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Abstract
LRPPRC (originally called LRP130) is an intracellular 130-kDa leucine-rich protein that co-
purifies with the FGF receptor from liver cell extracts and has been detected in diverse multi-
protein complexes from the cell membrane, cytoskeleton and nucleus. Here we report results of a
sequence homology analysis of LRPPRC and its SEC1 domain interactive partners. Twenty-three
copies of tandem repeats that are similar to PPR, TPR and HEAT repeats characterize the
LRPPRC sequence. The N-terminus exhibits multiple copies of leucine-rich nuclear transport
signals followed by ENTH, DUF28 and SEC1 homology domains. We used the SEC1 domain to
trap interactive partners expressed from a human liver cDNA library. Interactive C19ORF5
(XP_038600) exhibited a strong homology to microtubule-associated proteins (MAP) and a
potential arginine-rich mRNA binding motif. UXT (XP_033860) exhibited α-helical properties
homologous to the actin-associated spectrin repeat and L/I heptad repeats in mobile transcription
factors. C6ORF34 (XP_004305) was homologous to the non-DNA binding C-terminus of the E.
coli Rob transcription factor. CECR2 (AAK15343) exhibited a transcription factor AT-hook motif
next to two bromodomains and a homology to guanylate-binding protein 1. Taken together these
features suggest a regulatory role of LRPPRC and its SEC1 domain-interactive partners in
integration of cytoskeletal networks with vesicular trafficking, nucleocytosolic shuttling,
chromosome remodeling and transcription.
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INTRODUCTION
Leucine-rich protein 130 (LRP130, approved HGN name LRPPRC) was first identified in
detergent extracts of human hepatoma cells (HepG2) enriched for complexes of radiolabeled
FGF and the FGF receptor (FGFR) [1]. It was first cloned as a 4782-bp cDNA that codes for
a protein of 130 kDa containing more than 13 percent leucine residues [2], reported to
GenBank (M92439) and the gene subsequently located on human chromosome 2 [3].
LRPPRC co-migrated with radiolabeled FGFR on wheat germ lectin affinity columns and
appeared together with radiolabeled FGFR in the 125 to 150 kDa molecular weight range on
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polyacrylamide gel electrophoresis. Although sequence analysis indicated multiple potential
translation initiation sites there was no evidence of a secretory signal sequence. Expression
studies in mammalian cells confirmed that the translation product was an intracellular
protein and exhibited no apparent carbohydrate to mediate direct binding to wheat germ
lectin [2]. This suggested that the appearance in wheat germ lectin bound fractions was
likely due to association with lectin-binding glycoproteins similar to FGFR. The mouse
homologue of LRPPRC was subsequently reported among retinoic acid-responsive
transcripts that were differentially expressed within 48 hours after treatment of P19
embryonic carcinoma cells to induce neuronal differentiation [4].

With advances in interaction cloning strategies and sequence detection methods, diverse
investigators have hit GenBank sequence M92439 and reported by personal communication
the presence of matching sequences in multi-protein complexes from diverse sources
generated by diverse trapping and pull-down strategies. These include complexes formed
with mitochondrial DNA binding proteins, sterol regulatory element binding protein
SREBP1, nucleic acid-binding Replication Protein A, heterogenous nuclear
ribonucleoprotein K (hnRNPK), nuclear mRNA, regulatory elements of the multi-drug
resistance (MDR) gene, the cytoplasmic domain of C-cadherin and protein tyrosine
phosphatases, several endocytosis-competent transmembrane receptors, the Arp2/3 complex
of the actin cytoskeleton, and phosphoproteins that bound to immobilized vitamin E-
succinate. This suggests a multi-functional role of LRPPRC that spans membrane, nuclear
and possibly mitochondrial compartments.

Here we report results of a sequence analysis of LRPPRC and four interactive partners of
unknown function derived from a human liver cDNA library in the yeast two-hybrid
complementation system. Utilization of recent informatic search programs and genome
sequence banks revealed that LRPPRC consists of 23 copies of pentatricopeptide (PPR)-,
tetratricopeptide (TPR)- and HEAT (huntingtin-elongation A subunit-TOR)-like tandem
repeat sequences. LRPPRC exhibits an N-terminal domain rich in nuclear import/export
motifs, exhibits four copies of the transcriptional co-regulator signature LXXLL and distinct
non-overlapping ENTH (Epsin1 N-Terminal Homology), DUF (Domain of Unknown
Function) 28 and SEC (SECretory) 1 homology domains extending through its C-terminus.
ENTH domains are most commonly associated with proteins involved in endocytosis and
cytoskeletal organization, while SEC1 domains are usually involved in vesicular transport
processes among cell compartments as synaptic transmission, vesicular exocytosis and
general secretion.

A systematic sequence analysis of four LRPPRC-interactive proteins trapped by the SEC1
domain revealed features of proteins that interact with the microtubular and actin elements
of the cytoskeleton, subcellular fractions packaged for transport or rearrangement, and
chromatin-associated nucleic acid-binding proteins involved in regulation of transcription
and mRNA processing. Taken together these results suggest that LRPPRC may be involved
in integration of cytoskeletal actin and microtubule networks with vesicular trafficking,
nucleocytosolic shuttling and nuclear chromosome remodeling and control of transcription.

RESULTS AND DISCUSSION
Origin and Tissue Distribution of LRPPRC mRNA

LRPPRC was first cloned as a candidate for the FGF receptor kinase (FGFR) from well-
differentiated human hepatoma cells (HepG2) which exhibited about 5 to 10 times the
number of radiolabeled FGF binding sites than most mammalian cells [1,2,5]. Northern
hybridization analysis of mRNA detected three transcripts with sizes of 4.8, 5.2 and 7.0 kb
in the HepG2 cells and confirmed that coincident with overexpression of the FGFR,
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LRPPRC was expressed in the relatively non-malignant HepG2 cells at least ten times
higher than in other more malignant human hepatoma cell lines. Expression in a highly
malignant human melanoma cell line was undetectable [2]. Using the human cDNA probe,
LRPPRC was undetectable in mouse tissues that was subsequently explained by the
considerable difference in sequence between the human and mouse LRPPRC cDNAs [4].
Northern hybridization analysis confirmed the presence of the three species of mRNA in
several other human tissues (Fig. 1). Expression was highest in heart, skeletal muscle,
kidney and liver, with lesser amounts in brain, colon (none mucosal), spleen and placenta
with the least expression in small intestine, thymus, lung and peripheral blood leukocytes.

Definition of the LRP Tandem Repeat
Previously only the high leucine content, of which one or more appears every 15 to 19
amino acid residues, a 30% homology to the consensus sequence for the ATP-binding site of
kinases, and a potential protein kinase C site was noted by simple linear sequence homology
analysis [2]. We subjected the LRPPRC sequence to a more rigorous analysis with the
MEME motif discovery tool. Using the sequence of LRPPRC as a training set, the MEME
output revealed 16 copies of motifs with a concensus sequence LLxAYxxxGNVExAxxI.
Using these motifs as a base to do a manual alignment across the sequence with lower
stringency homology requirement, we found 23 copies of a tandem repeat which consists of
about 37 residues that have the consensus as its core. Analysis of the LRPPRC sequence
with PHD program to predict secondary structure suggested that 70 percent of the protein
might be α-helical. Examination of the PHD predictions in detail showed that two α-helices
per repeat were distributed in 37-residue tandem repeats (Fig. 2A). Four residues that most
commonly contain a glycine next to an acidic residue split the two helices in the repeat.
From these results, we define the LRP repeat as the degenerate consensus sequence shown
in Fig. 2A. The LRP repeats are similar to, but distinct from the tetratricopeptide (TPR),
pentatricopeptide (PPR) and HEAT repeats (Fig. 2A). The LRP repeat was most similar to
the PPR, which is a variant of TPR [6]. Tandem repeats of distinct helical repeats like TPR,
PPR, ARM (armadillo) and HEAT that combine to create extended superhelical structures
are thought to represent primitive structures which have been duplicated and evolved for
diverse and specialized protein-protein recognition interfaces among diverse cellular
compartments [6,7]. The most extensively studied example of the ARM repeat is the
functionally pleiotropic β-catenin that includes membrane to nucleus signaling while
interacting with a series of partners along the way [7]. The PPR repeat, distinct from the
TPR repeat, constitutes over 200 Arabidopsis gene products, two thirds of which are
targeted to mitochondria and chloroplasts [6]. Known RNA binding proteins are common
among the products, the PPR repeat is well-suited to bind diverse RNA molecules, thus it
was suggested that the diverse PPR repeat proteins may play a role in the peculiarities of
RNA processing in plants. A gene product, BSF, has been recently identified in Drosophila
that exhibits the PPR motif and significant homology to the specific repeats in LRPPRC.
BSF binds to the 3’-untranslated region of bicoid mRNA and contributes to its stabilization
[8]. HEAT motifs in particular have been refined for roles in specialized nuclear targeting
apparatuses that respond to extranuclear events [7] and in chromosome dynamics during
mitosis [9].

Homology Domain Structure of LRPPRC
Analysis and comparison of the LRPPRC sequence against multiple databases suggested
four homology domains (Fig. 2B).

N-terminal Nuclear Export Signals (NES and LXXLL Repeats)—The first 250
residues of LRPPRC exhibit five of the 8 copies of the leucine-rich sequence LXXLXL.
This and similar sequences have been identified as nuclear export signals (NES) [10]. The

Liu and McKeehan Page 3

Genomics. Author manuscript; available in PMC 2011 December 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sequence LXXLL of which there are two copies in the N-terminus and another two copies in
the SEC1 domain of LRPPRC has also been identified as a nuclear co-activator/co-repressor
signature [11].

Epsin N-terminal Homology (ENTH) Homology Domain—The Pfam HMM search
revealed homology within residues 298 to 449 of LRPPRC to the consensus sequence of the
140-residue ENTH domain (Fig. 3A). Currently the ENTH domain is shared by 63 proteins
in the Pfam database from different organisms with the most common functional feature that
they are involved in endocytosis, vesicular trafficking and changes in cytoskeletal
organization [12]. The ENTH domain in the N-terminus of the family's namesake, epsin
(Fig. 3A), is followed by structural domains that bind the β-adaptin subunit of the clathrin
adaptor protein AP2 and Eps15 which cooperate in its role in clathrin-mediated endocytosis
[13]. Epsin 1 via its ENTH domain shuttles between cytosol and nucleus to interact with
transcription factor promyelocytic leukemia Zn-finger protein (PLZF) [14]. The Drosophila
homologue of the ENTH domain-containing AF10 interacts with heterochromatin protein
HP1 and is thought to play a role in remodeling of heterochromatin and gene expression
[15]. The ENTH domain of A180 (Fig. 3A) which is a component of the clathrin coat
assembly binds phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2] [13]. The mammalian
homologue, Huntingtin interacting protein 1 (Hip1), of SLA2p (Fig. 3A) that is essential for
assembly of the cytoskeleton and endocytosis in yeast, is an actin-binding protein that
colocalizes with clathrin, AP2, and endocytosed transferrin associated with clathrin-coated
vesicles [13].

DUF28 Homology Domain—The region of LRPPRC from amino acid 676 to 841 was
found similar to the DUF28 homology domain common to bacterial and yeast proteins (Fig.
3B). The average length of the predicted structural homology domain is about 230 residues
and comprises the central core or in some cases the entire length of most of the proteins in
the family. To date the function of proteins exhibiting the DUF28 (Domain of Unknown
Function 28) homology domain of which there are currently 31 proteins in the Pfam
database is unknown.

SEC1 Homology Domain—The C-terminal portion of LRPPRC from residue 779 to
1223 was identified as a SEC1 homology domain (Fig. 3C). The SEC1 domain defines a
family of currently 54 proteins in the Pfam database from yeast, nematode, Drosophila and
mammals. The homology of the LRPPRC SEC1 domain to several examples is shown in
Fig. 3C. Both HUNC18B2 and STB1_BOVIN are mammalian homologues of the
Caenorhabditis elegans syntaxin-binding protein UNC–18, which are involved in vesicular
transport and neurotransmitter release in neurons. The Drosophila protein Rop, a homologue
of the yeast Sec1p protein, is essential for general secretion and synaptic transmission.
RVPS45, is a mammalian homologue of yeast VPS45 which is involved in vesicular
transport from the Golgi complex to synaptic vesicles, while R–SLY1 is a homologue of
yeast SLY1 involved in vesicle trafficking between endoplasmic reticulum and the Golgi.
Both genetic and biochemical approaches generally indicate a role of the SEC1 superfamily
in vesicular trafficking in the processes of exocytosis, synaptic transmission and general
secretion. Rat brain Sec1 not only binds to the pre-synaptic membrane through a strong
interaction with syntaxin, an integral component of the neural membrane required for
vesicular fusion, but also to Cdk5, a neural cyclin-dependent kinase [16].

LRPPRC Interaction Partners
To derive further clues concerning the function of LRPPRC, cDNAs coding for segments of
the different putative domain structures of LRPPRC as well as the full length cDNA were
used as interaction traps for interactive substrates expressed from a human liver cDNA
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library using the yeast two-hybrid complementation system (Materials and Methods). A
portion of the putative SEC1 homology domain spanning amino acid residues 832 to 1018
yielded the largest number of strongly positive signals, and the positive signals were
subjected to rigorous analysis and selection criteria. Of a total of 37 initial colonies that
grew out in selective media, 28 survived serial culture. Comparison of AluI digestion
patterns of PCR amplified inserts of 23 colonies revealed 8 unique plasmids. Five products
of cDNAs from the liver library that survived the foregoing selection process were judged
significant of rigorous characterization based on reproducibility and strength of the signal to
noise ratio of β-galactosidase activity which reports the interaction with the SEC1 domain of
LRPPRC with cDNA product (Fig. 4A). A BLAST search of GenBank revealed that DNA
and deduced amino acid sequence of part or all of the human genes coding for the
significant interactive partners were present. The function of four interaction partners,
C19ORF5 (XP_038600), C6ORF34 (XP_004305), UXT (XP_033860), and CECR2
(AAK15343), is largely unknown, while the fifth was fibronectin. All Trap B-interacting
proteins except C6ORF34 passed the two-hybrid tests for ability to interact with the full-
length LRPPRC protein (Fig 4B).

We probed the expression of those genes in several tissues using the commercially available
array shown in Fig. 1 (Fig. 5). The C19ORF5 gene displayed a major transcript of about 3
kb in all twelve tissues tested with additional less abundant transcripts apparent in some
tissues. Consistent with its name and a previous report [17], the UXT gene was expressed as
a single transcript of about 0.75 kb at near equal levels in all 12 tissues. The C6ORF34 gene
exhibited an mRNA at about 1 kb, which was most abundant in heart, skeletal muscle,
kidney and liver, and least abundant in thymus and spleen. Analysis of the CECR2 gene
product was problematic. Hybridization with three different probes from different sections
of the RNA predicted from sequence resulted in a smear beginning at about 10 kb from all
tissues that varied in intensity among tissues. From the noise, four distinct transcripts with
sizes of about 2, 4, 6.5 and 9 kb were distinguishable in samples from placenta which
exhibited the best distinct band to noise ratio in the lanes. This may suggest a particular
lability of the CECR2 mRNA relative to the other mRNAs from the same membrane and
particularly that in liver and small intestine. The CECR2B cDNA cloned in the current study
was from an amplified liver cDNA expression library.

To derive clues about familial relationships and potential function of the unknown four
interactive partners, each were analyzed by MAXHOM multiple sequence alignment and a
3D-PSSM search for theoretical structure-function patterns.

C19ORF5 (XP_038600)—The two-hybrid screen with the SEC1 domain of LRPPRC
yielded a cDNA complementary to chromosome 19 open reading frame 5 (C19ORF5),
encoding the last 393 residues of a 672-residue proline-rich (12.8%) protein reported to
GenBank among transcripts expressed in NT2 neuronal precursor cells after a 2-week
retinoic acid treatment. A MAXHOM search (Materials and Methods) revealed that the
complete N- and C-terminal halves of C19ORF5 were homologous to stretches of sequence
in both the N- and C-terminus of much longer microtubule-associated proteins (MAPs) (Fig.
6A). The N-terminal half (residues 1-322) of the protein shared 31% identity and 25%
weighted similarity with the N-terminal region of rat MAP1A (Fig. 6B). The first 114
residues display 41% identity and 42% weighted similarity with the region covering residues
121 to 399 of rat MAP1A, and region 188-331 of electromotor neuron-associated protein 1
from Torpedo california which is colocalized with a subpopulation of post-Golgi synaptic
vesicles [18] (Fig. 6B). The C-terminal half (residues 323-672) of the protein shares a 37 to
40% identity and 42 to 51% weighted similarity with the C-terminus of neuronal
microtubule-associated proteins [19] (Fig. 6C). MAP1B, which is immunologically
crossreactive with dystrophin, is a flexible filamentous molecule and bridges microtubules
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and other components of the neuronal cytoskeleton [20]. Among the homologues are the
tubulin-binding protein, neuraxin (amino acids 450-800) (Fig. 6C), whose C-terminus is
immunologically related to a C-terminal fragment of MAP1B (also called MAP5) which
exhibits low affinity binding sites for microtubules [21,22]. Cytoskeleton-associated protein
MAP1A appears in RNA-binding protein complexes, and it has been suggested that some
MAP family members interface with the microtubule system to guide mRNAs over large
distances to various destination sites [23]. An arginine-rich sequence in MAP1 light chain 3
has been proposed to underlie its interaction with fibronectin mRNA [24]. We noted a
similar arginine-rich, potential RNA-binding motif [25] at the N-terminus of the MAP
homology in C19ORF5 (Fig. 6B). These observations suggest that C19ORF5 is a member of
the MAP family that bridges LRPPRC to the microtubuler cytoskeleton and potentially
mRNA binding and processing across cellular compartments.

UXT (XP_033860)—The two-hybrid screen yielded a cDNA encoding the full-length 157-
residue UXT (Ubiquitously Expressed Transcript) gene product from Xp11 that is widely
expressed, most abundantly in heart and tumor tissues [17]. A 3D-PSSM analysis showed
that UXT is characterized by a three α-helix bundle with similarities to the spectrin repeat
[26], which was confirmed by MAXHOM multiple sequence alignment (Fig. 7). Examples
of the current 1426 spectrin repeat proteins in the Pfam database for which UXT showed
highest similarity were in the region of the first spectrin repeat of dystrophin-related protein
2 (DRP2) [27], the N-terminal domain of syntaxin 1a [28] and the coiled-coil dimerization
domain of cortexillin I [29]. DRP2 belongs to the broader family of actin-binding proteins
that include spectrin, α-actinin and dystrophin [26]. Syntaxin 1a, a 288-residue plasma
membrane protein and through its 3-α helix bundle, which is similar to that of UXT,
interacts with multiple exocytic proteins including munc18 (yeast Sec1) that regulates
vesicular neurotransmitter release [28]. Cortexillin I is a 444-residue actin-bundling protein
whose actin-binding domains are located in the N-terminal portion which is then followed
by a dimerization domain and phosphatidylinositol 4,5-bisphosphate (PIP2)-binding
domains which are in the C-terminal portion [29]. The Cortexillin-UXT homology is in the
dimerization domain.

The 3D-PSSM analyses also pointed to a homology of the helical region of UXT to the basic
DNA-binding helix-loop-helix domain (bHLH-ZIP) of SREBP1 (sterol response element-
binding protein 1 (NP_004167) [30,31]. UXT exhibited the tyr-335 signature in the basic
DNA binding domain of SREBP1 that confers specificity for the sterol regulatory element
(StRE) over the general E-box DNA motif [31]. The comparison revealed four L/I heptad
repeats in the C-terminus of UXT, more perfectly spaced than those in SREBP1 (Fig. 7B).
The search strategy also indicated that the helical pattern of UXT was homologous to the
last three helices of the 4-helix bundle of transcription factor STAT (signal transducers and
activators of transcription) 3b (P42227, residues 136-321) [32] (Fig. 7C). The helical bundle
is required for the interaction of STAT3b to the DNA binding p48 subunit of the interferon-
alpha-stimulated transcription factor ISGF3 [33]. Both SREBP and the STAT family are
transcription factors that traffic from membrane locations to the nucleus. These similarities
point to a potential role of UXT as a bridge between LRPPRC, actin-based cellular
structures and potentially transcription complexes.

C6ORF34 (XP_004305)—The two-hybrid screen yielded a cDNA to chromosome 6 open
reading frame 34 (C6ORF34), encoding the last 151 amino acids of the 205-residue human
SOUL protein (from pineal gland, Decartes’ proposed location of the SOUL) [34].
Characterization of the full-length transcript from liver revealed the presence of a variant of
the C6ORF34 (C6ORF34B, GenBank AF411610) that apparently resulted from exon
skipping. The result is a deletion of amino acids 12 to 36 (Fig. 8). A 3D-PSSM search
revealed with a greater than 90% confidence level that C6ORF34 adopts a similar folding
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pattern with the non-DNA binding C-terminus of E. coli Rob transcription factor (Fig. 8).
Rob is a member of the AraC/XylS family of bacterial transcription factors that regulate
genes involved in resistance to antibiotics, organic solvents, heavy metals and superoxide-
generating agents [35]. The non-DNA binding C-terminus of the AraC/XylS family
members is thought to be involved in regulation of activity and specificity as dimerization
domains or interaction domains with regulatory subunits of the transcription complex [36].
The expression of C6ORF34 is abundant in kidney, liver, heart and skeletal muscle, a
pattern similar to LRPPRC (Figs. 1, 5). A homologue of C6ORF34 (HBP) was first isolated
from liver on the basis of its heme-binding property that can be competed by non-
tetrapyrrole ligands as palmitic acid and all-trans-retinoic acid [37]. These properties
suggest a potential link of the LRPPCR-C6ORF34 to heme metabolism, redox status and
oxygen sensing that may link to transcription complexes.

CECR2 (AAK15343)—The SEC1 domain of LRPPRC trapped the product of a liver
cDNA, CECR2B (GenBank accession number AF411609), an alternatively spliced form of
the deduced 1484-residue full length CECR2 (Cat Eye Syndrome Chromosome Region,
Candidate 2) protein (Fig. 9A). This isoform results from skipping of an exon encoding 29
putative amino acid residues resulting in a deletion of glycine-291 to glutamate-319. An
alternative exon beginning after serine-518 encoded 8 novel C-terminal residues prior to
truncation caused by a stop codon in the alternate exon. The fused CECR2B protein
expressed from the cloned liver cDNA expression library starts at aspartate-169.

CECR2 is one of the few expressed sequences that maps within the region near the human
chromosome 22 pericentromere that is linked to the multi-phenotype cat eye syndrome [38].
Combined HMM and 3D-PSSM searches suggested a homology domain structure for
CECR2 summarized in Fig. 9A. The 3D-PSSM search returned a predicted structural
homology of N-terminal residues 6 to 372 of CECR2 to the C-terminal portion of human
guanylate binding protein 1 (hGBP1) (Fig. 9B). GBP1 is among a family of large GTP-
binding proteins whose prototypes are the microtubule-associated dynamins that coordinate
microtubule organization and mediate vesicle trafficking [39]. Members of the family
include the interferon-induced GBPs [40], yeast VP and yeast mitochondrial MGM1 thought
to be involved in partitioning of mitochondrial DNA [39]. The N-terminal residues (6-372)
of CECR2 (Fig. 9B) show a predicted structural homology with the extended α-helical C-
terminal portion of human GBP1 that does not exhibit the correspondent GTP-binding
domain, but corresponds to the Middle and GED (GTPase effector domain) domains of
dynamin that are involved in assembly of the multi-subunit complexes involved in
endocytosis, synaptic vesicle recycling, caveolae internalization and vesicular trafficking in
general [40,41,42]. The Pfam search indicated a well-conserved AT-Hook motif within the
GBP homology domain (CECR2 residues 198-210) (Fig. 9B, solid overline). The AT-Hook
motif was first described as the DNA binding sequence in the mammalian high mobility
group I (HMG1) chromosomal proteins. It forms a rigid basic surface with a conserved gly-
arg-pro tripeptide (conserved also in CECR2) at its center and is thought to be a tether to
grooves formed by AT-rich regions of DNA [43]. Following the AT-Hook motif spanning
amino acid residues 221 to 564 of CECR2 are two bromodomains. The bromodomain is
comprised of four helical bundles of about 110 residues each and interacts with chromatin-
associated proteins involved in remodeling of chromosome structure and regulation of gene
expression [44]. Proteins exhibiting the bromodomain frequently exhibit histone
acetyltransferase activity (HAT) and in HAT co-activator P/CAF (p300/CBP-associated
factor) the bromodomain appears to interact with acetyllysine that results from acetylation
by the transferase [45]. An example of the two-bromodomain pattern in CECR2 was found
in the 250 kDa subunit of the two-bromodomain TATA-binding-protein-associated factor
(TFIID) (Fig. 9C). In TFIID, the two bromodomains interact selectively with diacetylated
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histone H4 tails near the core transcriptional promoter and enhance formation of pre-
initiation transcription complexes [46].

The 3D-PSSM indicated that a section of CECR2 (residues 764 to 1126) displayed a
predicted structural homology of notably low E-value to the “all beta protein” class protein,
Arabidopsis thaliana PAP-specific phosphatase. PAP-specific phosphatase is a prototype of
an evolutionary conserved superfamily of more than 25 lithium-sensitive phosphatases
whose role in sulfate metabolism indirectly impacts RNA processing, sulfation of sugars and
phospholipid metabolism [47,48]. However, the homology based on predicted structure of
the CECR2 protein from its sequence was species-specific and unique to the PAP-specific
phosphatase from Arabidopsis. No homology could be detected to the core domain that is
conserved across species and defines the broader phosphatase family. It should be noted
here that the N-terminal 322 residues of C19ORF5 described earlier (Fig. 6) also exhibited a
similar predicted structural homology to the Arabidopsis enzyme. Whether this suggests
simply a similar structural fold, or is suggestive of a similar functional domain in the two
LRPPRC SEC1 domain substrates is unclear.

The Pfam analysis also indicated that the C-terminal sequence 1177 to 1324 of CECR2
showed structural homology predicted from sequence with the C-terminus of poly (A)-
binding protein 1 (PABP-C) [49]. This region does not contain the RNA binding domains
(RBD), but is involved in oligomerization and interaction with other proteins to form both
nuclear and cytosolic RNP complexes that are essential to mRNA function and metabolism
[49,50]. On the one hand, the homology domain structure of CECR2 suggests an interface
with cellular structures and vesicular trafficking akin to the dynamin family. On the other
hand, roles associated with nucleic acid binding, chromosome remodeling and gene
expression are suggested. This dual theme is common to both the homology domain
structure of LRPPRC and its other SEC1 domain interactive partners.

Conclusions and Predictions
The leucine-rich repeat sequences in LRPPRC similar to the TPR, PPR and HEAT repeat
structural modules, the LRPPRC homology domain structure and that of its SEC1 domain
interactive substrates suggest that LRPPRC is well-equipped to play an integrative
regulatory function through specific, but diverse, protein-protein interactions across cellular
compartments. The leucine-rich sequence, particularly in the N-terminal domain, gives rise
to potential nuclear transport signals and several LXXLL repeats important in transcription
factor cofactor function. Homologies to the ENTH and SEC1 domains suggest functions
associated with endocytosis/exocytosis, cytoskeletal organization and nucleocytosolic
shuttles. Four of the five interactive proteins trapped from a human liver cDNA expression
library are consistent with this theme, but also point to a role in chromosome remodeling,
transcription, and the processing and transport of RNA. A fundamental role in assembly and
remodeling of actin and microtubule elements of the basic cytoskeleton that underlies cell
structure and controls shape and motility cannot be excluded. Although these are multiple
possibilities to which the major function of LRPPRC may be limited to one or more, they
are not mutually exclusive and the results may indicate a multi-functional LRPPRC that
integrates the different functional domains. It is noteworthy that the greatest majority of the
homology of LRPPRC and its interactive partners was to modular segments of proteins of
known function that are known or predicted to be protein-protein interaction domains rather
than the active site that describes the specific function of the homologue. Conceivably,
LRPPRC and one or more of its partners in association with both actin and microtubular
elements of the cytoskeleton traffics from membrane locations to affect transcription while
picking up nuclear cargo for export and participating in vesicular distribution of both
membrane and nuclear organelles. In addition to messengers released from intracellular
membrane stores, there is an increasing body of evidence that endocytosis and endosomes
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bearing internalized plasma membrane components play an active signaling role in addition
to a mechanism of down regulating surface signals [51]. A number of extracellular signal
polypeptides and their receptors internalized by endocytosis appear in the nucleus, although
their precise function there remains obscure [52]. This includes members of the FGF family
and the FGFR complex [53,54] with which LRPPRC appears in cell extracts [1,2,
unpublished results]. Whether LRPPRC and its interactive partners are involved in FGFR
signaling or metabolism of the oligomeric complex of FGFR kinase/heparan sulfate/FGF is
under investigation.

The diverse roles implicated by sequence homology of LRPPRC and interaction partners are
consistent with the presence of the LRPPRC sequence in the multi-protein complexes
reported to us by over 16 personal communications based on GenBank hits of LRPPRC
sequence M92439. These include complexes clustered around components involved in
transcription and DNA and RNA binding, complexes clustered around the cytoplasmic
domain of several different membrane protein complexes both prior to and during
endocytosis, and multi-subunit complexes of cytoskeletal components. The secreted
extracellular matrix protein fibronectin was a fifth significant interaction partner trapped in
the two-hybrid screen with the SEC1 domain of LRPPRC (Fig. 4). Whether this suggests a
role of LRPPRC in secretion, endocytosis or intracellular trafficking of fibronectin, or a
fortuitous interaction between structural modules is unclear.

Lastly, preliminary screens for interactors with the four primary LRPPRC substrates of
unknown function reveal proteins whose functions are known in part and would bridge
LRPPRC through its primary interaction substrates to elements of the actin and microtubular
cytoskeleton, chromatin and the kinetochore, mRNA maturation and transport, redox
pathways and apoptotic signaling. These results to be published elsewhere together with
those presented here form a conceptual framework for experimental testing of the multiple
roles of LRPPRC and its interactive partners at molecular and cellular levels.

MATERIALS AND METHODS
Tissue Distribution of LRPPRC and Its Interactive Partners

Poly (A+) blots with 2 μg per lane RNA from 12 different human tissues were obtained from
CLONTECH. The cDNA probes were radiolabeled with [α-32P]dCTP (3000 Ci/mmol; ICN
Pharmaceuticals, Costa Mesa, CA) using the Prime-It random primer labeling kit
(Stratagene, La Jolla, CA) according to the manufacturer's directions. We performed
hybridization as described in the manual provided with ExpressHyb hybridization solution
(CLONTECH, Palo Alto, CA). We used an β-actin probe to compensate for variable mRNA
load among lanes. The cDNA probe for LRPPRC in Fig. 1 encoded LRPPRC amino acid
residues 846 to 1030 (2539-3091 bp of the 4782 bp M92439, trap B in the two-hybrid
screen). Probes used in Fig. 5 covered bp 1192-2454 of the 2454 bp C19ORF5 (AK023118),
bp 55-525 of the 574 bp UXT (NM_004182), and bp 274-888 of the 1137 bp C6ORF34
(NM_014320), respectively. Three CECR2 probes covered bp 916-1261 and bp 1370-1850
of the 6178 bp CECR2 (AF336133) and bp 1-1453 of the CECR2B (AF411609).

Yeast Two-hybrid Screening System
The sequence coding for Trap B (residues 832-1018) within the SEC1 homology domain of
LRPPRC cDNA was first amplified by PCR and subcloned into yeast plasmid pGBKT7
(CLONTECH, Palo Alto, CA). BamHI and NcoI restriction sites were incorporated into
primers to create an in-frame fusion with the GAL4 DNA-binding domain and c-myc-tag.
We transformed the pGBKT7 plasmid with the Trap B insert into yeast strain AH109 using
the lithium acetate procedure and plated onto minimal, synthetic dropout media lacking
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tryptophan (SD-Trp). The expression of Trap B fusion protein was confirmed by western
blotting using anti-c-myc monoclonal antibody. The possibility that Trap B activated
transcription and limited yeast strain growth by toxicity was tested and eliminated.
Following the CLONTECH manual, 50 ml of saturated culture of yeast strain AH109
bearing Bait B was collected and combined with 1 ml of pretransformed human liver cDNA
library in yeast strain Y187, yeast from the mating culture was harvested and spread on
plates with QDO media (SD/-Ade/-His/-Leu/-Trp). The transformed yeast cells were grown
at 30°C for 8 to 16 days. Transformants grown on the QDO plates were streaked and re-
streaked to new QDO plates with X-β-gal to reveal positive colonies. The pBGKT7 plasmid
with the interaction trap sequence (kanamycin-resistant) and library plasmid DNA
(ampicillin-resistant) mixture was isolated from positive yeast colonies. The library plasmid
was recovered by introducing into Escherichia coli DH5α cells by electroporation under the
selection pressure of ampicillin. Plasmid DNAs were sequenced and identified by Blast
search. The positive clones were confirmed by retesting the Trap B-protein interaction
through cotransformation of the interaction trap and library DNA plasmids into AH109
yeast. The strength of the interaction was quantified by β-galactosidase activity as directed
by The Yeast Handbook from CLONTECH. Trap B-interacting substrates were tested for
interaction with full-length LRPPRC by co-transformation with cDNAs for Trap B-
interactors with a cDNA in which the coding sequence for full-length LRPPRC was fused
with the DNA binding domain and ability of co-transformants to grow on QDO plates.

Database Searches and Informatic Analysis
Repeat motif searches were performed using motif discovery tool MEME (Multiple
Expectation-Maximization for Motif Elicitation, http://meme.sdsc.edu/meme/website/).
MEME represents motifs, a sequence pattern that occurs repeatedly in a group of related
protein sequences, as position-dependent letter-probability matrices describing the
probability of each possible letter at each position in the pattern. MEME uses statistical
modeling techniques to automatically choose the best width and description for each motif
[55]. Secondary structure was predicted by PHD, which includes protein family information
in the prediction [56, http://www.embl-heidelberg.de/predictprotein/]. Assignment of
homology domains was based on Pfam HMM search results. Pfam is a large collection of
multiple sequence alignments and hidden Markov models covering many common protein
domains. Alignments are based on some evolutionary conserved structure thought to have
implications for protein function. Profile-hidden Markov models (profile HMMs) built from
the Pfam alignments were employed to recognize that a new protein belongs to an existing
family, even if the homology is weak. Unlike standard pairwise alignment methods as
BLAST and FASTA, Pfam HMMs deal rationally with multidomain proteins [57,
http://pfam.wustl.edu/].

New amino acid and DNA sequences generated from the yeast two-hybrid system were
initially subjected to BLAST search [58], then to the MAXHOM multiple sequence
alignment and 3D-PSSM (three-dimensional position-specific scoring matrix) search
methods. MAXHOM scans protein sequence databases for similarities that are significant in
terms of protein structure or function [http://www.embl-heidelberg.de/predictprotein].
Homology using MAXHOM was expressed as percentage of pair-wise sequence identity
and percentage of weighted similarity of residues that is a function of alignment length [59].
The 3D-PSSM combines the power of multiple sequence profiles with secondary structure
matching and solvation potentials, therefore, can recognize structural and functional
relationships beyond amino acid sequence [60, http://www.bmm.icnet.uk/~3dpssm].
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FIG. 1.
Expression of LRPPRC mRNA. Poly(A) mRNA from the indicated tissues was subjected to
Northern hybridization analysis with an LRPPRC cDNA spanning the coding region
employed in the yeast two-hybrid screen (Trap B, Fig. 2B) and β-actin cDNA as described
in Materials and Methods. PBL, peripheral blood leukocytes.
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FIG. 2.
Domain structure of LRPPRC predicted from sequence. (A) Homology and secondary
structure of the LRP tandem repeats. Repeat sequences and inclusive residues are numbered
at right. Residues within an α-helix predicted by PHD are shaded and conserved residues
according to type of amino acid are in black. A consensus LRP repeat is indicated showing
the most common residue at a conserved site throughout the 23 repeats. Similar, but not
identical, residues are indicated in lower case. The consensus, most commonly inter-helical,
gly and basic residues (E/D) are underlined. The consensus TPR [6], PPR [6] and HEAT [7]
repeat is also indicated. (B) Schematic of the LRP repeat and sequence homology domain
structure of LRPPRC.
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FIG. 3.
Predicted homologies to ENTH, DUF28 and SEC1 structural domains. Examples and
alignments are from the Pfam search. The GenBank entry name of examples is indicated
followed by the inclusive range of sequence compared. Residues in black indicate identity
and shaded residues indicate amino acids of similar property in respect to hydrophobicity,
charge and/or size. (A) ENTH family proteins. (B) DUF28 family proteins. (C) SEC1 family
proteins.
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FIG. 4.
Interaction of expression products from cloned human liver cDNAs LRPPRC in the yeast
two-hybrid system. (A) Interaction with Trap B containing the SEC1 subdomain of
LRPPRC. The five plasmids carrying genes coding for C19ORF5, UXT, C6ORF34B,
CECR2B and fibronectin (FN) fused with the activation domain that survived the positive
selection series in the yeast two-hybrid complementation system described in the text were
co-transformed with the pGBKT7-BD-trap B and full-length LRPPRC fusion construct into
yeast AH109 cells. The co-transformants were initially grown on SD/-Leu-Trp plates and re-
streaked on QDO plates (Materials and Methods). The β-galactosidase activity in cell lysates
was measured spectrophotometrically using the substrate o-nitrophenyl-β-D-
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galactopyranoside. The data indicated is the mean (± SE) of three independent co-
transformations. (B) Interaction of SEC1 interactive substrates with full length LRPPRC.
The interaction of the five gene products with the Trap B and entire LRPPRC were
compared by ability of co-transformed yeast to grow on QDO plates.
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FIG. 5.
Expression of the LRPPRC-interacting partners C19ORF5, UXT, C6ORF34, CECR2 and
control β-actin mRNAs in multiple human tissues. Specific probes were described in
Materials and Methods. Three CECR2 probes were employed with similar results.
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FIG. 6.
Homology of C19ORF5 to microtubule-associated proteins (MAP). (A) Schematic of
domain homology to MAP1A (MAPA_RAT). (B) Homology of the N-terminus of
C19ORF5. (C) The C-terminus of C19ORF5. The solid bar indicates a potential RNA
binding motif. The indicated alignment was based on the MAXHOM multiple sequence
alignment program. The GenBank entry name of examples is indicated followed by the
inclusive range of sequence compared. Residues in black indicate identity and shaded
residues indicate amino acids of similar property in respect to hydrophobicity, charge and/or
size. Identical and similar residues are bolded or shaded, respectively. Two lowercase
residues indicate an omission of a stretch of sequence with insignificant homology between
the residues.
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FIG. 7.
Examples of UXT homology to spectrin repeat-containing proteins and two membrane-
bound transcription factors. (A) Spectrin repeat proteins. Alignment to 954-residue human
dystrophin-related protein 2 (DRP2) was based on the MAXHOM multiple sequence
alignment program, while that to 288-residue syntaxin 1a and 444-residue cortexillin I was
predictions of structural homology based on sequence using the 3D-PSSM program. (B, C)
Mobile transcription factors SREB1 and STAT3b. Full-length SREB1 and STAT3b consist
of 1147 and 770 residues, respectively. Alignment was also based on the 3D-PSSM
program. The signature tyr-335 in the basic region of SREB1 is noted by triangle and the L/I
residues of the four heptad repeats in UXT are noted by solid circle. Residue identity and
similarities are indicated in black and gray, respectively. The secondary structure (C, loop;
E, β-strand; and H, α-helix) to which each residue is predicted to contribute is indicated
above each residue. The actual secondary structure from x-ray or NMR for each homologue
is indicated below each residue
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FIG. 8.
Homology of C6ORF34 to the regulatory domain of the E. coli transcriptional factor Rob.
The alignment is based on the 3D-PSSM analysis with the predicted and actual structures
indicated as described in Fig. 7.
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FIG. 9.
Homology domains of the CECR2 protein. (A) Schematic of the homology domain
structure. The indicated homology domains are shown in proportion to the full-length 1484-
residue CECR2 protein at top. The deletion in the bromodomain I of CECR2 due to exon
skipping is indicated (white wavy lines). The black wavy line at left in CECR2B indicates
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the point of N-terminal fusion with the library expression vector. (B) GBP1 and the AT-
Hook Homology. Alignment to the C-terminus of 592-residue human GBP1 is based on the
3D-PSSM analysis with the predicted and actual structures indicated as described in Fig. 7.
The AT-Hook sequence is overlined, its highly conserved signature GRP residues are
underlined and bromodomain I is indicated. The deletion which results from exon skipping
is between the solid triangles. (C) Example of homology to a two-bromodomain
transcription factor. Both Pfam and 3D-PSSM searches detected the TFIID homologue
because of its tandem bromodomains (overlined with bar). Alignment was performed with
3D-PSSM analysis. The point at which the alternate exon in CECR2 begins is indicated by
the open triangle. and the C-terminus with a star. (D) Structural domain homology with
PABP-C. Alignment to the C-terminus of 636-residue human poly A binding protein 1 was
also based on the 3D-PSSM search. Residue identity and similarities predicted and actual
secondary structure are indicated as described in Fig. 7.
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