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ABSTRACT

Mutations in immunoglobulin p-binding protein 2
(lghmbp2) cause distal spinal muscular atrophy
type 1 (DSMA1), an autosomal recessive disease
that is clinically characterized by distal limb
weakness and respiratory distress. However,
despite extensive studies, the mechanism of
disease-causing mutations remains elusive. Here
we report the crystal structures of the Ighmbp2
helicase core with and without bound RNA. The
structures show that the overall fold of Ighmbp2 is
very similar to that of Upf1, a key helicase involved
in nonsense-mediated mRNA decay. Similar to Upf1,
domains 1B and 1C of Ighmbp2 undergo large con-
formational changes in response to RNA binding,
rotating 30° and 10°, respectively. The RNA binding
and ATPase activities of Ighmbp2 are further
enhanced by the R3H domain, located just down-
stream of the helicase core. Mapping of the patho-
genic mutations of DSMA1 onto the helicase core
structure provides a molecular basis for under-
standing the disease-causing consequences of
Ighmbp2 mutations.

INTRODUCTION

Distal spinal muscular atrophy type 1 (DSMAI) is an
autosomal recessive disorder resulting from the degener-
ation of a-motoneurons in the spinal cord. It manifests
itself in early childhood and is characterized by early re-
spiratory failure due to diaphragmatic paralysis (1).
Although clinical and pathological features are similar
to spinal muscular atrophy (SMA), DSMA1 and SMA
are genetically distinct. SMA is caused by mutations of

the survival of motor neurons (SMN) gene coding for
SMN protein, a member of the SMN complex (2-5).
DSMAL is caused by genetic mutations in the Ighmbp?2
gene, which encodes immunoglobulin p-binding protein 2
(Ighmbp2) (6,7). The precise cellular function of Ighmbp2
remains elusive, although it has been implicated in tran-
scription and pre-mRNA processing (8,9). More recently,
Ighmbp2 has been reported to associate with ribosomes
and tRNAs, suggesting that it is functionally linked to
translation (10,11).

Ighmbp2 is a multidomain protein composed of a
DNA/RNA helicase domain and an R3H domain and a
zinc-finger domain (Figure 1A). Based on sequence
homology, Ighmbp2 has been classified as a member of
the Upfl-like group within the helicase superfamily 1
(SF1) (12). The other two members of the Upfl-like
family of SF1 helicases are Upfl, a key protein involved
in nonsense-mediated mRNA decay (13-15), and
Senataxin, implicated in transcription regulation (16—18).
Biochemical characterization has shown that Ighmbp?2 is
an ATP-dependent 5—3" DNA/RNA helicase (10). Most
of the pathogenic mutations in DSMA1 patients occurred
in the helicase domain, suggesting that this domain plays a
major role in the DSMAI1 disease-causing mechanism.
Consistent with this notion, the pathogenic mutants of
Ighmbp2 exhibited loss of either ATPase or helicase
activity or both activities (10), arguing that the biochem-
ical defects of Ighmbp2 may be the primary causes
underlying DSMAT.

SF1 helicases can be divided into two classes, SF1A and
SF1B, on the basis of the direction of translocation, with
SFIB further branched to Pifl-like (Pifl, RecD2) and
Upfl-like subfamily (Upfl, Ighmbp2, Senataxin) (19).
The Upfl-like family differs from the Pifl-like family as
it can unwind both DNA and RNA duplexes (20). A great
deal is known about the mechanisms of SFIA enzymes
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Figure 1. Structural overview of hlghmbp2hd and hlghmbp2hd-RNA. (A) Schematic representation of the domain arrangement in Upfl and
Ighmbp2. The helicase core region contains two RecA-like domains: domain 1A (pink) and domain 2A (wheat) and additional regulatory
domains: domain 1B (green), domain 1C (cyan) and the ‘stalk’ (orange). Upfl contains another regulatory domain, the CH domain (gray)
located upstream of the helicase region while Ighmbp2 features two more another regulatory domains: a R3H domain (gray) and an AN-1 type
zinc-finger domain (gray) downstream of the helicase region. Missense mutations and canonical motifs in Ighmbp2 are labeled. (B) Crystal structures
of hIghmbp2hd. (C) Crystal structure of hIghmbp2hd-RNA. The coloring schemes for domains are as in (A). The bound phosphate ion and ssRNA

are shown as red sphere and yellow cartoon tube, respectively.

(from PcrA, Rep and UvrD) (21-26); however, only two
SF1B helicase structures (Upfl and RecD2) are available.
The structures of RecD2 have been determined in three
states: the free form, in complex with single-stranded
DNA (ssDNA) and in the presence and absence of an
ATP analog (27,28). The mechanistic basis for 5—3
translocation by the Pifl-like family has been revealed
from the structural characterization of the RecD2
enzyme (28). For the understanding of the mechanism
by which Upfl-like helicase functions, several crystal
structures of Upfl in different functional states have
been determined. These include Upfl in complex with
either phosphate or ADP or the non-hydrolyzable ATP
analog, AMPPNP (29), as well as in transition-state with
bound single-stranded RNA (ssRNA) (30), but no struc-
ture of the RNA-bound Upfl in the absence of a nucleo-
tide has been reported.

Here we have determined the crystal structure of the
helicase core domain of human Ighmbp2 with and
without bound ssRNA in the absence of nucleotide.

These structures allow a molecular interpretation of a
number of pathogenic mutations that cause DSMAI.
Moreover, structural comparison combined with bio-
chemical characterization reveal the critical role of the
R3H domain in modulation of enzymatic and RNA-
binding activities of Ighmbp?2.

MATERIALS AND METHODS
Protein expression and purification

The ¢cDNA encoding the helicase domain of human
Ighmbp2 (hIghmbp2hd, residues 1-652) was cloned into
the pGEX6p-1 vector (GE Healthcare) with a GST tag at
the N-terminus. The hIghmbp2hd protein was expressed
in Escherichia coli BL21 Rosetta (DE3) pLysS strain
(Novagen). Cells were grown in Luria—Bertani medium
supplemented with 100 pg/ml ampicillin at 37°C until the
optical density at 600 nm (OD600) reached ~0.6. Protein
expression was induced by the addition of 0.4mM



isopropyl-B-p-1-thiogalactopyranoside and further cell
growth was performed at 18°C for 16h. Cells were har-
vested by centrifugation at 4000 rpm and resuspended in
lysis buffer (25 mM HEPES, 500 mM NaCl, 3mM DTT,
3mM MgCl,, pH 7.3) supplemented with 1mg/ml
lysozyme from chicken egg-white (Sigma). Cells were dis-
rupted by sonication on ice and cell debris was cleared by
centrifugation at 18000 rpm. The clarified supernatant
was loaded into a column self-packed with Glutathione
Sepharose 4B beads (GE Healthcare), pre-equilibrated
with the lysis buffer. The column was washed with the
lysis buffer and the protein was eluted with elution
buffer (25mM HEPES, 500mM NaCl, 3mM DTT,
3mM MgCl,, 1% w/v reduced glutathione, pH 7.3). The
GST tag is then cleaved by incubating with PreScission
protease overnight. The protein sample was then further
purified by a second glutathione sepharose column and gel
filtration using HiPrep Superdex-75 column on an AKTA
Xpress system (GE Healthcare) in lysis buffer.
hIghmbp2hd was pooled and concentrated to 12mg/ml.
We failed to obtain SeMet-substituted protein as it
became insoluble after PreScission protease cleavage
(data not shown).

mlghmbp2hd-R3H, a construct containing both
helicase and R3H domains (residues 1-786) of mouse
Ighmbp2, was cloned and purified in the same way
except a Superdex-200 gel filtration column was used in
gel filtration.

Crystallization

In the initial crystallization screening, SmM potassium
phosphate was added to the protein. Plate-like crystals
were obtained at 15°C in a reservoir solution containing
0.2 M sodium malonate pH 7.0 and 20% (w/v) PEG 3350.
Mercury-derivative crystals were obtained by soaking
native crystals in the reservoir solution supplemented
with 0.1mM EMTS (ethyl mercury thiosalicylate) for
6h. Todide-derivative crystals were obtained by quick
soaking the crystals in the reservoir solution containing
500 mM potassium iodide for 5s.

To crystallize the hlghmbp2hd—RNA complex, a
single-stranded A;y RNA was mixed with hIghmbp2hd
at a molar ratio of 2:1. Crystals were obtained by
hanging drop method with equal volumes of
hIghmbp2hd—RNA solution and reservoir solution con-
taining 0.1 M imidazole pH 8.0, 1.0 M sodium citrate at
15°C. All crystals were cryoprotected with 25% ethylene
glycol before being flash-cooled in liquid nitrogen.

Data collection and structure determination

Native data sets of the hIghmbp2hd and hIghmbp2hd-
RNA complexes were collected at 100K at beamlines
ID14-4 and ID23-1 at the European Synchrotron
Facility (ESRF, Grenoble, France). The best diffraction
volumes of the crystals were defined using diffraction car-
tography (31). For the hlghmbp2hd—RNA complex
crystals the ¢ cell edge was aligned parallel to the spindle
using a mini-kappa goniometer (32). This allowed better
separation of Bragg spots due to the length of this axis.
Mercury and iodide derivative data sets were collected at
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100K at beamline 13B1 at the National Synchrotron
Radiation Research Centre (NSRRC, Taiwan, R.O.C).

The structure of hIghmbp2hd was determined by the
multiple isomorphous replacement with anomalous scat-
tering (MIRAS) method in the space group C2. The data
sets were integrated using MOSFLM (33). Scaling of
intensities was carried out using SCALA from the
CCP4i package (34). Heavy atom search was carried out
by Autosol in the PHENIX software suite (35). Three
mercury and 17 iodide sites, corresponding to one
molecule of hlghmbp2hd in the asymmetric unit, were
found. Automatic partial model building was carried out
by AutoBuild in the PHENIX software suite (35). The
model was built manually wusing COOT (36).
Crystallographic refinement was performed using the
PHENIX software suite (35) to a final Rpe. of 25.23%.
TLS refinement was introduced and a free phosphate
group was included at the final stages of refinement.

The crystals of hlghmbp2hd-RNA belong to space
group P3,21, with two molecules in the asymmetric unit.
The data for hlghmbp2hd-RNA were integrated with
XDS (37,38), then scaled and reduced using SCALA in
CCP4i. The structure was determined by molecular re-
placement with PHASER (39), using the hlghmbp2hd
structure as the search model. A good match for
domains 1A and 2A was found. Domain 1B was
manually built with the aid of 2F,—F, and F,—F. maps
using COOT. Model refinement was carried out with the
PHENIX software suite to a final Rpe. of 29.28%. RNA
molecules were included in the final stages of refinement.
Difference Fourier maps clearly showed the electron
density for nine and eight ribonucleotides in molecules A
and B, respectively (Supplementary Figure S1). As there is
no substantial difference between the two molecules in the
ASU (r.m.s.d. of 0.85A for all equivalent Co atoms of
hIghmbp2hd), all subsequent analyses are based on
molecule A as it is more complete. The stereochemical
geometry of the structures was validated using
PROCHECK (40). The Ramachandran plot showed
that one outlier (residue 580) is in hIghmbp2hd, and
three outliers of molecule A (residues 82, 270 and 580)
and one outlier of molecule B (residue 580) are in
hIghmbp2hd—RNA. All these residues have poorly-
defined electron density except for residue 270 which has
relatively well defined electron density and is located at a
loop region. The statistics for data collection and refine-
ment and the quality of the final models are summarized
in Table 1.

Fluorescence anisotropy

Fluorescence anisotropy measurements were performed
with single-stranded U;s RNA labeled at the 5-end with
6-carboxy-fluorescein (6-FAM) (Metabion International
AGQG). 100 pl reactions were carried out in a 96-well plate
at 25°C and measured using Safire II fluorescent plate
reader (Tecan). 100nM of the labeled oligonucleotide
was incubated with increasing protein concentration at
ambient temperature for 30 min prior to measurements,
in a buffer containing 20mM HEPES, 2mM MgCl,,
2mM DTT, 100mM NaCl, 10% glycerol and pH 7.4.
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Table 1. Data collection and refinement statistics

Data collection hIghmbp2hd hIghmbp2hd-Hg hIghmbp2hd-Todide hIghmbp2hd-RNA
Derivative - Mercury Todide -
Wavelength (A) 0.9795 0.99315 1.54 0.9760
Resolution limit (A) 2.5 3.0 3.0 2.85
Space group C2 C2 C2 P3;21
Cell parameters
a/b/c (A) 116.57/76.72 88.54 115.83/76.65/87.29 117.67/76.67/87.97 87.29/87.29/372.69
a/B/y () 90/107.32/90 90/107.40/90 90/107.72/90 90/90/120
Unique reflections (N) 25840 14 640 15006 39419
Total reflections (N) 114847 95240 95220 222197
I/o 16.0 (1.4) 13.0 (2.2) 8.4 (1.8) 21.6 (1.5)
Mean (I/o) 18.9 (2.3) 24.4 (3.6) 26.0 (3.5) 12.5 (1.9)
Completeness (%) 91.8 (99.7) 99.9 (99.7) 99.8 (99.7) 90.2 (99.5)
Rinerge” 0.04 (0.512) 0.044 (0.341) 0.065 (0.418) 0.026 (0.551)
Number of derivative sites - 3 17 -
Refinement statistics
Data range (A) 63.16-2.50 19.97-2.85
Used reflections (N) 23987 38694
Protein residues 625 1222
Protein atoms 4853 18460
Solvent molecules 99 140
Phosphate molecules 1 2
RNA bases - 17
Ruyor (%) 19.02 20.58
Riree’ (%) 25.23 29.28
R.m.s.d. i
Bond length (A) 0.008 0.009
Bond angles (°) 1.181 1.338
Ramchandran plot (% residues)
Allowed 98.5 97.2
Generously allowed 1.2 2.3
Disallowed* 0.2 0.5

Values in parentheses indicate the specific values in the highest resolution shell.
*Rmerge = 2 |Ij— <I>|/>_I;, where I; is the intensity of an individual reflection and </> is the average intensity of that reflection.
®Ruork = S UIFol — |1FI/> | Fel, where F, denotes the observed structure factor amplitude and F. denotes the structure factor amplitude calculated

from the model.

“Riree 18 as for Ry but calculated with 5.0% of randomly chosen reflections omitted from the refinement.
9Disallowed: Val580 in hIghmbp2hd and Ser82 (A), Arg270 (A), Val580 (A) and Val580 (B) in highmbp2hd-RNA.

The excitation and emission wavelengths were 470 and
535nm, respectively. All anisotropy measurements were
performed in triplicate. Each titration point was
measured using three reads with an integration time of
40 ps. Dissociation constants (Ky) values were determined
by fitting the experimental data to a binding equation
describing a single-site binding model (shown below)
using Prism software 4.0 (GraphPad).

A = Agt(Ay — Ao)

(L] HP) K — (L) HPL A K — 4L 1P

* 1],

where A is the anisotropy measured, 4, is the initial an-
isotropy in the absence of protein, Ay is the final anisot-
ropy, [P] is the protein concentration, [L] is the labeled
RNA concentration

In vitro ATPase assay

The ATPase assay was performed in 50 pl reaction volume
containing 40pmol of purified Ighmbp2 proteins
(hIghmbp2hd or mlghmbp2hd-R3H) in 50mM MES

(pH 6.0), 50mM KAc, 2.5mM Mg(Ac),, Sug of 15-mer
poly(A), 30uM cold ATP and 0.3 uCi [y**PJATP. Upon
incubation at 37°C for 1h, Sul of 500mM EDTA was
added to terminate the reaction. In order to identify
the ATPase hydrolysis products, a standard reaction
with the same substrates and conditions was performed
using 0.1U of Calf Intestine Phosphatase (CIP) at
37°C for 6 min. Aliquots (10 pl) of the reaction products
were analyzed by thin-layer chromatography on a
polyethyleneimine-cellulose plate (Sigma) and developing
it in 0.3 M K,HPO, (pH 7.6).

RESULTS
Overall structure

The crystal structure of the helicase domain of human
Ighmbp2 (residues 1-652, designated as hlghmbp2hd)
was solved by the MIRAS method using mercury and
iodide derivatives to a resolution of 2.5A. Residues
73-75, 120-126, 310-315, 503-507 and 649-652 were not
visible in the electron density map and assumed to be dis-
ordered in the structure. The helicase core of Ighmbp2
has essentially the same fold as that of the Upfl



protein (29,30), which contains four domains: two
RecA-like domains (domains 1A and 2A) with two
subdomains 1B and 1C inserted into domain 1A
(Figure 1B). Domains 1A (residues 159-270 and 347-
440) and 2A (residues 441-648) share the o—f fold with
a central seven-stranded parallel B-sheet surrounded by o
helices, resembling the RecA-like fold seen in all SF1 and
SF2 helicases (20,41). Domain 1B (residues 34-141) con-
sisting of a short a-helix and a B-barrel, is connected to
domain 1A by two a-helices (residues 3-33 and 142-158)
also referred to as the ‘stalk’ (30). Domain 1C (residues
271-346) is inserted between the Walker A and Walker B
motifs and forms four helices situated above domain 1A
(Figure 1B). The canonical motifs I, II, III, V and VI
known from other SF1 helicases to be involved in ATP
binding [reviewed in (20)] and motifs III and Va known to
coordinate between NTP and nucleic acid-binding sites
(19), are present in the equivalent positions in
hIghmbp2hd (Figure 1).

To gain insights into how the helicase interacts with
nucleic acid, we solved the crystal structure of
hIghmbp2hd in complex with a ssRNA (thereafter
referred to as hlghmbp2hd-RNA). Residues 32-36,
94-97, 121-124, 308-320, 502-506 and 649-652 were dis-
ordered in the structure. Although a 10-nt ssSRNA (Aj)
was used in crystallization, we only observed nine adenine
bases in the hlghmbp2hd-RNA complex. For simplicity,
we have numbered nucleotides A; to Ay in a 5'— 3’ direc-
tion. The ssRNA binds in an extended conformation with
the 5-end at domain 2A and the 3’-end pointing towards
the channel between domains 1B and 1C (Figure 1C).
Both the structures of hlghmbp2hd and hlghmbp2hd—
RNA contain a phosphate situated in the nucleotide-
binding cleft between domains 1A and 2A.

RNA recognition

The ssRNA binds to a composite RNA-binding channel
formed by domains 1A, 2A, 1B and 1C (Figure 1C). The
backbone phosphates of ssSRNA mainly contact domains
1A and 2A with the adenine bases pointing either to the
solvent region or towards domain 1B. Domains 1B and 1C
directly interact with the 3’-end of RNA, similar to that
observed in the Upfl-RNA-bound structure with the
presence of the CH domain (30). Protein—RNA inter-
actions were mediated mainly by a combination of
hydrogen bonds and electrostatic interactions as
depicted in Figure 2. Briefly, A; is well ordered by
stacking its adenine base with the side chain of His411.
The adenine bases A to Aj are in parallel orientation to
each other at an average distance of ~3.7A, a common
feature of base stacking in ssSRNA (42). As the adenine
base of Aj is perpendicular to that of A4, it protrudes
outwards causing a bend in the RNA backbone between
Az and A, The side chain of residue GIn507 forms
hydrogen bonding with the O2 atom of the ribose sugar
of base A; while the O2" atom of the ribose sugar of Ay
interacts with the side chains of Asp565 and Arg596. The
hydroxyl group of residue Thr407 forms a hydrogen bond
with the N3 atom of the nitrogenous base of A5 which in
turn forms base stacking interactions with A to Ag. Motif
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Ia interacts with the phosphate backbone of A, via the
side chain of Asn245. Residues Thr351 and Thr353 from
motif Ic interact with the phosphate backbone of A; and
Ag, respectively. A second bend of the RNA backbone is
observed whereby Ay, located ~10 A from Ag, flips away
from the base stacking configuration. Arg270 makes two
important contacts with the RNA at this position. First,
its NH, group interacts with the N7 atom of the adenine
base of Ag. Second, its NH; group forms electrostatic
interactions with the O1P atom of the phosphodiester
backbone of Ag. Since only residues GInS07, Asp565
and Arg596 interact with the ribose 2’-OH groups of A3
and A4 (Figure 2) through polar interactions, the ability
of Ighmbp?2 to unwind both DNA and RNA duplexes (10)
could be explained by the lack of specific recognition of
2’-OH group of the sugar ribose ring that renders
Ighmbp?2 unspecific to DNA or RNA.

RNA binding induced conformational changes

Superposition of domains 1A and 2A of hIghmbp2hd and
hlghmbp2hd-RNA showed little change in the positions
of Ca atoms (r.m.s.d. of 0.87A, Figure 3A), indicating
that the relative orientations of domains 1A and 2A are
largely conserved in the presence and absence of RNA. In
contrast to this observation, large conformational changes
are observed in domains 1B and 1C. When RNA is bound,
domain 1B rotates ~30° away from domain 1 C such that
it bends towards domain 2A to form a channel (diameter
of ~15A and length ~50 A) that could accommodate a
single stranded but not a duplex nucleic acid (Figure 3A).
This marked conformational change widens the channel
between domains 1B and 1C where the 3’-end of ssRNA is
situated. The opening of the channel between 1B and 1C
also requires the outwards tilting of domain 1C by 10°. In
addition to these inter-domain movements, a prominent
intra-domain conformational change occurs, which
involves the reorganization of a loop (residues 264-273
in domain 1A, located just before domain 1C). This
results in reorientation of the side chain of Arg270 from
the nucleotide-binding pocket to the RNA-binding pocket
(between bases Ag and Ag) upon ssRNA binding
(Figure 3B). These conformational changes demonstrate
the conformational flexibility of Ighmbp2, similar to that
observed in Upfl (30).

Structural comparison of Ighmbp2 with Upfl

Superposition of the structure of hIghmbp2hd (Figure 4A)
with that of hUpflACH-PO, (Figure 4B) showed that
these two structures are very similar. The best fitting lies in
domains 1A and 2A and the largest change in orientation
occurs in domain 1B. Domain 1B of hIghmbp2hd inter-
acts with domain 1C but has no contacts with domain 2A.
In contrast, domain 1B in hUpflACH-PO,  has no
contacts with domain 1C but interacts with domain 2A.
Comparison of hlghmbp2hd-RNA (Figure 4C) with
the RNA-bound Upfl structures (30) showed that the
conformation of domain 1B in Ighmbp2 is drastically dif-
ferent from those in Upf1 in response to RNA binding. In
Ighmbp2, upon RNA binding, domain 1B rotates ~30°
towards domain 2A, therefore forming a composite
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Figure 2. Protein—RNA interactions. (A) Stereo view showing the ssRNA-binding site in hIghmbp2hd-RNA. The bound ssRNA and the residues
involved protein—-RNA interactions are shown in ball-stick models. The color scheme is as in Figure 1. (B) Schematic representation of the contacts
between the hlghmbp2hd protein and RNA.
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Figure 3. Conformational changes of hlghmbp2hd upon RNA
binding. (A) Stereo view showing the superposition of hIghmbp2hd—
RNA (pink) with hlghmbp2hd (green). Phosphate ions are shown as
sticks and the bound ssRNA is shown in yellow cartoon. The arrows
indicate the movement of domain 1B and 1C in the RNA-bound state
compared to the RNA-free state. (B) Conformational change of a loop
region (residues 264-273) and the reorientation of residue Arg270 in
response to ssSRNA binding. The position of the phosphate ions indi-
cates the location of the nucleotide-binding site.

RNA-binding channel together with domains 1A, 2A and
1C (Figure 4C versus A). In contrast, upon RNA binding,
domain 1B in the structure of human UpflACH-
RNA-ADP:AIF,~ rotates ~35° and moves away from
the helicase core, thereby relieving its steric hindrance
imposed on domain 2A but making no contacts with
RNA (30) (Figures 4D versus B). In addition to this con-
formational change, domain 1B in the structure of yeast
Upf1-RNA-ADP:AIF,~ shifts by ~20° toward domain
1C, thereby narrowing the channel between them
(Figure 4E versus D). In contrast to the large conform-
ational change of domain 1B, domain 1C in hIghmbp2hd—
RNA tilts only 10° away from domain 1B with respect to
its position in the RNA-free structure, whereas no con-
formational change of domain 1C has been observed in
the Upfl structures with and without RNA (Figures 3A
and 4).

Another notable difference lies in the RNA-binding
sites. In the structure of hUpfl ACH-RNA-ADP:AIF,~
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hUpf1ACH-RNA-ADP:AIF4

scUpf1-RNA-ADP:AIF4

Figure 4. Structural comparison of Ighmbp2 with Upfl. The ribbon
diagrams are drawn with domains 1A (pink) and 2A (wheat) in the
same orientation. The bound phosphate ion and nucleotide are shown
in gray sticks. ssRNA is show in yellow sticks. The coloring scheme for
domains are as in Figure 1. (A) hlghmbp2hd. (B) hUpflACH-PO,~
(PDB code: 2GK7). (C) hlghmbp2hd-RNA. (D) hUpflACH-RNA-
ADP:AIF,~ (PDB code 2XZO). (E) Yeast Upfl-RNA-ADP:AIF,~
(PDB code: 2XZL).

(Figure 4D), domains 1A and 2A form an extended
surface to bind RNA while domain 1B changes from
an inhibitory conformation seen in hUpfl ACH-PO,~
(Figure 4B) to a conformation that neither hinders nor
promotes RNA binding. Consequently, Upfl lacking the
CH domain (human UpflACH-RNA-ADP:AIF, ") could
only bind to a ssRNA of 6 nt and domains 1B and 1C have
no contribution to RNA binding. In the presence of CH
domain (yeast Upfl-RNA-ADP:AlIF, ), domain 1B is
pushed towards domain 1C and the RNA-binding
channel of Upfl is extended to accommodate eight bases
with domains 1B and 1C directly interacting with RNA
(30) (Figure 4E). In this conformation, Upfl binds more
tightly to the 3’-end of the RNA, ‘clamping’ it and reduces
its helicase activity (30). Ighmbp2 lacks the CH domain
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but has a R3H domain and a zinc-finger domain located
downstream of the helicase core domain. Without these
two accessory domains, a 9-nt ssRNA is bound to
Ighmbp2hd in the absence of a nucleotide (Figure 4C)
because all four domains contribute to the formation of
the composite RNA-binding channel. One simple explan-
ation for the ability of Ighmbp2hd to bind longer RNA
without the contribution of the accessory domain is that
domain 1B in Ighmbp2hd is not in an inhibitory conform-
ation (no contact with domain 2A but interacts with
domain 1C), and a simple 30° rotation coupled with the
outward movement of domain 1C is sufficient to allow
RNA binding. Given that helicases make use of accessory
domains for their specific and regulatory functions and
that the R3H domain has been proposed to bind nucleic
acids (9), it is envisaged that the R3H domain might have
a role in regulating Ighmbp2’s RNA-binding and catalytic
activities.

R3H domain has a regulatory role on Ighmbp2

The R3H domain is a conserved sequence motif
characterized by an invariant arginine residue and a
highly conserved histidine residue that are separated by
three residues (43). The solution structure of the R3H
domain from human Ighmbp2 (PDB:1MSZ) showed
that the R3H domain consists of three-stranded
anti-parallel B-sheet and two a-helices and has a positively
charged surface (44). To examine the functional role of
R3H domain in Ighmbp2 protein, we expressed and
purified the protein fragment composed of the helicase
core and the R3H domain from mouse mlIghmbp2
(mIghmbp2hd-R3H) since the human protein containing
the corresponding regions degraded severely during puri-
fication (data not shown). To investigate the contribution
of R3H domain to RNA binding, we carried out fluor-
escence anisotropy experiments to determine the binding
affinities of the proteins (hIghmbp2hd and mIghmbp2hd-
R3H) to RNA. In these experiments, the tightest RNA
affinity was observed with the mlIghmbp2hd-R3H in
the absence of any nucleotides with a Ky value of
107+£29nM (Figure 5A). In comparison, hIghmbp2hd
interacted ~10-fold less tightly with a Ky value of
1077+ 130nM (Figure 5A). These strikingly different Ky
values strongly suggest that R3H domains have a role in
promoting nucleic acid binding, consistent with the results
from Fukita and coworkers (9). Similar to Upfl, both
hIghmbp2hd and mIghmbp2hd-R3H showed higher
RNA-binding affinity in the absence of a nucleotide
(Figure 5A) (30,45,46). Although the presence of nucleo-
tides did lower RNA-binding affinity, it was not signifi-
cant (Figure 5A). The difference in RNA binding could be
due to conformational changes associated with nucleotide
binding. Hence, the variation in the RNA-binding
affinities of Ighmbp?2 is mainly contributed by the R3H
domain.

We hypothesize that tighter RNA binding will lead to
enhanced ATPase activity as Ighmbp?2 is a nucleic acid-
dependent ATPase (10). ATPase assays in the absence and
presence of nucleic acids as shown in Figure 5B (lanes 3—6)
indicated that ATP hydrolysis is stimulated by the

presence of ssRNA. Importantly, mlghmbp2hd-R3H
exhibits 4-fold stronger ATPase activity compared to
hlghmbp2hd in the presence of ssSRNA (Figure 5B, lanes
4 and 6), suggesting R3H domain stimulates ATPase
activity through enhancing RNA binding. Altogether,
our results reveal the synergy between the R3H domain
and the helicase domain as demonstrated by enhanced
RNA binding which in turn potentiates its ATPase
activity.

Structural and functional placement of DSMAT1 missense
mutations on Ighmbp2

Of all the disease-causing missense-mutations in
IGHMBP2, which are located within or adjacent to the
hecliase domain of Ighmbp2 (7,47-52), only nine represen-
tative mutants have been biochemically characterized (10).
We mapped these nine missense mutants onto the
hIghmbp2hd—RNA structure (Figure 6A) and classified
them according to their locations: residing in or close to
the nucleotide-binding pocket (class I), in RNA-binding
channel (class II) and in neither ligand-binding sites
(class III).

Class I mutants comprise Q96R, T221A, H445P and
R603H. GInl96 is the invariant residue in the Q motif, a
motif previously proposed to be unique to the DEAD box
family of helicases to control ATP binding and hydrolysis
(53,54). When AMPPNP from the Upfl structure is
superimposed onto Ighmbp2 nucleotide-binding pocket,
residue GInl96 is shown to make a Van der Waals
(VDW) contact with the adenine base of AMPPNP with
the shortest distance of 3.6 A (Figure 6B). The mutation of
GIn196 to an arginine would result in a longer side chain
protruding into the nucleotide-binding pocket. This would
prevent ATP binding, thereby leading to loss of the
ATPase activity.

Residue Thr221 is part of the Walker A sequence in
motif I and could form hydrogen bonds with the «- and
B-phosphate groups of modeled AMPPNP (Figure 6B)
and also coordinate the catalytic magnesium ion. Motif
I is well characterized to be important for nucleotide
binding and hydrolysis (55,56). Hence mutation of
Thr221 to alanine will inevitably impact the ATPase
activity.

Residue His445 is well conserved in mouse, human and
hamster Ighmbp2. It is located at one end of motif IIla
which is the loop linking domains 1A and 2A (Figure 6A
and B). Since the movement of motor domains 1A and 2A
relative to each other in response to ATP binding/hydroly-
sis is critical for the SF1 helicases [reviewed in (20)], this
loop might act as a hinge to regulate the conformational
change between domains 1A and 2A. Mutation of His445
to a proline would reduce the flexibility of this loop, thus
restraining the movement of motor domains 1A and 2A
and affect the ATPase activity.

Arg603 lies in motif VI (Figure 5), which has been
shown to function in ATP hydrolysis and RNA binding
(55,57). From the hlghmbp2hd-RNA structure, Arg603
forms electrostatic interactions with the y-phosphate of
AMPPNP. The equivalent residue in PcrA has been
proposed as an ‘arginine finger’ to stabilize the transition
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Figure 5. RNA-binding and ATPase activities of Ighmbp2. (A) Quantitative measurements of RNA-binding affinities of hlghmbp2hd and
mlghmbp2hd-R3H in solution by fluorescence anisotropy. Dissociation constants (Kp) values were determined by fitting the experimental data to
a binding equation describing a single-site binding model. The Kp values and their corresponding errors are the mean and standard deviation of three
independent experiments. (B) ATPase activities of hIghmbp2hd and hlghmbp2hd-R3H in the absence or presence of ssRNA. The position of
phosphate was determined by treating the substrate with CIP.

state (21,55). Moreover, it was reported that mutating the nucleotide, hence affecting the ATPase activity of the
corresponding conserved arginine residue in elF4A would enzyme.

abolish its RNA binding and ATPase and helicase The Class II mutants consist of D565N and NS583I.
activities (57). In highmbp2, mutation of Arg603 to histi- Asp565 lies in motif V, which is a flexible loop in
dine would render this residue unable to interact with the domain 2A (Figure 6C). Although the function of motif
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AMPPNP

Figure 6. Structural roles of residues associated with disease-causing missense mutations in SMARDI. (A) Disease-causing missense mutations in
DSMALI are mapped in the structure of hIghmbp2hd-RNA with the Ca atoms of the mutated residues shown as red spheres. AMPPNP (in stick
model) is modeled by superposition of the structure of highmbp2hd-RNA with that of human Upfl ACH-AMPPNP (PBD code: 2GJK). (B) Class I
mutations residing in or close to the nucleotide-binding pocket. (C) Class II mutations located in the RNA-binding channel. (D) and (E) Class III
mutations located far away from either the nucleotide-binding pocket or the RNA-binding channel.

V is less well studied, there is evidence showing that that it
is involved in RNA binding (56) and the translocation
activity of hepatitis C virus NS3 helicase (58). The
hIghmbp2hd-RNA structure shows that the side-chain
of Asp565 contacts the ribose 02" of Ay via VDW

interactions (Figures 2 and 6C) and forms a hydrogen
bond with Arg596, which in turn contacts the ribose
group of Ay Residues Asp565 and Arg596 correspond
to Asp827 and Arg858 in human Upfl, which show
similar interactions with the RNA backbone (30).



Substitution of Asp565 by Asn would not exten-
sively change the interactions of this residue with the
RNA backbone, therefore not affecting the RNA
binding to Ighmbp2. Asn583 is located near the 5-end
of the RNA-binding channel but Asn583 does not
directly interact with the bound RNA (Figure 6C). We
observed that Asn583 is surrounded by several basic
residues Arg581, Lys585 and Arg584. Mutation of
Asn583 to an isoleucine would place a hydrophobic
residue into a positively-charged groove formed by these
three residues, thus affecting the local charge distribution
and reducing RNA binding.

Class III mutants include C241R, E382K and T493I.
Cys241 is located at the central B-sheet of domain 1A
and surrounded by several hydrophobic residues
(Leu239, Val348, Phe369, Val372, Ile374 and Pro388)
(Figure 6D). Therefore, mutation of Cys24l1 to a
positively-charged arginine would most likely disrupt the
central B-sheet, hence destabilizing domain 1A.

Residue Glu382 lies on the helix just before motif II. It
forms a hydrogen bond with Trp386 in the same helix and
also forms a salt-bridge interaction with Arg425 in a
neighboring helix, all in domain 1A (Figure 6E). The
mutation of Glu382 to a lysine (which has a longer and
positively charged side chain) would result in
charge-charge repulsion with Argd425 and also could
disrupt the hydrogen bond formed between Glu382 and
Trp386. Thus it is likely that this mutation would reduce
the stability of domain 1A.

Mutant T4931 is in a loop region, away from the
nucleotide-binding site and is not located in proximity
to any helicase motifs (Figure 6A). In addition, the
side chain of Thr493 does not make significant contacts
with neighboring residues. Based on our current struc-
tures, it is difficult to predict how the T4931 mutation
would affect the conformation and functionality of
Ighmbp2.

The mutational effects predicted based on structural
analysis are consistent with the previous biochemical
data (10). All class I mutants (Q196R, T221A, H445P
and R603H) and one of the class II mutants (N583I)
and two of the class III mutants (C241R, E382K) ex-
hibited defective ATPase and helicase activities (10).
Interestingly, class II mutant D565N retains the ability
to bind nucleic acid and has an ATPase activity similar
to the wild type but does lose its helicase activity. As un-
winding of a nucleic acid duplex requires translocation,
the defective helicase activity of this mutant is probably
due to its inability to translocate along the RNA sub-
strate. The only mutant with minimal effect on
Ighmbp2’s catalytic activities is T4931 in class III. It has
been reported that the T4931 mutant has severely reduced
steady-state protein level in DSMA1 patient cell lines (50).
Therefore, the pathogenicity of this mutant is most likely
due to an effect on Ighmbp?2 protein levels, rather than its
enzymatic activity. Taken together, our structural data
rationalized the biochemical defects observed for the
disease-causing mutations of DSMA1 and strengthen the
notion that the loss of the helicase activity of Ighmbp?2 is
the primary pathological basis of DSMAI.
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DISCUSSION

Previous studies have shown that the Ighmbp2 protein
belongs to the SFI1B helicase family based on its
sequence alignment and the ability to unwind both RNA
and DNA duplex in the 5— 3’ direction (10). Indeed, our
crystal structure of hlghmbp2hd reveals that the helicase
domain of Ighmbp?2 is structurally similar to that of Upfl
and both have similar nucleotide and nucleic acid-binding
sites. Comparison of the RNA-free and the RNA-bound
states of hIghmbp2hd demonstrates that ssRNA binding
induces conformational changes in domains 1B and 1C.
The importance of these domains was also demonstrated
by the Upfl helicase, whereby conformation changes are
observed in domain 1B upon nucleic acid binding (30) and
deletion of domain 1C abolished nucleic acid binding (29).
These observations indicate that members of the Upfl-like
family have a similar domain fold and their mechanistic
actions could be very similar.

Many helicases have N-terminal or C-terminal acces-
sory domains. These domains usually have defined folds
and can influence the specific function of the helicase. For
instance, the N-terminal cysteine—histidine-rich domain
(CH-domain, residues 115-275) of Upfl have been
shown to play a regulatory role on the helicase activity
of Upfl by modulating RNA-binding kinetics and the
length of the RNA-binding channel through the inter-
action with Upf2 (30,59). In comparison, Ighmbp2 has
an accessory C-terminal R3H domain and an ANI-type
zinc-finger motif. Previous biochemical results have
argued that the R3H domain of Ighmbp2 is crucial to
RNA binding (9). It is clear from our data that although
the helicase domain alone was able to bind RNA and has
basal ATPase activity, these activities are augmented by
the R3H domain. Given that the CH domain of Upfl
extends the RNA-binding channel and enables it to bind
longer RNA, the R3H might act in analogy to the CH
domain of Upfl to extend the RNA-binding channel in
Ighmbp?2, therefore increasing RNA binding. Consistent
with this notion, it has been shown that the R3H domain
alone is not sufficient for high-affinity RNA binding and
that the presence of both the helicase and R3H domains
would enhance RNA binding (9). This would suggest that
the helicase and R3H domains work in a cooperative
manner to enhance RNA binding.

The structure of the Ighmbp?2 helicase provides an op-
portunity to address how genetic defects in patients with
DSMAI impact the molecular function of the protein.
Available information indicates specific mutations do
not correlate with the severity of the clinical features
(47,60). Our structural information, together with the
previous biochemical data (10), indicate that seven out
of the nine representative missense mutations affect
ATPase activity, either through disrupting ATP binding/
hydrolysis or through reducing the structural stability of
the helicase motors. The two exceptional cases are the
mutations T4931 and D565N, which do not affect the
ATPase activity of the enzyme. Instead, the mutation
T4931 causes neuronal degeneration through reducing
the intracellular Ighmbp2 protein levels while the D565N
mutation probably affects the ability of Ighmbp2
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translocation along the bound RNA, therefore leading to
its enzymatic defect. Our structure-based functional anno-
tation of disease mutations in Ighmbp2 can facilitate
further experimental studies to explore the pathology of
SMARDI.

There has been an increasing interest in the study of the
senataxin protein encoded by the human SETX gene,
known to be involved in the neurodegenerative diseases
ALS4 and AOA2 (16,17,61,62). Senataxin has a
C-terminal helicase domain homologous to the helicase
domains of Ighmbp2 and Upfl. Mutations in the
helicase domain of the SETX gene show defects in tran-
scription, RNA processing and DNA damage repair
(17,62,63). Recently, Senataxin has been elucitated to
function as an helicase that resolves RNA/DNA hybrids
so that Xrn2-dependent termination can occur (18).
Although senataxin and Ighmbp2 share a homologous
helicase domain, the mutations in the helicase domain of
senataxin and the disease phenotypes generated by these
mutations are different from those of Ighmbp2, suggesting
that these two proteins have different and specific cellular
functions, presumably determined by their accessory
domains outside the helicase domains. Clearly, more
studies are required to reveal the exact molecular
function of Ighmbp2. These studies, in conjunction with
those on senataxin, could help to understand the
patho-mechanisms of DSMA1, ALS4 and AOA2.
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