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Spontaneous and frequent
conformational dynamics
induced by A...A mismatch
in d(CAA)-d(TAG) duplex

Yogeeshwar Ajjugal®, Kripi Tomar?3, D. Krishna Rao%? & Thenmalarchelvi Rathinavelan®**

Base pair mismatches in DNA can erroneously be incorporated during replication, recombination,

etc. Here, the influence of A...A mismatch in the context of 5’CAA-5'TAG sequence is explored using
molecular dynamics (MD) simulation, umbrella sampling MD, circular dichroism (CD), microscale
thermophoresis (MST) and NMR techniques. MD simulations reveal that the A...A mismatch
experiences several transient events such as base flipping, base extrusion, etc. facilitating B-Z
junction formation. A...A mismatch may assume such conformational transitions to circumvent the
effect of nonisostericity with the flanking canonical base pairs so as to get accommodated in the

DNA. CD and 1D proton NMR experiments further reveal that the extent of B-Z junction increases
when the number of A...A mismatch in d(CAA)-d(T(A/T)G) increases (1-5). CD titration studies of
d(CAA)-d(TAG),.; with the hZa,p g1 sShow the passive binding between the two, wherein, the binding
of protein commences with B-Z junction recognition. Umbrella sampling simulation indicates that
the mismatch samples anti...+ syn/+ syn...anti, anti...anti & + syn...+ syn glycosyl conformations. The
concomitant spontaneous transitions are: a variety of hydrogen bonding patterns, stacking and minor
or major groove extrahelical movements (with and without the engagement of hydrogen bonds)
involving the mismatch adenines. These transitions frequently happen in anti...anti conformational
region compared with the other three regions as revealed from the lifetime of these states. Further,
2D-NOESY experiments indicate that the number of cross-peaks diminishes with the increasing
number of A...A mismatches implicating its dynamic nature. The spontaneous extrahelical movement
seen in A...A mismatch may be a key pre-trapping event in the mismatch repair due to the accessibility
of the base(s) to the sophisticated mismatch repair machinery.

Mismatch emerges in the DNA when two non-complementary bases align together as a base pair (known as
non-canonical or non-Watson-Crick base pair) either endogenously during the biological processes like DNA
replication?, recombination, spontaneous deamination, etc.’~® or exogenously by ionizing radiations such as
X-rays and gamma rays>, and by the action of certain chemical compounds known as mutagenic agents. The
mismatches often pose a major challenge to maintain genome integrity and can lead to deleterious conditions
like neurological disorders’ and cancer®™°.

DNA mismatches are the root cause for the trinucleotide repeat expansion disorders (TREDs), wherein, the
trinucleotide microsatellite forms unusual secondary structures consisting of periodic base pair mismatches'*.
For instance, overexpansion of CAG trinucleotide repeats in the human forms hairpin structure with periodic
A...A mismatches'>"? and leads to neurological disorders like Huntington’s disease and several spinocerebellar
ataxias'>~1%. Nonetheless, unlike the other seven non-canonical base pairs, atomistic details about the influence of
an A...A mismatch on the DNA conformation is not well understood. Until now, the structural information of the
A...A mismatch in a DNA duplex is available only in the context of its complex with the mismatch repair protein
(PDB ID: 2WTU, 10H6), DNA polymerase beta (PDB ID: 5J00, 1ZJM and 5]29), rhodium ((PDB ID: 3GS]),
napthyridine-azaquinolone (PDB ID: 1X26) and delta-[Ru(bpy)2dppz]2 + (PDB ID:4E1U). The earlier NMR
investigations have revealed that the A...A mismatch induces local structural distortions in the DNA duplex'”'s.
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The CD and MD investigations of the DNA duplexes comprising A...A mismatch, wherein, the A...A mismatch
is embedded in the CAG and GAC sequences, indicate that the A...A mismatch induces B-Z junction'*%.

Here, the influence of the A...A mismatch that is sandwiched between a 5'C...G and 3'A...T base pairsin a
5'CAA-5'TAG sequence has been investigated. The CAA-TTG microsatellites are also found in the exonic regions
of the human genome, although they are underrepresented compared with CNG (N=A, T, G, C) repeats?'.
CAA-TTG tandem repeat markers are also present significantly in the plant genome?>*. It is noteworthy that the
secondary structure of such tandem repeats in the intergenic regions can alter the chromatin and influence the
expression of the nearby genes?»*. Interestingly, a recent study has shown that the CAA-TTG repeats are present
along with the CAG repeats in the zinc finger homeobox 3 (ZFHX3) gene that is associated with coronary heart
disease in Chinese population?®. It is also well known that CAA interrupts in CAG repeats decreases the repeat
expansion®. An earlier NMR and MD studies on the DNA duplex occurring at codon 12 (a mutational hotspot)
of the KRAS gene indicates that the A...A mismatch flanked by 5'C...G and 3’A...T base pairs is engaged in an
N6...N1 hydrogen bond'®. However, the detailed information on the influence of the A...A mismatch on the
conformation of the DNA is not well understood in the context of the CAA sequence. Thus, it is important to
investigate the influence of the A...A mismatch in the context of the CAA-TTG DNA sequence.

The molecular dynamics simulation, umbrella sampling MD, circular dichroism, microscale thermophoresis
and NMR experiments carried out here to investigate the conformational preference of the A...A mismatch in the
CAA sequence indicate that A...A mismatch is highly dynamic in nature. Spontaneous and frequent transitions
between base flipping, extrusion, stacking and a variety of hydrogen bond conformations are observed concomi-
tant with the formation of B-Z junction during the MD and umbrella sampling simulations. Such a dynamic
nature of A...A mismatch is confirmed by the 2D-NOESY experiment, wherein, the number of proton-proton
cross-peaks decreases with the increasing number of A...A mismatch. Further, CD and 1D proton NMR experi-
ments revealed that the B-Z junction is pronounced in the duplex when the number of A...A mismatch increases.
The B-Z junction formation further facilitates the binding with Z-DNA binding domain of human-ADARI1
(hZaypar;) protein as seen in CD and microscale thermophoresis experiments. Such an aberrant backbone
conformational preference along with the extrahelical minor or major groove movement of the adenine(s) may
be the key structural features responsible for the recognition of A...A mismatch by the repair proteins to initiate
the chemical reaction.

Results

As the primary aim of this investigation is to explore the influence of the A...A mismatch in the midst of
d(CAA) sequence, 500 ns MD simulation has been carried out for d(CAA);-d(T(A/T)G)s, wherein, the central
5'CAA-5'TAG encompasses a single A...A mismatch (Table 1, Scheme DCA-1). Two starting glycosyl confor-
mations have been considered for the mismatch: Ag(anti)...A,;(anti) and Ag(anti)... A,s(+syn)/Ag(+syn)...
A,(anti)1®2% 2831 A A,; mismatch is modeled to be involved in N1...N6 hydrogen bond.

A...A mismatch in the midst of CAA sequence induces B-Z junction. The root mean square devia-
tion (RMSD) calculated for the DCA-1, wherein, the A...A mismatch is modeled to have anti(Ag)...anti(A,;)
glycosyl conformation, exhibits an average value of 4.3 A with respect to the initial structure over the last 350 ns
simulation (Fig. 1A). Beyond 12 ns, A4(N1)...A,;(N6) hydrogen bond is lost and both the As are engaged in
N3...N6 hydrogen bond. This is facilitated by the movement of one of the As towards the minor groove and the
other A towards the major groove, which is retained until 150 ns (Fig. 1B,D with a red star). In addition to this,
a total loss of hydrogen bond is observed during 150-200 ns (Fig. 1B,D with a green star). Beyond 250 ns, the
hydrogen bond dynamics is between N1(Ag)...N6(A,;) and N6(Ag)...N1(A,;) which can be seen in the hydro-
gen bond lifetime analysis (Fig. 1B). A total loss of hydrogen bond is also seen occasionally during the last 250 ns.
Interestingly, the base (A;) flipping event is also seen ~ 350 ns preceded by the base-pair opening (Fig. 1C, Movie
S1). Such a base pair dynamics significantly distorts the backbone geometry around the mismatch site, leading
to the widened or narrowed minor groove (Fig. 1D). This subsequently results in a slightly higher RMSD after
150 ns (Fig. 1A). The backbone conformational angles (g, {, a, y) at C;Ag, AgAg, TrAg3, ApG,y, and G, T; base
steps favor a variety of conformations apart from the canonical BI(t, g, g7, g*) and BII(g", t, g, g*) conforma-
tions. The occurrence of BIII (g7, g7, g7, g*) conformation is observed at C,A4 and T5,A,; base steps, whereas, a
local ZI (g, g*, g%, t) conformation is seen at the AgAqy, AyC,o, Ap;G,, and G,, T, steps (Fig. 2). Additionally, these
steps take up BI conformation. Other than these conformations, a few other conformations are also seen (Fig. 2).
Further, glycosyl torsion angles corresponding to Ag and A,; favor —syn conformation instead of the starting anti
conformation after 150 ns (Supplementary Fig. S1A,B). Together, these results indicate the formation of a local
B-Z junction at the Ay...A,; site.

Analysis of the MD trajectories corresponding to the anti... + syn glycosyl conformation for Ag...A,; mismatch
reveals the local B-Z junction formation at the mismatch site (Fig. 3). This is accompanied by an average RMSD
value of 4.2 A (calculated over the last 350 ns) with respect to the starting conformation (Fig. 3A). However,
there is an increase in the average RMSD to ~5.7 A (0.8 A) during 190-250 ns (Fig. 3A, double-headed arrow).
Such an increase in the RMSD value can be attributed to the backbone conformational changes that occur at the
mismatch site, which eventually leads to helical unwinding (Fig. 3C). Notably, the frequent exchange between
N6(Ag)...N7(A,;) and N1(Ag)...N6(A,;) hydrogen bond is observed during the 500 ns simulation (Fig. 3B). Like
in the previous situation, N3(Ag)...N6(A,;) hydrogen bond is also observed here. Further, a total loss of hydrogen
bond is seen during the simulation as in the previous case. Very interestingly, the structural distortions at the
mismatch site propagate to the neighborhood in such a way that the flanking C,, residue in the complementary
strand undergoes extrusion at the major groove side at the cost of the canonical hydrogen bond. Concomitantly,
A,; also undergoes extrusion towards the major groove. During 210-320 ns both C,, and A,; involve in such an
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Table 1. DNA duplexes used in the current investigation. The canonical and the non-canonical base pairs are
indicated by “|” and “*” respectively.

extrusion event, beyond which, they resume the hydrogen bond with the respective bases as depicted in Fig. 3D.
It is worth noting that such base extrusions at the B-Z junction have been reported in earlier investigations (PDB
ID: 2ACJ*>**). The backbone conformational angles (g, {, a, y) at C;Ag, AgAq, AgCg, G1 Ty, TrrAs; and Gy Ts
base steps predominantly favor BIII and ZI conformations. Besides, these steps also take other conformations
that are intermediate to Z-DNA and B-DNA (Fig. 4). The glycosyl torsion angles corresponding to Ag...Aj;
predominantly fall in anti... + syn conformation (Supplementary Fig. S1C,D).

The MD simulation carried out by swapping the initial glycosyl conformation of the mismatch (viz., Ag(anti)....
A,;(+syn)) to Ag(+syn)....A,;(anti)) essentially reflects the same conformational rearrangements (Supplementary
Figs. S2 and S3). This reflects in the RMSD, which fluctuates between 2 and 5 A beyond ~ 125 ns (Supplemen-
tary Fig. S2A,C). The N7(Ag)...N6(A,;) hydrogen bond is highly favored, followed by N6(Ay)...N1(A,;) and
N6(Ag)...N3(A,;3). The Ag...A,; glycosyl conformation predominantly samples + syn...anti region. However, a
minor population of + syn...-syn conformation is also observed (Supplementary Fig. S2D). Not surprisingly, the
backbone conformational angles (g, {, a, y) at the mismatch site favor BIII and ZI conformations as discussed
above (Supplementary Figs. S2C and S3). Thus, the MD results clearly indicate the formation of a local B-Z
junction at the Aq...A,; site irrespective of the starting glycosyl conformation.

Canonical base pairs in the 5’CAA-5'TTG sequence retain B-form geometry. A control simula-
tion carried out (Scheme WC, contains only the canonical base pairs) to show that the aforementioned confor-
mational rearrangements are the sole influence of A;...A,; mismatch indicates the retention of B-form geometry.
The RMSD stays ~3 A during the simulation (Supplementary Fig. S4A,B) and the canonical hydrogen bond
(G...C and A....T) distances are retained (falling in the range of 2.5-3.5 A (Supplementary Fig. $4C,D)). Fur-
ther, the backbone conformational angles (g, {, a, y) predominantly favor the BI conformation (Supplementary
Fig. S5). Thus, it is clear that the canonical duplex favor B-form geometry.
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Figure 1. Aj,...A,; mismatch with anti...anti starting glycosyl conformation induces B-Z junction in the DNA
duplex (Scheme DCA-1, Table 1). (A) Time vs RMSD profile. The MATLAB 7.11.0 software (www.mathworks.
com) was used to plot the data. (B) Ag...A,; hydrogen bond lifetime profile. The possible hydrogen bonding
patterns between Ag and A,; are indicated in the Y-axis. Note that the red and green colored stars are associated
with the transient events represented in (D). The GNUPLOT 5.2 software was used to plot the data®. (C)
Transient flipping of A; observed around 356 ns. (D) Cartoon representation of the conformational dynamics
(top) and the concomitant Ag...A,; hydrogen bond dynamics (boxed, bottom). The figures (C) and (D) were
generated by using Pymol 1.3 (www.pymol.com) software®.

The extent of B-Z junction increases with the increasing number of A...A mismatch. To experimentally confirm
the influence of A...A mismatch in forming the B-Z junction, we have carried out circular dichroism (CD) and
1D proton NMR experiments by considering 5 CAA DNA repeats that have A...A mismatch between 0 and 5
(Table 1). In the absence of the A...A mismatch (Table 1, WC), the characteristic B-DNA peaks (viz., positive
peaks around 275 nm and 205 nm, and a negative peak around 250 nm) are seen in the CD spectrum. However,
when the number of A...A mismatch increases from 1 to 5 (Table 1, Schemes DCA-1 to DCA-5), the positive
peak around 205 nm gradually demolishes and a negative peak emerges (Fig. 5A). Similarly, the negative peak
around 250 nm gradually decreases as the number of A...A mismatches increases, which is accompanied by a
shift in the positive peak from 275 to 268 nm (Fig. 5A, black and purple dotted lines). The shift in the positive
peak from 275 to 268 nm, the emergence of a negative peak ~205 nm® and a decrease in the negative peak
~250 nm™ are the characteristics of B-Z junction DNA. However, the CD spectrum corresponding to 5 A...A
mismatches still retains some features of the B-DNA. For instance, despite the decrease in the negative peak
around 250 nm and a shift in the positive peak from 275 to 268 nm, a negative peak that is expected around
290 nm for a Z-DNA is absent in the spectra. Nonetheless, the thermal denaturation studies exhibit a trend
of biphasic melting curve (Supplementary Fig. S6). This indicates the presence of multiple conformations. In
addition, the CD spectra collected at the high salt concentration (4M NaCl) for the schemes DCA-1 to DCA-5
indicate that the negative peak around 205 nm and 250 nm gradually increases and decreases respectively when
the A...A mismatch increases from 1 to 5 (Supplementary Fig. S7). Together, these results represent that the CD
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Figure 2. The backbone torsion angles (¢, {, a, y) corresponding to the central pentamer that encompass
Ag(anti)...A,z(anti) mismatch (scheme DCA-1). (e&{) (1st and 3rd column) and (a&y) (2nd and 4th column)
2D contour density plots corresponding to various steps in the vicinity of the mismatch. Note that the BI ((e,
Ga,y)=(tg,g,g")),Bll(g,t,g,g")Blll(g,g,g,g")and ZI (g, g", g', t) conformations are indicated
adjacent to the corresponding regions. Other conformational intermediates can also be seen in the plot. The
trajectories corresponding to the last 300 ns simulation is considered for the plotting. The scale corresponding to
the isolines is given at the bottom. The GNUPLOT 5.2 software was used to plot the data>.

spectra have the characteristic of both the B-DNA and Z-DNA, indicative of the presence of the B-Z junction
(Fig. 5A, purple arrows).

In line with the CD results, 1D proton NMR spectra corresponding to schemes WC and DCA1 to DCA5
duplexes that have 0-5 A...A mismatches (Table 1, Schemes DCA-1 to DCA-5) exhibit a significant change in
the proton peaks between 12 and 14 ppm. These peaks may correspond to an imino proton peak of the adenine
and/or guanine and exhibit a reduction in the peak intensity due to the peak broadening when the number of
mismatches increases. While the NMR spectra of d(CAA)-d(TTG) duplexes that have 0 (Scheme WC), 1 (Scheme
DCA-1) and 2 (Scheme DCA-2) A...A mismatch(es) have the peaks between 12 and 14 ppm (Fig. 5B), the peak
broadening is significant even to the extent of complete disappearance when the number of A...A mismatches
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Figure 3. Analysis of DCA-1 DNA duplex that has anti... + syn starting glycosyl conformation for Ag... A,
(A) Time vs RMSD profile. The double headed arrow indicates the increase in the RMSD during 190-250 ns.
The MATLAB 7.11.0 software (www.mathworks.com) was used to plot the data. (B) Life time (X-axis) of
different Ag...A,; hydrogen bond schemes (Y-axis). The GNUPLOT 5.2 software was used to plot the data®.
(C) Snapshots showing the local B-Z junction formation at the mismatch site. (D) The local conformational
dynamics associated with the increase in RMSD (A). Note: Ag...A,; mismatch is represented in purple color
in the cartoon representation. The figures (C) and (D) were generated by using Pymol 1.3 (www.pymol.com)
software™.

increases above 2 (Fig. 5B, dashed boxes). Further, the methyl proton resonances which are insensitive to base...
water proton exchange also undergo reduction in the peak intensity with respect to increasing number of A...A
mismatch (Supplementary Fig. S8). Although there are some changes in the proton peaks of the 1D spectra cor-
responding to six duplexes (which one can expect due to the difference in the sequences), WC duplex has the
highest peak intensities compared with the rest of the duplexes (for instance, ~ 1.7 ppm). This trend is in support
of the reduction in the peak intensity observed in the imino proton region. As it is evident from the wavelength
scan (Fig. 5A) and thermal denaturation (Supplementary Fig. S6) curve derived from the CD that the DNA
sequences form the duplex, the peak broadening seen with respect to increase in the number of mismatch in
1D-NMR is the effect of A...A mismatch. Thus, it indicates that the duplex undergoes significant conformational
changes when the number of A...A mismatch increases beyond 2.

B-Z junction formation at the A...A mismatch site in d(CAA)s;d(TAG)s facilitates the interaction
with hZaypag;.  The CD spectra corresponding to the titration of d(CAA);-d(TAG); (Scheme DCA-5 which
has 5 A...A mismatches) (N) with the hZa,par, protein (P) show that as the concentration of hZa,pyy, increases
(P/N'=0-4), a new peak starts appearing around 290 nm, which is a characteristic Z-DNA peak. However, a
complete inversion of the CD signal between 250 and 300 nm is not seen which is expected for a complete
B to Z transition. For instance, a positive peak ~275 nm, a characteristic B-DNA peak, is still present with the
increasing concentration of the protein. Thus, the negative peak ~290 nm and a positive peak ~ 275 nm indicate
the presence of the B-Z junction (Fig. 5C, purple arrow). In contrast, the emergence of a negative peak around
290 nm is not seen when d(CAA);-d(TTG), (Scheme WC that does not contain any A...A mismatch) is titrated
with the hZa,pag, (Fig. 5D). Thus, it is clear that the A...A mismatch promotes the formation of B-Z junction
which is further enhanced by the binding of hZa,p,g, with d(CAA);-d(TAG)s. Further, microscale thermopho-
resis experiments show that DCA-5 (882.4 nM) (5 A...A mismatches) binds strongly with hZa,psg, protein
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Figure 4. The backbone torsion angles (g, {, a, y) corresponding to the central pentamer that encompass
Ag(anti)...A,3(+ syn) mismatch (scheme DCA-1). (e&{) (1st and 3rd column) and (a&y) (2nd and 4th column)
2D contour density plots corresponding to various steps in the vicinity of the mismatch. Note that the BI ((e,
Ga,y)=(tg,g,¢g")),Bll(g,t,g,g"),Blll(g,g,g,g")and ZI (g, g, g*, t) conformations are indicated
adjacent to the corresponding regions. Other conformational intermediates can also be seen in the plot. The
trajectories corresponding to the last 300 ns simulation is considered for the plotting. The scale corresponding to
the isolines is given at the bottom. The GNUPLOT 5.2 software was used to plot the data™.

compared with WC (143.3 uM) (0 A...A mismatch) duplex (Fig. 5E,F). This further supports that the B-Z junc-
tion induced by the A...A mismatch promotes the binding with hZa,pag;-

Exploring the conformational intermediates of the A...A mismatch using the umbrella sampling. In order to
explore all the possible glycosyl conformational preference for the A...A mismatch, the umbrella sampling MD
simulation has been carried out for the Scheme DCA-1a by considering the glycosyl conformations of As... A,
as the reaction coordinates (Fig. 6A,B). The 2D potential of mean force (PMF) profile constructed from the
umbrella sampling (using the last 2.5 ns of each 1296 windows) indicates that the + syn...anti (minima I), anti...
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Figure 5. CD and NMR spectroscopic experiments reveal the increase in the extent of B-Z junction with

the increasing number of A...A mismatch in CAA containing DNA sequence (Table 1). (A) The CD spectra
corresponding to CAA containing sequences that has 1-5 A...A mismatches. As the number of A...A
mismatch in the DNA duplex increases, the B-Z junction formation is also increased. This is evident from the
increasing and decreasing negative peak around 205 nm and 250 nm, respectively. The shift in the positive
peak (black dotted lines) towards 268 nm (purple dotted lines) is also an indication of B-Z junction formation.
The MATLAB 7.11.0 software (www.mathworks.com) was used to plot the data. (B) Overlay of 1D proton
NMR spectra of DNA duplexes that contain 1-5 A...A mismatches in the context of CAA sequence. The
TopSpin 4.0.2 software (www.bruker.com) was used for processing the NMR data. (C) Titration of hZa,par,
with d(CAA);-d(TAG); duplex that has 5 A...A mismatches (Scheme DCA-5, Table 1). The appearance of the
negative peak around 290 nm as a function of increasing hZa,p,z, protein concentration is a clear indication of
the B-Z junction formation. In contrast, the respective negative peak is absent in the (D) canonical WC DNA
duplex (Scheme WC). The MATLAB 7.11.0 software (www.mathworks.com) was used to plot the data. (E, F)
The binding affinity between hZa, g, and scheme DCA-5 (5 A...A mismatches) duplex measured using MST
shows that the affinity between them is stronger (E) compared with the WC (0 A...A mismatch) DNA duplex
(F). The law of mass action equation was used to fit the data using MO affinity software (www.nanotempertech.
com) to obtain the K, value.

anti (minima regions Ila and IIb), + syn... + syn (minima III) and anti... + syn (minima IV) glycosyl conformations
are energetically favored (with a free energy value of 3 kcal/mol) for the mismatched adenines (Fig. 6C) with the
standard deviation not more than 0.2 kcal/mol (Supplementary Fig. S9). The PMF further indicates the possibil-
ity of transitions between 4 minima regions: two vertical transitions and two horizontal transitions. The vertical
transitions are between the minima regions I and III (indicated by a) and, between minima regions II and IV
(indicated by a’). The horizontal transitions are between minima regions I and II (indicated by b) and between
minima regions IIT and IV (indicated by b’). However, the diagonal transitions, between I and IV (indicated by
¢) and between II and III (indicated by ¢’) are unfavorable due to the presence of high energy barrier between the
minima regions (Fig. 6C, indicated by cross symbol). This is due to the fact that the vertical and horizontal tran-
sitions require change in the glycosyl conformation of just one of the mismatched adenines, whereas, the diago-
nal transitions require the changes in the glycosyl conformations of both the adenines. Interestingly, in the MD
simulation, anti... +syn (minima IV), +syn...anti (minima I) and -syn...-syn (minima IIb) conformations are
found to be preferred (Supplementary Figs. SIA-D, S2D) over the anti...anti glycosyl conformation. In fact, the
initial anti...anti glycosyl conformation moves towards —syn...—syn conformation quite early during the simula-
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tion (Supplementary Fig. S1A). Contradictorily, anti...anti conformation is found to be one of the favorable con-
formations in the umbrella sampling simulations. To our surprise, the detailed analysis indicates that the As...
A, mismatch is highly dynamic in the anti...anti region compared with the other three regions (+syn...anti/
anti... +syn and + syn... + syn). The A;...A , mismatch in this region samples a variety of base pairing schemes
such as the presence or absence of N1...N6/N6...N1/N3...N6/N6...N3 hydrogen bonds, base extrusion and
stacking with a shorter lifetime (Fig. 7A) compared with the other regions (Fig. 7B-D). Yet another interesting
observation is that the N7...N6/N6...N7 hydrogen bond is less sampled in the anti...anti conformational region
compared with the N1...N6/N6...N1 hydrogen bond (Fig. 7A). The + syn...anti region also samples N6...N3/
N6...N1/N7...N6 hydrogen bonds (Fig. 7C), whereas, the anti... + syn and + syn... + syn regions sample predom-
inantly N7...N6/N6...N7 hydrogen bond (Fig. 7B,D). The N3...N6/N6...N3 hydrogen bond that evolves due
to the movement of one of the mismatched adenines towards the minor groove is more visited in the anti...anti
and + syn...anti regions compared with the anti... + syn and + syn... + syn regions (Fig. 7). Notably, the N3...N6/
N6...N3 hydrogen bond is also seen during the MD simulation (Figs. 1B, 3B and S2B). The + syn... +syn region
is more conservative compared with the other regions as it is highly confined to the N7...N6/N6...N7 hydrogen
bond during the simulation (Fig. 7D). Further, As...A |, mismatch with a total loss of hydrogen bonding interac-
tion is quite significant in the anti...anti and + syn...anti regions (Fig. 8A,B), whereas, it is less populated in the
+syn... +syn and anti... + syn regions (Fig. 8C,D). This reflects in the non-hydrogen bonded (donor...acceptor
distance above 4 A) A;...A,, mismatch population, which is significant in the anti...anti region (Fig. 8A). The
longish hydrogen bond distances are associated with the base stacking, base pair opening and extrusion events.
Such a highly dynamic nature of the A;...A,, mismatch seen in the umbrella sampling simulation is further in
conformity with the 2D-NOESY spectra (Fig. 8E). The 2D-NOESY data shows that the proton-proton cross-
peaks are less when the number of A...A mismatch is 5 (Scheme DCA-5) compared to the situation when the
number of mismatch is 0 (Scheme WC) and 1 (Scheme DCA-1). These clearly indicate the highly dynamic
nature of the mismatch.

It is also evident from Fig. 9 that the backbone conformational angles exhibit B-Z junction characteristics
at the energetically favored glycosyl regions (Fig. 6C). For instance, the A;A¢ and A ,G,; base steps take up ZI
along with BI conformation. Similarly, the C,A; and T ;A,, base steps attain BIII conformation apart from the
BI conformation. In addition, other intermediate conformations, which are associated with the hydrogen bond
dynamics is also observed in anti... + syn (minima IV), + syn...anti (minima I) and anti...anti (minima II) regions
(Supplementary Figs. S10-S13). Such a predominance of B-Z junction/intermediate conformational preference
by (¢, {, a, ) in the anti...anti, and + syn...anti (which are restrained in the umbrella sampling MD) regions
may ease the movement of one of the mismatched adenines towards the minor groove to form N3...N6/NG6...
N3 hydrogen bond or the formation of stacked conformation at the cost of hydrogen bond to accommodate the
A;...A , mismatch in the midst of the canonical base pairs which favor B-form conformation. However, the “syn”
glycosyl (a characteristic of Z-form) conformation in + syn... + syn (minima III) region can readily accommodate
the N6...N7/N7...N6 hydrogen bond. The B-Z conformational preference at the mismatch site also leads to the
widening of the minor groove (Supplementary Fig. S14). In any case, the dynamic nature of the A;...A , is clear
from the umbrella sampling simulations.

The umbrella sampling MD carried out to explore the effect of A;... A}, mismatch that is flanked by 5'A... T
and 3'C...G (viz., the reversal of CAA) in a 5’AAC/5'GTT DNA duplex (Table 1, Scheme DAC-1a) also indicates
similar energetically favored (standard deviation below 0.2 kcal/mol) glycosyl conformations (Supplementary
Figs. S15A, S16) and base pairing schemes for the mismatch (Supplementary Fig. S15B). Together, these umbrella
sampling simulations reveal four equally preferable glycosyl conformations for the As...A, mismatch which is
associated with a variety of spontaneous and frequent base-pairing schemes.

Discussion

The base pair mismatches incorporated erroneously in the DNA duplex can lead to significant distortions in
the DNA structure. These structural distortions act as a root cause for the concomitant biological processes.
For instance, the A...A mismatch in d(CAG) and d(GAC) expansion is associated with several neuromuscular
disorders'> . The current study explores the conformational dynamics of A...A mismatch that is flanked by
C...Gand A...T at the 5" and 3' respectively (Schemes DCA-1 to DCA-5 and DCA-1a) from the perspective of
its recognition by the mismatch repair protein machinery to execute the DNA repair chemistry.

B-Z junction formation at the A...A mismatch site. The MD simulations carried out here for a DNA
duplex that has an A,...A,; mismatch flanked by C...G and A...T canonical base pairs on both the sides (Scheme
DCA-1) indicate that the mismatch imposes significant conformational changes irrespective of the starting anti
... +syn/+syn...anti and anti...anti A...Ay; glycosyl conformations. The nonisostericity of Ay...A,; mismatch
with respect to the flanking canonical base pairs propels major conformational changes at the mismatch site:
B-Z junction formation at the mismatch site (Figs. 2 and 4), formation of a N3(A)...N6(A) hydrogen bond due
to the movement of one of the mismatched adenine towards the minor groove (Fig. 1D), extrusion of adenines
towards the major groove (Fig. 1D, Movie S2) and adenine flipping (Fig. 1C, Movie S1). Yet another important
revelation from the MD simulation is the dislike for anti...anti glycosyl conformation by A,...A,; mismatch and
the preference for —syn...—syn and anti ... + syn/+syn...anti glycosyl conformations. Further, the B-Z junction
formation results in the widening of the minor groove concomitant with the backbone torsion angles (e, {, a, y)
preferring BIII (g7, g7, g7, g*) and ZI (g7, g*, g', t) conformations. Several backbone conformations ((t, t, g, g*),
(ggheght)(g,tght),(tg,ght),(tt, g, t)and (t, g, g, t)) other than that correspond to B- or Z- forms are
also observed (Figs. 2 and 4) due to the spontaneous exchange between different Ag...A,; base pairing schemes.
A similar B-Z junction characteristic is also observed when the A...A mismatch is flanked by C...G and G...C
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Figure 6. Umbrella sampling simulation corresponding to the scheme DCA-1a (Table 1) that has a single A;... »
A, mismatch. (A) The pictorial representation of the reaction coordinates used in the umbrella sampling. Note
that the glycosyl conformations (5 and  ;,) corresponding to A;...A, are sampled at 10° interval. (B) The
superposition of 1296 starting conformations that are generated to sample the glycosyl conformations of A; and
A, (36 windows each for 5 and x ,,=36 x 36 windows = 1296 windows) in the window size of 10°. The figures
(A) and (B) were generated by using Pymol 1.3 (www.pymol.com) software®. (C) The 2D free energy map for
(X5 X14)- The labels I-1V indicates the favorable minima regions and the snapshots associated with these regions
are depicted in the red color boxes. The region I corresponds to x 5 (20°~100°)...7 ;4 (200°-330°) and the region
IT corresponds to x5 (190°-340°)...x 14 (190°-340°) (which encompasses two minima (Ila and IIb)). Similarly,
regions III and IV represent the conformational spaces corresponding to x5 (20°-90°)...7 14 (20°-90°) and x5
(180°-330°)...% 4 (20°-100°) respectively. The possible transition between Ila (anti...anti) to IIb (=syn...—syn)
(similar to that seen in MD, Supplementary Fig. 1A) is indicated by an arrow. The possible vertical (a and a’) and
horizontal (b and b’) transitions between the minima regions are indicated by double-headed arrows and the
unfavorable diagonal transitions (c and c) between the minima regions are indicated by a cross symbol (C). The
MATLAB 7.11.0 software (www.mathworks.com) was used to plot the data. Note that the A;...A,, mismatch is
colored purple and red in (B) and (C), respectively.

baser pairs'®?. It is noteworthy that despite such backbone conformational preferences, the sugar pucker pre-
dominantly prefer C2"-endo although a minor population of C3'-endo is seen when the adenine takes up anti
conformation (Supplementary Fig. S17A,B).

The frequent exchange between the A...A base pair intermediates during the umbrella
sampling. The umbrella sampling simulations indicate that the anti...anti, anti... +syn, +syn...anti and
+syn... +syn glycosyl conformations are favored by the A;...A,, mismatch (Scheme DCA-1a) (Fig. 6C). As men-
tioned above, the A;...A , mismatch samples a variety of conformations such as base stacking, base extrusion,
base pair opening and minor groove widening, etc. along with aberrant BIII and ZI conformations for (e, {,
a, y). It is found that +syn... +syn glycosyl conformation prefers N6...N7/N7...N6 hydrogen bond. Further,
+syn... +syn glycosyl conformational region prefers south type puckering for the deoxyribose sugar, whereas,
the anti...anti conformational region samples a minor population of north type sugar pucker in addition to
the south type pucker (Supplementary Fig. S17C-F). The anti...anti region encounters a frequent transition
between the adenine extrusion, adenines stacking and the hydrogen bonds, N1...N6/N6...N1, N7...N6/N7...
N6 and N3...N6/N6...N3 (Fig. 7A, Movie S3), (Fig. 6C, Movie S4). These conformations are relatively short-
lived compared with the conformations observed in + syn... +syn glycosyl conformational region (Fig. 7D). Such
conformational dynamics is also seen in anti... +syn/+ syn...anti regions (Fig. 7B,C). Thus, it is clear that the
B-Z junction favored by the A;...A}, mismatch (Movie S5) may lower the energy penalty for the mismatch to
sample a variety of energetically favored and short-lived mismatch conformations. Further, the PMF shows the
following enegetically favorable transitions, indicating the dynamic nature of the mismatch (Fig. 6C): +syn...
anti < +syn... +syn, anti...anti < anti... + syn, +syn...anti < anti...anti and +syn... + syn < anti... + syn. Con-
comitantly, the 2D-NOESY experiments also indicate that the number of cross-peaks diminishes (indicating the
frequent movement) with the increasing number of A...A mismatch (Fig. 8E).

Interestingly, the N1...N6 hydrogen bond'® as well as the N3...N6 hydrogen bond facilitated by the extra-
helical movement of one of the adenines towards the minor groove®® are seen in the earlier NMR investigations.
Further, the complex of E. coli mismatch repair protein with the DNA shows the widening of the minor groove at
the mismatch site (PDB ID: 2WTU). As the A...A mismatch spontaneously leads to aberrant B-Z junction which
widens the minor groove and facilitate the sampling of a variety of A...A mismatch conformations (Fig. 6C),
it may ease the recognition of the mismatch site by the repair proteins. Further, the minor groove extraheli-
cal conformation (forming N3...N6/N6...N3 hydrogen bonds) may also act as a trapping point. For instance,
the crystal structure of the E. coli mismatch repair protein MutS and DNA duplex (having a A...A mismatch)
complex shows that the N6 of one the adenines moves towards the minor groove and interacts with the protein
(Supplementary Fig. S18). Thus, this supports that the protein may recognize the A...A mismatch through the
N6 of one of the adenines at the minor groove side.

The number of A...A mismatch increases the degree of B-Z junction in the CAA sequence. CD
investigations carried out to prove that A...A mismatch in the context of CAA induces B-Z junction reveals that
as the number of A...A mismatch increases (2-5) in the DNA duplex (Schemes DCA-2 to DCA-5), the extent
of B-Z junction also increases. This is evident from the increase and decrease in the negative peak intensity
~205* and 250 nm respectively>* (Fig. 5A). Nonetheless, the canonical W&C duplex (Scheme WC) does
not exhibit these signature peaks implicating the non-existence of the B-Z junction in the same (Fig. 5A, blue
line). In accordance with the CD results, 1D proton NMR spectra of the DNA duplexes that possess 0-5 A...A
mismatch(es) show the peak broadening (to the level of disappearance) in between 12 ppm and 14 ppm (Fig. 5B).
This is indicative of significant structural changes in the duplex with respect to the increase in the number of
A...A mismatch. This is also further supported by the diminishing cross-peaks in the 2D NOESY (Fig. 8E).
These show the dynamic nature of the A... A mismatch as observed in MD and umbrella sampling MD. A similar
disappearance of proton peaks between 12 and 14 ppm is also seen in the 1D NMR spectra of d(GAC),-d(GAC),
DNA duplex (that has 7 A...A mismatches)®.
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Figure 7. Hydrogen bond lifetime profiles corresponding to the energetically favored regions of the free energy
map (dotted boxes in Fig. 6). The hydrogen bond profile representing the dynamics of A;... A, in (A) anti...
anti (s and 4 each has 16 x 16 =256 windows in this region, wherein, each window has 2500 frames), (B)
anti... +syn, (C) +syn ...anti and (D) +syn... + syn regions. Note that the windows (each window has 2500
frames) corresponding to each region are arranged adjacent to each other and are represented in terms of the
total number of frames along the X-axis. Refer to the text for details. The GNUPLOT 5.2 software was used to
plot the data™.

A...A mismatch facilitates the binding of d(CAA);-d(TAG); with hZa,ppri- The titration of
d(CAA);-d(TAG);5 (Scheme DCA-5) with the hZa,p,g, indicates through the appearance of a negative peak
~290 nm that the duplex is being recognized by the protein (Fig. 5A). However, the complete conversion of
B-form to Z-form is not observed as seen in the case of d(GAC),-d(GAC),?. This is perhaps due to the fact
that the latter has a CG step which is absent in the former. It has also been shown in the previous studies that
hZa,par, recognizes CG steps to recognize the duplex®. Thus, the presence of A...A mismatch (that prefers
B-Z junction) along with the CG step lead to the complete conversion to Z-form in d(GAC),-d(GAC),. None-
theless, the lone presence of A...A mismatch in the former simply leads to B-Z junction. Thus, the complete
inversion of CD spectra observed in the case of d(GAC),-d(GAC), upon titration with hZa,p,g; is not seen in
d(CAA);-d(TAG); (Fig. 5C). However, the increase in the extent of a negative peak ~290 nm upon titration
with hZa,pag; is an indication of B-Z junction formation®”*. Further, such a B-Z junction formation is not
observed in the CD spectra of canonical d(CAA);-d(TTG); duplex (Scheme WC) when it is titrated with the
hZa,par; (Fig. 5D). Thus, the increase in the extent of B-Z junction with respect to the increasing number of
A...A mismatch in the context of CAA sequence (Fig. 5A) as well as the ability of hZa,psg, to recognize the
d(CAA);-d(TAG); duplex (that has 5 A...A mismatches) indicate that the protein traps the preformed B-Z junc-
tions in the duplex for the binding.

Conclusion

The detection and elimination of the falsely formed non-canonical base pairs during the replication is a crucial
process. The mismatch repair proteins detect the non-canonical base pairs and repair the system. In this con-
text, the conformational dynamics induced by the A...A mismatch in the midst of a d(CAA)-d(TAG) sequence
is explored here. MD and umbrella sampling MD results presented here clearly state that the A...A mismatch
favors the aberrant B-Z junction that offers less energy penalty to sample a variety of mismatch base pairing
schemes. The sampled base pairing conformations are, the extrusion of adenine(s) towards the major/minor
groove, adenine flipping, adenines stacking and a number of hydrogen bonding schemes, which are short-
lived. A similar characteristic is also seen for A...A mismatch in the context of d(AAC)-d(GAT) sequence.
The 2D-NOESY experiment also indicates the highly dynamic nature of the A...A mismatch as the number of
cross-peaks diminish with the increasing number of A...A mismatch. The extra-helical movements of adenines
toward the grooves, specifically toward the minor groove which facilitate the N3...N6 hydrogen bond (exposes
one of As in the minor groove), may act as a trapping point for the mismatch repair proteins such as MSH2,
MSH3 and MSH6 to perform the enzymatic reaction. CD and NMR reveal that the increasing number of A... A
in the context of CAA sequence increases the extent of the B-Z junction in the duplex. Thus, the B-Z junction
formation at the A...A mismatch site circumvents the mechanistic effect of base pair nonisostercity with the
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Figure 8. 2D contour density plot illustrating the frequency of occurrence of non-hydrogen bonded A;...
A, pairs during the umbrella sampling simulation and 2D-NOESY spectra. The contour density plots are
represented in terms of the frequency of occurrence (considered in the third dimension) of non-hydrogen
bonded A;...A,, pairs with respect to their glycosyl conformational (5 and  ;, in X- and Y-axes respectively)

preferences (dotted boxes, Fig. 6): (A) anti...anti, (B) +syn...anti, (C) +syn... +syn and (D) anti...

+syn. Note

that the donor...acceptor distances greater than 4 A are considered for the plotting. The GNUPLOT 5.2 software
was used to plot the data®. (E) 2D-NOESY spectra corresponding to WC (zero A...A mismatch, left), DCA-1
(one A...A mismatch, middle) and DCA-5 (five A...A mismatches, right) schemes. The TopSpin 4.0.2 software
(www.bruker.com) was used for processing the NMR data.
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Figure 9. Backbone conformational preference (g, (, a, y) corresponding to the umbrella sampling simulation
(Scheme DCA-1a). (e&{) (1st and 3rd column) and (a&y) (2nd and 4th column) 2D contour density plots
corresponding to various steps in the vicinity of the mismatch. Note that the BI ((¢, {, a, y)=(t, g7, g7, g*)), BII
(gt g,g")BII(g,g,¢g,g") and ZI (g7, g*, g%, t) conformations are indicated adjacent to the corresponding
regions. Other conformational intermediates can also be seen in the plot. The data corresponding to the last
2.5 ns simulation of the energetically favored regions (boxed in Fig. 6) is considered for the plotting. The scale
corresponding to the isolines is given at the bottom. The GNUPLOT 5.2 software was used to plot the data®.
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flanking canonical base pairs. The concomitant base pair dynamics may further ease the accessibility of the A...A
mismatch to the repair proteins.

Methods

MD simulation setup. The starting models for the 15mer d(CAA) (Schemes DCA-1, Table 1) were con-
structed using 3DNuS$ web server*'. Based on the previous experimental studies on A...A mismatch containing
RNA duplex*®?, two different starting models (anti...anti and anti... + syn/+ syn...anti glycosyl conformations
for the A...A mismatch) were considered for the simulations. Using the former as the template, the latter were
generated using XPLOR-NIH** as discussed elsewhere!*?. Subsequently, these models were solvated in a TIP3P
water box and net neutralized with the Na* ions by using the LEaP module of AMBER 12 suite®. Following
70 ps equilibration at 300 K, the production run was extended to 500 ns individually for both the models'*?.
The production run was carried out at the isobaric and isothermal conditions (NPT) with a 2 fs integration time
scale. A cut-off distance of 10 A was used for non-bonded interactions. The FF99SB (parm99 without correction)
force field was used in the simulations.

Umbrella sampling simulation setup. The conformational space accessible to the A...A mismatch gly-
cosyl dihedral angles was sampled using the umbrella sampling MD simulations. The glycosyl dihedral angles
(chi) corresponding to both the adenines in the A;...A;, mismatch were used as the reaction coordinates
(Scheme DCA-1a). The glycosyl dihedral angles of each adenine were sampled using 36 windows between 0°
to 360° with 10° interval. Thus, a total of 36 x 36 =1296 windows were sampled, for which, the starting models
with the appropriate glycosyl conformations were generated using XPLOR-NIH*. For the umbrella sampling,
only the central 9mer sequence (Scheme DCA-1) was considered, wherein, the central CAA having the As...
A, mismatch in the middle was flanked by a canonical CAA triplet on both the sides. In addition, the umbrella
sampling was also carried out for 5’AAC, wherein, A;...A;, mismatch was flanked by 5'-A...T and 3'-C...G
respectively (Scheme DAC-1a).

All the 1296 starting conformations with the appropriate glycosyl dihedral angles were solvated in a TIP3P
water box and net neutralized with the Na* ions. Each conformation was preceded with an equilibration fol-
lowed by the production run. The equilibration protocol was carried out in several steps as explained in the
earlier studies*~* but, with an added positional restraint with a force constant of 100 kcal/mol rad? on both the
mismatched adenines. This step was carried out for 140 picoseconds in order to remove the steric hindrance in
the model. The production run was extended up to 3 ns for each conformation at the isobaric and isothermal
conditions (NPT). A restraint potential force constant of 100 kcal/mol rad? was imposed on both the glycosyl
dihedral angles of the mismatched adenines during the production run. The PMEMD module of AMBER 16
suit*® with the FF99SB (parm99 without correction) force field was used for the simulations. A 2 fs integration
time and a 10 A cut-off distance for non-bonded interactions were used during the simulation. The weighted his-
togram analysis method (WHAM)* was used for generating the 2D potential of mean force (PMF) profile from
the last 2.5 ns trajectories. The error estimation was calculated by constructing individual PMFs for 5 (0.5-1 ns,
1-1.5ns, 1.5-2 ns, 2-2.5 ns and 2.5-3 ns) as well as 3 (0.5-1 ns, 0.5-2 ns and 0.5-3 ns) time blocks. Finally, the
standard deviation among the PMFs (separately for 5- and 3-time blocks) was calculated.

Cpptraj module of Amber 16 was used to post-process the MD and the umbrella sampling MD trajectories as
well as to calculate the hydrogen bond distance and RMSD*°. Sugar pucker, glycosyl and backbone conformation
angles were extracted from the output of 3DNA using in-house scripts®’. VMD®? and Pymol®® were used for the
visualization of trajectories. MATLAB 7.11.0 (www.mathworks.com) and GNUPLOT 5.2 software packages
were used for plotting the graphs. The individual snapshots corresponding to every frame of the trajectory was
created using VMD® and the movie was generated through videoMach plugin software 5.15.1 (www.groma
da.com/videomach/).

Purification of hZa,pars-  E. coli BL21 (DE3) bacterial cells were used for the expression and purification
of hZa,pag; using the protocol described in the earlier studies®” >>. The protein concentration was measured
spectroscopically with an extinction coefficient of 8480 M cm™ at 280 nm.

Sample preparation. DNA oligonucleotides (Table 1) with HPLC grade were purchased from Bioserve.
The duplexes were prepared by denaturing the complementary oligonucleotides (Table 1) at 95 °C for 10 min
followed by a room temperature cooling for 3 h in 10 mM phosphate buffer and 10 mM NaCl (pH 7.4). The DNA
duplex...hZa,psr, complex for CD experiments were prepared by increasing the hZo,p,g, concentration while
retaining the DNA duplex concentration. The complex was prepared by fractional addition of the hZa,pag,
protein to the DNA followed by the incubation of 1 h at 25 °C.

CD spectroscopy. All the CD experiments were carried out in JASCO-1500 at 25 °C in the wavelength
range of 190-320 nm. The data were collected in triplicate and the baseline correction was done with an appro-
priate buffer. For the DNA duplex...hZa,pap, titration, the protein (P)/nucleic acids (N) ratios of 0, 0.50, 0.75,
1:1, 1:2, 1:3 and 1:4 were used by keeping the DNA concentration as a constant (40 uM). The CD data was
analyzed through spectra manager software (www.jascoinc.com) and verified with the reference dataset of CD-
NuSS webserver®®.

NMR experiments. All the NMR experiments were collected in a 700 MHz instrument equipped with
a 5 mm TCI H-C/N-D Cryoprobe. 1.2 mM concentration of DNA duplexes that have A...A mismatches in
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the range of 0-5 (Schemes WC, DCA1 to DCAS5) were used. DNA duplexes were prepared in the NMR buffer
(10% D,O, 10 mM sodium phosphate, 10 mM NaCl and pH 7.4). All the NMR experiments were performed at
25 °C. The 1H pulse calibration was done by complete nutation of 360° and then, the actual 90° pulse width was
obtained. Water presaturation is obtained by finding the exact position of the water signal and applied continu-
ous pulse during the recycle delay. 1D proton NMR was obtained with 256 scans with water presaturation.

2D NOESY data was acquired using phase-sensitive NOESY with water presaturation for the Schemes DCA-
1, DCA-5 and WC. The NOESY experiment was recorded with 16 scans with 2048 time domain points in the
direct dimension and 256 points in the indirect dimension. The data was recorded for the NOE mixing times of
80, 150, and 300 ms to check the cross peak intensity. The acquired 1D and 2D data were processed and analyzed
using TopSpin 4.0.2 NMR software (www.bruker.com).

Microscale thermophoresis. The binding affinity between hZa,pz; and DCA-5/WC duplexes was
estimated using microscale thermophoresis (MST) assay. For this assay, the His-tagged hZa,par, protein
(Hise-GB1-hZaypar;) was labeled with RED-tris-NTA dye (His-Tag labeling kit) as per the labeling procedure
mentioned in the kit (Cat# MO-L008). The binding assay was performed by titrating 50 nM concentration of
labeled hZa,pyg, protein with unlabeled DNA duplex which was diluted serially (from 600 to 0.018 uM). 10 mM
NaCl and 10 mM phosphate buffer (pH 7.4) was used for the assay. Following the incubation for 30 min at 25 °C,
all the samples were loaded in MST-standard treated capillaries. The dissociation constant (K;) measurement
was performed in triplicate using 40% LED power and 40% MST power in NanoTemper monolith instrument
NT.115 at 25 °C. The law of mass action equation was used to fit the data using MO affinity software to obtain
the K, value.

Received: 15 March 2020; Accepted: 20 January 2021
Published online: 11 February 2021

References
1. Modrich, P. DNA mismatch correction. Annu. Rev. Biochem. 56, 435-466 (1987).
2. Goodman, M. E et al. Biochemical basis of DNA replication fidelity. Crit. Rev. Biochem. Mol. Biol. 28(2), 83-126 (1993).
3. Ehrlich, M., Zhang, X. Y. & Inamdar, N. M. Spontaneous deamination of cytosine and 5-methylcytosine residues in DNA and
replacement of 5-methylcytosine residues with cytosine residues. Mutat. Res. 238(3), 277-286 (1990).
. Kunz, C,, Saito, Y. & Schar, P. DNA Repair in mammalian cells: Mismatched repair: Variations on a theme. Cell Mol. Life Sci. 66(6),
1021-1038 (2009).
. Jiricny, J. Postreplicative mismatch repair. Cold Spring Harb. Perspect. Biol. 5(4), 2012633 (2013).
. Hakem, R. DNA-damage repair; the good, the bad, and the ugly. EMBO J. 27(4), 589-605 (2008).
. Subba Rao, K. Mechanisms of disease: DNA repair defects and neurological disease. Nat. Clin. Practice Neurol. 3,162 (2007).
. Modrich, P. Mechanisms in eukaryotic mismatch repair. J. Biol. Chem. 281(41), 30305-30309 (2006).
. Thoms, K. M., Kuschal, C. & Emmert, S. Lessons learned from DNA repair defective syndromes. Exp. Dermatol. 16(6), 532-544
(2007).
10. Hsieh, P. & Yamane, K. DNA mismatch repair: Molecular mechanism, cancer, and ageing. Mech. Ageing Dev. 129(7-8), 391-407
(2008).
11. Mirkin, S. M. DNA structures, repeat expansions and human hereditary disorders. Curr. Opin. Struct. Biol. 16(3), 351-358 (2006).
12. Mitas, M. Trinucleotide repeats associated with human disease. Nucleic Acids Res. 25(12), 2245-2254 (1997).
13. Mirkin, S. M. Expandable DNA repeats and human disease. Nature 447(7147), 932-940 (2007).
14. Cummings, C. J. & Zoghbi, H. Y. Fourteen and counting: Unraveling trinucleotide repeat diseases. Hum. Mol. Genet. 9(6), 909-916
(2000).
15. Bowater, R. P. & Wells, R. D. The intrinsically unstable life of DNA triplet repeats associated with human hereditary disorders.
Prog. Nucleic Acid Res. Mol. Biol. 66, 159-202 (2001).
16. Ranum, L. P. & Day, ]. W. Dominantly inherited, non-coding microsatellite expansion disorders. Curr. Opin. Genet. Dev. 12(3),
266-271 (2002).
17. Arnold, E H. et al. Structure, dynamics, and thermodynamics of mismatched DNA oligonucleotide duplexes d(CCCAGGG)2 and
d(CCCTGGG)2. Biochemistry 26(13), 4068-4075 (1987).
18. Gervais, V. et al. Solution structure of two mismatches A.A and T.T in the K-ras gene context by nuclear magnetic resonance and
molecular dynamics. Eur. J. Biochem. 228(2), 279-290 (1995).
19. Khan, N., Kolimi, N. & Rathinavelan, T. Twisting right to left: A...A mismatch in a CAG trinucleotide repeat overexpansion pro-
vokes left-handed Z-DNA conformation. PLoS Comput. Biol. 11(4), e1004162 (2015).
20. Kolimi, N., Ajjugal, Y. & Rathinavelan, T. A B-Z junction induced by an A...A mismatch in GAC repeats in the gene for cartilage
oligomeric matrix protein promotes binding with the hZalphaADAR1 protein. J. Biol. Chem. 292(46), 18732-18746 (2017).
21. Kozlowski, P, de Mezer, M. & Krzyzosiak, W. J. Trinucleotide repeats in human genome and exome. Nucleic Acids Res. 38(12),
4027-4039 (2010).
22. Moe, K. T. et al. Development of cDNA-derived SSR markers and their efficiency in diversity assessment of Cymbidium accessions.
Electron. ]. Biotechnol. 15, 39-61 (2012).
23. Wang, X. et al. Comparative genome-wide characterization leading to simple sequence repeat marker development for Nicotiana.
BMC Genom. 19(1), 500 (2018).
24. Vieira, M. L. C. et al. Microsatellite markers: What they mean and why they are so useful. Genet. Mol. Biol. 39(3), 312-328 (2016).
25. Gao, C. et al. Revisiting an important component of plant genomes: Microsatellites. Funct. Plant Biol. 40(7), 645-661 (2013).
26. Sun, S. et al. The CAA repeat polymorphism in the ZFHX3 gene is associated with risk of coronary heart disease in a Chinese
population. Tohoku J. Exp. Med. 235(4), 261-266 (2015).
27. Gao, R. et al. Instability of expanded CAG/CAA repeats in spinocerebellar ataxia type 17. Eur. J. Hum. Genet. 16(2), 215 (2008).
28. Kiliszek, A. et al. Atomic resolution structure of CAG RNA repeats: Structural insights and implications for the trinucleotide repeat
expansion diseases. Nucleic Acids Res. 38(22), 8370-8376 (2010).
29. Yildirim, L. et al. A dynamic structural model of expanded RNA CAG repeats: a refined X-ray structure and computational inves-
tigations using molecular dynamics and umbrella sampling simulations. J. Am. Chem. Soc. 135(9), 3528-3538 (2013).

'S

NeB-BN Be )]

Scientific Reports |

(2021) 11:3689 | https://doi.org/10.1038/s41598-021-82669-4 nature portfolio


http://www.bruker.com

www.nature.com/scientificreports/

30. Pan, F. et al. Structure and dynamics of DNA and RNA double helices of CAG and GAC trinucleotide repeats. Biophys. . 113(1),
19-36 (2017).

31. Ajjugal, Y. & Rathinavelan, T. Sequence dependent influence of an A... A mismatch in a DNA duplex: An insight into the recogni-
tion by hZaADARI protein. J. Struct. Biol. https://doi.org/10.1016/j.jsb.2020.107678 (2020).

32. Subramani, V. K. et al. Chemical-induced formation of BZ-junction with base extrusion. Biochem. Biophys. Res. Commun. 508(4),
1215-1220 (2019).

33. Kim, D. et al. Base extrusion is found at helical junctions between right- and left-handed forms of DNA and RNA. Nucleic Acids
Res. 37(13), 4353-4359 (2009).

34. Kypr, J. et al. Circular dichroism and conformational polymorphism of DNA. Nucleic Acids Res. 37(6), 1713-1725 (2009).

35. Lu, M. et al. Conformational properties of B-Z junctions in DNA. Biochemistry 31(19), 4712-4719 (1992).

36. Maskos, K. et al. NMR study of G...A and A...A pairing in ({GCGAATAAGCG) 2. Biochemistry 32(14), 3583-3595 (1993).

37. Suh, D. Cooperative binding interaction of ethidium with allosteric DNA. Exp. Mol. Med. 31(3), 151-158 (1999).

38. Schade, M. et al. The solution structure of the Za domain of the human RNA editing enzyme ADARI reveals a prepositioned
binding surface for Z-DNA. Proc. Natl. Acad. Sci. 96(22), 12465-12470 (1999).

39. Miyahara, T., Nakatsuji, H. & Sugiyama, H. Helical structure and circular dichroism spectra of DNA: A theoretical study. J. Phys.
Chem. A 117(1), 42-55 (2013).

40. Kim, D. et al. Sequence preference and structural heterogeneity of BZ junctions. Nucleic Acids Res. 46(19), 10504-10513 (2018).

41. Patro, L. P. P. et al. 3D-NuS: A web server for automated modeling and visualization of non-canonical 3-dimensional nucleic acid
structures. J. Mol. Biol. 429(16), 2438-2448 (2017).

42. Schwieters, C. D. et al. The Xplor-NIH NMR molecular structure determination package. J. Magn. Reson. 160(1), 65-73 (2003).

43. Case, D,, et al. AMBER 12; University of California: San Francisco, 2012. Amber 12 reference mannual, available at http://amber
md.org/doc12/Amber12.pdf [Google Scholar] 1-826 (2010).

44. Thenmalarchelvi, R. & Yathindra, N. New insights into DNA triplexes: Residual twist and radial difference as measures of base
triplet non-isomorphism and their implication to sequence-dependent non-uniform DNA triplex. Nucleic Acids Res. 33(1), 43-55
(2005).

45. Rathinavelan, T. & Yathindra, N. Molecular dynamics structures of peptide nucleic acid DNA hybrid in the wild-type and mutated
alleles of Ki-ras proto-oncogene: Stereochemical rationale for the low affinity of PNA in the presence of an A...C mismatch. FEBS
J. 272(16), 4055-4070 (2005).

46. Rathinavelan, T. & Yathindra, N. Base triplet nonisomorphism strongly influences DNA triplex conformation: Effect of noniso-
morphic G* GC and A* AT triplets and bending of DNA triplexes. Biopolym. Original Res. Biomol. 82(5), 443-461 (2006).

47. Goldsmith, G., Rathinavelan, T. & Yathindra, N. Selective preference of parallel DNA triplexes Is due to the disruption of Hoogsteen
hydrogen bonds caused by the severe nonisostericity between the G* GC and T* AT Triplets. PLoS ONE 11(3), 0152102 (2016).

48. Case, D. et al. Amber 16 (University of California, San Francisco, 2016).

49. Kumar, S. et al. The weighted histogram analysis method for free-energy calculations on biomolecules. I. The method. J. Comput.
Chem. 13(8), 1011-1021 (1992).

50. Roe, D. R. & Cheatham, T. E. III. PTRA]J and CPPTRA]J: Software for processing and analysis of molecular dynamics trajectory
data. J. Chem. Theory Comput. 9(7), 3084-3095 (2013).

51. Lu, X.]. & Olson, W. K. 3DNA: A software package for the analysis, rebuilding and visualization of three-dimensional nucleic acid
structures. Nucleic Acids Res. 31(17), 5108-5121 (2003).

52. Humphrey, W,, Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph 14(1), 33-38 (1996) (27-28).

53. DeLano, W. L. Pymol: An open-source molecular graphics tool. CCP4 Newslett. Protein Crystallogr. 40(1), 82-92 (2002).

54. Williams, T. et al. gnuplot 5.2. An interactive plotting program. http://gnuplot.info/docs_5.2/Gnuplot_5.2.pdf (2019).

55. Berger, I. et al. Spectroscopic characterization of a DNA-binding domain, Z alpha, from the editing enzyme, dsRNA adenosine
deaminase: Evidence for left-handed Z-DNA in the Z alpha-DNA complex. Biochemistry 37(38), 13313-13321 (1998).

56. Sathyaseelan, C., Vijayakumar, V. & Rathinavelan, T. CD-NuSS: A web server for the automated secondary structural characteri-
zation of the nucleic acids from circular dichroism spectra using extreme gradient boosting decision-tree, neural network and
Kohonen algorithms. J. Mol. Biol. (2020). https://doi.org/10.1016/j.jmb.2020.08.014

Acknowledgements

The authors thank Prof. Roberto De Guzman (University of Kansas) for gifting the pDZ1 construct. The authors
thank Dr. Jinhyuk Lee (Korea Research Institute of Bioscience and Biotechnology) for discussion regarding
WHAM analysis. The authors also thank the Indian Institute of Technology Hyderabad and National PARAM
Supercomputing Facility (Government of India) for the computational resources. The national High-field NMR
facility, TIFR Hyderabad is appreciated for the NMR measurements.

Author contributions

T.R. designed and supervised the project. Y.A. carried out MD, CD, NMR (1D data collection and analysis), MST
and umbrella sampling MD experiments. K.T. standardized umbrella sampling simulations of Scheme DCA-1a.
K.R. collected and analyzed the 1D and 2D NMR data. Y.A. and T.R. wrote the manuscript.

Fundin

The work%vas supported by the Department of Biotechnology, Government of India: IYBA-2012 (D.O.No.BT/06/
IYBA/2012), BIO-CaRE (SAN.No. 102/IFD/SAN/1811/2013-2014), R&D (SAN.No. 102/IFD/SAN/3426/2013-
2014), BIRAC-SRISTI (PMU_2017_010), BIRAC-SRISTI (PMU_2019_007) and Indian Institute of Technology
Hyderabad (II'TH). The Ministry of Education, Government of India provided the fellowship to YA and KT.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1038/541598-021-82669-4.

Correspondence and requests for materials should be addressed to T.R.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2021) 11:3689 | https://doi.org/10.1038/s41598-021-82669-4 nature portfolio


https://doi.org/10.1016/j.jsb.2020.107678
http://ambermd.org/doc12/Amber12.pdf
http://ambermd.org/doc12/Amber12.pdf
http://gnuplot.info/docs_5.2/Gnuplot_5.2.pdf
https://doi.org/10.1016/j.jmb.2020.08.014
https://doi.org/10.1038/s41598-021-82669-4
https://doi.org/10.1038/s41598-021-82669-4
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021)11:3689 | https://doi.org/10.1038/s41598-021-82669-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Spontaneous and frequent conformational dynamics induced by A…A mismatch in d(CAA)·d(TAG) duplex
	Results
	A…A mismatch in the midst of CAA sequence induces B–Z junction. 
	Canonical base pairs in the 5′CAA·5′TTG sequence retain B-form geometry. 
	The extent of B–Z junction increases with the increasing number of A…A mismatch. 
	B–Z junction formation at the A…A mismatch site in d(CAA)5·d(TAG)5 facilitates the interaction with hZαADAR1. 
	Exploring the conformational intermediates of the A…A mismatch using the umbrella sampling. 


	Discussion
	B–Z junction formation at the A…A mismatch site. 
	The frequent exchange between the A…A base pair intermediates during the umbrella sampling. 
	The number of A…A mismatch increases the degree of B–Z junction in the CAA sequence. 
	A…A mismatch facilitates the binding of d(CAA)5·d(TAG)5 with hZαADAR1. 

	Conclusion
	Methods
	MD simulation setup. 
	Umbrella sampling simulation setup. 
	Purification of hZαADAR1. 
	Sample preparation. 
	CD spectroscopy. 
	NMR experiments. 
	Microscale thermophoresis. 

	References
	Acknowledgements


