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ABSTRACT

X-chromosome inactivation (XCI) in female mammals depends on the noncoding RNA X inactivation specific transcript (Xist).
The mechanism of chromosome-wide silencing by Xist is poorly understood. While it is established that the 5’ region of Xist
RNA, comprising the A-repeats and holding 7.5-8.5 copies of a conserved 26-mer sequence, is essential for Xist-mediated
silencing, high-resolution structural information for the A-repeats is not available. Here, we report the three-dimensional
solution structure of a 14-mer hairpin in the 5’ region of a human A-repeat. This hairpin is remarkably stable and adopts a novel
AUCG tetraloop fold, the integrity of which is required for silencing. We show that, contrary to previous predictions, the 3’
region of single or tandem A-repeats mediates duplex formation in vitro. Significantly, mutations in this region disrupt the inter-
repeat duplex formation in vitro and abrogate the silencing function of Xist A-repeats in vivo. Our data suggest that the
complete A-repeat region may be stabilized by inter-repeat duplex formation and, as such, may provide a platform for

multimerization and specific recognition of the AUCG tetraloops by trans-acting factors.

Keywords: X-inactivation; Xist RNA; A-repeats; nuclear magnetic resonance (NMR); structural biology; RNA tetraloop

INTRODUCTION

Dosage compensation is a mechanism that evolved to
compensate for the difference in X-linked gene expression
in species with different numbers of X chromosomes between
the sexes (Lucchesi et al. 2005). The mammalian solution to
dosage compensation is X-chromosome inactivation (XCI),
the inactivation of one of the two X chromosomes in females.
Initiation of XCI takes place early in development and
depends on the large noncoding RNA X-inactivation specific
transcript (Xist), which is unique to placental mammals
(Penny et al. 1996). XCI is initiated by Xist transcription and
coating of the future inactive X chromosome (Xi) in cis,
which coincides with transcriptional shutdown through an
unknown mechanism (Sheardown et al. 1997).

Differential treatment of two X chromosomes in a single
cell is facilitated by regulatory mechanisms of so-called
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“counting” of the number of X chromosomes and “choice”
to inactivate all but one of them (Avner and Heard 2001).
These mechanisms are controlled from the X chromosome
itself. The X-inactivation center (Xic) contains several regu-
latory elements including the Xist gene and an overlapping
gene for Tsix, another noncoding RNA that is transcribed
in antisense orientation and suppresses Xist function (Lee
and Lu 1999). Based on the observation of Xist-Tsix sense-
antisense duplexes in vivo, it was speculated that these
could function as regulatory RNAs and contribute to the
differential treatment of the X chromosomes in an RNAi-
like fashion (Ogawa et al. 2008), although details of such
a role remain to be clarified.

Xist RNA accumulation on the Xi and its ability to
trigger silencing are functionally separable (Wutz et al.
2002). The so-called “A-repeats” located at the 5’ end of
Xist are conserved among all placental mammals and are
essential for the initiation of silencing. Several other regions
are redundantly responsible for chromosome association
(Fig. 1A). In humans, the A-repeats are constituted of 8.5
copies of a highly conserved 26-nucleotide motif, con-
nected by long U-rich linkers (Fig. 1B; Supplemental Fig.
S1). Xist RNA lacking the A-repeats accumulates on the Xi
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FIGURE 1. Schematic structure and sequence of Xist RNA and its
A-repeats. (A) Xist RNA is a long (15 kb in mouse, 17 kb in human)
noncoding RNA. The A-repeats located at the 5" end are essential for
silencing, while other regions are redundantly responsible for chro-
mosome association. (B) Sequence alignment of the sixth human
A-repeat shows that it is highly conserved among placental mammals.
(C) The A-repeats consist of 7.5-8.5 copies of a conserved sequence
predicted to fold into two hairpins, connected by long U-rich linkers.
(N) any nucleotide, (Y) C/U. (D) In vitro, “hairpin 2” is not formed
but mediates intermolecular duplex formation with a second A-repeat
through intermolecular A-U base pairs. Duplex formation in the
NMR-modified NMR-XCR construct is represented.

but is not able to induce silencing. It has been proposed
that the A-repeats are a recruitment site for factors regulat-
ing gene repression. Following Xist-coating, Polycomb com-
plexes are recruited to the Xi (Silva et al. 2003; de Napoles
et al. 2004; Plath et al. 2004; Schoeftner et al. 2006). The
Polycomb repressive complex 2 (PRC2) is responsible for the
establishment of histone H3-K27 methylation marks along
the Xi and is thus required for long-term X inactivation
(Plath et al. 2003). The A-repeats have been proposed to
recruit PRC2 to the Xi, consistent with binding of A-repeats
to PRC2 components, including Ezh2 and Suzl2, in vivo
and in vitro (Zhao et al. 2008; Kanhere et al. 2010; Maenner
et al. 2010). More recently, it was reported that the A-repeats
are required for Xist RNA processing through binding to the
alternative splicing factor ASF/SF2, although this interaction
is not considered to influence Xist’s silencing function
(Royce-Tolland et al. 2010).

The molecular mechanisms of XCI are still poorly un-
derstood. A single A-repeat has been predicted to fold into
a double hairpin structure where the two hairpins possibly
stack on top of each other (Fig. 1C; Wutz et al. 2002). We
previously reported that, in vitro, only hairpin 1 in the 5’
part of the A-repeat is formed, while the predicted “hairpin
2” in the 3’ region does not fold but instead mediates
dimerization of the 26-mer A-repeat, as shown in Figure
1D (Duszczyk et al. 2008). Recently, a two-dimensional
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structural model has been proposed for the A-repeat region
based on foot-printing, chemical modification, and FRET
data (Maenner et al. 2010). In this model, the complete
A-repeat region is predicted to fold into two extended
stem—loop structures that involve inter-repeat pairing of
A-repeats, but without the formation of the earlier pre-
dicted hairpin structures within individual A-repeats.

Here, we show that—in contrast to this model (Maenner
et al. 2010)—the 5" region of single A-repeats comprises
a remarkably stable conserved RNA hairpin. NMR-spec-
troscopy reveals that the solution structure of this hairpin
adopts a novel AUCG tetraloop fold. The 3’ region of the
A-repeat does not adopt the predicted hairpin structure but
is involved in inter-repeat duplex formation. By mutational
analysis in vitro and in vivo using a mouse embryonic stem
(ES) cell system with an inducible Xist transgene, we show
that sequence variations in the 3’ region that destabilize
intermolecular dimerization of a single A-repeat in vitro are
unable to induce silencing in vivo. Based on our structural
and functional analysis in vitro and in vivo, we propose
a novel model for the architecture of the Xist RNA
A-repeats and discuss the implications for their molecular
function.

RESULTS

Structure of the AUCG RNA tetraloop
in the Xist A-repeat

We determined the solution structure of the 14-mer
hairpin located in the 5’ part of an Xist RNA A-repeat
using heteronuclear multidimensional NMR (Supplemental
Methods; Supplemental Figs. S2-S6). The sequence of this
14-mer hairpin (Fig. 2D) is derived from the sixth human
A-repeat (Fig. 1B; Supplemental Fig. S1). The third G-C
base-pair is replaced by a C-G base pair to facilitate
chemical shift assignments, and the closing G-U base pair
is replaced by G-C due to superior spectral quality. Pre-
vious studies have shown that sequence variations in the
stem of hairpin 1 are tolerated and do not influence Xist
activity if base-pairing is retained (Wutz et al. 2002). More-
over, an Xist transgene with this exact A-repeat sequence for
hairpin 1 is functional and mediates silencing in vivo (see
NMR-XCR in Fig. 4D, see below). The formation of a
monomeric hairpin in the NMR sample was confirmed as
described (Duszczyk et al. 2008). Comparison of 2D ('H,
"H) TOCSY and NOESY spectra demonstrates that the
conformation of the AUCG tetraloop in the 14-mer is the
same as in the context of the full 26-mer single A-repeat
(Supplemental Fig. S4).

The structure of the 14-mer A-repeat hairpin 1 was
calculated with ARIA/CNS (Brunger et al. 1998; Linge et al.
2003) and is based on 292 NOE-derived distance restraints
(Supplemental Fig. S3), as well as 25 restraints derived from
residual dipolar couplings (RDCs). After subsequent re-
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FIGURE 2. Solution structure of the Xist RNA A-repeat AUCG tetraloop. (A) View of the
NMR ensemble of 10 final AMBER-refined structures, superimposed over all heavy atoms. (B)
View of the lowest energy structure. The loop nucleotides are colored red (A), yellow (U),
purple (C), and green (G), as shown in the secondary structure in D. (C) View of the AUCG
tetraloop from the side. (E) Schematic view of the AUCG tetraloop. Nucleotides are colored

averaging of sugar puckers and the €/y
angles (Supplemental Table S1). The
exposure of G9 and the indication of
conformational dynamics of residues C8
to GI10 suggest that potential molecular
recognition of the AUCG tetraloop, for
example, by a cognate protein, may in-
volve an induced fit.

In summary, the Xist RNA AUCG
tetraloop structure is stabilized by a 5’
extended base stacking and cross-loop
hydrogen bonding. The 3’ side of the
loop is less well-defined due to confor-
mational dynamics of residues C8 and
G9. The G9 base is solvent-exposed and
easily accessible for potential intermo-
lecular interactions.

according to B, C, and D. Bases are labeled with the base name and “syn” if the base is in the
“syn”-conformation and not in the more common “anti”’-conformation. Sugars are labeled

with N (North, C3’-endo), S (South, C2'-endo), or N/S (mixed), according to their con-
formation. The phosphate colored red is the turning phosphate in the tetraloop. Stacking
between bases is represented by a double horizontal line and hydrogen bonding by a dotted line.

finement using AMBER, a final ensemble of 10 structures
(Fig. 2A) was selected based on restraint violation analysis
and back-calculation of chemical shifts (Supplemental Fig.
S6). A summary of structural statistics is given in Table 1.

The 14-mer hairpin 1 adopts a well-defined stem-loop
structure, with an A-form helical stem that is capped by
a structured AUCG tetraloop (Fig. 2). The fold of the A®-
U’-C3-G” tetraloop is stabilized by 5" extended stacking of
the A6 and U7 base onto the A-form helical stem. The
phosphodiester backbone is reversed between U7-C8,
allowing the C8 base to fold back into the minor groove
with the H5/H6 side pointing inward. Following C8, the
backbone is kinked toward the major groove. The G9 base
is bulged out in a syn conformation. One of the G9
phosphate oxygens points toward A6 and forms a potential
C—H...O=P hydrogen bond (Wahl and Sundaralingam
1997; Henn et al. 2004) with A6 H2, inferred from the
donor-acceptor distance (2.2 A) and geometry. Although
the chemical shift of the A6 H2 proton is not unusual,
deshielding effects from the H-bond could be compensated
for by the ring currents of the bases stacked above and
below the A6. Unique features of the tetraloop structure are
the kink in the backbone between C8 and G9 and the
exposure of the G9 purine, which is rarely observed in RNA
hairpin loops. Continuation of 5" stacking of A6 and U7
and deviation from A-helical stacking for C8 and G9, as
well as the bulged-out conformation of G9, are consistent
with the NOE data, experimental dihedral angles, and un-
usual chemical shifts (Supplemental Material). The solvent-
exposed conformation of G9 is further supported by NMR
paramagnetic relaxation enhancement data (M Duszczyk, T
Madl, and M Sattler, in prep.). Experimental J-couplings for
residues C8 to G10 indicate conformational dynamics and

The Xist A-repeat AUCG loop
is a novel tetraloop motif

Tetraloops are some of the most abun-
dant RNA structural elements, and early sequence com-
parisons on ribosomal RNAs revealed three predominant
and thermodynamically stable families (Woese et al. 1990),
namely the UNCG-, CUUG-, and GNRA-type tetraloops.
Supplemental Figure S7 shows a structural comparison of
the Xist AUCG tetraloop with three representative mem-
bers of the three major families: UUCG (Allain and Varani
1995), CUUG (Jucker and Pardi 1995), and GAGA (Jucker
et al. 1996). The AUCG loop is distinct from these known
tetraloops in many aspects: Comparison of the base-pairing
pattern reveals that most tetraloop structures are, in fact,
diloops (a base pair is formed between the first and fourth
base within the tetraloop), while the AUCG loop is a bona
fide tetraloop. In the AUCG tetraloop, two bases stack at
the 5’ side, while in other tetraloops two or more bases are
found stacking at the 3’ side. The position of the turning
phosphate between the second and third residue, as seen in
the AUCG tetraloop, is distinct from other tetraloops,
where the turning phosphate is found between the first
and second nucleotide. The A6 H2 to G9 phosphate contact
across the AUCG tetraloop is another distinct feature.
Finally, the solvent exposure of the G9 purine is unusual
and rarely observed. Therefore, we conclude that the Xist
A-repeat hairpin 1 represents a novel RNA tetraloop motif.

The Xist RNA AUCG tetraloop hairpin
is remarkably stable

To assess the stability of the AUCG tetraloop hairpin, we
recorded UV melting curves. As most AUCG tetraloop
hairpins in the A-repeats contain four GC base pairs
(Supplemental Fig. S1), we compared the melting points
of a 12-mer RNA, containing the most abundant A-repeat
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TABLE 1. NMR restraints and structural statistics for the A-repeat AUCG tetraloop 14-mer

melting curves were recorded under low
salt conditions (0.5 mM sodium phos-

NMR restraints® No RDCs

RDCs phate pH 6.5, 5 mM NaCl; condition A)

Total restraints 413 (30 per residue)

NOE-derived distance restraints 292
Intra-residue 176
Inter-residue 116

H-bond distance restraints 25

Torsion angles” 96

RDCs 0

Structural statistics®
NOE violations

438 (31 per residue)

and even more destabilizing conditions
(0.5 mM sodium phosphate pH 6.5,
5 mM NacCl, 25% formamide; condition
B). Table 2 shows the melting points for
the three 12-mer RNAs. The AUCG
25 tetraloop hairpin is marginally more
stable than the UUUU tetraloop hairpin,
while, as expected, the GAAA tetraloop

:‘/‘um,ber (>0;2(\), i 00'343 00'365 is much more stable. We conclude that
. EITIUTE el EHES () ’ : the remarkable stability of the A-repeat
orsion violations o .
Number (>5°) 0.2 0.1 AUCG hairpin can mostly be attributed
Maximum violations (°) 20.7 5.9 to the G-C-rich stem. It has been pre-
RDC violations viously shown that the interruption of
Numberd(>2 i 125 U8 a four G-C base pair stem by one A-U
Q-factor 0-61 = 0.34 0-23 = 0.01 base pair strongly reduces the thermal
Maximum violations (Hz) 20 3.8 } P gty
Global coordinate precision (A)° stability (Antao et al. 1991). Therefore,
All heavy atoms 0.82 = 0.24 0.76 = 0.19 both the conserved AUCG loop and the
5-10 (loop) 0.65 = 0.2 0.65 = 0.23 complete conservation of G-C rich stems
1-5 and 19—14 (stem) 0.66 = 0.19 0.62 = 0.18 in the A—repeat region (Supplemental
RMSD from ideal geometry Fig. S1) support a functional role for these
Bonds lengths (A) 0.01 = 0.00 0.01 = 0.00 & 1) Supp ' :
Bonds angles (°) 203 + 0.03 207 + 0.03 hairpins as stable, independent folding
Average AMBER energy (kcal/mol) —2422 + 3 —2410 = 11 units.

*Final force constants used for square-well penalty functions were 32 kcal-mol~"-A~2 for
NOEs and Watson—Crick hydrogen bonds, 200 kcal-mol~"-rad ™2 for torsion angles, and 0.1
kcal-mol~"-Hz =2 for residual dipolar couplings (RDCs). The force constants were raised
during the simulated annealing protocol as described in the Supplemental Material. Error
bounds of *2 Hz were used for all residual dipolar coupling restraints.

PA-form duplex backbone torsion angles derived from high-resolution crystal structures
were used for the double-helical part as described in the Supplemental Material: o (290°-
310°), B (170°-190°), vy (40°-60°), & (70°-90°), € (200°-220°), and ¢ (280°-300°).
“Structural statistics are averages per structure calculated for the bundle for the 10 selected
AMBER- refined lowest-energy structures.

9The RDC Q-factor is calculated as rms(D'® — D°™)/rms(D°), where D' and D are
calculated and observed RDC values, respectively (Cornilescu et al. 1998).

“The global coordinate precision is given as the average pairwise Cartesian coordinate
RMSD of heavy atoms in the 10 selected AMBER-refined lowest-energy structures in the

A-repeat variants that disrupt
dimerization in vitro are inactive

in vivo

Previously, we have reported that,
within a single 26-mer A-repeat, the pre-
dicted “hairpin 2” mediates dimerization
with a second A-repeat in vitro (Fig.
1D; Supplemental Fig. S9; Duszczyk
et al. 2008). This observation suggests

NMR ensemble.

sequence (gcccAUCGgggc), to gcccGAAAggec and geecU
UUUgggc 12-mers, containing an exceptionally stable
apical tetraloop and an arbitrary UUUU tetraloop, re-
spectively. Note, that the melting temperature of a GAAA
tetraloop is only 5.5°C higher than the UUUU tetraloop,
which, in turn, is more stable than AAAA or CCCC (Antao
et al. 1991). Therefore, any tetraloop with a significantly
higher melting point than UUUU may be considered
unusually stable. Remarkably, in both NMR buffer (10
mM sodium phosphate pH 6.5, 100 mM NaCl) and high
salt conditions (1 M NaCl), all three RNAs melted above
85°C, rendering a fit of the melting point difficult, as the
maximum in the first derivative of the absorbance is not
observed (data not shown). The melting curves and their
first derivative are shown in Supplemental Figure S8. To be
able to compare the stability of the three tetraloops, UV

1976 RNA, Vol. 17, No. 11

that dimerization or multimerization in-

volving the predicted “hairpin 2” se-

quence could play a role for Xist function
in vivo, consistent with the fact that at least five A-repeats are
required for Xist activity. Moreover, there is a high local
concentration of the A-repeats in vivo, as they are connected
by relatively short linkers and are localized at the X
chromosome (Wutz et al. 2002). In order to test whether
duplex formation via the predicted “hairpin 2 sequence
can mediate multimerization in the context of multiple
A-repeats, we analyzed a tandem A-repeat RNA, where two
A-repeats are connected by a short (UAUACUU) linker,
using NMR and analytical ultracentrifugation. The overall
similarity and the presence of a characteristic uridine imino
signal in the 1D imino-proton NMR spectrum of this double
A-repeat RNA suggests that it folds in a similar topology as
two single A-repeats (Figs. 3, 4A). The downfield-shifted
imino signal has the same chemical shift as the uridine
imino proton in the intermolecular A-U base pairs that
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TABLE 2. RNA melting temperatures of a 12-mer A-repeat AUCG
tetraloop hairpin compared to hairpins with a random UUUU and
an unusually stable GAAA tetraloop

Tm (°C) low salt,

RNA hairpin Tm (°C) low salt; 25% formamide;
sequence condition A condition B
gcccAUCGgggc 82.1 = 0.4 69.0 = 0.2
gcccUUUUgggce 81.1 = 0.1 67.8 = 0.3
gcccGAAAgggc >85 73.7 = 0.4

Melting temperatures were measured by UV melting (Supplemental
Fig. S8) in triplicate.

mediate dimerization of a single A-repeat (see Fig. 1D). Sed-
imentation velocity analytical ultracentrifugation (AUC)
confirms that the single 26-mer A-repeat (NMR-XCR) is
a dimer at 0.1 mM concentration, consistent with our
previous analysis by NMR (green in Fig. 4B; Duszczyk et al.
2008). In contrast, the tandem A-repeat RNA, where the
two A-repeats are connected by a short (WAUACUU)
linker, is monomeric in solution (magenta in Fig. 4B). The
monomeric state of the tandem A-repeat and the overall
similarity of the NMR spectra of the single A-repeat 26-mer
and the tandem A-repeats argues that the uridine imino
NMR signal discussed above represents intramolecular A-U
base pairs involving the two “hairpin 2” sequences in the
tandem repeat (Fig. 4A). Thus the tandem A-repeat forms
an intramolecular duplex via the “hairpin 2” sequences,
as opposed to the intermolecular duplex formation that
we have observed for the single 26-mer A-repeat. This
suggests that multiple A-repeats may form higher-order
structures that are stabilized by inter-repeat duplex for-
mation involving the 3’ regions of the individual A-repeat
sequences.

We then designed single A-repeat “hairpin 2” variants
that should disrupt A-repeat dimerization. A “U20C” vari-
ant (blue in Fig. 4) disrupts the intermolecular A-U base
pairs and, thus, should strongly weaken the dimerization. In
a second variant, “hairpin 2” is capped by a GUAA tetraloop
(black in Fig. 4), a member of the stable GNRA tetraloop
family, which is expected to force the 3’ part of the A-repeat
into a hairpin conformation. Analytical ultracentrifugation
experiments of these two variants show that both A-repeat
variants are monomeric at 0.1 mM concentration, in con-
trast to the original single 26-mer A-repeat (NMR-XCR).

The functional activity of the A-repeat dimerization
variants was tested in vivo using an inducible Xist expres-
sion system in mouse embryonic stem cells. This assay has
previously been used to show that chromosomal associa-
tion and spreading of Xist RNA can be functionally
separated from silencing (Wutz et al. 2002). In male mouse
ES cells, single-copy variant Xist RNA transgenes are in-
troduced into a locus on the X chromosome under control
of an inducible promoter. When Xist expression is induced
by addition of doxycycline, the activity of the Xist transgene

can be monitored by measuring cell survival in cell culture,
as successful Xist-mediated repression of the single male X
causes cell death. Southern blot analysis of the endogenous
and the transgenic Xist DNA is used to confirm that the
transgenes are successfully introduced into the ES cell system.
Similar expression levels of the constructs are confirmed
based on comparably sized Xist clusters by RNA FISH. Cell
survival is then analyzed after five days of differentiation after
Xist induction by doxycycline and expressed relative to cell
survival of parallel cultures in which Xist was not induced.

Figure 4C shows Southern blot analysis of the endoge-
nous Xist DNA and the Xist transgenic DNA, confirming
that the transgenes were successfully introduced into the ES
cell system (lanes 1 and 2 show two independent clones).
NMR-XCR contains 12 copies of the NMR-modified
A-repeat connected by short linkers of eight uridines, as
does U20C, causing the bands to run at approximately
equal height. GUAA appears as a shorter and weaker band
as it has only seven copies of the NMR-modified A-repeat.
Note that both variants (U20C and GUAA) contain the
same NMR-modified “hairpin 17 sequence as NMR-XCR.
Similar expression levels of all three constructs are dem-
onstrated by comparably sized Xist clusters by RNA FISH
(data not shown). Figure 4D shows cell survival of dif-
ferentiating ES cells after five days in cell culture. The two
controls shown are wild-type Xist (with 7.5 copies of the
A-repeat) and AXS, in which the A-repeats are deleted,
a construct that is unable to induce silencing (Wutz et al.

A
tandem A-repeat
single A-repeat (dimer)
13 12 1 10 [ppm ]
B
‘hairpin 2
10 12 14 1718 20 2425 12 4 hairpin 1
GCGCUUCGGAJUAlcCUG
ToLl e Dol [EX] Tedl o111l
U,CGCG &
421 B 20| 1817 1412 10
hairpin 1
‘hairpin 2’ NMR-XCR

FIGURE 3. The tandem A-repeat folds in a similar way as a duplex of
two single A-repeats. (A) 1D imino proton NMR spectra of the single
A-repeat dimer (in green) and of a tandem A-repeat (in magenta; color
coding as in Fig. 4) are shown, with residue numbers labeled. The uridine
imino signal of A-U base pairs is seen in both RNAs (black box) and is
consistent with intermolecular duplex formation of the single A-repeat
and intramolecular duplex formation in the tandem repeat (cf. Fig. 4) via
the “hairpin 2” region. The additional imino peak assigned (black arrow)
in the tandem repeat spectrum presumably corresponds to the G-C base
pair closest to the linker region between the two repeats. (B) Schematic
drawing of the single A-repeat dimer. A-U base pairs, boxed in black, are
involved in the dimerization platform that is infermolecular in the single
A-repeat and intramolecular in the tandem A-repeat.
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FIGURE 4. A-repeat “hairpin 2” variants that disrupt dimerization do not initiate X-inactivation in vivo. (A) The NMR-XCR single 26-mer A-
repeat dimerizes in vitro via the “hairpin 2” sequence (in green). Variants of “hairpin 2,” U20C (in blue), and GUAA (in black) are expected to
disrupt this dimerization. The expected fold of the tandem A-repeat is boxed in pink. The color coding of these four RNAs is followed throughout
the figure. (B) The oligomerization of these four RNAs was characterized by analytical ultracentrifugation. All RNAs, except NMR-XCR, are
monomeric. (C,D) Functional activity of the A-repeat variants in vivo. (C) Southern blot analysis shows successful introduction of the variant Xist
RNA transgenes into a mouse ES cell system. (D) The percentage of cells (n is the number of measurements in triplicates) surviving in
differentiating cultures in the presence of doxycyclin is given as a measure of silencing. The number of A-repeats in a given transgene construct
and the silencing activity are indicated below each variant. Wild-type Xist and a variant where the A-repeats are deleted (ASX) are used as controls.
Cell survival of the U20C and GUAA variants in cell culture is comparable with the variant where the A-repeats are deleted. An Xist transgene with
modified A-repeats (NMR-XCR) apparently has slightly stronger activity than the wild-type Xist. The latter has less copies of the A-repeat; in fact,
the NMR-modified A-repeat may have slightly less activity per A-repeat unit than the wild type.

2002). NMR-XCR silencing is comparable to wild-type
Xist. Its stronger activity is likely due to the higher A-repeat
copy number. Strikingly, the U20C A-repeat construct
shows no activity compared to NMR-XCR. Also the GUAA
variant is severely impaired in its silencing activity. Thus,
both of these mutations that disrupt duplex formation via
the “hairpin 2” region are inactive, consistent with the
hypothesis that duplex formation via the 3’ region of A
repeats is required for silencing in vivo.

DISCUSSION
Correlation of the AUCG tetraloop hairpin structure
with Xist silencing

Previous mutational studies on the Xist RNA A-repeats
using the in vivo assay described above showed that the

1978 RNA, Vol. 17, No. 11

length and sequence of the spacer by which the A-repeats
are joined do not influence Xist activity and that at least
five A-repeat copies are required for effective silencing
(Wutz et al. 2002). Inversion of the hairpin 1 stem sequence
does not influence activity, while disruption of stem base-
pairing inhibits silencing. This is fully consistent with our
three-dimensional structure and melting point measure-
ments and supports the formation of a highly stable AUCG
tetraloop hairpin with a G-C rich stem in the context of the
complete A-repeat RNA. Interestingly, a variant with
antisense A-repeats abolished silencing. As the sequence
of stem 1 can be inverted without affecting activity, the loss
of function in the antisense variant must be linked to the
antisense loop. This further underpins the importance of
not only a stable intact stem, but also of the AUCG
tetraloop sequence for function. A-repeats with a scrambled
hairpin 1 loop sequence (UAGC) show reduced (40% cell
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survival after Xist induction compared to 25% for wild-
type A-repeats) silencing activity. We speculate that the
residual function could reflect some unique structural
feature of the wild-type loop in the scrambled loop variant,
in spite of the different loop sequence. The inactivity of the
antisense variant and the diminished activity of the scram-
bled tetraloop variant argue that not the size but rather
specific structural features of the tetraloop conformation are
required for function. This is further underlined by the full
conservation of the AUCG loop in mouse Xist A-repeats
and an almost full conservation in placental mammals
(Supplemental Fig. S1). Sequence variations are only found
for the second and the fourth position of the tetraloop in
human Xist RNA A-repeats. The uridine in the second
position of the AUCG tetraloop nucleotide is replaced by
adenosine in some repeats. This variation is consistent with
the observed stacking of the corresponding nucleotide and
most likely structurally silent. The fourth nucleotide is
conserved as purine (Supplemental Fig. S1). As this base
is exposed, the tetraloop structure is expected to tolerate the
observed sequence variation. Taken together, our data
suggest that the stable tetraloop fold is a conserved feature
of the A-repeat RNA.

Functional implications for “hairpin 2’ dimerization:
A model of the Xist RNA A-repeats

Previous mutational analysis of the A-repeats did not reveal
any sequence-function relationships for the predicted “hairpin
2,7 except that its complete removal abolished Xist function.
The results presented here suggest that duplex formation
involving this sequence is required for silencing in vivo.
This is supported by our mutational analysis which pro-
vides a clear correlation between the potential of the
“hairpin 2” sequence for duplex formation and functional
activity of A-repeats in vivo. A functional role for multi-
merization of A-repeats is a tempting hypothesis, (1) as
a minimum of five repeats is required for Xist function, and
(2) as the A-repeats, which are connected by short linkers,
have a high local concentration on the Xi chromosome.
Multimerization of several A-repeats either within a single
Xist RNA molecule (as shown in Figs. 3, 4) or between
different ones could thus help to bring the AUCG tetra-
loops in close spatial proximity as illustrated in Figure 5.
Recently, a 2D model of the complete Xist A-repeat RNA
was proposed based on foot-printing, chemical modifica-
tion, and FRET data (Maenner et al. 2010). In this model,
the A-repeat region is predicted to fold into two long stem—
loops involving inter-repeat duplex formation, albeit with-
out the formation of the stable AUCG tetraloop for the
hairpin 1 region. Our finding that the hairpin 1 adopts
a highly stable and unique structure strongly argues that it
represents an independent basic folding unit and that the
tertiary fold of the A-repeat region is constructed by
sequential formation of the individual tetraloop structures.

hairpin 1 A e
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A

FIGURE 5. A model for the Xist RNA A-repeats. Inter-repeat
dimerization of the “hairpin 2” sequence brings together the AUCG
tetraloops of different A-repeats. Consecutive repeats are highlighted
by different background color. The free energy (AG) of this fold at
37°C predicted by the Mfold 3.2 software (Zuker 2003) is —69.8 (kcal/
mol) and is consistent with the structural and biochemical data
reported here and in Maenner et al. (2010).

Significantly, the model for the structure of the full A-repeat
region shown in Figure 5 reconciles all our structural and
functional data as well as the foot-printing, chemical modi-
fication and FRET data that were recently used to propose
a different model (Supplemental Fig. S10; Maenner et al.
2010). This previously proposed model is not compatible
with our in vivo data as it cannot explain the loss of activity of
the U20C A-repeat variant (Fig. 4). Mutation of this uridine
should not influence the two-dimensional structure, as pro-
posed by Maenner et al., but will strongly destabilize the inter-
repeat duplex formation in the model, shown in Figure 5.
There are several implications from our structural and
biochemical analysis for molecular functions of the A-repeats.
(1) Mutational analysis of the hairpin 1 and the AUCG
tetraloop sequence demonstrates that the integrity of the
loop is required for Xist-mediated silencing. This suggests
that the AUCG loop could be specifically recognized by a
trans-acting factor. For example, subunits of the PRC2
complex that have been shown to play a role in Xist-
mediated silencing are potential binding partners (Zhao
et al. 2008; Kanhere et al. 2010). (2) The presentation of
multiple AUCG motifs by inter-repeat duplex formation
(Fig. 5) could support cooperative binding of the Xist
A-repeats to multiple RNA binding domains, which, indi-
vidually, might have low AUCG-binding affinity. This hy-
pothesis is in agreement with the observation that several
PRC2 core components bind more efficiently to multiple
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A-repeat RNA in vitro (Maenner et al. 2010), most notably
the Suzl2 component that needs the complete A-repeat
region for efficient binding. (3) The inter-repeat duplex
formation could also contribute to the differential treat-
ment of the two X chromosomes by prevention of Xist-Tsix
duplex formation as suggested by Ogawa et al. (2008). The
proposed RNAi-like Xist repression on the Xi by short
RNAs originating from these Xist-Tsix duplexes could then
be prevented, allowing Xist RNA to accumulate and initiate
silencing. (4) Finally, by intermolecular multimerization of
several Xist RNA molecules, the A-repeats could serve as
a nucleation center by which PRC2 recruitment and thus
silencing is spread over the Xi. Although we cannot exclude
the possibility that RNA binding proteins alter the fold of
the Xist RNA in vivo, our observation that mutations that
abolish duplex formation also inhibit silencing suggests that
the Xist A-repeats may act as a multimerization platform
that is required for the functional activity of Xist RNA.

MATERIALS AND METHODS

Sample preparation

C,®N uniformly labeled and unlabeled Xist RNA A-repeat
constructs were prepared as described previously (Duszczyk et al.
2008) and are listed in Supplemental Table S2. NMR samples were
prepared in 10 mM NaH,PO,/Na,HPO,, pH 6.0, 100 mM NaCl,
0.02 mM EDTA, 0.02% azide in 95% H,O, 5% DO, or 100% D,0.
RNA concentrations ranged between 0.8 and 1.2 mM. Samples for
analytical ultracentrifugation were prepared in NMR buffer at 0.1
mM concentration. Prior to all measurements, samples were heated
to 95°C for 5 min, followed by snap-cooling on ice with the
rationale to trap the kinetically favored intramolecular monomeric
hairpin conformation over a possible intermolecular dimer. The
homogenous formation of a monomeric 14-mer hairpin was unam-
biguously confirmed by measuring the relative intensity of cross
and diagonal peaks in a HNN-COSY spectrum (Dingley and
Grzesiek 1998) recorded on a 50% 13C,N-labeled, 50% unlabeled
sample in H,O (Supplemental Fig. S9; Duszczyk et al. 2008).
Partial alignment of RNA for residual dipolar coupling measure-
ments was achieved by adding 18 mg mL™" filamentous bacte-
riophage Pfl (ASLA Biotech) to an unlabeled sample.

NMR spectroscopy

NMR experiments were recorded at 5°C (assignment and NOESY
spectra involving exchangeable protons) or 25°C (assignment, NOESY
spectra involving nonexchangeable protons, measurements of J-cou-
plings, and RDCs) on Bruker DRX600, 800, or 900 spectrometers
equipped with cryoprobes. Spectra were processed with NMRPipe
(Delaglio et al. 1995) and analyzed using NMRVIEW (Johnson and
Blevins 1994). Chemical shifts in the Xist RNA 14-mer AUCG hairpin
were assigned as described previously (Duszczyk and Sattler 2011).

Structure calculation and refinement

Generation of hydrogen bond and inter-proton distance re-
straints, torsion angle restraints, and residual dipolar coupling
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restraints as input for the structure calculations is described in
detail in the Supplementary Information. Initial structures were
calculated with ARIA/CNS 1.2 (Brunger et al. 1998; Linge et al.
2003) with a mixed Cartesian and torsion angle dynamics sim-
ulated annealing protocol from an extended starting structure
using NOE, torsion angle, hydrogen bonding, and planarity
restraints. Based on consistency between back-calculated proton-
proton distances and experimental NOEs and on low energy
criteria, 20 best ARIA-calculated structures were selected for
refinement with the SANDER module of AMBER 9 (University
of California, San Francisco, http://ambermd.org). In the re-
finement protocol, 25 RDCs were included with a single floating
alignment tensor. The restrained MD refinement was performed
with the Cornell et al. (1995) force field with the generalized-Born
solvation model (Bashford and Case 2000). The final ensemble of
10 structures was selected from the 20 AMBER-refined structures
based on the agreement between experimental and back-calcu-
lated proton chemical shifts (using the program NUCHEMICS
[Wijmenga et al. 1997]) for the loop nucleotides while maintain-
ing low restraint violations and force field energies. RMSDs and
angles in the final structures were calculated using MOLMOL
(Koradi et al. 1996). Molecular graphics were generated using
Pymol (DeLano 2002).

In vivo studies

Cloning of variant Xist constructs, generation of transgenic cell
lines, and growing of ES cell cultures were performed as described
previously (Wutz et al. 2002).

Analytical ultracentrifugation

The oligomeric state of the A-repeats variants was investigated by
monitoring sedimentation properties in centrifugation experi-
ments at 0.1 mM concentration in NMR buffer. The sedimenta-
tion velocity profiles were collected by monitoring the absorbance
signal at 260 nm as the samples were centrifuged in a Beckman
Optima XL-A centrifuge fitted with a four-hole AN-60 rotor and
double-sector aluminium centerpieces (45,000 rpm, 20°C). Mo-
lecular weight distributions were determined by the C(s) method
implemented in the Sedfit software (Schuck 2000). Buffer density
and viscosity corrections were made according to data published
by Laue et al. (1992). The partial specific volume of the A-repeat
RNA variants was taken as 0.53 mL/g.

RNA UV melting studies

RNA oligonucleotides were purchased from Fisher Scientific. They
were dissolved to OD 80-85 in NMR buffer without further
purification and diluted 20-fold into either H,O (condition A) or
H,0, 25% formamide (condition B). Absorbance versus temper-
ature was recorded at 254 nm (condition A) or 270 nm (condition
B) on a Varian-Cary UV-visible spectrophotometer equipped with
a Peltier temperature control device. Standard 1-cm-path-length
quartz cuvettes were used for the measurements. RNA melting
curves were recorded at a heating rate of 0.2°C/min from 10°C to
95°C in triplicates for each condition. Before each measurement
the diluted samples were heated to 95°C for 5 min followed by
snap-cooling on ice for 5 min. Melting temperatures were derived
from the maxima of first derivatives of the melting curves
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calculated using Savitzky-Golay smoothing (polynomial order 2,
20 window points) after reducing and evenly spreading the data
points (every 5 points) using the Origin 8.1G software.

Deposition of coordinates, chemical shifts,
and restraints

Coordinates for the ensemble of 10 AMBER-refined structures of
the 14-mer AUCG tetraloop hairpin have been deposited into the
Protein Data Bank (accession code 2Y95). NMR chemical shift
assignments and other restraints used to calculate the structural
ensemble have been deposited into the BMRB (accession code
16714).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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