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ABSTRACT

Atypical DNA secondary structures play an impor-
tant role in expandable trinucleotide repeat (TR)
and hexanucleotide repeat (HR) diseases. The cyto-
sine mismatches in C-rich homoduplexes and hair-
pin stems are weakly bonded; experiments show
that for certain sequences these may flip out of
the helix core, forming an unusual structure termed
an ‘e-motif’. We have performed molecular dynam-
ics simulations of C-rich TR and HR DNA homod-
uplexes in order to characterize the conformations,
stability and dynamics of formation of the e-motif,
where the mismatched cytosines symmetrically flip
out in the minor groove, pointing their base moi-
eties towards the 5′-direction in each strand. TRs
have two non-equivalent reading frames, (GCC)n
and (CCG)n; while HRs have three: (CCCGGC)n,
(CGGCCC)n, (CCCCGG)n. We define three types of
pseudo basepair steps related to the mismatches
and show that the e-motif is only stable in (GCC)n
and (CCCGGC)n homoduplexes due to the favorable
stacking of pseudo GpC steps (whose nature de-
pends on whether TRs or HRs are involved) and
the formation of hydrogen bonds between the mis-
matched cytosine at position i and the cytosine (TRs)
or guanine (HRs) at position i − 2 along the same
strand. We also characterize the extended e-motif,
where all mismatched cytosines are extruded, their
extra-helical stacking additionally stabilizing the ho-
moduplexes.

INTRODUCTION

Atypical DNA secondary structures have been identified
as a common and causative factor for expansion in trinu-
cleotide and hexanucleotide repeat sequences that underlie
approximately 30 DNA expandable simple sequence repeat

(SSR) diseases (1–3). SSRs exhibit ‘dynamic mutations’ that
do not follow Mendelian inheritance: intergenerational ex-
pansion of SSRs is behind inherited neurodegenerative and
neuromuscular disorders known as ‘anticipation diseases’,
where the age of the onset of the disease decreases and its
severity increases with each successive generation (4–10).
After a certain threshold in the length of the repeated se-
quence, the probability of further expansion and the sever-
ity of the disease increase with the length of the repeat. The
expansion is believed to be primarily caused by some sort
of slippage during DNA replication, repair, recombination
or transcription (2,3,7–15), that involves transient separa-
tion of complementary DNA strands or exposure of a sin-
gle DNA strand. This, in turn, can lead to the formation
of hairpins and other secondary structures in the exposed
strand. Cell toxicity and death have been linked to the atyp-
ical conformation and functional changes of the RNA tran-
scripts, of DNA itself (3,16) and, when TRs are present in
exons, of the translated proteins (3,17–26).

In particular, sequences of the form d(CGG)·d(CCG) are
overexpressed in the exons of the human genome: CGG
SSRs are found in the 5′-untranslated region (5′-UTR) of
the fragile X mental retardation gene (FMR1) (27), while
CCGs are found both in the 5′-UTR and translated re-
gions of more than one gene. The normal range of the
CGG SSRs in the population is 5-54, with the last ten re-
peats increasing the probability of disease in descendants
(28,29). SSRs of 55–200 CGGs constitute premutations as-
sociated with fragile X-associated tremor ataxia syndrome
(FXTAS) in males (30) and premature ovarian failure in fe-
males (31). SSRs longer than 200 CGG cause the inherited
fragile X mental retardation syndrome (32). CCG SSRs are
related to three SSR diseases: the longest expansion occurs
in the FRM2 gene giving rise to chromosome X-linked men-
tal retardation (FRAXE) (33), and they also seem to play
a role in Huntington’s disease (34), and myotonic dystro-
phy type 1 (35). More recently, it has been found that a
d(GGGGCC)·d(GGCCCC) SSR in the first intron of the
C9ORF72 gene leads to a hexanucleotide repeat expansion
identified as the major cause behind frontotemporal demen-
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tia (FTD) and amyotrophic lateral sclerosis (ALS) (36,37).
While the unaffected population carries <20 repeats (gener-
ally no more than a couple), large expansions greater than
70 repeats and usually encompassing 250–1600 repeats have
been found in C9FTD and ALS patients.

In this work, we are interested in the C-rich repeat se-
quences. In order to understand the mechanisms underly-
ing sequence expansion, gene hypermethylation, and folate-
induced chromosomal fragile sites, it is crucial to elucidate
the secondary structure adopted by the C-rich sequences
d(CCG)n of various repeat length n. These sequences at-
tracted considerable interest over 20 years ago, when it
was found that the homoduplexes d(CCG)·d(CCG) (i.e. du-
plexes formed by the same CCG SSR strands) exhibited
an unusual DNA secondary structure termed the ‘e-motif ’
(38,39). This motif was seen in a solution NMR DNA an-
tiparallel duplex where each strand consisted of two repeats,
5′-(CCG)2-3′ (PDB ID 1NOQ). In this helical duplex, the
slipping of the strands leaves the two 5′-C terminal un-
paired, and a single central C·C mismatch surrounded by
two Watson-Crick pairs. The central mismatch gave rise to
the ‘e-motif ’, where the C bases in the mismatch symmetri-
cally flip out in the minor groove, pointing their base moi-
eties towards the 5′ direction in each strand.

Remarkably, since the initial publication of the NMR
DNA 5′-(CCG)2-3′duplex results in 1995, there has been
no other direct structural observation of the e-motif, re-
flecting the difficulty of experimental observation of flexible
DNA duplexes, made probably more labile by the presence
of the mismatches. However, there has been indirect obser-
vations that support the presence of e-motifs in DNA ho-
moduplexes and hairpins of various lengths. The two most
important results in this direction were obtained by chemi-
cal modification of the bases followed by subsequent cleav-
age (40,41). These studies also provided indirect evidence
to the proposition that d(GCC)n homoduplexes or hairpin
stems exhibit an extended e-motif formed by consecutive
extrahelical C·C mismatches. Finally, notice that the GCC
alignment in these duplexes is different from the CCG align-
ment in the NMR DNA duplex. However, since the short
strands slip with respect to each other in the two-repeat du-
plex, the NMR structure also exhibits CpG steps between
the Watson–Crick pairs.

In this work we present results from molecular dynamics
simulations that provide a detailed structural and dynami-
cal characterization of the e-motif. We first encountered an
e-motif in our study of the hexanucleotide repeats behind
ALS and C9FTD diseases (42). Here, we extend this study
and add the C-rich trinucleotide repeats in order to deter-
mine which sequences give rise to the e-motif, how stable
they are, and what are the transistion mechanisms which
transform the internal C·C mismatch to an e-motif.

MATERIALS AND METHODS

Molecular dynamics (MD)

The sequences employed in this work are shown in Figure 1.
The simulations were carried out using the PMEMD mod-
ule of the AMBER v.16 (43) software package with force
fields ff99 BSC1 (44), ff99 BSC0 (45) and OL15 (46) used in
different cases. A summary of the sequences and force fields

used is presented in Table 1. All the C·C mismatches are ini-
tially chosen in the anti-anti conformation, which represents
the minimum free energy conformation of the mismatches
in the phase space mapped out by the torsion angle confor-
mations.

The TIP3P model (47) was used for the water molecules,
along with the standard parameters for ions in the AM-
BER force fields (48). The long-range Coulomb interaction
was evaluated by means of the Particle-Mesh Ewald (PME)
method (49) with a 9 Å cutoff and an Ewald coefficient of
0.30768. Similarly, the van der Waals interaction were cal-
culated by means of a 9 Å atom-based nonbonded list, with
a continuous correction applied to the long-range part. The
production runs for MD were generated using the leap-frog
algorithm with a 2 fs timestep with Langevin dynamics with
a collision frequency of 1 ps−1. Conformations were saved
every picosecond. The SHAKE algorithm was applied to
all bonds involving hydrogen atoms. Regular MD was run
for all sequences, for times that vary between 1 and 2 �s. For
completion, we discuss results related to hexanucleotides re-
peats DC-1, DC-2 and SC-3, previously presented in Ref.
(42), which are revisited in order to find the common de-
nominator behind the e-motif formation. These simulations
are extended in the present work in order to include DC-1-
MUT, and DC-2emotif as specified in Table 1. DC-1-MUT is
obtained from sequence DC-1 by mutating bases G5, G16
to C’s and bases C9, C20 to G’s. These changes enable one to
probe the stability of e-motif structures in DC-1 HRs when
the mismatched cytosines form hydrogen bonds between C’s
rather than G’s. In addition, the DC-1-MUT and DC-2emotif
structures were constructed with an initial e-motif as shown
in Figure 1.

RESULTS

The duplexes considered in this study are shown in Figure 1,
and the main features of each duplex simulation are listed in
Table 1. An important issue when considering possible SSR
conformations is the nature of the Watson-Crick pairs that
surround the mismatches: sequences of the form 5′-(CCG)n-
3′ and 5′-(GCC)n-3′ (without slipping such that strand ends
are paired) exhibit Watson-Crick base pairs with GpC and
CpG steps, respectively. In order to facilitate the discussion
of our results, we have labeled the standard steps as L =
GpC=GC/GC, M = CpG=CG/CG and N = GG/CC;
and defined three classes of pseudo steps, as listed in Ta-
ble 2. With this notation, the step patterns, before and after
e-motif formation, are given in Table 3. In the following we
present our main results.

Spontaneous formation of e-motif in regular molecular dy-
namics

We carried out regular, unconstrained MD simulations for
sequences GCC4 and CCG4 shown in Figure 1A and B with
force fields BSC0 and BSC1 for 1 �s. Two initial confor-
mations were chosen: ideal A-DNA and ideal B-DNA. For
each force field, the two initial conformations quickly con-
verge. For the GCC4 sequence (but not for CCG4), spon-
taneous formation of an e-motif occurs in the BSC0 force
field. With respect to the hexanucleotides, we previously
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Figure 1. Schematics of the initial DNA helical duplexes considered in this study. The C mismatched bases are marked by solid green circles. Nucleotide
indexes are labeled by blue numbers. Hydrogen bonds are indicated by dashed red lines. More details about the duplexes and the corresponding simulation
results are provided in Table 1.

presented results corresponding to two sets of 1 �s regu-
lar MD with the BSC0 force field for the sequences DC-1,
DC-2, SC-3, Figure 1G–I. The DC-1 CCCGGC sequence
showed spontaneous formation of the e-motif. These tran-
sitions are shown in Movie S1 for GCC4 (residues 10th to
14th, and complementary) where the e-motif forms at ap-
proximately 600 ns, and Movie S2 for CCCGGC in DC-1
(residues 4th to 9th, and complementary) where the e-motif

forms around 300 ns and is stable for the remaining 700 ns
of the simulation.

Description and characterization of the e-motif

In the e-motif, the C bases (i residue) in a mismatch sym-
metrically flip out in the minor groove, pointing their base
moieties in the direction of the i − 2 residue (i.e. toward the
5′ direction in each strand). Figure 2 shows initial and late
conformations for GCC4 and DC-1, which form an e-motif,
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Table 1. Summary of molecular dynamics simulation results for the different DNA helical duplexes considered

Label Sequence Initial E-motif Force Field Time (ns) E-motif Status

GCC4 C-(GCC)4-G No BSC0, BSC1 1000 e-motif formation at 600 ns in BSC0
CCG4 G-(CCG)4-C No BSC0, BSC1 1000 No e-motif transition
DC-1 (CCCGGC)2 No BSC0, BSC1, OL15 1000 e-motif formation at 300 ns in BSC0
DC-2 (CGGCCC)2 No BSC0, BSC1, OL15 1000 No e-motif transition
SC-3 (CCCCGG)2, slipped No BSC0 1000 No e-motif transition

GCC5emotif (GCC)5 Yes BSC0, BSC1, OL15 1000 Stable
CCG5emotif (CCG)5 Yes BSC0, BSC1, OL15 1000 Mismatches become intra-helical for BSC1 &

OL15; e-motif in BSC0 loses H-bonds
GCC4extended C-(GCC)4-G Yes, extended e-motif BSC0, BSC1, OL15 2000 Stable extended e-motif for all three force fields
CCG4extended C-(GCC)4-G Yes, extended e-motif BSC0, BSC1, OL15 2000 Unstable e-motif for BSC1 and OL15; RMSD

around e-motif increases for BSC0
DC-1-MUT 5′(CCCGCCCCGGGC)3′

3′(CGGCGCCGCCCC)5′
Yes BSC0, BSC1, OL15 1200 e-motif lost at 250 ns in BSC0, at 170 ns in BSC1,

at 35 ns in OL15
DC-2emotif (CGGCCC)2 Yes BSC0, BSC1, OL15 1200 e-motif lost at 350 ns in BSC0, at 60 ns in BSC1, at

32 ns in OL15

Table 2. Steps and pseudo steps exhibited by the homoduplexes with mismatches

Nomenclature Description

L = GpC=GC/GC Standard basepair step
M = CpG=CG/CG

N = GG/CC=CC/GG

LC = GC/CC=CC/GC Pseudo GpC step L containing intrahelical C mismatches
MC = CG/CC=CC/CG Pseudo CpG step M containing intrahelical C mismatches

W = CC/CC Pseudo step containing two intrahelical C mismatches

LL = GC//GC
MM = CG//CG

Pseudo steps where the two basepairs of the step are simply stacked on top of each other but not
covalently linked along the backbone (because C’s have been extruded)

LLC = GC//CC=CC//GC
MMC = CG//CC=CC//CG

Pseudo steps like LC and MC, but the G–C or C–G basepairs are not covalently linked to the C
intrahelical mismatches (because one of the two C–C mismatches has been extruded)

Table 3. Step changes for different DNA homoduplexes before and after e-motif formation

and CCG4 and DC-2, which do not form an e-motif. Sev-
eral quantities can be defined to clearly describe the transi-
tion from an intra-helical C–C mismatch to an e-motif. In
Figure 3 we show some of these quantities for the formation
of an e-motif in GCC4 (compared to CCG4, which does
not exhibit an e-motif). In the figure we can see clear tran-
sitions for the mismatch in GCC4, involving some interme-
diate transition states, between well defined initial and final
average values. Shown are the partial handedness (50) of the
C12–C17 mismatch (from 0.5 to –0.5); the pseudodihedral
angle (�12) that describes the base unstacking of C12 with
respect to the helical axis (51) (from ∼60◦ to ∼−100◦); the
center-of-mass distance (ep-distance) between basepairs ad-
jacent to the mismatch, in this case basepairs 11–16 and 13–
18 (from 7 to 4 Å); and the ‘e-motif distance’ (ec-distance),

defined as the distance between the N4 atom of C12 and the
O2 atom of C10 in GCC4 or the N3 atom of G10 in CCG4
(from 7.5 Å to 4 Å). Since the spontaneous transition did
not happen in the BSC1 and OL15 force fields in this time
scale, the values of these quantities stay consistently near
the initial values, as shown for instance in Supplementary
Figures S1 and S2. In our work with the hexanucleotides
(42), we showed that the backbone torsion angles � and
� (that normally display an anticorrelation such that their
sum stays constant) behave such that � + � correspond-
ing to a mismatched base decreases approximately by 100◦
when the base flips into the minor groove. Thus, intrahelical
C mismatches have � + � � 340◦ while C mismatches flipped
out into the minor groove have � + � � 240◦, as shown in
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Figure 2. Initial (left) and final (right) structures for (A) GCC4, (B) CCG4, (C) DC-1 and (D) DC-2 structures obtained from the molecular dynamics
simulations. The bases in the C·C mismatches that form an e-motif are shown in red. Those flipped out of the inner helix but not forming an e-motif are
shown in green.

Figure 3. Time dependence of quantities characterizing the transition to
an e-motif. Results for duplexes CCG4 and GCC4 are shown in black
and red, respectively. (A) Partial handedness of the C12–C17 mismatch; (B)
pseudodihedral angle (�12) describing the base unstacking of C12 with re-
spect to the helical axis; (C) center-of-mass distance (ep-distance) between
basepairs 11–16 and 13–18; (D) ‘e-motif distance’ (ec-distance), defined as
the distance between the N4 atom of C12 and the O2 atom of C10 in GCC4
or the N3 atom of G10 in CCG4.

Figures 5 and 8. Hydrogen bonding for the e-motif is dis-
cussed below.

The e-motif is stable under the three force fields

Since the time scale for the spontaneous formation of the e-
motif under the force fields BSC1 and OL15 can potentially
be rather large, we decided to check the stability of an ini-
tial, built-in e-motif. Thus, we have built a (GCC)5 duplex
with an internal e-motif Figure 1C and checked for stabil-
ity. Results for GCC5emotif under the three force fields are
shown in Supplementary Figures S3 and S4 in the SI. Sup-
plementary Figure S3 shows the RMSD of the middle 14
residues around the e-motif (R5-R11 and R20-R26), while
Supplementary Figure S4 shows the RMSD of the bases
participating in the pseudo GpC step (bases G7, C9, G22
and C24). Up to 1 �s, the e-motif is stable in the three
force fields; the only change occurs in BSC0 where there
are fluctuations in the e-motif in the interval 200–300 ns,
after which the e-motif stabilizes again. One final observa-
tion: the e-motif in our simulations is stable for four and
five trinucleotide repeats. The NMR study showed that two
repeats can also form an e-motif, so we additionally ran 1
�s simulations of a single trinucleotide surrounded by one
G–C Watson–Crick base pair at the end. For the single trin-
ucleotide, the e-motif unraveled in our simulations.

A single e-motif is partially stabilized by the formation of hy-
drogen bonds between the C bases (i residue) in a mismatch
and the i − 2 bases: these are C bases in the case of (GCC),
and G bases in the case of (CCCGGC) in DC-1

A hydrogen bond analysis for the e-motif in GCC5emotif and
CCG5emotif is shown in Figure 4. The most important hy-
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Figure 4. Hydrogen bond population for 1 �s simulation of GCC5emotif as
obtained form the three force fields: (A) BSC0; (B) BSC1; (C) OL15. The
x-axis indicates the hydrogen bond, while the y-axis gives its percentage
over the duration of the simulation. Cyan color shows the percentage of
the hydrogen bond on one strand and the red color shows the symmetric
bond on the other strand. Blue and orange bars show hydrogen bonds for
CCG5emotif.

drogen bonds stabilizing the extruded bases in GCC5emotif
are C8(N4)–C6(O2) and its equivalent C23(N4)–C21(O2)
for both BSC0 and OL15; and C8(N4)–C26(O3′) and its
equivalent C23(N4)–C11(O3′) for BSC1, which––unlike
the previous bond––represents hydrogen bonding across
strands. We notice that in the experimental NMR du-
plex (PDB ID 1NOQ) the hydrogen bonds are of the type
C8(N4)-C6(O2) and its equivalent C23(N4)-C21(O2), vali-
dating the results for BSC0 and OL15. For CCG5emotif the
only hydrogen bonds that have any measurable presence
are C8(N4)–G6(N3) and its equivalent on the other strand,
C23(N4)–G21(N3). Now we turn to the hexanucleotides.
Figure 7 shows the time evolution of the number of hydro-
gen bonds for the hexanucleotides. The top panel shows the
data for DC-1, where the initial mismatches are all intra-
helical. Before 100 ns, the mismatch C7-C18 is still intrahe-
lical. After the flipping out of the mismatched bases C7 and
C18 into the minor groove is completed, C7 forms hydrogen
bonds with G5 and C18 does so with G16. Of these bonds,
the most important are C7(N4)-G5(N3) and its equivalent
on the other strand, C18(N4)–G16(N3).

The e-motif occurs in paired-end homoduplexes of (GCC) and
(CCCGGC) SSRs, but not in the other reading frames

First, we discuss the trinucleotide repeat results. For none of
the three force fields did the CCG4 duplexes spontaneously
formed an e-motif. To further check the stability of the e-
motif in CCG sequences, we built a (CCG)5 duplex with an
internal e-motif Figure 1D and probed its stability. Results
for the CCG5emotif under the three force fields are shown
in Supplementary Figures S5 and S6 in the SI. Supplemen-
tary Figure S5 shows the RMSD of the middle 14 residues
around the e-motif (R5-R11 and R20-R26), while Supple-
mentary Figure S6 shows the RMSD of the bases partic-
ipating in the pseudo CpG step (bases C7, G9, C22 and
G24). The e-motif quickly unravels and the mismatched C

bases become intrahelical for both BSC1 and OL15. This
transition is shown in Movie S3 (residues 6th to 10th, and
complementary) for force field BSC1. The transition for
these two force fields can be identified by the sum of the
backbone torsion angles � + � , as shown in Figure 5 which
goes from �240◦ to �340◦ as the mismatched bases become
intrahelical. For BSC0 the mismatched bases continue be-
ing extrahelical in the 1 �s of the simulation, but their char-
acteristic hydrogen bond pattern decays with time as shown
in Figure 6.

Now we turn to the hexanucleotides. In previous work
(42), we showed that the sequence in DC-1 led to the for-
mation of an e-motif, that forms around 300 ns and is stable
for the remaining 700 ns of the simulation. By contrast, se-
quences in DC-2 and SC-3 did not form an e-motif. In DC-
2, the bases of a mismatch alternate between the minor and
major grooves, while SC-3 is unstable and either unfolds or
converts to the more stable DC-1 duplex. To dispel the pos-
sibility that DC-2 may not have formed an e-motif because
the simulation was not long enough, we have extended this
work by choosing as initial conformation for DC-2 one with
an e-motif. A movie showing the time evolution of this du-
plex is shown in Movie S4. The initial e-motif unravels at
different times for each of the force fields (Table 1), lasting
longer for BSC0, where it is stable for about 350 ns. However
after that, the bases turn back into the helix. They also push
the bases in the flanking mismatch into the major and minor
grooves occasionally, but none of the mismatches formed an
e-motif again. In fact, the dynamical configurations are the
same as those observed for DC-2 in our previous work. Fi-
nally, the time evolution of the mutated case in DC-1-MUT
(which does not belong to any SSR) is shown in Movie S5.
The initial e-motif also unravels at different times for each
of the force fields (Table 1), lasting longer for BSC0, where
it is stable for about 250 ns, but then the bases turn towards
the inner helix, with the base C7 flipping in and out of the
helix, and affecting with its motion the base C6 in the flank-
ing mismatch. The unraveling of the e-motif is quantified in
the middle and bottom panels of Figure 7 and in Figure
8, and in Figure 10. In Figure 7, duplex DC-1 starts with
no e-motif but forms one at mismatch C7-C18 at about 300
ns. Both DC-1-MUT and DC-2emotif start with an e-motif
at C7–C18 and hydrogen bonds between mismatched bases
at position i and those at i − 2, i.e. C7–C5 and C18–C16,
which disappear as the system evolves. Figure 8 shows the �
+ � jump of 100◦ as the e-motif is formed in DC-1 (negative
jump), and as the initial e-motif disappears in DC-1-MUT
and DC-2emotif (positive jump).

Creation of the e-motif is favored by the formation of pseudo
GpC steps when the bases in the C·C mismatches are extruded

Figure 9 shows the G–G stacking that occurs in a pseudo
GpC step after the C mismatches have been extruded (LL
in our notation) in a GCC sequence, whose consequence
is a better overall stacking of the helix. This fact explains
why in homoduplexes with paired ends, the e-motif occurs
in GCC sequences (formation of LL steps after extrusion)
but not in CCG sequences (formation of MM steps after
extrusion). Supplementary Figure S7 shows the overlap ar-
eas of the basepair ring atoms of the pseudo GpC step for
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Figure 5. Backbone torsion angles (� + � ) for trinucleotide repeats. Sum of torsion angles (� + � ) for bases 6–10 (black) and 21–25 (red) as a function of
time for CCG5emotif as obtained from the different force fields. The rectangle with dashed lines indicates the transition in BSC1 and OL15.
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Figure 6. Hydrogen bond population versus time for CCG5emotif as ob-
tained from BSC0 simulations. Black: C8(N4)–G6(N3); red: C23(N4)–
G21(N3).

for GCC5emotif; the distribution functions have a peak at
around 2.6 Å2. For the hexanucleotide repeats, the step na-
ture becomes slightly more complicated. In DC-1, the extru-
sion of the bases in an e-motif leads to a pseudo GpC (LLC)
step, such that the new step pattern around the intra-helical
mismatch (the one that was not extruded) is N-LC–LLC-N.
By contrast, flipping of the bases of the C7–C18 mismatch
in DC-2 results in a pseudo CpG (MMC) step, such that the
new step pattern around the intra-helical mismatch is N-
MC–MMC-N, and therefore the e-motif is not favored. Sup-
plementary Figure S8 shows the overlapping for steps LLC
and MMC for DC-1 and DC-2 respectively, for an almost
perfect e-motif in C7–C18. While there is good overlap in
LLC in DC-1, there is almost no overlap for the MMC step

in DC-2. This trend is reinforced by the previous steps (not
shown): LC in DC-1 has good overlap, but MC in DC-2 does
not. Finally, in the mutated case DC-1-MUT, flipping of the
C7–C18 bases leads to a step pattern L-MC–LLC-M, which
cannot completely stabilize the e-motif. Figure 10 shows the
overlap areas of the basepair ring atoms of the pseudo GpC
steps (LLC) of DC-1 and DC-1-MUT, as well as the over-
lap areas of the pseudo CpG steps (MMC) of DC-2emotif as a
function of time for the 1 �s run.

The extended e-motif is stabilized by highly cooperative in-
teractions

Finally, we have considered the stability and structural char-
acteristics of the extended e-motif, when all the C·C mis-
matches are extruded in e-motifs. In order to characterize
this motif, we have considered the duplexes GCC4extended
and CCG4extended shown in Figure 1E and F, with four con-
secutive e-motifs. In addition to the favorable stacking af-
forded by pseudo GpC steps, the extended e-motif is fur-
ther stabilized by the stacking of the extruded C bases them-
selves (see Figures 13 and 14). Figure 11 shows the RMSD
of the central section (residues 4–12,18–26) of the duplexes
GCC4extended and CCG4extended with respect to the initial
frame in a 2 �s MD simulation for the three force fields.
These figures suggest that GCC4extended is stable in the 2
�s time scale, while CCG4extended start to deviate from the
initial structure at late times: the duplex in BSC1 shows a
considerable increase of RMSD at approximately 1.6 �s,
the OL15 RMSD shows a smaller jump at approximately
the same time, while the average RMSDs for the BSC0 du-
plexes increases slowly and monotonically from an ‘early’
value of 1.4 Å at 10 ns to a value of 2.7 Å at 2 �s. Sup-
plementary Figure S9 shows the time behavior of the first
principal component of internal nucleotides (nucleotides 4-
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Figure 7. For hexanucleotide repeats, number of hydrogen bonds between mismatched bases at position i and nucleotides along the same strand at position
i − 2. Left: Number of total hydrogen bonds between C7 and nucleotide 5 (black); and C18 and nucleotide 16 (red). Right: Number of most important
hydrogen bonds, in black: C7(N4)–G5(N3) for DC-1; C7(N4)–C5(O2) for DC-1-MUT and DC-2emotif; and between equivalent positions in the other
strand (C18 and G16 or C16) in red. Data is averaged every 250 ps.

Figure 8. Backbone torsion angles (� + � ) for hexanucleotide repeats. Sum of torsion angles (� + � ) for bases 4–6 (black) and 16–21 (red) as a function of
time for DC-1 (left), DC-1-MUT (middle) and DC-2emotif (right).
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Figure 9. Pseudo GpC stacking LL in GCC trinucleotide repeats. (A) G-
G stacking of the hexagon part on the base for the pseudo GpC step LL;
(B) most populated hydrogen bond O2–N4 for the BSC0 and OL15 force
fields; (C) most populated hydrogen bond O3′–N4 for BSC1 results.

Figure 10. Overlap areas of the basepair ring atoms of pseudo steps in hex-
anucleotides. Specifically, bases 6 and 8; and 17 and 19 in Figure 1G, J, K
are considered. Here, we show results for (A) pseudo GpC step LLC in DC-
1; (B) pseudo GpC step LLC in DC-1-MUT; (C) pseudo CpG step MMC
in DC-2emotif.

12, 18-26) as obtained from a principal component anal-
ysis (PCA). GCC4extended is characterized by regular fluc-
tuations in the three force fields, while CCG4extended dis-
plays a breaking of symmetry around the zero eigenvalue
in both BSC1 and OL15, signaling a conformational transi-
tion. Figure 12 shows the hydrogen bonds with highest per-
centage in GCC4extended associated with the extruded C6,
C9, C12 bases and the symmetric ones on the other strand.
Notice that while OL15 displays consistently intra-strand
Ci(N4)–C(i − 2)(O2) bonding, BSC0 shows two of these
(for C6 and C12) and one inter-strand bonding [C9(N4)–
C24(O3′)], and BSC1 shows three inter-strand bondings
Ci(N4)–C(33 − i)(O4′). Finally, Figures 13 and 14 show the
stacking of the extruded C bases themselves for the BSC1
and OL15 force fields, respectively. The inter-strand hydro-
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Figure 12. Hydrogen bonds in extended e-motif GCC duplexes. Hydro-
gen bonds with highest percentage in GCC4extended associated with the ex-
truded C6, C9, C12 bases and the symmetric ones on the other strand.
Cyan color shows the percentage of the labeled hydrogen bonds and red
color shows the symmetric ones on the other strand. Results are given for
the different force fields: (A) BSC0; (B) BSC1; (C) OL15.

gen bonding in BSC1 leads to better C-C stacking than the
inter-strand bonding in OL15.

DISCUSSION

In this work, we have presented results from MD simula-
tions that provide a detailed structural and dynamical char-
acterization of the e-motif, along with the factors that sta-
bilize it. The initial duplex with an e-motif as revealed by an
NMR study by Gao et al. in 1995 (38) supplied the first ev-
idence that the C·C mismatch pairs were flexible enough to
produce a significant conformational change within a DNA
double helix. After that, two important studies (40,41) pro-
vided indirect evidence of the presence of e-motifs. These
studies employed chemical modification of the bases fol-
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Figure 13. CC stacking pattern for the GCC4extended duplex for the BSC1
results. Left figure shows the stacking of C6–C26 and C12–C20, right figure
shows the stacking of C8–C23 after a rotation around the central axis. The
inset in the middle shows the close view of C12–C20 stacking.

lowed by subsequent cleavage. The modifications involved
guanine and cytosine chemical modifications in DNA hair-
pins with DMS and hydroxylamine respectively (40), and
by mechlorethamine crosslinking reaction in DNA homod-
uplexes of the form d(GCC)n ·d(GCC)n (41). Both studies
found that the helical part (standard duplex or hairpin stem)
contains CpG steps between the Watson-Crick pairs and
that the C·C mismatches are extrahelical. It is important
to note that although the mechanisms of chemical modi-
fication probably occurred after the extrusion of the mis-
matched C bases, one cannot ultimately exclude the possi-
bility that the chemical process itself could induce the ex-
trahelical cytosine conformations. Given that the C·C mis-
match is the least stable mismatch pair, these can easily be-
come unstacked from the core helix, flipping outside the he-
lix depending on their local environment. These studies also
provided indirect evidence to the proposition that d(GCC)n
homoduplexes or hairpin stems exhibit an extended e-motif
formed by consecutive extrahelical C·C mismatches, some-
thing that could not be achieved in the short sequence em-
ployed by the NMR study. Based on their indirect evidence,
Yu et al. (40) proposed a schematic of an extended e-motif
that is in remarkable agreement with the atomic structures
presented in this work.

An important issue when considering possible SSR con-
formations is the nature of the Watson-Crick pairs that sur-
round the mismatches: sequences of the form 5′-(CCG)n-3′
and 5′-(GCC)n-3′ (without slipping such that strand ends
are paired) exhibit Watson-Crick base pairs with GpC and
CpG steps, respectively. The slipping of strands with re-
spect to each other in the (CCG) DNA NMR structure 5′-
(CCG)2-3′ (PDB ID 1NOQ) (38) results in CpG steps (as
opposed to the GpC steps that would result if the DNA
strands were paired at the ends). The importance of the
steps has been pointed out before. In the scheme introduced
by Darlow and Leach (52,53), hairpins were classified ac-
cording to the alignment of the sides of the hairpins and
the presence of an odd or even number of unpaired bases in
the loop: ‘frame 1′ corresponds to GpC steps between the
Watson–Crick basepairs in the hairpin stem, while ‘frame 2′

Figure 14. CC stacking pattern for the GCC4extended duplex for the OL15
results. Left figure shows the stacking of C6–C26 and C12–C20, right figure
shows the stacking of C8–C23 after a rotation around the central axis. The
stacking is not as strong as in BSC1 because the extruded C bases have
hydrogen bonds with bases along the same strand. Hydrogen bonds are
shown in purple inside the circles. The inset in the middle shows the close
view of C12–C20 stacking.

corresponds to CpG steps between the Watson-Crick base-
pairs in the stem (a ‘frame 3’ corresponds to alignment
CGC that lacks Watson-Crick basepairs, and therefore cor-
responds to a considerably less stable structure). For the
hexanucleotides, there are three possible alignments for the
C-rich sequences: DC-1 and DC-2 combine neighboring
Double C·C mismatches separated by four Watson–Crick
basepairs; DC-1 combines CC/GG and CpG steps; DC-
2 combines GG/CC and GpC steps. The third alignment
is SC-3, that combines Single C·C mismatches separated
by two Watson-Crick basepairs. This duplex only contains
CC/GG steps. In order to facilitate the discussion, we in-
troduced a notation for pseudo steps in Tables 2 and 3. In
the following we discuss our main results.

The e-motif is stable under the three force fields

In a related context, we have calculated the various free en-
ergy maps for the mismatch conformations in CCG, GCC,
GGC and CGG trinucleotide repeats, and show that the
force fields BSC0, BSC1 and OL15 all share the same min-
ima for the mismatch conformations. The main difference is
that barriers between these minima are lowest for BSC0 and
largest for BSC1, with OL15 providing for intermediate bar-
riers. Thus, transitions between mismatch conformations
corresponding to different global and relative minima sta-
tistically will happen faster in BSC0 than in BSC1. Indeed,
we see spontaneous formation of e-motifs during regular
MD in a few hundreds of nanoseconds both in trinucleotide
repeats (GCC4) and hexanucleotide repeats (DC-1) under
the BSC0 force field. The slower transitions in BSC1 could
easily put the e-motif formation completely out of range
for the current computer capabilities available. Instead, we
built a (GCC)5 duplex with an internal e-motif Figure 1C
and checked its stability. Up to 1 �s, the e-motif is stable in
the three force fields. This is of course no proof that the e-
motif is a minimum in the free energy map, but strongly sup-
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ports this when considered with the rest of the results and
the experimental data. Incidentally, our study for the single
e-motif also seems to indicate that OL15 is perhaps most
suited for the description of mismatches. Both BSC1 and
OL15 were created as an attempt to correct deficiencies in
BSC0. The e-motif is formed readily under the BSC0 force
field. BSC1 has relatively high free energy barriers between
relative minima that correspond to labile mismatch confor-
mations observed experimentally (i.e. BSC1 seems to be too
rigid for mismatches) and it does not reproduce the hydro-
gen bond pattern of the NMR structure 1NOQ. OL15, on
the other hand, behaves properly as far as formation of the
e-motif and hydrogen bond patterns (compared to the only
experimental structure that provides atomic detail). How-
ever, for the extended e-motif, for which there is no experi-
mental structural data, the stacking of the extruded C bases
is optimized for BSC1 (across strands).

Description and characterization of the e-motif

In the e-motif, the C bases (i residue) in a mismatch sym-
metrically flip out in the minor groove, pointing their base
moieties in the direction of the i − 2 residue (i.e. toward
the 5′ direction in each strand). This is seen in Figure 2
for GCC4 and DC-1. The transition from an intra-helical
C·C mismatch to an e-motif can be described quite dis-
tinctly by several quantities that involve some intermediate
transition states between well defined initial and final aver-
age values that are very different, as described in the Re-
sults section. These quantities (shown for trinucleotides in
Figures 3, 5 and 8) include (i) partial handedness of the e-
motif; (ii) pseudodihedral angles describing the mismatched
base unstacking with respect to the helical axis; (iii) the
center-of-mass distance (ep-distance) between the basepairs
surrounding the mismatch; (iv) the ‘e-motif distance’ (ec-
distance), defined as the distance between the N4 atom of a
mismatched C base at position i and the O2 atom of the C
base at position i − 2 in GCC4 or the N3 atom of G base at
position i − 2 in CCG4 and (v) the sum of backbone torsion
angles � + � that decreases approximately by 100◦ when the
mismatched base flips into the minor groove.

Creation of the e-motif is favored by the formation of pseudo
GpC steps when the bases in the C·C mismatches are ex-
truded. Consequently, the e-motif is stable in paired-end ho-
moduplexes of (GCC) and (CCCGGC) SSRs, but not in the
other reading frames

In trinucleotide repeats, the extrusion of the C mismatches
results in a pseudo GpC step LL in a pair-ended GCC se-
quence, which leads to G-G stacking in the adjacent base-
pairs (Figure 9) and a better overall stacking of the helix.
This fact explains why in homoduplexes with paired ends,
the e-motif is favored in GCC sequences (formation of LL
pseudo steps after extrusion) but not in CCG sequences
(formation of MM pseudo steps after extrusion, see Table 3).
Indeed, the simulations presented here show spontaneous
formation of e-motif in GCC4 but not in CCG4. They also
show stability in the three force fields of the initial e-motif
in GCC5emotif (Figure 4, and Supplementary Figures S3 and
S4 in the SI), but not for CCG5emotif (Figure 5, and Supple-
mentary Figures S5 and S6 in the SI). In the latter case, the

e-motif quickly unravels and the mismatched C bases be-
come intrahelical for both BSC1 and OL15. For BSC0 the
mismatched bases continue being extrahelical in the 1 �s of
the simulation, but their characteristic hydrogen bond pat-
tern decays with time as shown in Figure 6.

For the hexanucleotide repeats, this argument still holds,
even though the presence of two mismatches makes the
helix less stable and introduces some additional nuances.
First, we notice that due to the symmetry of the DC-1 and
DC-2 sequences, the bases of either of the two mismatches,
C7–C18 or C6–C19, can be extruded to form equivalent e-
motifs. In DC-1, the extrusion of the bases in an e-motif
leads to a pseudo GpC (LLC) step, such that the new step
pattern around the intra-helical mismatch (the one that was
not extruded) is N-LC–LLC-N. By contrast, flipping of the
bases of the C7–C18 mismatch in DC-2 results in a pseudo
CpG (MMC) step, such that the new step pattern around
the intra-helical mismatch is N-MC–MMC-N, and therefore
the e-motif is not favored. Finally, in the mutated case DC-
1-MUT, flipping of the C7–C18 bases leads to a step pat-
tern L-MC–LLC-M, which cannot completely stabilize the
e-motif. The overlap areas of the pseudo steps (Supplemen-
tary Figure S8 and Figure 10) reflect the stability of the he-
lical stacking as DC-1 forms an e-motif and DC-1-MUT
and DC-2emotif lose their initial e-motif. Notice that the ex-
truded bases in DC-1 at position i form hydrogen bonds
C(N4)-G(N3) with the G bases at position i − 2. Instead,
both DC-1-MUT and DC-2 form C(N4)–C(O2) hydrogen
bonds with C bases at position i − 2. Given that the O2–
H–N4 hydrogen bonds are in principle stronger than the
N3–H–N4 hydrogen bonds, but that C(N4)–C(O2) cannot
stabilize either DC-1-MUT or DC-2emotif, it is clear that the
favorable stacking of the overall helix afforded by the GpC
pseudo steps is the predominant factor for the formation of
e-motifs.

The single e-motif is partially stabilized by the formation of
hydrogen bonds between the C bases (i residue) in a mismatch
and the i − 2 bases: these are C bases in the case of (GCC),
and G bases in the case of (CCCGGC) in DC-1

The most important hydrogen bonds stabilizing the ex-
truded bases in GCC sequences are Ci, mismatch(N4)–
C(i − 2), Watson–Crick(O2) for both BSC0 and OL15, as well as
for the experimental NMR duplex in 1NOQ (Figure 4).
On the other hand, BSC1 finds an inter-strand hydrogen
bond between the N4 atom of the mismatched C base in
one strand, and the O3′ atom of the next mismatched C in
the opposite strand. For the (CCCGGC) hexanucleotide the
most important hydrogen bond is Ci(N4)–G(i − 2)(N3) (Fig-
ure 7).

The mismatched C bases in an e-motif are always in the minor
groove

This property is directly linked to point (C) above: from Fig-
ure 1 it is clear that a GpC pseudo step LL in a GCC trinu-
cleotide repeat means that the extruded C basis is preceded
(in the 5′ direction) by a G basis, while in a CpG pseudo
step MM in a CGG trinucleotide repeat it is followed (in the
3′ direction) by a G basis. The step arrangements have im-
mediate consequences on the rotation paths followed by the
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extruded bases. A mismatched C preceded by a G in the 5′
direction favors a rotation path towards the minor groove
such that the sum of backbone torsion angles � + � de-
creases approximately by 100◦ when the base flips into the
minor groove. On the other hand, a mismatched C followed
by a G in the 3′ direction favors a rotation path towards
the major groove such that the difference of backbone tor-
sion angles ε − � increases approximately by 290◦ when the
basis flips into the major groove, as we have shown in our
previous work (42). Once the base has flipped into the mi-
nor groove, it finds it easier to form hydrogen bonds with
bases in the 5′ direction due to the narrower space. Instead
bases extruded into the major groove find themselves in a
wider space and flip back and forth, unable to stably anchor
themselves to another base. The same argument applies to
the hexanucleotides, except that in this case it is the double
mismatches that must be preceded by a G in the 5′ direction
in order for one of them to flip into the minor groove (as
stated before, both mismatches are completely equivalent).
Thus DC-1 favors e-motifs but DC-2 does not. SC-3 is a spe-
cial case as it is less stable than the other two. Topologically,
it is also more different as single mismatches are intercalated
every two Watson–Crick basepairs. In our previous work,
we found that in 1�s run, the duplex unraveled and in an-
other 1�s run, one strand slipped and the duplex adopted a
DC-1 conformation. However longer repeats might be more
stable, in which case mismatches like C7–C18 would favor e-
motif which may help to stabilize the helix (but not C4–C22
or C10–C16).

The extended e-motif is stabilized by highly cooperative in-
teractions

In addition to the favorable stacking afforded by pseudo
GpC steps, either LL in trinucleotides or LC–LLC in hexanu-
cleotides, and the hydrogen bonds between the mismatched
bases and other nucleotides, the extended e-motif is further
stabilized by the stacking of the extruded C bases them-
selves (Figures 13 and 14). The net result is a very sta-
ble anomalous secondary structure. Our simulations sug-
gest that GCC4extended is stable in the 2 �s time scale, while
CCG4extended start to deviate from the initial structure at
late times. The pattern of stabilizing hydrogen bonds for
GCC4extended depend on the force field: OL15 displays con-
sistently intra-strand Ci(N4)–C(i − 2)(O2) bonding, BSC0
shows two of these (for C6 and C12) and one inter-strand
bonding [C9(N4)–C24(O3′)], and BSC1 shows three inter-
strand bondings between the N4 atom of the Ci mismatched
base in one strand and the O4′ atom of the next Watson-
Crick paired C in the opposite strand. It is clear that the
additional cooperativity provided by the C-stacking enor-
mously extends the time scale to probe the stability of the
extended e-motif. The results presented here are only indica-
tive that the e-motifs in GCC4extended are stable and that
those in CCG4extended may eventually unravel and become
intra-helical mismatches. Finally, there is the question of
whether cytosines may be protonated and how that might
affect our results. Experimentally, C protonation seems to
depend (not surprisingly) on the environment. Of the two
studies that proposed an extended e-motif, one (40) re-
ported that some C mismatches are protonated, but the

other (41) did not, mainly the N3 are used for crosslink-
ing with mechlorethamine (see Figure 2B in (41)). More-
over, the NMR structure by Gao et al. does not contain
protonated cytosines (but the sequence is very short with
only one e-motif). Our simulations were carried out with
unprotonated Cs, but we make the following observations.
If the Cs were initially protonated (before they form e-motif)
they would tend to stabilize intrahelical mismatches by an
additional hydrogen bond, as has been reported, for in-
stance, in parallel DNA helices, and they would not favor
the formation of the e-motif. Once the C bases are extruded,
they can probably protonate. However, that would not make
an important difference in the results presented here: the
main driving force behind the formation of the e-motif is
the stacking provided by the pseudo GpC steps of various
forms, because it stabilizes the helical duplex, both for sin-
gle an extended e-motif. In addition, observation of the ex-
tended e-motif indicates that due to spatial constraints, the
stacking of extruded C bases can only take two forms: either
intra-strand as obtained with OL15, or inter-strand as ob-
tained with BSC1 (of course, along the duplex there could
be an assortment of these, as shown by BSC0). Thus proto-
nated Cs will not find a ‘third’ form of extruded-cytosine
stacking, although they might favor one form versus the
other.

Biological implications

As discussed in the introduction, the first step in the expan-
sion of SSR is the formation of atypical secondary struc-
tures in single-stranded DNA. To date, there is no complete
understanding of how exactly this happens or why there is a
critical threshold length that makes the repeating tract un-
stable and triggers the onset of pathology. The initial in-
tuitive explanation (3,14,54–58) was that it is the minimal
length at which the DNA atypical secondary structure be-
comes stable. However, as discussed by Lee and McMur-
ray (59), small-sized loops can be stable. Instead, in sin-
gle strand breaks or on Okazaki fragments during replica-
tion, there is a competition between duplex reconstitution
(no mutation) and secondary structure formation in the sin-
gle strand (leading to a premutation). If the gap filling syn-
thesis cannot prevent or runs past a relatively stable self-
pairing in the strand, then the excess bases initiate folding
into secondary structure in the SSR strand. The details of
this atypical DNA secondary structure are important for
a complete understanding of sequence expansion; gene hy-
permethylation; interactions with proteins involved in tran-
scription coupled repair (TCR) nucleotide excision repair
(NER), flap endonuclease 1 (FEN1), DNA mismatch repair
(MMR, especially MutS�, whose abnormal binding to SSR
hairpins has been linked to SSR expansion), and others.
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44. Ivani,I., Dans,P., Noy,A., Pérez,A., Faustino,I., Hopsital,A.,
Walther,J., Andrio,P., Goni,R., Balaceanu,A. et al. (2016) Parmbsc1:
a refined force field for DNA simulations. Nature Meth., 13, 55–58.

45. Perez,A., Marchan,I., Svozil,D., Sponer,J., Cheatham,T.E.,
Laughton,C.A. and Orozco,M. (2007) Refinement of the AMBER
force field for nucleic acids: improving the description of �/�
conformers. Biophys. J., 92, 3817–3829.
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