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The PWI motif is a highly conserved domain of unknown function in the SRm160 splicing and 3�-end
cleavage-stimulatory factor, as well as in several other known or putative pre-mRNA processing components.
We show here that the PWI motif is a new type of RNA/DNA-binding domain that has an equal preference for
single- and double-stranded nucleic acids. Deletion of the motif prevents SRm160 from binding RNA and
stimulating 3�-end cleavage, and its substitution with a heterologous RNA-binding domain restores these
functions. The NMR solution structure of the SRm160-PWI motif reveals a novel, four-helix bundle and
represents the first example of an �-helical fold that can bind single-stranded (ss)RNA. Structure-guided
mutagenesis indicates that the same surface is involved in RNA and DNA binding and requires the
cooperative action of a highly conserved, adjacent basic region. Thus, the PWI motif is a novel type of nucleic
acid-binding domain that likely has multiple important functions in pre-mRNA processing, including
SRm160-dependent stimulation of 3�-end formation.
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An important goal of studies in gene regulation is to
understand the molecular basis by which multisubunit
complexes recognize target substrates to facilitate the
catalysis, coordination, and regulation of different reac-
tions. RNA-binding proteins play central roles in the as-
sembly and function of complexes at virtually every step
in the gene expression pathway, including mRNA tran-
scription, 5�-end capping, splicing, 3�-end processing
(cleavage and polyadenylation), surveillance, turnover,
transport, and translation. Discrete domains in these
proteins are usually responsible for RNA binding and
function in conjunction with one or more other domains
that provide functionalities such as protein–protein in-
teractions, RNA modification, and subcellular localiza-
tion.
There are several well-characterized RNA-binding do-

mains that play essential functions in gene expression
(Burd and Dreyfuss 1994; Draper 1999; Antson 2000;
Dreyfuss et al. 2002). These include the RNA Recogni-

tion Motif [RRM; also referred to as the RNA-binding
domain (RBD) or RNP motif; Query et al. 1989], KH
(Siomi et al. 1993), dsRBD (St Johnston et al. 1992), S1
(Suryanarayana and Subramanian 1979), Zinc finger
(Miller et al. 1985), and different basic-rich motifs
(Malim et al. 1990; Chen and Frankel 1994). In addition
to facilitating the assembly of multisubunit complexes
that perform critical functions in RNA synthesis and
processing, RNA-binding domains such as these can
serve important regulatory roles by altering RNA struc-
ture to promote or suppress interactions, for example, by
positive- or negative-acting protein or RNA trans-acting
factors (Siomi and Dreyfuss 1997). They can also serve to
promote the transport of RNA molecules to specific in-
tracellular locations by locating targeting signals (Yaniv
and Yisraeli 2001). Such activities can be regulated in a
cell-type and developmental stage-specific manner and
are known to play key roles in many cell growth and
differentiation pathways (Curtis et al. 1995). On/off regu-
lation of RNA activity mediated by RNA-binding do-
mains provides rapid responses to changing require-
ments in gene expression and can be regulated by various
signaling pathways. Perhaps not surprisingly in light of
their widespread and critical physiological roles, disrup-
tion of the activity of RNA-binding domains has been
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directly implicated in several human diseases (Siomi and
Dreyfuss 1997).
Clearly, the identification and characterization of new

domains involved in RNA recognition, as well as a more
detailed understanding of existing domains, is important
for elucidating the molecular basis of mechanisms in
gene expression. The PWI motif is a highly conserved
domain of unknown function, named after an almost
invariant Pro-Trp-Ile signature located within its N-ter-
minal region (Blencowe and Ouzounis 1999). The PWI
motif is present in SRm160 (SR-related nuclear matrix
protein of 160 kD) and several other known or putative
pre-mRNA processing components. SRm160 functions
as a coactivator of constitutive and exon enhancer-de-
pendent splicing, by bridging interactions between im-
portant splicing factors that bind directly to pre-mRNA
(Blencowe et al. 1998; Eldridge et al. 1999). It also stimu-
lates the 3�-end cleavage of transcripts and is thought to
mediate coupling between splicing and 3�-end formation
(McCracken et al. 2002). After splicing, SRm160 remains
bound to mRNA and forms a component of an exon junc-
tion complex that has been implicated in mRNA export
and turnover by the nonsense-mediated decay pathway
(Kataoka et al. 2000; Le Hir et al. 2000a,b; Zhou et al.
2000; Kim et al. 2001; Lykke-Andersen et al. 2001;
Lejeune et al. 2002). In addition to SRm160, the PWI
motif is present in other spliceosomal proteins, includ-
ing mammalian homologs of the yeast Prp3p protein
(PRP3), which is a component of the U4/U6 snRNP
(Horowitz et al. 1997; Lauber et al. 1997; Wang et al.
1997), and two proteins of unknown function (S164/
fSAP94 and PRO1777) recently identified in proteomic
analyses of human splicing complexes (Rappsilber et al.
2002; Zhou et al. 2002). An intriguing feature of the PWI
domain is that it always resides at the N or C terminus
of a protein, never in the middle. A subset of PWI motif
proteins also contain an RRM, providing additional evi-
dence for a close link between these proteins and RNA
metabolism (Fig. 1A).
In this study we present a combined structural and

functional characterization of the PWI motif. We dem-
onstrate that it is a new type of nucleic acid-binding
domain with dual specificity for RNA and DNA. We
show that the RNA-binding activity of the PWI motif in
SRm160 is important for the stimulation of mRNA 3�-
end processing. The solution structure of this PWI motif
reveals that it consists of a novel, four-helix bundle.
Comparison with other solved structures reveals weak
similarity to a DNA-binding region within Endonuclease
III and other helix-hairpin-helix family glycosylases in-
volved in DNA repair, but not to any existing structures
of RNA-binding proteins. Structure-guided mutagenesis
indicates that RNA- and DNA-binding requires the same
surface of the PWI domain, as well as the cooperative
activity of an adjacent, highly conserved, basic-rich re-
gion. Unlike any other �-helical RNA-binding domains
previously characterized, the PWI domain has a similar
binding affinity for single- and double-stranded nucleic
acids. Our study therefore reveals the existence of a new
mode of nucleic acid binding that is likely to have mul-

tiple important functions in gene expression, including
the stimulation of mRNA 3�-end formation by SRm160.

Results

The highly conserved N-terminal domain of SRm160
binds RNA

The N-terminal region of SRm160, spanning residues
1–151, represents the most highly conserved domain of
the protein (Blencowe et al. 1998). For example, it shares
52% identity between human and Caenorhabditis el-
egans SRm160 homologs (Longman et al. 2001). To in-
vestigate the function of this region, we performed in-
teraction assays using amino acid residues 1–151 as bait
in a yeast two-hybrid screen of a HeLa cDNA library.
The same region, fused to GST, was also used to isolate
interacting proteins by affinity chromatography of HeLa
nuclear extract proteins. Both assays revealed interac-
tions with proteins known to bind directly to RNA (J.
Bowman and B.J. Blencowe, unpubl.). In GST pull-down
assays, these interactions were completely lost after
RNase pretreatment of the nuclear extract, suggesting
that SRm160(1–151) and these RNA-binding proteins
primarily associate through an interaction bridged by
RNA. This raised the interesting possibility that the con-
served N-terminal domain of SRm160 might function in
RNA binding.
To test whether the conserved N-terminal domain of

SRm160 binds RNA, we performed electrophoretic mo-
bility shift assays (EMSAs) using GST-SRm160(1–151)
and different RNA substrates. Consistent with an RNA-
binding function, increasing concentrations of GST-
SRm160(1–151) resulted in the decreased mobility of a
radiolabeled RNA transcript of 47 nucleotides, derived
from the multiple cloning site of pBS (T7-MCS RNA; Fig.
1B). Approximately 4–7 µM of the fusion protein was
sufficient to quantitatively shift the input RNA into a
discrete complex (Fig. 1B, lanes 7,8). At 3 µM of the fu-
sion protein, the RNA substrate was distributed in a
smear in the gel, indicating either weak binding or pos-
sibly the multimerization of the fusion protein on the
transcript (Fig. 1B, lane 6; see below). Similar results
were obtained with a transcript of distinct sequence (de-
rived from the bacteriophage lambda Nut site) which
consists of a stable hairpin-loop structure (data not
shown). In experiments with either substrate, levels of
GST (up to 10 µM) did not result in any change in the
mobility of the input RNA (Fig. 1B, lane 2). These results
indicate that the N terminus of SRm160 can bind RNA
with relatively low sequence specificity, and with an ap-
parent affinity in the micromolar range.
To confirm that the shift in gel mobility of the RNA

substrates is due to binding of GST-SRm160(1–151) and
not minor contaminating proteins in the preparation, we
performed a supershift experiment using a polyclonal an-
tibody specific for GST (�GST Ab; Fig. 1C). Addition of
increasing amounts of �GST Ab resulted in a slower mi-
gration of GST-SRm160(1–151)-containing complexes
(Fig. 1C, lanes 10–12), whereas addition of equivalent
amounts of �GST Ab did not alter the migration of the
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T7-MCS RNA in the presence (Fig. 1C, lanes 6–8) or
absence (Fig. 1C, lanes 2–4) of GST alone. The progres-
sively slower migrating complexes probably reflect mul-
tivalent interactions between the polyclonal �GST Ab

and GST (note that the complexes in Fig. 1C were re-
solved on a lower percent gel in order to observe a su-
pershift). These results confirm that GST-SRm160(1–
151) binds RNA.

Figure 1. PWI motif-containing domains of SRm160 and hPRP3 bind RNA. (A) Domain organization of selected PWI-motif proteins
from the SMART database (Schultz et al. 1998). The approximate location of PWI and RNA recognition motifs (RRMs), as well as
regions of low sequence complexity (gray boxes) are indicated. (B) RNA EMSA of GST-SRm160(1–151) and GST proteins with T7-MCS
RNA (see Materials and Methods). The amounts of each protein in the EMSA experiment are indicated in micromolars. A Coomassie-
stained gel containing the purified proteins is shown in the left panel. (C) Supershift assay with GST-SRm160(1–151). Five micromolars
of GST-SRm160(1–151) or 10 µM of GST was incubated with the T7-MCS RNA and increasing amounts of a polyclonal antiserum
specific for GST. RNA binding was analyzed by EMSA. Note that the complexes formed specifically between GST-SRm160(1–151) and
RNA were only separated for a short time, in order to observe a supershift with the anti-GST antibody. (D) RNA-EMSA with purified,
baculovirus-expressed, wild-type SRm160 (SRm160-WT) and SRm160 lacking residues 1–151 (SRm160-�N1). Binding to the T7-MSC-
RNA was assayed as in B and C. A Coomassie-stained gel containing the purified SRm160-WT and SRm160-�N1 proteins is shown
in the left panel. (E) RNA-EMSA with GST-hPRP3(2–94) and the T7-MCS RNA. A Coomassie-stained gel containing the GST-
hPRP3(2–94) protein is shown in the left panel.
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RNA-binding activity of SRm160 requires the highly
conserved N-terminal domain

In splicing reactions performed in vitro, the association
of SRm160 with pre-mRNA is initially dependent on
other splicing factors that bind the substrate directly
(Blencowe et al. 1998; Eldridge et al. 1999). However,
SRm160 can be cross-linked to spliced mRNA, suggest-
ing that it is either in close proximity or else in direct
contact with mRNA at a later stage of the spliceosome
cycle (Le Hir et al. 2000b). This transition suggests that
the RNA-binding activity associated with SRm160(1–
151) may initially be masked by other components that
interact with SRm160. To investigate whether SRm160
can bind RNA in the absence of other factors and
whether such an activity requires the conserved N-ter-
minal domain of the protein, we next compared the abil-
ity of highly purified, baculovirus-expressed, wild-type
SRm160 (SRm160-WT), and a deletion derivative miss-
ing residues 1–151 (SRm160-�N1), to bind RNA (Fig.
1D). Notably, SRm160-WT, but not SRm160-�N1, sig-
nificantly reduced the mobility of a fraction of the RNA
(T7-MCS) in gel shift assays (Fig. 1D, cf. lanes 2–6 and
7–11). The binding affinity of the SRm160-WT protein
was somewhat less than that of GST-SRm160(1–151),
because a lower yield of gel-shifted complexes was ob-
tained (cf. Fig. 1B and D). This could be attributed to a
fraction of inactive protein in the preparation and/or the
presence of a higher concentration of salt (300 mM vs.
100 mM) present in the binding reaction, which was nec-
essary to maintain the solubility of the SRm160-WT and
SRm160-�N1 proteins. Nevertheless, the results demon-
strate that SRm160, in the absence of other splicing com-
ponents, can bind RNA and that, consistent with the
results described above, this activity depends on the
presence of the highly conserved N-terminal domain of
the protein.

PWI motif-containing proteins bind RNA

An interesting possibility raised by the results described
thus far is that the PWI motif within the conserved N-
terminal domain of SRm160 is responsible for RNA-
binding activity. If this is the case, the PWI motif of an

otherwise completely unrelated splicing factor should
also bind RNA. To test this, a GST fusion protein con-
taining amino acids 2–94 of hPRP3 [GST-PRP3(2–94)]
was initially assayed for RNA-binding activity (Fig. 1E).
This region primarily comprises a PWI motif (residues
3–76) that is only 35% identical with the analogous re-
gion in SRm160 and bears no sequence similarity with
SRm160 outside of the conserved motif residues (Blen-
cowe and Ouzounis 1999). Significantly, GST-PRP3(2–
94) bound the T7-MCS transcript with remarkably simi-
lar affinity as SRm160(1–151), shifting essentially all of
the RNA in the 5–7 µM concentration range (cf. Fig. 1B,
lanes 5–8, and 1E, lanes 3–6). This suggests that the
RNA-binding activities of GST-SRm160(1–151) and
GST-PRP3(2–94) involve the PWI motifs of these pro-
teins, a conclusion that was later confirmed by struc-
ture-guided mutagenesis of these domains (see below).
To further characterize the properties of the PWI motif

region of SRm160, we next asked whether this domain
possesses preferential binding for single- versus double-
stranded (ds)RNA, and also whether it can bind ssDNA
and dsDNA. Gel mobility-shift assays were performed
using GST-SRm160(1–151) and each type of nucleic acid
substrate, corresponding in sequence to the T7-MCS
RNA. In each case, a similar binding affinity was mea-
sured, indicating that the PWI motif has dual RNA- and
DNA-binding properties as well as a similar preference
for either double- or single-stranded nucleic acid sub-
strates (data not shown).

The RNA-binding function of the PWI domain
of SRm160 facilitates the 3�-end cleavage of transcripts

The RNA-binding function of the PWI domain of
SRm160 could potentially act at multiple steps in pre-
mRNA processing, because SRm160 is important for
splicing and also promotes the 3�-end processing and ex-
port of transcripts. We recently demonstrated that dele-
tion of the N-terminal domain of SRm160 containing the
PWI motif prevents SRm160 from stimulating 3�-end
cleavage in vivo (McCracken et al. 2002). Taken together
with the results of the present study, this suggests that
the 3�-end cleavage-stimulatory function of SRm160 re-
quires the RNA-binding function provided by the PWI

Figure 2. A heterologous RNA-binding domain can functionally substitute for the PWI domain of SRm160. (A) Diagram of pre-mRNA
reporters and test proteins. Pre-mRNA reporters were derived from exons 3 and 4 of theDrosophila doublesex (dsx) gene and contained
a deletion in the 5�-splice site to eliminate splicing activity. One of the reporters contains three tandem RNA-binding sites for the
phage MS2 coat protein in exon 4, as indicated. The position of the RNase protection probes used to monitor 3�-end cleavage of
transcripts from each reporter is indicated. Test proteins corresponding to SRm160-WT and SRm160-�N1 (Fig. 1D legend), with or
without an MS2 RNA-binding domain fused to the N terminus, were analyzed. All four proteins contained an N-terminal Flag-epitope
for detection. (B) Immunoblots of proteins from cells transfected with or without expression plasmids for the four test proteins shown
in A. The immunoblot in the top panel was probed with the anti-MS2 antibody, and the immunoblot in the bottom panel was probed
with the anti-Flag antibody. Note: Both MS2 fusion proteins were detected with the anti-Flag antibody after prolonged exposure (data
not shown). (C) RNase protection analysis of reporter transcripts with the 3�-end protection probes illustrated in panel A. Cells
transfected with each reporter and test protein combination are indicated. A pol III reporter (pSPVA) was cotransfected in each case
as an internal control for transfection efficiency and RNA recovery. RNase protections were performed on RNA isolated from both
nuclear (N) and cytoplasmic (C) fractions from transfected cells, as indicated. Ratios of cleaved to uncleaved RNA in each fraction are
indicated in the bar graphs with standard deviations, as determined from three separate analyses. Note that the two gel panels are from
the same experiment and were separated only to facilitate labeling the positions of the different size RNA products.
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motif. To test this, we asked whether substitution of the
PWI motif region of SRm160 with a heterologous RNA-
binding domain can rescue its cleavage-stimulatory
function (Fig. 2).
We replaced the N-terminal domain of SRm160 with

the MS2 bacteriophage coat protein, which binds with
high affinity and specificity to a defined stem-loop struc-

ture, the MS2-binding site (Carey et al. 1983). Expression
plasmids encoding Flag-epitope-tagged versions of wild
type (fSRm160-WT) and SRm160 lacking residues 1–151
(fSRm160-�N1), in each case with or without an MS2
domain fused N-terminally (fMS2-SRm160-WT and
fMS2-SRm160-�N1), were transfected into human 293
cells with one of two versions of a model, two-exon,

(Figure 2 legend on facing page)
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pre-mRNA reporter containing the SV40-late cleavage
and polyadenylation signal (Fig. 2A). These reporters dif-
fered only by the presence or absence of three tandem
MS2-binding sites (3xMS2) in the 3�-exon. The 5� splice
site was deleted in the reporters in order to separate pos-
sible effects of SRm160 expression on 3�-end cleavage
from effects on splicing, because these steps are nor-
mally coupled and can influence one another (Wassar-
man and Steitz 1993; Nesic and Maquat 1994; Lutz et al.
1996; Gunderson et al. 1998; Lou et al. 1998; Vagner et
al. 2000). An RNA pol III-transcribed viral-associated
(VA) RNA reporter, which is not influenced by SRm160
levels, was included in each transfection as an internal
control for transfection efficiency and RNA recovery. For
each transfection condition, harvested cells were sepa-
rated into nuclear and cytoplasmic fractions to assess
whether the expressed protein influences the nuclear:cy-
toplasmic ratio of the reporter transcripts, as well as
their level of 3�-end cleavage.
The levels of all RNAs were measured by quantitative

RNase protection using 32P-UTP-radiolabeled antisense
probes; the probes used to quantify cleavage levels of the
pre-mRNA reporter transcripts are depicted in Figure 2A.
The levels of proteins from the transfected expression
plasmids were monitored by immunoblotting with ei-
ther anti-Flag or anti-MS2 protein antibodies (Fig. 2B).
This revealed comparable expression levels between
fSRm160-WT and fSRm160-�N1 proteins, and between
fMS2-SRm160-WT and fMS2-SRm160-�N1 proteins.
The MS2 fusion proteins were expressed at considerably
lower levels than the SRm160 proteins lacking the MS2
domain (Fig. 2B, cf. lanes 4,5 and 2,3; see below), and
could only be detected with the anti-Flag antibody after
prolonged exposure of the blot shown in Figure 2B (data
not shown).
In transfections with the pre-mRNA reporter lacking

MS2-binding sites, expression of fSRm160-WT resulted
in an approximately sixfold increase in the ratio of
cleaved to uncleaved RNA, whereas expression of
fSRm160-�N1 did not significantly alter the ratio of
cleaved:uncleaved RNA, compared to the transfection
using the control, empty expression plasmid (Fig. 2C, cf.
lanes 3–6 and 1,2). In the case of the substrate lacking
MS2-binding sites, expression of fMS2-SRm160-WT and
fMS2-SRm160-�N1 proteins resulted in similar relative
levels of cleavage compared to the corresponding pro-
teins lacking the MS2 domain (Fig. 2C, cf. lanes 7–10 and
3–6). However, the presence of the MS2 domain in the
context of wild-type SRm160 caused an increased level
of cleaved RNA appearing in the nuclear as well as the
cytoplasmic fraction, whereas SRm160-WT without the
MS2 domain resulted in an increased level of cleaved
RNA appearing primarily in the cytoplasmic fraction
(Fig. 2C, cf. lanes 7 and 3; see below). Despite the con-
siderably lower levels of expression of the fMS2-fusion
proteins, compared to fSRm160-WT and fSRm160-�N1
proteins (Fig. 2B, cf. lanes 4,5 and 3,4), fMS2-SRm160-
WT still resulted in an approximately sixfold stimula-
tion of cleavage of the dsx pre-mRNA reporter lacking
MS2 sites (Fig. 2C, lane 8). This suggests that nonspecific

binding activity attributed to the MS2 domain syner-
gizes with the RNA-binding activity of the PWI domain,
allowing for relatively efficient targeting of the fMS2-
SRm160-WT protein to transcripts lacking MS2-binding
sites.
Parallel transfections performed with both fMS2-

SRm160-WT and fMS2-SRm160-�N1 expression plas-
mids, together with the pre-mRNA reporter containing
MS2-binding sites, both resulted in significant increases
in the cleaved:uncleaved ratios, compared to the corre-
sponding ratios observed when the same proteins were
expressed with the reporter pre-mRNA lacking MS2-
binding sites (Fig. 2C, cf. lanes 13–16 and 7–10). Expres-
sion of fMS2-SRm160-WT resulted in an approximately
fourfold further increase in cleavage efficiency over
fSRm160, indicating that more efficient RNA binding
provided by the interaction between the MS2 domain
and its cognate binding sites enhances the cleavage-
stimulatory activity of SRm160 (Fig. 2C, cf. lanes 13,14
and 7,8). Importantly, expression of fMS2-SRm160-�N1
resulted in an ∼10-fold increase in the cleaved:uncleaved
RNA ratio compared to when this protein was expressed
with the dsx�E-�5�SS reporter lacking MS2-binding sites
(Fig. 2C, cf. lanes 15,16 and 9,10), or when fSRm160-�N1
was expressed in combination with the dsx�E-
�5�SS+3xMS2 pre-mRNA (Fig. 2C, cf. lanes 15,16 and
11,12). When the fMS2-SRm160 derivatives were ex-
pressed with the reporter containing binding sites, the
increases in cleaved RNA were observed in the nuclear
as well as the cytoplasmic fractions, indicating that the
relatively high-affinity RNA-binding interaction pro-
vided by the MS2 domain causes transcript retention in
the nucleus, in addition to stimulation of 3�-end cleavage
(Fig. 2C, lanes 13,15).
These results demonstrate that the high-affinity RNA

binding activity of the MS2 protein can functionally sub-
stitute, and even further enhance, the role of the highly
conserved PWI motif-containing domain of SRm160 in
facilitating 3�-end cleavage. Taken together with the
data demonstrating the RNA-binding activity of this do-
main, our results indicate that reduced 3�-end cleavage
activity upon deletion of the N terminus of SRm160 is
caused by the loss of the RNA-binding function associ-
ated with the PWI motif region. We conclude, therefore,
that the RNA-binding function provided by this region is
important for SRm160 to promote 3�-end cleavage.

Structure of the PWI motif reveals a novel nucleic
acid-binding domain

To better understand how the PWI domain interacts
with nucleic acids, we determined its three-dimensional
solution structure. Limited proteolysis of the 151-resi-
due N-terminal construct of SRm160 used in the initial
analyses, followed by mass spectrometry, identified a
protease-resistant domain spanning residues 27–128,
which encompasses the entire conserved PWI motif.
NMR analysis of several constructs containing this do-
main indicated that it was a soluble, globular, and inde-
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pendently folded domain amenable to NMR analysis.
The solution structure of SRm160(27–134) demonstrates
that the PWI motif comprises a four-helix bundle, with
structured N- and C-terminal elements (Fig. 3). The or-
dered N-terminal strand (residues 27–39) packs against
the core motif, and residues 33–37 fold into a 3–10 helix
(Fig. 3A). C-terminal residues 120–125 form an �-helix
that is orthogonal to the core helices. Residues 127–134,
which aid in the solubility of the PWI motif, are disor-
dered, consistent with their susceptibility to proteolysis.
The conserved region that defines the PWI motif in-
cludes all of helices (H) 1–4, and only five amino acids
N-terminal of H1 (Fig. 3B,C). The signature Pro-Trp-Ile
sequence, for which the PWI motif is named, resides in
H1, and appears to be primarily involved in hydrophobic
interactions within the core of the protein (Fig. 3A). The
Trp and Ile residues pack against the highly conserved
phenylalanine 101 in H4. Inspection of the surface prop-
erties of the PWI motif revealed an unusual feature for a

nucleic acid-binding protein: there are no surface regions
rich in basic residues (Fig. 4A). In fact, the pI of the PWI
motif from SRm160 is acidic in nature (pI = 4.6). Further
investigation revealed that PWI domains generally have
acidic pI values, ranging from 4.3 to 6.8, with a median of
4.6. The PWI domain of PRP3 is the only exception, with
a basic pI of 8.4 (see below).
A search for proteins with similar three-dimensional

structures using the DALI database (Holm and Sander
1993) indicated that the PWI motif does not resemble
any known, small, independently folded nucleic acid-
binding motif or domain, and therefore appears to be a
new nucleic acid-binding module. However, the search
did reveal weak structural similarity to subregions of
Endonuclease (Endo) III and MutY (Thayer et al. 1995;
Guan et al. 1998), members of the helix-hairpin-helix
(HhH) superfamily of DNA repair glycosylases (Z scores
of 5.2 and 5.1 respectively; Nash et al. 1996). Interest-
ingly, the regions within these proteins that are similar

Figure 3. Solution structure of the PWI motif from SRm160. (A) Best-fit superimposition of the backbone atoms from the 20
lowest-energy structures of SRm160 residues 27–126. Residues 127–134, which are disordered, are excluded from the figure for clarity.
Helical regions are colored, and nonhelical regions are in gray. Locations of the signature Pro (50), Trp (51), and Ile (52) residues, as well
as the highly conserved Phe (101) residue, are indicated in black. (B) Ribbon representation of the lowest-energy calculated structure.
The orientation and color scheme are the same as in A. (C) Sequence of the polypeptide used in structure determination. Residues
labeled in brown correspond to those that constitute the PWI domain, and the black letters indicate those found in the flanking
sequences. Colored cylinders above the sequence indicate �-helices, and follow the same color scheme used in A and B.
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to the PWI motif are involved in DNA binding (Thayer et
al. 1995; Guan et al. 1998; Hollis et al. 2000).

Structure-guided mutagenesis reveals important
contact residues for nucleic acid binding and function

To understand how the PWI motif interacts with nucleic
acids, we performed an NMR titration of SRm160(18–
134) with a 31-bp length of double-stranded DNA and
monitored changes in the NMR amide resonance fre-
quencies. For this experiment, an SRm160 fragment con-
sisting of residues 18–134 was used, because it included
several additional N-terminal basic residues which were
suspected to contribute to nucleic acid binding (see be-
low). Figure 4B shows the residues in the PWI motif
whose backbone amide resonances shifted upon addition
of DNA. The largest effects localize to the regions near
the loops, between H1 and H2, and H3 and H4. Interest-
ingly, this region of the PWI motif corresponds to the
DNA-binding surfaces in EndoIII and MutY that have
weak structural similarity to the PWI domain. In addi-
tion to the residues shown in Figure 4B, we observed
substantial resonance changes in the basic N-terminal
region spanning residues 18–27, suggesting that this re-
gion of SRm160 is also involved in nucleic acid binding.
Based on the results of the NMR titration, we designed

several mutants of the PWI motif in which residues sus-
pected of interacting with DNA/RNA were mutated
to alanine. Interestingly, none of the individual or

combinations of point mutations in the core PWI motif
completely abrogated binding to ssRNA or dsDNA, al-
though mutation of Phe92 to Ala reduced binding
slightly (data not shown). However, simultaneous muta-
tion of three basic residues in the N-terminal region [Lys
20, Lys 22, and Lys 23; GST-SRm160(18–134)-TM (“Tail
Mutant”); Fig. 5A], significantly reduced the affinity of
SRm160(18–134) for both DNA and RNA (Fig. 5C, cf.
lanes 9–13 and 3–8). Only a very minor level of binding
to nucleic acids was observed for this mutant, even at
the 20 µM concentration range (data not shown). This
result indicated that the basic residues in the region 18–
27 might play an important role in the nucleic acid-bind-
ing activity of SRm160(18–134). To investigate this, we
prepared a GST-fusion protein containing SRm160 resi-
dues 18–26. This GST-fusion protein interacted very
weakly, in the 6–20 µM range, with ssRNA and dsDNA,
and the interaction was easily disrupted by increasing
the concentration of NaCl (Fig. 5D, cf. lanes 10–13 and
3–8; data not shown). In comparison, the complex be-
tween SRm160(18–134) and dsDNA persisted at 480 mM
NaCl (data not shown). A GST-fusion protein lacking the
N-terminal basic region but containing just the PWI mo-
tif (residues 27–134) also did not bind stably to DNA or
RNA (Fig. 5D, lanes 15–20; data not shown). This dem-
onstrates that the basic region (18–26) and the PWI motif
(27–134) of SRm160 are both required for full nucleic
acid-binding activity (Fig. 5D, cf. lanes 3–8 and 9–20).

Figure 4. Surface renderings of the PWI
motif structure. (A) Electrostatic surface
potential map of SRm160(27–126). Red
represents regions of negative charge, blue
shows positive charges, and white is neu-
tral. The molecule on the left is in the
same orientation as in Figure 3, and the
molecule on the right is rotated by 180°
about the indicated axis. (B) Map of the
residues in SRm160(18–134) that have an
altered amide chemical shift upon binding
dsDNA (magenta). White surfaces corre-
spond to residues that do not have altered
chemical shifts, or ambiguous results due
to spectral overlap.
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The strong contribution played by the N-terminal ba-
sic “tail” prompted us to investigate whether this region
can confer nucleic acid-binding ability to another helix
bundle, or whether this activity is specific to the PWI
helix bundle. We prepared a GST fusion with the basic
region fused to the N terminus of another small helix
bundle, the sterol-alpha-motif (SAM) domain of p73 (Fig.
5E; Chi et al. 1999). By itself, the SAM domain did not
bind RNA or DNA (Fig. 5E, lanes 9–14; data not shown).
Moreover, when fused at its N terminus to SRm160(18–
26), only a minor level of RNA or DNA binding was
detected, similar to the levels observed for GST-
SRm160(18–26) (cf. Fig. 5E, lanes 15–20, and Fig. 5C,
lanes 9–14). These results demonstrate that the PWI mo-
tif specifically functions in RNA or DNA binding, and
that another compact helical bundle cannot substitute
for this function. Moreover, the N-terminal basic region
of SRm160 is necessary, but not sufficient, for nucleic
acid binding of the SRm160 PWI domain. These results
therefore indicate that the N-terminal basic region and
PWI motif specifically function together in a cooperative
manner to provide for stable binding to nucleic acids.

Conserved basic regions flanking PWI motifs
cooperate in nucleic acid binding

The results described above raise the question of
whether the presence of a basic region adjacent to the
PWI motif is a general requirement for the nucleic acid-
binding function of these domains. An alignment of dif-
ferent PWI motifs and adjacent regions reveals that all
PWI domains have one of two adjacent, conserved, N-
terminal basic-rich sequences (Fig. 6). The only excep-
tions are the mammalian PRP3 homologs, in which the
PWI motif begins at residue 3. Examination of the C-
terminal sequences of PRP3 proteins, however, revealed
a basic-rich region that could, in principle, function in an
analogous manner to the N-terminal basic region adja-
cent to other PWI motifs. To test this, we compared the
RNA- and DNA-binding activities of GST-fusion pro-
teins consisting of the hPRP3 PWI domain, with (resi-
dues 1–93) or without (residues 1–77) the flanking basic
region (Fig. 5F). Whereas GST-PRP3(1–77) bound weakly
to RNA and DNA (Fig. 5F, lanes 3–20; data not shown),
similar to the results shown in Figure 1, GST-PRP3(1–93)
bound relatively efficiently, quantitatively shifting RNA
or DNA in the 3–6 µM range (Fig. 5F, lanes 9–14). Thus,
although the hPRP3 PWI motif is sufficient for weak
binding to nucleic acids, similar to the SRm160 PWI mo-
tif, stable binding also requires the cooperative action of
an adjacent, basic-rich region.
Taken together, our results highlight the conserved

and cooperative role of a flanking basic region for binding
of PWI motifs to nucleic acids. Although these basic do-
mains are necessary, they are insufficient for nucleic
acid binding, because full binding activity requires the
conserved PWI motif residues. Thus, the four-helical
bundle comprising the PWI motif and a flanking basic
region, whether at the N or C terminus, constitutes a
new type of nucleic acid-binding module, with impor-

tant roles in gene expression, including the stimulation
of 3�-end cleavage.

Discussion

Function of the PWI motif

Our study reveals that the PWI motif represents a new
type of nucleic acid-binding domain with an important
function in gene expression. Interestingly, although the
motif is highly conserved among several eukaryotic pro-
teins, it is not known to exist in prokaryotes, consistent
with it having roles associated specifically with pre-
mRNA processing. Moreover, more proteins contain the
motif in higher eukaryotes than in lower eukaryotes. For
example, it is present in mammalian but not yeast or C.
elegans homologs of the otherwise highly conserved
PRP3 splicing factor (Blencowe and Ouzounis 1999).
This suggests that the motif may have evolved to provide
RNA-binding functions associated with the more com-
plex requirements for pre-mRNA processing in higher
eukaryotes, which include the recognition of relatively
frequent, yet poorly conserved pre-mRNA processing
signals, as well as the more extensive regulation and cou-
pling of different steps involved in pre-mRNA process-
ing. In the present study, we provide evidence that the
PWI domain facilitates the stimulation of 3�-end forma-
tion by allowing the binding of SRm160 to transcripts.
While our studies provide evidence that the RNA-

binding activity of the SRm160-PWI motif participates
in 3�-end formation, other functions of the motif in pre-
mRNA processing are also possible. Experiments involv-
ing titration of different levels of WT-SRm160 and
SRm160-�N1 proteins in reactions did not result in any
differential effects on splicing of two distinct substrates
(J. Bowman, and B.J. Blencowe, unpubl.), arguing that the
SRm160-PWI motif may not be important for spliceo-
some formation. However, the presence of the motif in
other mammalian spliceosomal proteins, including
PRP3 and two uncharacterized proteins, S164/fSAP94
and PRO1777 (Rappsilber et al. 2002; Zhou et al. 2002),
suggests that it might participate in splicing. For ex-
ample, the PWI motifs in these proteins could facilitate
one or more of the multiple transitions in RNA–RNA or
RNA–protein interactions during the course of the spli-
ceosome cycle. The presence of an N-terminal RRM in a
subset of PWI motif proteins (Fig. 1A; Blencowe and
Ouzounis 1999), including S164/fSAP94, suggests that
these two domains function in a coordinated manner to
link separate RNA molecules or possibly RNA/protein
complexes. Similar to SRm160, the PWI motifs of these
other proteins may also facilitate steps in pre-mRNA
processing that are coupled to spliceosome formation,
such as 3�-end formation.
Our experiments revealed relatively low-affinity bind-

ing to RNA and DNA, in the µM range. This is compa-
rable to the binding affinities of some RRM/RBDs of
hnRNP-type and SR family proteins, which have rela-
tively weak specificity for sequences in pre-mRNA (Ab-
dul-Manan and Williams 1996; Tacke et al. 1997; Liu et
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al. 1998). This property of the SRm160 PWI motif sug-
gests that it might function to provide transient binding
to RNA in a semisequence-specific or sequence-indepen-
dent manner. A candidate step involving this type of role
is the formation of a splicing-dependent complex on
mRNA. SRm160 forms a splicing-dependent cross-link
20–24 nucleotides upstream of exon-exon junctions, a
region that lacks any sequence conservation (Le Hir et al.
2000a). Thus, it is possible that the PWI motif provides a
nonsequence-specific binding platform that facilitates
the formation of complexes on mRNA, which partici-
pate in steps in gene expression that are influenced by
splicing, such as mRNA 3�-end formation, nonsense-me-
diated decay, and export. The relatively weak binding
interaction would provide flexibility by allowing rapid
dissociation of the SRm160–mRNA complex. Such an
event might be important for allowing transport of
mRNA, because SRm160 does not efficiently shuttle be-
tween the nucleus and the cytoplasm and is thought to
have a limited trajectory in the cytoplasm (Lykke-
Andersen et al. 2000; Lejeune et al. 2002). Consistent
with this view, expression of the MS2-SRm160 fusion
proteins (Fig. 2), which bind with relatively high affinity
to their cognate sites, caused increased retention of RNA
in the nucleus. The relatively weak binding affinity of
the PWI motif may therefore be important for release of
transcripts into the cytoplasm, as well as facilitating 3�-
end formation.

Structure of the PWI motif: A new nucleic
acid-binding module

In an effort to better understand the possible spatial ori-
entations of the globular PWI domain and the flanking
basic region when bound to DNA or RNA, we examined
the structure of the PWI domain with the flexible basic
region (residues 18–26) modeled onto the N terminus in
a variety of orientations. Nucleic acid was docked along
the magenta surface indicated in Figure 4B, using the
structurally similar subregion that binds DNA in the
repair-glycosylases AlkA and Endo III as a guide. This

arrangement indicated that the flexible basic region
would be in an excellent position to interact either with
the phosphate backbone or lie along the minor groove
(dsDNA) or major groove (dsRNA) in the case of double-
stranded nucleic acids. Thus, it appears that it is steri-
cally possible for the basic region to interact with a
nucleic acid that is simultaneously bound to the “bot-
tom” of the PWI domain helix bundle. In the case of the
PWI domain of PRP3, a similar model can be envisioned.
Although the basic region of PRP3 is C-terminal to the
PWI domain, it is also predicted to interact with dsDNA.
The sequence corresponding to the helix that is C-ter-
minal to the PWI motif in SRm160 is not conserved in
hPRP3. These residues in PRP3 are not predicted to be
helical or pack against the globular portion of the pro-
tein. This would allow plenty of conformational freedom
for the basic residues in this region to contact nucleic
acid. In contrast, even though the analogous C-terminal
region in SRm160 contains basic amino acids, monitor-
ing of the amide chemical shift changes upon addition of
DNA indicated that these unfolded residues are not in-
volved in nucleic acid binding.
Our data show that the PWI domain interacts equally

well with ssDNA, dsDNA, ssRNA, and dsRNA. This
suggests that it is primarily the sugar-phosphate back-
bone that is recognized by the protein and that the bi-
partite binding module is flexible enough to accommo-
date multiple types of nucleic acid structures. A mecha-
nism by which both the globular and the flexible regions
of the module have weak affinity for nucleic acids is
consistent with this notion. To our knowledge, such a
mode of interaction has not been reported previously for
RNA-binding proteins. Indeed, our structural results for
the PWI domain do not conform directly to any known
nucleic acid-binding domains, but rather combine fea-
tures from different systems.
In recent years, the elucidation of the three-dimen-

sional structures for a number of RNA-binding domains
has revealed several different modes of RNA binding,
some of which employ design principles that are also
used by DNA-binding domains (for reviews, see De Guz-

Figure 5. Cooperative roles of core PWI motifs and conserved, adjacent, basic domains in RNA binding. (A) Schematic diagram of
GST-fusion proteins used in RNA-EMSA experiments shown in B–F. Regions corresponding to the conserved PWI motifs in the
SRm160 and PRP3 constructs are indicated by the hatched boxes. The structured region of the p73 SAM domain is represented by the
checkered box. The residue numbering for SRm160 and the construct used in structure determination, including secondary structure,
is depicted above the other constructs. Approximate locations of the three lysine-to-alanine substitutions (Lys 20, Lys 22, and Lys 23)
in the GST-SRm160(18–134)-TM (“Tail Mutant”) protein are indicated by small triangles. (B) Coomassie-stained gel of GST-fusion
proteins used for gel shift analysis. Masses of the molecular weight markers are indicated. (C) Simultaneous mutation of Lys 20, Lys
22, and Lys 23 to alanines in the GST-SRm160(18–134) protein leads to an abrogation of RNA binding (cf. lanes 9–14 and 3–8). (D) The
N-terminal basic domain is required but not sufficient for RNA-binding activity of the PWI motif. Whereas the GST-fusion protein
that consists of residues 18–134 binds to the T7-MCS RNA (see Materials and Methods) in the same manner as the N-terminal
fragment used in Figure 1 (lanes 3–8), subfragments 18–26 and 27–134, in which the structure of the PWI domain is maintained, are
not able to bind RNA in a similar manner. Interactions of the 18–26 fragment (lanes 9–14) with RNA are reduced, and the 27–134
fragment does not appear to interact at all. Similar results were observed in all cases for dsDNA (data not shown). GST itself does not
shift the RNA (lane 2). (E) The N-terminal basic region specifically cooperates with the PWI domain to bind RNA. Substitution of the
PWI motif with the SAM domain from p73, another helical bundle protein with a similar pI (lanes 15–20), does not rescue binding
activity provided by the PWI motif (lanes 3–8) and results in a similar level of binding as observed for the basic region alone (cf.D, lanes
9–14). The SAM domain on its own also does bind RNA (lanes 9–14). (F) Efficient RNA binding of the hPRP3 PWI motif requires a
C-terminal basic domain. Removal of 17 amino acid basic sequence from the C terminus of hPRP3 (lanes 3–8) leads to a considerable
reduction in binding relative to the GST-PRP3(1–93) fusion protein (lanes 9–14).
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man et al. 1998; Cusack 1999; Draper 1999; Antson
2000; Perez-Canadillas and Varani 2001). A reoccurring
theme in many such motifs, for example the OB fold
found in a variety of proteins (Murzin 1993), is the pres-
ence of antiparallel �-sheets that have conserved aro-
matic residues on their surface. This type of structure
can serve as a nonsequence-specific binding platform,
where general stacking interactions between bases and
aromatic side chains are important for stabilizing the

RNA–protein complex (Oubridge et al. 1994; Allain et al.
1996). Although the SRm160 PWI domain does not have
any �-sheets, it does have several surface exposed aro-
matic residues positioned at the nucleic acid-binding
surface that could potentially interact with base pairs.
These residues, however, are not highly conserved
among PWI domains, and the individual mutation of the
surface exposed phenylalanines 62 and 92 to alanine had
only a minor effect on the binding properties of the

(Figure 5 legend on facing page)
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SRm160 PWI domain (B. Szymczyna, S. McCracken, C.
Arrowsmith, and B. Blencowe, unpubl.).
The structural and nucleic acid-binding properties of

the PWI domain are also inconsistent with the “groove-
binding” proteins and peptides, another important class
of RNA-binding motifs (Puglisi et al. 1992, 1995; Battiste
et al. 1995). The major and minor grooves of RNA often
contain bulges and mismatches that alter canonical
groove dimensions, and are thought to be important for
configuring an RNA helix to provide the contact surface
for an �-helix or other polypeptide conformations. The
flexible basic region of the PWI module has some simi-
larities to the small arginine-rich peptides that are ca-
pable of adopting a variety of conformations within such
sequence-dependent grooves of RNA, but such a mode of
interaction would not be consistent with the single-
stranded nucleic acid-binding properties of SRm160 and
hPRP3. Similarly, chemical shift mapping of the
SRm160 PWI domain did not reveal evidence that any of
the helices lie within the major groove of DNA, but in-
stead suggest that the turns between helices 2 and 3 and
between 4 and 5 form the nucleic acid-binding surface
(Fig. 4B). In other RNA-binding domains, such as the
dsRBD and KH motifs, conserved loops extending from
�-helices are thought to play an important and direct role
in RNA binding (Ryter and Schultz 1998; Lewis et al.
2000). The interhelical loops on the binding surface of
the PWI domain, however, are neither highly conserved
nor long enough to extend into the major or minor
groove of RNA. Rather, it appears that the entire lower
surface of the globular portion of the PWI domain may be
required for the interaction.
Although the structures of several RNA-binding do-

mains composed entirely of �-helices have been solved
(Predki et al. 1995; Dubnau and Struhl 1996; Berglund et
al. 1997), none of these have a three-dimensional struc-
ture similar to the PWI motif. Moreover, in contrast to
domains consisting of �-sheets which serve important
roles in ssRNA recognition, structures consisting en-
tirely of helices are not known to bind ssRNA. Although
we cannot exclude the possibility that small regions of
secondary structure in our ssRNA probes exist, possibly

induced by the PWI motif, our binding studies did not
reveal a significant difference in binding affinity between
ssRNA and dsRNA. The equal affinity for either type of
nucleic acid and the apparent nonsequence-specific bind-
ing property of the PWI domain suggest primary contacts
with the sugar-phosphate backbone, rather than exten-
sive base-specific contacts. Regardless of the precise
mechanism of binding, our results demonstrate that the
PWI domain and its flanking basic domain represent a
new type of nucleic acid-binding module that is likely to
have numerous important roles in pre-mRNA process-
ing, including the stimulation of 3�-end formation by
SRm160.

Materials and methods

Preparation of recombinant PWI-containing proteins

GST-fusion protein constructs were prepared by PCR amplifi-
cation of DNA fragments from full-length SRm160, hPRP3, and
p73 cDNAs. Fragments corresponding to residues 1–151, 18–
134, 18–26, or 27–134 of SRm160; residues 1–77 and 1–93 of
hPRP3; and residues 491–554 of p73 were subcloned into the
Nde1 and BamH1 restriction sites of the pET15b expression
vector, or a modified pGEX-2TK expression vector containing
an Nde1 site engineered immediately upstream of the BamHI
site. The GST-SRm160(18–26)-SAM fusion construct was made
by joining the nine-amino-acid SAM sequence to the 5� end of
the p73 construct (residues 491–554) by PCR, and then subclon-
ing this fragment into the modified pGEX-2TK expression vec-
tor. The QuikChange XL Site Directed Mutagenesis Kit from
Stratagene was used to generate alanine mutants of the 18–134
construct: K20A, K22A, K23A; K54A, R55A; F62A; F92A; and
N94A, K96, N97A (data not shown). Proteins were expressed in
E. coli BL21-Gold (DE3) cells (Stratagene). The GST-fusion pro-
teins were purified using Glutathione Sepharose 4B (Amersham
Pharmacia Biotech) using standard protocols, but also washed
with a series of high-salt solutions (1M, 2M, 1M NaCl) and
DnaK elution buffer (50 mM Tris at pH 8, 2 mM ATP, 10 mM
MgSO4). Samples were stored at 4°C in ACB buffer (10 mM Tris
at pH 7.5), 10 mM HEPES at pH 7.5, 100 mM NaCl, 10 mM
�-mercaptoethanol) with 10% glycerol, 1 mM PMSF, 10 mM
DTT, and 1× Complete EDTA-free Protease Inhibitor Cocktail
Tablet solution (Boehringer Mannheim). Purification of the his-

Figure 6. Multiple alignment of PWI motifs and conserved adjacent basic domains. A representative set of 11 PWI motif proteins are
shown aligned. The set represents proteins with either an N-terminal PWI motif (top five sequences) or a C-terminal PWI motif
(bottom five sequences). Highly conserved residues among all PWI motifs are colored in red. Residues that are specifically conserved
in proteins containing an N-terminal motif are indicated in yellow, and residues specifically conserved in proteins with a C-terminal
PWI motif are indicated in blue. Only residues that are similar in at least four out of five of the grouped sequences are colored. Basic
amino acids located in the flanking regions are in bold type. Note that hPRP3, which lacks an N-terminal basic region, has a
disproportionately higher number of basic residues C-terminal to the PWI motif. The region corresponding to the core PWI motif is
boxed, and the secondary structure of the corresponding regions in the SRm160 motif is indicated by cylinders above the sequences.
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tidine-tagged proteins for NMR studies was described (Szymc-
zyna et al. 2002). Baculovirus-expressed wild-type and �N1 ver-
sions of SRm160 were prepared as described by McCracken et
al. (2002).

Pre-mRNA reporters, expression plasmids,
and transfection assays

Transfection of human 293 cells and RNase protection assays
were performed as described by McCracken et al. (2002). The
pre-mRNA plasmid reporter dsx�E-�5�SS+3xMS2 was con-
structed by insertion of an EcoRI fragment from pSP73-MS2–3
(blunt-ended using dNTPs and Klenow fragment) into the blunt-
ended ClaI site of the pre-mRNA reporter dsx�E-�5�ss, which
was constructed by deletion of a KpnI-Bst-XI fragment contain-
ing the 5�-splice site of pAd2MLP-dsx�� (McCracken et al.
2002).
Expression plasmids pcDNA3-fMS2, pcDNA3-fMS2-SRm160-

WT and pcDNA3-fMS2-SRm160-�N1 were constructed by in-
sertion of the BamH1 digestion product of a PCR amplification
reaction of pC1-neo-hMS2 using primers Bam-MS2-5� fwd,
CGGGATCCAATGGGCGCCTCCAACTTCAC; and Bam-MS2-3�

rev, CGGGATCCCCGCCGCCGTAGATGCCG. The MS2
coding sequence in these constructs was “humanized” to im-
prove expression. This was achieved using a set of eight par-
tially overlapping oligonucleotides and a series of PCR amplifi-
cation steps in order to incorporate human codon-usage biases.
The full-length ORF was cloned into the Xho and EcoRI sites of
pcI-Neo to create pCI-neo-hMS2. The resulting “humanized”
MS2 protein is expressed at significantly higher levels than that
from the original MS2 ORF from the MS2 bacteriophage (data
not shown).

PWI domain mapping

Purified histidine-tagged SRm160(1–151) was partially proteo-
lyzed with 5 µg/mL trypsin, chymotrypsin, and proteinase A
over a 24-h period, and samples of the reactions were quenched
with the addition of gel loading buffer at regular intervals. Pro-
tease-resistant fragments were separated by electrophoresis and
analyzed by MALDI-TOF mass spectrometry using a Bruker
Daltonics Biflex III. Based on these results, six different SRm160
constructs were designed (18–128, 27–128, 40–128, 18–134, 27–
134, 40–134) and tested for protein expression and solubility and
assayed for suitability for NMR structure determination using
15N-HSQC experiments.

NMR spectroscopy and structure analysis

NMR experiments were recorded at 25°C on a Varian INOVA
600MHz spectrometer,. For data processing and analysis, the
NMRPipe/NMRDraw (Delaglio et al. 1995), SPSCAN (R.W.
Glaser and K. Wüthrich, http://gaudi.molebio.uni-jena.de/
∼rwg/spscan) and XEASY (Bartels et al. 1995) programs were
used. Sequence-specific resonance assignments were obtained
using reduced dimensionality experiments, as described (Szym-
czyna et al. 2002).
Calculations of the protein structure were performed with the

program DYANA (Güntert et al. 1997) using a torsion angle
dynamics protocol and the structural statistics listed in Table 1.
Interproton distance restraints were obtained from a simulta-
neous 15N and 13C edited NOESY spectrum with a mixing time
of 150 msec (Pascal et al. 1994). Peak analysis of the spectra was
accomplished with interactive peak picking in the program XE-
ASY, and the cross-peaks were assigned using a combination of
automatic and manual methods. An initial fold of the protein
was calculated based on unambiguously assigned NOEs, and the

NOAHmodule in DYANAwas used to aid in the assignment of
the remaining NOE cross-peaks (Guntert et al. 1997). Backbone
dihedral angle restraints were obtained from 1H� and 13C�

chemical shifts using TALOS (Cornilescu et al. 1999). Hydrogen
bond restraints, two for each hydrogen bond (NH-O = 2.0Å;
N-O = 3Å), were applied to residues that have �-helical proper-
ties (dihedral angles and NOESY patterns). MOLMOL (Koradi et
al. 1996) was used to analyze the 20 energy minimized conform-
ers, calculate the electrostatic surface, and prepare figures of the
structures. The coordinates for the 20 lowest energy structures
are deposited in the Protein Data Bank under accession no.
1MP1.

15N-HSQC spectra of SRm160(18–134) were recorded both in
the presence and absence of the desalted dsDNA used in the gel
shift assays and synthesized by Midland Certified Reagent Co.
Both spectra were recorded in identical solution conditions: 25
mM phosphate buffer at pH 7.0, 300 mM NaCl, 2 mMMgCl2, 1
mM DTT, 1 mM PMSF, 1× Complete EDTA-free Protease In-
hibitor Cocktail Tablet 10% D2O/90% H2O. Changes were as-
sessed by considering changes in both chemical shift and peak
intensity.

RNA-binding assays

Protein samples were diluted in 10 mM HEPES at pH 7.5, 100
mM NaCl, 5 mM EDTA, 1 mM DTT, 20% glycerol. Binding
was performed in 10-µL reactions containing 200 fmol of 32P-
UTP-labeled T7-RNA probes or 15-µL reactions containing 1
pmol of dsDNA 5�-end labeled with Cy5 (data not shown). RNA
probes were prepared by T7 run-off transcription from pBSKS−
digested with XhoI, resulting in a 34-base transcript, GGGAA
CAAAAGCTGGGTACCGGGCCCCCCCTCGA. Desalted oli-
godeoxynucleotides for the dsDNA gel shifts were purchased
from ACGT, CCATTACCATATATGGACTTCCGGTGCTA
CC and GGTAGCACCGGAAGTCCATATATGGTAATGG.
The final binding conditions were 10 mMTris at pH 7.5, 10 mM
HEPES at pH 7.5, 100 mM NaCl, 0.1% Triton X-100, 2 mM
MgCl2, 1.5 mM DTT, 7% glycerol. After samples were incu-
bated at 4°C for 30 min, they were run at 100 or 150 V on a
preelectrophoresed 5% polyacrylamide gel containing 0.25×
TBE and 10% glycerol for 4–6 h at 4°C.

Table 1. Statistics for the ensemble of structures calculated
for the PWI motif of SRm160a

Distance restraints:
Intraresidue 679
Sequential (|i - j| = 1) 773
Medium range (2 � |i - j| � 4) 744
Long range (4 < |i - j|) 845
Hydrogen bonds 22 × 2

Dihedral angle restraints
All 106
�, � 53, 53

Pairwise R.M.S.D.
All residuesb

Backbone atoms 0.27 + 0.07
All heavy atoms 0.85 + 0.07

Ordered regionsc

Backbone atoms 0.21 + 0.06
All heavy atoms 0.80 + 0.09

aEnsemble of the 20 lowest energy structures out of 200 calcu-
lated.
bRMSD values for residues 27–126.
cRMSD values for residues in �-helices.
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