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Twist-diameter coupling drives DNA twist changes
with salt and temperature
Chen Zhang1†, Fujia Tian2†, Ying Lu3, Bing Yuan4, Zhi-Jie Tan5, Xing-Hua Zhang1*, Liang Dai2,6*
DNA deformations upon environmental changes, e.g., salt and temperature, play crucial roles in many biological
processes and material applications. Here, our magnetic tweezers experiments observed that the increase in
NaCl, KCl, or RbCl concentration leads to substantial DNA overwinding. Our simulations and theoretical calculation quantitatively explain the salt-induced twist change through the mechanism: More salt enhances the screening
of interstrand electrostatic repulsion and hence reduces DNA diameter, which is transduced to twist increase through
twist-diameter coupling. We determined that the coupling constant is 4.5 ± 0.8 kBT/(degrees∙nm) for one base pair.
The coupling comes from the restraint of the contour length of DNA backbone. On the basis of this coupling constant and diameter-dependent DNA conformational entropy, we predict the temperature dependence of DNA
twist bp/T ≈ −0.01 degree/°C, which agrees with our and previous experimental results. Our analysis suggests
that twist-diameter coupling is a common driving force for salt- and temperature-induced DNA twist changes.
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using atomistic simulations and theoretical calculation, we reveal a
strong twist-diameter coupling responsible for salt-induced DNA
twist change. The molecular mechanism underlying this coupling is
also unveiled. Very intriguingly, we find that this twist-diameter
coupling can quantitatively explain temperature-induced DNA twist
change observed in previous and our experiments, which suggests
that twist-diameter coupling is a common driving force for salt- and
temperature-induced DNA twist changes.
RESULTS

Salt-induced DNA twist change
We first measured the DNA twist change with salt using magnetic
tweezers (MT) (6, 8), as illustrated in Fig. 1A. We performed all the
experiments at 22°C, 10 mM tris-HCl (pH 8.0), and 0.3 pN for different salt concentrations (see more details in section S1). We rotated
a single torsionally constrained double-stranded DNA by magnetic
fields, measured the DNA extension simultaneously, and eventually
obtained the rotation-extension curves as shown in Fig. 1B. For each
rotation-extension curve, we determined the torsionally relaxed
point of DNA (green dashed line) by the crossing point of the two
linear fits of the plectoneme range (cyan solid lines in Fig. 1B). The
number of rotation turns of the torsionally relaxed DNA is
 , which changes with the salt concentration (green
denoted as N*turn
dashed lines in Fig. 1, C and D). Accordingly, we calculated the
*  through
 turn
equilibrium DNA twist angle per base pair, exp, from N
3
*
 = (Nturn
    × 360° ) / N bp, where Nbp ≈ 13.6 × 10 is the number of
base pairs in the DNA. Because of the large Nbp, we can determine
 with the resolution on the order of 0.01° per base pair. Note that
our experiment only gives the relative twist angle, i.e., DNA twist
change induced by the variation of the salt concentration, csalt.
Figure 2A shows the experimental results of the relative DNA
twist angle, , as a function of csalt for three salts: NaCl, KCl, and
RbCl. We set  = 0 at csalt = 1 M so that the data in Fig. 2A correspond to the change in DNA twist with respect to the value at 1 M. We
find that  exhibits similar behavior for all three salts and agrees
with the previous results based on DNA supercoiling measurements
(26). These results suggest that the salt-induced twist change should
be largely caused by the electrostatic screening effect of ions, while
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Biological functions and material applications of DNA critically depend on the responses of DNA structure to many factors, such as
force (1–5), temperature (6, 7), and salt (8–12), because even subtle
structural changes in DNA can lead to great effects in many cases,
such as DNA-protein interactions (13–15) and DNA nanostructures
from self-assembly (16, 17). Such great effects are often caused by
the sensitivity of relevant interactions or DNA organizations on
DNA structures. For example, a small change in DNA twist per base
pair can accumulate along long DNA molecules and leads to many
turns of DNA rotation.
How DNA structure changes with force, temperature, or salt is
not straightforward and often counterintuitive due to the sophisticated competition of various interactions in DNA. For example,
people may expect that stretching DNA decreases its twist, but experiments observed the opposite trend (1, 18). DNA deformations
are often associated with the couplings among DNA structural parameters. For example, stretch-induced DNA twist change is caused
by twist-stretch coupling (1, 19–21). Again, because of the competition of various interactions, the molecular mechanism underlying
twist-stretch coupling is not obvious and has been extensively investigated in many studies, including several recent ones (1, 18, 20–22).
Similarly, researchers observed twist-bend coupling (23, 24) in recent years. These couplings make substantial impacts on biological
processes of DNA (13, 25), such as DNA packaging in vivo (23).
While DNA deformation by force becomes clear after many
years of effort (1, 18, 20, 21), DNA deformations by salt and temperature are less understood, particularly in terms of the molecular
mechanism underlying these DNA deformations. Here, we first report our experimental result of DNA twist change with salt. Then,
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the subtle differences in the salt-induced twist changes among these
three salts may be caused by the small differences in ion binding or
ion distribution around DNA (9, 27–32). The reason why we used
the ions of Na+, K+, and Rb+ here is that these ions are likely to affect
DNA structures mainly through electrostatic screening rather than
specific binding.
Reproduction of salt-induced twist change by simulations
To reveal the molecular mechanism for salt-induced twist change in
our experiments, we performed all-atom molecular dynamics (MD)
simulations of 25–base pair (bp) B-form DNA with the sequence
(33) CGACTCTACGGAAGGGCATCTGCGC. The simulations were
implemented in the GROMACS 2018.4 software (34) using OL15
force field (section S2) (35). Figure 3A presents one DNA structure
from our simulation snapshot. For each concentration of NaCl, KCl,
or RbCl, we performed 600-ns simulation and calculated DNA twist
angles using the program Curves+ (36). As shown in Fig. 2 (B to D),
our simulations quantitatively reproduced the experimental salt-
induced twist changes. We did not simulate csalt = 0.01 M because
such low concentration requires a large simulation box, which is
computationally too expensive.
Twist change driven by twist-diameter coupling
Our analysis of MD simulations, together with theoretical calculations,
suggests a mechanism for the salt-induced twist change: The decrease
in csalt induces the swelling of DNA diameter, which leads to the
decrease in DNA twist through twist-diameter coupling, as illustrated
in Fig. 3A. In the following part, we will present the evidence for this
mechanism and the calculations of the twist-diameter coupling constant.
Zhang et al., Sci. Adv. 8, eabn1384 (2022)
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Experiment-Rb
Simulation-Rb

Fig. 2. Twist angle as a function of the salt concentration determined by experiments, simulations, and theoretical calculations. The SDs obtained from
more than three independent experiments or five simulation trajectories of 100 ns
are shown in error bars. (A) Experimental results of the change in twist angle as a
function of the salt concentration for NaCl, KCl, and RbCl. The black line is the
theoretical result from Eq. 5. (B to D) Comparison of experimental results and
simulation results for three salt species.

Figure 4A shows a two-dimensional potential of mean force (PMF)
as a function of the twist angle, , and the diameter, D. This PMF,
Psim, was calculated from the simulation with 1 M NaCl through
	P sim(, D ) = − (kB    T) ln [(, D)]	

(1)

where kB is the Boltzmann constant, T is the temperature, and (, D)
is the relative density of DNA conformations for a given  and D
from the simulation. We calculated (, D) using the following
procedure. Our MD simulations sampled Nconf = 5 × 104 DNA conformations in equilibrium. For each DNA conformation, we computed i and Di, where i = 1,2,…, Nconf is the index of conformation.
Then, these Nconf data points of {i, Di} were grouped into 10 ×
10 bins according to the values of  and D. For example, one bin
corresponds to 34.5° <  ≤ 35° and 1.95 nm < D ≤ 1.96 nm (see
section S5). Next, the number of data points in each bin is counted
and recorded as (, D). When converting (, D) to Psim(, D)
using Eq. 1, we subtract a constant from Psim(, D) to make its
minimum value to be zero. Here, we define the diameter D as the
average distance between the two phosphate groups of 1 bp. The
position of the phosphate group is defined as the center of mass of
one P and two O atoms. It is worth to mention that the definition of
DNA diameter has certain arbitrariness due to the irregular DNA
surface structures. It should be reasonable to use interstrand phosphate distance for diameter considering that phosphate groups are
outermost atoms. Furthermore, as will be shown later, such
definition of DNA diameter can quantitatively reproduce DNA
Young’s modulus.
2 of 7
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Fig. 1. Measuring the changes in DNA twist caused by the increase in salt concentration by MT. (A) MT setup. One end of the DNA is labeled with multiple
digoxigenin groups and anchored to a glass slide. The other end of the DNA is
labeled with multiple biotin groups and attached to a superparamagnetic microbead.
A pair of NdFeB magnets is used to rotate DNA at a constant force of 0.3 pN.
(B) Determination of the torsionally relaxed point of DNA by the symmetrical centerline (green dashed line) of the rotation-extension curve. The two linear fits of the
plectoneme range (cyan lines) meet at the torsionally relaxed point. (C and D) Determination of the change in DNA twist calculated using the shift in torsionally relaxed
point caused by the decrease in salt concentration.
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Fig. 3. Mechanism underlying twist-diameter coupling. (A) Illustration of the
salt-induced twist change. The decrease in csalt induces the swelling of DNA diameter,
which leads to the decrease in DNA twist through the negative twist-diameter coupling. The DNA structure is from our simulation snapshot. The red and blue beads
represent negatively charged phosphate groups on two strands, which repel each
other through electrostatic repulsions. (B) Top view and side view of 1-bp step to
illustrate the twist angle, , and the backbone contour length, s, per base pair step.
(C) Top view and side view of 1 bp to illustrate the DNA diameter in our calculation
and two dihedral angles,  and , mediating twist-diameter coupling.

The PMF at 1 M NaCl in Fig. 4A has a global minimum at 0 ≈
34.82° and D0 ≈ 2.008 nm. The two-dimensional PMF exhibits a
valley extending from the left-top to the right-bottom, indicating a
negative coupling between  and D. Similar to the analyses of twiststretch coupling in previous studies (1, 21, 37), we extracted the
twist-diameter coupling constant by fitting the PMF using the
following equation
2
bp
    ()  2 / 2 + kbp
	P bp ≈ kbp

D   (D)   / 2 + kD  D	

In the above equation, the cross term with kbp
D   ≠ 0leads to a coupling between  and D. The coupling can be understood in the
following manner. For a given D, the potential is minimized at a
certain *, and the value of * varies with D. For example, in
Fig. 4A, horizontal lines at different heights (different diameters)
have different minimum locations (different twist values). By the
fitting, we obtained the following coefficients for 1 M NaCl
    T/deg  2	
 bp
k
  ≈ 0.18 ± 0.02 kB
    T/n m  2	
	kbp
D  ≈ 263 ± 39 kB
    T/(deg∙nm)	
kbp
D ≈ 4.5 ± 0.8 kB

B

C

Fig. 4. Free-energy analysis of the simulation result at 1 M NaCl. (A) Two-
dimensional PMF with respect to DNA twist angle and DNA diameter calculated
from the simulation. (B) One-dimensional PMF with respect to DNA twist angle for
a narrow region of DNA diameter. The black, red, and blue symbols correspond to
three regions of DNA diameter: 1.984 < D < 1.994 nm, 2.004 < D < 2.014 nm, and
2.024 < D < 2.034 nm, respectively. The solid lines are quadratic fits: y = 1.7(x − 35.37)2,
y = 1.7(x − 34.81)2, and y = 1.7(x − 34.21)2, respectively. (C) Average twist angle as a
function of the diameter. The symbols are from our simulation, and the solid line is
a linear fit: y = −29.5x + 94.0.
Zhang et al., Sci. Adv. 8, eabn1384 (2022)

23 March 2022

(3)

bp
 bp
where  ≡  − 0 and D ≡ D − D0. The coefficients k
   and kD  
characterize the rigidity of twist and diameter, respectively, while
kbp
D  is the twist-diameter coupling constant. Note that these coefficients correspond to the relevant free energy per base pair as indi   , and kbp
  by
cated by the superscript of “bp.” We determined k bp
   , kbp

D
D
the fit to the PMF in Fig. 4A using Eq. 2. The uncertainties in Eq. 3
correspond to 95% confidence interval during the fitting. We can
convert kbp
    ≈ 263 kB    T/n m 2to DNA Young’s modulus of 3.2 × 108 Pa
D
(see section S14) in agreement with the experimental value of 3.46 ×
108 Pa (38). As indicated by Eq. 2 and shown in Fig. 4B, for a given
D, the PMF can be approximated by a harmonic potential, and the
location of the potential minimum shifts toward a smaller  with
the increase in D. Figure 4C confirms that the dependence of
average twist ⟨⟩ on D can be well captured by a straight line for a
wide range of D.
   , kbp
   , and kbp
   in Eq. 3 were
Recall that the values of 0, D0, kbp

D
D
calculated from the simulation with 1 M NaCl. We also calculated
   , kbp
   , and kbp
  from the simulations with other csalt and the
0, D0, kbp

D
D
bp
   , and kbp
D  
salt of KCl and RbCl (see section S5). We find that k
 bp
  , kD
do not vary much for all three salt species of NaCl, KCl, and RbCl
and all csalt in our simulations from 0.05 to 1 M, which agrees with
our theoretical prediction (see section S10). In all our simulations,
kD varies between 3.1 and 5.3 kBT/(deg∙nm). On the basis of the
bp
bp
  in Eq. 2, we can determine the twist rigidity
values of kbp
  , kD  , and kD
~
2
bp )    / kDbp   ≈ 0.103 kBT/deg2,
for a relaxed DNA, by  k bp  = k bp    − (kD
which corresponds to a twist rigidity of 470 pN∙nm2 and agrees with
previous experimental (19, 39–41) and simulation (20, 21) results
(see section S9).

Reproduction of salt-induced twist change by
theoretical calculation
After quantifying twist-diameter coupling by Eq. 2, we proceed to
the theoretical calculations of how the twist-diameter coupling
leads to salt-induced twist change. The basic idea of our calculation
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is as follows. The electrostatic repulsions between negatively charged
P atoms on two DNA strands produce a force, fD, to increase DNA
diameter. The formula of fD has been derived by Manning using the
helical distribution of charges (42–44). It is expected that the decrease
in csalt increases fD and enlarges D, which eventually leads to the
decrease in . To capture this salt-dependent twist change, we add
a term −fDD into the PMF in Eq. 2. Note that in the term of salt-
dependent twist change, we need the change of fD upon csalt variation instead of the absolute value of fD. Accordingly, we define the
relative fD in line with the PMF in Eq. 2
	
 fD  (c  salt  ) ≈ f D(c  salt  ) − f D(1 M)	

(4)

Then, we can write the PMF as
1  kbp
1  kbp
    ()  2  +  ─
    (D)  2 + kbp
   D	
P(c  salt  ) ≈ − fD    D +  ─
D
2 
2 D

(5)

The term of −fDD is an approximation based on the fact that for a
given csalt, fD remains almost unchanged within the small D range we
are dealing with. Minimizing P(csalt) with respect to  and D yields
− kbp
  
D
    fD  	
    
	
(c  salt  ) = ─
bp bp
k    kD
     − (kbp
  )  2
D

(6)

The coupling mainly comes from DNA backbone
stretch modulus
It is of interest to find out the molecular mechanism underlying
twist-diameter coupling. One likely mechanism is that twist-diameter
coupling is caused by the restraint of the contour length of DNA
sugar phosphate backbone per base pair step, s, as illustrated in
____________

 (D / 2)  2 + h  2 , where h is the
Fig. 3B. We can approximate s ≈ √[  
rise along the helical axis per base pair step. Because of the restraint
of s, the increase in D leads to the decrease in . The stretch modulus of DNA backbone was estimated to be Sh ≈ 965 pN by Gore et al.
(1). The stretch modulus determines the energetic penalty when
changing DNA sugar phosphate backbone length, for example,
increasing both D and . Using a weak perturbation approximation
Zhang et al., Sci. Adv. 8, eabn1384 (2022)
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S h D30    30  
  ≈ 2.8 k  B  T / (deg∙nm)	
  ]    =  ─
	[ kbp
D
est
8 s30  

(7)

where D0 ≈ 2.008 nm, 0 ≈ 34.82° ≈ 0.6077 rad, and s0 ≈ 0.694 nm
are the equilibrium values of the diameter, twist, and backbone
length, respectively. Substituting the values of Sh, D0, 0, and s0, we
very roughly estimate the twist-diameter coupling constant as 2.8 kBT/
(deg∙nm), which agrees fairly well with the value in Eq. 3 considering
that we neglect many factors (see section S12).
The coupling is mediated by two dihedral angles
We analyzed the structural basis of twist-diameter coupling and
found that the coupling is mediated through two dihedral angles in
DNA backbone as illustrated in Fig. 3C. These two dihedral angles
are commonly referred to as  and . We found that both  and
 are strongly and negatively correlated with the diameter while
strongly and positively correlated with the twist. The increase in D
under a lower salt concentration is realized through the decrease in
 and , which simultaneously reduces  (see section S4).
The coupling also drives temperature-induced DNA
twist change
Our analysis suggests that twist-diameter coupling also drives
temperature-induced DNA twist change. We measured DNA twist
change with temperature just like the case of the salt effect as shown
in Fig. 5A. Our experimental results agree with a recent experimental
study (6). The experimental results were reproduced by our simulation and theoretical calculation (Fig. 5B). The basic idea of the
theoretical calculation is as follows. The competition of interstrand
attraction U(D) and DNA conformational entropy S(D) leads to an equilibrium DNA diameter at the minimum of free energy FT = U − TS.
Obviously, DNA conformational entropy increases with the diameter because a large diameter allows more freedom for the relative
motion of two strands. A higher temperature enhances the weight
of entropy in the free energy FT = U − TS, which leads to diameter
swelling, just like thermal expansion in most materials. The change
in temperature, T, exerts an effective force, fT, on DNA diameter
∂S ≈ k   × T with k    ≡ ─
  ∂S ≈ 0.146 kJ/(mol K nm)	 (8)
  fT   = T  ─
SD
SD
∂D
∂D
Here, kSD characterizes diameter dependence of entropy and was
calculated by simulation results in Fig. 5D. The calculation detail of
kSD can be found in section S11. The physical reason for the diameter dependence of entropy is simple: A large diameter corresponds
to more conformational space. Similar to Eq. 6, the effective force
fT on DNA diameter is transduced to the change in the twist through
twist-diameter coupling
− kbp
  
− kbp
  
D
D
    fT    =  ─
  kS  D  T	 (9)
  
  
	
   bp(T ) =  ─
2
bp bp
bp 2
bp bp
k    kD
     − (kD
  )  
k     kD
     − (kbp
D )  
Then, temperature-dependent twist change has a coefficient kT
   bp
− kbp
D 
  kS  D	
	kbp
  
  =  ─
T    ≡  ─
T
bp bp
k     kD
     − (kbp
  )  2
D

(10)
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(see the minimization calculation in section S10). Substituting
fD(csalt) calculated from the Manning formula (see section S3) into
Eq. 6, we obtained (csalt) as shown by the black line in Fig. 2A,
which agrees fairly well with the experimental and simulation results. The physical meaning of Eqs. 4 to 6 is as follows. Lowering the
salt concentration enhances interstrand electrostatic repulsion in
DNA, which produces an effective force, fD, that swells DNA
diameter. The force exerted on DNA diameter is eventually transduced to DNA twist through a total potential in Eq. 5.
To validate the above theoretical calculations, we performed two
additional sets of simulations. In one set of simulations, we manually added external forces (equivalent to fD) on P atoms of DNA
and then measured the change in DNA twist. We obtained results in
excellent agreement with Eq. 6 (see fig. S9). In the other set of simulations, we artificially modified the charge of each P atom from −1e to
−1.5e or −0.5e. As expected, we observed a reduction of  for the P
charge of −1.5e and a rise of  for the P charge of −0.5e, compared
with the case of the P charge of −1e (see fig. S10). These results confirm that the salt-induced twist change is caused by the twist-diameter
coupling and the variation of P-P electrostatic repulsions.

for backbone length variation (see section S12), we can relate the
stretch modulus to twist-diameter coupling constant, i.e., the prefactor of the cross term in Eq. 2, by the following equation

SCIENCE ADVANCES | RESEARCH ARTICLE
Substituting the parameters and using 1 kBT ≈ 2.454 kJ/mol at
T = 22°C, we predict the coefficient
	kbp
T   ≈ − 0.01 deg / ° C	

(11)

The above coefficient agrees with our experimental result in Fig. 5A,
−0.0135 deg/°C, and a previous experimental result, −0.0110 deg/°C (6).
To further support that twist-diameter coupling is the common
driving force for salt- and temperature-induced twist changes,
Fig. 6 compares the twist-diameter curves calculated from the simulations that deform DNA by salt and temperature. Each data point
corresponds to the average twist and the average diameter in one
simulation with fixed csalt and T. These curves substantially collapse,
which supports that salt- and temperature-induced twist changes
are driven by the same factor: twist-diameter coupling.
In addition to salt- and temperature-induced twist changes,
stretch-induced twist change is likely to be related to twist-diameter
coupling as well (1, 18, 20, 21). One mechanism proposed for stretch-
induced twist change by Gore et al. (1) consists of two steps: (i)
Stretching DNA causes the shrinking of DNA diameter due to DNA
volume conservation; (ii) the shrinking of DNA diameter is transduced
to DNA overwinding. The second step implies the twist-diameter
coupling, i.e., the transduction from diameter change to twist change.

A

Salt- and temperature-induced twist changes are mainly
mediated by diameter variation and twist-diameter coupling
Varying salt concentration or temperature should affect many DNA
structural parameters, not only DNA diameter but also others, including the contour length L and persistence length Lp (8, 9). Our
analysis shows that the variation of the contour length upon salt
change only plays a minor role in salt-induced twist changes (see
section S6). The effect of salt on DNA twist should be mainly mediated
by diameter variation rather than variations of other structural
parameters for the following reasons. First, the salt-induced twist
changes in experiments were quantitatively reproduced by salt-
induced diameter variation and twist-diameter coupling as shown
in Fig. 2A. Second, adjusting diameter in simulations by external
forces quantitatively reproduced twist change (fig. S9). Third, theoretical calculation of electrostatic interaction quantitatively reproduced
salt-induced diameter variation. Fourth, twist-diameter coupling
constant obtained from MD simulation agrees fairly well with the
one estimated the stretch modulus of DNA backbone, which suggests
twist variation is directly linked to diameter variation rather than
through a hidden structural parameter. Lastly, experimental
temperature-induced twist change was quantitatively reproduced
by diameter-dependent DNA conformational entropy and twist-
diameter coupling. See section S13 for more discussions.

B

C
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Experiment-1 M
Simulation-1 M
Theory

Experiment-0.05 M
Experiment-0.15 M
Experiment-1 M

D

Simulation-1 M
y = 0.146x – 0.293

Simulation-0.15 M
Simulation-1 M

Fig. 5. Temperature-induced DNA twist change. (A) MT experimental results of DNA twist change with temperature for 0.05, 0.15, and 1 M NaCl. Twist is set to zero at
22°C and 1 M NaCl. Linear fits to experimental data yield the slopes of −0.0123 ± 0.002 deg/°C for 0.05 M, −0.0144 ± 0.0009 deg/°C for 0.15 M, and −0.0135 ± 0.0007 deg/°C
for 1 M NaCl. (B) Comparison of results from experiments, MD simulations, and theoretical prediction from Eq. 10. (C) Dependence of average DNA diameter on temperature from MD simulations. (D) Dependence of DNA conformational entropy on diameter extracted from MD simulations at 1 M NaCl.
Zhang et al., Sci. Adv. 8, eabn1384 (2022)
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lowering the salt concentration enhances interstrand electrostatic
repulsion and increases diameter, which is transduced to DNA
underwinding through twist-diameter coupling. For temperature
effects, a higher temperature causes DNA diameter swelling, which
is transduced to DNA underwinding through twist-diameter coupling.
We determined the twist-diameter coupling constant as approximately
4.5 ± 0.8 kBT/(deg∙nm) for 1 bp based on which we quantitatively
reproduced experimental salt- and temperature-induced DNA
twist changes.
Salt- and temperature-induced DNA twist changes should have
significant implications for relevant biological processes (23) and
material applications of DNA origami (16, 17). Twist changes accumulate along DNA and can reach up to thousands of turns or more,
depending on the DNA length. For 13.6-kbp DNA, the twist change
can cause DNA rotation of several turns (Fig. 1). In cells, the twist
change may cause thousands to millions of rotations for mega to
giga base pair long.
Fig. 6. Collapse of the twist-diameter curves for salt and temperature effects.
These three curves are calculated from the simulations that deform DNA by salt
and temperature. Each data point corresponds to the average twist and the average diameter in one simulation at a given csalt (fixing T = 295 K) or at a given temperature (fixing csalt = 0.15 or 1 M).

MATERIALS AND METHODS

sciadv.abn1384

Dependences of the twist-diameter coupling constant
on the force field in simulations
To examine whether the simulation results depend on the force field,
we have performed additional simulations using the Parmbsc1 force
field, another popular DNA force field developed in recent years.
The twist-diameter coupling constant per base pair at 1 M NaCl is
4.92 ± 0.92 kBT/(deg∙nm) for the Parmbsc1 force field (45) and
4.50 ± 0.82 kBT/(deg∙nm) for the OL15 force field (35). The differences are comparable with statistical errors.
DISCUSSION

In this work, we find that salt- and temperature-induced DNA twist
changes are driven by twist-diameter coupling. For salt effects,
Zhang et al., Sci. Adv. 8, eabn1384 (2022)

23 March 2022

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. J. Gore, Z. Bryant, M. Nöllmann, M. U. Le, N. R. Cozzarelli, C. Bustamante, DNA overwinds
when stretched. Nature 442, 836–839 (2006).
2. P. Gross, N. Laurens, L. B. Oddershede, U. Bockelmann, E. J. G. Peterman, G. J. L. Wuite,
Quantifying how DNA stretches, melts and changes twist under tension. Nat. Phys. 7,
731–736 (2011).
3. J. F. Marko, E. D. Siggia, Stretching DNA. Macromolecules 28, 8759–8770 (1995).
4. G. A. King, F. Burla, E. J. Peterman, G. J. L. Wuite, Supercoiling DNA optically. Proc. Natl.
Acad. Sci. U.S.A. 116, 26534–26539 (2019).
5. G. A. King, E. J. G. Peterman, G. J. L. Wuite, Unravelling the structural plasticity of stretched
DNA under torsional constraint. Nat. Commun. 7, 11810 (2016).
6. F. Kriegel, C. Matek, T. Dršata, K. Kulenkampff, S. Tschirpke, M. Zacharias, F. Lankaš,
J. Lipfert, The temperature dependence of the helical twist of DNA. Nucleic Acids Res. 46,
7998–8009 (2018).

6 of 7

Downloaded from https://www.science.org on August 18, 2022

MT experiments
We built the MT and performed the experiments following the detailed instructions published previously (6, 46, 47). Briefly, we rotated
the magnets one turn by one turn at a constant force of 0.3 pN. After
From the physical point of view, it is quite reasonable that DNA each rotation turn, we recorded the extension in DNA for 10 s and
diameter plays a crucial role in mediating salt- and temperature- calculated the average in extension. Usually, we measured the exinduced DNA deformations. Diameter quantifies phosphate-phosphate tension in DNA in the range of ±20 turns flanking the torsional
distance, which adjusts charge interactions in salt effects, and quan- relaxed point of the DNA, generating a bell-like torsion-extension
tifies interstrand distance, which determines DNA conformational curve. Then, we changed to another salt concentration (or another
temperature) and measured the torsion-extension curve using the
entropy in temperature effects.
same DNA molecule. At each salt concentration (or each temperature), we used at least three DNA molecules in different flow cells to
Confirmation of the salt effect and temperature effect by
calculate the twist as a function of salt concentration (or temperature)
different DNA constructs in experiments
To examine whether the observed salt and temperature effects depend (see more details in section S1).
on the specific DNA construct (13 kbp with guanine-cytosine (GC)
content 43%) used in our experiments, we have conducted the experi- Atomistic MD simulations
ments for two additional DNA constructs (20 kbp with GC content All-atom MD simulations were performed with the GROMACS
55% and 6 kbp with GC content 57%). While these DNA constructs 2018.4 software package (48) and OL15 force field (35). DNA strucdiffer significantly in DNA length, the experimental results of these tural parameters were calculated using the program Curves+ (see
three DNA constructs agree with each other (see fig. S19), which more details in section S2) (36).
suggests that the salt- and temperature-induced DNA twist changes
are not caused by the specific DNA construct. The insensitivity of
the temperature-induced twist changes on the DNA construct has SUPPLEMENTARY MATERIALS
also been observed in the previous experiments by Kriegel et al. (6). Supplementary material for this article is available at https://science.org/doi/10.1126/

SCIENCE ADVANCES | RESEARCH ARTICLE

Zhang et al., Sci. Adv. 8, eabn1384 (2022)

23 March 2022

35. M. Zgarbová, J. Šponer, M. Otyepka, T. E. Cheatham III, R. Galindo-Murillo, P. Jurečka,
Refinement of the sugar–phosphate backbone torsion beta for AMBER force fields
improves the description of Z- and B-DNA. J. Chem. Theory Comput. 11, 5723–5736 (2015).
36. R. Lavery, M. Moakher, J. H. Maddocks, D. Petkeviciute, K. Zakrzewska, Conformational
analysis of nucleic acids revisited: Curves+. Nucleic Acids Res. 37, 5917–5929 (2009).
37. J. F. Marko, DNA under high tension: Overstretching, undertwisting, and relaxation
dynamics. Phys. Rev. E 57, 2134–2149 (1998).
38. S. B. Smith, Y. Cui, C. Bustamante, Overstretching B-DNA: The elastic response
of individual double-stranded and single-stranded DNA molecules. Science 271, 795–799
(1996).
39. Z. Bryant, M. D. Stone, J. Gore, S. B. Smith, N. R. Cozzarelli, C. Bustamante, Structural
transitions and elasticity from torque measurements on DNA. Nature 424, 338–341
(2003).
40. M. Y. Sheinin, M. D. Wang, Twist-stretch coupling and phase transition during DNA
supercoiling. Phys. Chem. Chem. Phys. 11, 4800–4803 (2009).
41. J. D. Moroz, P. Nelson, Entropic elasticity of twist-storing polymers. Macromolecules 31,
6333–6347 (1998).
42. G. S. Manning, Counterion condensation on a helical charge lattice. Macromolecules 34,
4650–4655 (2001).
43. G. S. Manning, Electrostatic free energy of the DNA double helix in counterion
condensation theory. Biophys. Chem. 101-102, 461–473 (2002).
44. G. S. Manning, The response of DNA length and twist to changes in ionic strength.
Biopolymers 103, 223–226 (2015).
45. I. Ivani, P. D. Dans, A. Noy, A. Pérez, I. Faustino, A. Hospital, J. Walther, P. Andrio, R. Goñi,
A. Balaceanu, G. Portella, F. Battistini, J. L. Gelpí, C. González, M. Vendruscolo,
C. A. Laughton, S. A. Harris, D. A. Case, M. Orozco, Parmbsc1: A refined force field for DNA
simulations. Nat. Methods 13, 55–58 (2016).
46. Z. Yu, D. Dulin, J. Cnossen, M. Köber, M. M. van Oene, O. Ordu, B. A. Berghuis, T. Hensgens,
J. Lipfert, N. H. Dekker, A force calibration standard for magnetic tweezers. Rev. Sci.
Instrum. 85, 123114 (2014).
47. I. De Vlaminck, T. Henighan, M. T. J. Van Loenhout, D. R. Burnham, C. Dekker, Magnetic
forces and DNA mechanics in multiplexed magnetic tweezers. PLOS ONE 7, e41432
(2012).
48. M. J. Abraham, T. Murtola, R. Schulz, S. Páll, J. C. Smith, B. Hess, E. Lindahl, GROMACS:
High performance molecular simulations through multi-level parallelism from laptops
to supercomputers. SoftwareX 1-2, 19–25 (2015).
49. D. H. Paik, V. A. Roskens, T. T. Perkins, Torsionally constrained DNA for single-molecule
assays: An efficient, ligation-free method. Nucleic Acids Res. 41, e179 (2013).
50. X. J. Lu, W. K. Olson, 3DNA: A software package for the analysis, rebuilding
and visualization of three-dimensional nucleic acid structures. Nucleic Acids Res. 31,
5108–5121 (2003).
51. I. S. Joung, T. E. Cheatham III, Determination of alkali and halide monovalent ion
parameters for use in explicitly solvated biomolecular simulations. J. Phys. Chem. B 112,
9020–9041 (2008).
52. U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee, L. G. Pedersen, A smooth particle
mesh Ewald method. J. Chem. Phys. 103, 8577–8593 (1995).
53. B. Hess, H. Bekker, H. J. C. Berendsen, J. G. E. M. Fraaije, LINCS: A linear constraint solver
for molecular simulations. J. Comput. Chem. 18, 1463–1472 (1997).
54. R. W. Hockney, S. P. Goel, J. W. Eastwood, Quiet high-resolution computer models
of a plasma. J. Comput. Phys. 14, 148–158 (1974).
55. G. Bussi, D. Donadio, M. Parrinello, Canonical sampling through velocity rescaling.
J. Chem. Phys. 126, 014101 (2007).
56. S. Nosé, M. L. Klein, Constant pressure molecular dynamics for molecular systems.
Mol. Phys. 50, 1055–1076 (1983).

Acknowledgments
Funding: We are grateful to the financial support from the National Natural Science
Foundation of China (nos. 12074294, 21973080, and 32100991), the Research Grants Council
of Hong Kong (no. 21302520), and the Super Computing Center of Wuhan University. Author
contributions: X.-H.Z. and L.D. conceived the idea. X.-H.Z. and C.Z. performed the
experiments. L.D. and F.T. performed the simulations. All authors discussed the results and
wrote the paper. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials.
Submitted 5 November 2021
Accepted 31 January 2022
Published 23 March 2022
10.1126/sciadv.abn1384

7 of 7

Downloaded from https://www.science.org on August 18, 2022

7. H. Dohnalová, T. Dršata, J. Šponer, M. Zacharias, J. Lipfert, F. Lankaš, Compensatory
mechanisms in temperature dependence of DNA double helical structure: Bending
and elongation. J. Chem. Theory Comput. 16, 2857–2863 (2020).
8. H. Fu, C. Zhang, X.-W. Qiang, Y.-J. Yang, L. Dai, Z.-J. Tan, X.-H. Zhang, Opposite effects
of high-valent cations on the elasticities of DNA and RNA duplexes revealed by magnetic
tweezers. Phys. Rev. Lett. 124, 058101 (2020).
9. S. Guilbaud, L. Salomé, N. Destainville, M. Manghi, C. Tardin, Dependence of DNA
persistence length on ionic strength and ion type. Phys. Rev. Lett. 122, 028102 (2019).
10. O. D. Broekmans, G. A. King, G. J. Stephens, G. J. L. Wuite, DNA twist stability changes
with magnesium(2+) concentration. Phys. Rev. Lett. 116, 258102 (2016).
11. F. Kriegel, N. Ermann, R. Forbes, D. Dulin, N. H. Dekker, J. Lipfert, Probing the salt
dependence of the torsional stiffness of DNA by multiplexed magnetic torque tweezers.
Nucleic Acids Res. 45, 5920–5929 (2017).
12. J. R. Wenner, M. C. Williams, I. Rouzina, V. A. Bloomfield, Salt dependence of the elasticity
and overstretching transition of single DNA molecules. Biophys. J. 82, 3160–3169 (2002).
13. S. Kim, E. Broströmer, D. Xing, J. Jin, S. Chong, H. Ge, S. Wang, C. Gu, L. Yang, Y. Q. Gao,
X.-d. Su, Y. Sun, X. S. Xie, Probing allostery through DNA. Science 339, 816–819 (2013).
14. L. Shokri, B. Marintcheva, M. Eldib, A. Hanke, I. Rouzina, M. C. Williams, Kinetics
and thermodynamics of salt-dependent T7 gene 2.5 protein binding to singleand double-stranded DNA. Nucleic Acids Res. 36, 5668–5677 (2008).
15. C. J. Lim, L. J. Kenney, J. Yan, Single-molecule studies on the mechanical interplay
between DNA supercoiling and H-NS DNA architectural properties. Nucleic Acids Res. 42,
8369–8378 (2014).
16. A. M. Maier, W. Bae, D. Schiffels, J. F. Emmerig, M. Schiff, T. Liedl, Self-assembled DNA
tubes forming helices of controlled diameter and chirality. ACS Nano 11, 1301–1306
(2017).
17. H. Dietz, S. M. Douglas, W. M. Shih, Folding DNA into twisted and curved nanoscale
shapes. Science 325, 725–730 (2009).
18. T. Lionnet, S. Joubaud, R. Lavery, D. Bensimon, V. Croquette, Wringing out DNA. Phys. Rev.
Lett. 96, 178102 (2006).
19. J. Lipfert, G. M. Skinner, J. M. Keegstra, T. Hensgens, T. Jager, D. Dulin, M. Köber, Z. Yu,
S. P. Donkers, F.-C. Chou, R. Das, N. H. Dekker, Double-stranded RNA under force
and torque: Similarities to and striking differences from double-stranded DNA. Proc. Natl.
Acad. Sci. U.S.A. 111, 15408–15413 (2014).
20. K. Liebl, T. Drsata, F. Lankas, J. Lipfert, M. Zacharias, Explaining the striking difference
in twist-stretch coupling between DNA and RNA: A comparative molecular dynamics
analysis. Nucleic Acids Res. 43, 10143–10156 (2015).
21. A. Marin-Gonzalez, J. G. Vilhena, R. Perez, F. Moreno-Herrero, Understanding
the mechanical response of double-stranded DNA and RNA under constant stretching
forces using all-atom molecular dynamics. Proc. Natl. Acad. Sci. U.S.A. 114, 7049–7054
(2017).
22. G. S. Manning, Theoretical evidence for the coupling of winding to compression
in the solution conformation of duplex DNA. Biopolymers 20, 2337–2350 (1981).
23. E. Skoruppa, S. K. Nomidis, J. F. Marko, E. Carlon, Bend-induced twist waves
and the structure of nucleosomal DNA. Phys. Rev. Lett. 121, 088101 (2018).
24. S. K. Nomidis, F. Kriegel, W. Vanderlinden, J. Lipfert, E. Carlon, Twist-bend coupling
and the torsional response of double-stranded DNA. Phys. Rev. Lett. 118, 217801 (2017).
25. C. Gu, J. Zhang, Y. I. Yang, X. Chen, H. Ge, Y. Sun, X. Su, L. Yang, S. Xie, Y. Q. Gao, DNA
structural correlation in short and long ranges. J. Phys. Chem. B 119, 13980–13990 (2015).
26. P. Anderson, W. Bauer, Supercoiling in closed circular DNA: Dependence upon ion type
and concentration. Biochemistry 17, 594–601 (1978).
27. K. Andresen, R. Das, H. Y. Park, H. Smith, L. W. Kwok, J. S. Lamb, E. Kirkland, D. Herschlag,
K. Finkelstein, L. Pollack, Spatial distribution of competing ions around DNA in solution.
Phys. Rev. Lett. 93, 248103 (2004).
28. A. Savelyev, A. D. MacKerell Jr., Competition among Li+, Na+, K+, and Rb+ monovalent ions
for DNA in molecular dynamics simulations using the additive CHARMM36 and drude
polarizable force fields. J. Phys. Chem. B 119, 4428–4440 (2015).
29. R. Lavery, J. H. Maddocks, M. Pasi, K. Zakrzewska, Analyzing ion distributions around DNA.
Nucleic Acids Res. 42, 8138–8149 (2014).
30. X. Qiu, D. C. Rau, V. A. Parsegian, L. T. Fang, C. M. Knobler, W. M. Gelbart, Salt-dependent
DNA-DNA spacings in intact bacteriophage  reflect relative importance of DNA
self-repulsion and bending energies. Phys. Rev. Lett. 106, 028102 (2011).
31. M. L. Sushko, D. G. Thomas, S. A. Pabit, L. Pollack, A. V. Onufriev, N. A. Baker, The role
of correlation and solvation in ion interactions with B-DNA. Biophys. J. 110, 315–326
(2016).
32. L.-Z. Sun, Y. Zhou, S.-J. Chen, Predicting monovalent ion correlation effects in nucleic
acids. ACS Omega 4, 13435–13446 (2019).
33. R. S. Mathew-Fenn, R. Das, P. A. B. Harbury, Remeasuring the double helix. Science 322,
446–449 (2008).
34. D. Van Der Spoel, E. Lindahl, B. Hess, G. Groenhof, A. E. Mark, H. J. C. Berendsen,
GROMACS: Fast, flexible, and free. J. Comput. Chem. 26, 1701–1718 (2005).

Twist-diameter coupling drives DNA twist changes with salt and temperature
Chen ZhangFujia TianYing LuBing YuanZhi-Jie TanXing-Hua ZhangLiang Dai

Sci. Adv., 8 (12), eabn1384. • DOI: 10.1126/sciadv.abn1384

View the article online
https://www.science.org/doi/10.1126/sciadv.abn1384
Permissions
https://www.science.org/help/reprints-and-permissions

Downloaded from https://www.science.org on August 18, 2022

Use of this article is subject to the Terms of service
Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

