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ABSTRACT

The AUTS2 gene has been shown to influence
brain development by controlling the number of
neurons, promoting the growth of axons and den-
drites and regulating neuronal migration. The ex-
pression of two isoforms of AUTS2 protein is pre-
cisely regulated and misregulation of their expres-
sion has been correlated with neurodevelopmental
delay and autism spectrum disorder. A CGAG-rich
region, which includes a putative protein binding
site (PPBS), d(AGCGAAAGCACGAA), was found in
the promoter region of AUTS2 gene. We show that
oligonucleotides from this region adopt thermally
stable non-canonical hairpin structures stabilized by
G:C and sheared G:A base pairs arranged in a repeat-
ing structural motif we termed CGAG block. These
motifs are formed consecutively, in a way that ex-
ploits a shift in register throughout the whole CGAG
repeat to maximize the number of consecutive G:C
and G:A base pairs. The differences in CGAG repeat
shifting affect the structure of the loop region, where
PPBS residues are predominantly located, specifi-
cally the loop length, types of base pairs and the
pattern of base-base stacking. Finally, we propose
a previously unexplored mechanism, by which dif-
ferent folds in the CGAG-rich region could cause a
switch in expression between the full-length and C-
terminal isoforms of AUTS2.
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INTRODUCTION

It is well established that DNA is not necessarily involved
just in storage of genetic information encoded in the se-
quence of nucleotides and carried from one generation to
the other in the form of double helix. A variety of non-
canonical structures were identified with structural charac-
teristics strongly dependent on the nucleotide sequence and
external conditions such as pH, type of ions and their con-
centration (1-5). Formation of such structures was shown
to affect vital cellular processes such as DNA replication,
gene transcription, and elongation of telomeres indicat-
ing a potential mechanism for natural or ligand-induced
regulation (6-9). Further supporting their role in biologi-
cal processes, different studies employing structure-specific
antibodies and immunofluorescence showed that the for-
mation of non-canonical DNA structures is dependent on
the stage in the cell cycle (10,11). Sequences predisposed
to form structures other than B-DNA were also linked
to increased mutagenesis and genetic instability (12-14).
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Non-canonical structures differ from canonical B-DNA
double helix in various structural elements, which makes
them potential targets for protein recognition and disease
therapy (15-19).

More than 50, mostly neurological, diseases were asso-
ciated with the expansion of short (3—12 nt) nucleotide re-
peats scattered across both coding and non-coding regions
of genes (20,21). A significant number of nucleotide repeats
were shown to adopt various types of non-canonical struc-
tures in vitro including hairpins, cruciform, i-motifs and G-
quadruplexes and there is a constantly growing body of
data that support the formation of these structures in vivo
(22-25). Detailed knowledge of the relationship between the
varying number of repeats and the corresponding structure
of the DNA is crucial for understanding the pathology at
the molecular level.

Misregulations in the Autism Susceptibility gene 2
(AUTS?2) have been linked with a genetic condition com-
monly referred to as AUTS2 syndrome, which is character-
ized by a wide range of phenotypes including intellectual
disability, developmental delay, microcephaly, feeding diffi-
culties, attention deficit hyperactivity disorder and autism
spectrum disorder (26-30). Recent studies of biological
functions of AUTS2 protein identified its role as the crucial
transcription regulator during brain development (31,32).
AUTS2 is also proposed to be involved in RNA metabolism
by associating with RNA-binding protein complexes and in
regulation of cytoskeletal dynamics. The AUT'S2 gene spans
1.2 million nts and comprises 19 exons as well as transcrip-
tion start sites (TSS) located upstream of exon 1 (TSS-1)
and exon 9 (TSS-2). The transcription starting at TSS-1
and TSS-2 results in a full-length 1259 amino-acid (aa) iso-
form and a C-terminal 711-aa isoform, respectively (26). A
study employing mouse embryonic stem cells showed that
the full-length isoform is expressed in undifferentiated cells,
which is replaced by the C-terminal isoform during differ-
entiation of neurons. In developing human brain, the ex-
pression of C-terminal isoform is dominant, whereas in the
adult human brain the expression of both isoforms is de-
creased to low levels. The overexpression of the full-length
isoform was shown to delay the neuronal differentiation
in mouse embryonic cells (33). In developing mouse brain,
the full-length isoform was detected in all embryonic stages
as well as after birth, but the C-terminal isoform was ex-
pressed only transiently during the embryonic stages and
was barely detected postnatally (34). The molecular mech-
anism responsible for switching between the expression of
the full-length and C-terminal isoforms remains unknown.

In this study, we set out to structurally characterize a
CGAG-rich region of the AUTS2 promoter, which could
play a role in switching between the expression of the full-
length and C-terminal isoforms of the AUTS2 protein. In
the genome, the 60 nt long CGAG-rich region (here termed
A60) is found approximately 150 nts upstream of the TSS-
1. A60 is comprised of a 14 nt long putative protein bind-
ing site (PPBS), 5’-d(AGCGAAAGCACGAA)-3’, which is
flanked by two and six CGAG repeats on its 5’- and 3’-sides,
respectively. As A60 may play a role in initiating and regu-
lating transcription at TSS-1, we set out to obtain insights
into its structure. Based on reports on similar repeats (35—
39), we formulated a hypothesis that A60 adopts a hairpin
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structure stabilized by canonical G:C and non-canonical
sheared G:A base pairs with PPBS positioned in the loop
region. However, due to structural flexibility and polymor-
phism of A60, we were unable to interpret the experimental
data in terms of a single, well-defined 3D structure. There-
fore, we prepared a set of truncated oligonucleotides com-
prising different number of CGAG repeats surrounding the
PPBS that enabled us to uncover a complex interplay of
their structural and kinetic features that define the confor-
mations adopted by the number of CGAG repeats embed-
ding the PPBS. Utilizing a divide and conquer approach,
we obtained important insights into structural and dynamic
features of CGAG repeats that are involved in making PPBS
available for interaction with transcription regulating pro-
teins. Finally, we deduced certain structural features of A60,
which could help in understanding the recognition of PPBS
and the mechanism of the expression switch.

MATERIALS AND METHODS
Preparation of DNA oligonucleotides

Natural isotope abundance oligonucleotides as well as
residue-specific low-enrichment (10%) '*C- and '>N-
labelled DNA oligonucleotides were synthesized on K&A
Laborgeracte GbR DNA/RNA Synthesizer H-8 using
standard phosphoramidite chemistry in DM T-off or DMT-
on mode. The oligonucleotides synthesized in DMT-on
mode were purified using Glen-Pak DNA cartridges ac-
cording to the instructions of the supplier. Prior to desalt-
ing, the solutions of oligonucleotides were heated to 90°C
for 5 min and left to cool at room temperature. The desalt-
ing was performed by multiple rounds of centrifugal con-
centration using Amicon Ultra-15 Centrifuge filters with 3
kDa cutoff and deionized Milli-Q water. Potassium phos-
phate buffer solution (KPi) was used in the last two rounds
of desalting. The concentration of the DNA in the final so-
lution was determined by UV absorbance at 260 nm at 90°C
measured on Varian CARY-100 BIO UV-VIS spectrometer.

Nuclear magnetic resonance (NMR) spectroscopy

All NMR data were collected on Bruker Avance Neo 8§00
MHz and 600 MHz NMR spectrometers equipped with
triple resonance HCN and quadruple resonance HCNP
cryoprobes. Oligonucleotide strand concentrations ranged
from 0.3 to 1.2 mM in 90%/10% H,O/D,0 or 100% D,O
buffered by 20 mM KPi at pH 7.2. The signal of water
was suppressed using the excitation sculpting pulse scheme.
The '*C-edited heteronuclear single quantum coherence
spectra ('H-13C HSQC) were measured on isotopically la-
belled samples. 2D nuclear Overhauser effect spectroscopy
(NOESY) spectra were acquired with 150 or 200 ms mixing
times to obtain estimates of interproton distances. Double
quantum filtered "H-'"H (DQF-COSY) and constant time
'H-31P ('H-3'P COSY) correlation spectroscopy experi-
ments were conducted to obtain the information regarding
sugar puckers and B'/B" conformations of the phosphate
backbone, respectively. The NMR spectra were analyzed us-
ing TopSpin (Bruker), MestreNova (Mestrelab Research)
and NMRFAM-Sparky softwares (40).
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Circular dichroism (CD) spectroscopy

CD wavelength scans were carried out on an Applied Pho-
tophysics Chirascan spectrophotometer. The experiments
were acquired at 0.3-0.4 mM DNA strand concentration in
0.1 mm quartz cuvettes at 25°C with a 1 nm spectral band-
width, 60 nm-min~' scan rate, 220-330 nm spectral range,
and 1 nm steps. Scans were repeated 3 times and averaged.
The resulting curve was smoothed using a Savitzky-Golay
20-point quadratic function. All manipulation was done in
Origin 2018.

UV melting experiments

UV melting experiments were carried out on Agilent Cary
3500 UV-Vis spectrophotometer with the Cary Win UV
Thermal program in 1.0 cm path length quartz cuvettes.
The samples were prepared from the same stock solution
as NMR samples and diluted to 5 uM DNA concentration
by 20 mM KPi buffer of pH 7.2. The samples were heated
and cooled in a temperature range from 10 to 90°C at a rate
of 0.5°C-min~"'. The absorbance was monitored at 260 nm
in 0.5°C steps. The heating and cooling were repeated twice
and only the second round was used for the analysis. The
temperatures of mid-transition (7 ») were determined from
a zero-crossing of the second derivative of heating/cooling
curves, which were smoothened using a Savitzky-Golay 20-
point quadratic function. The error in determination of 7' »
is estimated to be £1°C based on the repeated measure-
ments. The data processing was done in Origin 2018.

Molecular modelling

All molecular dynamics (MD) simulations were performed
in Amber 2020 software suite using CUDA version of
pmemd module and OLI15 forcefield (41-43). The initial
rod-like structures were generated from the nucleotide se-
quence in the tleap module. The structural ensembles were
obtained using a simulated annealing (SA) protocol with
NMR-derived restraints, vide infra. The SA was carried out
in implicit solvent (igb = 2) with Langevin temperature con-
trol (ntt = 3), an integration step of 1 fs and SHAKE re-
straining bonds involving hydrogen (ntc = 2) (44-46). Dur-
ing the force evaluation step, the bond interactions involv-
ing hydrogen atoms were excluded (ntf = 2). The default
value of 9999 A was used for the non-bonded cutoff. The
SA was run for 2 ns in three stages — heating to 1500 K for
50 ps, equilibration of temperature at 1500 K for 250 ps and
cooling to 0 K for 1700 ps. In total, the SA was repeated
100 times yielding an ensemble of 100 structures. The en-
semble was refined by exclusion of structures having max-
imum distance violation larger than 0.3 A and maximum
torsion angle violation larger than 10°. Ten structures sat-
isfying the above-described criteria were selected based on
the lowest sum of potential and restraint energy (lowest en-
ergy) yielding the refined ensemble of structures. The lowest
energy structure of each refined ensemble was chosen as a
representative model.

Interproton distances were calculated from the volumes
of NOE cross-peaks using an average volume of well-
resolved cytosine H5-H6 NOE cross-peaks and H5-H6 dis-
tance (2.45 A) as a reference. To reduce the spectral over-

lap and simplify the integration of cross-peaks, the NOESY
spectra were acquired on samples of oligonucleotides in
100% D,O with mixing time of 150 ms at 298 K (A36 and
A38) and 318 K (A32_mod). The calculated interproton
distances were divided into three categories (strong: 1.8
3.6 A, medium: 2.6-5.0 A and weak: 3.5-6.5 A) which
were used as distance restraints during SA protocol. Addi-
tional distance restraints were obtained from NOESY spec-
tra recorded in 90%/10% H,O/D,0 at 278 K (A38) and 273
K (A36 and A32_mod). These NOEs were included as re-
straints with broader zero-penalty plateau (1.8-6.5 A). The
hydrogen bonds were restrained based on the NMR data
obtained at low temperatures. The x -torsion angles were re-
strained in 25°-95° range for purines in syn-conformation,
in 200°-280°range for purines in anti-conformation and in
170°-310° for pyrimidines in anti-conformation. The sugar
puckers were restrained using pseudorotation phase angle
in 144°-180° range for South-type (C2'-endo) and in 0°-36°
range for North-type (C3’-endo) conformation, which was
recalculated to a set of five torsion angles using standard
AMBER tools. Chirality restraints, employed in a form of
improper torsion angles derived from the initial structures
using standard AMBER tools, were used to avoid changes
in configuration of atoms at high temperature stages of
SA. The calculations of the final ensemble of structures
employed restraints with the following force constants: 20
kcal-mol~'-A~2 for NOE-derived distances and H-bonds,
50 kcal-mol~'-rad 2 for sugar puckers and x -torsion angles
and 100 kcal-mol~'-rad =2 for chirality restraints.

RESULTS

Oligonucleotides A36 and A38 adopt hairpins dominated
by G:C and G:A base pairs exhibiting characteristic NMR
features

Examination of the downfield region of the 1D '"H NMR
spectra of A60 revealed two well-separated clusters of
signals with chemical shifts around 8 ~12.7 and ~10.1
ppm, which are characteristic for imino-protons of guanine
residues involved in canonical G:C and non-canonical base
pairs, respectively (Figure 1A). Further analysis with the
use of 2D '"H-'H NOESY and 'H-'*C HSQC spectra in-
dicated that A60 adopts either multiple conformations or
comprise dynamic segments, which make structural deter-
mination challenging (Supplementary Figure S1). To obtain
insights into the structural features of A60, we prepared six
truncated variants, which differ in the number of CGAG
repeats flanking the PPBS at the 5’- and 3’-ends (Table 1).
All variants fold into secondary structures, which is evident
from the presence of imino-proton signals indicating base
pairing (Figure 1A). CD spectra of all variants show nega-
tive bands at ~245 nm and positive bands at ~275 nm with
shoulders at ~290 nm (Supplementary Figure S2), which
are similar to d(GAGC)s oligonucleotide (47). All truncated
variants as well as A60 show very similar imino-proton
chemical shifts and superimposable CD spectra. These data
suggest that the truncated variants and A60 comprise a sim-
ilar structural motif. All oligonucleotides adopt thermally
stable structures with 7, >50°C (Table 1, Supplementary
Figure S3). For further structural analysis, we selected three
variants A38, A36 and A32 exhibiting both sharp signals
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Figure 1. (A) Imino and (B) aromatic regions of 1D 'H NMR spectra of A60 and its truncated variants. Both regions originate from the same NMR
experiment. The vertical scale of the imino regions in panel A was increased 4x. The spectra were recorded at 0.3-0.6 mM strand concentration in
90%/10% H,0O/D,0 buffered by 20 mM KPi at pH 7.2 and 25°C on a 600 MHz NMR spectrometer.

Table 1. A list of oligonucleotides derived from A60

2’-Deoxyribonucleotide® Abbreviation Length (nt) Tm (°C)
(GO)4ACT(CGAG),CGAG-CGAA-AGCA-CGAA-(CGAG)C A60 60 77
CGAG-CGAA-AGCA-CGAA-(CGAG)4 0-PPBS-4 32 62
CGAG-CGAG-CGAA-AGCA-CGAA-(CGAG)4 1-PPBS-4 36 64
(CGAG),CGAG-CGAA-AGCA-CGAA-(CGAG);CG A38 38 69
(CGAG),CGAG-CGAA-AGCA-CGAA-(CGAG); A36 36 64
(CGAG),CGAG-CGAA-AGCA-CGAA-(CGAG), A32 32 60
(CGAG),CGAG-CGAA-AGCA-CGAA-CGAG 2-PPBS-1 28 50
GAGA-CGAG-CGAG-CGAA-AGCA-CGAA-CGAG-TCTC A32_mod 32 55

#Underlined residues denote the sequence of putative protein binding site (PPBS).

and minimal signal overlap in the aromatic region of 'H
NMR spectra (Figure 1B). Compared to A60, the variants
A38, A36 and A32 are truncated by 11 residues at the 5’-
end and by 11, 13 and 17 residues at the 3’-end, respectively
(Table 1).

By examining the aromatic-H2’/H2” region of 2D 'H—
'H NOESY spectra of A36 and A38, we identified a repet-
itive pattern of NOE contacts linking residues within the
CGAG repeat (here termed CGAG walk pattern). Specif-
ically, the residues C(n), G(n + 1), A(n + 2) and G(n + 3)
are linked by the standard sequential (H2’/H2”),-HS, and
(H2’/H2”),-HS8,+; NOE contacts. The CGAG walk pat-
tern is repeated for every CGAG repeat in both A36 and
A38 (Figure 2A and B). It is noteworthy that the clustering
of 'H signals is a result of very similar shielding environ-
ment of the corresponding residues in each CGAG repeat.
Unique features distinguishing the CGAG walk pattern in-
clude the following: (i) downfield signal of G(n + 1)H2’ at

d ~2.8 ppm and upfield signal of A(n + 2)H2’ proton at §
~1.0 ppm, (ii) low intensity of sequential G(n + 1)H2’ /H2"-
A(n + 2)H8 NOE contacts and (iii) overlapping signals
of G(n + 3)H2’/H2” (Figure 2 and Supplementary Fig-
ure S4). All four residues of CGAG repeat adopt anti-
conformations across the glycosidic bond as indicated by
medium intensities of the intra-residual H1’-H8 NOE and
the presence of sequential (H1’/H2’/H2”),-(H8/H6),+;
NOE cross-peaks. The DQF-COSY spectra revealed that
residues C(n), G(n + 1) and A(n + 2) adopt South-type sugar
puckers. The sugar pucker of G(n + 3) residue could not be
determined due to spectral overlap (Supplementary Figures
S5 and S6). C(n)P and G(n + 3)P resonate within & —1.2—
0.0 ppm range of *'P, which is typical for B! conformation
of sugar-phosphate backbone (defined by difference e—{ ~
—90°) observed in canonical B-DNA (Supplementary Fig-
ure S7). Slightly upfield 3'P signals at § —1.3 ppm were as-
signed to G(n + 1)P connecting C(n) and G(n + 1). The

€20z Iudy g1 uo sasn insu| psliway Aq 0¥6.90.2/2092/9/1S/eI0nIe/ieu/wod dno-ojwapese//:sdjy woly papeojumog



2606 Nucleic Acids Research, 2023, Vol. 51, No. 6

A

1.0 1
1.5

2.04

8(*H) [ppm]

2.5

3.0

3.5+

C19H2'-A20H2
CGAG

| €19H5"-A20H8 A0
| C19HS"-A20H8.,

84 82 80

76 7.4
8(*H) [ppm)

7.2 7.0 6.8

1.0+ C?AG CGAG
1.5
3
o
‘E .
= 20
i @cm re o2
b Al6—pa | Admy o
1 —
2.5 4 A204 = e bm
1 AR AN 562 o o
& g’\ Lo JA3 Gz
' A2 AL7 “
3.0+ G26 G38
T v T Lz T T T ¥ T T ¥ T T T
8.4 8.2 8.0 7.8 7.6 7.4 +5 7.0 6.8
5(*H) [ppm]

Figure 2. Aromatic-H2’/H2” region of 2D '"H-'H NOESY spectra of A36 (A) and A38 (B) oligonucleotides with their corresponding secondary structures.
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and the interruption associated with a syn-conformation of the following residue is marked by a red dashed line (applies also to the schematic of structure).
We note that the sequential NOE contacts in G26-A27 step in A38 oligonucleotide are weak and hidden below the lowest contour shown. The assignments
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NOESY spectra denote the CGAG walk pattern. The 'H signals of residues marked grey in the structure on the right side resonate within the CGAG walk
pattern. The assignment of adenine H2 protons are indicated with asterisk (*) in the 1D 'H spectrum shown above the NOESY spectrum. The dashes and
dots in the structure denote experimentally verified canonical and non-canonical base-pairs, respectively. Circles denote base pairs suggested by molecular
modelling. The NOESY mixing time was set to 150 ms. The spectra were recorded at 25°C, 1.2 mM strand concentration in 100% D, O buffered by 20 mM

KPi at pH 7.2.
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The PPBS is highlighted in green. The spectra were recorded at 1.2 mM and 0.6 mM strand concentration for A36 and A38, respectively, in 90%/10%

H,>0/D;0 buftered by 20 mM KPi at pH 7.2.

downfield *'P signals in 8 0.5-1.5 ppm range were assigned
to A(n + 2)P, which connects residues G(n + 1) and A(n + 2)
involved in sheared G:A base pairs. The deshielding of 3'P
atoms is connected to the increased population of B con-
formation (e—{ ~ +90°) in comparison to B! (48,49). Addi-
tional structural information was obtained with the use of
NOESY spectra recorded at low temperature (Supplemen-
tary Figures S8 and S9). The imino-proton signals in 8 12—
13 ppm range were assigned to guanines G(n + 3) utilizing
NOE contacts between cytosine amino-protons and gua-
nine imino-proton within a G:C base pair (Figure 3, Supple-
mentary Figures S10 and S11). The imino-protons signals
in & 10-11 ppm range were assigned to guanines G(n + 1)
through multiple cross-strand NOE contacts to sugar and
aromatic protons of guanine in the neighboring G:A base
pair (Supplementary Figures S10 and S11). Similarly, we
observed several cross-strand NOE contacts of A(n + 2)H2
proton to sugar and aromatic protons of adenine in the
neighboring G:A base pair (Supplementary Figure S12).
These NOE contacts arise from cross-strand G-over-G and
A-over-A stacking between two sheared G:A base pairs.
Observed spectral features concur with previous reports on
structures comprising symmetrical pyrimidine-GA—purine
tetranucleotides oriented in tandem (50-58). Altogether,
our data indicate a tandem orientation of CGAG repeats
forming a canonical C(n):G(m + 3) base pair next to sheared
G(n + 1):A(m + 2) and A(n + 2):G(m + 1) base pairs fol-
lowed by a canonical G(n + 3):C(m) base pair as illustrated
in the schematic below:
5- Cn) Gm+1) Amn+2) Gn+3) -3
3-G(m+3) Am+2) Gm+1) C(m) -5

We hereby refer to the structural motif above as CGAG
block. The NMR data indicate that structure of A36 is sta-
bilized by three CGAG blocks (Figure 2A). The structure of
A38 comprises two CGAG blocks flanked on each side by
one incomplete CGAG block, which refers to C:G followed
by at least one sheared G:A base pair (Figure 2B). We use

the term ‘loop region’ to describe residues, which connect
the CGAG blocks (Figure 3).

The hairpins adopted by A36 and A38 feature long purine-
rich loop regions

The '"H NMR signals of residues in the loop regions of A36
and A38 were assigned with the aid of "H-'*C HSQC spec-
tra recorded on residue-specifically '*C- and '"N-labelled
oligonucleotides (Supplementary Figure S13, for assign-
ment strategy see Supplementary Materials). The loop re-
gion of A36 hairpin comprises 12 residues (C13-A24),
whereas it comprises 10 residues (A16-C25) in A38 hair-
pin. In A36, 12 residues of PPBS are located in the loop re-
gion d(AGCGAAAGCACGAA), whereas only 9 residues
of PPBS d(AGCGAAAGCACGAA) are located in the
loop region of A38 (Figure 3A and B). The residues of PPBS
that are not part of the loop regions are involved in the stem.

In A36, the residues C13-C19 and C21-A24 adopt anti-
conformations across their glycosidic bonds. High intensity
of C19H1°/H2’-A20H2 and A20H1’-H8 NOE contacts in-
dicates syn-conformation of residue A20, which was cor-
roborated by the downfield signal of A20C8 at & 140.5
ppm characteristic of a purine residue in syn-conformation
(Supplementary Figures S12 and S13) (59-63). Two imino-
proton signals assigned to G14 and G22 (Figure 3A) reflect
formation of two sheared G14:A23 and G22:A15 base pairs
in the loop region. Signals of CI9HS5’ and C19H5” resonate
upfield at & 3.5 and 3.0 ppm, respectively, which suggests
that the sugar moiety of C19 is positioned above a neighbor-
ing base (Figure 2A and Supplementary Figure S8). DQF-
COSY spectrum revealed that residue A15 adopts North-
type sugar pucker, whereas residues G18, C19, A20 and G22
adopt South-type sugar pucker (Supplementary Figure S5).

In A38, all residues adopt anti-conformations. The weak
sequential NOE connectivity in C21-G22 step (Figure 2A)
likely results from a poor stacking caused by the turn of
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Figure 4. 'H NMR spectra and secondary structure of A32_mod. (A) Schematics of secondary structures of A32 (left) and A32_mod (right). (B) H2’/H2"-
aromatic region of 2D NOESY of A32_mod spectrum recorded at 45°C with a mixing time of 150 ms. The sequential walk is represented by a solid black
line. The sequential walk was not traced in segments C9-A11 and G22-A23. We note that the sequential NOE contacts in C13-G14 step are weak and
hidden below the lowest contour shown. The assignment of the aromatic protons is indicated next to the intra-residual cross-peaks. The assignment of
adenine H2 protons is indicated with asterisk (*) in the 1D 'H spectrum shown above the NOESY spectrum. (C) The imino-proton regions of 1D 'H spectra
of A32_mod, the assignment of imino-proton signals is indicated. The red labels denote residues involved in base pairs only at 5°C. (D) The secondary
structure of A32_mod. The dashes and dots denote experimentally verified canonical and non-canonical base-pairs, respectively. Circles denote base pairs
suggested by molecular modeling. The 'H signals of residues in the encircled segments exhibit broadening. The PPBS is highlighted in green. The spectra
were recorded at 0.6 mM strand concentration in (B) 100% D>O and (C) 90%/10% H,O/D>O buffered by 20 mM KPi at pH 7.2.

the sugar-phosphate backbone in the loop. An unusual up-
field chemical shift is observed for C21H4’, which resonates
at & 3.5 ppm and indicates proximity of neighboring base
to sugar moiety of C21 (Supplementary Figure S6). Only
residues C19 and A23 from A16-C25 segment were deter-
mined to adopt South-type sugar pucker (Supplementary
Figure S6). The sugar pucker could not be determined for
the remaining residues of the loop region due to signal over-
lap and local dynamics.

Hairpin of A32_mod involves a dynamic loop region

Due to chemical exchange, the truncated variant A32 was
not suitable for determination of high-resolution structure
and only partial assignment of 'H signals was achieved
(Supplementary Figures S14-S16). Therefore, we prepared
a modified oligonucleotide A32_mod by substituting the
first and the last CGAG repeat in A32 with GAGA and
TCTC segments, respectively (Table 1 and Figure 4A).
A32_mod exhibits good quality of NMR spectra at 45°C
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Figure 5. Structure of the conserved CGAG block constituting the stems of A36, A38 and A32_mod hairpins. (A) Cartoon representation of CGAG block
adopted by two CGAG repeats. dC is in blue, dG in green and dA in orange. Note the cross-strand stacking between the two sheared G:A base pairs. (B)
Non-canonical sheared G:A and canonical G:C base pairs constituting the CGAG block. (C) Detailed view on two G:A base pairs formed in tandem. The
strands are colored yellow and grey. Note the cross-strand G-over-G and A-over-A stacking. The B! conformation of the sugar-phosphate backbone is
marked by rectangle. For clarity, the B conformation is highlighted only on the strand in the foreground.

without any signs of chemical exchange (Supplementary
Figure S16). Negligible differences in ' H chemical shifts be-
tween A32 and A32_mod suggest that the structure of the
loop region is unaffected by the modification (Supplemen-
tary Figure S17). Therefore, we carried out the structure
characterization using A32_mod. The H2’/H2”-aromatic
region of NOESY spectrum of A32_mod recorded at 45°C
shows an uninterrupted sequential walk in segments G1-
G8, G12-C21 and A24-C32 (Figure 4B). The sequen-
tial walk in C5-G8 and C25-G28 segments resembles the
CGAG walk pattern indicating formation of one CGAG
block, which is corroborated by the downfield signals of
A7P and A27P (Supplementary Figure S18). A broaden-
ing of 'H signals is observed for residues C9-G14 and
C19-A24, which was reduced at 0°C (Supplementary Fig-
ure S19). However, the 'H signals of G14 and CI19 re-
main significantly broadened even at 0°C indicating an ab-
sence of their well-defined position within the structure. The
residues G12-C21 constitute the loop region of A32_mod
hairpin. All residues adopt anti-conformations and the
majority adopts South-type sugar pucker (Supplementary
Figure S20).

The imino-region of '"H NMR spectra recorded at 5°C
include four imino-proton signals at 8 ~10.3 ppm, five
signals at 8 ~12.6 ppm and two signals at 8 ~13.4 and
~14.1 ppm, which indicate formation of four sheared G:A,
five G:C and two A:T base pairs (Figure 4C). The imino-
imino NOE contacts confirm formation of two G:C and
two A:T base pairs followed by CGAG block (Figure 4D
and Supplementary Figure S21). The remaining signal at
d ~12.6 ppm was assigned to G12HI, which confirmed
the formation of G12:C21 base pair. The imino-proton sig-
nals at 8 ~10.3 ppm present only at 5°C were assigned
to G10 and G22 involved in G10:A23 and G22:A11 base
pairs. The base pairs G12:C21, G10:A23 and G22:All
form an incomplete CGAG block in the stem of A32_mod.
The disappearance of G10 and G22 imino-proton signals
at 25°C indicate destabilization of G10:A23 and G22:Al1l
base pairs, which explains the increased dynamics of C9—
G14/C19-A24 segments observed at elevated temperatures
(vide supra).

Formation of CGAG blocks and stable loops determine the
arrangement of PPBS

Using MD simulations and experimentally derived re-
straints, we calculated structural ensembles of A36, A38 and
A32_mod (Supplementary Figure S22, Supplementary Ta-
bles S1-S3). The stems of the three hairpins are very similar
and predominantly composed of CGAG blocks stabilized
by canonical G:C and sheared G:A base pairs (Figure 5SA
and B). In addition to CGAG blocks, the stem of A32_mod
comprises one C:A, two G:C and two A:T base pairs. The
stem of A38 also features an unpaired overhang formed by
residues C1 and G2. The G:A base pairs are stabilized by
two base-base H-bonds and one base-sugar H-bond formed
between amino-proton H61 of adenine and O4’ of guanine
(Figure 5B) (35). Two sheared G:A base pairs formed in tan-
dem are well-known for their cross-strand stacking (Figure
5C). Such arrangement of nucleobases results in B! confor-
mation of the sugar-phosphate backbone. The structures of
A36, A38 and A32_mod demonstrate that the formation of
multiple consecutive CGAG blocks is sterically allowed and
energetically favourable.

The loop region of A36 is comprised of 12 residues C13—
A24, which exhibit efficient base-stacking (Figure 6A). The
bases are stacked sequentially in segments C13-G14, A15-
C19, A20-G22 and A23-A24. The interruptions in G14—
A15 and G22-A23 steps are result of cross-strand G22-
over-G14 and Al5-over-A23 stacking. In total, two C:A
and three G:A base pairs are formed within the loop re-
gion. The sheared G14:A23 and G22:A15 base pairs are
flanked by C13:A24 and C21:A16 base pairs. Even though
both C:A base pairs are stabilized by a single H-bond,
the base pair geometries are different (Figure 6D). Our re-
sults are in agreement with reports that C:A base pairs can
adopt two interconverting geometries (64-66). The loop re-
gion is closed by residues A17-G18-C19-A20 forming an
AGCA tetraloop, which involves an unpaired A17 residue,
G18:A20 base pair with A20 adopting a syn-conformation
and C19 facilitating the antiparallel orientation of strands.
The G18:A20 base pair does not adopt a sheared geometry.
Instead, it is stabilized by three H-bonds G18H22-A20N1,
A20H61-G18N3, A20H62-G1804" and features a signif-
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Figure 6. Loop regions in the structures of A36, A38 and A32_mod. (A—
C) Cartoon representations of the loop regions with (D-F) detailed views
of the non-canonical base pairs and (G) the structure adopted by residues
C13 and G18-C19-A20 (C/GCA section) in A32_mod. dC is in blue, dG
in green and dA in orange. The H-bonds are denoted by dashed black lines.

icant propeller twist (-22°), buckle (22°) and opening
(-45°). The sugar moiety of C19 is positioned above the base
of A20, which explains the upfield signals of CI9H5” and
C19H5” (Supplementary Figure S§). The AGCA tetraloop
of A36 adopts a structure that somewhat resembles a struc-
ture of GNA triloop (N = any nucleotide), a thermodynam-
ically stable DNA loop characterized by closing sheared
G:A base pair and upfield H4’ signal of residue N at § ~1.9
ppm (67-69).

The loop region of A38 hairpin encompasses 10 residues
A16-C25 (Figure 6B). The bases are well-stacked just as in
case of A36, however, only sequential stacking is observed
in A38. The sequential stacking is interrupted only in C21-

G22 step, which facilitates the reversal of strand direction-
ality. It is important to note, that there is a considerable de-
gree of variability in the base pair geometries of A16:C25,
A17:A24 and G18:A23 within the refined structural en-
semble of A38. It is likely due to high adenine content of
the loop region (50%) and formation of semi-stable base
pairs. In the lowest energy structure, the base pairs A16:C25
and A17:A24 are stabilized by H-bonds A16H62-C2502
and A17H62-A24N3, respectively (Figure 6E). The bases
G18 and A23 are not stabilized by any H-bonds. The clos-
ing C19:G22 base pair adopts a canonical geometry with
three H-bonds and considerable buckle (34°) probably im-
posed by the turn of the sugar-phosphate backbone. The
sugar moiety of residue C21 is positioned above the base
of G22, which is experimentally supported by the upfield
signal of C21H4’ at 8 3.5 ppm (Supplementary Figure S6).
The loop region of A36 is closed by residues C19-A20-
C21-G22 forming a CACG tetraloop, which belongs to
CNNG family of tetraloops exhibiting extraordinary ther-
mal stability (70). The structure of CACG tetraloop in A38
is strikingly similar to the one reported previously for a
hairpin formed by d(CGCACGCG) (71). Additionally, in
d(CGCACGCQG), C5H4’ resonates upfield at & 3.7 ppm,
which is similar to chemical shift of C21H4’ in A38.

The hairpin adopted by A32_mod involves the shortest
loop region of the three hairpins comprising only eight
residues C13-A20 (Figure 6C). G18-C19 bulge prevents ef-
ficient base-stacking between several residues in A32_mod.
The axis of the loop region is tilted relative to the axis of
the stem. The loop region is capped by G14-A15-A16-A17
tetraloop comprising a sheared G14:A17 base pair (Fig-
ure 6F). The GAAA tetraloop belongs to thermodynam-
ically stable GNNA family of DNA tetraloops (70). The
residues C13 and G18-C19-A20 (termed C/GCA section)
adopt a peculiar arrangement that is stabilized by five H-
bonds C13H41-C19N3, G18H1-C13N3, G18H21-C1302,
A20H61-C1302 and A20H62-C1902 in the lowest energy
structure (Figure 6G). A slightly different arrangement of
C/GCA section is found in the remaining models of the re-
fined structural ensemble of A32_mod, which may explain
the broadening of NMR signals observed for residues of
C/GCA section (Supplementary Figure S23).

DISCUSSION

The two isoforms of the AUTS2 protein are expressed at
different stages of brain development. However, the molec-
ular mechanism for the expression switch is unknown. By
performing a genome search, we identified a CGAG-rich
region, which we termed A60, in the promoter of AUTS2
gene capable of adopting a variety of non-canonical sec-
ondary structures that may be involved in switching be-
tween expression of the two isoforms of AUTS2. Utiliz-
ing Ensembl showed that A60 comprises putative protein
binding site, PPBS, for the transcription regulatory pro-
teins ERF, MAX and FLI1 (72). However, due to structural
flexibility and polymorphism, the structural characteriza-
tion of A60 turned out to be rather challenging. We there-
fore focused on three shorter oligonucleotides A38, A36
and A32_mod to deduce the main driving forces shaping
the structure of A60. Utilizing extensive NMR analysis and
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Figure 7. Different arrangements of PPBS in the high-resolution struc-
tures of A38 (A), A36 (B) and A32_mod (C). The PPBS (A11-A24) is col-
ored green, the remaining residues are shown in grey. The base pairs in-
volving residue A1l are shown to emphasize the register-shift between the
three structures. Compared to the structure of A38, the structures of A36
and A32_mod are register-shifted by four and eight residues, respectively.

MD, we obtained high-resolution structures of A38, A36
and A32_mod. All three oligonucleotides adopt hairpins
composed predominantly of non-canonical base pairs with
various relative positions of PPBS in the loop regions (Fig-
ure 7). Importantly, the thermal stability of the structures
adopted by A38, A36, A32_mod and A60 is well above the
physiological temperature, which supports the possibility of
their formation in vivo. The main contributor to the forma-
tion and stability of the hairpins are the consecutive G:C
and G:A base pairs arranged into CGAG blocks. Specifi-
cally, we observed that oligonucleotides with several CGAG
tracts have a propensity to arrange in a way to maximize
the number of consecutive G:C and G:A base pairs. If we
compare the structure of A38 with structures of A36 and
A32_mod, we find that the strands are register-shifted by
4 and 8 residues, respectively, which results in different ar-
rangements of PPBS (Figure 7). The strands shift in reg-
ister by four (or multiples of four) residues as any other
register-shift prevents the formation of CGAG blocks. Con-
sequently, the structures of A38, A36 and A32_mod have
similar stem regions dominated by CGAG blocks, but the
register-shift causes the loop regions to be comprised of
different residues, which leads to variability in their struc-
ture. Since the loop regions of all three structures have high
purine content (75% for A36 and A32_mod, 70% for A38)
and feature an efficient base-base stacking, it is clear that the
- stacking is an important stabilizing force shaping the
structure of the loop regions. Additionally, the loop regions
tend to arrange in a way to enable formation of thermo-
dynamically stable tri- and tetraloops. In A38, the CACG
tetraloop, which belongs to CNNG family, is formed at the
tip of the loop region. In A36, the AGCA tetraloop may
be considered as a GNA triloop flanked at its 5’-end by the
unpaired A17 residue. In A32_mod, the peculiar arrange-
ment of residues C13/G18-C19-A20 enables formation of
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GAAA tetraloop of GNNA family. Importantly, based on
the NMR spectra of A60 and the structural information
gathered from the A38, A36 and A32_mod hairpins, we pro-
pose that A60 adopts multiple hairpin structures that dif-
fer in register-shift stabilized by G:C and sheared G:A base
pairs arranged in CGAG blocks. The hairpins of A60 most
likely contain dynamic regions such as bulges and internal
loops.

Observing the impact of the register-shift on the struc-
ture and the propensity to form thermodynamically sta-
ble tri- and tetraloops enables us to propose different
mechanisms how A60 could be implicated in regulation of
AUTS?2 expression. During processes of DNA replication
and transcription, A60, or parts of it, can be unfolded from
the double-helical structure. Dependent on the number of
CGAG repeats that are unfolded, the register-shift mecha-
nism could lead to formation of other hairpins with PPBS
located mostly in the stem region. Positioning PPBS in the
loop region of the hairpin could sequester the PPBS from
the transcription machinery. On the other hand, the loop
regions could act as binding sites for yet to be identified
biomolecules. A clear way of changing the structure of the
PPBS from mostly loop associated to being predominantly
present in a stem has the potential to be relevant for explor-
ing the implications on the regulation of the AUTS2 gene.
In the case that the entire A60 region is in a single strand
state, multiple hairpin structures might be formed, which
could lead to structural interactions between them and also
raise possibilities of their relevance for replication and tran-
scription. To answer these important questions more exper-
iments including in vivo studies will have to be carried out
and we believe that this work will stimulate further research
into the influence of A60 on the regulation of AUTS2 gene.
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