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ABSTRACT and DNA lengthg10-13). Many theoreticaliglies have also

. . analyzed the distributior(d4—20). In this work we syamati-
We determined the free energy of DNA supercoiling as cally measured the dependence of the variance of the topoisomer
a function of the concentration of magnesium and distribution on the concentrations of NaCl and Mgd&kolution
sodium chloride in solution by measuring the variance and found that the variance changes significantly.
of the zequmbrlum distribution of DNA linking number, To compare the experimental data with the results of computer
[{ALk)C1We found that the free energy of supercoiling simulations we had to know the values of the DNA effective
changed >1.5-fold over the range of ionic conditions diameter,d, under the ionic conditions used. This parameter
studied. Comparison of the experimental results with characterizes the electrostatic interactions between DNA seg-
those of computer simulations shgvv_ed that the ionic ments (21,22) and corpEsnds to the diameter of an uncharged
condition dependence of  [{ALk)*Lis due mostly to the model chain that mimics the conformational distribution of an
change in DNA effective diameter, d, a parameter  acyal DNA molecule. The values re known for solutions
characterizing the electrostatic interaction of DNA containing NaCl or MgGlalone(21,23-26) and we determined
segments. To make this comparison we determined the effective diameter for mixtures of both salts. We calcuthted
values _of d under aI.I. ionic conditions .studled. by from the probability of knots in cyclized DNE5,26).
measuring the probability of knot formation during Analysis of the equilibrium topoisomer distributions allowed
random cyclization of linear DNA molecules. From the us to determine another feature of supercoiled DNA. Changes in
topoisomer distributions we could also determine the solution conditions also affect the DNA helical repeat, the
changes in DNA helical repeat, vy, in mixed NaCI/MgCl > ymper of base pairs per tusn,We systematically measured
solutions. Both yand d exhibited a complex pattern of changes in DNA helical repeat in mixed solutions of NaCl and
changes with changing ionic conditions, which can be MgCl,. These results, together with the data on DNA effective
described in terms of competition between mag- diameter obtained for the same ionic conditions, extend our
nesium and sodium ions for binding to DNA. understanding of competition between sodium and magnesium

ions for binding to DNA.
INTRODUCTION

. . . ATERIALS AND METHOD
Recent theoretical and experimental studies have shown that the S obS

conformational properties of supercoiled DNA strongly dependhe 7.02 kb plasmid pAB4 (27) was purified by thitofrlysis
on ionic conditiong1-5). Conputer simulations also predict that method (28). It was mgly nicked by limited digestion with
variations in ionic conditions should cause significant changes BNase | in the presence of ethidium bron{2® and purified by
the free energy of supercoili(i6). Analysis of many properties extraction with phenol, phenol/chloroform and chloroform,
of supercoiled DNA requires knowledge of the dependence @illowed by ethanol precipitation. For Mg&iontaining sol-
supercoiling free energg, on superhelix densitg. G(o) is  utions, we prepared equilibrium topoisomer distributions by
particularly important for the theoretical treatment of non-canonligation of singly nicked DNA circles with T4 DNA ligase. The
cal structures in supercoiled DNA (reviewed in 7). Experimentgyation reactions were incubated for 4 h in the presence of
with supercoiled DNA are carried out under various ioni®.5 mM sodium phosphate, pH 7.51@ml DNA, 0.1 mM ATP
conditions and thus we investigated h8(@) depends on these and the indicated amounts of NaCl, Mgahd spermidine-3HCI.
conditions. The amount of ligase (2 Weiss U/ml) was 100-fold lower than the
Our approach is based on measurements of the equilibriiwancentration found to disturb the DNA conformational equili-
distribution of DNA linking numbei,.k. Since 1975, when the brium (30). For M3-0.2 M NaCl solutions (lacking Mg e
laboratories of Wang and Vinograd published their elegamelaxed supercoiled DNA with wheat germ topoisomerase |
determinations of the distributions and their use to ol@&i)  (topo I), purified as describe(B1). The relaxtdon reactions
(8,9), the mthod has been applied to various solution conditionsontained 0.5 mM sodium phosphate, pH 7.5, 0.2 mM EDTA, the
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indicated amounts of NaCl, g DNA and 3-100 U topo | nd
(0.3-10 molar ratio of enzyme to DNA) in 30 There was -
always a range of topo | concentrations which yielded the same (o e i
distribution. At lower enzyme concentrations, relaxation was - T ' 'm.-', -
incomplete and stoichiometric amounts of topo | widened the ol N . 4 l-. &
distributions. Control experiments showed that in the presence of L & '
MgCl, these plateau values for the distributions were identical to £ W 3@ -4
those obtained by ligation of nicked circular DNA (data not 4 - B; iy
shown). Therefore, these distributions are at equilibrium. e

Both ligation and relaxation reactions were carried out &t 30 0.01 MNa* —
1°C and were quenched by extraction with phenol/chloroform. i 2':“" [:” 8

After extraction with chloroform and ethanol precipitation, the
DNA was resolved by gel electrophoresis (1.0% agarose gel,
12 Vlcm_ for 64 h) in TAE buffer SUppIementEd with pglml . Figure 1. Measurement of the linking number difference by 2D gel
chloroquine. The DNA was detected by Southern hybridizatioriectrophoresis. An equilibrium distribution of topoisomers was prepared by

and quantified using a Phosphorimager (Molecular Dynamics)ligating nicked circular DNA in 0.01 M NaCl and 20 mM Mg@t 24.8C and
resolved by 2D gel electrophoresis as described in Materials and Methods. To
ensure that both positive and negative topoisomers could be detected on the gel,
Two-dimensional gel electrophoresis the distribution was mixed with another, negatively supercoiled distribution
obtained by ligating nicked circular DNA in the presence of ethidium bromide.
Wheat germ topo | has little activity at NaCl concentrationsThe directions of the first and second dimensions are indicated by arrows.
<0.03 M. Therefore, to determine the change in DNA helicaPuring electrophoresis in the first direction, topoisomers numbered 1 to 6 were
: ; ’ . . ositively supercoiled and topoisomers -5 to 0 were negatively supercoiled.
repe_at at lOW_ Sa_lt Cpncentrat|0ns, WQ me_aSL‘!red the shift of t suming that the mobilities of negative and positive topoisomers depend only
topoisomer distribution prepared by ligation in the presence ajn the absolute value of their linking number differefiiiek], comparison of
0.01 M NaCl and 20 mM Mgglupon transfer of the DNA to a the vertical positions of positive and negative topoisomers allows the

low salt electrophoretic buffer, the buffer in the first dimension oﬁe@rm"}aﬂon OﬁLk for ?acrf]‘ t‘;POiSé?mer- The avelfage;empef{'ﬁure of the ?els
i f . uring e ectrop oresis In the first dimension is also shown. e center of our
a two-dimensional (2D) electrophoresis. The buffer for thereference distribution (0.01 M NacCl, 20 mM Mg)thas &ALk of +3.2 relative

second dimension contained chloroquine to unambiguoushy the topoisomer denoted 0. OC, open circular DNA.
resolve all topoisomerfl0,32). The mihod is based on the
expectation that at low superhelical density the electrophoretic

mobility of closed circular DNA depends on the absolute valug Figure 1 we choge= 3 and =—2. This procedure allowed the

of linking number differencéLk|. Therefore, comparison of the determination oALk with an accuracy of abo#6.1. We carried
mobilities of several consecutive topoisomers allows the deterngiyt measurements for the same mixture of topoisomers but with
nation ofALk for each topoisomer during electrophoresis in th@yaCl concentrations of 0.01, 0.03 or 0.075 M.

first dimension. For example, if two consecutive topoisomers For better resolution during gel electrophoresis, we used the
have identical mobilities in the first dimension thEik equals ~ smaller 2.95 kb pUCd2 plasmid for these experiments. The
+0.5 and —0.5. If no two topoisomers have equal mobilities in thgpoisomer distribution was resolved by electrophoresis through
first dimension a more sophisticated analysis, outlined below, i51 694 agarose gel in buffer containing 1 mM sodium phosphate,
needed. Because the position of the center of the distribution GaM 7.5, 0.1 mM NgEDTA and 8 mM NaCl (10 mM Naions);

also be found from the analysis of band intensities (see equatt®mm sodium phosphate, pH 7.5, 0.3 mMBRIATA and 24 mM

2 in Results), the method allows direct measurement of theyC| (30 mM N4 ions); 7.5 mM sodium phosphate, pH 7.5,
change im\Lk value caused by the change in ionic conditions. .75 mM NaEDTA and 60 mM NaCl (75 mM Naions). The
~We prepared an equilibrium distribution of topoisomers byels were run at 0.5 V/cm for 80 h with buffer recirculation and
ligating singly nicked circular DNA in 0.01 M NaCl, 20 mM replenishment. The temperature of the gels was monitored during
MgCl> and 0.1 mM ATP. To ensure that both positively angilectrophoresis with a Fisherbrand NIST digital thermometer
negatively supercoiled topoisomers could be detected on a gejsher Scientific) and the measusick values were corrected
(Fig. 1), we mixed this DNA with DNA ligated in the presencefor temperature variation. For the second dimension, the gels
of ethldlum_ br(_)mlde. I_E_Iectroph_ore3|s in the first dlmensu_)n Wagere rotated by 90 saturated for 3 h in TAE buffer supplemented
under the ionic conditions of interest and the second in TAfith chloroquine and subjected to electrophoresis for 16 h at
buffer supplemented with chloroquine. The sign of topoisomets 2 v//cm. The DNA was detected by Southern hybridization and

in Figure 1 denotes whether they were positively or negativelyantified using a Phosphorimager (Molecular Dynamics).
supercoiled during electrophoresis in the first dimension. If the

distance migrated by each topoisomer in the first dimensgjon, RESULTS
depends linearly on the absolute value Mdk under the
conditions of electrophoresis, thek value of thgth topoisomer e used two methods to obtain an equilibrium distribution of
(ALkj) is DNA topoisomers. For Mg@icontaining solutions we ligated
X — X nicked circular DNA with T4 DNA ligase, an enzyme which
ALk = 0.5ﬁ + 0.5( — i), 1  requires Mg*. For solutions in which NaCl was the only salt, we
" ' relaxed supercoiled DNA with wheat germ topo |. The distribu-
wherej is a positive topoisomer amdndi — 1 are negatively tions did not change if we used 3-fold higher or lower amounts
supercoiled. In our experiments, mobility was linearly dependenf topo |, implying that the distributions obtained were at
onALKk only for topoisomers —4 to —1 and 2 to 5. Thus, for the gelquilibrium. We resolved the resulting mixture by gel electro-
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Figure 2. Quantitative analysis of the equilibrium topoisomer distributarmypical result of agarose gel electrophoresis showing the resolution of the equilibrium
distributions of topoisomers generated under the indicated ionic conditions. OC, open circular DNA; L, linear DNA. The DNA in the gels was detected by South
hybridization and quantified using a PhosphorimaggA typical Phosphorimager scan of a sample from (a) ligated in 0.1 M NaCl and 5 mlyl Bastied lines

show limiting cases of baseline position used for the analgsiEahsformation of a Gaussian distribution of topoisomers to a linear form. Quantitation of the data
for each of the baselines shown in (b) resulted in two sets of data which are shown with open and closed symbols. The lines correspond to linear regressions
data. The slope of the line equals fi2k)2J and its intercept with theaxis equals -&(8). We averaged the results for the two positions of the baseline to obtain
the values of{ALK)2Candd. The standard deviation of the measured valugAbk)20was on average0.15.

phoresis and analyzed the distributions of topoisomers using a ' ' '
Phosphorimager. Typical topoisomer distributions are shown in 3.5 [ 50mM e
Figure 2, together with a scan of a distribution in 0.1 M NaCl and 20mMa— 4 _a
5 mM MgChb. The topoisomers on the gel are well separated, A a0l om0l
allowing for unambiguous measurement of the amount of DNA "‘g CpemM 8
in each band. = %/

It has been shown (8,9) that thgu#ibrium distribution of 251 mM g—"
topoisomers is Gaussian. It is convenient for our analysis to "
present the distribution as g [02MM e ]

N (i—0)2 0.0001  0.001  0.01 0.1
P(l) = AeXF{ W], 2 [NaCi}, M

\|f1vuhr$1r;)eepr(3|1!'fsetr2$1(:a(?(grsr:)t gg;mpﬁﬁgggs_téhg\;?ﬂl?nkéggof Figure 3. The variance of linking numbgr difference in solutions containing
! both NaCl and MgGl The values Lk)“Care plotted as a function of NaCl

distribution andA is a constant. Both the center and the width ofconcentration. Thgg solutions a|s(§‘12ﬁnt;med 0?2 mM E@)Ad concentra-
the distribution can be found from its transformation to a lineafions of MgCp as indicated on the figure.
form (8), as shown in Figure 2c.

The values offALK)2[For different ionic conditions are shown . ”
in Figure 3. Over the range of ionic conditions tested, the value'Ve calculated the values dffor different conditions from
of [ALK)20changed >1.5-fold. When little or no MgGhas measurement of the probability of DNA trefoﬂ_knd?g, ina
present, the width of the topoisomer distribution increased wiffPPulation produced by random cyclization of linear DNA. The
NaCl concentration. In solutions containing >5 mM MgCl value ofP3 greatly depends on the diameter of the polymer chain
[ALK)2Owas independent of NaCl concentration at the saf$>:33)
concentrations investigated. P = Po(L,a) exp(—11x d/a) 3a

Figure 3 shozws the significant effect of ionic conditions on the
value ofl{ALK)4C] A large effect of [N& had been predicted by _
computer simulation§20). In the simulons, all changes of Po(L.2) = 0.00122¢ L/a - 0.0132 3b
[{ALK)2Owere due to changes in DNA effective diametefilo ~ wherePg(L,a) is the knotting probability of a chain with zero
guantitatively compare the experimental data with the theoreticdibmeter,L is the DNA contour length and is the DNA
predictions we had to determine the valuesl &r the ionic  persistence length. We considered the valuetofbe constant
conditions used. and equal to 50 nm over the range of ionic conditions (3ggd
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Figure 4. The DNA effective diameter as a function of NaCl and MgCl
concentration. The data corresponding to pure NaCl solutioneére taken Figure 5. The variance in linking number as a function of DNA effective
from Rybenkowet al (25) and are shown for comparison. diameter. The measured variance in linking numigat k)2 from Figure 3

is plotted against the corresponding values of DNA effective diardgferh

. . igure 4. The symbols are as in Figure 3 except that #tacorespond to 10
We measured the fraction of knotted molecules in 10 kb P4 DNA. &' < Jdium phosphate, pH 7.5, 10 mM Mgflus 0, 1.5 or 3 mM spermidine

after its cyclization via its long cohesive ends. For this DNA and the give low values ai. The solid curve is the value @ALK)2Calculated from
chosen value @, the value oPg(L,a) = 0.065 (for details see 25). equation 4.

Comparison of the measured knotting probabilities with equation 3

allowed us to find the values df(Fig. 4 and Table 1). The 10%
standard deviation in the measured values of knotting probabili
resulted in an average uncertainty in the valieasf+0.4 nm.

The dependence GALK)2ond for all mixtures of MgG} and

aCl used and a comparison with the results of the theoretical
analysis are collected in Figure 5. Several values for spermidine-
containing solutions are also shown. Within the experimental

Table 1.Variation of DNA superhelical density, knotting probability, .
P Y gp Y accuracy, all the data points follow one smooth curve, even for

effective diameter and free energy of supercoiling in solutions containing

NaCl, MgCh and spermidine solutions containing spermidine ions up to concentrations that
promote DNA aggregatiof85).
[Na'] Mg2*] [spermidiné"] —100xAG 100xP; d K The solid line in Figure 5 is the theoretical depend¢pog
Q0] (mM) (mM) (nm) calculated from the following equations
0.001 0.5 0.80 ND ND 1630 mALk)ZD: mWr)ZEH' mATVV)ZD da
1 0.80 0.21 15.6 1460
5 0.81 16 64 1190 < (Wn2>0
< 2>= ————
20 0.86 3.8 24 1080 (wn) 1+ 275x d/a 4b
50 0.90 4.9 13 1000
RTL
100 ND 5.3 0.93 ND < 2 5 =
AaTW) ATN,C 4c
0.01 0.5 0.59 0.46 12.0 1530
1 0.64 051 116 1400 Equation 4a represerifALk)?(ias the sum of the variances of

twist, {ATW)2Cand writhe [{Wr)20 Equation 4b interpolates the

° 0.74 14 7o M0 results of computer simulations f@r)2as a function of; the
20 0.83 34 29 1100 \yrithe of a polymer chain with a zero diamef@r)2g, is 2.69
50 0.90 5.0 12 1050 for 7 kb DNA. Equation 4c specifies the dependen&Adiv)20]
100 ND 53 0.93 ND on DNA length, and on DNA torsional rigidity;; Ris the gas
o1 05 0.04 ND ND 1230 constant,Na is Avogadro’s constant _an?q is the absolute
temperature. The dependence shown in Figure 5 used a value for
! 0.10 20 54 U0 ¢ of 3x 1019 ergxem, the value obtained from the topoisomer
5 0.40 2.6 42 1190  (distribution of short DNA circles (112,17). Thus the only two
20 0.67 3.4 20 1080 parameters of the calculatio,anda, were taken from other
50 0.85 a1 21 1020 Studies rather than adjusted to fit the experimental data.
We conclude from Figure 5 that there is very good agreement
100 ND a7 15 ND " petween the theory and the experimental data. The agreement
0.02 10 0 0.76 21 51 1170 shows that change in DNA effective diameter is the major
15 0.55 3.6 27 1050 determinant in changesifiALK)2 Variations with salt of DNA
3.0 0.44 6.0 036 920 Persistence length and torsional rigidity, if any, do not contribute
a5 ND 68 020 ND significantly to the ionic condition dependenc&at_k)2C] Note

that very different concentrations of different ions can yield the
ND, not determined. same values of. For example, the value dfis the same in

The changes in DNA superhelical density are given relative to 0.1 M Nactl0 mM MQC!Z as in 0.2 M Nac_'- The [_)eb)_/e length, th_e
solution. characteristic length of electrostatic screening in a salt solution,
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1.0 [reeen T . ™ 0.10 NaCl concentrations because it does not require enzymatic
{——iT—+s50mm treatment of DNA under these conditions. Instead, an equilibrium
\; 4 20 mM distribution of topoisomers is prepared under conditions favor-
0.5 | smM 1 005 able for enzyme activity and the value\bk of the center of this
8 " - distribution is measured under electrophoresis conditions of low
g 1 mM N NaCl concentration. We determined the mobility of the center of

to 0.01 M NaCl, 20 mM MgGlin a series of 2D gels (Fig. 1). In
the first dimension, the gels were run under varying NaCl
05 0 mM 4 -0.05 concentrations and the second dimension resolved topoisomers
5 0‘01 o 61 0'1 1 into distinct spots. The electrophoretic mobility of closed circular
' ) ' DNA depends only on the absolute valuéAbk and does not
(NaCl] depend on its sign. Therefore, juxtaposition of the measured
mobilities of positive and negative topoisomers allowed the
i . . . . .. determination ofALk for all topoisomers under the conditions of
igure 6. DNA superhelical density and helical repeat as a function of ionic - . .
conditions. The change in superhelical densityand helical repeaty, upon  the electrophoresis (see Materials and Methods for details). From
transfer from a 0.1 M NaCl solution to the indicated mixtures of NaCl and the mobility of the center of the distribution (data not shown) we
MgCl; are shown. The curves indicate that DNA relaxed at 0.1 M NaCl will be determined the change &Lk caused by the change in ionic
E’fguarg"s?'gxi‘ép’frtﬁgﬁﬁ;régt‘ae S‘ﬁztvsg V“V’ﬁ@i"“éfﬂfgrlg.; @Q%"Q‘?’aﬁf 2 N conditions. We validated the results of this method by comparing
28 gel analygis of topoisomer distributic?ns and correspond to solﬁtionsthem with the results obtained by our basic enzymatic technique
containing no MgGl over the range 0.03—-0.075 M NaCl. The two methods gave the
same results for this overlapping range of NaCl concentration.
Combining the data obtained by both methods (Fig. 6), we found
is 2.5-fold greater in 10 mM Mgg&ihan in 0.2 M NaCHis equal  that over the range 0.01-0.2 M NacCl the valuoéd log[NaCl]
in these two salt solutions because the difference in Debye lengtas equal to —0.00250.0003.
is compensated for by a lower net linear charge density of DNA
in MgCly solutions. This conclusion fits with the 100-fold higherp|scusSsION
affinity of magnesium compared with sodium ions for D{S8).
The more efficient binding of magnesium ions lowers the valuleasurement of the variance of the equilibrium distribution of
of the net DNA charge density. The competition between sodiutbpoisomers has always been considered the most accurate way
and magnesium ions for binding to DNA is also responsible fdp determine the free energy of supercoilti@sc It was found
the complex pattern of changes of DNA helical repeat in mixe@,9) that

00l is%) 1 0.00 the equilibrium distribution of DNA topoisomers corresponding

NaCl/MgCb solutions.
The shift of topoisomer distributions due to changes in ionic AGg, = K—II\TT(A Lk)? 6
conditions, as in Figure 2a, can be described by the equation
ALK = Lk —Nfy where
whereN is the total number of base pairs in DNA arid the K= W 7

helical repeat of linear DNA under the given solution conditions.
In closed circular DNA the changeyishiftsALk and, therefore, The value oK is independent of DNA length for molecules
superhelical densityg. The changes i (andy) for different  longer than 2.5 k(8,9,11,12). It was generallg@epted that for
mixtures of NaCl and Mg@lare shown in Figure 6. In good these DNA lengths the value Kfis also independent of ionic
guantitative agreement with previous d@a-39), the value of conditions and equals 11860. We found instead thatthanges
y is lower in MgCp than in NaCl solution. However, unlike from 920 in a solution containing 3 mM spermidine to 1500 in
previously reported resul(89,40), we did not find any simple 1 mM MgCh (Table 1). This variation arises mostly from the
dependence gfon MgCb concentration. Insteagdepends on change in electrostatic repulsion between DNA segments speci-
the concentrations of both NaCl and MgQh solutions of fied here by the DNA effective diameter (Fig. 5). Although
0.5-50 mM Mg, the value off remains nearly the same. This changes in DNA bending and torsional rigidity can also
means that binding of magnesium is already saturated at 0.5 nehtribute to the change k(see equation 4), over the range of
MgCl,. The dependence gf on NaCl concentration is pro- ionic conditions studied the net effects are too small to be
nounced if the concentration of NaCl is much higher than that afeasured by the technique used.
MgCl,. Therefore, the value gidoes not change significantly in ~ The changes iK with ionic conditions are especially important
the mixtures of 50 mM MgGland NacCl if the NaCl concentration for studies of non-canonical DNA structures formed under
does not exceed 0.1 M. On the other hgddcreases in mixtures superhelical stress (e.g. melted regions, cruciforms, Z-DNA
of MgCl, and 0.1 M NacCl only when the MgQloncentrationis segments and H-DNA), because their formation has been studied
>1 mM. under various salt conditions. Estimations, however, of the energy
Previously, the change in DNA helical repeat in NaCl solutiongarameters characterizing these structural transitions were al-
was measured at salt concentrations >0.05 M. To extemdhys based on K value of 1100 (see for example 41). For
measurements to lower NaCl concentrations, we used 2D gedample, the energy parameters for Z-DNA formation were
electrophoresig10) to find the change iy over the range measured in TBE buffer (90 mM Tris-borate, 1 mM EDTA)
0.01-0.075 M NaCl. This method allows measurements at lowgt2—46). The value d for this buffer is 13 nm (unpublished
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data). It follows from Figure 5 thKtequals 1450 rather than 1100 NaCl concentration increases (see Fig. 6). In the presence of
for this value ofd. MgCl,, the effect of NaCl on the value wis opposite to that
We found that in the presence of 5-10 mM Mgie DNA  found for pure NaCl solution, withdecreasing with increasing
effective diameter is nearly independent of the concentration NaCl concentration. This switch of the sign of the dependence is
supplementing NaCl and is close to 5 nm. Thus, for a range @#sy to understand, becayse smaller in pure MgGlsolutions
ionic conditions, including the physiological ones, the valle of than in pure NaCl solutions. If the NaCl concentration is
equald11100, as was found befqi@-10,12). increased in a solution containing MgGlodium ions gradually
We measured the values of DNA effective diameter in mixturegubstitute for magnesium ions and thus incrgabke substitu-
of NaCl and MgCJ over a wide range of concentrations. Thetion is notable only if the Mgglconcentration is €10 mM,
values ofd found correspond to the DNA persistence length dbecause the binding of magnesium is much stronger than the
50 nm. For smaller valuesafthe simulated dependencePgfon  binding of sodium ions. In agreement with Pauéext (36), our
d becomes steeper. Yet, the valuesfoluind are rather insensitive data show that the binding constant of magnesildsders of
to uncertainty in the value af Fora = 45 nm, for example, we magnitude higher than the binding constant of sodium ions.
would obtaird = 0.32 instead of —0.20 nm for 3.5 mM spermidine Our results (Fig. 6) do not contradict those obtained by Taylor
and 14.5 instead of 15.6 nm for 1 mM MgQThe values ofiin ~ and Hagerman (30), whoudnd no change ip over the range
100 mM MgCh were <2 nm, the geometrical diameter of DNA.0-0.16 M NaCl in the presence of 1 mM MgGMe also found
Such values df reflect attraction between DNA segments at higino effect of NaCl ory for the solutions used in their study,
MgCl concentrations. Only in the presence of spermidine did veontaining 1 mM MgGland 1 mM ATP (data not shown). From
observe a knotting probability higher than the theoretical one fihe data shown in Figure 6 it is reasonable to expect that at some
a chain with zero diameter (see equation 3). Such values w&gClz concentration below 0.5 mM the valueyolill be the
found previously by Shaw and Waa$) for solutions containing Same at various NaCl concentrations. Because of binding?éf Mg
>40 mM MgCh and correspond to negative valuesdofrhis  ions by ATP, the 1 mM Mg@blus 1 mM ATP used by Taylor and
discrepancy between the two studies may be due to experimertaigerman (30) happened to yield such a condantref free
error, because the difference is only 4-fold larger than the stand¥@?" ions.
deviation of our data.
The values offALK)2[have also been used a number of timegCKNOWLEDGEMENTS
to calculate DNA torsional rigidit§15—20,47). Wedund from
our data that the value @ is equal to 2.7% 10719 ergxcm  This work was supported by NIH grants GM31657 to N.R.C. and
independent of ionic conditions. If a lower valua &f assumed GM54215 to A.V.V.
in the simulations our data would yield higher valugs ad for
a = 45 nm we would obtaif = 3.5x 1019 ergxcm. However,
the contribution of torsional fluctuations to the width ofREFERENCES
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