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compact nature of sced-derived calli in indica varieties
and problems associated with it can be circumvented
by direct bombardment of rachilla-derived callus. The
increased efticiency and rapidity of selection of trans-
formants coupled with its superior regeneration makes
the rachilla a potential explant source for tissue culture
as well as transformation studies. Further, for proto-
plast-mediated gene transfer, rachilla-derived calli have
an additional advantage as the time required for esta-
blishing the uniform embryogenic suspension cultures
is reduced. With the availability of an additional source
of embryogenic callus and the attendant advantages, our
efforts are focussed on further enhancing the frequency
of callus induction from rachilla for use in genetic
transformation either through direct bombardment or
development of embryogenic cell suspensions to isolate
protoplasts for PEG-mediated transformation or electro-
poration. Because of its superior regeneration potential,
rachilla callus can also be used for maintenance and
multiplication of male sterile lines in plant breeding
programines.
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A"-C Mismatched base-pairing in
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The structural aspects of an antiparallel DNA duplex
with A'-C mismatched base-pair by molecular
dynamics calculations are discussed. The A'-C
mismatched base-pair which has been characterized
by NMR with two hydrogen bonds namely, A*(6NH,)-
C(3N) and A*(INH)-C(20), fits into B-form duplex
with little distortion in the pyrimidine strand. A in
the A"-C mispair is efficiently stacked to the flanking
purine bases. Such efficient purine-purine stacking
provides extra stabilization to this mismatched base-
pair. On the other hand, C in the mispair is displaced
from the helix axis while adjacent T (i.e. T7) is
slightly off because of the enhanced base-pair twist.
This supports the experimental observation of unusual
chemical shifts for the H5 and H6 protons belonging
to the C of the A'-C mismatched base-pair.

Mismatcues in DNA can arise during replication, and
in genetic recombination'™. If they are not corrected,
the mismatches may lead to point mutations in subsequent
replication. There have been several investigations by
X-ray and solution NMR on purine—purine (A-A, A-G,
A-I and G-G), purine-pyrimidine (A-C and G-T) and
pyrimidine-pyrimidine (C-C, T-T and T—C) mismatches
in oligonucleotides®™®. The studies on A—-C mismatched
base-pair support that the wobble pair is stabilized by
A(6NH,)-C(3N) hydrogen bond. Based on the observed
short nitrogen—carbon distance in the crystal, it was
suggested that the A—C mismatch pair is stabilized by
a second hydrogen bond involving INH of protonated
A and 2CO of C. Though pKa for the protonation of
A in the free base is approximately 4, it was suggested
to be higher when A basepairs with C in a DNA

duplex®?®,
S"TGAGGAAAGAAGGT?Z’
3CCTTCTTTCCTC 5
M1

In a recent NMR study on the molecular system MI,
we have characterized the formation of a stable anti-
parallel duplex at neutral pH with three mismatched
base-pairs, A™~C, G-T and T-C (ref. 29). The study
provided the first evidence for the protonation of A(N1)
site at neutral pH leading to the formation of A*-C
mismatched base-pair with two hydrogen bonds,
A*(INH)-C(20) and A*(6NH,)-C(3N).

*For correspondence. (e-mail: Chary@tifrvax.tifr.res.in)
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5’A, GAAG_3’
3T, CCTC, 5’
M2

In this communication, we discuss the structural aspects
of an antiparallel DNA duplex with A"™~C mismatched
base-pair by molecular dynamics calculations. In this
endeavour, a computer graphics molecular model of five
base-pair stretch of an unusual duplex, M2, was con-
structed with A*~C mismatch in the middle and two
Watson—-Crick base-pairs on either side. Molecular
dynamics simulation and energy minimization were per-
formed on the generated structure based on experimental
NMR constraints.

Molecular dynamics simulations were performed with
the DISCOVER (MSI, San Diego, CA). A time step of
1 fs was used. Initial random velocities were assigned
keeping in accord with a Maxwell-Boltzmann distribu-
tion. To obtain the starting structure, an initial steepest
decent minimization of 100 steps was performed on the
initial structure followed by conjugate gradient minimi-
zation of 1000 steps. This was followed by 200 ps of
molecular dynamics at 300 K and another 1000 steps
of conjugate gradient minimization.

The protocol for molecular dynamics studies is as
follows. Initial random velocities were assigned with a
Maxwell-Boltzmann distribution for a temperature of
500 K. Then the molecule was cooled to 300 K in steps
of 50 K. After each temperature step, the system was
allowed to equilibriate for 10 ps. 200 ps molecular
dynamics trajectory was then generated at 300 K, and
analysed.

AlLJBER force field was used to calculate the energy
of the system. Electrostatic interactions were calculated
using Coulomb’s law with point charges. Distance-
dependent dielectric constant of ‘1*r’ was used. van der
Waals contributions were calculated with a 6-12
Lennard—Jones potential.

An initial B-DNA duplex structure (M2) with the
sequence of individual strands as 5'-d-A ,G,A;A,G, and
5'-d-C.T,C,C,T,, was generated using the molecular
modelling package INSIGHT-II (MSI, San Diego, CA)
on Iris (Indigo 2) workstation. A3 was protonated at
N, atom. This was done by changing the hybridization
of N, from sp’ to sp** followed by the formation of
partial double bonds between N, and C,, and C¢ and
N, atoms of A3. The A* thus obtained was recognized
by DISCOVER. However, charges on A" are not defined
in AMBER. Thus, in the first approximation, we have
assigned the charges of NI1'-H atoms of A" to be the
same as for N3*-H atoms of C*. The charges for the
other atoms of A' were kept fixed.

The S’ and 3’-terminals were capped by ~OH groups.
All hydrogen atoms were represented explicitly. The
hydrogen bonding schematics for various base-pairs have
been derived from the knowledge of the chemical shifts
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of the exchangeable imino and amino proton resonances
in the 'H spectrum?® and their nOe correlations with
other intra- and inter—strand base protons. The base-pairs,
A1:T10, G2:C9, A4.T7 and GS5:C6 are essentially held
together by standard Watson—Crick hydrogen bonding
as derived from the NMR data. The A*-C base-pairing
has been characterized with two hydrogen bonds
(A*(6NH,)-C(3N) and A'(1INH)-C(20)) as shown in
Figure 1. This is based on the observation of A™(INH)
proton resonance in the 'H spectrum, which has been
assigned from the observation of intranucleotide NOESY
cross peak to A(H2) proton. This was further supported
from the observation of the nOes such as A3(H2) to
G2(INH), A3(H8) to G2(H8), A3(H2) to A4(H2) and
A3(HR) to A4(HR)>. |

Molecular dynamics simulation and energy minimiza-
tion calculations were performed on the generated struc-
ture with the interproton distance constraints (32 1n
total; 25 involving exchangeable protons and 7 involving
nonexchangeable protons) obtained from NMR data. All
base pairs showed evidence of hydrogen bonding, the
heavy atoms in the Watson—Crick were restrained 1n
the range 2.8-3.25 A. Tight restraints were also used
that correspond to the strong nOes observed between
A(H2) and 3NH of the paired T (2.4-3.0 A), and the
analogous G(1NH) and C(4NH,; HB) (2.4-3.0 A). Other
distances involving exchangeable protons were restrained
much more weakly, with typical limits of £0.5 A. This
allows for leakage process by exchange with solvent.

. The upper limit is the more important one in these

instances, as the sequential nOes are limited at the lower
end by the van der Waals contacts between neighbouring
base pairs. The nOe distances involving sequential and
non-exchangeable H8-H8 and H6-H6 protons along
purine and pyrimidine strands, respectively, were re-
strained in the range 3.40-4.60 A, while A*3(H2)-A4(H?2)
distance was restrained in the range 3.60-4.00 A.

Two hundred structures were co'lected at 1 ps interval
along the molecular dynamics trajectory and they were
energy minimized. Figure 2 shows the plot of energy
vs. different structures thus obtained. As seen in Figure
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Figure 1. llydrogen-bonding scheme for A'-C nmismatch base-pair,
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2. the structure at 195 ps on the simulation trajectory
has the lowest energy. However, there are 10 other

structures (at 93, 106, 107, 110, 120, 139, 142, 153,
165 and 189 ps) which lie within 2.5 kcals above the

structure at 195 ps (Figure 2) and have no structural
diversity as discussed later. Hence, for discussion pur-

Figure 2. The plot of total energy vs. duplex structures obtained
after molecular dynamics and energy minimizations.
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pose, the structural aspects of the 195 ps structure have
been used. The stereo view of the 195 ps structure is
shown in Figure 3. A3 is efficiently stacked to the
flanking bases, G2 and A4 as shown in Figure 4. Such
stacking should give rise to the following nOe interac-
tions: A3(H8) to G2(HS8), A3(H2) to A4(H2) and A3(HS)
to A4(H8). These nOes were indeed observed in the
NOESY spectrum.®” Such efficient purine—purine stacking
provides extra stabilization to this mismatched base-pair.
On the other hand, C8 is displaced from the helix axis
and this is shown in Figure 4. Further, T7 is also
slightly off because of the enhanced base-pair twist as
discussed later. As a result, the C8(H5) and C8(H6)
protons are less stacked to the flanking base-pairs (T7
and C9). Such unstacking of C8(HS5) and C8(H4) protons
results in unusual- down field shift of their resonances,
which has been indeed observed in the 'H NMR spec-
trum?® (0 values for C8(HS) and C8(H6) are 6.07 and
7.89 ppm, respectively), compared to the chemical shifts
of C6 (0 values for C6(H5) and C6(H6) are 5.83 and
1.74 ppm, respectively) and C9 (0 values for C9(HS)
and C9(H6) are 5.66 and 7.65 ppm, respectively) present
in the molecular system.

The backbone torsion angles of the duplex are listed
in Table 1. Although this duplex contains A*—C mispair,
the torsion angles, «, 3, ¥ and ¢ are effectively locked
into gauche™, trans, gauche* and trans conformations,
respectively, similar to those observed in B-DNA. The
torsion angles, 0 adopt 135° on an average. All the
glycosyl torsion angles, ¥ (O4—C1°-N1-C6 for pyrimidine
and O4-C1'-N9-C8 for purine), adopt anti conforma-

Figure 3. The sterco views of the duplex structure with lowest encrgy on the simulation trajectory.
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tions. In addition, the C1’-C1” distances are unaffected  structural effects. Table 2 lists local base-pair roll and
even 1n the presence of A*~C mispair and these distances  twist of the duplex. There is a large positive roll for
are similar to those observed in usual B-DNA. the base sequence C8-C9 (13.22) and C9-T10 (10.77)

The local base-pair roll and twist have significant  compared to the rest of the duplex. Such large positive
roll angles lead to closing the major groove, which in
turn leads to a sharp kinking in the direction of the
major groove at C8—C9 and C9-T10, i.e. at the neigh-
borhood of A*-C mismatched base pair site. Further,
the formation of A*™-C mispair increases the twist angle
(44°) for A4:T7 base-pair (Table 3) while others are
about 28° on average. As a result, T7 is slightly off
with enhanced base-pair twist (Figure 4). In addition,
C8 is significantly displaced from the helix axis (Table
3). It might be the reason for the nonobservance of the
expected nOe interaction between H6 protons of T7 and
C8 in the NOESY spectrum®”. However, the energy
related to the stacking of bases in the duplex is not

TES _K )-\ Table 1. The backbone torsional angles (in degrees) for the anti-
parallel DNA duplex with A*~C mismatched base-pair
\ /‘*-
Residues « p y o £ '3 X
Al — - 57 136 -174 -102 56
G2 -73 177 57 135 179 -107 59
A*3 -66 -167 48 138 [80 -08 63
A4 —67 176 62 131 179 -106 62
G5 66 -180 54 137 — — 58
C6 — - 56 136 -175 -100 50
17 72 =177 55 135 —-177 -115 64
C8 —69 176 60 142 --178 -115 68
Figure 4. The superimposition of the mismatched A*3-C8 base-pair C9 69 177 59 139 178 ~102 58
with the flanking A4:T7 and G2:C9 base-pairs. The view is down the T10 65 _178 55 135 N _ 55

helix axis.

m

Figure 5. The superimposition of 195 ps structure on another 10 structures which lie within 2.5 heals
above the 195 ps structure on simulation trajectory.
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Table 2. The local base-pair roll and
twist of the antiparallel DNA duplex
with A-~C nusmatched base-pair

Bases Roil Twist
C6.G5

2.12 28
T7:A4

2.15 44
C8-A"3

1322 25
C9:G2

{0.77 30
T10:Al

Table 3. X-displacement of the
individual bases in the antiparalliel DNA
duplex with A’-C mismatched base-pair

Bases X-displacement (A)
Al -1.63
G2 —2.01
A3 -2.56
A4 -1.01
G5 ~-1.02
C6 -1.4]
T7 -1.06
C8 —0.16
C9 -1.47
T10 —1.64

significantly affected and it is uniform (about 12
kcals/mole on an average) all along the duplex.

The aforementioned structure is a snapshot taken at
195 ps of the MD simulation. The other 10 structures
(at 93, 106, 107, 110, 120, 139, 142, 153, 165 and
189 ps), which lie within 2.5 kcals above that of 195 ps

structure (Figure 2), are superimposed on 195 ps structure |

and shown in Figure 5. All these superimposed structures
are convergent and there 1s no structural diversity at or
near the mismatch site.

Thus this study provides the conformational rationale

of the formation of A*™-C mismatched base-pair at neutral
pH.
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