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. We use Monte Carlo simulation to quantify the change in cyclization J-factor within a dramatically

. simplified model of DNA that involves parameters for uniform stiffnesses, intrinsic twist, and intrinsic
bending (including nonplanar bending). Plots of J versus DNA length over multiple periods of helical
repeat are fit to a simple functional form in order to project the behavior of J over a broad range of these
model parameters. In some instances, this process allows us to find families of DNA molecules (within

. our model) with quite different material properties, but very similar plots of J versus length, so similar as

. tolikely to be indistinguishable by experiments. This effect is seen both for the parameter-pair of bend

. angle and stiffness scaling, as well as for the parameter-trio of helical repeat, bend angle, and bend non-
planarity.

. The propensity of a short DNA molecule to cyclize, often measured experimentally via the J factor, has long
. been used as a probe for basic DNA structural properties like stiffness and curvature'*. Many experimental
. designs have involved measuring J for a family of DNA that share a common sequence but add a small number
of basepairs®~”.
: In this article, we perform Monte Carlo computations that correspond to this style of experiment, computing
. what we will call the cyclization profile of a DNA sequence: the plot of ] versus DNA length when adding single
: basepairs to the sequence under study. In each case, we add 1-25 basepairs, so that the profile contains a bit more
: than two full periods of the oscillation due to the intrinsic twist of the DNA, enough to fit a smooth curve through
- the results and extract the most prominent features, especially the heights and locations of the peak and troughs.

Our computational goal is to obtain highly accurate estimates of J-factors (within 0.1 in log;, J) for each

cyclization profile as we vary several shape and flexibility parameters in the DNA. From these computations, we
. find several degeneracies in the problem, in the sense that DNA with quite different shape/flexibility parameters
. produce cyclization profiles that are nearly indistinguishable. These degeneracies pose a substantial challenge to
. the basic inverse problem of taking cyclization experimental results and extracting from them conclusions about
: the DNAs mechanical properties.
In terms of the dependencies of the J-factor on each parameter studied, many of the effects are intuitive, but
still its quantification allows a useful “calibration’, e.g., one can take J-factor computations coming from recent
models with hundreds or thousands of parameters and align them with a simple model with just a few, more
intuitive, parameters. We demonstrate one such calibration below. In addition, the dependence of the J-factor on
a few of our parameters is less intuitive, and we highlight those results as potentially interesting for further study.
: The computational exploration of the dependence of ] on DNA length is hardly unique to this article. In addi-
© tion to the works cited above, many of which paired experimental results with computational studies akin to our

approach, there is also the early work of Shimada and Yamakawa?®, who studied the dependence of ] over a long
* range of lengths for uniform unbent DNA, and Levene and Crothers’, who translated the statistical-mechanical
. theory of J-factors from Jacobson, Stockmayer, and Flory et al.'®!! into a Monte Carlo computation that is related
. to our approach. More recently, there was the study by Zhang and Crothers'?, which included results relating
: Jto curvature and helical repeat, with ] computed via a new harmonic approximation, the work by Towles et

al.*, which used Monte Carlo computations to study J as a function of length for looping in the presence of
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Figure 1. Dependence of cyclization profile on bend angle. Each molecule consists of a planar bend (varying
from 15° to 120°) over 63 bp followed by a straight segment of (N — 63) bp.

Phase-shift (specifically, basepair location of first

¢ peak after N = 145)

P Period of oscillation (in basepairs)

M Constant vertical shift (specifically, value of log,,
J at first peak)

b Linear drift (specifically, rise in log,, J from peak
to next peak)

Quadratic coefficient (controls peak-to-trough
difference)

Table 1. Parameters that appear in the functional form used to fit cyclization profiles.

Lac repressor, along with other studies of this type. Our study is particularly connected to Czapla, Swigon and
Olson'®, both in methodology (as we use an adaptation of their version of the Alexandrowicz'® half-molecule
trick to develop high-accuracy computations) and in a focus on the dependence of the cyclization profile on a few
relatively simple parameters (although our parameters of study differ).

We aimed to make our results distinctive from this literature to which we are indebted by focusing on quan-
tifying the dependence of the cyclization profile on each of our parameters (over a fairly wide range of values
relevant to DNA). This quantification can allow our simplistic-model results to serve as a potentially useful cali-
bration for results coming from a more intricate model. Furthermore, through that quantification, we are also able
to demonstrate what we believe is an important underlying degeneracy in the cyclization J-factor, namely that
one can get very similar results (so similar as to be beyond the current ability of experiments to distinguish) from
DNA molecules with very different material properties.

Results

In most of the results that follow, cyclization profiles are analyzed by fitting to the piecewise-quadratic functional
form seen in Eq. (29). For convenience, we summarize in Table 1 here the meanings of the five parameters that
appear in that functional form:

Intrinsic bend and stiffness are likely to be difficult to distinguish experimentally. When com-
puting cyclization profiles coming from a single bend, or from a shift in stiffness, we see similar effects. To make
this concrete, we use our piecewise-quadratic functional form (see Eq. (29) in Methods) to generate a family of
molecules with different mixes of intrinsic bend and stiffness but nearly identical cyclization profiles.

Effect of planar intrinsic bend. We show in Fig. 1 the effect of varying the bend angle within a molecule consist-
ing of a 63-bp planar bend followed by a straight segment. (See the Supplementary Material for results demon-
strating that shifting the bend to start later in the molecule has no signficant impact on the results).

By eye, the main effect is a constant shift in log,, J with increasing bend angle. This is confirmed by fits to our
functional form (29), as seen in Table 2, where we see a clear upward trend in the vertical shift parameter a from
(29) with bend angle.
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15 147.24 10.42 —0.74 0.036 —0.113
30 147.12 10.55 —0.30 0.031 —0.112
45 147.33 10.39 0.18 0.030 —0.121
60 147.20 10.43 0.63 0.025 —0.113
75 147.22 10.43 1.02 0.021 —0.117
90 147.16 10.48 1.35 0.017 —0.112
105 147.16 10.49 1.64 0.016 —0.111
120 147.19 10.48 1.92 0.009 —0.112

Table 2. Best-fit parameters for each curve in Fig. 1 to log,, ] = a + b(N — &) + c[f(N, ¢, p)]*

3
ol 4
s 1t i
o i
h 10 26 4I0 6I0 8‘0 1 60 120
Bend angle (degrees)
0.04 T -
0.03¢ ]
< 0.021 ]
0.01r ¥
O0 26 4IO 6I0 86 1 60 120

Bend angle (degrees)

Figure 2. Dependence of the coefficients a and b on bend angle (blue circles) and linear regression fit (red line)
from Eq. (1).

Table 2 also shows a downward trend in the linear-drift parameter b from (29). However, since the maximum
value of N — ¢ is 23, the absolute impact of the change in b is less than 0.027 x 23 ~ 0.6 in log,, J, as compared to
the overall shift by 2.6 in log,, J due to the change in a. The other three parameters ¢, p, and c that appear in (29)
do not appear to show any significant trends.

To quantify the effect of bend angle on the cyclization profile, we apply linear regression to the values of a and
b from Table 2, finding:

a ~ —1.02 + 0.026(Bend angle), b =~ 0.040 — 0.0002(Bend angle); (1)

see Fig. 2 for plots corresponding to the regression Eq. (1). We see from the plot of a versus bend angle a system-
atic secondary effect in the downward curvature of the plot. To quantify this effect, as compared to the overall
best-fit slope of 0.026 seen in Eq. (1), the best-fit slope in the range 15° < Bendangle < 60° is 0.031, whereas the
best-fit slope in the range 75° < Bendangle < 120° is 0.020.

Summarizing, the primary effect of increasing bend angle is for the cyclization profile to shift upwards by 0.1
in log,, J for each 4 degrees of bend (within our construct of a 63-bp planar bend). We also have some evidence of
secondary effects: the decrease in b with bend-angle and downward curvature in the plot of a versus bend angle.

Since our goal is to focus in general terms on how key physical features of the DNA impact the cyclization
profile, we will minimize our consideration of secondary effects. To this end, for the remainder of this paper, we
will restrict our attention to the regime 60° < Bendangle < 120°, which also has the benefit of computational
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Figure 3. Dependence of cyclization profile on a factor (3 that scales all six stiffnesses. Each molecule consists
of a planar bend of 90° over 63 bp followed by a straight segment of N — 63 bp. All six stiffnesses shifted by the
same factor.

0.87 147.17 10.59 1.89 0.015 —0.093
0.945 147.23 10.43 1.65 0.015 —0.104
1 147.16 10.48 1.35 0.017 —0.112
1.065 147.08 10.53 1.04 0.024 —0.121
113 147.16 10.50 0.75 0.023 —0.121

Table 3. Best-fit parameters for each curve in Fig. 3 to log,, ] = a + b(N — @) + ¢[f(N, ¢, p)]*

efficiency, since larger J-factors can be computed more quickly. Applying linear regression to a for just this range
yields the fit:

a ~ 1.31 4+ 0.021(Bend angle — 90). (2)

Our study of a wider range of bend angles in this section suggests that the results we will find for 60° <
Bendangle < 120° would carry over with only minor changes to cases where Bendangle < 60°.

Effect of overall shift in stiffnesses. We show in Fig. 3 the effect of scaling all six stiffnesses by a factor 5. For the
purposes of calibration, we note that the values of 5 used would correspond to persistence lengths of 40.3, 43.3,
46.3,49.3, and 52.3 nm if the DNA were intrinsically straight.

As we saw when changing bend angle, the main effect of scaling the stiffnesses is a constant shift in log,, J. This
is confirmed by fits to our functional form shown in Table 3, as now the parameters ¢ and p show no consistent
trend, the parameters b and ¢ show mild trends (one upward, one downward), and the parameter a shows a clear
downward trend.

As we saw with bend angle, the impact of the variation in b is minimal: its variation by 0.008 would only make
for a change in log, J 0of 0.008 x 23 ~ 0.2. On the other hand, the variation in ¢ has a larger impact: the change in
¢ by 0.03 will have no impact on the peaks of the cyclization profile, but will shift the height of the troughs by 0.03
x (5.5)* 72 0.9 (hence the purple curve in Fig. 3 has trough-to-peak variation of about 1.8 — (—0.6) = 2.4 whereas
the red curve has trough-to-peak variation of about 0.7 — (—2.5) = 3.2).

Applying linear regression to the best-fit values of a, we find:

a~1.34 — 4.45(8 — 1). (3)

Thus, in this range of 3, the primary effect of increasing (3 is for the cyclization profile to shift downwards by
0.445 in log,, J for each increase in 3 by 0.1, or equivalently log,, J increases by about 0.1 for each 1 nm increase
in the (curvature-free) persistence length.

Tandem effect of stiffness and bend. Since the main effect of bend angle and overall stiffness appears to be
an overall shift in the cyclization profile, that would seem to imply the existence of families of molecules with
quite different mixes of stiffness and bend but very similar cyclization profiles. For example, if we combine the
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Figure 4. Cyclization profiles for five pairs (Bendangle, () satisfying (6). Each molecule consists of a planar
bend over 63 bp followed by a straight segment of N — 63 bp.
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Figure 5. Dependence of cyclization profile on intrinsic twist (expressed in terms of helical repeat, the number
of basepairs in which a full twist occurs). Each molecule consists of a planar bend of 90° over 63 bp followed by a
straight segment of N — 63 bp.

10.3 144.40 10.33 115 0.025 —0.112
10.4 145.68 10.48 1.32 0.014 —0.112
10.5 147.16 10.48 135 0.017 —0.112
10.6 148.60 10.59 1.28 0.022 —0.102
10.7 150.07 10.59 135 0.015 —0.102

Table 4. Best-fit parameters for each curve in Fig. 5 to log,, ] = a + b(N — &) + ¢[f(N, ¢, p)]*

regression fits (2) and (3) by assuming the effects are additive (and averaging the two very similar constant terms),
we have:

a ~ 1.325 4 0.021(Bend angle — 90) — 4.45(3 — 1). (4)
In this case, we would expect very similar cyclization profiles if

0.021(Bendangle — 90) — 4.45(8 — 1)=0 (5)
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Figure 6. Dependence of cyclization profile on the ratio of pitch to circumference. Each molecule consists of a
left-handed helical bend of 90° over 63 bp followed by a straight segment of N — 63 bp.

0 147.16 10.48 1.35 0.017 —0.112
0.25 147.79 10.52 1.30 0.019 —0.110
0.5 148.33 10.57 1.24 0.020 —0.108
0.75 149.02 10.52 1.18 0.020 —0.107
1 149.65 10.43 1.07 0.022 —0.112

Table 5. Best-fit parameters for each curve in Fig. 6 to log,, ] = a + b(N — &) + ¢[f(N, ¢, p)]*

or
Bend angle = 90 + 212(8 — 1). (6)

To check this hypothesis, we show in Fig. 4 cyclization profiles for five pairs of (Bendangle,) satisfying (6).
Indeed we can see the five curves agree quite well, especially in the regions surrounding the peaks. There remains
some variation in the troughs, consistent with the dependence of the parameter ¢ on 3 seen in Table 3. However,
note that detecting these differences experimentally would be challenging, as they represent poor cyclizers for
which Jis difficult to measure with high precision.

Intrinsic twist has a distinctive effect on results, but non-planar bending could mask that
effect. Effect of helical repeat/intrinsic twist. ~We show in Fig. 5 the effect of varying the intrinsic twist within
a molecule consisting of a 63-bp planar bend followed by a straight segment. By eye, the main effect is a horizontal
shift with increasing helical repeat (decreasing intrinsic twist). This is confirmed by fits to our functional form,
as seen in Table 4, where we see a clear upward trend in ¢ with bend angle. We also see from the fits a variation in
the period parameter p that roughly mirrors the helical repeat, as we would expect (but which is more difficult to
detect from the plots given just two periods’ worth of data). The other three parameters (g, b, and ¢) do not appear
to show any consistent trend.
Applying linear regression to the best-fit values of ¢, we find:

© ~ 14.3(helical repeat — 10.5) + 147.2 (7)

Thus, in this range of helical repeat, the primary effect of increasing helical repeat is to shift the cyclization
profile rightward by 1.43 bp for each 0.1 of helical repeat. This result matches the intuitive prediction that the
profile would have ¢, the location of the first peak (in this window of N) occur at 14 times the helical repeat.

Effect of helicity in bending. Next we will explore the effect of non-planarity of an intrinsic bend on the cycliza-
tion profile, specifically for the case where the intrinsic shape is helical for the first 63 bp and straight thereafter.
We fix the bend angle per bp within the helical section at (7/2)/63 (so that the total effective magnitude of bend-
ing is 90°) and use the ratio of pitch-to-circumference to categorize the extent of helicity. Following the descrip-
tion of intrinsic shape from Methods, for a given pitch-to-circumference ratio, we solve Eqs (27) and (28) for o

and 1), and those two parameters together with 3= 27/10.5 determine the intrinsic shape parameters é; and &; of
the helix.
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Figure 7. Dependence of cyclization profile on the ratio of pitch to circumference. Each molecule consists of a
right-handed helical bend of 90° over 63 bp followed by a straight segment of N — 63 bp.

0 147.16 10.48 1.35 0.017 —0.112
—0.25 146.53 10.59 1.30 0.018 —0.109
—0.5 146.13 10.40 1.24 0.021 —0.116
—0.75 145.33 10.58 1.19 0.018 —0.114
-1 144.74 10.62 1.01 0.021 —0.107

Table 6. Best-fit parameters for each curve in Fig. 7 to log,, ] = a + b(N — &) + ¢[f(N, ¢, p)]*

We show in Fig. 6 the effect of changing helicity in this way. As seen in this figure, helicity produces a horizon-
tal shift in the cyclization profile, which is reflected in the best-fit parameter values in Table 5 by the clear upward
trend in the phase-shift parameter ¢. In addition, increasing helicity pulls the cyclization profile downward, as
reflected by the downward trend in the parameter a. The other three parameters appear to be fairly constant,
except perhaps for a mild upward trend in the parameter b. Applying linear regression to the best-fit values of ¢
and a, we find:

© ~ 147.15 + 2.49(Pitch/Circumf), a = 1.36 — 0.27(Pitch/Circumf) (for Pitch > 0) (8)

Thus, for each increase in Pitch/Circumf by 0.1 we expect the cyclization profile to shift right by 0.25 bp and
downward by 0.03 in log,, J. Presumably this means that once Pitch/Circumf is 0.4 or larger, it might plausibly be
detected as a shift by a single bp in the cyclization profile (and it would seem to take about that same amount of
helicity in order for the downward shift in the profile to be detectable).

Next we confirm in Fig. 7 a similar effect for helices of the opposite handedness, in which the horizontal shift
is leftward while the vertical shift remains downward. These results are confirmed by the best-fit parameters in
Table 6. Applying linear regression to the best-fit values of ¢ and a, we find:

o ~ 147.19 + 2.42(Pitch/Circumf), a & 1.37 + 0.32(Pitch/Circumf), (for Pitch < 0) 9)

very similar formulae as in the positive helicity case, except for the sign-change in the linear coefficient for the
formula for a (since a decreases as helicity deviates from zero in either direction). It thus would be sensible to
collapse the two relationships into one (making the ad hoc choice to average the coefficients):

¢ ~ 147.17 + 2.45(Pitch/Circumf), a ~ 1.37 — 0.3|Pitch/Circumf]. (10)

Tandem effect of intrinsic twist, helicity, and bend angle. To test the last two sets of results, we look for a family
of molecules with quite different mixes of values for intrinsic twist, helicity, and bend angle but identical cycliza-
tion profiles (or nearly so). We found that both intrinsic twist and helicity change the phase parameter ¢, so that
(assuming their two regression equations can be combined):

@ = 147.2 + 14.3(helical repeat — 10.5) + 2.45(Pitch/Circumf). (11)

Thus we conclude that to maintain the same value of ¢ if we change the helical repeat, we need
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Figure 8. Cyclization profiles for five molecules in which bend-angle and helicity are varied to counteract
changes in helical repeat. For helical repeats 10.4 and 10.6, we use Pitch/Circumf = £0.584 according to (12)
and bend angle of 90 + 14.3(0.584) = 98.4 degrees according to (13). Similarly, for helical repeats 10.35 and
10.65, we use Pitch/Circumf = £0.876 and bend angle 90 + 14.3(0.876) = 102.5. In each case, the values of
Pitch/Circumf and bend angle determine helical parameters a and 1) shown in the legend, according to (26) and
(27).
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K3/ Ky =0.7
K3/K1=0.9
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Ky/K,=1.5

-2
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Figure 9. Dependence of cyclization profile on K3/K,. Each molecule consists of a planar bend of 90° over 63 bp
followed by a straight segment of N — 63 bp. The stiffness Kj is varied while the remaining five stiffnesses are
held fixed.

Pitch/Circumf = —5.84(helical repeat — 10.5) (12)

However, if we choose that ratio of pitch-to-circumference, that will lower the height parameter a, so we
compensate for that by adapting bend angle; to determine what value of bend angle to use we again consult the
relevant regression equations: since each unit of |Pitch/Circumf]| decreases a by about 0.3, and each degree of
bend angle above 90 increases a by about 0.021, we want

Bend angle = 90 +

O'; |Pitch/Circumf| = 90 + 14.3|Pitch/Circumf].

0.0 (13)

We show in Fig. 8 a set of cyclization profiles that varies helical repeat, bend-angle, and helicity in tandem
according to (12) and (13).

We see that the five profiles line up quite closely, though the most extreme values of helical repeat (10.35 and
10.65) show some signs of being lower than the rest. Indeed, for helical repeats 10.3 and 10.7, the downward
deviation becomes quite significant (results not shown), consistent with our prior result that the dependence of
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0.5 147.45 10.58 1.03 0.016 —0.036
0.7 147.37 10.58 1.17 0.017 —0.053
0.9 147.37 10.49 1.21 0.017 —0.069
1.1 147.11 10.68 1.28 0.018 —0.081
1.3 147.30 10.36 1.30 0.015 —0.101
1.5 147.16 10.48 135 0.017 —0.112

Table 7. Best-fit parameters for each curve in Fig. 9 tolog,, J = a + b(N — ¢) + c[AN, ¢, p)]%

0
~ ¢
=Rl Ks/Ky = 0.5
&0 3/ K1 =0.
3 4R =07
—~ K3/Ky = 0.9
ol Ky/Ki=1.1
Ky/Ki=1.5
s 150 155 160 165 170

1 L L L
145 150 155 160 165 170

Figure 10. Dependence of cyclization profile on K/K, for variants of molecule in Fig. 9 bend angle of 45° (first
panel); reduced stiftness corresponding to 3 = 0.87 (second panel); helicity corresponding to Pitch/Circumf =
1 (third panel).

a on Pitch/Circumf breaks down for |Pitch/Circumf] > 1 (for helical repeats 10.3 and 10.7, the value of |Pitch/
Circumf] from (12) would be 1.168).

Twist-to-bend stiffness affects the peak-to-trough difference.  We show in Fig. 9 the effect of scaling
only K;. As seen in this figure, and in the best-fit parameter values in Table 7, the effect of this change is quite
different than the effects seen in previous plots: we see a substantial change in the shape of the plot, as reflected
in the quadratic coefficient c becoming more negative as K;/K, increases, consistent with the intuition that larger
K;/K, values lead to deeper troughs in the cyclization profile, since the trough configurations involve significant
twisting. At the same time, there is also an overall upward shift in the peak heights with K3/K, as reflected in the
upward trend in the parameter a. This shift is counterintuitive, since an increase in K;/K; increases the twist term
in the energy and leaves the remaining terms constant, and yet this leads to a larger J-factor (at least at the peaks),
which suggests a lower energy. The other three parameters (¢, p, and b) appear to be fairly constant. Applying
linear regression to the best-fit values of c and a, we find:

¢~ —0.114 — 0.077(Ky/K, — 1.5), a = 1.37 4 0.30(Ky/K, — 1.5) (14)
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Figure 11. Dependence of quadratic coefficient ¢ on K;/K, for molecules considered in Figs 9 and 10.

Thus, in this range of K3/K, the quadratic coeflicient decreases by about 0.0077 for each increase in K3/K, by
0.1. In terms of the profile itself, note that the quadratic term ranges from 0 (at n = ¢ modulo p) to —c(p/2)* ~
—¢(10.5/2)* = —27.6¢, so that the peak-to-trough height difference (in log,, J) increases by about 27.6 x 0.0077
= 0.21 for each increase in K;/K; by 0.1.

This effect is fairly consistent across the range of elastic rods studied here. For example, we show in Fig. 10 the
effect of varying K/K; for three other elastic rods. Qualitatively we see the same trend as we change K3/K, though
the absolute scale of log,, J is different for each case (as we expect from studying these cases earlier).

To make a more quantitative comparison, we show in Fig. 11 a plot of the quadratic coeflicient ¢ versus K;/K;
for all the molecules studied and see quite similar results for all cases.

More intricate bending patterns further muddy the waters. Of course in a real DNA molecule,
intrinsic bending will not occur at a single location. As we show in Fig. 12, when we insert a straight segment
between two planar bends, the results are harder to categorize than the consistent trends found in our earlier anal-
yses. In general, increasing the spread between the two bends leads to higher peaks and lower troughs, but not in
all cases: for large enough gaps, the peak heights decrease (e.g., note the left-most peaks in each plot, in which the
42bp gap yields a higher peak than either a 21 bp gap or a 63 bp gap). See Supplementary Information for a figure
showing the effect of separating two bends out-of-phase.

Even with a single bend, spreading the bend out over more basepairs has a substantial effect on the peak
heights, as seen in Fig. 13.

The quantitative results of our earlier analyses fixed the bending to occur in the first 63 bp, and even in that
very special case, we found that different parameters of the DNA had very similar effects on the cyclization pro-
files, such that it was hard to envision extracting values for those parameters from cyclization experiments, with
the exception, perhaps, of the value of K;/K; being uniquely related to the peak-to-trough difference. The results
in this section make the prospects of parameter-extraction all the more daunting, since bend-separation has a
substantial impact on peak heights. Furthermore, the length of a bend in bp has a clear impact on peak-to-trough
difference, calling into question the ability to determine K3/K, from a cyclization profile.

Discussion

Although many of the results discussed here are negative, in the sense of pointing to an inability to solve the
inverse problem of finding DNA parameters from cyclization results, there are nevertheless also positive messages
to take from the results.

If we could determine some DNA parameters by means independent of cyclization, such as by a reliable DNA
model, then the results shown here could possibly be used to estimate other DNA parameters with some con-
fidence. For example, if the DNA intrinsic shape is known fairly precisely, then the peak locations, heights, and
troughs could be used to estimate the DNA stiffnesses.

In a similar vein, for DNA models with many parameters!®!, the results here can be used as a way of inter-
preting that large set of parameters. Specifically, though the intrinsic shape predicted by such a model can be
visualized, it can be harder to make sense of the “stiffness” of a DNA segment when the stiffness is described by
hundreds or thousands of sequence-dependent local stiffness parameters. In that situation, performing compu-
tations of the style done here can allow one to “calibrate” a many-parameter model by finding which very-simple
elastic-rod gives a cyclization profile that matches the prediction of the more complicated model.

As a proof-of-principle demonstration of this idea, consider the results shown in Fig. 14 showing Monte Carlo
estimates of ] computed within the cgDNA model'”. This model takes as input the N-basepair DNA sequence
and outputs an intrinsic shape within a rigid-base model and a (12N — 6) x (12N — 6) stiffness matrix, whose
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Figure 12. Dependence of cyclization profile on gap between two planar bends. In the first panel, the DNA has
a 60° bend in the first 42 bp, followed by a straight segment of length 0, 21, 42, or 63 bp, followed by a 30° bend
in the next 21 bp, and the rest of the DNA is straight. The setup for the second panel is the same, except that the
first bend is 80° and the second bend is 40°.
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Figure 13. Dependence of cyclization profile on number of bp over which 90° of bend occurs.
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Figure 14. Cyclization profile (circles), and best fit functional form (line) for a sequence involving a run of
A-tracts.

nonzero entries involve dense 18 x 18 blocks that overlap in 6 x 6 blocks. With so many distinct values in the
stiffness matrix, it is very hard to read from it an overall intuitive sense of “stiffness”. We can get at least a primitive
sense of that stiffness by a calibration to the simplistic model in this article. In this case, we will use just the values
¢~ —0.0723 and a & 0.847 that come from fitting the Monte Carlo results to the functional form (29).

First we note that the first part of Eq. (14) indicates that ¢ &~ —0.0723 corresponds to K;/K; = 1.0.

Next we seek to estimate the overall stiffness parameter 3. In light of the degeneracy highlighted in this article,
we know the J-factor results are unlikely to allow us to extract both intrinsic bending and stiffness, so we first
estimate intrinsic bend from the cgDNA model independent of the J-factor computations: the dot product (r 45
—Iypy5) - (ry; — 1)) yields an estimate of 100° (such substantial intrinsic bending is not surprising for this particular
molecule, as it contains a central segment of A-tracts). Inserting this intrinsic bend, and a ~ 0.847, into Eq. (4),
we estimate 3 = 1.15. (We could refine this estimate by noting that from the second part of Eq. (14), the estimate
K;/K, =~ 1.0 suggests a shift in the baseline value of a by 0.3(1.0-1.5) = —0.15, and then applying that shift to the
value 1.325 in Eq. (4) yields a new estimate 5~ 1.12.)

These computations, though admittedly primitive, nevertheless do provide some intuition by condensing the
many parameters in the stiffness matrix to the two easily-interpretable parameters (5 and K;/K;. Furthermore, a
fit to the simplistic model may highlight interesting features in more realistic models, e.g., in Fig. 14 we can see
substantial flattening in the fourth peak that is not replicated in any computations within the simplistic model,
and hence appear to be a distinctive feature of the combination of this particular molecule and this particular
DNA model. One might expect to derive similar insights if one applies our proposed calibration to other feasible
experimental designs, such as single-basepair substitution.

Methods

Models for DNA configuration and energy. We treat the DNA using a rigid basepair model that assigns
to each basepair a rigid frame, numbered by an index i running from 1 to N (the number of basepairs). Each
frame has an “origin” r' and a set of three orthonormal “directors” d’, (j = 1, 2, 3), which we will sometimes collect
into an orthogonal matrix R’ = Ldi d; dé . We will choose coordinates so that frame i = 1 has origin r = 0 and
standard orientation R' =, the 3 x 3 identity matrix.

The relative translation and rotation between frames i and i + 1 are described by “internal coordinates”: rota-
tion angles 6 (roll, tilt, twist) and translations a’ (shift, slide, rise). The definitions of 6’ and a’ follow Lankas et al.'$,
which defines ¢’ as Cayley angles of the relative rotation, and a' as the translation vector in the coordinate system
of the “midframe” between frame i and i 4+ 1. These choices guarantee the six quantities transform simply should
we decide to number the basepairs in the opposite order (5'-3’ versus 3’-5’). For small angles, the Cayley angles
are close to the Euler angles sometimes used to define roll, tilt, and twist.

To include the possibility of extensibility/shearability, we assume an energy function

SSIKO = 0 + Aj(a; — @) |

E=1
2001 (15)

Thus, the energy is quadratic in the internal coordinates, with six stiffness parameters K, K,, K3, A, A,,
Aj; (hence, no cross-terms like roll-twist coupling and no sequence dependent stiffnesses). Our computations
explore the effects of varying the bending stiffness K}, always with K, = K, corresponding to an isotropic rod, a
commonly used assumption for modeling DNA on a length scale longer than a few helical turns, relying on the
idea that local anisotropies (such as the distinction between major and minor groove bending) would be averaged
out by the helical twist (see, e.g., Kehrbaum and Maddocks'®). In the Supplementary Information, we document
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that this assumption is reasonable, by showing that J-factors change negligibly for 1 < K,/K; < 8 as long as we
maintain a constant harmonic average of K, K,.

Our baseline value of K is (46.3/0.34)RT, corresponding to a persistence length (in the absence of intrinsic
bending) of 46.3 nm, and we vary K, to cover a persistence-length range of 40.3-52.3 nm. Similarly, we vary the
twist-to-bend-stiffness ratio K,/K; over the range 0.5-1.5. For the shear and stretch stiffnesses A;, we use values
(A}, Ay, A;) = (14, 24, 85) in units of RT/A, preliminary estimates derived from molecular dynamics simulations
of DNA (D. Petkevicitté, private communication); in the Supplementary Material, we show that removing the
three A; in favor of an inextensible-unshearable model has no significant impact on the results.

The quantities 0; and 4 are the internal coordinates for the minimume-energy configuration of the DNA,

which we take to be made up of helical arcs, circular arcs, or straight segments, all with constant twist.
For a helical segment we use

ﬁf —% cosa sin®) sin(4/2) sin((2i — 1)3/2)[1 + tan(«/2) tan(5/4) sina]

(16)
a; = _% cosa sin® sin(3/2) cos((2i — 1)5/2)[1 + tan(/2) tan(B/4) sina] 17)
L l . . ; i i
43 = o8 a(cos 1 + cos(6/2)) + D sinafsiny sin(5/2) + sina + sina cos ¢ cos(5/2)] (18)
(D =1+ cosy cos(3/2) + sing sin(3/2) sin ), ()
and

i 2 . . ;
91 = 7D -1 sin® sin ((2i — 1)3/2) cos « (20)

~i 2 . :
b, = S siny cos((2i — 1)(/2) cosa (21)

2

éi = (costsin((3/2) — sint cos(/2)sina),

;= ———(cossin(3 Y cos (g o
with the parameters 1, 3, a controlling (respectively) the intrinsic bending, intrinsic twisting, and helicity, as
spelled out below, and ¢ controlling the basepair spacing (we take ¢ = 0.34nm). Given that we chose coordinates
so that frame i = 1 has origin » = 0 and standard orientation d; = e, these internal coordinates yield a sequence of
frames whose origins are:

{ cosa { cosa

*e _Esim,/; * Esinw cos (207 = 1)) (23)
y= (i — 1){sina (24)
fcosa .
z=— sin(2(i — 1)),

© 2sine (25)

all of which lie on a helix with helical axis parallel to the y-axis and passing through the point ( — é CF’S;" , 0, 0). The
directors d, are all tangent to this helix, so that

cos (Bendangle perbp) = d5™ - d} = cos® a cos (2¢)) + sin’ . (26)
We will quantify the nonplanarity of the bend by the geometric property of the helix:
Pitch sin

— = tan a——.
Circumference Y (27)

(Note that if 1) and « are small, then the bend angle per bp is approximately 2¢/ and the ratio of pitch to cir-
cumference is approximately tanc.) The parameter (3 controls the intrinsic twist, in the sense that the directors
di, d}, are rotated by angle i3 relative to the Serret-Frenet normal vector of the helix.

Setting o = 0 yields a circular arc, and setting o = 1) = 0 yields a straight segment.

Relation of J-factor to probability density. The J-factor is traditionally described as the concentration of one end
of the DNA in the neighborhood of the other end, and indeed the J factor is reported in units of concentration,
most often nM. But this “concentration” is a bit subtle, as it must account for the orientation of the end of the
DNA, since the orientation significantly affects the ability of the DNA to form a cyclized product. Mathematically,
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we can capture this combination of effects by considering the probability density function for frame #N; this
probability density is with respect to the space R> x SO(3) where SO(3) is the set of orthogonal 3-by-3 matrices
with determinant 1.

Because of helical structure of DNA, in a cyclized configuration, frame #N of the last basepair would be
located at position (0, 0, — ¢), and be oriented with its tangent director dé\] roughly vertical, and its other directors
dY, dY twisted roughly 27/(10.5) short of e, e,. To avoid these complexities, we adopt a strategy commonly seen
in the literature!* to append a fictitious frame #(N + 1) to the elastic rod and describe cyclization as the coinci-
dence of frames #1 and #(N + 1). In this case, the J-factor is the value of the probability density function at the
point (0, I) € R* x SO(3).

Such a probability density function can only be made sensible if one has defined a measure on R> x $O(3). For
the R’ portion, the volume is a natural choice for measure, and that choice makes J have the desired units of con-
centration. For the SO(3) portion, the question is more subtle. In a seminal paper in cyclization, Flory'! accounts
for this effect by expressing the free energy of cyclization in terms of two probability densities, one for the angle
between the tangent vectors of the two ends and one for the torsional angle between the two ends, and other more
recent studies such as Levene and Crothers’ and Czapla, Swigon, and Olson'* have adopted this approach.

However, defining a torsion angle when the tangent vectors are not aligned requires some arbitrary choices
akin to the variety of conventions for defining Euler angles, and for larger angles, the differences between con-
ventions become larger. We adopt a different approach, choosing as our measure on SO(3) the unique Haar
measure that is invariant under rotation (multiplication of the entire group by any particular element of SO(3)).
This gives a unique result even for large angles, and, as we argue below, matches the standard Flory approach for
small angles.

Monte Carlo implementation.  We simulate cyclization by Monte Carlo, in which a large ensemble (103~
10'%) of random configurations is generated and the concentration J estimated by choosing a small region in
R x SO(3) containing the cyclization point (0, I) and dividing the number of simulated molecules whose far end
lands in this region by the volume of this region.

In order to generate the random molecules, we use an implementation of the “half-molecule” technique as
developed by Alexandrowicz et al.'® and subsequently used for DNA Monte Carlo simulations by Levene and
Crothers’ and Czapla, Swigon and Olson'“. In this technique, one computes M random instances each of the first
and second halves of the DNA and then considers all first-half-second-half pairs in order to generate M?* random
molecules. The time savings of this method allows us to generate the large sample sizes required to obtain esti-
mates of ] to our desired accuracy of 0.1 in log, | J (for the poorest cyclizers, we use M = 26-2? to generate
10'°-10" molecules; for the best cyclizers, M = 2% suffices).

Our implementation follows closely the “cube-binning” idea presented in Czapla, Swigon, and Olson'* in
which half-molecules are sorted into bins according to end-location for second-halves, and a rotated end-location
for first-halves (r,,,, and — Tl_:;lrl:m in the notation of Czapla, Swigon, and Olson'*), so that pairs need only be
computed if the bins of the first-half and second-half are sufficiently close to each other.

In terms of end-to-end distance, our closure condition involves the natural choice of defining a tolerance € on
the Euclidean distance between r,,.y,, and — Tlf,i,rhm, with corresponding volume 2 223 However, parallel to the
discussion in the previous section, our closure conditions differ from the standard %lory approach to the orienta-
tion aspect of “closure”: rather than assign two tolerances to the angle between the terminal base pair d; directors
and the torsion angle, we define a single tolerance ¢ on a natural “distance” in SO(3) between frames 1 and N + 1.
Details of this distance can be found in the Supplementary Information, including the result that the “ball of

radius 6” using this distance has volume i(arcsin5 — 641 — 6%) (using the normalized Haar measure on SO(3)).

We note that for the treatment of SOZTS) used in Czapla, Swigon, and Olson' (“closure” defined by d; angle <
arccos(1 — v,) and |d, angle| < 7, with arccos(1 — v,) = 7.), the two approaches agree in the limit of small tol-
erances, in the sense that the Haar volume of the region defined in Czapla, Swigon, and Olson'* by the tolerances
v,, T, is v.7./(27) to leading order, matching the “phase space volume” of 21, 7./(4m) shown in Czapla, Swigon,
and Olson'. A comparison to the Shimada-Yamakawa formula in the Supplementary Material serves to further
confirm that our normalization matches the standard in the literature.

In our implementation, to reduce the amount of memory required, we archive first-halves and second-halves
in files according to their “z-bin” value (typically using 128 bins). Once all the half-molecule files are archived,
the pairing algorithm works through the second-half files. For each second-half file, a data-structure is set up to
sort the molecules into x-bins and y-bins. At this point, three first-half files are read (those whose z-bin match or
are one away) one molecule at a time, and for each molecule, its recorded x-bins and y-bins are used to query the
data-structure for all possible matches. At this point, the z-difference is compared to ¢ as an easy computation to
rule out many pairs as not possibly closing. Only for those pairs that survive these checks is the Euclidean distance
between the ends computed and compared to ¢, and if that test succeeded, then the SO(3)-distance is computed
and compared to 6.

Fitting functional form toresults.  For each set of data (N}, y,), where y; is the value of log, ] estimated by
Monte Carlo for a molecule with N; basepairs, we perform a least-squares fit to a function of the form

y=a+b(N— @)+ c[f(N, o, p)I, (28)

where
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— _ P |I_P
f(N, ¢, p) = mod[N 0+ Z,p] . 29)

We use the modulo operation “mod” to generate periodic behavior. By definition, mod (a, p) gives the remain-
der when the number a is divided by p. Thus, in the formula above, whenever N increases by p, the mod result,
and hence the value of fis unchanged. Putting the expression N — ¢ + g inside the mod and subtracting p/2
outside the mod ensures that franges from —p/2 to p/2 and equals zero when N = ¢ + kp for any integer k.

Data availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

References
1. Shore, D. & Baldwin, R. Energetics of DNA twisting; I. Relation between twist and cyclization probability. J. Mol. Biol. 170, 957-981
(1983).
2. Koo, H.-S., Drak, ., Rice, J. A. & Crothers, D. Determination of the extent of DNA bending by an adenine-thymine tract.
Biochemistry 29, 4227-4234 (1990).
3. Kahn, J. D. & Crothers, D. M. Measurement of the DNA bend angle induced by the catabolite activator protein using Monte Carlo
simulation of cyclization Kinetics. J. Mol. Biol. 13, 287-309 (1998).
4. Le, T. & Kim, H. Measuring shape-dependent looping probability of DNA. Biophys. ]. 104, 2068-2076 (2013).
5. Kahn, J. D. & Crothers, D. M. Protein-induced bending and DNA cyclization. Proc. Natl. Acad. Sci. USA 89, 6343-6347 (1992).
6. Vologodskaia, M. & Vologodskii, A. Contribution of the intrinsic curvature to measured DNA persistence length. J. Mol. Biol. 317,
205-213 (2002).
7. Geggier, S. & Vologodskii, A. Sequence dependence of DNA bending rigidity. Proc. Natl. Acad. Sci. 107, 15421-15426 (2010).
8. Shimada, J. & Yamakawa, H. Ring-closure probabilities for twisted wormlike chains. application to DNA. Macromolecules 17,
689-698 (1984).
9. Levene, S. & Crothers, D. Ring closure probabilities for DNA fragments by Monte Carlo simulation. J. Mol. Biol. 189, 61-72 (1986).
10. Jacobson, H. & Stockmayer, W. Intramolecular reaction in polycondensations. I. The theory of linear systems. J. Chem. Phys. 18,
1600-1606 (1950).
11. Flory, P, Suter, U. & Mutter, M. Macrocyclization equilibriums. 1. Theory. J. Amer. Chem. Soc. 98, 5733-5739 (1976).
12. Zhang, Y. & Crothers, D. M. Statistical mechanics of sequence-dependent circular DNA and its application for DNA cyclization.
Biophys. J. 84, 136-153 (2003).
13. Towles, K., Beausang, J., Garcia, H., Phillips, R. & Nelson, P. First-principles calculation of DNA looping in tethered particle
experiments. Phys. Biol. 6,025001 (2009).
14. Czapla, L., Swigon, D. & Olson, W. Sequence-dependent effects in the cyclization of short DNA. J. Chem. Theory Comput. 2, 685-695
(2006).
15. Alexandrowicz, Z. Monte Carlo of chains with excluded volume: a way to evade sample attrition. J. Chem. Phys. 51, 561-565 (1969).
16. Olson, W,, Gorin, A., Lu, X.-].,, Hock, L. & Zhurkin, V. DNA sequence-dependent deformability deduced from protein-DNA crystal
complexes. Proc. Natl. Acad. Sci. 95, 11163-11168 (1998).
17. Petkevi¢ate, D., Pasi, M., Gonzalez, O. & Maddocks, J. cgDNA: a software package for the prediction of sequence-dependent coarse-
grain free energies of B-form DNA. Nucl. Acids Res. 42, €153 (2014).
18. Lankas, F. et al. On the parameteriation of rigid base and basepair models of DNA from molecular dynamics simulations. Phys.
Chem. Chem. Phys. 11, 10565-10588 (2009).
19. Kehrbaum, S. & Maddocks, J. Effective properties of elastic rods with high intrinsic twist. In Proceedings of the 16th IMACS World
Conference (2000).

Acknowledgements
We thank Ting Zhou and Tiancheng Liu for preliminary computations that contributed to some of the
investigations in this article.

Author Contributions
R.S.M. conceived the computations, which were performed by both Y.T. and R.S.M. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22502-7.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:4882 | DOI:10.1038/s41598-018-22502-7 15


http://dx.doi.org/10.1038/s41598-018-22502-7
http://creativecommons.org/licenses/by/4.0/

	Quantifying the impact of simple DNA parameters on the cyclization J-factor for single-basepair-addition families

	Results

	Intrinsic bend and stiffness are likely to be difficult to distinguish experimentally. 
	Effect of planar intrinsic bend. 
	Effect of overall shift in stiffnesses. 
	Tandem effect of stiffness and bend. 

	Intrinsic twist has a distinctive effect on results, but non-planar bending could mask that effect. 
	Effect of helical repeat/intrinsic twist. 
	Effect of helicity in bending. 
	Tandem effect of intrinsic twist, helicity, and bend angle. 

	Twist-to-bend stiffness affects the peak-to-trough difference. 
	More intricate bending patterns further muddy the waters. 

	Discussion

	Methods

	Models for DNA configuration and energy. 
	Relation of J-factor to probability density. 

	Monte Carlo implementation. 
	Fitting functional form to results. 
	Data availability. 

	Acknowledgements

	Figure 1 Dependence of cyclization profile on bend angle.
	Figure 2 Dependence of the coefficients a and b on bend angle (blue circles) and linear regression fit (red line) from Eq.
	Figure 3 Dependence of cyclization profile on a factor β that scales all six stiffnesses.
	Figure 4 Cyclization profiles for five pairs (Bendangle, β) satisfying (6).
	Figure 5 Dependence of cyclization profile on intrinsic twist (expressed in terms of helical repeat, the number of basepairs in which a full twist occurs).
	Figure 6 Dependence of cyclization profile on the ratio of pitch to circumference.
	Figure 7 Dependence of cyclization profile on the ratio of pitch to circumference.
	Figure 8 Cyclization profiles for five molecules in which bend-angle and helicity are varied to counteract changes in helical repeat.
	Figure 9 Dependence of cyclization profile on K3/K1.
	Figure 10 Dependence of cyclization profile on K3/K1 for variants of molecule in Fig.
	Figure 11 Dependence of quadratic coefficient c on K3/K1 for molecules considered in Figs 9 and 10.
	Figure 12 Dependence of cyclization profile on gap between two planar bends.
	Figure 13 Dependence of cyclization profile on number of bp over which 90° of bend occurs.
	Figure 14 Cyclization profile (circles), and best fit functional form (line) for a sequence involving a run of A-tracts.
	Table 1 Parameters that appear in the functional form used to fit cyclization profiles.
	Table 2 Best-fit parameters for each curve in Fig.
	Table 3 Best-fit parameters for each curve in Fig.
	Table 4 Best-fit parameters for each curve in Fig.
	Table 5 Best-fit parameters for each curve in Fig.
	Table 6 Best-fit parameters for each curve in Fig.
	Table 7 Best-fit parameters for each curve in Fig.




