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Biased molecular dynamics simulation details

Here, we further outline our simulation protocols for obtaining free energy landscales via
the Adaptively Biased Molecular Dynamics (ABMD) method? and the work from Steered
Molecular Dynamics (SMD)? simulations. The initial coordinates for the 5-GC-(GGC)-
GC-3’ mismatched DNA helices obtained via BIOVIA Discovery Studio were minimized
and equilibrated according to the following protocol. First, we minimized the energy of
the initial conformations at zero temperature. Subsequently, the temperature was gradually
raised from 0 to 300 K over 50 ps run with a 1 fs time step, followed by another 50 ps run
where the temperature was still at 300 K. Then a 300 ps run was used to gradually reduce
the restraining harmonic constants on the DNA helix. In addition to the hydrogen bonds in
the Watson-Crick base pairs, the x (and ¢ dihedrals in relevent simulations) were restrained
to preserve the initial conformations. In order to speed up the biased simulation, we first

used the generalized Born®® implicit solvent model (PBrandii mbondi) with the OL15% and
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BSC17 AMBER force fields with a collision frequency of 1 ps~! along with a 999 A cutoff
for the nonbonded interactions. After equilibration, SMD?® runs were used to flip the GG
mismatches outside of the helical core. These runs made use of a steering force constant
of 200 kcal /mol(rad?®) over 200 ns runs using the (¢4, ¢11) pair as collective variables. For
the free energy calculations, we randomly selected 8 configurations, equilibrated and used
them as the initial configurations for the ABMD runs. The ABMD runs made use of the
Multiple Walker algorithm%1? with 8 walkers and the Well-Tempered (WT) algorithm ! with
a 0.2 radian resolution for the reaction coordinates, a pseudo temperature of 10,000 K and a
flooding timescale of 2 ps, all at 300 K. Each run lasted at least for 1 us. During the above
SMD and ABMD steps, in addition to the y restrains, constraints of 1 kcal/mol on hydrogen
bonds of W-C base pair, as well as root-mean-squared deviation of phosphate atoms of CG
W-C base pair were used to avoid large-scale twisting of the whole structure during the long
simulations. These simulations provided a rough estimate of the biasing potential. We then
followed this up with at least 300 ns WT-simulation (parameters 7; = 1 ps, 4A{ = 0.2
rad (~10°), pseudotemperature 10,000 K) at constant volume explicit solvent and 300 K.
Convergance of free energy landscapes were confirmed by noting that both the position and
differences in the free energy values of the minima remain approximately constant as further
ABMD cycles are performed. The final biasing potential was processed by the nfe-umbrella-
slice tool of AmberTools!? to obtain the two-dimensional free energy landscapes.

The free energy for flipping a single base in GGC8z,, was calculated again using well
tempered ABMD in low (0.15 M), and high (5 M) salt concentration. A 1-dimensional
center-of-mass pseudo-dihedral angle, CPD,!® was chosen as a collective variable defined by
the center of mass of two flanking base pairs, the flanking sugar groups, and the five-member
ring of the flipping G. The choice of this CV was crucial in calculating free barriers and their
convergence.® The initial structure came from the final structure of GGC8zz,;, equilibrium
molecular dynamics using OL15 FF, which was employed throughout this ABMD as well.
The ABMD runs made use of parameters 4A¢ = 0.2 radian, 7" = 10,000 K and 7 = 2 ps for



a total simulation length of at least 700 ns per system at constant volume explicit solvent and
300 K.The 1-dimensional free energy profile was reconstructed by inverting biasing potential
energy via nfe-umbrella-slice tool. The estimated free energies are relatively accurate but
the absolute values may be associated with inaccuracies given the typical force field and

sampling imperfections.

Definition of handedness

Handedness (H) represents a useful way to investigate left- and right-handed helical struc-
tures. The definition of handedness is based on a former investigation of the B-Z DNA
transition.'* Handedness in right-handed helical turns is positive, and in left-handed helical
turns it is negative. The overall handednesss of a helix is obtained by summing over all
turns and quantitatively quite close to the overall helical twist. For the double helix, the
position of the phosphorus (P) atoms of the backbone phosphate groups was found to be
a good choice for the definition of handedness. In brief, the definition of handedness for a
portion of DNA/RNA between the base pairs n and m makes use of a sequence of P atoms:
Py, P2 Py . P2, ., Py P2 where the upper index indicates the strand number (1 or 2,
labeled arbitrarily) and the lower index indicates the base-pair number labeled in the 5” — 3’
direction of strand 1. Note that this definition of handedness is independent of the labeling
of the strands. Supplementary Fig. S10 shows the P atoms involved in the definition of
handedness of a DNA segment between base pairs n and m; the red and purple balls in this

figure are the first and last elements in the sequence. The position of these P atoms then

defines the handedness via

w
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H(pl,pz, p3, - pn) = H(pipi+1pi+2pi+3) (1)

i=1



in which each p; is a point in the sequence discussed above, and
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H(ABCD) =

In this last equation, the points A, B, C, D define the vectors zﬁ and C? and the midpoints
of these vectors, called E and F, in turn form the vector ﬁ . Supplementary Figure S10 left
illustrates this definition for the first term of the sum in the above relation. The cross product
of the unit vectors of AB and CD defines the (purple) vector (direction of handedness) whose
dot product with the unit vector of ﬁ forms the first term of the sum in the definition of

handedness.

Hydrogen Bond Analysis

Hydrogen bond (Hbond) analysis was performed using the CPPTRAJ program of the AM-
BER simulation package. A 3A distance and a 135° angle cutoff were considered for the
calculations. The Tables S3 to S6 list the observed Hbonds between the mismatches; bonds
with fractions less than 10% are not listed. The last column for the out configurations

indicates the type of Hbond.
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Table S1: Summary of the radius of gyration
data for the different helical duplexes

Structure Initial Final Average (SD)

GGC8pzou OL15 2034  19.64  20.29(0.64)
GGC8pz.0w BSC1  19.93  20.10  19.70(0.52)
GGC8zz.0u OL15 2566 19.18  19.64(0.63)
GGC8zz.0u BSCL 2273 2594  25.15(1.0)
GGC8yz.m OL15 3111 3059  30.41(0.45)
GGC8zz.m BSC1 2946 3027  29.91(0.70)
CGG4yzzm OL15  15.08 18.68  17.87(0.65)
CGG4yzm BSC1 1584 1502  15.29(0.61)
GGCdzza: BSC1 1156  11.89  11.88(0.15)

GGC4zza: OL15 1171  12.03  11.90(0.22)

All values given are in A. The radius of gyration has
been measured using P atoms. The initial, final, and
average values correspond to the last 1 us of simulation
time, and SD the standard deviation.



Table S2: 77 stacking parameters between the stacked mismatches over the last 200ns

Structure  Force Field Residues Ave. Distance (A) Ave. Angle(°) Ave. VDW Energy (kcal/mol)

GGC8pzow  OLI5  G14:G4l 5.41(0.90) 38.59(46.36) -3.14(1.03)
GGC8zz.0ue  BSCI  (G20:G32 4.35(0.71) 21.22(49.10) -4.45(1.07)
GGC8zz.0u  BSC1  G17:G26 4.15(0.62) 28.08(38.18) -3.65(1.24)
GGC4yz.an BSC1 G8:G24 3.56(0.16) 7.35(6.08) -5.34(0.56)
GGC4zz a1 OL15 G8:G24 4.00(0.48) 14.37(59.12) -5.37(0.69)
GGC4zz.an OL15  G15:G18 3.88(0.35) 15.29(13.97) -3.75(0.78)

The numbers represent the average distance, angle, and Van der Waals energy between m — 7 stacked bases of
the mismatches for the different GGC,,; and GGC,;; helices. All the calculations were obtained from the last
200 ns of the simulations.

Table S3: H-bonds formed by the mismatches in the inner-GGCS8 out configurations

Structure Acceptor Donor Fraction Type

GGC8pz,out BSC1 C_15:0P1 G_17:N2  0.92 Backbone with the closest cytosine
C_15:0P1 G_17:N1  0.15
C_30:0P1 G_32:N2  0.52
C_30:0P2 G_32:N1 0.40
C_.30:0P1 G_32:N1 0.18
C.30:0P2 G_32:N2 0.18
C_.36:0P1 G_38:N2 0.46

C_36:0P1 G_38:N1 0.32

G.35:N7 G8:N1 0.24 Mismatches from two strands

G_14:03° G_17:N1 0.20 Backbone with another mismatch

G.38:N7 G.35:N2  0.12 Mismatches from the same strand (weak, disappears)
GGC8pz,out OL15 C_.6:0P1 G.8:N1  0.55 Backbone with the closest cytosine

C6:0P2 G8N2 045

C.6:0P2 G.8:N1 0.26



C_15:0P2 G_17:N1

G_14:03" G_17:N2

C_30:0P1 G_32:N1

C_30:0P2 G_32:N1

C_30:0P2 G_32:N2

C_39:0P2 G_41:N2

C_39:0P2 G_41:N1

0.92

0.55

0.44

0.41

0.35

0.35

0.27

G_11:06 G_35:N2

G_14:03" G_17:N2

G_17:0P1 G_38:N2

G_14:05 G_41:N1

G_38:03 G_14:N1

0.22

0.55

0.12

0.12

0.18

Mismatches from two strands
Backbone with another mismatch
Backbone with a mismatch from the other strand (last 200ns)
Base stacking (backbone, last 200ns)

Base stacking (backbone, 200ns-800ns)

GGO827.0ut BSCI

C.6:0P2 G_8:N1

C.6:0P2 G_8:N2
C.6:0P1 G_8:N2
C.6:0P1 G.8:N1
C_12:0P2 G_14:N1
C_12:0P2 G_14:N2
C_33:0P2 G_35:N1
C.33:05" G_35:N2
C_33:0P1 G_35:N1
C_33:0P1 G_35:N2
C_39:0P1 G_41:N1
C_39:0P1 G_41:N2
C_39:0P2 G_41:N1
C_39:05" G_41:N2

C_39:0P2 G_41:N2

0.50

0.41

0.19

0.12

0.35

0.18

0.38

0.36

0.25

0.10

0.33

0.31

0.30

0.26

0.11

Backbone with the closest cytosine




G_11:06 G_38:N1 0.47 Flipped in

G_11:06 G_38:N2 0.21

G_35:0P1 G21:N2 0.24 Base stacking (backbone)
G_35:0P1 G_21:N1 0.20

G_21:0P1 G_35:N2 0.23

GGC8zz,0ut OL1I5  C9:02 G_11:N1 0.37 Backbone with the closest cytosine

C9:02 G.11:N2 0.24

C_.39:0P2 G_14:N1  0.20 Backbone with a cytosine from the other strand
C_39:0P1 G_14:N2 0.12
G_41:0P1 G_14:N2 0.11 Backbone with a mismatch from the other strand

G_17:0P1 G_14:N2 0.11 Backbone with another mismatch

Table S4: H-bonds formed by the mismatches for the inner-GGCS8 in configurations

Structure Acceptor Donor Fraction

GGC8zz,n BSC1 G_41:06 G_8&N1 0.38
G 41:06 G8:N2 0.23
G8:06 G_41:N1 0.36
G806 G41:N2 0.22
G_38:06 G_11:N1  0.46
G_38:06 G_11:N2 0.28
G_11:06 G_38:N1 0.28
G_11:06 G_38:N2 0.17
G_35:06 G_14:N1 0.28
G_35:06 G_14:N2 0.17
G_14:06 G35:N1 0.45
G_14:06 G_35:N2 0.27

G_32:06 G_17:N1 0.28
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G_32:06 G_17:N2 0.17

G_17:06 G_32:N1  0.46

G_17:06 G_32:N2  0.28

GGC8zz,n OL15 G 41:06 G_8:N1  0.46
GA41:06 G8:N2 0.25
G8:06 G_41:N1 0.30
G8:06 G41:N2 0.16
G_38:06 G_11:N1  0.28
G_38:06 G_11:N2 0.15
G_11:06 G_38:N1 047
G_11:06 G_38:N2 0.26
G_35:06 G_14:N1 0.40
G_35:06 G_14:N2 0.21
G_14:06 G35:N1  0.35
G_14:06 G_35:N2 0.19
G.32:06 G_17:N1  0.37
G-32:06 G_17:N2  0.20
G_17:06 G_32:N1  0.38

G_17:06 G_32:N2  0.20

Table S5: H-bonds formed by the mismatches in the CGG4zz,, configurations

Structure Acceptor Donor Fraction

CGG4zz,:n, BSC1 G_3:06 G26:N1 0.62
G3:06 G_26:N2 0.48
G.6:06 G23:N1 0.66
G.6:06 G23:N2 0.39

G-12:06 G_17:N1  0.62
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G_12:06 G_17:N2 0.47

CGG4zz,:n OL15 G.3:06 G26:N1 0.53
G3:06 G_26:N2 0.32
G23:06 G6:N2 0.22
G.6:06 G23:N2 0.11
G_20:06 G9:N2 0.21
G_9:06 G_20:N2 0.18
G_9:06 G_20:N2 0.18
G_17:06 G_12:N2 0.15

G_12:06 G_17:N2 0.20

Table S6: H-bonds formed by single guanines in the GGC4zz 4 configurations

Structure Acceptor Donor Fraction Type

GGC4zz,q: BSC1 G24:04 G&N2 0.13 Base stacking (backbone)
GGC4zz,q: OL1S G24:05 G.8&N1  0.18

G_24:0P2 G8&:N2 0.17

G_24:0P1 G8&N2 0.14

G_18:0P2 G_15:N1  0.77

G_18:05 G_15:N2 0.75

G_13:0P1 G_21:N2 0.78 Backbone with a guanine from the other strand
C_12:0P2 G_21:N2 0.31 Backbone with a cytosine from the other strand
C_12:0P2 G_21:N1 0.17

C_12:0P1 G_21:N1 0.15
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Figure S1: Two-dimensional free energy maps for a single GG mismatch with the center-
of-mass pseudo-dihedral angle ® as collective variables for both residues 4 and 11. The GG
mismatches are in B-form (thus, it is a BZ-junction) and restrained to anti-syn (left) and
syn-syn (right) conformations. The simulations used the BSC1 force field in water using the
GB/SA solvation model. The letters (A, B, C) represent the local minima.
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Figure S2: Free energy for the base flipping of single mismatched G in GGC8;z;, in low
(0.15 M, purple) and high (5 M, green) NaCl salt concentration. The collective variable
is the modified center-of-mass pseudo-dihedral angle, CPD,'® where positive and negative
values reflect flipping into the major and minor grooves, respectively. The area between gray
dashed lines, -75° to +75°, corresponds to the inner helical core.

Free energy (kcal/mol)
S = N W A LU O ®
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Figure S3: Two-dimensional BSC1 free energy map for a single GG mismatch with the gly-
cosidic torsion angle x as collective variable for both residues 4 and 11. The GG mismatches
were restrained to remain inside the helical core. The letters (A, B, C, D) represent the local
minima.
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(b) )

(c)

Figure S4: Hydrogen bonds for the single mismatched GG in the homoduplex d(5-GC-
GGC-GC-3). (a) Two bonds for the anti-syn conformation, O6...N1 or 06...N2; (b) Single
bond for the syn-syn conformation, O6...N1 or 06...N2; (c) Single bond for the rare anti-anti
conformation (not a minimum), N2..N7. Anti bases are shaded blue, and syn bases, red.
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Figure S5: RMSD as a function of time, and a snapshot of GGC8pzu. (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 ps is shown. (b, left) A snapshot of GGC8pz 0, BSC1 after 2 us, and (b, right)
a snapshot of GGC8pyz oy OL1S after 2 ps, The mismatches, WC bases, and backbone are

shown by colors brown, green, and yellow respectively.
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Figure S6: RMSD as a function of time, and a snapshot of GGC8zz . (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 us is shown. (b, left) A snapshot of GGC8zz ..+ BSC1 after 1.2 us, and (b, right)
a snapshot of GGC8zz,,: OL15 after 1 ps, The mismatches, WC bases, and backbone are
shown by colors brown, green, and yellow respectively.
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Figure S7:  RMSD as a function of time, and a snapshot of GGC8%z,,. (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 ps is shown. (b, left) A snapshot of GGC8zz,, BSCI after 1 us, and (b, right)
a snapshot of GGC8zz,, OL15 after 1 pus, The mismatches, WC bases, and backbone are
shown by colors brown, green, and yellow respectively.
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Figure S8: RMSD as a function of time, and a snapshot of CGG4zz,,. (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 us is shown. (b, left) A snapshot of CGG4zz,, BSCI after 1 us, and (b, right)
a snapshot of CGG4;z,, OL15 after 1 pus, The mismatches, WC bases, and backbone are

shown by colors brown, green, and yellow respectively.
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Figure S9: RMSD as a function of time, and a snapshot of GGC4zz .. (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 us is shown. (b, left) A snapshot of GGC4zz .x BSC1 after 1.2 us, and (b, right)
a snapshot of GGC4zz 4 OL15 after 1.2 ps, The mismatches, WC bases, and backbone are

shown by colors brown, green, and yellow respectively.
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Figure S10: Phosphorus atoms (shown as grey spheres) used to define the collective variable
of handedness (H) for a segment between two DNA base pairs n and m. Here, Pé- represents
the phosporus atom of the backbone phosphate group of the j*' base pair of strand i.
Labeling of the base pairs is in the 5 — 3" direction for strand 1, and the opposite direction
for strand 2. This labeling of the helices is of course arbitrary, and may be interchanged,
leaving H unchanged. Red, blue, and green arrows on the right represent the vectors involved
in the definition of the first term of the sum in Eq. (1). The arrows on the left represent
the unit vectors corresponding to those on the right. On the left, the cross product of the
red and blue vectors gives the purple vector whose dot product with the green vector gives
the first term of the sum (which is positive in this example corresponding to a right-handed
turn).
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Figure S11: Two-dimensional histogram of handedness including mismatches versus hand-
edness excluding mismatches. The data are based on calculations obtained from the middle
residues during the last 1 p simulation time for each helix. The total number of consid-
ered residues is constant for all calculations, which means that handedness with mismatches
includes a larger number of terms (19) than handedness without mismatches (11).

23



5 2
9 S
L -
C 0
x =

800 900 1000
n o\
o o
S S
2 >
& &

800 900 1000

n 2
O ¢
L -
< &
x M

800 900 1000 800 900 1000
@ 180 @
0 | 0
' 9 L o !
= ol : _ =
0 . 0
= -180 ' % -180 '

500 Time (ns) o 1000Frequency 500 Time (ns) o 100g‘requency

Figure S12: Time series of x dihedral angles of middle GG mismatches in GGC8p oy. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.
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Figure S13: Time series of x dihedral angles of middle GG mismatches in GGC8 ,ut. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.
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Figure S14: Time series of y dihedral angles of middle GG mismatches in GGC8zz,. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.
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Figure S15: Time series of x dihedral angles of middle GG mismatches in CGG4zz,. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.
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Figure S16: Time series of x dihedral angles of middle GG mismatches in GGC4;z 4. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.
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Figure S17: Principal component analysis (PCA) of inner-GGC8pz oy, inner-GGC8z 7 oyt
and GGC4zz 4. Left panel: Plot of first ten principal components (PCs); Right Panel:
Displacement along the direction of the first eigenvector over last 200 ns.
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Figure S18: PCA of inner-GGC8z out, and CGG4 . Left Panel: Plot of first ten PCs;
Right Panel: Displacement along the direction of the first eigenvector over last 200 ns.
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Figure S19: Histogram of y dihedral angles W-C bases in CGG4yz, (top) BSC1, and
(bottom) OL15. The guanine are shown by dot lines, and cytosine are shown by solid lines.
Different colors represent different base pairs. The data obtained from the last 200 ns of

simulations.

31



RMSD of backbone atoms (A)

14 T T T T T T T T T ]
12 CGGAzz,n
8 ‘
6
4 | !
% oY ' L L I L A I L 363K L i
100 200 300 400 500 600 700 800 900 1000

Time (ns)

Figure S20: The time evolution of the RMSD of the most stable duplexes with respect
to the first frame versus time. The temperature gradually increased up to 363K where the
duplexes started to melt under low salt (200 mMol) conditions. The data obtain from a 1us

simulation.
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Figure S21: Percentage of hydrogen bonds of WC bases of the most stable duplexes as
the simulation temperature is increased (at low 200mM salt concentration). At 363K the
duplexes start to melt. The data was obtained from 1us simulations, where the number of
hydrogen bonds were averaged over a 100 step window.
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