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ABSTRACT

The extremely well-conserved La motif (LAM), in synergy with the immediately following RNA recognition motif (RRM), allows
direct binding of the (genuine) La autoantigen to RNA polymerase III primary transcripts. This motif is not only found on La
homologs, but also on La-related proteins (LARPs) of unrelated function. LARPs are widely found amongst eukaryotes and,
although poorly characterized, appear to be RNA-binding proteins fulfilling crucial cellular functions. We searched the fully
sequenced genomes of 83 eukaryotic species scattered along the tree of life for the presence of LAM-containing proteins. We
observed that these proteins are absent from archaea and present in all eukaryotes (except protists from the Plasmodium genus),
strongly suggesting that the LAM is an ancestral motif that emerged early after the archaea-eukarya radiation. A complete
evolutionary and structural analysis of these proteins resulted in their classification into five families: the genuine La homologs
and four LARP families. Unexpectedly, in each family a conserved domain representing either a classical RRM or an RRM-like
motif immediately follows the LAM of most proteins. An evolutionary analysis of the LAM-RRM/RRM-L regions shows that these
motifs co-evolved and should be used as a single entity to define the functional region of interaction of LARPs with their
substrates. We also found two extremely well conserved motifs, named LSA and DM15, shared by LARP6 and LARP1 family
members, respectively. We suggest that members of the same family are functional homologs and/or share a common molecular
mode of action on different RNA baits.
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INTRODUCTION

The La motif (LAM) (pfam05383/smart00715/InterPro006630)
is an extremely well-conserved 90-amino acids-long do-
main found in several proteins from various eukaryotic spe-
cies. It was first identified in the so-called La autoantigen
(or genuine La protein), an abundant RNA-binding factor
detected so far in all eukaryotic species studied (Wolin and
Cedervall 2002). The genuine La protein mainly is localized
to the nucleus, where it specifically recognizes and binds with
a high-affinity terminal 39UUU-OH motif (Stefano 1984;
Wolin and Cedervall 2002). Since this motif is the hallmark
of RNA polymerase III (pol III) transcription termination
(Huang et al. 2006), the genuine La protein binds every
RNA pol III primary transcript (including U6 snRNA, tRNA
precursors, or pre-5S rRNA). In the yeast Saccharomyces

cerevisiae, the 39-end maturation of RNA polymerase II (pol
II) U3 snoRNA and spliceosomal snRNA primary tran-
scripts generates a terminal 39UUU-OH motif that also
allows binding of the La protein (Kufel et al. 2000; Xue et al.
2000; Inada and Guthrie 2004). In most cases, the 39-end
binding of the La protein is only transient, the protein being
displaced upon excision or modification of the 39-UUU-OH
motif. So far, the best-established role of the La protein is to
provide protection against 39-exonucleolytic degradation
with various consequences depending on the nature of the
transcript. For pre-tRNAs and pre-U3 snoRNA, La protein
binding allows normal processing of the RNA (Yoo and
Wolin 1997; Kufel et al. 2000). The La protein was also
shown to exhibit an RNA chaperone activity (Belisova et al.
2005), promoting correct folding of certain pre-tRNAs
(Chakshusmathi et al. 2003) or facilitating the assembly of
U snRNAs into functional ribonucleoprotein particles
(Pannone et al. 1998; Xue et al. 2000). Also, the La protein
most probably takes part in the quality-control mechanism
of newly synthesized noncoding RNAs such as pre-tRNAs
(Copela et al. 2006; Huang et al. 2006; Kadaba et al. 2006).
But genuine La proteins are versatile factors that were
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reported in yeasts, flies, and mammals to bind to certain
mRNAs and to influence their translation efficiency (Holcik
and Korneluk 2000; Kim et al. 2001; Cardinali et al. 2003;
Trotta et al. 2003; Inada and Guthrie 2004; Vazquez-Pianzola
et al. 2005), their stability, or subcellular localization (McLaren
et al. 1997; Adilakshmi and Laine 2002; Brenet et al. 2005). In
addition, several reports established that the HsLa (human
genuine La) protein directly binds to several viral RNAs,
often enhancing their translation and replication efficiency
(Costa-Mattioli et al. 2004; Raha et al. 2004; Domitrovich
et al. 2005; Xue et al. 2007; Bitko et al. 2008) and, at least for
some viruses, shielding them from the host’s defense systems
(Bitko et al. 2008).

Genuine La proteins are modular factors that most of
the time contain three structured domains: the LAM, a
canonical RNA recognition motif (RRM1), and an atypical
RNA recognition motif (RRM2) followed by a largely
unstructured tail (Maraia and Intine 2001; Wolin and
Cedervall 2002). The NH2-terminal domain (NTD), com-
posed of the LAM-RRM1 motifs, is extremely well con-
served across eukaryotes and constitutes a structural
hallmark of genuine La proteins. Functional as well as
structural studies demonstrated that the genuine La NTD is
necessary and sufficient to bind to the 39-UUU-OH motif
and hence is directly implicated in La nuclear functions
(Maraia and Intine 2001; Wolin and Cedervall 2002; Curry
and Conte 2006; Maraia and Bayfield 2006). The LAM was
shown to adopt an elaborate winged helix-turn-helix fold
(Alfano et al. 2004; Dong et al. 2004), whereas the RRM1
adopts the typical b1a1b2b3a2b4 fold (b: beta-sheet; a:
alpha-helix) of canonical RRMs, which usually forms a
b-sheet surface directly involved in RNA binding (Alfano
et al. 2004; Maris et al. 2005; Teplova et al. 2006; Clery et al.
2008). Co-crystal structure analysis of the human La NTD
showed that in the presence of an RNA ligand, while
keeping their overall structure unchanged, LAM-RRM1
domains synergize and fold back together to form a tight
RNA-binding pocket around the 39-UUU-OH motif
(Teplova et al. 2006; Kotik-Kogan et al. 2008). With the
exception of genuine La homologs from a few species
(Wolin and Cedervall 2002; Fleurdepine et al. 2007), the
COOH-terminal domain (CTD) of genuine La proteins
contains the atypical RRM (RRM2) followed by an un-
structured terminal region that was shown in HsLa and
Sla1p (Schizosaccharomyces pombe La) to contain several
phosphorylation sites, a short basic motif (SBM), a nuclear
localization signal (NLS), and a nuclear retention element
(NRE) (Simons et al. 1996; Van Horn et al. 1997; Rosenblum
et al. 1998; Maraia and Intine 2001; Intine et al. 2002).
Based on crystal structure data, the HsLa RRM2 domain
was shown to adopt a typical RRM fold with an additional
long terminal a-helix that folds back on the b-sheet surface
(Jacks et al. 2003). The RRM2 motif is conserved in the
CTD of most La homologs, albeit not at the primary
sequence level but in terms of secondary structure motifs

(Fleurdepine et al. 2007). At present, it seems that the
RRM2 domain does not display the ability to bind RNA
(Jacks et al. 2003), but several reports suggest that the
C-terminal domain is involved in the regulation of
the complex nuclear and cytoplasmic activities of genuine
La proteins, at least in mammals (Park et al. 2007).

The LAM is also present on proteins otherwise unre-
lated to genuine La, referred to as La-related proteins
(LARPs) (Yoo and Wolin 1994; Saget et al. 1998; Sobel
and Wolin 1999; Remillieux-Leschelle et al. 2002; Aigner
et al. 2003; Witkin and Collins 2004; Valavanis et al. 2007;
He et al. 2008; Krueger et al. 2008; Markert et al. 2008;
Nykamp et al. 2008). Contrary to the well characterized
genuine La protein, functional and structural data on LARPs
are very scarce, and to date only a few LARPs have been
characterized. The yeast S. cerevisiae LARP proteins Sro9p
and Slf1p are RNA-binding factors able to bind homopoly-
mers in vitro. These two LARPs are mainly cytoplasmic
proteins found in association with translating polysomes
(Sobel and Wolin 1999). Although their mode of action is
not clear, they have been proposed to act as modulators of
translation elongation or termination and as regulators of
the stability of a subset of mRNAs (Sobel and Wolin 1999;
Tan et al. 2000). More recently, Sro9p was proposed to
participate as a co-chaperone in the repression of Hap1p
function, a heme-induced transcriptional activator (Lan
et al. 2004).

In ciliates, the Tetrahymena thermophila p65 and Euplotes
aediculatus p43 LARPs are active telomerase-specific sub-
units that directly and specifically bind to telomerase RNA
(Aigner et al. 2000, 2003; Witkin and Collins 2004). They
are key member proteins of the telomerase RNP and are
required for the assembly, nuclear retention, activity, and
processivity of the complex (Mollenbeck et al. 2003; Aigner
and Cech 2004; Witkin and Collins 2004). P65 is one of the
first factors binding to telomerase RNA. Upon binding, p65
induces structural rearrangements of the RNA providing a
suitable binding platform for reverse transcriptase binding,
an essential step in the formation of the active telomerase
RNP (Stone et al. 2007; Teixeira and Gilson 2007).

In humans, a screen designed to identify new factors
involved in the functional regulation of transcription
elongation complex p-TEFb identified the HsLARP7/PiP7S
protein (He et al. 2008). This LARP was shown to associate
tightly to 7SK RNA and to participate in the stabilization,
assembly, and repressive function of the 7SK RNP on
p-TEFb (He et al. 2008; Krueger et al. 2008; Markert et al.
2008). HsLARP7 was also shown to have an antigrowth/
antitumor function that correlates with its negative impact
on p-TEFb. Similarly, the Drosophila melanogaster putative
homolog of HsLARP7, the multi-sex comb (mxc) protein,
was shown to be a tumor suppressor involved in the
control of larvae blood cell proliferation and differentiation
(Remillieux-Leschelle et al. 2002). The mode of action of
mxc is unknown at present, but with the recent and
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unexpected report of the existence of a 7SK RNA homolog
in fly (Gruber et al. 2008a), it is tempting to speculate that
mxc could bind fly 7SK and act in a similar fashion as
described for HsLARP7. In addition to HsLARP7, five
LARPs have been identified to date in the human genome
(data from the HUGO Gene Nomenclature Comittee at the
European Bioinformatics Institute, http://www.genenames.
org), but none of their functions have been readily
addressed to date. The only available data at present
concern HsLARP6/Acheron, a putative homolog of the
Acheron protein of the moth Manduca sexta, the mRNA of
which was identified in a screen for cDNAs overaccumulat-
ing in skeletal muscles upon their commitment to pro-
grammed cell death processes (Valavanis et al. 2007).

The Caenorhabditis elegans genome encodes two LARPs
named CeLARP1 and CeLARP5 (Nykamp et al. 2008). The
CeLARP1 and its putative fly homolog, the dlarp protein
(Chauvet et al. 2000; Ichihara et al. 2007), appear to be
required for normal metazoan development. Nykamp and
colleagues demonstrated that CeLARP1 is an RNA-binding
factor able to bind homopolymers in vitro and is required
for normal oogenesis. CeLARP1 is enriched in P-bodies
and is required for the accumulation at normal levels of
Ras-MAPK-related mRNAs in oocytes. They hence pro-
posed that CeLARP1 could play a role in oogenesis by
controlling levels of specific mRNAs in relation to P-body-
mediated degradation.

In summary, it appears that LARPs are involved in highly
divergent putative functions and may not represent a
homogenous group of proteins. In this work, we provide a
more complete picture of the LAM protein superfamily.
Phylogenetic analyses of LAM proteins from a large number
of highly divergent eukaryotes, together with structural
motif searches, allowed us to propose that besides the
genuine La proteins family, LARPs can be divided into
four clearly distinct families (LARP1, 4, 6, and 7). We postulate
that members of each family share some functional properties.

RESULTS

Identification of LAM-containing proteins
in eukaryotes

We performed an exhaustive search for LAM-containing
proteins in the fully sequenced genomes of 46 archaea and
83 eukaryotes representing all four eukaryotic kingdoms:
protists, plants, fungi, and animals (searches were made
using databases available at the NCBI [http://www.ncbi.
nlm.nih.gov] or the JGI [http://genome.jgi-psf.org/] web-
sites) (see Supplemental Fig. 1; see Materials and Methods
for a list of the genomes searched, a description of the
search methods, and the number of LAM proteins coded by
each genome). LAM-containing proteins were not found in
any of the 46 archaeal genomes used. On the other hand,
using the 83 eukaryotic genomes, we successfully retrieved

308 distinct LAM-containing proteins (Supplemental Fig.
1B), each protein having a single LAM. LAM-containing
proteins were found in every plant, fungi, and animal
genome we searched. LAM-containing proteins were also
found in every protist genome, with the notable exception
of species from the Plasmodium genus. The systematic use
of several complementary search methods, the use as a
query of several additional LAMs from closely related
protist species, and the high level of conservation we
observed for eukaryotic LAMs (see Supplemental Figs.
3–6) make it unlikely that LAM-containing proteins were
missed out of the five Plasmodium genomes searched. We
hence propose that LAM-containing proteins (genuine La
and LARPs) are not coded in Plasmodium genomes. It is
intriguing to observe that species classified in the same
taxonomic group (the Apicomplexans) show either a pre-
sence or absence of LAM-containing proteins (see Supple-
mental Fig. 1A). Given that LAM-containing proteins are
absent from archaea but are present in almost all other
eukaryotes tested, we propose that LAM is an ancestral
eukaryotic motif that emerged early after the archaea-eukarya
radiation.

Phylogenetic relationship among eukaryotic
LAM-containing proteins and identification
of conserved structural features

To analyze phylogenetic relations among eukaryotic LAM
proteins, we selected a subset of 134 proteins from 29
species scattered along the tree of life and divided as
follows: five protists, five plants, six fungi, and 13 animals
(Supplemental Figs. 1A, 2). We mostly retained a single
organism per phylum, generally picking the organisms
most frequently utilized by the scientific community.

We first explored the evolutionary relationships among
these proteins by reconstructing a phylogenetic tree based
on the alignment of the 134 LAMs (Fig. 1A). We also
searched each protein for the presence of additional con-
served domains by specialized BLAST (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) against the Conserved Domain
Database (CDD) (Marchler-Bauer et al. 2007). Finally,
we performed a multiple sequence alignment of the 134
full-length proteins to look for new conserved motifs not
described in the CDD (Fig. 1B; data not shown).

The CDD search detected the presence of three referenced
motifs in addition to the LAM. These motifs are the canonical
and atypical RRMs previously detected in the genuine La
proteins, RRM1 (pfam00076) and RRM2 (pfam08777),
respectively, and a short motif called DM15 (smart00684)
previously detected in the C. elegans protein LARP1 (Nykamp
et al. 2008). The RRM1 and RRM2 motifs are found only in
proteins belonging to clusters A–E on the phylogenetic tree
(Fig. 1). With the exception of groups A and E, each of these
clusters contains previously recognized functional genuine La
proteins (HsLa, DmLa, TbLa, Lhp1p [ScLa], Sla1p [SpLa],
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FIGURE 1. (Legend on next page)
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and AtLa1) (Yoo and Wolin 1994; Van Horn et al. 1997;
Wolin and Cedervall 2002; Foldynova-Trantirkova et al. 2005;
Fleurdepine et al. 2007). The human, fly, and trypanosome
proteins are found in group B, yeast proteins in group C, and
plant proteins in group D. Proteins falling into these four
groups are between 263 and 770 amino acids long with an
average size of z400 amino acids and adopt two types of
domain arrangements: LAM-RRM1 or LAM-RRM1-RRM2.
In all cases, LAM-RRM1 motifs are separated by a short
region (18 amino acids on average) and are located at the
protein’s N terminus. Based on these structural and evolu-
tionary relationships to known genuine La proteins, we
propose that proteins in these four clusters are all genuine
La homologs. Out of the 31 putative genuine La proteins
reported here, only seven lack the terminal RRM2 domain.
Most of these (five out of seven) are from fungi; nevertheless,
this should not be considered as a general feature of this taxa
since we found several fungi putative genuine La proteins
displaying the second RRM2 motif (Fig. 1A, Phanerochaete
chrysosporium; data not shown). In addition, shorter genuine
La proteins are also found in animals and protists. With a few
exceptions (Arabidopsis thaliana, Oriza sativa, and Capitella
sp.), a single genuine La protein was found per organism. For
A. thaliana, despite the presence of two proteins with
characteristics of genuine La, only one (AtLa1) is able to bind
to polymerase III transcripts and fulfill nuclear La functions
(Fleurdepine et al. 2007). Therefore, it remains to be seen if
two functional genuine La proteins can coexist in the same
organism.

With the exception of DdLARP7 from the protist
Dictyostelium discoideum, all cluster A proteins belong to
animal species. This cluster can be further divided into two
subgroups containing proteins from either invertebrate or
vertebrate species. The vertebrate subgroup contains the
human HsLARP7/PiP7S protein, while the other group
contains the proposed D. melanogaster functional homolog,
mxc/DmLARP7 (He et al. 2008). Like genuine La homo-
logs, cluster A proteins display a LAM-RRM1-RRM2 struc-
tural organization with N-terminal LAM-RRM1 motifs
separated by an average of 18 amino acids. However,

cluster A proteins are generally longer (average size of
550 amino acids), and the distance between the RRM1 and
RRM2 domains is much larger. Indeed, genuine La protein
RRM1 and RRM2 motifs are separated by an average of 68
amino acids, whereas for cluster A proteins this linker is on
average 200 amino acids long. LAMs from proteins
belonging to clusters A–E are evolutionarily very close,
and it is difficult to discriminate between genuine La and
LARP based solely on the LAM phylogenetic analysis
presented in the tree shown in Figure 1. However, based
on structural differences between genuine La and cluster
A proteins, together with the fact that HsLARP7/Pip7S
(Fig. 1A) does not fulfill authentic La functions (He et al.
2008; Krueger et al. 2008; Markert et al. 2008), we hypo-
thesize that proteins falling into cluster A are LARPs.
Cluster E contains three protist proteins displaying a
LAM-RRM1-RRM2 or LAM-RRM1 organization. Given
that no functional data are available to date on any of these
factors, it is difficult to conclude whether they might fulfill
genuine La or La-Related functions. Nevertheless, for DdLa
and NgLa1, the short distance between the two RRMs (60
and 40 amino acids, respectively) is characteristics of
genuine La proteins.

The remaining 88 proteins possess a LAM more distantly
related to the LAM of genuine La proteins. Also, these
proteins do not have the classical LAM-RRM1-RRM2
organization of genuine La proteins. Therefore, these pro-
teins will also be referred to as LARPs. With a few exceptions,
these LARPs are clustered into five subgroups (Fig. 1A,
labeled F–J). Although statistical support for these subgroups
is not always optimal, structural features obtained by the
CDD search and the multiple alignment tend to validate this
initial clustering.

We observed that a 90-amino acids-long region located
immediately downstream from the LAM (at the place of the
RRM1 motifs for genuine La homologs and cluster A
LARPs) (see Supplemental Fig. 3) is highly conserved for
almost all cluster F, G, and J LARPs belonging to distantly
related species (see Supplemental Figs. 4, 5). Indeed, every
protein belonging to clusters F and G possesses a conserved

FIGURE 1. Phylogenetic relationships among LAMs and structural organization of LAM-containing proteins. (A) Phylogenetic relationships
among LAMs. The phylogenetic tree was obtained using LAM sequences from the 134 selected proteins as described in the Materials and
Methods. Selected informative statistical supports (approximate likelihood-ratio test [aLRT] data) are indicated. (Blue) Proteins from protists,
(green) proteins from plants, (brown) proteins from from fungi, (red) proteins from animals. Protein names are given according to the
nomenclature proposed in the present paper. For the corresponding accession numbers, see Supplemental Figure 2. Previously utilized names are
reported in parentheses when available. Black numbers following protein names correspond to structural organizations presented in B. (B)
Schematic representations of the different structural organizations found among the full-length LAM-containing proteins. The color code used is
reported in the box at the top of the figure. (Numbers in parentheses) Number of proteins of a given structural organization, (dashed lines)
putative significant groups of proteins based on phylogenetic and structural organization criteria. Species names abbreviations: (Am) Apis
mellifera, (At) Arabidopsis thaliana, (An) Aspergillus niger, (Ce) Caenorharbditis elegans, (Cs) Capitella sp., (Cr) Chlamydomonas reinhardii, (Ci)
Ciona intestinalis, (Dp) Daphnia pullex, (Dd) Dictyostelium discoideum, (Dm) Drosophila melanogaster, (Fr) Fugu rubripes, (Gg) Gallus gallus, (Hs)
Homo sapiens, (Lb) Laccaria bicolor, (Lm) Leishmania major, (Lg) Lottia gigantae, (Ng) Naegleria gruberi, (Nv) Nematostella vectensis, (Os) Oriza
sativa, (Pc) Phanerochaete chrysosporium, (Pb) Phycomyces blakesleanus, (Php) Physcomitrella patens, (Ps) Phytophthora sojae, (Sc) Saccharomyces
cerevisiae, (Sp) Schizosaccharomyces pombe, (Sm) Selaginella moellendorfii, (Stp) Stronggylocentrotus purpuratus, (Tb) Trypanosoma brucei, (Xt)
Xenopus tropicalis.
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motif at this position (Fig. 1B, boxes
3a–3b; see Supplemental Fig. 4), while
all but three proteins from cluster J
share a different conserved region at
this position (Fig. 1B, box 4; see Sup-
plemental Fig. 5). We also observed two
additional conserved motifs among
LARPs. First, 27 out of 29 proteins from
clusters F and G display a well con-
served 20–30-amino acids-long motif
(Fig. 1B, box 6; see below) located at
the C-terminal end of the proteins
(Figs. 1B, 4; see below). Second, most
proteins from clusters I and H (26 out
of 33) display one to four repetitions of
a highly conserved 40-amino acids-long
domain, referred to as DM15 in the CDD
databank (Figs. 1B, 3, see below). Finally
five proteins, namely the S. cerevisiae Slf1p
and Sro9p proteins and the Aspergillus
niger AnLARP, S. pombe SpLARP, and
Phytophthora sojae PsLARP proteins do
not belong to any of the above-mentioned
clusters and do not appear to possess
additional conserved boxes except for
the LAM (Fig. 1).

Conserved regions following the
LAM adopt an RRM-like fold

To get a better understanding of the meaning of conserved
boxes 3a, 3b, and 4 found immediately downstream from
the LAM, we analyzed the region encompassing the LAM
plus the following 100 amino acids for all genuine La and
LARPs, using the protein structure prediction program
SAM-T08 (http://compbio.soe.ucsc.edu/SAM_T08/T08-
query.html; Karplus et al. 2005). This software was system-
atically successful in predicting the correct a1a19a2b1a3a4
a5b2b3 topology (Alfano et al. 2004; Dong et al. 2004) of
LAMs as well as predicting the typical a/b sandwich fold
(b1a1b2b3a2b4) of canonical RRM1 domains for all
genuine La homologs as well as for all cluster A LARPs
(Supplemental Fig. 3; Maris et al. 2005). We found that
conserved boxes 3a, 3b, and 4 are predicted to adopt an
RRM-like structure composed of a b1a1b2b3a2 (boxes 3a/
3b) or a b1a1b2b3a2b4 (box 4) fold (Fig. 2A; Supple-
mental Figs. 4, 5; data not shown). Also, despite the fact
that they do not share sequence homology in their region
downstream from the LAM, most proteins from clusters H
and I (18 out of 29) (see Fig. 1B), plus proteins PbLARP1a
and PbLARP1b, are also predicted to adopt an RRM-like
structure composed of a b1a1b2b3a2 topology (Fig. 1B,
box 5; Fig. 2A; Supplemental Fig. 6; data not shown). We
hence decided to name these boxes RRM-like motifs
(RRM-L) (Fig. 2A). We observed that, for a given RRM-L

motif (RRM-L3a, 3b, 4, or 5) and for the typical RRM1
motif, sizes of the loops connecting the structural features
(Fig. 2B, loop 1:b1/a1, loop 2: a1/b2, loop 3: b2/b3, loop
4: b3/a2, loop 5: a2/b4), as well as the size of the linker
between the LAM and the first structural feature of the
RRM (or RRM-L), are conserved between proteins sharing
identical boxes but vary from one RRM (or RRM-L) motif
to another (Fig. 2). Important differences in size are ob-
served for loops 1 and 3. RRM-L3b loop 1 is about three
times longer than that of the other domains, and the size of
loop 3 differs for each family. On the other hand, the size of
loop 4 remains unchanged in every case. The LAM-RRM/
RRM-L linker size remains roughly around 17 amino acids
long, except in the case of the RRM-L4 domain where it is
about three times shorter (Fig. 2B).

Analysis of the DM15/LARP1 regions

We found that most proteins from clusters I and H, plus
proteins PbLARP1a and PbLARP1b (Fig. 1A), possess a
highly conserved C-terminal region, named the DM15/
LARP1 region in Figure 1B. Recently, Nykamp and collab-
orators found such a conserved region on LARPs from
human, fly, mouse, C. elegans, D. discoideum, and A.
thaliana and named it the LARP1 domain (Nykamp et al.
2008). Consistently with their results, we identified this

FIGURE 2. Structural organization of the LAM-RRM1 and LAM-RRM-L domains of genuine
La homologs and LARPs. (A) Schematic representation of the predicted structural organ-
izations of the 90 amino acids found immediately downstream from the LAM. (Plain red box)
LAM, (colored arrows) b-sheets (b1, b2, b3, and b4), (colored boxes) a-helices (a1 and a2)
of the RRM or RRM-L domains. The proposed names of these regions are reported on the right
(see Fig. 5). (B) Size of the linker regions (in amino acids) connecting the LAM and RRM1 or
RRM-L domains and of the loops connecting the structural features of each domain. Sizes of
each of these connecting regions were determined for every protein, and the average sizes are
reported together with standard deviations.
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conserved domain from the same LARPs (Fig. 1A). The
DM15/LARP1 domain was also found on numerous addi-
tional LARPs from a wide range of eukaryotes (Fig. 1A) and

consists of one to four tandem repeats of a motif referenced
in the CDD as the DM15 box (smart00684) (Fig. 3).
We made a multiple sequence alignment of the 55 DM15

FIGURE 3. (Legend on next page)
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boxes we retrieved from a total of 26 LARPs and found that
these boxes are of three types we named DM15A, DM15B,
and DM15C (Fig. 3A). The phylogenetic tree reconstructed
out of this alignment corroborated this observation, as the
DM15 boxes group into three well supported clusters
containing the A, B, and C types, respectively (Fig. 3A,B).
We hence found that the DM15/LARP1 domain is actually
composed of one to four DM15 boxes of the A, B, and/or C
type organized in different ways (Fig. 3B). Proteins contain-
ing DM15A and DM15B repeats are found in all four
eukaryotic kingdoms, whereas proteins containing DM15C
repeats are found only in plants. Therefore, it is likely that
DM15A and DM15B repeats diverged early in evolution
while DM15C repeats evolved from DM15B repeats at a later
time in the plant lineage (Fig. 3B). Sequence conservation
inside a subgroup of DM15 repeats is extremely high, as
more than half of the residues are conserved in 90%–100%
of the sequences (Fig. 3C). Comparison of the different
DM15 subgroups (Fig. 3A) revealed that 12 amino acids are
conserved in 90%–100% of the sequences and that the
majority of these conserved amino acids are aromatic. The
DM15/LARP1 region is always found in the C-terminal
region of proteins containing a LAM or a LAM/RRM-L5
organization. We observed that in most cases, proteins have
a DM15A-DM15B tandem and sometimes (only for plant
proteins) a DM15A-DM15B-DM15C organization. With
two exceptions, the DM15A motif is always present, and
there is no case where DM15C is present alone.

A new conserved region found on LAM and S1-like
containing proteins: The LSA motif

Multiple sequence alignment of full-length LAM proteins
revealed the presence of an additional conserved motif
(Fig.1B, box 6). This 20–30 amino acids-long patch (Fig. 4)
is exclusively shared by clusters F and G LARPs (Fig. 1) and
localizes to the very C-terminal ends of the proteins. Plant
proteins are slightly different, as they possess a 3-amino
acids-long ‘‘PRM’’ insertion in the first half of the con-
served consensus (Fig. 4). We found that factors annotated
as cold-shock response protein 1 (CSP1) from various
animals also possess, in addition to an S1-like nucleic acid
binding domain referred to as the cold-shock domain

(CSD)(Bycroft et al. 1997; Sommerville 1999; Kloks et al.
2002), a similar conserved motif at their C-terminal ends
(Supplemental Fig. 7). We propose to name this previously
uncharacterized conserved region associated with LAM and
S1-like proteins the LAM and S1 associated (LSA) motif.
The evolutionary conservation of the LSA motif across
eukaryotes and its association with two different nucleic
acid binding motifs (LAM and S1) suggests that LSA could
participate functionally in the selective binding of LARP6
and CSP1 proteins to their substrates.

Phylogenetic relationships among the LA-RRM
domains: Co-evolution of the LAM and its
associated RRM (RRM-L) domain

The function of genuine La proteins necessitates that both
the LAM and RRM1 act in concert to form a single active
domain (Maraia and Intine 2001; Wolin and Cedervall
2002; Curry and Conte 2006; Maraia and Bayfield 2006).
Consistently, their presence at the primary and secondary
structural levels has been highly conserved during evolu-
tion. We found in this study that the LAM-RRM (or RRM-
like) organization is much more conserved than originally
thought since it concerns the vast majority of LARPs as
well (113 out of the 134 LAM-containing proteins analyzed
in this study). We therefore hypothesized that, in most
cases, LAM should not be considered as an independent
evolving unit but should be studied in association with
its co-evolving partner, the RRM or the RRM-L. To test
this, we performed a multiple sequence alignment of
LAM-RRM or LAM-RRM-L regions for the 113 concerned
proteins, as well as for the ciliate p43 and p65 LARPs, for
which we have consistent functional data (Supplemental
Figs. 3–6; Aigner et al. 2000, 2003; Witkin and Collins
2004) and used this alignment to reconstruct a phyloge-
netic tree (Fig. 5). Analysis of Figure 5 shows that clusters
previously formed using the LAM alone are maintained
(cf. Figs. 1 and 5), but they now form five statistically well
supported groups (Fig. 5, labeled 1–5). Each group also
contains proteins that share the same structural domain
organization (Fig. 5).

With the exception of a protein from the protist P. sojae
(PsLARP7), group 1 proteins correspond to the putative

FIGURE 3. Analysis of the DM15/LARP1 region. (A) Complete sequence alignment of every detected DM15 box. The multiple sequence
alignment was edited by Boxshade at the Mobyle portal (http://mobyle.pasteur.fr/cgi-bin/MobylePortal/portal.py?form=boxshade). (Black)
Identical residues, (gray) similar residues. Protein names are reported on the left. These names are according to the nomenclature used in Figure
1A. The bold letter added to the protein name (A, B, or C) corresponds to the type of DM15 box. Amino acids identical in 90%–100% of the
sequences are reported on top of the alignment. (Black dots) Residues present in 100% of the sequences, (gray dots) amino acids present in 90%–
100% of the sequences. (B) Phylogenetic relationships among the DM15 boxes and structural organization of the full-length proteins. A
phylogenetic tree was reconstructed (see Materials and Methods) from the multiple sequence alignment presented in A. Protein names from
which the DM15 box originates are reported at the tip of each branch. Selected informative statistical supports are reported. (Black numbers)
Structural organization of the full-length proteins as pictured on the right-hand side. (Plain red box) The LAM, (blue box) the RRM-L5 motif,
(brown boxes) type A DM15 repeats (pink boxes) type B DM15 repeats, (purple boxes) type D DM15 repeats. The number of proteins presenting
a given type of organization is reported in parentheses. (C) Multiple sequence alignments performed between DM15 boxes of the same type:
(brown bar) type A, (pink bar) type B, (purple bar) type C. Protein names reported on the left and alignment editing are as in A.
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genuine La factor homologs previously belonging to clus-
ters B–E, while group 2 proteins correspond to cluster
A LARPs (Fig. 1A). The phylogenetic analysis of the LAM-
RRM (RRM-L) region gives a sharper distinction between
these two related sets of proteins and strongly supports this
previous classification. We also found that the functionally
characterized ciliate p43 (EaLARP7) and p65 (TthLARP7)
proteins (Aigner et al. 2000, 2003; Aigner and Cech 2004;
Witkin and Collins 2004; Stone et al. 2007; Teixeira and
Gilson 2007) are group 2 factors and cluster with the other
protist proteins of this group. As for genuine La proteins,
not all group 2 factors possess an RRM2 motif (see
PsLARP7 and p65 [TthLARP7]), rendering both structural
and evolutionary analyses necessary for classification.

Group 3 contains every protein from clusters G and F
in Figure 1. Group 3 proteins share structural features,
although vertebrate proteins have an RRM-like motif
slightly different (RRM-L3b) compared with other eukar-
yotes (see Fig. 2, RRM-L3a)). This difference might reflect
an adaptation to different substrates in the vertebrate
lineage. Group 4 contains every protein of cluster J (except
for those not having an RRM-L and not used in this
study), while group 5 is composed of factors from clusters
H and I, plus proteins PbLARP1a and b, which now clearly
belong to this group. We can notice that, in contrast to
other groups where 85%–100% of the proteins have an
RRM or an RRM-L motif, only 60% of proteins from
cluster H and I have such domain. This might be linked to
the fact that some of these factors display the additional
extremely well conserved DM15/LARP1 domain, which was
proposed to be involved in direct RNA binding (Nykamp
et al. 2008).

The overall comparison of the LAM- and LAM-RRM-
based phylogenetic analysis shows similar results, although
the latter tree gives more statistically well-supported clus-
ters. This leads us to propose that the LAM and down-
stream RRM or RRM-L domains co-evolved, as suggested
for genuine La proteins, and that the combination of both
motifs should be used to define the functional region of
interaction of LARPs with its substrate.

Definition of five families and systematic
nomenclature for LAM-containing proteins

Data presented in Figure 5 clearly show that proteins sharing
a common ancestral origin for their LAM-RRM/RRM-L
region also share a common structural organization, sup-
porting the classification of the LAM protein superfamily
into five distinct families. To reflect this classification, we
propose adopting a systematic naming of the La-motif-
containing proteins (Fig. 6). Proteins belonging to cluster
number 1 in Figure 5A constitute the group of genuine La
proteins. With the exception of the S. cerevisiae and S. pombe
La proteins, largely referenced as Lhp1p and Sla1p, we
suggest systematically naming the genuine La proteins
according to the nomenclature already employed for some
organisms, such as humans, where the species abbreviation
name is added before the ‘‘La’’ appellation, resulting in HsLa
protein for Homo sapiens La protein.

Most of the human LARPs have previously been named
and referenced by the HUGO Gene Nomenclature Com-
ittee (http://www.genenames.org/genefamily/larp.php), and
two (HsLARP7/PiP7S and HsLARP6/Acheron) were reported
in the literature (Valavanis et al. 2007; He et al. 2008; Krueger
et al. 2008; Markert et al. 2008). Consequently, to comply as
much as possible with the already existing names and to
introduce as little change as possible, we chose to number the
recognized families according to the numbering of the human
LARP proteins present in each group. Group 5 in Figure 5A
was named family 1, given that it contains the human LARP1
and the C. elegans LARP1 that was recently reported by
Nykamp et al. (2008). Groups 4 and 3 contain HsLARP4
and HsLARP6/Acheron, respectively (Valavanis et al. 2007),
and hence were labeled families 4 and 6. And, finally, since the
HsLARP7/PiP7S protein falls into group 2, we labeled it family
7. To sum up, we propose to name the La-related proteins as
such: XsLARPfz, with Xs being the abbreviation name of the
species they belong to, f as the number of the family they
belong to (i.e., 1, 4, 6, or 7), and z being a lower-case letter (i.e.,
a, b, c, . . .) when there are several members of the same family
in a given species (Fig. 6). According to this nomenclature,
HsLARP2, HsLARP5, and CeLARP5 would need to be
renamed HsLARP1b, HsLARP4b, and CeLARP4 to reflect
their group of origin. Since no published data include these
proteins, these changes should have little impact. For LARPs
used in previously published work that do not comply with
this nomenclature, mxc (Remillieux-Leschelle et al. 2002),

FIGURE 4. Identification of a novel conserved region, the LSA motif.
Multiple sequence alignment of the C-terminal region of proteins
with a LAM/RRM-L3a or LAM/RRM-L3b organization. (Black)
Identical residues, (gray) similar residues. The names of the proteins
are reported on the left-hand side as in Figure 1A. The consensus
sequence is reported below the alignment. (X) Any amino acid. Plant
protein consensus sequences contain an additional three amino acids
(PRM) between positions six and seven and display two instead of
four undefined amino acids between positions 13 and 14.
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FIGURE 5. Phylogenetic relationships among the LAM-RRM1(RRM-L) domains. (A) Phylogenetic tree obtained using sequences of LAM-
RRM1 or LAM-RRM-L regions (see Supplemental Figs. 3–6 for the sequences used) from the 113 LAM proteins and the ciliate p43 and p65
proteins. Selected statistical supports are reported and relevant clusters, defining the different LAM-containing protein families, are labeled with
pink numbers (1–5). Phylogenetic groups of proteins previously identified in Figure 1A are also indicated (orange uppercase letters between
parentheses). Protein names, species color codes, and species abbreviation names are as in Figure 1, plus: (Ea) Euplotes aediculatus, (Tth)
Tetrahymena thermophila. Black numbers following protein names correspond to the structural organization of the protein as represented in B.
(B) Schematic representations of the different structural organizations found among the full-length LAM-RRM(RRM-L)-containing proteins. The
color code used is reported in the box at the top of the figure. (Dashed lines) Boundaries of each significant cluster.
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dlarp (Chauvet et al. 2000; Ichihara et al. 2007) p43, and p65,
we suggest using both the published and presently proposed
names (respectively, DmLARP7, DmLARP1, EaLARP7, and
TthLARP7) (see Supplemental Fig. 2).

Several proteins of the LARP4 and LARP1 families do
not share all structural features of their group and were
classified only on the basis of the evolutionary analysis of
their LAM (Fig. 1; Supplemental Fig. 2). We cannot exclude
that some of these predicted proteins result from the in
silico translation of pseudogenes, especially when a species
displays other member(s) of the same family with appro-
priate structural features.

Finally, amongst the 134 factors we studied, five proteins
(Fig. 1A, Slf1p, Sro9p, AnLARP, SpLARP, PsLARP) con-
taining only a LAM cannot be clearly included in one of
the five proposed families. With the exception of the S.
cerevisiae proteins Slf1p and Sro9p, which were reported as
such in several papers, we propose to name these factors
according to the above-mentioned nomenclature but with-
out a family number: XsLARPz (see Fig. 6).

DISCUSSION

Our analysis constitutes the most comprehensive and
detailed identification and evolutionary as well as structural
analysis of LAM-containing proteins available to date. It
clearly demonstrates that LAM-containing factors belong to
a superfamily of proteins present in most eukaryotic

organisms and that they can be classified into five families
on the basis of their evolutionary as well as structural
characteristics. We also identified previously unrecognized
domains of probable functional significance.

Functional significance of the RRM-L domains

The RNA recognition motif is one of the most abundant
protein domains in eukaryotes. Canonical RRMs share two
primary sequence homologies boxes: RNP1 [(K/R)-G-(F/
Y)-(G/A)-(F/Y)-(I/L/V)-X-(F/Y)] and RNP2 [(I/L/V)-(F/
Y)-(I/L/V)-X-N-L]; also, they present the characteristic
b1a1b2b3a2b4 structural fold (Birney et al. 1993; Clery
et al. 2008). Folding of this a/b sandwich allows the
formation of a four-stranded anti-parallel b-sheet surface,
on top of which five extremely conserved residues (under-
lined in the RNP1/RNP2 consensus sequences reported
above) are exposed to the solvent and directly bind to the
RNA bait (Maris et al. 2005). This is the prototypical mode
of action of most RRMs, but they are versatile domains that
were shown to vary their fold and sequences to accommo-
date a wide range of substrates. There are numerous re-
ported cases of noncanonical RRMs that are still able to
bind RNA and, conversely, of RRMs with typical features,
binding RNA through nonconventional surfaces or that are
unable to bind RNA per se (for review, see Clery et al.
2008). Several reports showed that, in addition to the
b-sheet surface, the connecting loops (mainly loops 1, 3, 5,
and in one case loop 4), whose lengths vary from one RRM
to another, can be crucial for nucleic acid binding (for
review, see Clery et al. 2008). The q-RRM (quasi-RRM)
domains of the human hnRNP-F protein, which adopt the
canonical RRM fold but lack the RNP-1 or RNP-2 conserved
residues, were shown to bind RNA solely through their loop
1, 3, and 5 regions (Dominguez and Allain 2006). The
genuine La RRM1 domain constitutes another example of a
motif that, although displaying the characteristic primary
and secondary features of RRMs, does not engage canonical
surfaces or residues in the binding of the 39-UUU-OH
(Maraia and Bayfield 2006) or viral leader RNA (Bitko et al.
2008) and necessitates the concerted cis action of another
conserved region of the protein, the LAM. In our case,
none of the identified RRM-L regions possesses the RNP-1
or RNP-2 conserved residues (Supplemental Figs. 4–6).
Nevertheless, they are predicted to adopt the typical RRM
fold, and three of them display significant primary se-
quence conservation between members of the same family.
We also found that their connecting loop sizes are strik-
ingly conserved inside a given family even between proteins
from extremely diverse origins, suggesting a functional role
for these regions. We propose that the RRM-L domains we
identified in the present study are new types of noncanonical
RRMs.

The phylogenetic analysis of the LAM-RRM/RRM-L and
LAM results in trees that are similar overall, suggesting a

FIGURE 6. Nomenclature and definition of the five families of LAM-
containing proteins, summarizing the proposed families definition of
LAM-containing proteins. Names are defined according to these rules:
Xy: species abbreviation name; La: genuine La or LARP: La-related
Protein; 1, 4, 6, or 7; family number, z: lower case letter (a, b, c, . . .)
added in cases when there are several members of the same family in a
given species. The structural organization of each family member is
shown. Color code is identical to that of Figure 5B.
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co-evolution of the LAM and RRM/RRM-L regions. We
propose that these motifs co-evolved to accommodate
different substrates and that, as is the case for genuine La
proteins, they function in a concerted manner. Consis-
tently, we noticed that the RRM-L domain systematically
lies in the close vicinity of the LAM, spaced from it by a
fixed size linker.

Functional significance of the DM15/LARP1 region

The function of the DM15 region remains largely
unknown, but it has been proposed to be involved in
nucleic acid binding. Nykamp and collaborators showed
that the C-terminal half of the CeLARP1 protein retains the
ability to bind RNA homopolymers in vitro (Nykamp et al.
2008). They found that this region binds to RNA as
efficiently as the region containing the LAM-RRM-L5,
but less well than the full-length protein (Nykamp et al.
2008). They suggested that the DM15 region has the abil-
ity to contact RNA and cooperates with the LAM-RRM-L5
in RNA-binding activity. These results are nonetheless
only preliminary, especially since they used the complete
C-terminal half of CeLARP1, which contains regions
additional to the DM15A and DM15B boxes. Consistent
with the idea of a cooperative action of the DM15 and LAM
regions, we found DM15 repeats in association only with
LAMs. In any case, the strong evolutionary conservation of
the DM15 repeats (Fig. 3B) argues in favor of a significant
role for this motif.

The LARP7 family

LARP7 family members are the most studied LARP
proteins to date. The HsLARP7 protein was shown to
bind to the pol III-encoded 7SK snRNA and to be
required for its stability and role in pol II functional
regulation (He et al. 2008; Krueger et al. 2008; Markert
et al. 2008). This noncoding RNA was long believed to be
restricted to vertebrates, but recent data reported the
existence of 7SK homologs from several invertebrates
(Gruber et al. 2008a,b). This includes basal deuterostomes
such as Ciona intestinalis, mollusks such as Lottia gigantae,
or worms like Capitella capitella. A 7SK snRNA homolog
was also found from most arthropods, including the bee
Apis mellifera and fly D. melanogaster (Gruber et al.
2008a). Consistently, we found that these species as well
as every tested animal species (with the exception of C.
elegans) have a potential homolog to the HsLARP7 pro-
tein. Moreover, it has been demonstrated that most of the
7SK RNA cellular pool is associated with HsLARP7 and,
conversely, that there is very little protein not bound to
the 7SK RNA (Krueger et al. 2008). This suggests that the
main target of LARP7 proteins in animal species will be
the 7SK snRNA. Moreover, since most genomes from

invertebrate species also encode other homologs of the
7SK RNP (Gruber et al. 2008a), it also suggests that the
negative regulatory function of the 7SK particle in tran-
scription elongation was maintained during animal evo-
lution. The role for LARP7 proteins in protist species is
likely to be different, as no 7SK snRNA has been detected
in this group of species and since the p43 (EaLARP7) and
p65 (TthLARP7) proteins from Euplotes aediculatus and
Tetrahymena thermophila, respectively, have been shown
to be involved in the biology and function of the pol
III-encoded telomerase RNA.

More generally, we propose that LARP7 proteins,
although structurally very close to genuine La factors,
have lost their ability to bind transiently to most pol III
transcripts and evolved the capacity to stably associate
with a single pol III transcript (7SK snRNA for animals,
or the telomerase RNA for certain protists). At the
molecular level, LARP7 is likely the first factor to remain
stably associated with its RNA partner (7SK RNA, the
telomerase RNA, or other noncoding RNA yet to be
identified) and to form an initial assembly platform for
the RNP (Teixeira and Gilson 2007; He et al. 2008;
Krueger et al. 2008).

In conclusion, our data suggest that LAM-containing
proteins belonging to the same family not only share
structural and evolutionary features, but also might display
common functional characteristics, whether by functioning
in the same biological process and binding to homologous
baits (RNA, DNA, or even proteins) or by adopting the
same molecular mode of action on different baits.

MATERIALS AND METHODS

Identification of LAM-containing proteins

Fully sequenced genomes were searched for La-motif-containing
proteins using the JGI genome portal (http://genome.jgi-psf.org/)
or, when not available through JGI, at the NCBI (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) genomic databases. Searches through JGI
were performed for each complete genome as follows. The
genome was first searched using the LAM InterProHit ID number
(0066300). Retrieved LAM-containing proteins were curated and
redundancy was eliminated. Next, LAMs retrieved in this first step
were used as a query to search the protein database using blastp
and the translated nucleotide database using tblastn. When
possible, i.e., for fully sequenced genomes also available at the
NCBI databank, the genome was also searched by iterative psi-
Blast. Fully sequenced genomes available only through the NCBI
database were searched as follows. An initial protein blast (blastp)
was performed using the LAM of the human genuine La protein.
Subsequently, the expressed genome was searched as for the JGI
site (i.e., the retrieved LAMs were used as the query using blastp,
tblastn, and iterative psiblast). For Archaeal and Plasmodium
genomes, where no hit was obtained by the initial search, each
LAM from protist proteins was used as a query to search these
genomes by tblastn and psiblast.
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Multiple sequences alignments, phylogenetic
reconstruction, and secondary structure predictions

Sequences were aligned using the multiple sequence comparison
by log-expectation (MUSCLE v3.7) software (Edgar 2004) and the
tree was reconstructed using the fast maximum likelihood tree
estimation program PHYML (Guindon and Gascuel 2003) using
the LG amino acids replacement matrix (Le and Gascuel 2008).
Statistical support for the major clusters was obtained using the
approximate likelihood-ratio test (aLRT) (Anisimova and Gascuel
2006). Full-length sequences of each of the 134 LAM proteins were
analyzed with the hidden-Markov-model (HMM)-based protein
structure prediction program SAM-T08 (http://compbio.soe.ucsc.
edu/SAM_T08/T08-query.html; Karplus et al. 2005) to identify
putative structural segments.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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