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ABSTRACT

In bacteria, small non-coding RNAs (sRNAs) could
function in gene regulations under variable stress re-
sponses. DsrA is an ~90-nucleotide Hfg-dependent
sRNA found in Escherichia coli. It regulates the trans-
lation and degradation of multiple mRNAs, such as
rpoS, hns, mreB and rbsD mRNAs. However, its func-
tional structure and particularly how it regulates mul-
tiple mRNAs remain obscure. Using NMR, we inves-
tigated the solution structures of the full-length and
isolated stem—loops of DsrA. We first solved the NMR
structure of the first stem—loop (SL1), and further
studied the melting process of the SL1 induced by
the base-pairing with the rpoS mRNA and the A-form
duplex formation of the DsrA/rpoS complex. The sec-
ondary structure of the second stem—loop (SL2) was
also determined, which contains a lower stem and
an upper stem with distinctive stability. Interestingly,
two conformational states of SL2 in dynamic equilib-
rium were observed in our NMR spectra, suggesting
that the conformational selection may occur during
the base-pairing between DsrA and mRNAs. In sum-
mary, our study suggests that the conformational
plasticity of DsrA may represent a special mecha-
nism sRNA employed to deal with its multiple regu-
latory targets of mRNA.

INTRODUCTION

Small non-coding RNAs (sRNAs) are widespread among
all kingdoms, and play the critical regulatory roles in many
cellular processes (1,2). In bacteria, sSRNAs are typically 50—
300 nucleotides in length, and are highly expressed during
adaptation to changes in the environment, including low ion
concentration, oxidative stress, outer membrane stress or
nutrient starvation (3,4). The major class of bacterial reg-
ulatory sRNAs acts by imperfectly base pairing with their

target mRNAs in trans, usually affecting the translation and
stability of mRNAs (5,6). These sSRNAs usually bind to the
5" untranslated region (UTR) of the mRNAs, often occlud-
ing the ribosome-binding site (RBS) and/or starting codons
(7). The formation of this SRNA/mRNA duplex usually
leads to translational inhibition and/or mRNA degrada-
tion (8,9). However, sSRNA can also activate the expression
of its target mRNA by competing with the formation of a
stem—loop structure, which normally sequesters the RBS
and inhibits its translation (10,11). The RNA chaperone
Hfq is crucial for this trans-encoded sRNA regulation by
facilitating the direct interaction between SRNAs and their
target mRNAs (12,13).

DsrA (downstream of rcsA), an ~90-nucleotide Hfg-
dependent RNA from Escherichia coli, is one of the first
regulator SRNAs that have been identified to regulate mul-
tiple mRNAs (14,15). It is encoded by a gene in the down-
stream region of resA, which is a positive regulator of capsu-
lar polysaccharide synthesis (16). Upon low temperature or
acidic pH stress, DsrA is highly expressed to modulate the
translations of rpoS and ins mRNAs that encode two global
transcription regulators, the alternative sigma factor o and
the nucleoid-structuring protein H-NS (14,15,17,18). DsrA
was also shown recently to negatively regulate mreB and
rbsD mRNAs, which are involved in the cell wall biosyn-
thesis and the ribose metabolism, respectively (19,20).

It has been previously indicated that DsrA contained
three stem—loop structures, denoted SL.1, SL.2 and SL3, and
a long linker between SL1 and SL2 (Linkerl) (Figure 1)
(21). The SL1 and its 3’ following sequence in DsrA sRNA
positively regulate the expression of rpoS mRNA by an anti-
antisense mechanism (15,22). rpoS mRNA usually forms a
large stem—loop structure upstream from the start codon
that inhibits the ribosome binding (23). When DsrA binds
to the upstream region in the 5-UTR of rpoS, it disrupts
this stem—loop to release the RBS and activates the trans-
lation of rpoS mRNA efficiently (23). The DsrA activation
of rpoS translation is Hfg-dependent (24). Hfq forms a sta-
ble ternary complex with DsrA and rpoS mRNA, increas-
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Figure 1. Schematic of the secondary structure of DsrA. Three stem-loops
are colored magenta, green and cyan. The DsrA-Domain2 consists of nu-
cleotides in the dashed box. The single strand linker between SL1 and SL2
is labeled as Linkerl. Watson—Crick hydrogen bonds are indicated by con-
tinuous lines and GeU wobble base pairs are denoted by a circle.

ing the annealing rate of DsrA to rpoS (25). However, the
DsrA/rpoS duplex formation in vivo does not need Hfq but
may requires CsdA helicase (26). Moreover, base-pairing of
DsrA with rpoS mRNA protects rpoS from the degrada-
tion by RNase E (27). Recently, it has been reported that
the annealing of DsrA within the rpoS 5'-UTR region also
represses the premature termination of the Rho-dependent
transcription (28).

A portion of the Linkerl and the SL2 of DsrA par-
ticipates to the base-pairing with hns, mreB or rbsD mR-
NAs, blocking mRNAs translation and/or degradation
(19,20,29). NMR and SAXS experiments have revealed that
the SL2 is very dynamic, unfolding into an extended and
single-stranded conformation when binding to Hfq (30).
SL3, which contains many G—C base pairs with a short
poly-U tract, is a Rho-independent transcriptional termina-
tor (22). Three alternative DsrA secondary structures have
also been proposed by using the program MULFOLD, nu-
clease footprinting analysis, and the isoenergetic microar-
ray mapping method (14,29,31,32). The four secondary
structural predictions of DsrA all contain three stem—loops
which are identical in SL1 and SL3 but not for Linkerl and
SL2. The full-length DsrA is able to self-assemble into a
large polymer in vitro, resulting from the auto-assembly of
the 22-nucleotide central region of DsrA (33-35).

Despite the importance of DsrA sRNA in post-
transcriptional regulation, its atomic-level resolution struc-
ture has not been published. In addition, SRNA has been
shown to directly regulate multiple mRNAs that could bal-
ance the different transcriptional responses at the post-
transcriptional level (36). However, the mechanism of
sRNA-mediated regulation of multiple, structurally unre-
lated mRNAs is less understood at the molecular level. Pre-
vious work has shown that a conserved G/U-rich region
within GevB sRNA was required for its base-pairing with
multiple targets (37). In this work, we propose that multiple

targets can also be relevant to the different conformational
states for a given SRNA.

In this research, we determined the 3D structure of DsrA-
SL1 by NMR, which forms a stable stem—loop structure
adopting a typical A-form helix with a dynamic AUUUC
pentaloop. Native PAGE and NMR experiments confirm
that the 5 UTR of rpoS mRNA base pairs with DsrA and
unwinds DsrA-SL1, and the DsrA/rpoS complex forms
an A-form duplex structure. We also investigated the sec-
ondary structure of Domain2 RNA, which contains the un-
paired Linkerl and SL2 of DsrA. The NMR data reveals
two conformational states of SL2 in solution which may be
in dynamic equilibrium. Based on these results, we proposed
a model for multiple mRNA sequestration by DsrA.

MATERIALS AND METHODS
RNA sample preparation and purification

The DNA sequence of the full-length DsrA sRNA was de-
signed to include the T7 RNA polymerase promoter, the
RNA coding sequence, and restriction sites for EcoRI and
Xbal. The target was generated by one polymerase chain re-
action (PCR) with four overlapping primers (FL_1f, FL 2r,
FL_3f and FL_4r). After ligating into the pUC19 plasmid,
the plasmid was sequenced (Invitrogen) to confirm the iden-
tity of the insert and/or mutations. RNA samples were syn-
thesized by in vitro transcription with T7 RNA polymerase
in 10 mL reactions. The template for full-length DsrA was
a PCR product at 0.3 pM amplified from the target plas-
mid using primers FL_S5tem and FL_3tem. The templates of
the other RNAs were 0.3 uM synthetic template oligonu-
cleotide DNA and 0.3 pM synthetic promoter oligonu-
cleotide DNA (5-GAAATTAATACGACTCACTATAG
-3"). All oligonucleotide DNA primers and templates can
be seen in Supplementary Table S1. The in vitro transcrip-
tion mixture contained 40 mM Tris—HCI (pH 8.1), | mM
spermidine, 0.01% (v/v) Triton X-100, 10 mM DTT, 20-50
mM MgCl,, 1 mg T7 RNA polymerase and 5 mM each of
unlabeled or uniformly '*C,!>N-labeled NTPs (SILANTES
GmbH). Optimal concentration of MgCl, was determined
in small-scale reactions.

The reactions were incubated for 4 h in a water bath at
37°C, and then quenched by the addition of 0.1 volume of
0.5M EDTA (pH 8.0). After the addition of 0.1 volume of 5
M sodium chloride and 3 vol. of cold 100% ethanol, RNAs
were ethanol precipitated at —20°C overnight and then pu-
rified by electrophoresis on urea-containing polyacrylamide
denaturing gels using a DNA sequencing system (JY-CX2B
from BEIJING JUNYT Electrophoresis Co., Ltd.) at 120 W.
The gel bands were visualized by UV-shadowing, and ex-
cised from the gel. Then the RNAs were eluted using the
Elutrap Electroelution System (GE Healthcare) at 150 V
overnight. All purified RNAs were washed with 2 M NacCl,
and then desalted and exchanged extensively into an NMR
buffer using an appropriate Amicon Ultra Centrifugal Fil-
ter Device (Millipore).

To investigate the heterodimer formation of DsrA32 and
rpoS25 by NMR, equal amounts of DsrA and rpoS were
mixed to give a final concentration of 1.2 mM of total
RNA. The samples were incubated at 95°C for 5 min and



then slowly cooled to room temperature. RNA sample con-
centrations were determined by measuring the optical ab-
sorbance at 260 nm.

Gel mobility shift assays

The DsrA32/rpoS25 binding assay was performed in a 10
wl reaction mixture in NMR1 buffer (10 mM sodium phos-
phate at pH 6.5 and 50 mM NacCl). DsrA32 and rpoS25
samples were prepared at 20 M stock solutions in NMR 1
buffer. Then, 0, 0.5 and 1 wl rpoS25 was added to 1 pl
DsrA32 to give 0:1, 0.5:1 and 1:1 rpoS25:DsrA32 ratios, re-
spectively. The reactions were incubated at 95°C for 5 min
and then slowly cooled to room temperature. After the ad-
dition of 2 w1 80% glycerol, the samples were resolved on 0.5
x Tris-borate buffer (50 mM Tris base, 50 mM boric acid)
10% native 19:1 polyacrylamide gels. Gels were stained with
Gel-Red, and photographed with a gel imaging system.

Binding reactions between the mRNAs and the SL12
wild type (WT) or SL12 ACS53 mutant were performed
in a 10 wL reaction mixture containing 10 mM sodium
phosphate, pH 6.5, and 2 mM MgCl,. The SL12 WT and
SL12 AC53 mutant were prepared at 1 wM stock solution
in NMR2 buffer (10 mM sodium phosphate at pH 6.5).
Prior to use, they were refolded by heating for 1 min at
90°C and incubating on ice over 5 min. The lyophilized
RNA oligomers (rpoS18 and R22 RNAs) labeled at their
5'-termini with Carboxyfluorescein (FAM) were obtained
from Takara Bio, Inc., and dissolved in diethylpyrocarbon-
ate (DEPC)-treated water to a final concentration of 100
M. Before the binding reaction, they were diluted to 2 puM
in NMR?2 buffer. The final concentration of FAM-labeled
RNAs was 200 nM, and the final concentrations of the SL.12
WT and SL12 AC53 RNAs were as indicated (Figure 7).
Reactions were incubated on ice for 20 min. Prior to gel
loading, the binding reactions were mixed with 2 ul of na-
tive loading buffer (80% glycerol, 0.02% (w/v) bromophe-
nol blue), and the samples were loaded onto 10% native 19:1
polyacrylamide gels in 0.5 x TB buffer with 2 mM MgCl,.
Gels were run on ice at 150 V for 30 min and scanned using
a Typhoon FLA 7000 (GE Healthcare). Each experiment
was performed on the same gel and was repeated at least
three times.

Multi-angle light scattering

Size exclusion multi-angle light scattering (SEC-MALS)
data was collected using an AKTA pure system (GE Life
Sciences) with a Superdex 200 Increase 10/300 GL col-
umn (GE Life Sciences) at a flow rate of 0.75 ml/min in
running buffer (10 mM sodium phosphate at pH 6.5 and
100 mM NacCl). The system was coupled on-line to an 18-
angle MALS detector (DAWN HELEOS II, Wyatt Tech-
nology) and a differential refractometer (Optilab T-rEX,
Wyatt Technology). Molar mass determination was calcu-
lated using ASTRA 7.0.1.24 software.

NMR spectroscopy and signal assignments

For NMR studies, SL14+4 was prepared in NMR1 buffer,
while the other RNA samples were prepared in NMR2
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buffer. NMR spectra were recorded on Bruker DMX 600
MHz, AVANCE II1 900 MHz and Agilent 700 MHz spec-
trometers equipped with HCN cryoprobes at 283 K for ex-
changeable and at 303 K for non-exchangeable proton spec-
tra.

To determine the solution structure of SL1i4, 2D
NOESY (mixing time = 200 ms), 2D 'H-N HSQC, 2D
H6/HS5(C4N)H (38) and 3D 'H-""N NOESY-HSQC spec-
tra in 90% H,O/10% D,0, recorded with unlabeled and
uniformly 3C,">N-labeled samples, were obtained to unam-
biguously assign the imino and amino exchangeable pro-
tons. RNA base pairs were confirmed with 2D HNN-COSY
experiment. Assignments for all non-exchangeable protons
were obtained from 2D NOESY (mixing time = 250 ms),
2D 'H-3C HSQC, 2D TOCSY, 2D HCN, 3D HCCH-
COSY, 3D HCCH-TOCSY and 3D 'H-"*C NOESY-HSQC
datasets in D,O. The sugar pucker was determined with 2D
DQF-COSY. Imino proton resonance assignments of other
RNAs were obtained by standard sequential assignment
methods in 2D NOESY. All NMR data were processed us-
ing NMRPipe/NMRDraw and analysed using Sparky and
NMRView.

Structure calculations

Initial structures of SL1.4 were calculated with CYANA
3.0 by adding the manually assigned NOEs. Upper dis-
tance limits of 2.7, 3.3, 5.0 and 6.0 were generally em-
ployed for cross-peaks of strong, medium, weak and very
weak intensity, respectively. Standard hydrogen-bonding re-
straints for all nine base pairs were employed, and cross-
helix phosphate-phosphate distance restraints (with a 20%
weighting coefficient) were used in the helical segments to
limit the approach of the phosphate groups. Torsion-angle
restraints were used for the nucleotides of standard A-form
geometry, allowing for +25° deviations from ideality (a« =
—62°, B = 157°, vy = 48°, 8 = 83°, e = -152°, { = -73°).
Nucleotides U13-C15 with observable H1’-H2’ and H1’-
H3’ correlations were constrained as C2’-endo (South; 8 =
142.5° £ 37.5°). Except for 8, no torsion angle restraints
were applied for U13-C15 in the loop. The 20 CYANA-
minimized structures with the lowest target function were
refined in the ff99bsc0_chiOL3 force field using the sander
module of AMBER 14 using a protocol as previously de-
scribed (39). The statistics table for the SL1.4 structure en-
semble is included in Supplementary Table S2. Molecular
images were generated using PyMOL (http://www.pymol.

org).

RESULTS

DsrA-SL1 forms a stable A-form helix capped by a dynamic
pentaloop

As an ~90-nucleotide non-coding RNA, the full-length
DsrA is extremely challenging for solution NMR studies.
Therefore, we adopted a divide-and-conquer approach to
investigate the individual stem-loops and then validated
the results in the context of the full-length sequence. The
wild-type sequence of DsrA-SL1 (SL1 WT) includes the nu-
cleotides from 4 to 22, with a G19eU7 wobble base pair
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and a capping AUUUC pentaloop. To determine the solu-
tion structure of SL1, we prepared a 23-nucleotide SL1.44
RNA, with two non-native G-C base pairs added at the
end of the helical stem to generate a high level of RNA tran-
scription (Figure 2A). Using a combination of homonuclear
and heteronuclear 2D and 3D NMR experiments on un-
labeled or uniformly '*C,'*N-labeled samples in H,O and
D-0, almost complete 'H and protonated-'3C and -'>N sig-
nals were assigned.

Assignments were made for all guanine and uracil imino
proton signals observed at 10°C, except for the nucleotides
in the loop region (U12, U13 and U14), using 2D NOESY
and 2D HNN-COSY. Figure 2B shows the imino proton
resonances in 1D NMR spectrum and the base pairs be-
tween imino protons and their hydrogen-bonded nitrogen
atoms in 2D HNN-COSY. Sequential assignment of the
aromatic H6/HS protons to the ribose H1” proton indicates
that SL144 forms an A-form helix from G-2 to G10 and
from C16 to U22 (Figure 2C). In the pentaloop, the se-
quential base-H1’ connectivity can be observed from G10
to All. A11-H2 has NOEs with U12-HI’ and C16-H1’
and the A11-HS8 proton has a strong NOE cross-peak with
G10-H2’ (Figure 2D), indicating that A11 actually stacks
on G10. In addition, weak NOEs are observed between
Ul2-H6 and A11-H1’/H2” when A11-HS8 also exhibits an
NOE with U12-HS. These results indicate that U12 stacks
on All, but this stacking does not deviate from standard
A-form geometry. No NOE connectivity from U12 to C16
is observed in both 2D NOESY and 3D 'H-'3C NOESY-
HSQC (Figure 2D). Due to the absence of the H1’-H2’
cross-peak in the 2D 'H-'"H DQF-COSY spectrum, all the
nucleotides in the stem plus A1l should adopt a C3’-endo
A-form sugar pucker conformation (Supplementary Figure
S1). Ul2 has a H1’-H2’ cross peak with a J-coupling con-
stant of 7.2 Hz, indicating that U12 ribose is in a confor-
mational equilibrium between C2’- and C3’-endo character.
Three other nucleotides in the loop (U13, Ul4 and C15)
all have a coupling constant larger than 9 Hz, suggesting a
significant C2’-endo conformation for their riboses, which
is further confirmed by the strong intra-nucleotide H6-H2’
NOE:s relative to H6-H3’. All these data indicate that there
is no base-stacking from U12 to C16, and their structures
are highly dynamic and disordered.

The solution structure of SL1,4 was finally solved by
using 397 NOE distance restraints for an average of 17
NOE restraints per nucleotide and 21 total restraints per
nucleotide (Supplementary Table S2). The superposition of
the 20 lowest energy structures was performed over all heavy
atoms yieldingan RMSD to the mean of 1.87 A for all heavy
atoms in SL1 and 0.17 A for heavy atoms in the stem region
(Figure 3A). The structure of SL14+4 is well defined, with
a regular A-form helix capped by a dynamic pentaloop in
which all nucleotides in the stem are base paired and stacked
in the helix (Figure 3B). The overall orientation of the AU-
UUC pentaloop of DsrA-SL1 is very similar to the AU-
GUG pentaloop of 7SK-SL4 (Supplementary Figure S2):
the first two nucleotides in the 5'-side of the loop are stacked
in a helical environment while the next three nucleotides in
the 3’-side loop are highly flexible (Figure 3C) (40).

rpoS mRNA unwinds DsrA-SL1 and DsrA /rposS forms an A-
form duplex

Previous RNA footprinting analysis has shown that DsrA-
SL1 and Linkerl bind to the 5 UTR region of rpoS
mRNA accompanied by the unwinding process of DsrA-
SL1, which will in turn release the ribosome binding site
on rpoS (21). To investigate the details of this interaction,
we designed a DsrA32 RNA (nucleotides from 1 to 32 of
DsrA) and a rpoS25 RNA (nucleotides from —119 to —-95
of rpoS) for further biochemical and NMR studies (Fig-
ure 4A). To test the binding, we incubated the DsrA32 and
rpoS25 RNAs together at 95°C for 5 min and then slowly
cooled down to room temperature. The native PAGE experi-
ment showed that addition of rpoS25 to DsrA32 led to a dis-
tinct, stoichiometric band shift (Figure 4B), indicating that
DsrA32 and rpoS25 formed a stable heterodimer at 1:1 ra-
tio. No additional bands were observed at DsrA32/rpoS25
heterodimer ratios above 1:1.

Although a DsrA32/rpoS25 heterodimer is obtained, its
NMR signals assignment turns out to be very difficult due
to the heavy resonance overlap and weak cross-peaks. To
study the structure of DsrA32/rpoS25 complex, we pre-
pared four new RNA samples (R58, R58L, R58M and
R58U) (Figure 4A). R58 RNA contains the intact stem re-
gion of DsrA32/rpoS25 complex and is capped by a GGAA
tetraloop (a member of the well-characterized GNRA fam-
ily). R58L, R58M and R58U RNAs are derived from the
lower stem, middle stem and upper stem of the R58 RNA,
respectively. 1D 'H spectra and 2D '"H-'H NOESY spectra
were performed for all RNA constructs in H,O, while 2D
'H-'H NOESY and 2D 'H-'"H DQF-COSY spectra were
collected for R58, R58L, R58M and R58U RNAs in D,0.

Those imino protons, which belong to the central base
pairs within a stretch of the same three adjacent base pairs,
have almost the same chemical shift (Figure 4C) and iden-
tical NOE cross-peak patterns within all RNA constructs.
For example, DsrA32/rpoS25 heterodimer and R58 RNA
have an almost same imino NOE cross-peak patterns, ex-
cept the first base pair and the last two base pairs of the
stem region of DsrA32/rpoS25 heterodimer (Supplemen-
tary Figure S3A). In the absence of two non-native G-C
base pairs and a GGAA tetraloop, the imino proton signals
of three above-mentioned base pairs in DsrA32/rpoS25
heterodimer are strongly attenuated by fast water exchange
and therefore undetectable in the NOESY experiment. With
the help of the assignments of R58L, R58M and R58U
RNAs, the imino proton resonances of R58 (Supplemen-
tary Figure S3B) and DsrA32/rpoS25 heterodimer (Figure
4D) were unambiguously assigned, except several missing
signals in the middle bulge (G18, G19, U20, G-105). These
results indicated that the stem region of DsrA32/rpoS25
heterodimer had the same structure as R58 RNA, which
contains stable lower and upper stems with a dynamic bulge
in the middle region.

Sequential assignment of the aromatic H6/H8 protons
to the ribose H1” proton in 2D NOESY indicates that the
A-form helix is formed in both R58L and R58U (Supple-
mentary Figure S3C and S3D). The absence of H1’-H2’
couplings and strong (n)H6/HS8 to (n — 1)H2” NOEs also
indicate that R58L and R58U RNAs have retained the
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Figure 2. Representative NMR spectra collected for SL14+4. (A) Secondary structure of SL1. SL144 is the construct derived from the wild-type (SL1 WT,
residues 4-22) and used for structural determination by NMR. Two nonnative G-C base pairs (colored in red) are added to the SL1 WT to increase the
yield of RNA transcription. (B) Imino proton region of 1D NMR spectrum and 2D 'H-13N HNN-COSY reveals the base pairs of SL1.4. Imino protons
and their hydrogen-bonded nitrogen atoms in the canonical base pairs are shown in red bash lines. In HNN-COSY, the cross-peaks are labeled by the
residue number. (C) Portion of 2D NOESY spectrum obtained for unlabeled SL1+4 showing cross-peaks between aromatic H6/HS8 protons and ribose
HI” protons. Sequential NOE connectivities are indicated with lines. The base-H1” sequential walk is traced in black on the 5'-half (G-2 to U12), red on
the 3’-half (C16 to U22) and a black dashed line on A11-H2. G-2 falls outside the spectral region shown. The cross-peaks are labeled with the one-letter
nucleotide code and the residue number. (D) Expansion of planes corresponding to C6/C8 regions of the loop residues A11 to C15 taken from 3D 'H-13C
NOESY-HSQC spectrum collected from uniformly 3C,'>N-labeled SL1.4. Unlabeled peaks are due to partially overlapping resonances from other spin

systems.

C3’-endo conformation. Moreover, similar NOE patterns of
adenosine-H2 to ribose-H1’ signals were observed for R58,
RS58L and R58U (Figure 4E), indicating that the lower and
upper stems of R58 form the same A-form helix structures
as RS8L and R58U, respectively.

DsrA-SL1 forms a very stable hairpin structure, and has
the same imino proton resonances in DsrA32 (Figure 4C)
and SL1.4 (Figure 2B) RNAs. However, these signals disap-
peared in the DsrA32/rpoS25 heterodimer. Taken together,

all these results indicated that DsrA-SL1 is unwound upon
the binding with rpo.S and the DsrA /rpoS complex forms an
A-form duplex in the lower and upper stems plus a dynamic
bulge. Note that the DsrA-SL1 unwinding won’t happen if
DsrA32 is incubated with rpoS25 RNA at room temper-
ature (data not shown), suggesting that the DsrA-SL1 un-
winding and the DsrA /rpoS duplex formation may not hap-
pen spontaneously and needs the assistance of some other
factor(s) in vivo.
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G10

C16

Figure 3. NMR solution structure of SL1+4. (A) Superposition of the 20
lowest energy structures. The base and ribose are colored blue and black,
respectively. (B) The lowest-energy structure of SL144 represented as a
ribbon-and-stick model. Nucleotides are colored blue (guanosine), green
(cytosine), orange (adenine) and red (uracil). (C) Close-up views of the
AUUUC pentaloop.

Secondary structure of DsrA-SL2

Four distinct secondary structure models of DsrA (Models
A-D) have been previously proposed (Supplementary Fig-
ure S4). All these models shared the same SL1 and SL3, but
a variable organization for the nucleotides 23-60 (includ-
ing Linkerl and SL2, named Domain2). To verify the sec-
ondary structure of SL2 in NMR condition, several DsrA
constructs were transcribed (Figure 5A), including the 89-
nt full-length (the sequence derived from (41)), SL12 (nu-
cleotides 1-60, SLI1-Linker1-SL2), Domain2 (nucleotides
23-60, Linker1-SL2), SL23 (nucleotides 35-87, SL2-linker-
SL3), SL2.4 and SL344 (Figure 5A). SL2.4 has the same se-
quence as the Model B with two additional G-C base pairs
at the open end of the stem.

We first assessed the folding of SL244 and Domain2 by
comparing their 2D 'H-'H NOESY spectra (Supplemen-
tary Figure SSA). Because SL2.4 does not seem to exist as a
monomer in NMR buffer (Supplementary Figure S5B and
S5C), its NMR resonances of SL244 are much weaker than
those of Domain2. Even though, all the strong imino res-
onances belonging to the upper stem of SL2 have identi-
cal chemical shift and the NOE cross-peak patterns in these
two RNAs, suggesting that SL2 maintain the same confor-
mation in SL2,4 and Domain2, and the 13-nt Linkerl does
not participate into the formation of the hairpin structure.
To verify whether the structures of the SL1 and SL2 subdo-
mains are maintained in the context of the SL12 RNA, we
investigated the base pairing of SL12 by NMR (Supplemen-
tary Figure S5D). Imino proton resonances were identified
with cross-peak patterns and chemical shifts corresponding
to those observed for SL1 and Domain2 RNAs, indicating

that the structures of these subdomains were present in the
context of SL12. On the same account, the structures of SL2
and SL3 were present in the context of SL23 (Supplemen-
tary Figure S5F). As SL23 only contains the sequences from
the first nucleotide A35 of SL2, this also indicates that the
region of nucleotides A23-U34 is a single strand linker.

Because of the better resolution and signal-to-noise ra-
tio, Domain2 RNA was further used to study the secondary
structure of SL2. The Watson—Crick and GeU wobble base
pairs were identified from the NOEs of imino-to-imino
(Figure 5B), imino-to-aromatic and imino-to-amino pro-
tons in 2D '"H-'"H NOESY (Supplementary Figure SSE).
The upper stem shows sequential imino to imino cross-
peaks from the C40-G56 base pair to U42-A54 base pair
and from C43-G52 base pair to U45-A50 base pair. Due to
the existence of a single-nucleotide bulge (C53), the NOE
between G52-H1 and U42-H3 is missing. And the imino
proton resonance of U41 overlaps with G52 at 10°C. Con-
sistent with the above-mentioned model B, G37e¢U57 wob-
ble base pair and two A-U base pairs form the lower stem,
which is separated from the upper stem by two unpaired nu-
cleotides (U38 and G39). The imino protons of G37e¢U57
can be unambiguously assigned based on their character-
istic chemical shifts and the strong NOE between these
two imino protons in the 2D NOESY. However, no further
imino-to-imino cross-peak between G37e¢U57 and other
base pair is observed, suggesting a structural instability for
the lower stem. Note that the imino resonance of U58 was
assigned by using its NOE with A36-H2 in SL2.4, Domain2
and SL23 RNAs. All the assignments were checked in the
region of imino-to-aromatic and imino-to-amino (Supple-
mentary Figure SSE). In summary, our NMR analysis ex-
hibits a secondary structure of SL2 in Domain2 RNA which
is highly similar to that in model B, including that the lower
stem stem is as unstable as proposed (Figure 5C).

While comparing the imino proton resonances of three
stem-loops in SL12 (Supplementary Figure S5D) and SL23
(Supplementary Figure S5F), we found that the imino pro-
tons belonging to Domain2 experienced exchanged line-
broadening and were much weaker than those in SL1 and
SL3. And in the 2D 'H-'H NOESY of Domain2 RNA,
strong sequential imino-to-imino walks in the upper stem
were observed, but not in the lower stem. Thus, these NMR
data are consistent with the previous ribonuclease foot-
printing results (21), suggesting that the upper stem of SL2
is unstable and the lower stem is much more flexible.

Two conformational states of DsrA-S1.2

It has been indicated that, upon the binding with mRNA,
the Linker] and the lower stem of SL2 of DsrA can form
duplex with mRNA (42). To study the remaining struc-
ture of SL2 after binding, we generated several RNA con-
structs of Domain2 with the stepwise deletion of the re-
gion that can interact with different mRNAs, including
Domain23s,, (nucleotides 28-60), Domain23,, (nucleotides
33-60), Domain2;s, (nucleotides 38-60) and Domain2,¢y
(nucleotides 43-60) (Figure 6B). These different constructs
are expected to mimic the remaining structures of DsrA af-
ter base-pairing with different mRNAs.
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Intriguingly, in the 2D '"H-'H NOESY in H,O, we ob-
served the existence of two conformers of SL2, named Fold
A and B (Figure 6A). In the 2D NOESY spectrum of Do-
main?2 (Figure 5B), all cross-peaks of the imino proton res-
onance are the same as those in Fold A. For Domain2ssy,,
it lacks the first five nucleotides of the linker of Domain2,
however, most of its cross-peaks are similar to those in Fold
B. Only weak G37:U57 and U45:U44 cross-peaks main-
tain their chemical shifts as in Fold A (Figure 6C, top left).
The imino-to-imino cross-peak of U45:U44 of Fold A is the
most intense peak in the upper stem of SL2, so it can be
observed while others are not. This result indicates that a
large population of Domain2;s,, adopts Fold B, while a mi-
nor portion of RNA adopts Fold A. Meanwhile, the intensi-
ties of the cross-peaks that belongs to Fold B are still weak.
For example, the NOEs from the imino proton of G56 to
the imino protons of U42 and U57 in Domain23s, cannot
be observed. These results suggest that Fold B of SL2 in
Domain23s, RNA is unstable and may be easy to unwind.

Interestingly, in Domain23g,, which contains almost
the same sequence as SL2, the population ratio of Fold
A to Fold B was almost inversed when comparing with
Domain23s,. All the cross-peaks of Fold A plus the
U42:U57 and G52:G46 cross-peaks from Fold B can be ob-
served for this RNA (Figure 6C, top right). Furthermore,
in Domain2;s, which is predicted to fold as in Figure 6B,
the same populations of Fold A and B are mostly observed

(Figure 6C, bottom left). The imino proton resonances of
Domain2,s,; were confirmed by 2D 'H->’N HSQC us-
ing uniformly '*N-labeled sample (Supplementary Figure
S6A). Finally, in the shortest construct Domain2;¢,, which
lacks an intact upper stem of Fold A, only the resonances
of Fold B were observed (Figure 6C, bottom right). There-
fore, the 2D NOESY spectra unequivocally confirmed the
existence of two conformers of SL2, and Linkerl and the
unstable lower stem of SL2 affected their equilibrium.

To investigate the conformational exchange process be-
tween two different folds, a 2D 'H-detected '°N exchange
spectroscopy (EXSY) with a mixing time T, = 1.2 s was
performed on '’N-labeled Domain2,s, RNA (Supplemen-
tary Figure S6B). Only very weak cross-peaks of two imino
proton (G52 and U45) from Fold B to Fold A were ob-
served, while no obvious cross-peak from Fold A to Fold B
was detected. This result suggests that the conformational
exchange from Fold B to Fold A is in the subsequent time-
interval T, = 1.2s.

Conformational flexibility makes DsrA more accessible to
multiple target mRNA binding

To investigate the role of conformational flexibility of DsrA
in multiple target mRNA regulation, we studied the binding
affinities of DsrA and mRNAs. In SL2, C53 forms a single-
nucleotide bulge in the Fold A conformation, but partici-
pates in the base-pairing in the stem region of Fold B con-
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formation (Figure 7A). In addition, this single-nucleotide
bulge also exists in the proposed Model A for DsrA sec-
ondary structure (Supplementary Figure S4A). To study
whether the existence of C53 will influence the dynamic
conformational equilibrium of DsrA RNA, we generated a
C53-deleted mutant from SL12 (SL12 ACS3). Interestingly,
in this SL12 AC53 mutant, SL2 forms a new secondary
structure (called Fold C), which has a much longer stem
than Fold A and Fold B as suggested by imino-to-imino
NOE connectivities (Supplementary Figure S7A and S7B).
On the other hand, SL12 wild type (SL12 WT) and SL12
AC53 mutant maintain the same imino proton resonances
of SL1 (Figure 7B), indicating that the C53 deletion does
not change the structure of SL1. Fold C has the same sec-
ondary structure as the SL2 in Model A except for the bulge

nucleotide C53, and it contains only three nucleotides in the
linker region between SL1 and SL2.

To investigate whether the C53 deletion affects the bind-
ing affinities between DsrA and its target mRNAs, two
5'-FAM-labeled RNA oligomers (rpoS18 and R22) were
designed for binding assay with the SL12 WT and ACS53
mutant (Figure 7A). The sequence of rpoS18 RNA comes
from the 5-UTR of rpoS mRNA (nucleotides from —127
to —110), and is predicted to base pair with DsrA from
residue A23 to U41 using the isoenergetic microarray map-
ping method (32). It has been reported that the DsrA se-
quence of A23 to U42 can not only base pair with rpoS
mRNA, but also with Ans and mreB mRNAs (Supplemen-
tary Figure S8) (42,43). R22 RNA was therefore designed
to completely base pair with the above nucleotides of DsrA
except the last two cytosines at the 3’ terminal. The bind-



ing assay was performed at a concentration range of 0-360
nM for both the SL12 WT and the AC53 mutant. When
120 nM SL12 WT is present, almost all the 200 nM rpoS18
RNA forms a SL12/rpoS18 complex (Complex I) (Figure
7C). However, even at the highest concentration of 360 nM
for the AC53 mutant, there remains many free rpoS18 (Fig-
ure 7D). We also observed reduced binding affinity of R22
RNA for the AC53 mutant (Figure 7F) compared to the
SL12 WT (Figure 7E). As C53 is not involved in the direct
base-pairing with mreB, hns or rpoS mRNAs (Supplemen-
tary Figure S8), all these data indicate that conformational
plasticity makes DsrA more accessible to mRNA binding
and plays a potentially important role in its multiple target
regulation.

NMR structural study of the full-length DsrA

Although the structure of SL2 is dynamic, the resolutions
of the 2D NOESY spectra of both SL12 and SL23 are quite
good, probably because both these RNA constructs con-
tain two stem-loops. Thus, NMR was further employed to
investigate whether the full-length DsrA could form a three
stem—loop structure in solution. Unexpectedly, 1D 'H spec-
trum and 2D 'H-'"H NOESY showed that all the strong
imino proton resonances of the full-length DsrA and their
NOE patterns are consistent with those of SL1 even at a
low concentration (20 pM) (Figure 8A and B). Increasing
the temperature or adding magnesium did not cause the ap-
pearance of more imino peaks (data no shown). Next, we
compared the H5-H6 cross-peaks of uracil and cytosine be-
tween SL1 and the full-length RNA in 2D 'H-'H TOCSY
spectra (Figure 8C). Except two manually added cytosines
at the 3’-end and U22 which has a different chemical shift,
other nucleotides of SL1 show almost the same chemical
shift in the two RNAs. Those H5-H6 cross-peaks belong-
ing to SL1 have better chemical shift dispersion, sharper
line width and higher intensity than other cross-peaks in
the TOCSY spectrum of the full-length RNA. Although
there are total 49 nucleotides of uracil and cytosine in
the full-length RNA, only approximately 22 H5-HG6 cross-
peaks with good resolution were observed in the TOCSY
spectrum (Figure 8D), indicating that most of the H5-H6
resonances from SL2 and SL3 do not have good disper-
sion chemical shift and/or intensity. To better understand
the structure of the full-length DsrA, we performed SEC-
MALS experiment (Figure 8E). At 20 wM (0.58 mg/ml), the
full-length DsrA eluted as a wide peak, indicative of a broad
distribution of oligomeric states with an average mass of 97
kDa (3—4 DsrA monomers, expected mass of 29 kDa for one
monomer). Taken together, these data suggest that the full-
length DsrA forms oligomeric states at high concentration,
and only SL1 maintains an A-form hairpin structure.

DISCUSSION

Although the involvement of DsrA sRNA in the regulation
of several mR NAs has been identified and four different sec-
ondary structures of DsrA have been proposed, no atomic
resolution structures of DsrA have been so far reported.
As the first step toward the characterization of the complex
structure of the DsrA/mRNA and the understanding how
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DsrA base pairs with different mRNAs and regulates their
translation mediated by Hfq, we have studied the structures
of DsrA and DsrA/rpoS complex by NMR. We have shown
that, in this research, DsrA contains a dynamic conforma-
tional equilibrium for its second stem-loop which might be
an important mechanism for DsrA to regulate the transla-
tions of its multiple target mRNAs.

Flexible region in the SL1 pentaloop is important for rpoS
binding

The RNA hairpin loops are frequently structured and can
play an important role by acting as nucleation sites for the
three-dimensional folding of the entire molecule (44). Stud-
ies on RNA pentaloops show that many of these hairpins
form structures with additional, unusual hydrogen-bonding
and base-pairing interactions. For example, the CUCAA
terminal pentaloop of helix 21 (nucleotides 618-622) of
the E. coli 16S rRNA forms a non-planar A-C-A triple
base interaction to stabilize the loop structure (45). Another
GCUAA pentaloop of the central region of the human R/G
stem—loop pre-mRNA forms a sheared G-A mismatch by
the first and last nucleotides of the loop (46). Therefore,
we would like to learn whether A11 and C15 of DsrA-SL1
can form an A-C mismatch base pair, or if All and the
other three uridines can form A-U Watson—Crick base pair
at the stem-loop junction. However, there is no evidence for
any hydrogen bonding or sequence specific interactions ob-
served in the loop region that can contribute to the stability
of the loop structure.

Previous mutagenesis studies showed that DsrA-SL1 lost
its activity to activate rpoS translation with most of the mu-
tations in the AUUUC pentaloop. However, the biological
significances relating to these five nucleotides do not seem
to be the same. The first nucleotide (A11) is not so critical,
while the fifth nucleotide (C15) is highly selective (22). From
the structure of DsrA-SL1 we deduced, A1l exhibits the A-
form helix characteristic while C15 is free from the helix re-
gion and its structure is highly flexible. In addition, all the
five loop nucleotides participate into the formation of an A-
form helix in the structure of DsrA/rpoS complex (Figure
4A and D). These results suggest that the loop nucleotides
in DsrA-SL1 may play more important roles in base-pairing
with their target mRNAs and regulating their translation.

Complex structure of DsrA /rpoS

Structural knowledge of SRNA/mRNA interactions is im-
portant in understanding the function of sSRNA and its tar-
get prediction and recognition. It has been demonstrated
that DsrA-SL1 melts out to base pairing with the rpoS
mRNA (47). Lease et al. has found that two conformations
might exist for the DsrA/rpoS RNA complex constituted by
full-length DsrA and minimal rpoS leader RNA (23). How-
ever, our binding assay showed there is only one single band
of the DsrA32/rpoS25 complex at a ratio of 1:1, consistent
with the result of the full-length DsrA and the full-length
rpoS leader (25).

Although it has been well studied that both DsrA and
rpoS can unwind their stem—loop structures to facilitate an
efficient SRNA-mRNA annealing (23,32), there is no direct
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structural information about the DsrA /rpoS complex avail-
able yet. Using NMR titration, we found that all the imino
resonances belonging to DsrA-SL1 disappeared and many
new signals appeared upon its binding to rpoS mRNA.
This result is also consistent with the previous reports that
the stem of DsrA-SL1 is totally unfolded and interacts
with rpoS via base-pairing. As the NMR signals of the
DsrA32/rpoS25 complex are almost the same as the R58
hairpin construct, our data indicated that the DsrA/rpoS
complex forms a duplex structure instead of a kissing com-
plex proposed by Lease and Belfort (21). Since there are
only seven G-C Watson—Crick base pairs out of a total of 22
base pairs and several bulges in the complex, the complex
structure is unstable. In addition, the nucleotides from A28
to U32 of DsrA, which are the major binding sites of Hfq,
indeed base pair with rpoS. This is consistent with the hy-
pothesis that Hfq cycles off the DsrA after sSRNA/mRNA
duplex formation (48).

Biological implication of the two conformational states of
SL2

Multiple secondary structure models have been previously
proposed for DsrA (Supplementary Figure S4). The only
difference between these models is the fold of SL2. Al-
though the computational analysis of DsrA sequence re-
veals that Domain2 has a relatively high structural flex-
ibility (31), the reason for the existence of different sec-
ondary structures arrangements for DsrA-SL2 is largely un-
explained. Interestingly, in the NMR spectra of some short-
ened variants of Domain2, we observed the coexistence of
two different secondary structures (Fold A and B) which are
consistent with those in Mode B and D, respectively. The
relative populations of these two folds are changing in dif-
ferent variants, relying on the length of the Linkerl and the
stability of the lower stem of SL2.

DsrA is a small noncoding RNA that can positively or
negatively regulate the translations of multiple target mR-
NAs, such as rpoS, hns, mreB and rbsD. All these regula-
tory activities are realized by the imperfect base-pairing be-
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tween DsrA and its target mRNAs. DsrA base pairs with
rpoS and mreB mRNAs using the nucleotides G10-U41
(32) and A24-U41 (42), respectively (Supplementary Fig-
ure S8). The nucleotides from U42 to U59 of SL2 that do
not participate into the base-pairing with mRNA are ex-
actly same as the sequence of Domain2,,; RNA, in which
the Fold B is formed. The Fold B is also predicted for
DsrA-SL2 in a secondary structure model proposed for the
DsrA/mreB complex (42). In addition, the hybridization of
DsrA/rpoS140 to the isoenergetic microarray also showed
that DsrA-SL2 had a secondary structure of Fold B in the
DsrA/rpoS complex (32). Together these evidences suggest
that the base-pairing interaction between DsrA and certain
mRNASs (rpoS and mreB) might induce a structural transi-
tion of SL2 from Fold A to Fold B, as we observed in dif-
ferent constructs of Domain2 RNA.

The reduced binding affinity of rpoS18 and R22 RNAs
with the SL12 AC53 mutant (Figure 7D and F) indicates
that, if DsrA forms the Model A structure with a long
stem for its SL2, the three-nucleotide single-strand linker
between SL1 and SL2 is insufficient for an efficient base-
pairing between DsrA and mRNA. On the other hand,
if DsrA forms the Model B structure with a stable Fold
A for the SL2, the nucleotides 31-34 would be the only
nucleotides free for the base-pairing with ins mRNA. We
therefore speculated that the conformational plasticity of
DsrA maybe an important reason to explain why DsrA can
efficiently regulate the translations of multiple target mR-
NAs using the imperfect base-pairing.

Based on our NMR experiments, a working model is pro-
posed to explain the role of conformational plasticity of
DsrA sRNA in the regulation of multiple mRNAs trans-
lation (Figure 9). Before binding to mRNAs, DsrA has
different conformations and the major population adopts
the same secondary structure as Model B (Fold A). Upon
base pairing with the complementary sequence in the mR-
NAs, such as rpoS and mer BmRNA, DsrA converts its ma-
jor conformation from Fold A to Fold B. In case of /ns
mRNA, because the sequence that DsrA used to base pair
with /ins contains the portion of Fold B, Fold B will have to
unwind upon the interaction. This unwinding process has
been confirmed by our NMR titration and other’s isoener-
getic microarray mapping results (32). Based on previous
work, the recognition of mRNAs is stimulated by binding
of Hfq to free DsrA, followed by the release of Hfq from
the SRNA/mRNA complex (23). In summary, DsrA uses
an interesting mechanism of conformational selection to ef-
ficiently interact with different regulatory target mRNAs,
in which the conformational plasticity of DsrA-SL2 plays a
crucial role.

DsrA can form oligomeric states at high concentration

It has been shown by native PAGE, there were three DsrA
RNA species: monomer form, dimers and/or oligomeric
forms, and polymers (35). The relative ratio of polymers in-
creases with the increasing of the RNA concentration, up
to ~30% when the RNA concentration is only 3 uM (35).
As the concentration of our NMR sample of the full-length
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DsrA is more than 0.02 mM, it is likely that most DsrA in
our sample forms polymers. As a matter of fact, we could
only observe the signals of SL1 for the full-length DsrA
in the NMR spectrum, suggesting that DsrA may has an
oligomeric state in solution, which is also confirmed by our
SEC-MALS experiment.

Using atomic force microscopy (AFM) and fluorescence
microscopy, DsrA was observed to self-assemble into long
filaments and much larger, more complex nanostructures
(34). DsrA filaments are predicted to be formed with coax-
ial stacking of 14-bp (5-CUUGCUUAAGCAAG-3') and
8-bp (5-AAGUGCUU-3') duplexes from successive self-
assembled DsrA monomers (34). To form DsrA 2D/3D
nanostructures, the addition of a third duplex is expected
to induce lateral interactions between individual DsrA fila-
ments. A weakly paired 12-bp (5-AACGAAUUUUUU-3)
duplex is predicted to be the third duplex needed (34). How-
ever, we found that not only SL2 but also SL3 unfolded at
high concentration of full-length DsrA in our NMR stud-
ies. We observed that the signal of SL3.4 RNA was as good
as SL1.4, and SL3 signals had very good linewidth and in-
tensity in SL23 RNA. As good signals of SL1 were observed
in the spectra of the full-length DsrA, we could rule out the
possibility that the absence of SL2 and SL3 signals is due
to the large molecular weight of DsrA polymers. These re-
sults together suggest that SL3, which could form a much
stronger duplex than 12-bp, may be the third duplex to in-
duce lateral interactions between DsrA filaments and to
form extended nanostructures. Although DsrA remains the
only natural RNA that can self-assemble into nanostruc-
tures at high concentrations in vitro (34), the further inves-
tigation of its high-order structure at low concentration in
vivo is potentially meaningful.

COORDINATE DEPOSITION

Coordinates for the 20 lowest energy structures of DsrA-
SL1 have been deposited in the Protein Data Bank un-
der accession code SWQI1, and chemical shifts have been
deposited in the BioMagResBank under accession code
26934.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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