (Koo et al., 1990). This ap-wisting alignment, angk.,(S h, C) is the contribution from
proach requires extensive computations and a good initighe twisting alignment of the chain ends, which depends
approximation of the conformational parameters. We haVQveakIy onS Equation 8 allows us to analyf&S; p, b) and
tried to find a simpler way of solving the problem. We iw(S h, C) independently.

performed computations for a large set of conformational Note thaf(S p, b) depends op andb separately, but we
parameters and generalized the results in the form of enzan eliminate one of these variables if we measure all

pirical relationships between the distribution of multimer jengths in units ob. The new dimensionleg§(Sb, p/b) and
j-factors and the conformational parameters of the oligonuj (s, p, b) are connected by simple equation:

cleotide. These relationships allow one to obtain a good

estimate of the conformational parameters without any extra jo(Slb, p/b) = b°Najo(S p, b), 9)
simulations. Our DNA model used to derive the empirical
equations is essentially identical to one used by other
(Hagerman and Ramadevi, 1990; Koo et al., 1990); how
ever, we designed a new Monte Carlo procedure for the

efficient calculation of-factor corresponding to a given set

of conformational parameters that specify a DNA fragment. 108 7 T I T 3
The model and the Monte Carlo procedure are described in 2 3
the Appendix.

We assume that there is a given setjdhctors for
different multimers of an oligonucleotide whose length cor-
responds to approximately two turns of the DNA double
helix. In the context of our DNA model, the values of the
j-factors are defined by four conformational parameters of
the oligonucleotide: i) the equilibrium radius of curvature,
p; i) the DNA Kuhn statistical lengthb; iii) the DNA
helical repeath; and iv) the torsional rigidity of the double
helix, C. For further analysis we will describe the set of
j-factors,j", by an interpolating function of DNA lengtts 84 126 168 210 252
Note that this functionj(S), is equal to the values of Multimer length, bp
j-factors only for DNA lengths which are integral numbers
of multimer length; its intermediate values have no physicaF/GURE 3 The dependence of the calculafefdctors on the helical
meaning. Becaus¢S) always has a maximum for the range repeat of the oliggnucleotide. The regression .Iines are drawjfemtors

L . obtained for multimers of 21-bp fragments with helical repeats equal to
of S_ tha’F Co_rreSpon_dS _tO the p_I’OdUCt dIS_tl’Ibutlon of the10.50, 10.42, 10.34, 10.25, and 10.17 bp, from top to bottom. The other
multimerization-cyclization reaction (see FigB2 we can  conformational parameters a@:= 2 - 10 erg- cm, p = 11.5 nm,b =
describg(S) by three parameters: the length correspondingLoo nm.

Determination of structural parameters from a
set of j-factors

whereN, is Avogadro’s number. We simulatgi{Sb, p/b)
_?or different values op/b. Fig. 4 summarizes the simulation

10

T T T

Jj-factor, M

10°

T T

L1l

10°®

T
(al

| | | L
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3 , I T , results, which can be also expressed by empirical equations:
A
b=0.8 Shex
AS,,
1 1 1
= —— 4+ —
Swax  2mp  2b

1+ - _ 53 b?
Jo(Shaxs P, D) = N S (12)

(10)

(11)

bIS, .

Equations 10 and 11 are sufficient for the estimatiorb of

0 : ' . ’ L andp from the values 0f,,,,andAS,,,. These two param-

0 3 6 9 1215 eters of the oligonucleotide are the most interesting ones,
bip and in many cases we can stop the analysis at this point. If

we want to determine the torsional parametarandC, we

3 have to compare the larggstactor in the experimental set

B with the maximum value of, specified by Eq. 12. Their

ratio is equal tg1,,(Snax h, C). The length is measured in

centimeters in Egs. 10-13.

Using computer simulations, we found that, for relatively
short bent molecules, only one topoisomer makes a notable
contribution to the cyclization of a particular multimer. This
topoisomer is characterized by nearly planar conformations
of the circles when each monomer makes an integral num-
ber of helical turns, even if the equilibrium twist of the
monomer is not equal to an integer. Since the length of the
0 ' ' monomer is usually equal to 21 bp and the helical repeat of
Y 1 2 3 DNA in solution is close to 10.5 bp (Wang, 1979; Shore and

bIS rax Baldwin, 1983), the required torsional deformation is not
too large for this topoisomer. The bending energy of this
4 i T topoisomer is less than that of the others since all its
C equilibrium bends are directed towards the center of the
circle. We tested by simulations that the bending energy of
3r 7 other topoisomers is much higher than the energy of the
major topoisomer. Since for nearly planar conformation the
writhe is very close to zero, we know the value of torsional
deformation in this conformation and can estimigigS; h,
C) from the equilibrium distribution of twist in linear DNA
(Klenin et al., 1991). It gives us

7TC CS 27T{|/h}

b/S wherel is the length of the monomer; the braces indicate the
max difference with the nearest integer. There are two unknowns
FIGURE 4 The effect of DNA curvature on the characteristics of the in Eq'_ 13, so we cannot determine .bmnd h from the
j-factor. All dependencies are shown in linearized forndg. The depen- equation. The value dii can be obtained from Egs. 8, 12,
dence of the maximum position §ff, S,.../b, on the equilibrium curvature  and 13 if we know the value of. Although C is known
of the fragments. The DNA curvature was varied in the range @p < relatively well for the regular double helix, it can have different
13.5. @) The relationship between the maximum position and the width atyg]ye for monomers with |rregular structural elements.
half-height ofj§. (C) The relationship between the maximum position and To test the approach described above. we S|mulated
the maximum value ofg. o ’
factor distributions for several sets pfb, andh, and then
tried to reconstruct the parameters from the simulgted
factors. In these computer experiments and all other calcu-
lations in the work we kept the value @fconstantC = 2 -

VisS__Ib, plb)
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10 *° erg - cm). Table 1 illustrates the accuracy of the A
procedure for the simulated sets jefactors. One can see

that for the most cases the difference between desired pa-
rameters and those obtained does not exceed 10%.

Multimerization-cyclization of DNA fragments
containing A-tracts

DNA intrinsic bends associated with four or more adenines
in a row are well studied, and therefore we chose DNA
fragments containing these A-tracts to test our approach.
The values of" for the multimers of these fragments were
measured directly, by cyclization of the multimers of dif-
ferent lengths (Koo et al., 1990; Crothers et al., 1992).
Analysis of thej-factors in conformational terms allowed
Crothers and his colleagues to determine that the bending
angle associated with A-tract equals 18° (Koo et al., 1990).
Rivetti et al. (1998) recently studied the effect of A-tracts on
DNA conformation by atomic force microscopy and found
an angle of 13°.

We have performed a set of experiments with the DNA First dimension ——>
fragment shown in Fig. 1. The sequence of the fragment is
similar to that used by (Koo et al., 1990). Fig. 5 shows the

<«—— Second dimesion

w

distribution of linear and circular products in a typical 0.16 T T T 1 — T 110.04
experiment. We used the measured product distributions to Linear Circular
extractj-factors from the multimer distribution and its re- 8
action time and then recalculated the distributiorcBfand B8 012F 003
L" by substituting these values pfactors and the reaction g
time into Egs. 2. Comparison of the recalculated distribu- =
tions with measured ones serves as an important control for 3 0.081 002
the self-consistency of this analysis. 5 :
We found that the agreement between measured and 2 0.04- _; h do.o1
recalculatedC" andL" was always good when the extent of § 1. ’
2 I |
o.00 L HEHE il Ll0.00
TABLE 1 Examples of reconstruction of the structural 0 42 84 126 168 210 126 168 210
parameters from the computed j-factors Muitimer length, bp
Reconstructed o . o o
Actual values  Spmo MM AS, MM [(Sua)s M values FIQURE 5_ Product distribution in _th_e muIt|merlzatlon—cycllzgtlon ex-
periment with 21-bp fragment containing two A-tractd) (Two-dimen-
p=22.7nm p=20.8nm sional gel-electrophoretic separation of the reaction products. The two
b =100 nm 79 47 461077  b=106nm directions of electrophoresis are indicated. The linear molecules form a
h=10.28 bp h =10.26 bp diagonal on the gel, whereas the cyclic molecules form an arc above it. The
p=12.2nm p=122nm c_yglic products are double str_anded circles; single-strand_ed circles are also
b = 100 nm 56 24 34105 b= 106 nm visible on the original autoradiogram as an arc of very faint spots between
h = 10.28 bp h = 10.27 bp the catenated and linear spots, but the)_/ are npt visible in t'his reprodm_:tion.
(B) The measured and reconstructed distributions of the circular and linear
p=122nm p=13.9nm products. Both distributions were normalized to 1. The experimental data
b =100 nm 61 39 6.310*  b=102nm are shown in black and the reconstructed distributions in gray.
h = 10.50 bp h =~ 10.5 bp
p=12.2nm p=12.1nm
b =50 nm 44 30 42107 b=53nm the reaction was sufficiently low that 10—20% of the mono-
h = 10.28 bp h=1027bp  mers remained at the end (Fig. 5). The agreement declined
p=6.8nm p=7.3nm when only 1-2% of the monomers remained in the reaction.
b =100 nm 36 12 2110° b=87nm Special computer experiments showed that the values of
h=10.28 bp h=1031bp  jfactors extracted from the experimental data are more
We used the torsional rigidit¢ = 2 - 107*° erg- cm. sensitive to the errors in the measurement€bandL" for
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high extent of the reaction (data not shown). Similarly,
small impurities in the samples would have a larger effect
on the product distribution for deeper reactions. Thus we
concluded that at least 5% of the monomers should present
at the end of the reaction for successful extractionj-of
factors. The experiments with 10-20% of the monomers
remaining at the end of the reaction gave similar sets of
extractedj-factors (Fig. 6).

We also tested that kinetics of the reaction follows Egs. 2
over the broad time interval. We found the valuesj-of
factors from the product distribution shown in Fig. 5 and
substituted them into Egs. 2 to calculate the entire kinetics.
Fig. 7 shows how the fractions of selected linear and circu-
lar multimers change in the course of the reaction as a
function of remaining monomers. Similar agreement was
obtained for other products, which are presented in Fig. 5.
The agreement declined only when less than 1% of mono-
mers remained, probably because of some impurity of the
material.

We have found that it is crucial to have nearly dllends
of the nucleotides phosphorylated. This requirement is easy
to understand, since multiple ligations are required for mul-
timer formation, and a lack of phosphorylation for even a
small percentage of the monomer ends can affect the dis-
tribution of the reaction products. We performed a computer
simulation of the reaction with incomplete phosphorylation
of the 8 ends and found that the presence of 10% unphos-
phorylated 5 ends on the monomers decreases the extracted
values ofj-factors by a factor of 1.5 to 2.5, depending on the
extent of the reaction. To provide complete, close to 100%,
phosphorylation we synthesized hairpin oligonucleotides of
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FIGURE 6 The sets of-factors extracted from the multimerization-
cyclization experiments with 21-bp fragment containing two A-tracts.
Three independent experiments were perfornedssesfilled symbols
and hollow symbo)s For two of them, data with different extents of
ligation were used (shown by different filled and hollow symbols). From
average values of thegdactors we found the following set of parameters:
b =106+ 10 nm,p = 12.0+ 0.6 nm, anch = 10.18= 0.02 bp; the value

of C was set equal to 2107 ° erg: cm. Thej-factors computed for these
parameters are shown by solid line.

FIGURE 7 Comparison of simulated and measured kinetics of the mul-
timerization-cyclization reaction. Change of the fractions of selected liner
and circular multimers is shown as a function of the fraction remaining
monomers. Experimental results are shown by symbols and corresponding
theoretical dependencies are presented by lines. The data correspond to
2-mers filled circles), 3-mers follow circleg, 4-mers filled triangle),
7-mers hollow triangle, 8-mers filled square$, and 9-mers Hollow
diamond$. Similar agreement was obtained for other reaction products
shown in Fig. 5.

longer length, containing restriction sites near their ends.
Digestion with the restriction enzyme was used to produce
completely phosphorylated fragments (see Methods).

The average set over a few extracted sefsfattors was
used to determine the values pf b, and h using the
procedure described above. The found values correspond to
bend angle per A-tract of 17% 1°, DNA Kuhn statistical
segment of 103t 10 nm, DNA helical repeat of 10.18
0.02 bp per turn. We assumed in this analysis that DNA
torsional rigidity is equal to 210 *° erg- cm (see Appen-

dix for details). Then we computedfactors for different
multimers specified by the calculated set of the conforma-
tional parameters. Fig. 6 shows the compuytéattors along
with the values extracted from the experiment. The agree-
ment between the two sets is reasonably good if we take into
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account the experimental errors of the measured values @&irg - cm through this work, which was determined in cy-
the j-factors. The value of the most interesting parameterglization experiments for small DNA molecules with one
the equilibrium radius of curvaturgs, corresponds to the single-stranded nick (Shore and Baldwin, 1983; Taylor and
equilibrium bend of 17° per A-tract, what is in good agree-Hagerman, 1990).

ment with the result of Koo et al. (1990), 18° per A-tract. It should be noted that the angle between the monomer
ends does not specify minimum energy conformation of its
axis completely. Particularly, the oligonucleotide can have
DISCUSSION more than one bend and its conformation can be nonplanar.
We have developed and tested an approach that allows orféie method is equally applied to such cases and one can
to obtain conformational parameters of short bent DNAobtain correct value of the angle between monomer ends.
fragments from the distribution of linear and circular prod- However, the detailed structure of the monomer cannot be
ucts obtained in the multimerization-cyclization reaction.resolved by the approach since this detailed structure does
The method allows one to evaluate the value of total bendhot affect, practically, the distribution gffactors of the
angle and bending rigidity of the fragment and, with somemultimers. This point is illustrated in Fig. 8, which com-
restrictions, helical repeat and torsional rigidity. The procepares two monomers with different detailed minimum en-
dure has been tested on simulated experimental data and ergy conformations but the same setg-tdctors. Similarly,
DNA fragments containing A-tracts, which had been studiedhe persistence length obtained in the analysis corresponds
earlier. The tests showed good accuracy of the procedure. to the average bending rigidity along the monomer, which

In the first step of our approach the valueg-féctors for ~ could have a hinge at some position.
different multimers of the fragment are determined from the Our analysis assumes the existence of a notable intrinsic
product distribution in the multimerization-cyclization ex- bend in the monomer unit and elasticity of its deformations
periment. Several experimental conditions must be satisfiethat obeys Hooke’s Law. Such a model was considered
to make the determination successful. before by Crothers and coworkers (Koo et al., 1990; Croth-

1. The amount of circular multimers should not exceeders et al., 1990) and by Livshits (1996). Koo et al. (1990)
the amount of the corresponding linear multimers at the engolved the same problem by direct optimization of the
of the reaction. model parameters to fit the measured sej-fi#ctors. We

2. The extent of the reaction should not be too high, so ainstead found empirical equations that solve the problem
least 5% of the monomers remain at the end of the reactiorwithout further computations. Although our solution con-

3. It is important that a very high proportion of the tains some approximations, its results are rather accurate.
monomers, 97% or perhaps more, contain phosphorylate@ihe relatively small error related with the analysis is a
sticky ends that are available for ligation.

In practice, conditions 1 and 2 can be satisfied simulta-
neously only if the initial concentration of monomers in the
ligation reaction and maximurifactor for the multimers
have the same order of values. If the bend angle per frag-
ment is very large, the correspondijztactors will be very
large as well, and it is difficult to work with such a high
concentration of the monomers. The problem can be over-
come by reducing the number of bends per original frag-
ment. Crothers et al. (1992) have noted previously that
sufficiently short cohesive ends, 1 to 2 bp in length, are

another experimental requirement for the successful extrac/GURE 8 Two structures formed by decamers of 21-bp oligonucleo-
tion of conformational parameters tides with different distributions of bends along their contour. The struc-

L L tures correspond to minimum energy conformatioA$.Two bends of the
In the second step we analyze the distributiopfafctors  first oligonucleotide, 28° each, are located in different planes, with 66°

in conformational terms. We specify the distribution of angle between them, so the minimum energy conformation of the monomer
j-factors by only three values: the position of the maximum,is not flat. The resulting angle between the oligonucleotide ends equals 49°.
the magnitude at the maximum. and the width of the distri_TorsionaI separation between adjacent bends in the helix alternates be-

bution. Thus e could not determine all four Conforma_tween 426° and 306°B) The bends of the second oligonucleotide, 24°
uton. us, w u ! u each, are located in nearly parallel planes, with 6° angle between them. The

tional parameters of the fragment unambiguous_ly. It turneQesulting angle between the oligonucleotide ends equals 48°. Torsional
out, however, that these three parameters ofjtfector  separation between all adjacent bends in the second helix equal 326°. The
distribution uniquely define the two most interesting con-helical structures formed by the oligonucleotides have nearly identical

formational characteristics, equilibrium bend angle and per[adiuses and pitches and thufactors of the corresponding multimers are

. . . early identical for both oligonucleotides. The bend angles between the
sistence Iength of the fragment' To determine the radius Oﬁwnomer ends are nearly equal in both cases and can be determined

torsion of the fragment, one must choose arbitrarily theynambiguously by the approach, although the angle does not specify a
value of DNA torsional rigidity. We use@ = 2 - 10 *°  detailed structure of the monomers.

B
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reasonable price for its simplicity, since the optimizationcally straight DNA corresponds to DNA length about 500
requires extensive computations and it is difficult to esti-bp rather than infinitely long molecules. Also shorter linear
mate its accuracy. The analysis can be applied equally toultimers which serve as substrates for the corresponding
DNA fragments that contain specific chemical modifica- circles, present at larger amounts than longer multimers,
tions, are bound with ligands or proteins, or have irregularespecially at the earlier stages of the reaction. It also results
structural elements. We did not account, however, for exin larger amount of shorter circles. The issue was discussed
cluded volume effects, which may be needed for someén more detail by Hagerman and Ramadevi (1990).
proteins whose size is comparable with the size of DNA
monomers. .
The analysis of thg-factors is based on the fact that they APPENDIX: CALCULATION OF J-FACTOR FOR

can be expressed, to a reasonable approximation, as tIPJ‘lA FRAGMENT
products of two terms, accounting separately for the bendDNA model
ing and torsional deformations of the multimers. The pos- _ . .

e . . .. A DNA molecule of contour lengtls is modeled as a chain &f straight
S'b"'t}’ of performing this f_aCtonzatl(_)n results from the segments of length, = SN. The segment orientations are specified by
near-integral number of helical turns in the monomers conyrthogonal triplets of unit vectors( y;, z,), attached to the beginning of
sidered in this work. Our simulations suggest this approxi-each segment. The vectgyris oriented along the axis of the segment. The
mation works well if the pitch of the minimum energy helix orientations of the chain ends are given by the tripigt ¥,, z,) and the
formed by multimers (Fig. 8) is less than its diameter. Theadditional virtual triplet '(<N+1, YN+ zN_H)'attached to the end of t_he last

. . . g . segment. These end triplets must coincide when the molecule is closed.

most mtergstmg te_rm' V\{hICh specifies the bending compo- The equilibrium bend and twist between the segmentsl andi are
nent of thej-factor, is defined by Egs. 10-12. We tested thespecified by three Euler anglesj( o;, ), so that the minimal energy
equations for a broad range of intrinsic curvatures, includingrientation of the segmeifor the given actual orientation of the segment

the case of intrinsically straight DNA. In the limit of small i — 1 is calculated as
values ofp, the equations are in quantitative agreement with X0 =T/, a1, )%
the theoretical calculations of Livshits (1996), and for in- Lo T A (A1)
trinsically straight DNA they are consistent with the results Y2 = Ti(, 01, B)Yi 1
of Shimada and Yamakawa (1984).
Two restrictions should be satisfied for successful appli- =T, 0, 0)z 1,

cations of the approach. . . where T;(¢, a;, 6;) is the Euler rotation matrix (Korn and Korn, 1961)
1. The fragment has to contain close to integer number Ofiefined by the three angles; specifies the direction of the equilibrium

helix turns. Our analysis works properly if the number of bend, or the angle between the axis of the bend rotationxang is the

turns differ by=0.1 from an integer; DNA fragments of 21 magnitude of the bend, and the sum+ 6; defines the equilibrium twist.

bp in length, which are usually used in the experiments, '€ andles of bending and twisting that specify the deflection of an
. h dition actual orientation of triplet from its minimal energy orientationyo; and

satisfy the con _' 1on. o Ay; + A6;, are calculated as

2. Our experience shows that successful application of

the approach is restricted by the condition the bend angle is Aoy = arccosz - z),
in the interval from 9° to 26° per DNA helical turn. The Yoox — X°-y, (A2)
intrinsic curvature that corresponds to smaller angles is Ads + AG; = arctar<x'ox'+y'0y'>,

i "X i"Yi

hardly noticeable against thermal bending fluctuations, and

larger values of the angle may result in very large values Ofyhere the tripletx?, y°, 29) is defined by Eq. Al. Note that whila(, o;,

the j-factor (see above). 6,) specify the minimal energy orientation of the segmieralative to the
The Simp|est way to ana|yze the mu|timerization-cyc|iza-aCtua| orientation of the segmeint- 1, (Ay;, Ao, A6;) define the deflec-

tion data assumes that the equilibrium bend angle in thé’on of the actual orientation of the segméntlative to its own minimal

DNA f t Is 360 wh ifies the distri energy orientation. In this work we assume isotropic bending properties, so

! ragmen equa S_ ' W er?n specinies the distn- 4, angles specify the elastic energy in the junction between segments

bution maximum for circular multimers (see (Lyubchenko 1 andi as:

et al., 1993), for example). Our results show that this KTh c

method es.serjtlallly overestlmatgs the bend angle. Indeed, E = (A0)? + —(Ays + AB), (A3)

from the distribution shown in Fig. 3 one could conclude lo 2o

S o
that the equlllb”um bend angle equals 360%7 517, wherekT is the Boltzmann factoly is the Kuhn statistical length, ar@lis

whereas our analysis gives 34° per fragment containing tWehe torsional rigidity of the double helix (Shimada and Yamakawa, 1984).
A-tracts. We have analyzed numerous computer experithe total energy of the model chain is the sum of energies oveN all

ments and have concluded that such discrepancies are coifactions. Excluded volume interactions are not included in the model,
mon, although their exact values vary. The effect has ent_>ecause it is being applied here to relatively short DNA molecules.

. L . In this work, we focus on thgfactors of DNA molecules obtained by
tropic 0”9'”- for S_horter molecules Iarg_er_ fraction  of the multimerization of identical oligonucleotides, so that the equilibrium
conformations has juxtaposed ends, and it increases the&bnformation of large linear multimer of the oligonucleotide corresponds
j-factor. For the same reason maximdhctor of intrinsi-  to a helix in large scale. Although equilibrium conformation of one
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oligonucleotide only approximately corresponds to a smooth arc of theequations similar to Eq. A2.

helix, we will describe the conformation by such a way. This is reasonable

approximation for short oligonucleotides. We have to make this approxi- B = arcco$z; * Zy.1),

mation since there is no chances to extract more detailed conformational

description of the oligonucleotides from the experimental data. Thus we X1*Xn+1 T Y1t YN (A5)
1+22y

specified the conformation of the oligonucleotide axis by the radius of
curvature,p, of a flat arc. The equilibrium bend angle between the
segments of the model chain can be expressed asly/p. The second By definition (Crothers et al., 1992), theactor is given by
parameter of the equilibrium conformation of the oligonucleotide is its

fractional twist,ATw. The value ofATw can be calculated from the DNA 1% (3P(l’o) ZP(BO) 7TP(To)

helical repeath, asATw = {I/h}, where the braces indicate the difference 1= N, I'mo 4mr3 1—cosBy 1o
ro—>l

T = arcco{

) (A6)
with the nearest integer. The length of the oligonucleotitiés,commonly o0

chosen so that it contains close to an integer number of turns. It results in 00

small pitch of the helix in comparison with its diameter.

Note that one can eliminaig from consideration by choosinginthe ~ WhereN, is Avogadro’s numberR(r) is the probability that < ro, P(Bo)
direction of the equilibrium bend axis. The twist anglis specified byp = IS the probability thaj3 < 3, under the condition that < ro, P(r) is the
2mATW(l/1) in this case. probability thatr < 7, under the condition that<ry andB < . In this

expression the angular parameters are in radians, the end-to-end distance is

in nanometers, and thefactor is in moles per liter, M.

To find the j-factor we would have to calculate the fraction of the

Metropolis Monte Carlo procedure conformations with juxtaposed and aligned ends in the equilibrium set

generated by the MC procedure. However, if the probability of these
We used the Metropolis Monte Carlo procedure to obtain the equilibriumconformations is very small, they might not appear, even in a very large
set of chain conformations. Two types of displacements were appliecequilibrium set. To overcome the problem, previous investigators em-
repeatedly to randomly chosen subchains, each consisting of a randoployed special approaches (Levene and Crothers, 1986; Hagerman and

number of adjacent segments. Ramadevi, 1990). Here, we have developed a new biased MC approach to
The first type of displacement is a rotation around a randomly directedthe problem.
axis of all the subchain triplets fromto N + 1 by an anglep, so the To calculateP(r,), we can choose a sequence of distamgesr; <. ..

subchain rotates as a rigid body. The random valuepd§ uniformly <r,, wherer, is larger than or equal to the chain contour length. For each
distributed over the range-{o, ¢o]. This displacement changes the mutual r; we can define the probabilitie®(r;), of conformations withr < r;
orientation of the triplets — 1 andi, and the energ¥; given by Eq. A3.  among all possible conformations. We can also define the conditional

In the special cases where the axis of the rotation coincideszindz;, probability, P(r;|r;..;), of conformations withr < r; in the subset of
the rotation only changes the angleg, or A6, respectively. When the axis ~ conformations withr < r;, ;. SinceP(r;) = P(r;|r, 1)P(r;, ;) andP(r,,) =
of rotation is perpendicular to bo#} andz;, the rotation only changeso:. 1, P(ro) can be found as

In the general case, the rotation about a random axis changes all three of

these angles. Note that any conformation of the model chain can be n-1

obtained using a finite number of displacements of this type only, which is P(ro) = H P(ri|ri+l)_ (A7)
a necessary requirement of Metropolis procedure. i=0

The second type of displacement is a crankshaft rotation (Klenin et al.,
1991), when the triplets fromto j are rotated around the line connecting P(,) can also be expanded into a product of conditional probabilities,
the ends of the subchain by an angke The value ofd is uniformly P(B:|Bi.1), for a chosen sequence of anglgs.< B; < . . .< m. The same
distributed over the range—{®, ®g]. This displacement changes the can be done wittP(r,).
energiesk; and E; ;. This displacement never changes the end-to-end The magnitudes of the conditional probabilities can be controlled by
distance of the chain, but it improves the biased sampling for the calculachanging the sequences of the distances and the angles. We have estimated
tion of thej-factor (see below). that the efficiency of the-factor calculation is maximized when the
The trial rotations are accepted or rejected according to the standard rulgonditional probabilities are close to 0.2. The error in the calculations
based on the energy test (Metropolis et al., 1953). The amplitudes of thicreases by about 20% if the conditional probabilities vary between 0.05
rotations,®, and ¢, are adjusted so that approximately half of the trial and 0.5.
rotations are accepted. The principle of microscopic reversibility of the  Large values oP(r/|r;. 1), P(Bi|B;. 1), andP(z]7,) can be calculated
Metropolis procedure is proved by direct calculation of the probabilities of efficiently and accurately using the following MC procedure. The simula-
particular trial displacements. tion starts from a conformation with= 0, 8 = 0, 7 = 0. First, a set of
equilibrium conformations with < rg, B < B, andr < 7, is obtained by
rejecting any conformation with > r,, B > B,, andr > 7,. The fraction
of the conformation withr < 7, in this set gives the value &(ry|r,). To
Calculation of the j-factor calculate the next conditional probability(r,|,), a new set of conforma-
tions withr <rg, B < By, andr < 7, is generated. Then the procedure is
Thej-factor is related to the probability that the chain ends are juxtaposeqepeated for all the conditional probabilities, gradually loosening the con-
and aligned. The end-to-end distance of the model chain is calculated agyymational restrictions according to the chosen sequences of angles and

distances.
N We tested that the limiting value of the probability density in the Eq. A6
r = |O E Z (A4) can be accurately found using = 1 nm, 8, = 0.1, 7, = 0.1 (data not

shown). The sequences of the distances and the angles were chosen so that
Falti = V2, Bi4/B = 2, andr, /7, = 2. We used the same sequences
throughout this work.

The mutual alignment of chain ends is given by the bend arfijlend the We tested that simulations with segment lenigtk 3.57 nm (10.5 bp)

twist angle,r, between the end triplets. These angles were calculated usingive nearly the same values of théactor as simulations with a segment
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