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SI Text
Sequences of DNA Fragments Used in the Current Study. The se-
quence names correspond to those mentioned in the text. For
each group of fragments, the shown sequence corresponds to
the fragment with the highest j factor.

SG1 199 bp. AGCTTAGGACTACGAACGCTAGCTTAGCTAC-
CAGCGAGTACACTGCAGCAGCAGCTAGCTAGCGC-
GATGCCCAGCTGAGATCGACGATCGATGGCGATTAT-
CAGCTAGCAGCTAGCGATCGACGCGCGATGCGCAGCT-
GAGCTAGCTGATCAGCTTCAGCTGACGTCAGCTGA-
GAGCTGACCACCGTAGAGTCGATCGA

SG2 200 bp. AGCTTCGCGCGCGTATATATAACACACCAC-
CAACCAGAGAGACTGCAGGAAGAGAGAGAGA-
GAGCGCGCGACACCATATATACCAACCAGAGAGAGA-
GAGAGAGAGCGCGCGCGCGAGCTATATATATATACA-
GAGAGAGAGAGAGAGACGCGCGCGTGCTGCTGCTGC-
TGCTGCTGCTGCTGCGCAGAGAGCGCGAGCA

AC 200 bp, included into elemental set 1. AGCTTCACACACACA-
CACACACACACACACACTGCAGACACACGCACACA-
CACGCACACACACCCACACACACGCACACAACTCACA-
GACACCACGCACACACACATACACACACACTCACACA-
CACACACACCCACACACACTAACACTCACACACACAA-
CACACACCCACACACACACACACAAACACACA-
CACACCA

AG 199 bp, included into elemental set 1.AGCTTAGAAGGGAAA-
GAAGAGGAGAAGGAGCTGCAGAGGAAAGGGGAGAA-
GAGAAAGAGAGGGAAAAGGGAGGAAAGAAGAGA-
GAAAGGAAAGGAAGGAAGGGAGGGAGGGGAAA-
GAAAGAAGAGGAGAGAGAGAGGGGGAGAGGGAAA-
GAAAGGGAGGAGAGGAAGAGGAGAAGAAGGAAAGA-
GAAGAAGAGGAGGAA

AT 199 bp, included into elemental set 1.AAGCTTATATAATATAA-
TATAATATAACACAACACACTGCAGATATAATATAATA-
TAATATAACATAACATAATATAATATAATATAATATAAGA-
TAAGATAATATAATATAATATAATATAATATAATATAACA-
GAACAGAATATAATATAATATAATATAAGAGAAGAGAA-
TATAATATAATATAATATAAGAGAAG

G 199 bp, included into elemental set 1. AGCTTGGGCTG-
GGCTTGGGCTGGGCTGGGCGGGCTGCAGCTTGGGCT-
GGCTGGGCTTGGGCTGGGCATGGGCTGGGCTTGGGC-
TGGGCATGGGCTGGGCTTGGGCTGGGCTGGG-
CATGGGCTGGGCTGGGCTTGGGCTGGGCTGGGCTGG-
GCATGGGCTGGGCTGGGCTTGGGCTGGGCTGGG-
CATGGGCTTGGGCTGA

GC 198 bp, included into elemental set 1. AGCTTGGCCG-
CGCCGCGGCCGCCGGCGGCTGCAGCCGCGGCGCGG-
C AG CG C CG CGGC CGGT CGC CGGCG C CGG -
C ACGGCGC CGGGC CGTGGGC CGCGGCGC -
C AGGGCGCCGGCGCGTGCGGCGGCCGCG -
C A G C C G G C C G C G C G C T G G C C G C C C G G -
C AG CG C CG C CG CGG C T C G CGG CG C CG C C -
GACCGCGCCGCGGTA

ATC 200 bp, included into elemental set 1.AGCTTATCATCATCAT-
CATCGATCATCATCAATCCTGCAGATCATCATCATCATC-
GATCATCATCATCATCAATCATCATCATCATCGATCAT-
CATCATCATCAATCATCATCATCATCGATCATCATCAT-
CATCAATCATCATCATCATCGATCATCATCATCATCAAT-
CATCATCATCATCGATCATCATCATCATCA

AGC 199 bp, included into elemental sets 1 and 2. AGCTTAGCAG-
CAGCAGCAGCTAGCAGCAGCAGCCTGCAGAGCAG-
CAGCAGCAGCTAGCAGCAGCAGCAGCAAGCAGCAG-
CAGCAGCGAGCAGCAGCAGCAGCTAGCAGCAGCAG-
CAGCAAGCAGCAGCAGCAGCGAGCAGCAGCAGCAGC-
TAGCAGCAGCAGCAGCAAGCAGCAGCAGCAGCGAG-
CAGCAGCAGCAGCA

CAA 200 bp, included into elemental sets 1 and 2. AGCTTACAA-
CAACAACAACCTGCAGAACCAACAACAAGCACAACAA-
CAACAACAACAAGAACAACAACAACAACAACCAACAA-
CAACAACAACAACCAACAACAACAAGCAACAACAA-
CAACAACAACCAACAACAACAACCAACAACAACAAC-
CAACAACAACAACAGCAACAACAACAACAACAAGAA-
CAACAAGAAA

ACAT 201 bp, included into elemental set 2. AGCTTACACATATA-
TACACATACATATACACACACATATACTGCAGACATACA-
CATATATACACATACATACACACATACATATATATACACA-
CACATATACATACATATACATACATACATATATACACACA-
TACATACACATATATATACACATACACATACATACACA-
CATATACATATACATACACATATACACATA

ACCAGG 201 bp, included into elemental set 2. AGCTTACCAG-
GAGGACCACCAGGACCACCACCAGGAGGAGCTGCA-
GACCAGGACCACCAGGAGGACCAGGAGGAGGACCAC-
CACCAGGACCACCAGGACCAGGAGGAGGACCACCAG-
GACCACCAGGAGGAGGACCACCAGGACCAGGAGGAC-
CACCACCAGGAGGAGGACCACCAGGACCAGGAGGAC-
CAGGACCACCAA

ACGAGC 199 bp, included into elemental set 2. AGCTTAGCAC-
GACGAGCAGCACGAGCAGCAGCACGACGCTGCAGAG-
CAGCACGACGACGAGCACGAGCAGCACGACGAGCAC-
GAGCAGCAGCACGAGCACGACGAGCAGCACGACGAG-
CAGCACGACGAGCACGACGACGAGCAGCAGCACGAG-
CAGCACGAGCACGACGACGAGCACGAGCAGCACGAG-
CAGCACGAA

AGAT 200 bp, included into elemental set 2. AGCTTAGAGATATA-
TAGAGATAGATATAGAGAGAGATATCTGCAGAGATA-
GAGATATATAGAGATAGATAGAGAGATAGATATATATA-
GAGAGAGATATAGATAGATATAGATAGATAGATATATA-
GAGAGATAGATAGAGATATATATAGAGATAGAGATAGA-
TAGAGAGATATAGATATAGATAGAGATATAGAGATA

CAACTT 198 bp, inc luded into elemental set 2. AGCTT-
CAACTTCTTCAACAACAACTTCTTCTTCAACTCTGCAG-
CAACTTCTTCAACAACTTCAACTTCTTCAACAA-
CAACTTCTTCTTCAACAACTTCAACAACTTCTT-
CAACTTCAACAACTTCTTCAACTTCAACTTCTTCAA-
CAACAACTTCTTCAACTTCTTCAACAACTTCAACTT-
CAACAACTTCTTCAACA
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CAGT 200 bp, included into elemental set 2. AGCTTCAGTCAGT-
CAGTCTGACAGTCAGTCAGTCAGTCAGTCAGTCTG-
CAGCAGTCAGTCAGTCAGTCAGTCAGTCAGTCTGA-
CAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCTGA-
CAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCT-
GACAGTCAGTCAGTCAGTCAGTCTGACAGTCAGT-
CAGTCAGTA

CATCTA 200 bp, included into elemental set 2. AGCTTCATCTAC-
TACATCATCATCTACTACATCTACATCCTGCAGCAT-
CATCTACTACATCTACTACTACATCATCATCTACATCTAC-
TACATCATCTACTACATCATCTACTACATCATCTACATC-
TACATCTACTACATCATCTACTACATCATCATCTACTA-
CATCTACTACATCTACATCATCTACTACATCATCA

HPL1 198 bp, included into elemental set 2. AGCTTCGATTGCG-
CATTCGATTGGAGTCTCCGCTGCCATTGCATTCTG-
CAGCGATTCGGCATTCGATTCGCGCATTCGATTCG-
CATTCGATTCGGCATTCGATTCGGCATTCGATTCG-
CATTCGATTCATTCATTCGATTCGGCATTCGATTCGG-
CATTCGATTGCGATTGCATTCGGCATTCGATTCGGC-
GATTCAA

LPL1 200 bp, included into elemental set 2. AGCTTTAGTAGCC-
TAGTAGCCTAGAGTCTCCGCTGCCATTGCCCTACCTG-
CAGTAGTAGCCTAGTAGCCTAGTAGCCTAGTAGCCTAG-
TAGCCTAGTAGCCTAGTAGCCTAGTAGCCTAGTAGCC-
TAGTAGCCTAGTAGCCTAGTAGCCTAGTAGCCTAG-
TAGCCTAGTAGCCTAGTAGCCTAGTAGCCTAGTA-
GACTAA

HPL2 198 bp. AGCTTACGACGAACGACGACGAACGAC-
GAACGAACGACGAACGCTGCAGACGACGAACGAC-
GAACGACGACGAACGAACGACGACGAACGACGAAC-
GACGACGAACGACGACGAACGACGAGACGAACGAAC-
GACGACGAACGACGAACGACGACGAACGACGAAC-
GACGAACGACGACGAACGAACGACGAACGACA

LPL2 201 bp.AGCTTGCATAGGCATTAGCCATGCATAGGCA-
TATGGCATTAGGCACTGCAGGGCCATAGGCATGCA-
TAGGCATAGGCCATGGCATAGGCATTAGGCATGCA-
TAGGCATAGGCATGGCATAGGCATTAGGCATGCA-
TAGGCATAGGCATGGCATAGGCATTAGGCATGCA-
TAGGCATGGCATAGGCCATGGCATAGGCATTA

SI Materials and Methods. Accuracy of Shimada-Yamakawa (SY)
approximation for the j factors of the worm-like chain (WLC).
It was found earlier, by comparing the SY solution with Monte

Carlo calculations, that the SYapproximation gives very accurate
results for j factors of WLC fragments corresponding to DNA
molecules of 200–600 bp in length (1, 2). We investigated the ap-
proximation accuracy for WLC fragments with lengths between a
and 1.6a using the Monte Carlo algorithm based on a string of
conditional probabilities (3). The algorithm allows performing
the calculations with very low statistical error even for very short
WLC fragments. Specifically, we compared the values of j factors
obtained from the SYequation and calculated by MC simulation
for the discrete worm-like chain (DWLC). We found that, in the
limit of very short segments, when DWLC becomes very close to
WLC, MC results approach the values obtained from SY equa-
tion (Fig. S6). Although this limit is not reached for the segment
length of 0.34 nm (the distance between adjacent base pairs),
we decided to ignore this small discrepancy. We found that
the difference between the j factors obtained from SY equation
and the computed values disappears if the bending rigidity
constant, g, in the DWLC is specified as kTða − lÞ∕l rather than
kTa∕l (Fig. S6). Thus, if we fit the experimental data by the equa-
tion for the DWLC, the value of a would be increased by l, so the
correction would be within the error bar of a determination in
any case.

Torsional component of j factor. The second component of j factor,
jtw, was calculated as

jtw ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πhðΔLkÞ2i

p ∑
Lk

exp
�
−
ðLk −N∕γÞ2
2hðΔLkÞ2i

�
; [S1]

where hðΔLkÞ2i is the variance of the linking number distribution
for the circular form of the fragments, Lk is the linking number of
the complementary strands, γ is the average helical repeat, and N
is the number of base pairs in the fragment. For DNA fragments
with length close to 200 bp only one or two terms in the sum of
Eq. S1 make a notable contribution into jtw. The corresponding
values of Lk are specified by condition jLk −N∕γj < 1. hðΔLkÞ2i
was estimated as sum of twist and writhe variances, hðΔTwÞ2i and
hðWrÞ2i (see ref. 4). The contribution from torsional fluctuations
was calculated as

hðΔTwÞ2i ¼ kTL
4π2C

; [S2]

where C is the fragment torsional rigidity, in erg · cm, and L are
measured in centimeters. This contribution for fragments of
200 bp constituted about 94% of hðΔLkÞ2i. The contribution
from bending fluctuations,hðWrÞ2i, is specified by L and a and
was calculated with interpolating equations suggested in ref. 5.
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Fig. S1. The test of possible intrinsic curvature for the fragments of elemental set 1 by measuring their mobility in polyacrylamide gel (6–8). The major
sequence motifs of the fragments are shown at the top of the gel. Mobility of the fragments in the 4–12% gradient polyacrylamide gel should be compared
with the mobility of the marker and 200-bp fragment with two AAAAA (2A5) tracts in the middle of the fragment, separated by 5 bp. The total intrinsic bend in
the latter fragment is close to 30° (7, 9, 10). For all fragments of the set, the mobility variations are much smaller than the mobility reduction for the fragment
containing A tracts, showing that the fragments do not have essential intrinsic curvature.

Fig. S2. The test of possible intrinsic curvature for the fragments of elemental set 2. For all fragments of the set the mobility variations are much smaller than
the mobility reduction for the fragment containing A tracts, showing that the fragments of this set do not have essential intrinsic curvature.

Fig. S3. The measured values of j factors for 11 fragments of elemental set 2 and their theoretical fit. The values of a and γ corresponding to the best fit are
shown inside each plot. The theoretical curves corresponding to the best fit are shown by the solid lines; the dotted lines correspond to values of a differed from
the best fit by �1 nm. The value of C used in the fitting procedure equals 2.6 × 10−19 erg · cm for all fragments. This value of C is the average over a few
fragments used in the current study.
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Fig. S4. Test of the obtained set of bending rigidity parameters. The measured values of j factors for the fragments with predicted very high (HPL) and very
low (LPL) persistence length were fitted by the theoretical equation to obtain the values of a and γ corresponding to the experimental data. The value ofC used
in the fitting procedure equals 2.6 × 10−19 erg · cm for both fragments.

Fig. S5. Calculated average persistence length of DNA as a function of its GC content. The shown values of a are based on the data presented in Table 2 and
correspond to averaging over all sequences with a given GC content.

Fig. S6. Comparison between SYapproximation for the j factor of the worm-like chain (Eqs. 45 and 74 of ref. 11) and Monte Carlo calculation for the discrete
worm-like chain. The value of g in the simulation was equal to kTa∕l (○) and kTða − lÞ∕l (□). If l corresponds to the length of one base pair step and a equals
48.416 nm, then l∕a equals 0.007. The calculation was performed for DNA fragment of 51 nm in length.
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Table S1. The values of invariants of DNA persistence lengths, a, and helical repeats, γ, obtained from elemental set 1; these values did
not sustain the test of their validity

Invariant combination of aXY or γXY ; symbol r corresponds to a or γ, correspondingly
Persistence length,

a, nm
Helical repeat,
γ, bp∕ðhelix turnÞ

rAA∕TT 56.6 10.41
rCC∕GG 44.4 10.49
2/ð1∕rAT 37.3 10.46
2∕ð1∕rGC 52.7 10.38
2∕ð1∕rAC∕GT þ 1∕rCA∕TGÞ 48.4 10.54
2∕ð1∕rAG∕CT þ 1∕rGA∕TCÞ 45.3 10.50
3∕ð1∕rAT þ 1∕rGA∕TC þ 1∕rCA∕TGÞ 53.1 10.54
3∕ð1∕rAC∕GT þ 1∕rCG þ 1∕rGA∕TCÞ 49.2 10.47

Table S2. Persistence lengths and helical repeats corresponding to 10
dinucleotide steps

Dinucleotide step Persistence length, a, nm Helical repeat, bp∕ðhelix turnÞ
AA/TT 50.4 10.27
AC/GT 55.4 10.58
AG/CT 51.0 10.42
AT 40.9 10.59
CA/TG 46.7 10.60
CC/GG 41.7 10.76
CG 56.0 10.35
GA/TC 54.4 10.36
GC 44.6 10.43
TA 44.7 10.65

The values of 10 aXY and γXY could not be determined unambiguously from the type
of data obtained in this study and are shown for convenience of calculation of a and γ
for a particular DNA fragment. The shown values are based on the treatment
suggested in ref. 12.

Table S3. Comparison of the values of persistence length, a, and DNA helical repeat, γ, predicted from the statistical analysis of
DNA–protein crystals (13) with the results of the current study

DNA fragment a obtained from ref. 13, nm a, current study, nm γ obtained from ref. 13, bp∕turn γ, current study, bp∕turn

ACAT 48.0 46.0 10.68 10.58
ACCAGG 49.1 47.5 10.76 10.56
ACGAGC 48.6 51.0 10.66 10.44
AGAT 54.1 47.0 10.65 10.50
AGC 50.1 47.0 10.62 10.465
CAA 50.2 50.0 10.56 10.49
CAACTT 54.4 51.0 10.53 10.40
CAGT 56.4 51.5 10.65 10.50
CATCTA 52.4 49.0 10.66 10.52
HPL1 47.5 48.5 10.62 10.43
LPL1 49.7 48.0 10.67 10.53
HPL2 47.5 54.0 10.64 10.42
LPL2 46.1 45.5 10.70 10.58

The persistence lengths and corresponding 10 dinucleotide steps were calculated as a ¼ R∕ðd2t þ d2r Þ, where dt and dr are the dispersions of tilt
and roll for a dinucleotide step of B DNA taken from table S3 of ref. 13, and R is a constant adjusted so that the average persistence length was
equal to 48.5 nm. The obtained values and the values of twist angles from ref. 13 were then used to predict a and γ of all fragments from elemental
set 2.
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