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ABSTRACT

The CRS1–YhbY domain (also called the CRM domain) is represented as a stand-alone protein in Archaea and Bacteria, and in
a family of single- and multidomain proteins in plants. The function of this domain is unknown, but structural data and the
presence of the domain in several proteins known to interact with RNA have led to the proposal that it binds RNA. Here we
describe a phylogenetic analysis of the domain, its incorporation into diverse proteins in plants, and biochemical properties of
a prokaryotic and eukaryotic representative of the domain family. We show that a bacterial member of the family, Escherichia
coli YhbY, is associated with pre-50S ribosomal subunits, suggesting that YhbY functions in ribosome assembly. GFP fused to
a single-domain CRM protein from maize localizes to the nucleolus, suggesting that an analogous activity may have been
retained in plants. We show further that an isolated maize CRM domain has RNA binding activity in vitro, and that a small motif
shared with KH RNA binding domains, a conserved ‘‘GxxG’’ loop, contributes to its RNA binding activity. These and other
results suggest that the CRM domain evolved in the context of ribosome function prior to the divergence of Archaea and
Bacteria, that this function has been maintained in extant prokaryotes, and that the domain was recruited to serve as an RNA
binding module during the evolution of plant genomes.
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INTRODUCTION

Among the fundamental insights to emerge from large-
scale genome sequencing projects are the large number of
genes whose functions are unknown in even the most
intensively studied organisms, and the great degree to
which genes are conserved across the kingdoms of life.
Consequently, insights into the functions of conserved
genes can come from unanticipated directions. Exploration
of protein-facilitated group II intron splicing in chloro-
plasts led to the initial functional data for a conserved
domain represented in Archaea, Bacteria, and plants
designated variously as UPF0044 (INTERPRO database),
COG1534 (COG database), or CRS1–YhbY (Pfam data-
base). Three maize proteins, CRS1, CAF1, and CAF2, each

with multiple copies of the domain, are required for the
splicing of group II introns in chloroplasts and are bound
specifically to their intron targets in vivo (Till et al. 2001;
Ostheimer et al. 2003). These prior findings, together with
results presented here, point to participation of this domain
in the assembly of two classes of catalytic ribonucleoprotein
particle: group II intron particles and the large ribosomal
subunit. We suggested the name chloroplast RNA splicing
and ribosome maturation (CRM) domain (Ostheimer et al.
2003) to reflect these functions, and we use this name to
refer to the domain below.

CRM domains in prokaryotes exist as stand-alone
proteins encoded by single-copy ORFs of z100 amino
acids; we refer to these as YhbY orthologs after the name
assigned in Escherichia coli. Structural features of bacterial
YhbY orthologs (Ostheimer et al. 2002; Willis et al. 2002;
Liu and Wyss 2004) and biochemical and genetic data for
the CRM group II intron splicing factors suggested that
CRM domains might bind RNA, but activities associated
with isolated CRM domains have not been documented. In
this report we present a biochemical and phylogenetic
description of this conserved domain family. We show that
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an isolated CRM domain from maize binds RNA, that a
small structural motif shared between CRM and KH RNA
binding domains contributes to RNA binding activity, that
a bacterial CRM domain protein is associated in vivo with
pre-50S ribosomal subunits, and that a single-domain plant
CRM protein localizes to the nucleolus. These results
establish the CRM domain as an RNA binding domain.
They suggest further that bacterial CRM proteins function
in the assembly of the large ribosomal subunit and that
a ribosome-assembly function may have been retained
among the CRM family in plants. When considered
together with the phylogenetic analysis and genomic
context of CRM domain coding regions, these findings
suggest that prokaryotic CRM proteins existed as ribo-
some-associated proteins prior to the divergence of Ar-
chaea and Bacteria, and that they were co-opted in the
plant lineage as RNA binding modules by incorporation
into diverse protein contexts.

RESULTS

Phyletic distribution of the CRM domain

CRM domains are represented in Archaea and Bacteria as
single-domain YhbY orthologs, whereas in plants they are
found in a family of single- and multidomain proteins.
Figure 1 shows an alignment of phylogenetically diverse
prokaryotic YhbY orthologs and isolated CRM domains
from several plant proteins. Bacterial YhbY orthologs
consist of the core CRM domain and little else (Fig. 1;
Ostheimer et al. 2002). YhbY orthologs are widely distrib-
uted throughout the Euryarchaeota and Crenarchaeota, but

in the Bacteria they are found only within the Firmicutes,
Actinobacteria, and Proteobacteria (Fig. 2). They are absent
from sequenced metazoan, protozoan, and fungal genomes.
Phylograms of prokaryotic YhbY orthologs (see Supple-
mental Fig. 1; http://rna.uoregon.edu/crm/BarkanSupp
Data.pdf) mimic the organismal phylogeny, consistent with
the possibility that a YhbY ortholog was present in the
common ancestor of Bacteria and Archaea, and that it has
been lost independently in a subset of bacterial lineages. In
accordance with this view, YhbY orthologs are among the
pool of genes identified as sharing a common history and
used to build a consensus supertree of the prokaryotes
(Daubin et al. 2002). Nonetheless, the possibility of lateral
transfer into several bacterial lineages cannot be excluded.

Among eukaryotes, CRM domains are restricted to the
plant lineage, where they occur even in basal species such as
the chlorophyte Chlamydomonas reinhardtii and the liver-
wort Marchantia polymorpha. CRM domains in vascular
plants are found in a family of proteins, most of which
contain multiple copies of the domain. The 33 CRM
domains in the predicted Arabidopsis proteome form two
clades (Supplemental Figs. 1,2; http://rna.uoregon.edu/
crm/BarkanSuppData.pdf). The two domains in the smaller
clade most closely resemble prokaryotic YhbY orthologs;
these likely represent the basal branch in the plant
CRM domain lineage because they cluster with the single
CRM ORF in the predicted C. reinhardtii proteome
(Supplemental Fig. 5; http://rna.uoregon.edu/crm/Barkan-
SuppData.pdf). YhbY orthologs are absent in sequenced
cyanobacterial and a-proteobacterial genomes, so the pres-
ence of CRM domains in plant genomes is unlikely to have
originated with the endosymbiotic events that led to

FIGURE 1. Alignment of representative YhbY orthologs and plant CRM domains. The complete sequences of seven prokaryotic YhbY orthologs
are aligned with four CRM domains excerpted from larger plant proteins. The domain boundary was chosen according to the structural core of E.
coli, Haemophilus influenzae, and Staphylococcus aureus YhbY (Ostheimer et al. 2002; Willis et al. 2002; Liu and Wyss 2004). Identical residues are
shaded in black, and similar residues in gray (similarity threshold of 0.4 for shading). CFM6 and CRS1 are maize proteins with one and three
CRM domains, respectively. At1g23400 and At2g20020 are Arabidopsis proteins with two CRM domains each; the position of the CRM domain in
the multi-CRM proteins is stated in the domain name. The conserved vGkxGv motif, which is similar to a motif found in KH RNA binding
domains, is indicated.
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chloroplasts and mitochondria. From these data it seems
equally plausible that CRM domains were present in the
last common eukaryotic ancestor and subsequently lost
during the evolution of Fungi, Metazoa, Kinetoplastida,
and Apicomplexa, or that they were acquired laterally into
the plant lineage, prior to the divergence of Chlorophytes.

E. coli YhbY is bound in vivo to precursors of
50S ribosomal subunits

A role for YhbY orthologs in translation was suggested by
their genomic context in the Archaea, where they are
typically embedded in predicted operons that encode
ribosomal proteins and translation factors (data not shown;
ftp://ftp.ncbi.nih.gov/pub/koonin/gene_neighborhoods/;
Rogozin et al. 2002). E. coli yhbY is monocistronically tran-
scribed, but it is adjacent to and divergently transcribed with
ftsJ/rrmJ, which encodes a 23S rRNA methyl-transferase
(Bugl et al. 2000; Caldas et al. 2000a). These genomic
contexts motivated us to explore the possibility that E. coli
YhbY functions in translation. To facilitate these studies,
we generated an antibody to YhbY and an E. coli mutant
with a deletion of the YhbY ORF (DyhbY). The DyhbY
strain is viable but grows more slowly than its yhbY+

progenitor (Supplemental Fig. 3A; http://rna.uoregon.edu/
crm/BarkanSuppData.pdf). The antibody detected YhbY on
immunoblots of E. coli extract as an abundant cytoplasmic

protein of z10 kDa (predicted molecular weight is 10.8
kDa) that is absent in the DyhbY strain (Supplemental
Fig. 3B; http://rna.uoregon.edu/crm/BarkanSuppData.pdf).

When E. coli extract was sedimented through sucrose
gradients under conditions that resolve polysomes from
free ribosomal subunits, YhbY was found in two peaks: one
peak sedimented slightly behind 50S ribosomal subunits;
the second was near the top of the gradient, likely
representing a pool of free YhbY (Fig. 3A). When extract
was centrifuged under conditions that promote the disso-
ciation of ribosomes into 30S and 50S subunits and that
yield increased resolution, YhbY was well resolved from
the 50S peak, sedimenting at z40S (Fig. 3B). Incompletely
processed 23S rRNA, a hallmark of intermediates in
the assembly of 50S ribosomal subunits (Srivastava and
Schlessinger 1988; Hage and Alix 2004), was enriched in the
YhbY peak fractions (Fig. 3B). The well-defined YhbY peak
at z40S was distinct from the major peaks of absorbance at
260 nm, indicating that this sedimentation behavior is not
due to nonspecific interactions with RNA.

The genomic clustering of prokaryotic YhbY genes with
translation-related genes together with the sedimentation of
YhbY at z40S suggested that YhbY is bound to particles

FIGURE 2. Phyletic distribution of YhbY orthologs and CRM
domains. The organismal tree is a composite based on trees in
Daubin et al. (2002) and Pennisi (2003). Taxa with CRM domains
are indicated with bold text and an asterisk. The number of species
within each group harboring CRM domains are indicated as the
fraction of the number of fully sequenced genomes that were analyzed
for the presence of the domain.

FIGURE 3. YhbY cosediments with pre-50S ribosomal subunits. (A)
E. coli lysates prepared under conditions that maintain polysome
integrity were sedimented through sucrose gradients. The A260 profile
and an immunoblot of gradient fractions probed with anti-YhbY
antibody are shown in the upper and lower panels, respectively. (B)
E. coli lysates were sedimented through sucrose gradients under
conditions that dissociate 70S ribosomes into 30S and 50S subunits,
and that increase resolution in the 30S to 50S range. RNA extracted
from gradient fractions was analyzed by agarose gel electrophoresis
and ethidium bromide staining (upper panel). YhbY was detected in
gradient fractions by probing an immunoblot with anti-YhbY anti-
body (middle panel). The termini of 23S rRNA in fractions 13 through
17 were mapped with RNAse-protection assays (bottom panel).

Conserved domain binds RNA and pre-ribosomes
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related to 50S ribosomal subunits. To test this possibility, we
determined whether 23S rRNA coimmunoprecipitates with
YhbY from E. coli extract (Fig. 4). Slot-blot hybridization de-
tected more 23S rRNA in the pellets of immunoprecipitations
containing a-YhbY antiserum and yhbY+ cell extract than in
control reactions lacking antiserum or using DyhbY cell
extract (Fig. 4A). Addition of recombinant YhbY to DyhbY
extract restored the ability of the antibody to coimmunopre-
cipitate 23S rRNA. Only a small fraction of the 23S rRNA was
recovered in the immunoprecipitation pellet, consistent with
the fact that YhbY sediments more slowly than the highly
abundant population of mature 50S ribosomal subunits.

YhbY’s sedimentation at z40S and coimmunoprecipita-
tion with 23S rRNA suggested that it is bound to either
precursors or degradation products of 50S ribosomal
subunits. To distinguish between these possibilities we took
advantage of the fact that 50S subunits that have partici-
pated in translation harbor mature 23S rRNA, whereas
pre-50S subunits are enriched in incompletely processed
23S rRNA (Srivastava and Schlessinger 1988; Hage and Alix
2004). Ribonuclease-protection (Fig. 4B) and primer ex-
tension (Fig. 4C) assays were used to map the 59 ends of
the 23S rRNA that coimmunoprecipitated with YhbY. In
three independent experiments, immature 23S rRNA was
enriched with respect to mature 23S rRNA in YhbY
immunoprecipitation pellets (Fig. 4B, left panel, cf. lanes
1 and 4; compare the pellet to the supernatant samples in
the right panels of Figs. 4B, 4C). Furthermore, the ratio of
precursor to mature 59 ends in the YhbY coimmunopreci-
pitation pellets was similar to that in the pre-50S subunit
peak with which YhbY cosediments (cf. lane 14 in Fig. 3B).
Quantification of the well-resolved bands obtained by
primer extension showed that pre-23S rRNA is enriched
at least 10-fold in YhbY coimmunoprecipitations pellets,
in comparison to mature 23S rRNA. The cosedimentation
of YhbY with pre-50S ribosomal subunits and the coim-
munoprecipitation of YhbY with pre-23S rRNA together
provide very strong evidence that YhbY is associated with
an intermediate in the assembly of the 50S ribosomal subunit.

The association between YhbY and pre-50S ribosomal
particles is very stable, as it was maintained even in the
presence of 1M ammonium chloride (Supplemental Fig. 4;
http://rna.uoregon.edu/crm/BarkanSuppData.pdf), a condi-
tion that strips known nonribosomal proteins from ribo-
somes (Spirin 1990). Comparison of the immunoblot
signal intensity between known amounts of cytoplasmic
extract and recombinant YhbY leads to an estimate that
YhbY comprises z0.1% of soluble E. coli protein during
logarithmic growth at 37°C (Supplemental Fig. 3B; http://
rna.uoregon.edu/crm/BarkanSuppData.pdf; data not shown).
Based on the volume and ribosome content of rapidly
growing E. coli cells (Donachie and Robinson 1987; Bremer
and Dennis 1996; Neidhardt and Umbarger 1996), this
corresponds to z1/10th the molar concentration of ribo-
somes. This is similar in concentration to RimM and RbfA,

assembly factors for the 30S ribosomal subunit (Wikstrom
and Bjork 1988; Bylund et al. 1998).

The DyhbY strain accumulated increased levels of pre-
50S ribosomal subunits and reduced levels of mature 50S
particles (Fig. 5). Furthermore, when recombinant YhbY
was added to the mutant lysate, it cosedimented with the

FIGURE 4. Pre-50S ribosomal subunits coimmunoprecipitate with
YhbY. (A) Anti-YhbY antibody was used in immunoprecipitation
reactions with cytoplasmic extract of yhbY+ or DyhbY E. coli cells.
RNA extracted from the immunoprecipitation pellets and super-
natants (Sup) was applied to a slot blot, and hybridized with a probe
for the 23S rRNA. An equal proportion of the total pellet and
supernatant RNA was analyzed in each slot. Addition of recombinant
YhbY (rYhbY) to DyhbY extract reconstituted the coimmunoprecipi-
tation of 23S rRNA, indicating that rYhbY can associate with a 50S
subunit-related particle present in DyhbY cells. Similar results were
obtained in four repetitions of this experiment involving different
extract preparations (data not shown). (B) RNAse-protection analysis
of the 59 ends of 23S rRNA in the coimmunoprecipitation samples.
Lanes 1 and 4: RNA from yhbY+ extract immunoprecipitated with
anti-YhbY serum; lanes 2 and 5: RNA from a mock immunoprecip-
itation with yhbY+ extract; lanes 3 and 6: RNA from DyhbY extract
immunoprecipitated with a-YhbY serum. The panel on the right
shows the results of a replicate experiment with yhbY+ extract and
a-YhbY serum. Pre-23S and mat-23S are the products of protection
by the precursor and mature 23S rRNAs, respectively. (C) Quantifi-
cation of the ratio of precursor to mature 23S rRNA in YhbY
immunoprecipitations. 59 Termini were mapped by primer extension,
using a radiolabeled primer complementary to the 59 region of mature
23S rRNA; comparison to a sequencing ladder showed the bands to
correspond to the established 59 termini of mature and immature 23S
rRNA (data not shown). The ratios of precursor to mature 59 termini
were quantified with a PhosphorImager and are shown below. This
experiment involved a different immunoprecipitation reaction than
those in B to illustrate the reproducible enrichment of pre-23S rRNA
in YhbY coimmunoprecipitates. The mock assay was performed in
parallel and lacked antiserum.
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pre-50S peak (Fig. 5). These results are consistent with the
possibility that YhbY binds to a specific pre-50S ribosomal
particle and promotes its maturation. However, interpre-
tation of these results is complicated by the fact that the
‘‘–35’’ region for the more upstream of two promoters
driving expression of the adjacent, divergently transcribed
ftsJ/rrmJ gene (Herman et al. 1995) maps within the YhbY
ORF and was deleted in this strain. RrmJ mutants show
ribosome defects that resemble those in the DyhbY strain
(Bugl et al. 2000; Caldas et al. 2000b), suggesting that
reduced rrmJ expression might contribute to the DyhbY
phenotype. However, RrmJ protein accumulated to near
normal levels in the DyhbY strain, and introduction of
an RrmJ expression plasmid into DyhbY cells did not fully
restore their growth and ribosome assembly defects (data
not shown). Taken together, the fact that YhbY associates
tightly and specifically with pre-50S ribosomal subunits
and the phenotype of the DyhbY strain strongly suggest that
YhbY functions in ribosome maturation, but proof for such
a role will require construction of a new mutant strain and
is beyond the scope of this study.

Expansion and diversification of the CRM domain
family in plants

In contrast to prokaryotes where CRM domains are
represented solely as stand-alone proteins from single-copy
genes, plant genomes encode multiple CRM domain
proteins, most of which have several copies of the domain.
Queries of the complete predicted proteomes of Arabidopsis
thaliana (Arabidopsis) and Oryza sativa (rice) with YhbY
and the maize group II splicing factors CRS1 and CAF1
detected 16 Arabidopsis and 14 rice proteins containing one
or more CRM domain (Fig. 6). The Pfam (version 18)
profile for the CRS1–YhbY domain (ID PF01985) detects
this same set of proteins.

The Arabidopsis and rice CRM proteins were placed into
14 orthologous groups (Fig. 6) based on reciprocal best
hits in whole-proteome BLAST comparisons (see http://
plantrbp.uoregon.edu); these groups are supported by their
clustering in a phylogram of the Arabidopsis and rice CRM

FIGURE 5. Aberrant ribosome accumulation in DyhbY mutant.
Lysates of wild-type and DyhbY cells were resolved in sucrose
gradients under conditions that dissociate 70S ribosomes into 30S
and 50S subunits. Recombinant YhbY was added to the mutant lysate
prior to sedimentation (right panels). Upper panels show A260
profiles; lower panels show immunoblots of gradient fractions probed
with anti-YhbY antibody. The A260 profile of the mutant lysate was
unchanged by the addition of recombinant YhbY (data not shown).
The immunoblot signal in the mutant lysate derives only from the
added recombinant YhbY, as the antibody detected no protein in
unsupplemented mutant lysate (Supplemental Fig. 3B; http://rna.
uoregon.edu/crm/BarkanSuppData.pdf; data not shown).

FIGURE 6. The CRM domain family in plants. Orthologous groups
were assigned based on the results of mutual best hit BLAST com-
parisons among the complete proteomes of rice and Arabidopsis, and
are supported by the phylogram shown as Supplemental Figure 5
(http://rna.uoregon.edu/crm/BarkanSuppData.pdf). The orthologous
groups corresponding to maize (Zm) CRS1, CAF1, CAF2, and CFM6
are indicated. The proteins are grouped into four subfamilies based on
their domain organization and their clustering in the phylogram.
CRM domains are indicated by gray boxes, with other regions of
similarity represented by distinct pattern fills. CRM domains harbor-
ing the ‘‘GxxG’’ motif are indicated and are conserved in both species,
except where shown in parentheses. The coiled-coil motif that is
characteristic of the CRS1 subfamily is shown, and is the only
functional motif detected in these proteins other than the CRM
domain itself. Intracellular locations were based on consensus pre-
dictions and/or experimental data, according to the following key:
1Prediction with TargetP (Emanuelsson and Heijne, 2001) and/or
Predotar (Small et al. 2004) in both rice and Arabidopsis; 2Prediction
with two of the three nuclear predictors PredictNLS (Cokol et al.
2000), NucPred (http://www.sbc.su.se/zmaccallr/nucpred/), or
PSORTII (http://psort.ims.u-tokyo.ac.jp/) in both rice and Arabidop-
sis; 3Maize ortholog established to be in chloroplast (data not shown;
Till et al. 2001; Ostheimer et al. 2003); 4Weak predictions that differ
between species.
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proteins (Supplemental Fig. 5; http://rna.uoregon.edu/crm/
BarkanSuppData.pdf). The phylogram shows that the
structure of the family was established prior to the di-
vergence of monocot and dicot plants, and suggests that
two members of the family were subsequently duplicated in
the Arabidopsis lineage. CRM domain proteins in plants
can be divided into four subfamilies based on their domain
organization and on the degree of sequence similarity both
within and flanking the CRM domains (Fig. 6; Supple-
mental Figs. 1,5; http://rna.uoregon.edu/crm/BarkanSupp-
Data.pdf). A search for known functional motifs detected
a predicted coiled-coil domain preceding the third CRM
domain in all members of the CRS1 subfamily (Fig. 6); this
region might mediate homo- or heterodimerization, in-
cluding, potentially, the homodimerization reported for
recombinant CRS1 (Ostersetzer et al. 2005).

Targeting prediction algorithms (Nakai and Horton
1999; Cokol et al. 2000; Emanuelsson and Heijne 2001;
Small et al. 2004) suggest that CRM domain proteins in
plants are found in the nucleus, mitochondrion, and
chloroplast (Fig. 6). Proteins in subfamily 3 are predicted
to localize to the nucleus and resemble YhbY in that they
contain a single CRM domain and little else, suggesting
that they might function in nucleolar ribosome biogenesis.
In support of this possibility, GFP fused to one member
of this subfamily, maize CFM6 (see Fig. 6), localized to
the nucleolus in transient expression assays (Fig. 7). This
fusion protein also localized to mitochondria (Fig. 7),
suggesting that CFM6 may function in the metabolism
of the divergent ribosomes within the nucleolus and
mitochondrion.

In vitro RNA binding activity of an isolated
CRM domain

Several lines of evidence support the idea that CRM
domains bind RNA: (1) all three characterized CRM

domain proteins in plants (CRS1, CAF1, and CAF2) are
associated with RNA in vivo and influence RNA metabo-
lism (Till et al. 2001; Ostheimer et al. 2003); (2) recombi-
nant CRS1 binds with high affinity to its cognate group II
intron RNA in vitro (Ostersetzer et al. 2005); (3) E. coli
YhbY is bound in vivo to pre-50S ribosomal subunits (see
above), whose surface is composed largely of RNA (Ban
et al. 2000; Yusupov et al. 2001); and (4) structural studies
of several YhbY orthologs revealed structural similarity to
known RNA binding domains and a putative RNA binding
surface (Ostheimer et al. 2002; Willis et al. 2002; Aravind
et al. 2003; Liu and Wyss 2004). In addition, CRM domains
share an intriguing similarity with the KH RNA binding
domain: a six amino acid motif, ‘‘GxxG’’ flanked by large
aliphatic residues, within which one ‘‘x’’ is typically a basic
residue (Fig. 1), and which is presented as a loop extending
from the structural core of the domain (Ostheimer et al.
2002; Willis et al. 2002; Liu and Wyss 2004). The GxxG
loop in KH domains contributes to their RNA binding
activity (Musco et al. 1996; Lewis et al. 2000). A role for the
GxxG motif in CRM domain function is supported by the
fact that the motif is almost universally conserved among
prokaryotic YhbY orthologs and that it is present in at least
one of the CRM domains in each member of the rice/
Arabidopsis CRM family. However, in proteins with mul-
tiple CRM domains, it is typical that only one of the
domains has retained the motif (Fig. 6). Analogously, only
a subset of the KH domains in multi-KH proteins typically
retain the ‘‘invariable’’ GxxG motif (Musco et al. 1996); it
was suggested that this degeneracy might be important to
prevent excessive affinity for RNA.

Despite this suggestive evidence, RNA binding activity
has not been reported for an isolated CRM domain. We
chose the third CRM domain from CRS1 to assay for RNA
binding activity because CRS1 has been shown to bind RNA
in vitro and its third CRM domain has maintained the
GxxG motif. This domain was expressed in E. coli as a GST-
fusion protein (GST–CRM3), purified, and used in filter-

binding assays with CRS1’s native sub-
strate, atpF intron RNA (Fig. 8). GST–
CRM3 bound RNA with high affinity
(apparent Kd z21 nM). However, the
isolated domain lacked sequence speci-
ficity (L. Klipcan and O. Ostersetzer, in
prep.), unlike intact CRS1, which binds
to specific sites within atpF intron
domains 1 and 4 (Ostersetzer et al.
2005). Mutation of the four residues in
CRM39s GxxG loop to alanine, which is
not expected to disrupt the folding of
the protein, decreased the affinity for
RNA considerably (apparent Kd z79
nM; see GST–CRM3–AAAA in Fig. 8),
supporting the notion that the GxxG
loop contributes to RNA binding

FIGURE 7. Nucleolar localization of CFM6–GFP in onion epidermal cells. (A) Full-length
maize CFM6 (40 kDa) was fused at its carboxy-terminus to GFP and transiently expressed in
onion root epidermal cells. The arrows show nucleolar localization of GFP. The speckled
fluorescence is similar to that shown in B for mitochondrial-targeted GFP, and is therefore
likely to be mitochondrion-localized CFM6–GFP. (B) Mitochondrial targeting of GFP fused to
the targeting peptide of mitochondrial FDH. (C) Chloroplast targeting of GFP fused to the
targeting peptide of chloroplast RecA. Bars = 20 mm.
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activity. It seems plausible that the CRM domains that have
retained the GxxG motif in multi-CRM proteins bear the
primary responsibility for high-affinity RNA binding, with
the degenerate CRM domains performing an accessory role
by contributing to specificity.

DISCUSSION

Results presented here provide insight into the phylogenetic
history, biological functions, and biochemical activities of
the CRM/CRS1–YhbY domain, a conserved domain repre-
sented as a free-standing ORF in prokaryotes and in a family
of single- and multidomain proteins in plants. The struc-
tures of bacterial YhbY orthologs (Ostheimer et al. 2002;
Willis et al. 2002; Liu an Wyss 2004) and the established
functions of three plant CRM proteins in group II intron
splicing (Till et al. 2001; Ostheimer et al. 2003) suggested
that CRM domains might bind RNA. Here we have
confirmed this prediction by showing that an isolated
CRM domain has RNA binding activity in vitro. Addition-
ally, we add to the functions described for this family by
showing that E. coli YhbY is bound to pre-50S ribosomal
subunits in vivo, suggesting a role in ribosome assembly.
Archaeal YhbY orthologs are typically embedded in oper-
ons devoted to translation, supporting the notion that a
ribosome-associated function is conserved in Archaea.

Two proteins that associate with bacterial pre-50S
ribosomal subunits and that promote their maturation
have been described previously: the DEAD-box helicases
CsdA and SrmB (Charollais et al. 2003, 2004). The pre-50S
particle to which YhbY is bound is similar in size to those
bound by CsdA and SrmB; furthermore, the YhbY-bound
particle harbors immature 23S rRNA (Fig. 4) and mature

5S rRNA (data not shown), as do the 40S particles that
accumulate in the absence of CsdA and SrmB (Charollais
et al. 2003, 2004). Like YhbY, CsdA and SrmB are necessary
for optimal growth but not for cellular viability (Jones et al.
1996; Charollais et al. 2003). YhbY differs from these
assembly factors in that it is bound tightly to the precursor
particle and it is not predicted to harbor helicase activity
(Ostheimer et al. 2002; Willis et al. 2002; Liu and Wyss
2004). Thus, it seems possible that SrmB and/or CsdA
promote rearrangements during late steps in 50S subunit
maturation that lead to release of YhbY.

Among the plant CRM-domain family, only maize
CRS1, CAF1, and CAF2 have been characterized; all three
of these proteins associate with, and promote the splic-
ing of specific chloroplast group II introns in vivo (Till
et al. 2001; Ostheimer et al. 2003). There are 14 proteins
harboring CRM domains in rice and 16 in Arabidopsis,
with CRS1, CAF1, and CAF2 orthologs identifiable by
phylogenetic analysis in both species (Supplemental
Fig. 5; http://rna.uoregon.edu/crm/BarkanSuppData.pdf).
Functions for uncharacterized members of the family are
suggested by their predicted intracellular locations and by
their strong resemblance to specific characterized CRM
proteins (Fig. 6). For example, two proteins with striking
similarity to maize CAF1 and CAF2 are predicted to
localize to mitochondria; these are excellent candidates
for mitochondrial group II intron splicing factors. All
members of the CRS1 subfamily are predicted to localize
to chloroplasts; these, like CRS1, may promote the splicing
of specific chloroplast group II introns. Single-domain
CRM proteins (subfamilies 3 and 4 in Fig. 6), which most
closely resemble prokaryotic YhbY orthologs, are predicted
to reside in the mitochondrion, chloroplast, and nucleus;
perhaps these, like YhbY, are pre-ribosome binding pro-
teins. In accordance with this possibility, a GFP fusion with
one such protein localizes to both the nucleolus and the
mitochondrion (Fig. 7).

These findings, when considered in the context of the
phylogenetic data presented here, suggest that CRM
domains evolved in the context of ribosome maturation
early in the evolution of prokaryotic organisms, that this
function was retained in extant prokaryotes and possibly in
the nucleolar compartment of plant cells, and that the
domain was recruited to serve as an RNA binding module
during the evolution of plant genomes. The expansion of the
CRM family in the plant lineage occurred after divergence of
the chlorophytes, as the fully sequenced genome of the
chlorophyte C. reinhardtii encodes just one CRM protein,
with just a single CRM domain. The available genome
sequence data are consistent with the possibility that the
CRM family expanded early in the evolution of the
Streptophyta, in concert with the acquisition of group II
introns in their chloroplast genomes (Turmel et al. 2002).

It is noteworthy that all of the established substrates for
CRM domain proteins (large ribosomal subunits and group

FIGURE 8. RNA binding activity of an isolated CRM domain. Filter
binding assays were performed with a trace amount of 32P-labeled
atpF intron RNA and increasing concentrations of GST–CRM3, GST–
CRM3–AAAA, or GST. Values represent the means, 61 standard
deviation, of nine experiments involving four different protein
preparations. Single-site binding isotherms were fit to the data using
the equation: Fraction RNA bound = (maximum RNA bound*[pro-
tein])/(Kd+[protein]). GST–CRM3 and GST–CRM3–AAAA bound
the atpF intron RNA with apparent Kds of 21.4 6 4.3 and 79.3 6 14.4
nM, respectively.
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II introns) have catalytic RNAs at their core. This trend
is strengthened by our recent finding that one member of
the CRS1 subfamily in maize is associated in vivo with the
sole group I intron in the chloroplast (Y. Asakura and A.
Barkan, in prep.). Thus, CRM proteins seem to have a
propensity to interact with highly structured, catalytic
RNAs. The challenges associated with the productive
folding of such RNAs have been extensively discussed
(Herschlag 1995; Weeks 1997; Woodson 2000; Treiber
and Williamson 2001; Schroeder et al. 2004). It will be
interesting to explore whether the CRM domain is partic-
ularly well suited to guide the folding of highly structured
RNAs, whether these various RNA substrates share struc-
tural motifs that are recognized by CRM domains, or
whether these correlations are merely fortuitous.

Materials and Methods

Phylogenetic analysis

The phyletic distribution was determined through BLAST searches
of the predicted proteomes of fully sequenced genomes available
at NCBI. In addition, annotations of fully sequenced prokaryotic
genomes were queried for ‘‘CRS1–YhbY,’’ ‘‘COG1534,’’ and
‘‘UPF0044,’’ which revealed several YhbY orthologs that did not
emerge from the BLAST searches. Hits were discarded if they lacked
several highly conserved residues and motifs that are characteristic
of CRM domains. Trees were built in PAUP version 4.0, based on
an alignment using 108 characters that was generated in T-Coffee
and manually edited. The alignment is available as Supplemental
Figure 2 (http://rna.uoregon.edu/crm/BarkanSuppData.pdf).

Production of YhbY antiserum and deletion mutant

Full-length YhbY was expressed in E. coli using the vector pET28,
and used for polyclonal antibody production in rabbits. Sera were
affinity purified against the same antigen prior to use. E. coli strains
EMG2 and K38 deleted for the yhbY ORF (all codons except for the
start and stop codons) were generated with the replacement vector
pKO3 according to the method of Link et al. (1997).

Sucrose gradient fractionation of E. coli extract

E. coli cultures were grown in LB medium at 37°C to an OD600 =
0.4, pelleted, resuspended in a minimal volume of lysis buffer (20
mM HEPES–KOH pH 7.5, 6 mM MgCl2, 30 mM ammonium
chloride, 4 mM b-mercaptoethanol, 0.75 mg/mL lysozyme), and
lysed via two freeze–thaw cycles in liquid N2. Insoluble material
was pelleted by centrifugation at 15,000 rpm in a microfuge for
45 min at 4°C. Aliquots (z6 A260 units) were layered onto 10%–
40% sucrose gradients prepared in either polysome buffer (Fig.
3A: 20 mM Tris–HCl pH 7.8, 10 mMMgCl2, 100 mM ammonium
chloride, 200 mg/mL heparin) or dissociation buffer (Fig. 3B:
20 mM Tris–HCl pH 7.8, 1 mM MgCl2, 100 mM ammonium
chloride). Gradients were centrifuged in a Beckman SW41 rotor at
35,000 rpm for 2.5 h (Fig. 3A) or 7 h (Fig. 3B). RNA was purified
from gradient fractions by addition of SDS to 0.5% and EDTA to

10 mM, followed by phenol-chloroform extraction and ethanol
precipitation.

Coimmunoprecipitation experiments

E. coli extracts were prepared as described for the sucrose gradient
analyses and incubated with affinity-purified a-YhbY antibody.
The procedures for immunoprecipitation, RNA extraction, and
slot-blot hybridizations were as described in Ostheimer et al.
(2003). The probe for 23S rRNA was a 226 bp PCR product
encompassing 120 base pairs (bp) upstream and 106 bp down-
stream of the 59 end of mature 23S rRNA.

RNAse protection and primer extension assays

RNAse protection assays were performed as described previously
for analysis of chloroplast RNAs (Barkan et al. 1994). The 59 end
of 23S rRNA was mapped with a probe encompassing 120
nucleotides (nt) upstream and 106 nt downstream of the mature
59 end; the 39 end was mapped with a probe encompassing the
terminal 50 nt of mature 23S rRNA and 96 nt of downstream
sequence. Probes were generated by in vitro transcription of PCR
products containing a T7 promoter; transcription reactions in-
cluded 30 ng template DNA, 0.5 mM ATP, GTP and CTP, 0.25
mM UTP, and 20 mCi 32[P]-UTP (800 Ci/mmol), in transcription
buffer supplied by the manufacturer; 150,000 cpm of radiolabeled
RNA was used per reaction. RNAse digestions were performed
with 20 mg/mL RNAse A and 60 U RNase T1 at 30°C for 1 h.
Primer extension reactions were performed as described in
Watkins et al. (1994), with a 59-end-labeled oligonucleotide
primer complementary to 23S rRNA z100 nt downstream of
the mature 59 end: 59-GGTTATAACGGTTCATATCACC-39.

Expression and purification of GST–CRM domain
fusion proteins

A PCR fragment encoding the third CRM domain of CRS1 was
generated with primers CRM3–59 (59-AAAGTCGACAACACTT
GACAGAAGAGGAA-39) and CRM3–39 (59-TTTGCGGCCGCAT
TGCTGGGCGGCGATA-39) using a crs1cDNA clone as a template.
Mutation of the GxxG motif was achieved by overlap extension
PCR as follows: (1) a 59 fragment was generated with the CRM3–59
primer and a 39 primer encoding the mutated GxxG residues
(59-CGCCGCCGCCGCTAGGAGAACAAGCCCATCCAT-39); an
overlapping 39 fragment was generated with the primer (59-
GCGGCGGCGGCGATCTTTGATGGTGTAATTGAAGAG-39) to-
gether with the CRM3–39 primer. The intact mutant CRM3-
encoding DNA was generated with a third PCR reaction using
both PCR products as templates, together with the CRM3–59 and
CRM3–39 primers. The wild-type and mutant CRM3-encoding
PCR products were digested with SalI and NotI and cloned into
pGEX-4T1 (Pharmacia-Amersham), such that GST was fused in-
frame to the CRM domain; the proteins encoded by the resulting
plasmids were named GST–CRM3 and GST–CRM3–AAAA.
Plasmids were introduced into E. coli strain XL1-Blue (Stra-

tagene). Cultures were grown to an OD600 of 0.8, and protein
expression was induced by the addition of 1 mM IPTG for 16 h at
22°C. Cells were pelleted and resuspended in 40 mL ice-cold PBS,
lysed with a French Press, and cleared by centrifugation for 15 min
at 10,0003g at 4°C. The lysates were applied to glutathione-
Sepharose in high salt buffer (50 mM Tris–HCl, 750 mM NaCl,
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0.1% Triton X-100, pH 8.0). The beads were washed once in PBS
and proteins were eluted by incubation for 5 min in 0.5 mL 100
mM Tris–HCl pH 8.0, 100 mM NaCl, and 20 mM reduced
glutathione. The beads were pelleted by centrifugation for 2 min
at 10,0003g at 4°C, and the supernatant was dialyzed against
50% glycerol, 50 mM HEPES–KOH pH 7.0, 500 mM KCl, 0.1%
Triton X-100, 5 mM bME, and stored at –20°C. The wild-type
and mutant proteins were prepared and assayed in parallel.

RNA binding assays

Filter binding assays were performed as described previously
(Ostersetzer et al. 2005). The atpF intron RNA substrate included
the complete intron plus 22 nt of exon 1 and 24 nt of exon 2, and
was body labeled during transcription in vitro with T7 RNA
polymerase (2.5 mM each of ATP, GTP, CTP, 0.25 mM UTP, 20
mCi [a32P]-UTP 3000 Ci/mmol). The RNA was gel purified,
subjected to phenol-chloroform extraction and ethanol precipita-
tion, and stored in ddH2O at –20°C. Immediately before each
assay, RNA was denatured by heating to 95°C for 2 min in 10 mM
Tris–HCl pH 7.0, 1 mM EDTA, and folded by slow cooling to
55°C in the presence of 0.15 M KOAc and 10 mM MgOAc.
Binding reactions (20 mL) contained 25 pM-labeled RNA, 10 mM
Tris–HCl pH 7.0, 150 mM KOAc, 10 mMMgOAc, 5 mM DTT, 10
mg/mL BSA, 1 U/mL RNAse inhibitor (Fermentas), and between
0 and 1 mM protein. After a 15-min incubation at 25°C, reactions
were chilled on ice and passed through sandwiched nitrocellulose
and positively charged nylon membranes by vacuum filtration
with a slot-blot manifold. Slots were washed once with 100 mL of
50 mM Tris–HCl pH 7.0, 150 mM KOAc, 10 mM MgCl2.
Radioactivity bound to each slot was quantified with a Phosphor-
Imager and ImageQuant software (Molecular Dynamics). The
fraction of RNA bound was calculated as the ratio between
RNA captured by the nitrocellulose and the total RNA captured
by both membranes. Apparent dissociation constants were de-
termined by using ORIGIN 7.5 (Microcal Software Inc.) to fit
single-site binding isotherms to the data, using the equation:
Fraction RNA Bound = (maximum RNA bound*[protein])/
(Kd+[protein]). When data were fit to the Hill equation, the Hill
coefficients were close to 1, indicating lack of cooperative binding
under these binding conditions.

Localization of ZmCfm6–GFP fusion protein in
a transient expression assay

The orthologous group containing rice Os06g20030 and Arabi-
dopsis At4g13070 was named CRM family member 6 (cfm6). Maize
sequences with high nucleotide identity to rice Cfm6 (Os06g20030)
were identified by querying public databases. This sequence was
used to design the following primers for amplification of a cDNA
encoding the maize Cfm6 open reading frame from a seedling leaf
cDNA library (inbred line B73): Cfm6 F(NheI): 59-CCTGCTAG
CATGGCAGCTCTCGCGCCGTGG-39 and Cfm6 R(XhoI): 59-
CCTCTCGAGCTTTAGAATCTGAGGTAGTTGC-39. The product
was cloned into pGEM-T (Promega) to yield pGEM–Cfm6. The
coding region was excised from pGEM–Cfm6 by digestion with
NheI and XhoI and cloned into the NheI and SalI sites of pOL–LT
(Peeters et al. 2000), creating pCfm6–GFP. The ZmCfm6 cDNA
and deduced protein sequences are deposited in GenBank under
accession DQ402046. Rice Cfm6 (Os06g20030) is the top hit when

ZmCfm6 nucleotide or protein sequence is used to query the rice
genome/proteome. pOL–LT, pRecA–GFP, and pFDH–GFP were
kindly supplied by Dr. I. Small (INRA).
pCfm6–GFP, pRecA–GFP (encoding a chloroplast-targeted

protein), and pFDH–GFP (encoding a mitochondrial-targeted
protein) were coated onto 1.675 mm M25 tungsten particles as
follows. Tungsten particles were sterilized in ethanol and washed
three times with distilled water. Five micrograms of DNA (10 mL)
were precipitated onto 50 mL of a particle suspension (60 mg/mL)
by addition of 50 mL of 2.5 M CaCl2 and 20 mL of 1 M spermidine
for 10 min on ice. After removing 80 mL of the supernatant, 10 mL
of the remaining particle suspension was placed on the grid of
a 13-mm Swinney filter holder (Gelman Sciences). An inner layer
of an onion bulb (Allium cepa) was placed on moist paper towels
(inner side up) in a Petri dish at a distance of 6 cm from a helium
microprojectile particle device. Bombardment was initiated by
drawing a vacuum down to 27 in. Hg, and applying a helium pulse
to a 900-psi rupture disk; a mesh screen ahead of the rupture disk
was used to distribute the microprojectiles. Samples were sealed
with parafilm and incubated in the dark for 2 d at room
temperature. The epidermal layer was peeled off and observed
using a confocal laser-scanning microscope (Bio-Rad Radi-
ance2100 MP; Bio-Rad). GFP fluorescence was measured as
emission at 515 nm.
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