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Fig. 1. (a) The diagram for the structure of the 30-bp DNA used in the work, the connected red balls represent the
central axis of the central 26-bp segment of the DNA, L and Ree denote the contour length and end-to-end distance
for the central 26-bp segment of the 30-bp DNA; (b) six microscopic parameters characterizing the relative orientation
between two adjacent base pairs (base pair step) in the DNA, including 3 translational and 3 rotational parameters;
(¢), (d) the end-to-end distance Ree (c) and the cumulative H-twist @ (d) versus MD running time (600 ns) for the
central 26-bp segment of DNA from the Amber bscO and bscl force fields MD simulations, respectively, the yellow

lines represent the average end-to-end distance and the cumulative H-twist @ over every 2 ns MD simulations of the

DNA.
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Iy B R, BT AR M LR BN RS 2 T A
B DNA (I h, R A 4t DNA A1 E] 26-bp A
B A AR RS il A B 6, 153 T 1%
5 it A O AT p(0). W 2 (a) BT, I
713 (bscl # bsc0) 43 2| 1 £ BE 3 A0 B 2 p(0) LUK

0.05 T T T T T
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Probability
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2 (a) DNA 1] 26-bp /v B2 i 4 52 6 ()9 — 4k 43
fi; (b) —In(p (0,1) / sin @) AL i 1 5 6 19K &, 7T LAE
(1) AR AT DNA 7 B e AKBE 1
Fig. 2. (a) The normalized probability distribution of
bending angle for the central 26-bp segment of DNA;
(b) the relationship between —In(p(6,1) /sinf) and
bending angle 6 for the central 26-bp segment of the
DNA, the bending persistence length [, can be esti-
mated by fitting the data to Eq. (1).
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5 B 58 K1 55 52 56 {8 58 0 #2401 1) Bk = % 2P (base
pair step) HL#% f1 00, JEF DL F¥4E A (2) R, 2
432 T bsc0 713% F DNA FIFLEF AKE C 4N
(98+2) nm, bscl F C 218 (1054 2) nm, HF{ /135
BRI C 5 5AE (100410 nm) —F 12853779
3.1.4 DNA #yin4% fb 45454
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i & (b) MH—510; (c) DNA [ H-rise fl H-twist []
&R R, HAP R AR H-twist 75 25 1 0.1° 51 A 19 i
AEHE R IR B, RZEREXS B AR e 2

Fig. 3. (a), (b) The normalized probability distribution of
contour length L (a) and the cumulative H-twist @ (b) for
the central 26-bp segment of DNA; (c) the coupling rela-
tionship between H-rise and H-twist of DNA; the data are
obtained by averaging all the data of the H-twist within
the range of 0.1°, and the error bars correspond to the

standard deviation.
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L FF AKE C(bscl) = C(bsc0) LA KA - 4
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R BN T AIES K T E ik bsel Al bsc0 113
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Sk ve A MR, Yo 2 DNA Tl #F A K
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() RV 5 Tk 7% th bsc0 135 F K (WK 2), BRE
bscl 773  DNA A B 58 ¥ 25l 2 1%, BP 7, (bscl)
Mg/ G F AR & S (bsel) < S(bsc0), X
#& H T bscl 773 F DNA H-rise 13 % Lt bsc0 77
W ERE R (WKL), B S SR 48, A
1M F B bscl ~ DNA ) $ B & S /. gk i 41
HRF AKE C(bscl) = C(bsc0), & TH /13
bscl T DNA B A 5K 1 41 %% M (H-twist) A1 55 /)
(A% fa ik & (brifEZE), BRI bsel 737~ DNA &2
HMeSEI AL I R HE R R AKEC. &

X ¢ % A] B Bustamante 25 24 31 1 11 a7 4k A B
P fif, DNA v A58 A0 9 — R B A8 b TR R
SR KN BRIk 8 AR, K E
NL, Y& NR, BRI A, AEN

OB RRHLFE ), WA B2 = L? + R?¢>. BT
T R Bk 3= 85 B AN I A 45, Bt DAL i 45 8 A L
D = AL/A® = 2LR?*®/(P?R? — 2L%). BT bscl
1 HR bscO 75 2] T B BRI @ (B H-twist).
W& /N ) L (8% H-rise) 1 % /N ) DNA 42 R (1£
bscl 13 T R%1599.94 A, #Ebsc0 }13% F R4 M

Ji 72 L AR 45 45 4 L D(bscl) < D(bsc0), UtH 10.02 A), S5 D(bscl) g /).

F1 MD EMGEIR DNA H7 26-bp J B FHIRIEE 2 5 2
Table 1. Average helical structure parameters of the central 26-bp segment of DNA obtained by MD simulations®.

H-rise/A  H-twist/(°) Rise/A Twist/(°)  Slide/A  Roll/(°)  Shift/A  Tilt/(°) Inclination/(°)
BscO 3.328P (0.053) 32.86 (0.67) 3.339P (0.033) 32.43 (0.73) —0.23 (0.16) 3.76 (1.08) 0.04 (0.09) 0.15 (0.59)  8.21 (2.02)
Bscl 3.315P (0.054) 33.48 (0.64) 3.334P (0.034) 33.20 (0.67) —0.58 (0.14) 2.43 (1.08) 0.00 (0.10) 0.03 (0.61)  4.23 (1.82)
X-ray® 3.29 34.60 3.30 34.20 0.07 1.98 0.00 0.30 4.00
NMR4 3.18 36.00 3.20 35.70 —0.21 3.03 0.00 0.01 5.00

& F5 5 Y BB 2R A BLEE H SR b 225 D BUE 28 R, BAVR B B/NEURUS =4 ©Xeray AR E PDB 1BNA Z5#4 43 7 2: 45t
R 2 AR T4 1B0]; ANMR M%HF & PDB INAJ £5#4 53 5 2330 8 B 2 Mgt i) P-4 (811,

aThe standard deviations are shown in brackets; ? we keep three decimal places for the values due to the small difference; the.
X-ray data are average values from the PDB 1BNA structure with excluding 2-bp at each end (80]; dthe NMR data are average

values from the PDB 1NAJ structure with excluding 2-bp at each end (81]

#2 DNA f£ Amber bscO fll bscl Fifl /145 T 172 W 25 L5 il Y
Table 2. The macroscopic parameters of DNA under the force fields of Amber bscO and bscl

and experimental values?®.

lp/nm S/pN C/nm D/nm-turn—! Major groove width/A
bscO 47.9 £ 0.1 1964 + 41 98 + 2 0.62 + 0.02 12.24 +1.84
bscl 46.3 £ 0.2 1860 =+ 41 105 + 2 0.47 £ 0.02 12.08 + 1.96
AR 45.0—50.0 1100—1600 100 £ 10 0.50 £ 0.10 10.60

a SEISE N E SR [1, 3, 12, 24, 33, 36—38, 76—80].
2The experimental value is referenced in the literatures[1, 3, 12,24, 33, 36-38, 76-80]

4 % #H

A K H Amber bscl Fl bscO 7 7 17 3% X
DNA #:47 7N (8] 8 22 B8 1 3 1 3 ) #4540, I
M ZE RO PR A 2 T 6 DNA [ &5 M 2 kgt AT 1
RANHIXT LU T, A EE LSBT,

1) AT DNA (1) % 025 dh AL F %, bscO Al

bscl 71325 1S fFF AR 1, MR AKE
CILVFMFE, & 5REEN &, WM T3
DNA 75 R 5% SR (10 38 e LA — SO HEBf 1)
1M bscl J137y T hifiisieE S AHHEE 455 & e D AH
X bsc0 7137 T BB S A oM R, (R TT#
Yy bscl XTI DNA F SRR — € KB5S
2) ST F, bscl /137 ) DNA UYL 45 #)
S B MR T bsc /13 H NIRRT L9 H, By T
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% (slide), A5 2 2 (172 bscl T30 T o 45 14
Z 11 H-twist, twist fll inclination A ¢ N B & i $2
F+. T bscl #bscO /73 T DNA M E NS 2= 1AH
R R KA 25 TR TE B3 AR

BEE 50 S5 SRI BRI K e, DNA )R
T3] 1B A T B R, (5 5250 5 %2 2]
DNA TIOM 25 14 (1) A2 4k, PRI T MID A0 ] BLAE 9 —
T 2 T B AEOWL 2 THI A 9T DN A Z2 4 S H Ao
HLEE, T MD BN 5, EHFEEETERN /159
TOREE. A SCER X DNA ) Z2 143X — LAY o @i, )
F BT /B R Amber bscl 7137124 7z 4 H
AT 18] 1) bscO 7133047 T XF LAl 58, & B bscl
713 F RN T bscO 1341 DNA ) F 2 W FE S
DL J F RO s B NEBER FE, JUH 2
W 45 #) 2 & 0 H-twist, twist A inclination 5 8~
B . A SO S0 A BT AT DN A Z2 4 BA
JRE T T35 0 A DNA Z2 % s F2 B 1) A TR N
.
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Abstract

The structural flexibility of DNA plays a key role in many biological processes of DNA, such as protein-DNA
interactions, DNA packaging in viruses and nucleosome positioning on genomic DNA. Some experimental techniques
have been employed to investigate the structural flexibility of DNA with the combination of elastic models, but these
experiments could only provide the macroscopic properties of DNA, and thus, it is still difficult to understand the
corresponding microscopic mechanisms. Recently, all-atom molecular dynamics (MD) simulation has emerged as a useful
tool to investigate not only the macroscopic properties of DNA, but also the microscopic description of the flexibility
of DNA at an atomic level. The most important issue in all-atom MD simulations of DNA is to choose an appropriate
force field for simulating DNA. Very recently, a new force field for DNA has been developed based on the last generation
force field of Amber bscO, which was named Amber bscl. In this work, all-atom MD simulations are employed to study
the flexibility of a 30-bp DNA with the force fields of Amber bscl and Amber bscO in a comparative way. Our aim
of the research is to examine the improvement of the new development of force field (Amber bscl) in the macroscopic
and microscopic properties of DNA, in comparison with the corresponding experimental measurements. All the MD
simulations are performed with Gromacs 4.6 and lasted with a simulation time of 600 ns. The MD trajectories are
analyzed with Curves+ for the last 500 ns, since the system reaches equilibrium approximately after ~100 ns. Our
results show that the new force field (Amber bscl) can lead to the improvements in the macroscopic parameters of
DNA flexibility, i.e., stretch modulus S and twist-stretch coupling D become closer to experimental measurements, while
bending persistence lengths [, and torsional persistence lengths C' from the two force fields (bscl and bsc0) are both in
good agreement with experimental data. Our microscopic analyses show that the microscopic structure parameters of
DNA from the MD simulation with the Amber bscl force field are closer to the experimental values than those with the
Amber bsc0 force field, except for slide, and the obvious improvements are observed in some microscopic parameters such
as twist and inclination. Our further analyses show that the improvements in macroscopic flexibility from the Amber
bscl force field are tightly related to the microscopic parameters and their fluctuations. This study would be helpful
in understanding the performances of Amber bscl and bscO force fields in the description of DNA flexibility at both

macroscopic and microscopic level.

Keywords: DNA, flexibility, all-atom molecular dynamics, force field
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