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ABSTRACT

DEAD-box proteins share a structurally similar core
of two RecA-like domains (RecA N and RecA C) that
contain the conserved motifs for ATP-dependent
RNA unwinding. In many DEAD-box proteins the he-
licase core is flanked by ancillary domains. To under-
stand the regulation of the DEAD-box helicase YxiN
by its C-terminal RNA recognition motif (RRM), we
investigated the effect of RNA binding to the RRM
on its position relative to the core, and on core ac-
tivities. RRM/RNA complex formation substantially
shifts the RRM from a position close to the RecA C
to the proximity of RecA N, independent of RNA con-
tacts with the core. RNA binding to the RRM is com-
municated to the core, and stimulates ATP hydroly-
sis and RNA unwinding. The conformational space of
the core depends on the identity of the RRM-bound
RNA. Allosteric regulation of core activities by RNA-
induced movement of ancillary domains may consti-
tute a general regulatory mechanism of DEAD-box
protein activity.

INTRODUCTION

DEAD-box RNA helicases remodel RNA secondary struc-
tures in an ATP-dependent manner (1–3). Members of this
helicase family are composed of a helicase core, formed by
N- and C-terminal RecA-like domains (RecA N, RecA C)
that are connected by a short flexible linker. The core con-
tains the conserved motifs involved in RNA binding, ATP
binding and hydrolysis and in the coupling of ATP hydroly-
sis to unwinding of double-stranded RNA (3–5). In the ab-
sence of ligands, the core is in an open conformation, char-
acterized by a large distance between the RecA domains.
RecA N and RecA C approach each other upon binding
of both ATP and RNA, leading to core closure and pro-

moting RNA unwinding (6–9). In addition to the common
core, DEAD-box helicases frequently possess flanking re-
gions and ancillary domains that perform diverse functions,
including modulation of nucleotide binding and hydroly-
sis (10,11), specific or unspecific binding of RNAs (12–20),
destabilization of the RNA bound to the core (21) and in-
teraction with other binding partners (22). Most structural
studies have focused on the helicase core or isolated ancil-
lary domains, and the structural information on full-length
helicases is scarce. The underlying mechanisms of how an-
cillary domains affect helicase function are therefore largely
unknown. RNA binding domains may anchor helicases on
their target RNAs (18). Yet it is unknown if they act as pas-
sive anchors or actively present the bound RNA to the he-
licase core for unwinding (see (23)). Specifically, it has not
been studied if these domains move with respect to the he-
licase core upon RNA binding, and how RNA binding to
the ancillary domain may be communicated to the helicase
core.

The Bacillus subtilis DEAD-box protein YxiN (Figure
1A) contains an ancillary RNA recognition motif (RRM)
C-terminal to its helicase core that specifically binds to hair-
pin 92 of the 23S ribosomal RNA (rRNA) (16,17,24). Bind-
ing of the RRM to this hairpin is thought to anchor YxiN
on ribosomal RNA during ribosome biogenesis (24,25).
Here, we investigated the mechanism by which the RRM
of YxiN affects RNA binding and unwinding, as well as
ATP hydrolysis by the helicase core. Using single molecule
Förster resonance energy transfer (smFRET), we show that
the RRM shifts from a position close to RecA C in the ab-
sence of RNA to a position in proximity of RecA N when
RNA is bound. RNA binding to the RRM alters the confor-
mational space of the helicase core, and stimulates ATP hy-
drolysis and RNA unwinding. Communication between the
RRM and the core is possibly mediated by the short con-
necting linker that has a high propensity to form �-helical
structure. The YxiN RRM is thus not merely a passive an-
chor but actively modulates the functions of the helicase
core.
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Figure 1. The RRM is located next to the RecA C in absence of ligands. (A) Domain boundaries of YxiN. RecA N: N-terminal RecA domain, RecA C:
C-terminal RecA domain, RRM: RNA recognition motif. The numbers indicate the first and last amino acid of each domain. (B) Final YxiN model from
FRET-restrained structural modeling. Top: front view, bottom: back view. The YxiN core (dark gray: RecA N, light gray: RecA C) carrying the mutations
S108C and D262C in the open state is a homology model, generated using mjDEAD (PDB-ID 1hv8) as a template. The RRM (cyan) containing cysteines
at positions 429, 444, 464 and 472, was modeled with the structure of the YxiN RRM (PDB-ID 2goc) as template. Cysteines for fluorophore attachment are
numbered and highlighted in yellow. Figures created in PYMOL. (C) Single molecule Förster resonance energy transfer (smFRET) histograms of donor-
acceptor-labeled YxiN variants in the absence of RNA. The lines are Gaussian fits to the FRET distributions. The mean EFRET values are summarized in
Table 1.

MATERIALS AND METHODS

RNA oligomers

The 32mer, 32merHairpin, 9mer and 15mer, 9merTrap and
14mer RNAs, with or without covalently-linked fluorescein
(FAM) or cyanine fluorophores (Cy3 or Cy5), were pur-
chased from Purimex (Grebenstein, Germany) in PAGE-
purified form or from Axolabs (Kulmbach, Germany) in
HPLC-purified form. The sequences are

5′-CGAGGUCCCAAGGGUUGGGCUGUUCGCC
CAUU-3′ (32mer), 5′-UGGGCUGUUCGCCCAU–3′
(32merHairpin), 5′-UUGGGACCU-3′ (9mer), 5′-CGAG
GUCCCAAGGGU-3′ (15mer), 5′- AGGUCCCAA-3′
(9merTrap) and 5′-GGGCGGGCCCGCCC-3′ (14mer).

The 32mer, 32merHairpin and 14mer RNAs were incu-
bated at 95◦C for ∼2 min and cooled to room temperature
during ∼1 h to allow hairpin formation or hybridization.
RNA concentrations were determined by UV absorption of
denaturedRNAs, using the extinction coefficients 298 890
M−1 cm−1 (32mer), 142 560 M−1 cm−1 (32merHairpin) and
206 400 M−1 cm-1 (14mer). The 154mer RNA was produced
by in vitro transcription using T7 RNA polymerase as pre-
viously described (26).

Protein production and purification

YxiN double-cysteine variants for FRET experi-
ments, S108C/D429C, S108C/N444C, S108C/N464C,
S108C/L472C, D262C/N444C or S108C/S229C, were
produced as GST fusions and purified as previously de-
scribed (7,9,26). A GST fusion of YxiN A115C/S229C
containing an N-terminal biotinylation tag was co-
produced with biotin ligase in the presence of biotin (∼
40 �g ml−1) (27) and purified according to the standard
protocol (7,28). All variants are based on the YxiN variant
YxiN C61A C267A (YxiN) that lacks solvent-accessible
cysteines (7,8,29), and have similar secondary structure
content and ATP-dependent RNA unwinding activity
as the wild-type protein (7,28). The YxiN helicase core
(residues 1–368) was produced and purified as previously
described (9).

Determination of ATP hydrolysis rates

Rates of ATP hydrolysis were determined under steady-
state conditions using an Utraspec 2100pro absorption
spectrometer (Amersham Biosciences) and a pyruvate
kinase–lactate dehydrogenase enzyme-coupled assay (30)
that couples ATP hydrolysis to oxidation of NADH, which
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is monitored by the decrease in absorbance at 340 nm
wavelength. Measurements were performed with isolated
YxiN core and YxiN S108C/N444C (0.25 �M) in 50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 2
mM 2-mercaptoethanol in the absence and presence of
RNA at 37◦C. The reactant concentrations were 5 mM
adenosine triphosphate (ATP), 0.2 mM nicotinamide ade-
nine dinucleotide (NADH), 0.4 mM phosphoenolpyru-
vate, 23 �g/ml lactate dehydrogenase and 36 �g/ml pyru-
vate kinase. RNA concentrations were 5 or 20 �M 32mer
(YxiN S108C/N444C), 40 �M of 32mer (YxiN core), 40
�M of 32merHairpin RNA (YxiN S108C/N444C) or 10
�M of 14-base pair double-stranded RNA.

Fluorescence equilibrium titrations

Steady-state fluorescence anisotropy experiments
were conducted on Jobin Yvon (Fluoromax-3 or 4)
spectrometers. The dissociation constants (Kd) for
YxiN core-32mer-ADPNP, YxiN S108C/N444C-32mer
or YxiN S108C/N444C-32merHairpin complexes were
determined by titrating the protein to 50 nM (FAM)-
32mer-3′ or 5′-32merHairpin-(FAM) RNA in 50 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 2 mM
2-mercaptoethanol at 25◦C. The determination of the Kd
value for the YxiN core/32mer/ADPNP complex was
conducted in the presence of 2 mM ADPNP. Fluorescence
anisotropy of the fluorescein (FAM) probe was monitored
at 520 nm after excitation at 496 nm. Kd values were
extracted by describing binding curves according to a 1:1
binding model (Equations 1 and 2):

r = rfree +
[Yxi N · RNA] · R

[Yxi N · RNA] · R + RNAtot − [Yxi N · RNA]
(rbound − rfree) (1)

with

[Yxi N · RNA] = Yxi Ntot+Kd+RNAtot
2 −√(Yxi Ntot+Kd+RNAtot

2

)2 − Yxi Ntot · RNAtot
(2)

r is the measured anisotropy, rfree is the anisotropy of the
free RNA, rbound the anisotropy of the bound RNA, R is
the change in quantum yield upon binding, YxiNtot is the
total concentration of YxiN and RNAtot is the total RNA
concentration.

RNA unwinding experiments

The 32/9mer was prepared by mixing 25 �M Cy5-32mer-3′
with 50 �M 5′-9mer-Cy3, or by mixing 25 �M FAM-32mer-
3′ with 50 �M 5′-9mer-Cy3. The 15/9mer was prepared by
mixing 25 �M FAM-15mer-3′ with 50 �M 5′-9mer-Cy3.
The RNAs were incubated at 95◦C for ∼2 min and cooled to
room temperature during ∼1 h to allow for hybridization.
Unlabeled 9merTrap (5 �M), complementary to the Cy3-
labeled 9mer and 5 �M YxiN core or YxiN S108C/N444C
were added successively to hybridized RNA containing 0.5
�M Cy5-32mer-3′ and 1 �M 5′-9mer-Cy3 in 50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 2 mM 2-
mercaptoethanol at 25◦C and unwinding was started by the

addition of 5 mM ATP. The unwinding reaction was moni-
tored by changes in Cy5 acceptor fluorescence at 666 nm af-
ter excitation of the Cy3 donor at 554 nm. To investigate the
stimulatory function of the 32merHairpin, RNA unwinding
of hybridized RNA containing 0.5 �M FAM-32mer-3′ and
1 �M 5′-9mer-Cy3 or 0.5 �M FAM-15mer-3′ and 1 �M 5′-
9mer-Cy3 by YxiN N444C in the absence and presence of 5
�M 32merHairpin was monitored as an increase in fluores-
cein (FAM) fluorescence at 521 nm after excitation at 495
nm.

smFRET experiments by confocal microscopy

Single molecule FRET experiments of less than 200 pM
YxiN (YxiN C61/A C261A lacking solvent-accessible cys-
teines) statistically labeled with AlexaFluor 488 (A488) and
AlexaFluor 546 (A546) were conducted on a Microtime 200
confocal microscope (Picoquant, Berlin, Germany) at room
temperature in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
5 mM MgCl2, 2 mM 2-mercaptoethanol. smFRET exper-
iments of YxiN/RNA complexes were performed in pres-
ence and absence of 5 mM of ADPNP. The RNA concen-
trations were 1 and 2 �M 32mer, 5 and 10 �M 32merHair-
pin and 0.4 and 2 �M 154mer RNA. The donor dye was
excited at 485 nm. Back-scattered excitation light was re-
jected by a 505dcXR dichroic mirror, a 100 �m pinhole and
a 532rdc beam splitter. Acceptor and donor emissions were
filtered by 570LP or 535/40 bandpass filters, respectively,
and detected by SPAD detectors. For the construction of
corrected FRET histograms, measured intensities were cor-
rected for differences in quantum yield and detection effi-
ciencies of the detectors, direct excitation of the acceptor
dye, leakage of the donor emission into the acceptor chan-
nel and leakage of acceptor emission into the donor chan-
nel as described (see (31) for details). The quantum yields of
the donor labeled YxiN variants were measured relative to
fluorescein in 0.1 M NaOH (32,33). Förster distances were
determined as described (31). FRET histograms were cal-
culated for each of the two possible donor-acceptor-labeled
species: one histogram was generated using correction pa-
rameters and Förster distances for the DA-configuration
(donor attached to Cys1, acceptor to Cys2), and a sec-
ond for the inverse AD-configuration (acceptor attached to
Cys1, donor to Cys2; Table 1). The two mean FRET effi-
ciencies from these histograms were converted to inter-dye
distances r according to Equation (3):

r = Ro · 6

√(
1

EF RET
− 1

)
(3)

where Ro is the Förster radius (see Table 1). Both distances
were used as restraints for rigid-body docking.

FRET-restrained structural modeling

Rigid-body docking iterations of the RRM structure with
the homology model of YxiN core were performed using
the FRET-restrained structural modeling software (FPS)
(34). The physical dimensions of the dye and dye linkers
were explicitly considered: A488 (radius of dye Rd = 5 Å,
linker length Ll = 20 Å, linker width Lw = 4.5 Å) and A546
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Table 1. FRET efficiencies, Förster distances and inter-dye distances

YxiN alone YxiN/RNA complex

Donor Acceptor EFRET R0 (nm) r (nm) EFRET R0 (nm) r (nm)

S108C D429C 0.42 5.8 6.0 N/A 5.6 N/A
D429C S108C 0.22 5.1 6.3 0.53 4.8 4.7
S108C N444C 0.40 5.7 6.1 0.53 5.5 5.4
N444C S108C 0.41 5.1 5.4 0.30 4.7 5.4
S108C N464C 0.26 5.5 6.6 0.52 5.3 5.2
N464C S108C 0.39 5.3 5.7 0.56 5.2 5.3
S108C L472C 0.35 5.4 6.0 0.36 5.1 5.6
L472C S108C 0.46 5.2 5.3 0.37 4.8 5.3
D262C N444C 0.88 5.3 3.8 0.58 4.9 4.6
N444C D262C 0.90 5.2 3.6 0.35 4.9 5.4

EFRET: FRET efficiency, R0: Förster distance, r: experimental inter-dye distance, calculated from EFRET for different dye orientations. N/A: could not be
determined.

(Rd = 8.1 Å, Ll = 20 Å, Lw = 4.5 Å). Lw for Cys 472 was set
to 3.5 Å. A total of 5000 docking iterations were performed
starting from a clash tolerance of 6 Å, through 2.0 to 0.5
Å, in accordance with previous studies (34). At least 20%
(1000 structures) of all the conformers with the lowest chi-
squared values were analyzed, in accordance with previous
studies (34).

smFRET experiments by TIRF microscopy

TIRF experiments were performed using an Olympus to-
tal internal reflection fluorescecne (TIRF) microscope as
previously described (27). Microscope slides and coverslips
were cleaned with 10% alconox (or SDS) and KOH, passi-
vated with polyethylene glycol (PEG) doped with biotiny-
lated PEG, and functionalized by coupling of streptavidin.
A total of 0.5 �M YxiN RecA N was added to saturate sur-
faces and to prevent unspecific binding of YxiN. N-terminal
biotinylated YxiN A115C/S229C in 50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 5 mM MgCl2, 2 mM 2-mercaptoethanol
was labeled with A555 and A647, immobilized and im-
aged in the absence and presence of 15 �M 32mer, 1 �M
154mer and/or 5 mM ADPNP or 20 mM ATP in the pres-
ence of oxygen scavenger (5 mM protecatechuate/100 nM
protecatechuate-3,4-dioxygenase) and triplet state quencher
(2 mM Trolox). The time resolution was 150 ms. Trajectories
of donor and acceptor intensities were extracted from TIRF
movies using an in-house Labview software. The FRET ef-
ficiency was calculated from the acceptor IA and donor in-
tensities ID, corrected for differences in quantum yield of
the dyes and in detection efficiencies (� , Equation 4) (35).

EFRET = IA

IA + γ ID
(4)

Idealized FRET values were then determined by Hid-
den Markov Modeling of FRET time traces using vbFRET
(36). Transition density plots (TDPs) were calculated a de-
scribed (37). Fluctuation density plots (FDPs) for molecules
that do not change their FRET state during the course of
the experiments were created similarly to transition density
plots using own Matlab scripts. One of the FRET states was
altered by an insignificant 0.0001 units to attain non-zero
values in the exponents.

RESULTS

The YxiN RRM is positioned next to RecA C in the absence
of RNA

To investigate whether the RRM moves relative to the he-
licase core in response to RNA binding, we delineated the
positions of the RRM of YxiN relative to the helicase core
in both the presence and absence of RNA by performing
smFRET experiments on freely diffusing donor-acceptor
labeled YxiN using confocal microscopy. YxiN variants
with cysteines at either position 108 on RecA N or posi-
tion 262 on RecA C, and at positions 429, 444, 464 or 472
on the RRM (28), were labeled statistically with Alexa488
(donor) or Alexa546 (acceptor; Figure 1A). All cysteine
variants unwind a model 32/9mer RNA substrate derived
from 23S rRNA comparable to wild-type YxiN (28). sm-
FRET histograms in the absence of RNA, corrected for
cross-talk, different quantum yields and detection efficien-
cies for donor and acceptor and for direct acceptor exci-
tation (31), generally exhibit a unimodal distribution con-
sistent with a defined position of the RRM relative to the
core (Figure 1B). The determined FRET efficiencies are in
agreement with previous experiments (28). Two variants,
S108C/L472C and S108C/D429C, showed an additional
peak at high EFRET (>0.7) that is most likely due to aggrega-
tion. The tendency to aggregate has been noted previously
(28). The high FRET efficiency of 0.7 implies short dis-
tances between C108 and C429 or C108 and C472 that are
geometrically impossible in combination with the other dis-
tance restraints obtained (28). These species were therefore
not included in the subsequent analysis. FRET histograms
were calculated for D/A and A/D configurations (donor on
RecA N or RecA C, acceptor on the RRM or vice versa),
and the mean FRET efficiencies (EFRET) from both analy-
ses were converted into inter-dye distances (Table 1). Both
distances were used as a restraint in rigid-body docking
of the crystal structure of the free RRM (PDB-ID 2goc)
to a homology model of YxiN core, generated by SWISS-
MODEL with the structure of mjDEAD (PDB-ID 1hv8)
(38) as a template (Figure 1A). The docking procedure was
performed with the FRET-restrained Positioning Software
(FPS) that takes into account the physical dimensions of
the fluorophores (34,39,40). FPS explicitly computes spatial
distributions of dye positions, and enables more accurate
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and precise determination of the RRM position than previ-
ous manual docking attempts (28). Docking iterations were
started from 5000 random initial positions of the RRM rel-
ative to the core. Convergence was reached in two rounds of
positional refinement. Analysis of >20% of the 1000 struc-
tures with lowest reduced chi-squared values revealed a set
of conformers that converged on a single position of the
RRM, in proximity to RecA C (Figure 1A; Supplementary
Figure S1). The molecular shape is in agreement with small
angle X-ray scattering results (41), and the structural model
is similar to the previously reported one derived from man-
ual docking (28). Thus, the RRM populates a unique po-
sition relative to the core, in proximity to RecA C, in the
absence of RNA.

The RRM shifts to a position closer to RecA N upon RNA
binding

To evaluate the effect of RNA binding to the RRM on the
overall conformation of YxiN, we performed smFRET ex-
periments in the presence of saturating concentrations of
32mer RNA. The 32mer RNA (Figure 2A) contains hair-
pin 92 of the 23S rRNA, as well as a 5′-single-stranded
extension derived from helix 91 (42), and has been used
as a model substrate for YxiN before (7,8,16,17,26,43).
Binding of the 32mer led to an increase in EFRET for
S108C/N464C, S108C/N444C and S108C/D429C, and a
decrease for D262C/N444C (Figure 2A, Table 1). No sig-
nificant change in EFRET was observed for S108C/L472C.
The decrease in EFRET between dyes attached to RecA C
(D262C) and the RRM (N444C) and concomitant increase
between dyes attached to RecA N (S108C) and the RRM
(D429C, N464C, N444C) indicates a shift of the RRM away
from RecA C, toward RecA N. Docking iterations using
FPS, with the experimental inter-dye distances (Table 1)
as restraints, defined a unique position of the RNA-bound
RRM close to RecA N (Figure 2B). RNA binding thus
causes a drastic movement of the RRM relative to the core,
with an overall translational movement by 53 Å and a rota-
tion of 37◦.

RNA binding to the RRM drives its positional shift

The 32mer contacts the RRM through the hairpin loop
(16,17,42), and could in principle interact with the heli-
case core through the single-stranded extension, raising the
question whether RNA binding to the RRM is sufficient
to trigger RRM movement, or if simultaneous contacts of
the RNA with the core are required. YxiN binds the iso-
lated hairpin of the 32mer (32merHairpin; Figure 2A) lack-
ing the single-stranded extension with a 40-fold lower affin-
ity (Kd = 7.0 �M) than the 32mer (Kd = 0.17 �M; Figure
3A) (17). This loss in affinity can be attributed to interac-
tions of the RRM with the single-stranded region (17,42).
The isolated YxiN core does not bind the 32mer (Figure
3A), neither in the absence nor in the presence of the non-
hydrolyzable ATP analog ADPNP that increases the affinity
of YxiN for RNA (7,9), supporting that the single-stranded
region of the 32mer is not bound by the core. The movement
of the RRM upon binding to the 32mer thus seems to orig-
inate from the interaction of the RRM with the 32merHair-
pin. To test this hypothesis, we monitored changes in EFRET

for YxiN S108C/N444C in the presence of the 32merHair-
pin RNA. The 32merHairpin induced the same change in
EFRET as the 32mer (Figure 4A), suggesting that RNA bind-
ing to the RRM provides the energy for RRM movement,
without contribution of direct contacts between the RNA
and the core. A much larger fragment of the 23S rRNA, the
154mer (7,16,24), influenced the position of the RRM simi-
larly to the 32mer (Figure 4B), indicating that RRM move-
ment is independent of the context in which hairpin 92 is
found.

The RRM is required for RNA-induced ATP hydrolysis and
RNA unwinding by the YxiN core

We next investigated whether the shift in position of the
RRM upon RNA binding affects the functions of the he-
licase core, and determined rates of ATP hydrolysis in the
absence and presence of RNA in an enzyme-coupled as-
say (30). YxiN (both full-length and core) showed negli-
gible ATPase activity in the absence of RNA (Figure 3B).
Upon adding 40 �M of 32mer RNA, the ATPase activ-
ity of the isolated core remained negligible, with khyd = 2.4
(± 0.4)·10−3 ATP YxiN−1 s−1, in agreement with its unde-
tectably low 32mer affinity (Figure 3A). The ATPase activ-
ity of YxiN increased to khyd = 1.24 ± 0.04 ATP YxiN−1 s−1

in the presence of saturating concentrations of 32mer (20
�M), which is in agreement with previous measurements
(0.92 s−1; (17)), and over 500-fold higher than the ATP hy-
drolysis rate of the core. Interestingly, the 32merHairpin (40
�M) stimulated the ATPase activity to khyd = 0.20 ± 0.04
ATP YxiN−1 s−1, which is only 6-fold lower than the ac-
tivity in presence of the 32mer, suggesting that RNA bind-
ing to the RRM stimulates the ATPase activity of the core
even in the absence of direct contacts between the RNA and
core. To further corroborate this finding, we investigated
the effect of a double-stranded RNA, formed by a self-
complementary 14mer, that binds to the YxiN core (9) but
not to the RRM. In the presence of this RNA, YxiN (both
full-length and core) showed only background ATPase ac-
tivity (Figure 3D). Thus, RNA that binds directly to the
core but not to the RRM does not stimulate the intrinsic
ATPase activity, confirming that RNA binding to the RRM
is key for activation of the helicase core. We also tested the
effect of the RRM on RNA unwinding, using a Cy5-labeled
32mer hybridized to a 9mer-Cy3 (32/9mer) as an unwind-
ing substrate (8,28,44). The 9 bp duplex of the 32/9mer rep-
resents helix 91 of 23S rRNA. While YxiN S108C/N444C
readily unwound the 32/9mer in the presence of ATP, the
isolated core exhibits no detectable unwinding activity un-
der these conditions (Figure 3C). Altogether, these results
suggest that the RRM is essential for efficient RNA bind-
ing, which triggers ATP hydrolysis and RNA unwinding by
the core.

The peptide connecting the RecA C to the RRM acts as a
communication bridge

RNA binding to the RRM could be communicated to the
helicase core in three ways: (i) through the RNA substrate
that contacts both the RRM and the core, (ii) through di-
rect interactions between the RRM and the core or (iii)
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Figure 2. RNA binding induces movement of the RRM from a position next to the RecA C to a position next to the RecA N. (A) 32merRNA substrate (top
left). The gray rectangle highlights hairpin 92 of 23S rRNA (32merHairpin). FRET histograms for YxiN S108C/N444C, D262C/N444C, S108C/N646C,
S108C/D429C and S108C/L472C in absence (black) and presence (red) of 1 �M 32mer RNA (8 �M for YxiN D262C/N444C because of its lower affinity

for RNA). Arrows indicate changes in FRET efficiency upon RNA binding. (B) Structural model of YxiN in complex with 32mer RNA obtained by rigid-
body docking of the RRM to the core using FRET distances as restraints. Top: front view, bottom: back view. The RRM position in the presence of RNA
is shown in blue, otherwise the color code is the same as in Figure 1B.

through the linker connecting RecA C with the RRM. We
showed above that the 32merHairpin activates the ATP hy-
drolysis by the core without contacting it. Furthermore,
the structural model for YxiN in the presence of RNA
does not provide evidence for direct RRM/RecA contacts.
The RRM cannot restore RNA-dependent ATPase activity
of the core when supplied in trans, which is also pointing
to a lack of extensive interactions between the RRM and
the core (17). This leaves the linker (residues 361–400) be-
tween RecA C and the RRM as the only possible commu-
nication bridge, although the mechanism of communica-
tion remains unclear. Secondary structure predictions by
different algorithms that use position-specific scoring ma-
trixes (PSIPRED (45)), combinations of evolutionary in-
formation and neural networks (PHD (46)), cascaded mul-
tiple classifiers (OUALI (47)) and the combination of se-
quence homology and structural homology (PSIPRED and
SCRATCH (48)), consistently revealed a high propensity
for the formation of two �-helices by the peptide (Figure 5;
Supplementary Figure S2). In an extended conformation,
these �-helices (∼60 Å end-to-end distance) would be able
to span the distance between the C-terminus of RecA C and
the N-terminus of the RRM both in the free and RNA-
bound states (44 and 52 Å, respectively). An �-helical con-

formation would restrict the positional freedom of the free
and RNA-bound RRM relative to the core, and could facil-
itate communication of changes in the RRM position to the
core. The linker between RecA C and the RRM thus most
likely acts as a communication bridge between the RRM
and the active site for ATP hydrolysis and RNA unwind-
ing.

The helicase core exhibits RNA-dependent conformational
plasticity

The effect of RNA binding to the RRM on the ATPase
activity of the core suggested an effect on core conforma-
tion. We therefore monitored conformational changes of
the core upon RNA binding by smFRET with freely diffus-
ing YxiN S108C/S229C, labeled in RecA N and RecA C,
and different types of RNA (Figure 6). YxiN S108C/S229C
has previously been employed to monitor RNA- and
nucleotide-induced conformational changes of the YxiN
core (7). Binding of the 32mer or the 32merHairpin to YxiN
led to a decrease in EFRET from ∼0.60 to ∼0.35, pointing to
a wider cleft between the RecA domains than in the ligand-
free open state (Figure 6A and B). Subsequent addition of
ADPNP to the YxiN/RNA complexes caused a further de-
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Figure 3. The RRM is required for RNA binding, ATPase activity and RNA unwinding. (A) Titration of 50 nM fluorescein-labeled 32mer or 32merHairpin
in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2 and 2 mM 2-mercaptoethanol with YxiN. The dissociation constants for the YxiN/32mer,
YxiN/32merHairpin and YxiN core/32mer (in the presence of 2 mM ADPNP) are Kd = 0.17 �M, Kd = 7.0 �M and Kd > 6 �M, respectively. (B)
ATP hydrolysis by 250 nM YxiN in the absence (gray background) and in the presence of RNA (white background), followed as a decrease in NADH
absorbance in an enzyme-coupled assay in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2 and 2 mM 2-mercaptoethanol with 5 mM ATP, 0.2
mM NADH, 0.4 mM phosphoenol pyruvate, 23 �g ml−1 lactate dehydrogenase, 36 �g ml−1 pyruvate kinase at 37◦C. The RNA concentrations were 20
�M of 32mer (YxiN S108C/N444C; black), 40 �M of 32merHairpin RNA (YxiN S108C/N444C; red) or 40 �M of 32mer (YxiN core; blue). The ATP
hydrolysis rates are khyd = 1.24 ± 0.04 ATP YxiN−1 s−1, khyd = 0.20 ± 0.04 ATP YxiN−1 s−1 and khyd = 2.4 (± 0.4) × 10−3 ATP YxiN−1 s−1, respectively.
Experiments were performed in triplicates. (C) Unwinding of 0.5 �M Cy5-32mer/9mer-Cy3 hybridized RNA in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
5 mM MgCl2 and 2 mM 2-mercaptoethanol by YxiN S108C/N444C in the presence of 5 mM ATP, followed by a decrease in acceptor fluorescence. YxiN
rapidly unwinds the 32/9mer, whereas YxiN core does not show detectable RNA unwinding activity. The unwinding experiments were conducted in the
presence of 5 �M unlabeled trap RNA that is complementary to the 9mer (single turnover conditions). (D) ATP hydrolysis by 250 nM YxiN core or
YxiN S108C/N444C in absence and presence of 14mer dsRNA (10 �M) and 32mer RNA (5 �M). Experiments were conducted in duplicates.

crease in FRET (EFRET ∼0.25). Both RNAs thus affect the
conformation of the core similarly. In contrast, binding of
the 154mer RNA alone to YxiN caused little changes of the
FRET efficiency, but higher EFRET, consistent with core clo-
sure, was observed upon subsequent addition of ADPNP
(Figure 6C), in accordance with previous observations (7).
The conformational space of the helicase core thus depends
on the identity of the RNA that is bound to the RRM.

YxiN species with widened inter-domain clefts represent off-
pathway intermediates

According to the current model of RNA unwinding by
DEAD-box proteins, helicase activity requires cycling of
the helicase core between open and closed states (7,31).
The 154mer stimulates the ATPase activity of YxiN and in-
creases the fraction of the helicase core in the closed state
(7). The 32mer or 32merHairpin both stimulate ATPase
activity, yet no high FRET states are observed, suggest-
ing that these are most likely populated only transiently.

To comprehensively explore the conformational space of
the core, we conducted TIRF experiments on N-terminally
biotinylated YxiN A115C/S229C, labeled with Alexa555
(donor) and Alexa647 (acceptor) dyes and immobilized on
streptavidin-functionalized microscope cover slips. Donor-
acceptor-labeled YxiN A115C/S229C reports on RNA-
and nucleotide-induced conformational changes of the
YxiN core (7,8). TIRF experiments were performed in the
absence and presence of 32mer, 154mer, ADPNP or ATP
(Figure 7). Representative fluorescence and FRET trajec-
tories for YxiN and YxiN/32mer/ATP are shown in Sup-
plementary Figure S3. Histograms of the FRET efficien-
cies for each molecule at the beginning of the experiment
(35) (during the first three seconds) provide an overview
about the populated states (Figure 7). In the absence of
ligands, FRET histograms for YxiN (Figure 7A) show a
main peak with EFRET ∼0.34, with a shoulder at EFRET
∼0.45, consistent with an open conformation of the helicase
core and in agreement with previous results (8). The FRET
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Figure 4. Different RNAs containing hairpin 92 induce the same posi-
tional shift of the RRM. (A) FRET histograms for YxiN S108C/N444C
in the absence (black) and presence of the 32mer (1 �M; red) and the
32merHairpin (15 �M; green) that lacks the 5′-single-stranded extension.
(B) FRET histograms for YxiN D262C/N444C in the absence of RNA
(black), in presence of 32mer RNA (red) and in presence of 154mer RNA
(green).

efficiencies are independent of bin size (Supplementary
Figure S4). FRET histograms of YxiN/154mer/ADPNP
(Figure 7B) show a predominant state with EFRET ∼0.40,
corresponding to the initial open state and high FRET
states (EFRET ∼0.60 and ∼0.70) indicative of the functional
closed state (7) that are less populated than observed previ-
ously for YxiN in solution (8). In contrast, histograms for
YxiN/32mer/ADPNP and YxiN/32mer/ATP complexes
(Figure 7C and D) showed a predominant low FRET
state (EFRET 0.20–0.30, ‘wide-open’), smaller populations of
medium FRET (EFRET ∼0.50–0.60) and high FRET states
(EFRET ≥ 0.60) that most likely reflect the functional closed
state. Non-idealized FRET histograms simply show a shift
to low FRET (Supplementary Figure S5) because of fluo-
rescence fluctuations (Supplementary Figure S3), in agree-
ment with confocal data (Figure 6). The YxiN/32mer com-
plex in the absence of nucleotides (Figure 7E) is predomi-
nantly in the open state (EFRET ∼0.35), with a subpopula-
tion at higher FRET (EFRET ∼0.60). The FRET histograms
are in qualitative agreement with FRET changes observed
in confocal experiments (Figure 6), namely population of

Figure 5. The peptide connecting the RecA C to the RRM has a propen-
sity to form an �-helical structure. (A) Secondary structure prediction per-
formed on the peptide sequence connecting RecA C and the RRM by
PSIPRED shows very high propensity to adopt two �-helices. Other pre-
diction algorithms gave similar results. (B) Model of the �-helical structure
of the RecA C-RRM peptide.

high FRET states in presence of the 154mer and ADPNP,
and shifts to lower FRET with the 32mer and ADPNP.

To analyze the dynamic behavior of YxiN across the en-
tire time trajectory (∼180 s), we generated FDPs that reflect
the molecules that remain in the same FRET state through-
out the observation time, and TDPs that measure the inter-
conversion between individual states (Figure 7). The largest
error in the determination of FRET efficiencies from FDPs
or TDPs is 0.02 (half-width of the peak in the FDP of YxiN
in absence of ligands; Figure 7A). Thus, FRET states with
differences in EFRET > 0.02 are considered different states.

For YxiN, 48% of the 184 molecules remained in the
same FRET state (∼0.37 or ∼0.45, Figure 7A). The
other 52% inter-converted between these two states (∼0.33
or ∼0.45). In contrast to free YxiN, all RNA- and
nucleotide-complexes showed less conformational fluctu-
ations, with 60–90% of the molecules remaining in the
same FRET state throughout the measurement. In the
YxiN/154mer/ADPNP complex, 73% of the 80 molecules
analyzed remained in one state with EFRET ∼0.40 (open
(7,8)) throughout the experiment. In addition, species with
EFRET of ∼0.47, ∼0.55, ∼0.60 and ∼0.65 and minor popu-
lations of states with EFRET ∼0.33 and ∼0.78 EFRET (closed
(7,8)) were also observed (Figure 7B). The TDP for the
27% interconverting molecules reveals transitions between
EFRET ∼0.70 (closed) and ∼0.42 (open), ∼0.70 (closed) and
∼0.52 and ∼0.42 (open) and ∼0.29 (Figure 7B). The state
with intermediate EFRET of ∼0.52 exchanges with the func-
tional ∼0.70 state and is likely a low-populated intermedi-
ate. States with intermediate FRET efficiencies (0.45–0.65)
have been observed previously for YxiN variants with mu-
tations in the interface that is formed between the RecA do-
mains in the closed state (8), and may correspond to YxiN
molecules where the inter-domain cleft is not completely
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Figure 6. The 32mer and 32merHairpin promote a low FRET conformation of the YxiN core. (A) FRET histograms of ∼200 pM YxiN S108C/S229C
(black), YxiN/32mer complex (2.0 �M of 32mer, blue) and YxiN/32mer/ADPNP complex (2.0 �M of 32mer and 5 mM ADPNP, red) in 50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 5 mM MgCl2, 2 mM 2-mercaptoethanol, at room temperature (∼23◦C). (B) The same as in (A) but with 5.0 �M 32merHairpin
RNA. (C) The same as in (A) but with 0.4 �M 154mer RNA. The photophysical properties of the dyes differ slightly depending on their attachment site,
which leads to differences in correction factors, and different FRET efficiencies for the DA (S108C-A488/S229C-A546) and AD (S108C-A546/S229C-
A488) configurations. The two histograms shown are analyzed for each configuration (DA, top, AD, bottom). The lines are fits of Gaussian distributions
to the data.

closed. The state with EFRET ∼0.29 that interconverts with
the open state represents a low-populated (wide-)open state.

For the YxiN/32mer complex, 81% of the 284 molecules
remained in the same state, predominantly in the initial
open state (EFRET ∼0.40, Figure 7C). A smaller popula-
tion spreads toward lower EFRET (∼0.30), in agreement with
the shift to lower FRET efficiencies observed by confo-
cal microscopy. The 19% interconverting molecules mostly
switched between the open state (EFRET ∼0.38) and a high
EFRET ∼0.68 state (Figure 7C) that is not significantly pop-
ulated in equilibrium and therefore not detected by confocal
microscopy.

For the YxiN/32mer/ADPNP complex, nearly all
molecules (55 of 61, 90%) remain in the same FRET state
throughout the experiment. The FDP shows states of EFRET
∼0.30, 0.36 and 0.67 (Figure 7D), with the state of EFRET
∼0.30 being much more populated than the rest. Because
of the low number of interconverting molecules (n = 6), a
TDP plot is not statistically relevant.

In the presence of 32mer and ATP instead of the non-
hydrolyzable ADPNP, 60% of 194 molecules are non-
interconverting. Most are trapped in a state of EFRET ∼0.30,
in agreement with the observed shift to lower FRET in
the histograms, while some have an EFRET of ∼0.37, (Fig-
ure 7E). The remaining 40% of the molecules undergo

four types of transitions: a predominant inter-conversion
of states with EFRET ∼0.38 (open) and ∼0.24 (wide-open),
transitions between ∼0.52 (intermediate) and ∼0.33 (open),
between ∼0.76 (closed) and ∼0.55 (intermediate) and some
transitions between EFRET ∼0.62 and ∼0.44 (open). The
largest number of transitions involves the species with
EFRET ∼0.24, which does not link with the functional high
FRET state, and therefore represents an off-pathway in-
termediate (wide-open→open→closed; in contrast to a se-
quence of open→wide-open→closed that would be ob-
served for an on-pathway intermediate). A summary of the
observed conformational states and their interconversion is
shown in Supplementary Figure S6.

In summary, binding of the 154mer RNA to YxiN in the
presence of nucleotide predominantly favors high FRET
(closed) states. In contrast, binding of the 32mer leads to
low FRET species with a wider inter-domain cleft that
are off-pathway, and to the transient population of high
FRET states, which rationalizes the observed stimulation
of ATPase activity by these RNAs.
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Figure 7. The low FRET states of the core are off-pathway intermediates. Idealized FRET histograms from smFRET experiments by TIRF mi-
croscopy (left), fluctuation density plots (FDP, center), and transition density plots (TDP, right) of Alexa555/Alexa647-labeled N-terminal biotinylated
YxiN A115C/S229C in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 0.5 �M YxiN RecA N, 2 mM 2-mercaptoethanol in the absence and
presence of RNA (32mer or 154mer) and/or nucleotide (ATP or ADPNP). (A) YxiN; ntot = 184, nFDP = 88, nTDP = 96, (B) YxiN/154mer/ADPNP; ntot
= 80, nFDP = 58, nTDP = 22, (C) YxiN/32mer; ntot = 284, nFDP = 230, nTDP = 54, (D) YxiN/32mer/ADPNP; ntot = 61, nFDP = 55, nTDP = 6 (n.a.),
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RNA binding to the RRM allosterically activates the helicase
core

Our smFRET experiments show that RNA binding to the
RRM leads to a shift in its position, and to changes in the
conformational space that is accessible to the helicase core.
In conjunction with ATPase and RNA unwinding experi-
ments, these findings point to an allosteric activation of the
helicase core upon RNA binding to the RRM. We tested
this hypothesis by performing unwinding experiments with
a 15/9mer that corresponds to the 32/9mer lacking the
hairpin. An allosteric activation mechanism would predict
that addition of the 32merHairpin and its binding to the
RRM should stimulate unwinding of the 15/9mer. YxiN
unwinds the isolated 15/9mer slowly, with a rate constant
of kunwind = 0.003 s−1 (Figure 8). In the context of the
32/9mer, unwinding is 8-fold faster, with a rate constant of
kunwind = 0.024 s−1. In presence of the 32merHairpin, un-
winding of the 15/9mer is accelerated 2.5-fold (kunwind =
0.007 s−1) compared to unwinding of the isolated 15/9mer.
Thus, binding of the 32merHairpin, the associated move-
ment of the RRM and the changes in the conformational
dynamics of the helicase core indeed lead to an activation
of the helicase core, with the RNA bound to the RRM act-
ing as an allosteric activator.

DISCUSSION

RNA binding to the RRM alters the position of the RRM

We have shown that the C-terminal RRM of YxiN is lo-
cated in defined positions relative to the core, and moves
from a position close to RecA C in the absence of RNA
to the proximity of RecA N in the RNA-bound state. The
movement is driven by RNA binding to the RRM and does
not require interactions of the bound RNA with the core.
Nevertheless, RNA binding to the RRM affects the core:
the conformation of the core is modulated, and its RNA-
dependent ATPase and RNA unwinding activities are stim-
ulated.

Communication between the RNA binding site of the RRM
and the active site of the core

The current model on the activation of ATP hydrolysis by
RNA is based entirely on motifs identified within the core
that mediate ATPase activity (3,49,4). RNA binding do-
mains flanking the core were believed to function as pas-
sive anchors that mediate high affinity binding to defined
elements in the RNA substrate, and the helicase core can
then unwind nearby RNA duplexes (18,50). Our results now
show that binding of the YxiN RRM to the RNA not only
anchors the helicase on the RNA, but also modulates the

core conformation and its ATPase and RNA unwinding ac-
tivities, demonstrating that RNA binding at the RRM is
communicated to the core. This communication does not
require binding of the RNA recognized by the RRM to
the core, which excludes an RNA-mediated interaction of
core and RRM. In the RNA-bound state, the RRM is lo-
cated next to the RecA N. RecA N contains most of the
conserved motifs for ATP binding and hydrolysis, and it
would be conceivable that the RNA-bound RRM stimu-
lates RNA-dependent ATPase activity by affecting the con-
formation of these motifs. However, the structural models
for YxiN in the presence of RNA do no point to extensive
interactions between core and RRM. In addition, the iso-
lated RRM cannot restore RNA-dependent ATPase activ-
ity of the core when supplied in trans, which is also pointing
to a lack of extensive interactions between the RRM and the
core (17). The peptide connecting the RecA C to the RRM
has a high propensity for �-helix formation, and the end-to-
end distance of such an extended �-helical peptide is suffi-
cient to traverse the distance separating the RecA C and the
RRM. The linker therefore most likely acts as a direct com-
munication bridge between RRM and core, and mediates
the allosteric activation of core activities.

RNA binding to the RRM and core conformation

Binding of RNA to the RRM modulates the conformation
of the helicase core. Switching of the core between open and
closed states has been linked to RNA-dependent ATPase-
and ATP-dependent RNA unwinding activities of the core
(6–8,31). However, instead of observing high FRET species
in presence of the 32mer and 32merHairpin, species with
lower FRET appeared, representing conformations of the
core with increased separation of the two RecA domains.
High FRET states, although not populated in equilibrium
(i.e. absent in FRET histograms from confocal experiments
(Figure 6) and in FDPs from TIRF experiments; Figure 7),
are formed transiently (evident in TDPs; Figure 7), in agree-
ment with the observed increase in ATPase activity upon
binding of these RNAs. From the lack of interchange be-
tween low FRET species and the functional high FRET
state in the presence of ATP, we conclude that the low
FRET states induced by binding of the 32mer or the 32mer-
Hairpin to the RRM are off-pathway intermediates that are
only accessed from the open state of the core. In contrast,
binding of the 154mer RNA (in the presence of ADPNP)
favors population of the high FRET functional state of the
core. Thus, the core can adapt to the type of RNA bound by
conformational plasticity. For its role in ribosome biogen-
esis (51) YxiN needs to distinguish unproductive assembly
intermediates from functional, native ribosomes. The dif-
ferent level of activation of the core by the 154mer and the
smaller 32mer RNA may reflect the differential recognition

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
(E) YxiN/32mer/ATP; ntot = 194, nFDP = 116, nTDP = 78. Experiments were performed at room temperature. The concentrations were <30 pM YxiN,
15 �M of the 32mer RNA, 1 �M of the 154mer RNA, 20 mM ATP or 10 mM ADPNP. The FRET histograms show the states populated within the first
three seconds. The red arrow indicates an open state of the core, the blue arrow marks the closed state. The colored bars above the histogram indicate
FRET ranges for wide-open (orange), open (red), intermediate (green) and closed states (blue). Fluctuation and transition density plots (FDPs, TDPs)
show fluctuations and transitions across the entire trajectory (upto 180 s). The white arrow in the FDPs indicates shifts from the open state toward lower
FRET states. o: open conformation, c: closed conformation, i: intermediate, wo: wide-open, low FRET state; ntot: total number of molecules observed,
nFDP: number of static molecules, nTDP: number of dynamic molecules inter-converting between different conformational states, n.a.: not analyzed.
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Figure 8. Binding of RNA to the RRM allosterically activates unwinding
by the helicase core. Unwinding of 0.5 �M FAM-32mer/9mer-Cy3 RNA
(black) and 0.5 �M FAM-15mer/9mer-Cy3 RNA in the absence (green)
and presence (red) of 5 �M 32merHairpin by YxiN N444C in 50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 2 mM 2-mercaptoethanol and
5 mM ATP, followed by the increase in donor fluorescence. YxiN rapidly
unwinds the duplex of the 32/9mer (kunwind = 0.024 s−1). The 15/9mer is
unwound very slowly (kunwind = 0.003 s−1). In the presence of 32merHair-
pin, unwinding of the 15/9mer is accelerated 2.5-fold, to kunwind = 0.007
s−1. The unwinding experiments were conducted in the presence of 5 �M
unlabeled trap RNA that is complementary to the 9mer (single turnover
conditions).

of these elements in their distinct structural contexts. The
effect of RNA binding to the RRM on the conformational
space of the core, the dominant populations and their inter-
change are tightly linked to the ATPase and unwinding ac-
tivities of the core. Our results therefore show that the YxiN
RRM is not a passive RNA anchor but undergoes an RNA-
induced movement that is communicated to the core and
modulates core activity. Allosteric regulation of core activ-
ities by RNA; mediated through an RNA-induced move-
ment of ancillary domains, may constitute a general regula-
tory mechanism of DEAD-box proteins.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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