
 
 

 

 
 

Twist-diameter coupling drives DNA twist changes with salt and temperature

Zhang, Chen; Tian, Fujia; Lu, Ying; Yuan, Bing; Tan, Zhi-Jie; Zhang, Xing-Hua; Dai, Liang

Published in:
Science Advances

Published: 25/03/2022

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1126/sciadv.abn1384

Publication details:
Zhang, C., Tian, F., Lu, Y., Yuan, B., Tan, Z-J., Zhang, X-H., & Dai, L. (2022). Twist-diameter coupling drives
DNA twist changes with salt and temperature. Science Advances, 8(12), [eabn1384].
https://doi.org/10.1126/sciadv.abn1384

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/twistdiameter-coupling-drives-dna-twist-changes-with-salt-and-temperature(87edcff8-f9c2-4009-b2da-288582002f9e).html
https://doi.org/10.1126/sciadv.abn1384
https://scholars.cityu.edu.hk/en/persons/fujia-tian(f08f43ad-78e9-4d1e-8a87-0ce6c20fa8df).html
https://scholars.cityu.edu.hk/en/persons/liang-dai(cdb9efd0-c1d3-4c37-9671-42c431bc4b65).html
https://scholars.cityu.edu.hk/en/publications/twistdiameter-coupling-drives-dna-twist-changes-with-salt-and-temperature(87edcff8-f9c2-4009-b2da-288582002f9e).html
https://scholars.cityu.edu.hk/en/publications/twistdiameter-coupling-drives-dna-twist-changes-with-salt-and-temperature(87edcff8-f9c2-4009-b2da-288582002f9e).html
https://scholars.cityu.edu.hk/en/journals/science-advances(22bb43c9-1767-4ba5-a872-d7f43cc962c4)/publications.html
https://doi.org/10.1126/sciadv.abn1384


Zhang et al., Sci. Adv. 8, eabn1384 (2022)     23 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 7

B I O P H Y S I C S

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 calcula-
tion 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 con-
stant 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.

INTRODUCTION
Biological functions and material applications of DNA critically de-
pend 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 sophis-
ticated competition of various interactions in DNA. For example, 
people may expect that stretching DNA decreases its twist, but ex-
periments observed the opposite trend (1, 18). DNA deformations 
are often associated with the couplings among DNA structural pa-
rameters. For example, stretch-induced DNA twist change is caused 
by twist-stretch coupling (1, 19–21). Again, because of the competi-
tion of various interactions, the molecular mechanism underlying 
twist-stretch coupling is not obvious and has been extensively in-
vestigated in many studies, including several recent ones (1, 18, 20–22). 
Similarly, researchers observed twist-bend coupling (23, 24) in re-
cent 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 tem-
perature are less understood, particularly in terms of the molecular 
mechanism underlying these DNA deformations. Here, we first re-
port our experimental result of DNA twist change with salt. Then, 

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 dif-
ferent 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 
denoted as   N  turn  *   , which changes with the salt concentration (green 
dashed lines in Fig. 1, C and D). Accordingly, we calculated the 
equilibrium DNA twist angle per base pair, exp, from   N turn  *    through 
  = ( N turn  *   × 360° ) /  N  bp   , where Nbp ≈ 13.6 × 103 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 corre-
spond 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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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.

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 ) = − ( k  B   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 con-
formations in equilibrium. For each DNA conformation, we com-
puted 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 phos-
phate 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.
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Fig. 1. Measuring the changes in DNA twist caused by the increase in salt con-
centration 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 center-
line (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) Deter-
mination 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. 2. Twist angle as a function of the salt concentration determined by ex-
periments, 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.
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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 twist-
stretch coupling in previous studies (1,  21,  37), we extracted the 
twist-diameter coupling constant by fitting the PMF using the 
following equation

   P  bp   ≈  k   bp   ()   2  / 2 +  k D  bp   (D)   2  / 2 +  k D  bp   D  (2)

In the above equation, the cross term with   k D  bp   ≠ 0  leads to a cou-
pling 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

       k   bp  ≈ 0.18 ± 0.02  k  B   T/ deg   2   

   k D  bp  ≈ 263 ± 39  k  B   T/n  m   2   

          k D  bp   ≈ 4.5 ± 0.8  k  B   T/(deg∙nm)  (3)

where  ≡  − 0 and D ≡ D − D0. The coefficients   k   bp   and   k D  bp   
characterize the rigidity of twist and diameter, respectively, while   
k D  bp    is the twist-diameter coupling constant. Note that these coeffi-
cients correspond to the relevant free energy per base pair as indi-
cated by the superscript of “bp.” We determined   k   bp  ,   k D  bp  , and   k D  bp    by 
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   k D  bp  ≈ 263  k  B   T / n  m   2   to DNA Young’s modulus of 3.2 × 108 Pa 
(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.

Recall that the values of 0, D0,   k   bp  ,   k D  bp  , and   k D  bp    in Eq. 3 were 
calculated from the simulation with 1 M NaCl. We also calculated 
0, D0,   k   bp  ,   k D  bp  , and   k D  bp    from the simulations with other csalt and the 
salt of KCl and RbCl (see section S5). We find that   k   bp  ,   k D  bp  , and   k D  bp    
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 
values of   k   bp  ,   k D  bp  , and   k D  bp    in Eq. 2, we can determine the twist rigidity 
for a relaxed DNA, by     ~ k     bp  =  k   bp  −  ( k D  bp  )   2  /  k D  bp  ≈  0.103 kBT/deg2, 
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 

Decrease
of the salt 

concentration, 
csalt ↓

induces
the swelling
of diameter, 

D ↑ 

D ↑
leads to

the decrease 
of the twist,

↓ 

A

Diameter, DC

B Twist,

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 cou-
pling. 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.

A

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.
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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 varia-
tion instead of the absolute value of fD. Accordingly, we define the 
relative fD in line with the PMF in Eq. 2

    f  D  ( c  salt   ) ≈  f  D  ( c  salt   ) −  f  D  (1 M)  (4)

Then, we can write the PMF as

   P( c  salt   ) ≈ −   f  D   D +   1 ─ 2    k   bp   ()   2  +   1 ─ 2    k D  bp   (D)   2  +  k D  bp   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

  ( c  salt   ) =   
−  k D  bp  
 ─  

 k   bp   k D  bp  −  ( k D  bp  )   2 
     f  D    (6)

(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 re-
sults. 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 trans-
duced 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 manu-
ally 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 simula-
tions, 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 con-
firm that the salt-induced twist change is caused by the twist-diameter 
coupling and the variation of P-P electrostatic repulsions.

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 

Fig. 3B. We can approximate  s ≈  √ 
____________

   [    (D / 2)   2  +  h   2    , where h is the 

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 modu-
lus 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 

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

    [    k D  bp   ]    
est

   =   
 S  h    D 0  3    0  3 

 ─ 
8  s 0  3 

   ≈ 2.8  k  B   T / (deg∙nm)  (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 simula-
tion 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 equi-
librium DNA diameter at the minimum of free energy FT = U − TS.  
Obviously, DNA conformational entropy increases with the diame-
ter 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

     f  T   = T   ∂ S ─ ∂ D   ≈  k  SD   × T with  k  SD   ≡   ∂ S ─ ∂ D   ≈ 0.146 kJ / (mol K nm)  (8)

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 diame-
ter 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

      bp  (T ) =   
−  k D  bp  
 ─  

 k   bp   k D  bp  −  ( k D  bp  )   2 
     f  T   =   

−  k D  bp  
 ─  

 k   bp   k D  bp  −  ( k D  bp  )   2 
    k  SD   T  (9)

Then, temperature-dependent twist change has a coefficient kT

   k T  bp  ≡   
    bp  

 ─ 
T   =   

−  k D  bp  
 ─  

 k   bp   k D  bp  −  ( k D  bp  )   2 
    k  SD    (10)
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Substituting the parameters and using 1 kBT ≈ 2.454 kJ/mol at 
T = 22°C, we predict the coefficient

   k T  bp  ≈ − 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 sim-
ulations 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.

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, in-
cluding 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, theo-
retical 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.

A B

C D

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

Simulation-0.15 M
Simulation-1 M

Simulation-1 M
y = 0.146x – 0.293

Experiment-1 M
Simulation-1 M
Theory

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 tempera-
ture from MD simulations. (D) Dependence of DNA conformational entropy on diameter extracted from MD simulations at 1 M NaCl.

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 18, 2022



Zhang et al., Sci. Adv. 8, eabn1384 (2022)     23 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 7

From the physical point of view, it is quite reasonable that DNA 
diameter plays a crucial role in mediating salt- and temperature- 
induced DNA deformations. Diameter quantifies phosphate-phosphate 
distance, which adjusts charge interactions in salt effects, and quan-
tifies interstrand distance, which determines DNA conformational 
entropy in temperature effects.

Confirmation of the salt effect and temperature effect by 
different DNA constructs in experiments
To examine whether the observed salt and temperature effects depend 
on the specific DNA construct (13 kbp with guanine-cytosine (GC) 
content 43%) used in our experiments, we have conducted the experi-
ments for two additional DNA constructs (20 kbp with GC content 
55% and 6 kbp with GC content 57%). While these DNA constructs 
differ significantly in DNA length, the experimental results of these 
three DNA constructs agree with each other (see fig. S19), which 
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 
also been observed in the previous experiments by Kriegel et al. (6).

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 differ-
ences 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, 

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 accu-
mulate 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.

MATERIALS AND METHODS
MT experiments
We built the MT and performed the experiments following the de-
tailed 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 
each rotation turn, we recorded the extension in DNA for 10 s and 
calculated the average in extension. Usually, we measured the ex-
tension in DNA in the range of ±20 turns flanking the torsional 
relaxed point of the DNA, generating a bell-like torsion-extension 
curve. Then, we changed to another salt concentration (or another 
temperature) and measured the torsion-extension curve using the 
same DNA molecule. At each salt concentration (or each tempera-
ture), we used at least three DNA molecules in different flow cells to 
calculate the twist as a function of salt concentration (or temperature) 
(see more details in section S1).

Atomistic MD simulations
All-atom MD simulations were performed with the GROMACS 
2018.4 software package (48) and OL15 force field (35). DNA struc-
tural parameters were calculated using the program Curves+ (see 
more details in section S2) (36).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn1384

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