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La-Related Protein 4 Binds Poly(A), Interacts with the Poly(A)-Binding

Protein MLLE Domain via a Variant PAM2w Motif, and
Can Promote mRNA Stability"f
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The conserved RNA binding protein La recognizes UUU-3'OH on its small nuclear RNA ligands and stabilizes
them against 3'-end-mediated decay. We report that newly described La-related protein 4 (LARP4) is a factor that
can bind poly(A) RNA and interact with poly(A) binding protein (PABP). Yeast two-hybrid analysis and reciprocal
immunoprecipitations (IPs) from HeLa cells revealed that LARP4 interacts with RACK1, a 40S ribosome- and
mRNA-associated protein. LARP4 cosediments with 40S ribosome subunits and polyribosomes, and its knockdown
decreases translation. Mutagenesis of the RNA binding or PABP interaction motifs decrease LARP4 association
with polysomes. Several translation and mRNA metabolism-related proteins use a PAM2 sequence containing a
critical invariant phenylalanine to make direct contact with the MLLE domain of PABP, and their competition for
the MLLE is thought to regulate mRNA homeostasis. Unlike all ~150 previously analyzed PAM2 sequences, LARP4
contains a variant PAM2 (PAM2w) with tryptophan in place of the phenylalanine. Binding and nuclear magnetic
resonance (NMR) studies have shown that a peptide representing LARP4 PAM2w interacts with the MLLE of
PABP within the affinity range measured for other PAM2 motif peptides. A cocrystal of PABC bound to LARP4
PAM2w shows tryptophan in the pocket in PABC-MLLE otherwise occupied by phenylalanine. We present evidence
that LARP4 expression stimulates luciferase reporter activity by promoting mRNA stability, as shown by mRNA
decay analysis of luciferase and cellular mRNAs. We propose that LARP4 activity is integrated with other PAM2

protein activities by PABP as part of mRNA homeostasis.

The RNA binding domain of the conserved La protein con-
sists of a La motif (LaM) and an RNA recognition motif
(RRM) that work together to recognize UUU-3'OH on small
nascent transcripts and to protect them from 3’ exonucleases
(7, 45). In addition to this, La proteins can modulate mRNA
translation (30, 63-65). The LaM-RRM arrangement has been
found in La-related proteins 1 (LARP1), 1b, 4, 4b, 6, and 7,
which have been separately conserved during evolution (8, 10)
(LARP4bD is also referred to as LARPS in multiple databases
and here will be designated LARP5/4b). LARP7 is specific for
7SK snRNA, which it recognizes in part via UUU-3'OH (29,
46). LARPO6 binds to a stem-loop in the 5’ untranslated regions
(UTRs) of collagen mRNAs in a uracil-dependent manner
(15), and LARP1 was shown to bind poly(U) and to a lesser
extent poly(G), but not poly(A) or poly(C) (51). Consistent
with these specificities, LARP1, -6, and -7 have conserved all of
the amino acids involved in UUU-3'OH recognition in La-
RNA crystals (37, 66), while LARP4 and -5/4b have diverged,
suggesting alternative RNA binding (8). Moreover, an invari-
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ant divergence in all of the LARP4 and -5/4b sequences avail-
able occurs in a most critical residue involved in base-specific
recognition seen in La-RNA crystals, corresponding to human
La Q20, suggesting a conserved difference in RNA recognition
(8). Although the LaM-RRM in La protein recognizes RNA in
a unique way (8, 45), whether LARPs share this or have
adopted alternative modes of RNA recognition is unknown.

Of the LARP families studied for function, LARP1, -5/4b,
and -6 appear to be involved in mRNA metabolism and/or
translation (9, 14, 15, 51, 57). Of these, LARP1 and -5/4b
interact with poly(A) binding protein (PABP), although the
precise mechanisms were not reported (9, 14, 57), whereas
LARP6 appears to block assembly of its associated mRNAs
with initiating ribosomes (15).

Translation is facilitated by interactions of the 5" cap and 3’
poly(A) of the mRNA by eukaryotic initiation factor 4E
(eIF4E) and PABP (47). The translation initiation activity of
PABP can be regulated by PABP-interacting protein 1 (Paip1),
which stabilizes initiation complexes via interactions with the
40S ribosome (18, 47). Multiple molecules of PABP can bind
poly(A) tails (5, 44), and some data suggest that at least two
molecules of poly(A)-associated PABP are required for effi-
cient translation initiation (2). PABP can engage a variety of
protein partners via their common PABP interaction motif 2
(PAM2) sequences, including Paipl, Paip2, eRF3, GW182
(TNRC6C), ataxin 2, Tob2, and poly(A) nuclease, represent-
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ing different mechanisms of control involving translation initi-
ation and termination, as well as mRNA stability (19, 33, 34,
41, 44, 54, 60, 69). Since the PAM2 motifs make direct
contacts with the MLLE domain of PABP (39, 40), proper
signal integration presumably involves their competition for
PABP (25). A model in which the PAM2 motifs of eRF3 and
poly(A) nucleases compete for PABP reflects a balance of
translation termination and mRNA deadenylation activities
(25, 39, 41, 55).

In rat neurogenic cells, LARP5/4b (KIAA0217) was a com-
ponent of an mRNA-protein (mRNP) complex associated with
PABP that could bind poly(A) in a Northwestern blotting
assay, although no other RNAs were tested (3). A recent re-
port demonstrated that two broad regions of LARP5/4b inter-
act with PABP to stimulate translation, although RNA binding
was not examined (57). While human LARP4 and -5/4b are
most homologous in their LaM-RRMs, they share patchy ho-
mology in the ~500 amino acids outside this region (8). Here,
we identify variant PAM2 motifs in LARP4 and -5/4b that
contain Trp in place of the otherwise critical invariant Phe (8)
found in all of the other ~150 PAM2 sequences examined (1),
which we refer to as PAM2w hereafter.

We show that the LaM-RRM of human LARP4 preferen-
tially binds poly(A) and exhibits other characteristics that sug-
gest a recognition mode different from that of La proteins.
Screening of a human ¢cDNA library for yeast 2-hybrid inter-
actions with LARP4 yielded RACKI1, a 40S ribosome- and
mRNA-associated kinase (17, 50), which was confirmed by
reciprocal immunoprecipitations (IPs) from HeLa cells.
LARP4 is cytoplasmic and interacts with PABP via two re-
gions, PAM2w and a region following the RRM that includes
~70 residues with significant homology to LARP5/4b. A pep-
tide representing PAM2w of human LARP4 and the MLLE
domain of PABP was examined by binding, nuclear magnetic
resonance (NMR), and crystallography, which showed direct
interactions similar to those of other PAM2-MLLE complexes.
Further consistent with a translation-related function, LARP4
cosediments as two peaks on polysome profiles, with 40S ribo-
somes and with PABP on polysomes. After LARP4 knock-
down, polysome profiles indicate deficiency in translation
initiation, with [**S]methionine incorporation into newly syn-
thesized protein diminished by ~20%. LARP4 appears to pro-
mote translation, in part, by stabilizing mRNA, as suggested by
our decay analyses.

MATERIALS AND METHODS

Cloning. HeLa poly(A)" RNA (Ambion) was used to make LARP4 cDNA,
which was cloned into the HindIII-BamHI sites of pFlag-CMV2 (Sigma-Al-
drich). Deletions and substitutions were done by PCR and with QuikChange XL
(Stratagene). The F-LARP4-M3 mutations were K124D, KI125A, Q126D,
D139K, and Y141D in the La motif and 1202D and R204D in the RRM1 B-1. All
constructs were verified by sequencing.

Immunofluorescence used anti-Flag, followed by anti-mouse IgG-Cy3 or anti-
LARP4, followed by anti-rabbit IgG-Cy3. Hoechst (blue) was used to stain
nuclei.

Immunoblotting. The secondary antibody (Ab) used for detection was anti-
rabbit IgG (GE, United Kingdom) or anti-mouse IgG (Cell Signaling), and
processing for chemiluminescence was done using a SuperSignal West Dura kit
(Thermo Scientific). In most cases, a single membrane was probed, exposed, and
stripped (Restore Western Blot Stripping buffer; Thermo Scientific) before prob-
ing with a different Ab was done.

Immunoprecipitation was by anti-FLAG M2 affinity gel (Sigma-Aldrich) using
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20 pl of gel bead volume and 1 mg total cellular protein. One milliliter of cell
lysate in polysome lysis buffer (PLB) containing 25 mM EDTA, 2 mM dithio-
threitol (DTT), and proteinase and RNase inhibitors was incubated with beads
prewashed with NT2 buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
MgCl, 0.05% NP-40) for 4 h at 4°C, followed by 5 washes with NT2. After elution
with hot SDS buffer, fresh beta-mercaptoethanol was added and samples were
loaded.

Antibodies. Anti-rpS6 and -PABP were from Cell Signaling, anti-Flag and
anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) was from Sigma
Aldrich, anti-rpL.28 was from Santa Cruz, anti-RACKI1 was from TRansduction
Laboratories, and anti-Paip1 was a gift from N. Sonenberg. Rabbit anti-LARP4
was obtained using the LARP4 C-terminal sequence CGVTRRNGKEQY VPP
RSPK as the antigen and affinity purified using the same peptide (Open Biosys-
tems).

Polysome profiles were prepared from fresh extract made from HEK-293 cells
by standard methods (6) using a Programmable Density Gradient Fractionation
System Spectrophotometer (Foxy Jr. model; Teledyne Isco, Lincoln, NE). Gra-
dients were made using a Gradient Master (Biocomp). After 15 min of exposure
to cycloheximide (100 pg/ml), cells were lysed with PLB (10 mM HEPES, pH 7.0,
100 mM KCI, 5 mM MgCl, 5% NP-40). Cell lysate (150 pl; 2 mg total protein)
was layered on 5 to 45% sucrose gradients and centrifuged at 39,000 X g for 2 h.

RNA binding with recombinant La-NTD(1-235) and LARP4-NTD(1-286) pu-
rified from Escherichia coli was described using an electrophoretic mobility shift
assay (EMSA) (31). The sequence of the 36-mer RNA was 5'-GAACACUUU
GGCGCUCAAUGCGCCCUUCGUUAAAAA-3'. Each **P-labeled RNA was
purified by excision of a tight band from a denaturing 20% polyacrylamide gel.

Yeast 2-hybrid assays used full-length LARP4 and were performed by Hybri-
genics S.A. Services (Paris, France) using a human liver cDNA library.

Small interfering RNAs (siRNAs) targeting LARP4 (no. 1 and 2) and PABP
were from Invitrogen, and LARP4 no. 3 was from Dharmacon. The siRNA
sequences were as follows: LARP4 no. 1, AACAGAGGAAUCUUCUAUUAG
AUCC; LARP4 no. 2, AAGAACUGAAGAUGGCUCUUUAGGG; LARP4
no. 3, GAAUGUUGCUGGAACGUAAUU; PABP, AGGUGGUUUGUGAU
GAAAAUU. The control siRNA was Stealth RNAi Negative Universal Control
Hi GC from Invitrogen.

[*S]methionine pulse-labeling. Forty-eight hours after siRNA transfection, at
~80% confluence, the cells were incubated in methionine-free medium for 15
min, followed by medium containing [*>S]methionine at 100 p.Ci/ml. Extracts
were prepared, and the total protein concentration was determined (Bio-Rad
assay). Equal amounts were loaded for SDS-PAGE. After being Coomassie
stained, the gel was photographed and then dried, processed using a Fuji phos-
phorimager, and quantified using Fuji software.

siRNA-luciferase. HEK-293 cells growing in 6-well plates were transfected
with siRNA (10 nM final concentration), and 24 h later, 100 ng of the luciferase
reporter plasmid (pGL3/RLuc/HCVIRES/FLuc) (21, 58) was transfected. The
luciferase open reading frame (ORF) and other components of the plasmid,
including the simian virus 40 (SV40) promoter and the SV40 late poly(A)
addition signal following the firefly luciferase ORF as part of the transcription
unit, were confirmed by sequencing (not shown). Forty hours later, cells were
harvested and protein was extracted and quantitated for the luciferase assay.
Equal amounts of protein were assayed using the Luciferase Reporter Assay
System (Promega).

F-LARP4 expression-luciferase. For each 6-well plate of cells, 1 wg of F-
LARP4 or F-vector plasmid, together with 100 ng luciferase plasmid, each
quantitated by optical density at 260 nm (OD,4,) and confirmed by gel electro-
phoresis, was cotransfected using Fugene 6 (Roche). Forty hours later, total
protein was extracted and processed for the luciferase assay.

mRNA decay. Twenty-four hours after being plated, a mixture of F-LARP4
plasmid and luciferase plasmid was cotransfected. After 40 h (~80% conflu-
ence), cells were treated with actinomycin D (Sigma; used at 10 wg/ml), and
RNA was isolated at intervals thereafter.

Proteins for isothermal titration calorimetry (ITC) and structural studies.
La(1-194) was expressed and purified as reported previously (32). LARP4(111-
303) was subcloned with N-terminal hexahistidine into a pET-Duet-1 expression
vector and expressed in E. coli Rosetta II cells. The cell pellets were lysed by
sonication in 20 mM Tris, 300 mM NaCl, 10 mM imidazole, pH 8.0, and centri-
fuged to separate the soluble and insoluble fractions of the cells. LARP4(111-
303) was purified by affinity chromatography on a 5-ml HisTrap column (GE
Healthcare) with a gradient of 10 to 300 mM imidazole. After cleavage of the His
tag with tobacco etch virus (TEV) protease, the protein was purified from the
cleaved tag, the His-tagged TEV, and any undigested product by a second Ni>*
affinity step. The samples were then applied onto a 5-ml Hi-Trap heparin column
to remove nucleic acids contaminants. Protein concentrations were calculated
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based upon the near-UV absorption (g,5,) using theoretical extinction coeffi-
cients derived from ExPASy (26).

The MLLE domain (residues 544 to 626) of human PABPC1 was expressed
and purified as described previously (39).

Preparation of RNA for ITC. A(15), A(10), and U(15) were purchased from
IBA GmbH (Géttingen, Germany) and dissolved in 20 mM Tris, 100 mM KCI,
0.2 mM EDTA, 1 mM DTT at pH 7.25. The concentration was determined by
UV, using a molar extinction coefficient at 260 nm calculated by the nearest-
neighbor model (56).

Peptides. PAM2w (TGLNPNAKVWQEIA) corresponding to LARP4(13-26)
was synthesized by 9-fluorenylmethoxy carbonyl (Fmoc) solid-phase peptide syn-
thesis. PAM2w-long (GPLGSQVASKGTGLNPNAKVWQEIAPGNTDATPVT
HGTESSWHEIAAT) corresponding to LARP(7-49) was cloned into pGEX-6p1
and expressed from E. coli BL-21 as a fusion protein that was cleaved with
PreScission Protease to release free peptide with a 5-amino-acid extension at the
N terminus. Both peptides were purified by reverse-phase chromatography on a
C,5 column (Vydac, Hesperia, CA) and verified by mass spectroscopy.

ITC experiments. RNA-protein titrations were carried out in 20 mM Tris, 100
mM KCl, 0.2 mM EDTA, 1 mM DTT, pH 7.25, at room temperature (298 K)
using a high-sensitivity iTC-200 microcalorimeter from Microcal (GE Health-
care) following the protocol previously reported (27). In each experiment, 2-ul
volumes of an RNA solution were titrated into a protein solution in the same
buffer, using a computer-controlled 40-pl microsyringe, with a spacing of 180 s
between injections. Each titration was corrected for the heat of dilution by
subtracting the measured enthalpies of the injections following saturation. Be-
cause La-RNA interactions exhibited large enthalpy of binding, whereas for
LARP4-RNA the enthalpy of binding was substantially smaller, higher concen-
trations were used in the latter experiments to improve the signal-to-noise ratio
and to ensure that we were well above the limit of sensitivity of the iTC200
instrument. In particular, for the experiments with La, a protein concentration of
15 wM and an RNA concentration of 120 M were used; for the experiments
with LARP4, we used a protein concentration of 40 uM and an RNA concen-
tration of 380 pM.

ITC of PAM2w-MLLE interactions was carried out in 50 mM NaH,PO,, 100
mM NaCl, pH 7.0, with a protein concentration of 170 uM for 4.5 mM
LARP4(13-26) peptide and a protein concentration 85 pM for 1.6 mM
LARP4(7-49).

Integrated heat data obtained for the ITCs were fitted using a nonlinear
least-squares minimization algorithm to a theoretical titration curve, using the
MicroCal-Origin 7.0 software package, from which the binding parameters AH®
(the reaction enthalpy change in kcal - mol™!), K,, (the binding constant in M~ '),
and n (the molar ratio between the two proteins in the complex) were derived.
The reaction entropy was calculated using the following relationships: AG® =
—RT - InK,, (R, 1.987 cal - mol ™' "K™'; T, 298 K) and AG® = AH® — TAS°, where
AS° is entropy, R is the gas constant, and 7 is temperature.

Protein crystallization. The conditions for the MLLE domain in complex with
the PAM2w peptide were identified utilizing hanging-drop vapor diffusion with
the AmSO, crystallization suite (Qiagen). The best crystals were obtained at
22°C by seeding microcrystals into a 1-pl drop of PABPC1(544-626)/LARP4(13-
26) (10 mg/ml) in 1:2 molar ratio mixed with 1 pl of reservoir solution containing
0.25 M potassium iodide and 1.9 M ammonium sulfate. The solution for cryo-
protection contained the reservoir solution with the addition of 15% (vol/vol)
glycerol. The crystals contained one MLLE and one PAM2w molecule in the
asymmetric unit, corresponding to a V., of 1.76 A> Da~! and a solvent content
of 30.2%.

Structure solution and refinement. Diffraction data from a single crystal of the
MLLE/PAM2w complex were collected at the McGill Macromolecular X-ray
Diffraction Facility and Cornell High-Energy Synchrotron Source (CHESS).
Data processing and scaling were performed with HKL2000 (52). The structures
were determined by molecular replacement with Phaser (53), using the coordi-
nates of the MLLE/Paip2 complex (Protein Data Bank [PDB] entry 3KUS). The
initial MLLE/PAM2w model was completed and adjusted with the program Coot
(22) and improved by several cycles of refinement, using the program REFMAC
5.2 (49) and model refitting. At the latest stage of refinement, we also applied the
translation-libration-screw (TLS) option (70) with final density for PABPC1
residues 544 to 626 and LARP4 residues 15 to 25. The PBD ID code is 3PKN.

RESULTS

We compared the N-terminal regions containing the LaM-
RRM of human La(1-235) and LARP4(1-286), referred to as
La-NTD and LARP4-NTD, for RNA binding using EMSA. Of
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the homopolymers tested, A(20) exhibited the best affinity for
LARP4-NTD, as reflected by the ratio of free to bound RNA,
whereas U(20) showed less binding and C(20) and G(20)
showed no binding (Fig. 1A to D). In this assay, the concen-
tration at which 50% of the probe was shifted into a stable
complex reflects the K, (dissociation constant) (7). Accord-
ingly, the results in Fig. 1A suggest that the K, of LARP4-NTD
for A(20) is =750 nM. Less than 50% of U(20) was shifted at
3.0 uM LARP4-NTD, the highest concentration tested (Fig.
1B). Moreover, the smear observed between the bound and
free U(20) (Fig. 1B) suggests less stable binding. La-NTD
bound more U(20) than A(20), as expected (Fig. 1E).

We examined LARP4-NTD for sensitivity to 3’ phosphate
on ligand RNA, to which the genuine La proteins from mul-
tiple species are sensitive (20, 43, 62, 67, 71). Using otherwise
identical 36-nucleotide (nt) RNAs that ended with AAAAA-
3'0OH or AAAAA-3'PO,, we could observe no difference in
binding to the LARP4 protein over a range of concentrations
(Fig. 1F and G), whereas the AAAAA-3'PO, RNA exhibited
~6-fold less binding to La than the AAAAA-3'OH RNA (not
shown). Although we tried repeatedly to find an expected
difference in 3’OH and 3'PO, binding, we could not.

A notable feature of RNA recognition by La is its ready
ability to bind short oligo-RNAs as evidenced by the ability of
4- to 6-nt RNAs to compete effectively with longer RNAs for
in vitro binding (62), a cocrystal of La with a 5-nt RNA (37),
and binding to 9- or 10-nt RNAs as monitored by EMSA (37,
66). LARP4 does not bind A(10) or the other 10-mers (Fig.
1H), even at concentrations well above that required to bind
A(20), U(20), and the 36-mer RNAs shown in Fig. 1F and G,
designated R1 and R2 in Fig. 1H. Binding to La-NTD shows
that U(10) and A(10) are active as a ligand (Fig. 1I and data
not shown).

To further examine the RNA binding properties of the LaM-
RRM of LARP4, we employed ITC. By measuring the heat
generated or absorbed during binding, ITC provides the affin-
ity, stoichiometry, and enthalpy change (AH®) of the interac-
tion. Figure 1J to L shows the interactions of a LARP4(111-
303) fragment with three RNAs. In the titration of
LARP4(111-303) with A(15), binding occurs as one event cen-
tered on a molar ratio of 1 (Fig. 1J). Further analysis revealed
that LARP4(111-303) interacts with A(15) with a K, of 714
nM, with entropically driven binding (Table 1; see Fig. S1 and
S2 in the supplemental material). In contrast, LARP4(111-
303) displayed very weak association with U(15) and A(10)
(Fig. 1K and L), with a K, beyond the threshold that could be
rigorously measured by ITC, i.e., =0.1 mM. Therefore, LARP4
binds to A(15) at least 200-fold more tightly than U(15) and
A(10).

LARP4 cosediments with 40S ribosome subunits and polyri-
bosomes. We examined LARP4 distribution in polysome pro-
files prepared in parallel in the presence and absence of pu-
romycin (Fig. 2A and B). Control proteins rpS6 and rpL28
served as markers of 40S and 60S subunits, respectively, that
also cosedimented with polyribosomes (Fig. 2A). La was an-
other marker, most abundant in fractions (fxns) 1 and 2, as
expected (12, 16). Endogenous LARP4 was in two peaks, 40S
(fxn 3) and polyribosomes (fxn 10), similar to rpS6 (Fig. 2A).
In comparison, PABP was most abundant on polysomes and
Paipl was most abundant in fxn 1, decreasing thereafter (Fig.
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FIG. 1. Human LARP4(1-286) preferentially binds poly(A) with a length requirement longer than 10 nucleotides. (A to D) EMSA of
homopolymeric 20-mer RNAs for binding to the RNA binding domain of LARP4 protein, LARP(1-286), also referred to as LARP4-NTD.
Twofold serial dilutions of LARP4(1-286) were used, with a 750-uM final concentration in lane 8, as indicated. (E) EMSA of A(20) and U(20)
for La(1-235) and LARP4(1-286). (F to G) Comparison of LARP4(1-286) binding to otherwise identical 36-mer RNAs (see sequences in Materials
and Methods) that end with a 3" OH (F) or a 3’ phosphate (G) (see Materials and Methods). (H) LARP4(1-286) does not bind 10-mer RNAs.
R1 and R2 are the same 36-nt RNAs used in panels F and G. (I) La(1-235) binds to U10. (J to L) Isothermal titration calorimetric analysis of
LARP4(111-303) interactions with A(15) (J), U(15) (K), and A(10) (L). The K, and other thermodynamic parameters derived from this analysis
are reported in Table 1.

2A). Puromycin shifted a substantial amount of LARP4 to fxn panel, although a significant amount also remained with the
2 (Fig. 2B), in a pre-40S fraction that typically contains 40S peak in fxn 3 (Fig. 2B).

mRNPs, shifted by one fraction from the bulk of the 40S LARP4 interacts with RACKI1 in yeast 2-hybrid assays
subunits, as represented by the chromatograph and the rpS6 and in HeLa cells. Sedimentation with 40S suggested that

TABLE 1. Thermodynamic parameters of the interactions of La(1-194) and LARP4(111-303) with single-stranded RNA sequences®

Protein n K, (1/K,) (nM) AH° (kcal mol ') —TAS® (kcal mol ') AG®0gx (kcal mol™1)

La(1-194)/U(15) 0.8 752 ~39.0+02 30.7 + 0.2 83+ 04
La(1-194)/A(10)

La(1-194)/A(15)

LARP4(111-303)/U(15)

LARP4(111-303)/A(10)

LARP4(111-303) A(15) 1.0 714 0.7+ 0.1 —9.1+03 84+ 04

“ The values represent the averages and the standard deviations over three independent measurements.
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FIG. 2. Human LARP4 cosediments with 40S subunits and polyribosomes and associates with RACKI1. (A and B) Polysome profiles in the
presence (A) and absence (B) of puromycin. Numbered fractions were collected, fractionated by SDS-PAGE, and immunoblotted onto a
membrane that was probed, exposed, stripped, and reprobed to detect the proteins indicated between the panels. (C) Co-IP of RACK1 with
FLAG-LARP4 (F-LARP4) but not the control protein, F-La, using anti-FLAG Ab. Cells were transfected with F-LARP4 or F-La and processed
for IP. The upper gel shows input extracts (lysate) prior to IP using anti-FLAG for immunoblot detection. The lower gel shows the IP material
using anti-RACKI1 for immunoblot detection. (D) Co-IP of F-LARP4, but not the control protein F-LARP6 or F-La, with RACKI1 using
anti-RACK1 Ab for the IP. Cells were transfected with F-LARP4, F-LARP6, or F-La and processed for IP. The upper gel shows input extracts
(Iysate; lanes 1 to 3), the IPed material (lanes 4 to 6), and the supernatant (lanes 7 to 9), using anti-FLAG for immunoblot detection. The lower
gel shows a region of the same blot in the upper gel after stripping and reprobing using anti-RACKI1 for immunoblot detection.

LARP4 may associate with other translation components.
This was supported by yeast 2-hybrid screening of a human
liver cDNA library for LARP4 association. The library was
screened for 5-fold coverage for a total of 81 million inter-

TABLE 2. Yeast 2-hybrid results from a human cDNA library using
LARP4 as bait*

% identity

Clone name Type Gene Star_t/stop Frame to: PBS
sequence name sites _
S5p 3p
pB27_A-123  5p/3p GNB2L1 414/988 IF  100.0 99.5 A
pB27_A-67 S5p/3p GNB2L1 468/998 IF 99.1 99.6 A
pB27_A-127 5p/3p GNB2L1 510/1036 IF 984 568 A
pB27_A-17 S5p/3p  GNB2L1 597/998 IF 99.7 992 A

“ GNB2L1, guanine nucleotide binding protein (G protein), beta polypeptide
2-like 1 (50); IF, in frame.

actions. Table 2 lists four independent clones that interacted
with LARP4 and that encode RACKI1, two of which were
isolated multiple times (not shown). The interaction quality
was the highest attainable (Table 2, A in the PBS column).
The 4 clones collectively encode only the C-terminal portion
of RACKI, with the minimal interaction region comprising
amino acids 200 to 317, indicating that it is sufficient for
LARP4 interaction.

Co-IP from HeLa cells validated the LARP4-RACK1 inter-
action. The upper gel of Fig. 2C shows the input, and the lower
gel shows the IP. RACKI1 was co-IPed with F-LARP4, but not
F-La, even though the latter was expressed at a higher level
(Fig. 2C). Reciprocal IP using anti-RACK1 Ab is shown in Fig.
2D. F-LARP4 was enriched in the anti-RACK1 IP relative to
the input lysate and supernatant, whereas F-La and F-LARP6
were not, even though they were expressed at much higher
levels than LARP4 (Fig. 2D). Since RACKI1 is a 40S-associ-
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FIG. 3. LARP4 knockdown decreases cellular protein synthesis. (A and B) Polysome profiles of extracts made from cells treated with control
siRNA (A) or siRNA directed to LARP4 (B). Quantitative areas under the 80S and polysome OD,s, tracings are shown as numerical fractions
above the panels. Immunoblots of the collected fractions for LARP4 and rpS6 are shown below the OD,s, tracings. Ethidium-stained RNA gels
showing 28S and 18S rRNAs and tRNA are shown below. (C) Coomassie blue-stained gel containing extracts from cells treated with control siRNA
or siRNA directed to LARP4 or PABP (lanes C, L, and P, respectively) and pulsed for 30 min with [**S]methionine. Fifty, 100, and 150 pg of each
extract was loaded in lanes 1 to 3, 4 to 6, and 7 to 9, respectively. (D) The gel in panel C was dried and exposed for autoradiography on a Fuji
phosphorimager. (E) Quantitation of the total >>S was performed and expressed as [**S]Met incorporation per unit of protein on the y axis for each
siRNA-treated cell extract on the x axis; the error bars reflect triplicate data. (F to H) Immunoblot showing relative levels of LARP4, PABP, and
GAPDH from the three extracts used for panels C and D; a single membrane was incubated sequentially with the three Abs for panels H to J.
LARP localizes to stress granules after exposure to arsenite. (I to P) After transfection with F-LARP4, cells were mock treated (I to L) or treated
with arsenite (M to P), which is widely used to induce stress granules, and examined with anti-FLAG (green) and anti-TIA-1 (red) antibodies.
LARP4 distribution was homogeneously cytoplasmic in the mock-treated cells (J), whereas a significant fraction became localized in punctate foci
after arsenite treatment (N). The stress granule marker TIA-1 also organized into distinct foci after arsenite treatment (K versus O). Image
merging revealed superimposed LARP4 foci and TIA-1 foci (P). Endogenous LARP4 also localized to stress granules (see Fig. S7Q to X in the
supplemental material).

ated protein, its ability to interact with LARP4 may explain, at
least in part, the apparent association of LARP4 with 40S
subunits described above.

LARP4 knockdown decreases cellular protein synthesis.
Changes in the relative areas of polysome versus 80S peaks in
polysome profiles can reflect alterations in translation (24). We
examined polysome profiles after treatment of HeLa cells with
control siRNA and siRNA against LARP4 (Fig. 3A and B).
LARP4 knockdown led to a decrease in the polysome area
with a concomitant increase in the 80S peak (Fig. 3A and B).
This change reflects conversion of polyribosomes to monori-
bosomes upon LARP4 knockdown, suggesting decreased
translation initiation (24, 28) with a 10 to 15% decrease in
translation.

We also examined incorporation of [>*S]methionine into
newly synthesized protein. After treatment with control siRNA
or siRNA against LARP4 or PABP, cells were pulsed for 30

min with aliquots of a medium containing [*>S]Met, extracts
were prepared and fractionated by SDS-PAGE, stained with
Coomassie blue, and photographed (Fig. 3C). The gel was
dried and autoradiographed (Fig. 3D), and *>S was quantified
(Fig. 3E). Cells with LARP4 siRNA showed a 15 to 20%
reduction in [*>S]Met incorporation, and PABP siRNA
showed an ~50% reduction relative to control siRNA (Fig.
3E). Reduction of LARP4 and PABP in these cells relative to
the control protein GAPDH was demonstrated by sequential
probing of the same immunoblot, which revealed that LARP4
levels appeared to increase upon PABP knockdown (Fig. 3F to
H), possibly reflecting some kind of system of homeostatic
regulation.

Conditions that inhibit translation lead to accumulation of
mRNAs and associated initiation factors, such as PARP, 40S
subunits, and RACKI1, as well as TIA-1 and certain other RNA
binding proteins in stress granules, in which they are tran-
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FIG. 4. LARP4 contains a putative variant PAM2 (PAM2w) motif and interacts with PABP. (A) Sequence alignment of the PAM2 motifs of
six Homo sapiens (Hs) proteins, eRF3 (elongation release factor 3), Paipl, Paip2, ataxin 2, and USP10, with the homologous sequences from
LARPS, and LARP4. (B) Immunoblot of input extracts from cells transfected with vector only (vec), F-La, and F-LARP4 that were mock treated
(—) or treated with RNase A (+) as visualized with anti-FLAG Ab. (C) The extracts shown in panel B were subjected to IP, and the products were
examined by immunoblotting using anti-PABP Ab. (D) The blot in panel C was stripped and then probed using anti-FLAG Ab. ns, nonspecific.
(E) Immunoblot, using anti-PABP Ab, of input extract (lane 1) and after IP with control IgG (lane 2) and anti-LARP4 Ab raised against a
C-terminal peptide of LARP4 (lane 3). PABP remaining in the supernatants is shown in lanes 4 and 5. (F) Immunoblot of input extracts from cells
after transfection with empty vector, F-LARP4, and F-LARP4-L15A-W22A (lanes 1 to 3) and after IP (lanes 4 to 6 and 7 to 9) visualized using
anti-PABP Ab. (G) The membrane was stripped and reprobed using anti-Flag Ab.

siently inactive but can be reactivated for translation (13, 36).
Since LARP4 was found associated with 40S subunits,
RACKI, and PABP and was shifted in polysome profiles to a
pre-40S mRNP fraction with puromycin, a translation inhibitor
known to induce stress granules (36), we examined stress gran-
ules for F-LARP4 and detected colocalization with TIA-1, a
key component of stress granules (Fig 31 to P). Endogenous
LARP4 also colocalized to stress granules with FMRP (57)
after treatment with arsenite (see Fig. S7Q to X in the supple-
mental material), consistent with the idea that LARP4 is as-
sociated with mRNPs engaged for translation initiation that
assemble into stress granules after exposure to arsenite.
LARP4 interacts with PABP in part through a variant
PAM2 sequence. Studies of PAM?2 sequences have led to a
consensus, SXLNXNAXXF, in which interactions via L and F
at positions 3 and 10 mediate much binding to PABC (38). Of
all PAM2 sequences catalogued to date, the F at consensus
position 10 is the only invariant residue (1, 39, 40). We found
sequence near the N terminus of LARP4 that is homologous to
PAM2 (Fig. 4A). LARP4 contains a conserved W (LARP4
position 22) in place of F10 and was not previously identified
as a PAM2 candidate (1). Potential PAM2 motifs in LARP4
and -5/4b were first noted in a review (8). Here, we show the
homologous sequences of LARP4 and -5/4b (Fig. 4A). The

LARP4 PAM2 sequence is highly conserved (see Fig. S3 in
the supplemental material).

IP using anti-FLAG Ab was done on extracts of cells ex-
pressing F-La or F-LARP4 (Fig. 4B). PABP was co-IPed with
F-LARP4, but not with F-La, and the interaction was resistant
to RNase A (Fig. 4C). In contrast, co-IP of the translation-
associated factor eIF4G was sensitive to RNase A, and rpS6
was not in the IP (not shown). Affinity-purified Ab against
native LARP4 also co-IPed PABP (Fig. 4E). By quantitative
immunodepletion, ~10% of the total PABP remained associ-
ated with LARP4 after IP (not shown). Replacement of
LARP4 PAM2w residues L15 and W22 with alanines de-
creased the amount of PABP that co-IPed with F-LARP4 (Fig.
4F and G).

IP of F-LARP4 followed by microarray analysis identified
~2,000 LARP4-associated mRNAs, many times more than
parallel IPs of other RNA binding proteins, although with no
apparent enrichment of any gene ontology (GO) group (not
shown). However, despite various strategies and due to tech-
nical limitations, we have been unable to decipher which of
these are bound directly to LARP4 independently of their
binding to PABP. Nonetheless, many mRNAs, including
GAPDH mRNA, which we decided to use as a control for
some experiments, were not found associated in the anti-
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FIG. 5. Binding of the PAM2w peptide of LARP4 to the MLLE domain of PABP. (A) Isothermal titration calorimetry. Shown are baseline
corrected thermograms (top) and integrated areas (bottom) of the heat released for binding of PAM2w-long (left) and PAM2w (right). The
dissociation constant (K,), enthalpy (AH), entropy (AS), and stoichiometry (N) are indicated. (B) X-ray crystal structure of LARP4 PAM2w bound
to the MLLE domain of PABPCI1. The PAM2w peptide (green) wraps around the surface of the MLLE domain, colored according to the
electrostatic potential (negative in red, positive in blue) (PDB ID, 3PKN). (C) Electron density omit map (2Fo — Fc [where Fo is observed
structure factor and Fc is calculated structure factor]; 1-standard deviation contour) of the bound PAM2w peptide showing the tryptophan residue.
(D) Side-by-side comparison of PAM2w (green) from LARP4 and PAM?2 peptide (gray) (PDB entry 3KUS) from Paip2 bound to MLLE. The
peptide N termini show strikingly similar confirmations and interactions with the MLLE domain. (E) Comparison of C termini. In LARP4,
tryptophan (W22) replaces the phenylalanine found in other PAM?2 peptides (38—41). The larger indole ring is accommodated by a displacement
of GIn560 of MLLE (not shown) to generate a shallow hydrophobic pocket.

LARP4 IP (not shown). The poly(A) specificity of LARP4 and LARP4 PAM2w peptide produced large chemical shift

interaction with PABP are consistent with a general associa- changes that mapped to the canonical PAM2 binding site on
tion with a large number of mRNAs. the MLLE domain (see Fig. S4 in the supplemental material).
A peptide of LARP4 PAM2w residues 13 to 26 binds the Structure of the LARP4 PAM2w-MLLE complex. To obtain

PABP MLLE domain. The conserved motif near the N termi- structural insight into the LARP4 PAM2w-MLLE interaction,
nus of LARP4 most closely resembles the PAM2 motif found we cocrystallized MLLE (PABP residues 544 to 626) with a
in Paip2 and ataxin 2 (Fig. 4A). We carried out ITC experi- peptide representing LARP4 PAM2w (residues 13 to 26) (Ta-
ments with a fragment of the N terminus of LARP4 (residues ble 3). The 1.8-A MLLE/LARP4 diffraction data set was
7 to 49) to determine if the putative PAM2 sequence would phased by molecular replacement using the crystal structure of
bind in solution to the MLLE domain of PABPCI (Fig. 5A). MLLE/Paip2. The LARP4 PAM2w peptide wraps around the
The analysis clearly revealed binding, with a K, of 26 uM. We MLLE domain, similar to the Paip2 and ataxin 2 complexes
then prepared a smaller peptide that contained only the variant (Fig. 5B).

PAM2 site (residues 13 to 26). ITC analysis showed even better Comparison of the LARP4/MLLE and Paip2/MLLE struc-
binding, with a K, of 22 uM (Fig. 5A). The affinity of the tures revealed a high degree of similarity (Fig. 5B to E). Start-
LARP4 PAM2w motif is intermediate between the highest and ing from the N terminus of the LARP4 peptide, Leul5 inserts
lowest PAM2 affinities measured for MLLE, which range from into the hydrophobic pocket formed by MLLE domain side
0.12 to 28 uM (39-42). We also carried out NMR analysis (38) chains (Fig. 5D). Additional hydrophobic contacts involve
to confirm the specificity of the interaction and to map the Prol17 and Alal9 of LARP4 and the MLLE domain, as ob-
binding site on the MLLE domain (see Fig. S4 in the supple- served for the MLLE/Paip2 complex (40). In previous mu-
mental material). Titration of the '"N-MLLE domain with tagenesis studies, the invariant Phe in PAM?2 (Phel18 in Paip2)



550 YANG ET AL.

TABLE 3. LARP4 PAM2w-MLLE data collection and
refinement statistics

Value in MLLE-
Parameter

LARP4
Data collection
SPACE GIOUP ...t C2
Cell dimensions
L 0 TSSO 49.04, 31.14, 52.52
Q, By Y (%) e 90.00, 105.04, 90.00
ReSOItON (A) coooovorvvvvevveeeeeessseeeeeeeeeeeeesssen 50-1.80 (1.83-1.80)
yim reseeeeeesenens .....0.073 (0.145)
T/OT oot 19.0 (6.5)
Completeness (20) ...coeeeeereereerrneeceemseeneureseecneenes 98.8 (89.0)
Redundancy ... 3.8(2.7)
Refinement
ResSOIUtion (A) e 50.8-1.80
NO. 1efleCtions ......c.coueeveeereeieiereereeeeereeeee e 6,871
Riorid Rirecceeeeereeneeeinineeieineeeaseseesesseeaesesseseaesennes 0.226/0.289
No. atoms
MLLE ..ot sseeaeneneane
Peptide ...
Sulfate......
Iodide ......
WaALETS .o
B-Factors
MLLE ..ottt eaene
Peptide ....
Sulfate......
Iodide ......
Waters .....
RMS" deviations _
Bond lengths (A) c.coeceveeeeereeeecereeereeenee 0.009
Bond angles (°) ..o 1.11
Ramachandran statistics (%)
Most favored regions.......cocvveeevereeveeenereereenrneeereneenene 98.7
Additional allowed regions........c.cooeeeerirerinirenininenne 1.3

“ Highest resolution shell is shown in parentheses.
® RMS, root mean square.

was shown to be a major binding determinant in the MLLE-
PAM?2 interaction (38, 39, 41). Since Phe is invariant in all
other PAM2 motifs in this position, a major question was how
replacement by Trp22 of LARP4 PAM2w would alter the
interaction. The cocrystal revealed that the MLLE domain
accommodates the larger side chain of Trp22 in almost the
same way as Phel18 of Paip2 (Fig. 5D).

Two regions of LARP4 mediate association with PABP and
polysomes. We wanted to know if a region of LARP4 other
than PAM2w was required for efficient association with PABP,
as is the case for other PAM2-containing proteins. Several
F-LARP4 constructs, schematized in Fig. 6], were analyzed for
co-IP of PABP in the presence of RNase A (Fig. 6A to D) and
polysome association (Fig. 6E to I). First, an initial set of
proteins was analyzed by probing extracts for PABP, Flag
epitope, endogenous LARP4, and GAPDH (Fig. 6A). Dele-
tion of the C-terminal region led to higher levels of F-LARP4-
NTD and F-LARP4-PAMD-NTD than the others (Fig. 6A,
a-Flag). The other constructs were not grossly overexpressed,
as shown in Fig. 6A, lane 4, o-LARP4, in which endogenous
LARP4 and F-LARP4-PAMD are distinguished by size and

MoL. CELL. BIOL.

detected by anti-LARP4 Ab, which recognizes the LARP4
C-terminal peptide.

These mutated F-LARP4s co-IPed less PABP than wild-type
(WT) F-LARP4 (Fig. 6B, top). Only when both PAM?2 and the
whole C-terminal region downstream of the RRM were de-
leted, as in PAMD-NTD, was association with PABP com-
pletely lost (Fig. 6B).

For more fine mapping, we examined additional constructs.
LARP4(1-615), LARP4(1-504), and LARP4(1-430) co-IPed
PABP as well as full-length LARP4(1-724) (Fig. 6C, lanes 3 to
6), while LARP4(1-286) again showed less efficient association
(lane 7). LARP4(26-286), also known as PAMD-NTD, which
lacks the PAM2w and entire C-terminal region, and
LARP4(359-724) showed no association with PABP (Fig. 6C,
lanes 8 and 9). Figure 6D shows a control with the F-LARP4
proteins pulled down in the IPs. The data indicate that the
sequence downstream of the LARP4 RRM required for effi-
cient PABP association resides within or includes LARP4
amino acids 287 to 358. Constructs intermediate between
LARP4 1 to 286 and 1 to 430, as well as 287 to 724, designed
to map the region further, failed to accumulate in cells and
could not be tested (not shown).

Figure 6FE to I shows distribution of some of the F-LARP4
constructs in polysome profiles run in parallel. The
F-LARP4-WT pattern (Fig. 6E) was similar to that of endog-
enous LARP4, with a peak at 40S (fxn 3), progressively less in
fxns 2 and 1, and a second peak in fxns 8 to 10. F-LARP4-
PAMS, in which residues 15 to 22 were replaced by alanines,
was more abundant in fxns 1 and 2, with less remaining on
polysomes relative to F-LARP4 (Fig. 6F). F-LARP4-PAMD
was similar to PAMS, with little remaining on polysome fxns 8
to 11 (Fig. 6G). F-LARP4-NTD and F-LARP4-PAMD-NTD
had the most severely diminished polysome association in fxns
8 to 11 (Fig. 6H and I). These results are similar to those for
PABP co-IP, namely, that PAM2w, as well as sequences C-
terminal to the RRM, are required for optimum association
with polysomes. The other constructs used as described above
for fine mapping were not examined by polysome profiling.
These results, along with the LARP4-M3 mutant in Fig. 7, are
summarized in schematic form in Fig. 6J.

Mutations in LARP4 RNA binding motifs disrupt polysome
association. We examined F-LARP4-M3, which carries point
substitutions in key residues of the LaM and RRM designed to
impair RNA binding. The identities of the amino acids that
replace the wild-type residues were selected to be compatible
with the B-strand and «-helix structure of the LARP4 LaM-
RRM as predicted by the Protein Structure Prediction Meta
Server (35). F-LARP4-WT and F-LARP4-M3 were compared
in parallel (Fig. 7A and B). In these gradients, the 40S peaks
were split into fxns 3 and 4. F-LARP4-WT was distributed in
two peaks, one in fxns 3 and 4 and the other in fxn 10, similar
to rpS6 (Fig. 7A). In contrast, F-LARP4-M3 showed a signif-
icant decrease in polysome association and a shift to a peak in
fxn 2 (Fig. 7A and B), suggesting that LARP4 uses its RNA
binding motifs to maintain association with 40S components
and polysomes. Consistent with this, F-LARP4-M3 was repro-
ducibly found not to be associated with PABP by co-IP (not
shown), further suggesting that the LARP4-PABP interaction
is stabilized by RNA binding by LARP4.

The poly(A) binding specificity of LARP4 suggests that it
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FIG. 6. Two LARP4 regions are required for association with PABP and polyribosomes. (A) Immunoblot of extracts after transient transfection
with a subset of Flag-tagged constructs depicted in panel J. The membrane was sequentially probed with the Abs indicated on the right.
(B) Immunoblot of IPed material probed as for panel A. (C) Further mapping of the PABP interaction region of LARP4 C terminal to the RRM;
probed with anti-PABP. (D) The blot in panel C was probed with anti-FLAG Ab. (E to I) Five polysome profiles run in parallel after transfection
with the indicated constructs. Fractions were analyzed by immunoblotting as indicated. (J) Schematic showing the F-LARP4 constructs used here

and in Fig. 7 (N-terminl Flag is not shown) with summarized results on the right (+, positive correlation;

—, negative correlation; ND, not

determined). The PAM2w, LaM, and RRM motifs are shown. PBM refers to a putative PABP binding motif mapped here. PAM-S contains

alanines at LARP4 residues 15 to 22.

may associate with PABP on the poly(A) tracts of mRNAs.
Our IP experiments that used RNase A might not reveal this,
since RNase A is pyrimidine specific and has little or no activity
for poly(A) (61). To examine this further, we compared the
sensitivity of the LARP4-PABP association by co-IP in the
presence and absence of the endonucleases RNases A and I,
the latter of which exhibits no sequence preference. If bridged
by poly(A), the PABP-LARP4 interaction should be relatively
insensitive to RNase A but sensitive to RNase I. Wild-type
F-LARP4 or empty vector was transfected to HeLa cells, and
an extract was made from each. Aliquots were mock treated
(no RNase) or treated with RNase A or RNase I during the
incubation with anti-Flag Ab. After being washed, the IPed
PABP and F-LARP4 proteins were analyzed by immunoblot-
ting (Fig. 7C and D). The amounts of PABP associated with
LARP4 in the mock- and RNase A-treated extracts were more
than in the RNase I-treated extract (Fig. 7C). This difference

was not due to loading or to the amount of extract used, as can
be seen by the F-LARP4 in the IP on the same blot (Fig. 7D).
The effectiveness of the RNase treatments was evident from
the RNA remaining in the extract after IP (Fig. 7E). The
cellular RNAs indicated on the left were intact in the mock-
treated but degraded in the RNase-treated samples (Fig. 7E).
This differential sensitivity to RNases A and I is consistent with
the idea that LARP4 interacts with PABP in the presence of
poly(A) RNA and that this contributes to the stability of their
association.

LARP4 can prolong mRNA half-life. Experiments with a
transfected luciferase reporter that contains the SV40 poly(A)
addition signal used previously to examine translation (21, 58)
suggested that LARP4 stimulated luciferase expression by pro-
moting accumulation of luciferase mRNA (Fig. 8A to C). The
results obtained were very reproducible (not shown) but re-
vealed that the extent of the effects of LARP4 knockdown on



552 YANG ET AL. MoL. CELL. BIOL.
A)
F-LARP4-WT
C) F-LARP4 emptyvec 3 _
r—< T o =13
> 0o 0o & o 8 w=£
> 8 §2 8 2 g4
408 T zz&z &35 z
I N q N A 8++8++""O
NG A N \\;'\,‘\\- \J M "
PABP-| €t @ e - =
1 2 3 4567 809101
DS6-|  ——— e - 1 2 3 4 5 6 7 8
D)
F-LARPA-IT: b i —— F-LARPA-| s e s -
B) PETE Th
F-LARP4-M3
E)
28S rRNA-
18S rRNA”
SEE.LERBPAL 7S RNA-
Nt
I\ | 58S TRNA-
N AV | 5S rRNA-
1 23 4567891011 {RNA-
rp86-| ——.—‘
F-LARP4-M3- || i —— |

FIG. 7. The LARP4 RNA binding domain contributes to PABP and polysome association. (A and B) Two polysome profiles run in parallel
after transfection with the indicated constructs, F-LARP4-WT and F-LARP4-M3, which contain mutations in the RNA binding domain (see the
text); the 40S peaks are indicated. The fractions were analyzed by immunoblotting, as shown under the profiles. (C and D) PABP-LARP4
interaction is resistant to RNase A, which does not cleave poly(A) but is partially sensitive to RNase I. Shown are immunoblots of IPed material
after mock treatment (no RNase) or incubation with RNase A or RNase I, as indicated, probed first for PABP (C) and then for F-LARP4 (D).
(E) RNAs remaining in supernatants of samples 1 to 6 in panels C and D after IP.

luciferase activity (Fig. 8A, lanes 1 to 4) were more striking
than on endogenous protein synthesis, as monitored by poly-
some profiles and [**S]Met incorporation (Fig. 3A to E). Al-
though we do not know the basis for this discrepancy, many
cellular factors that affect luciferase activity have been noted
(59), and it is therefore possible that LARP4 affects a factor(s)
that is luciferase specific. The advantage of the luciferase sys-
tem, however, is that it represents a method by which levels of
a specific mRNA can be related to translation, since changes in
luciferase mRNA, protein synthesis, and enzyme activity are
tightly linked (11). Therefore, we could test if the effects of
LARP4 on luciferase are mediated, at least in part, at the level
of mRNA accumulation. Our approach was to cover a wide
range of LARP4 levels by transfecting cells with any of three
siRNAs against LARP4 or with F-LARP4 expression con-
structs and the appropriate controls.

Luciferase activity and mRNA levels, using GAPDH mRNA
on the same blot for normalization (Fig. 8A to C), revealed an
apparent good correlation. Three siRNAs each led to de-
creased luciferase mRNA levels relative to the control siRNA
(Fig. 8, lanes 1 to 4). F-LARP4 reproducibly led to the most
luciferase mRNA and activity, whereas the NTD and PAMD-
NTD mutants and F-La exhibited less (Fig. 8, lanes 5 to 9),
even though the last accumulated to higher levels than F-
LARP4 (Fig. 8E, lanes 5 to 9).

Figure 8G, shows the results of the above-mentioned exper-
iment repeated in triplicate after equal aliquots of a mixture of

luciferase plasmid and VA1 plasmid were used for transfec-
tion, the latter of which is transcribed by RNA polymerase I1I
into a small, stable 160-nt VA1 RNA that served as a trans-
fection control. Luciferase mRNA was normalized for loading
using endogenous GAPDH mRNA and for transfection using
VA1 RNA. The data suggest that LARP4 promotes luciferase
mRNA accumulation and, moreover, that F-LARP4 may pro-
mote luciferase mRNA stability.

Given the proposed involvement of several PAM2-contain-
ing proteins in controlling mRNA turnover via PABP, we ex-
amined LARP4 for effects on mRNA stability (25, 39, 41, 55,
68). As noted in the introduction, competition between the
PAM2-containing proteins eRF3, PAN2/3, and Tob-Ccr4-Cafl
is thought to impact mRNA homeostasis (25, 41, 55). For this,
we chose to express LARP4 ectopically, because this produces
robust luciferase mRNA levels that can be followed for decay
whereas LARP4 knockdown leads to low luciferase mRNA
levels that are technically difficult to follow. We initially exam-
ined luciferase mRNA. Actinomycin D was used to inhibit
mRNA synthesis, and mRNA decay was followed over time,
using the noncoding RNAs, 7SK, and 18S rRNA as controls.
GAPDH was chosen as an additional control because it was
not among the ~2,000 mRNAs found associated with
F-LARP4 (not shown) and it has a longer half-life than lucif-
erase mRNA. High-quality Northern blots from three inde-
pendent experiments were generated and sequentially probed
(one is shown in Fig. S5 in the supplemental material). Quan-
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titation of each RNA, corrected for loading and using Graph-
Pad Prism to analyze the data (72), is shown in Fig. 9A to F.
Each graph contains the results from three Northern blots for
one of the mRNAs examined; each line on the graph repre-
sents the specific mRNA corrected for by one of the three
loading controls on the same blot, 7SK, 18S, and GAPDH
mRNAs (the individual decay curves are shown in Fig. S6 in
the supplemental material). The error bars reflect triplicate
data for the examined RNA corrected for by the loading con-
trol RNA. This showed that expression of F-LARP4 stabilized
luciferase mRNA compared to the vector control, in which
luciferase mRNA decayed with a half-life of ~4 h (Fig. 9A,
vector), in agreement with previous reports (4, 23). We con-
clude that enhanced expression of LARP4 prolonged lucifer-
ase mRNA half-life.

F-LARP4 prolonged the half-life of total poly(A) RNA, as
monitored by oligo(dT) probing, relative to the vector control
(Fig. 9B), albeit less so than for luciferase mRNA. F-LARP4
also prolonged the FAIM mRNA half-life (Fig. 9C). c-myc
mRNA, which was undetectable after 2 h, was also prolonged
by F-LARP4 relative to the vector control (Fig. 9D). After 2 h,
c-myc mRNA exhibited distinct decay curves in the LARP4
and control cells. In contrast, the nonpolyadenylated histone

H2A mRNA was not significantly different in F-LARP and
vector cells at 2 h or at any time (Fig. 9E). GAPDH mRNA
was not significantly different in the F-LARP4 and control cells
and was highly stable in both (Fig. 9F). These results indicate
that overexpression of LARP4 can stabilize some mRNAs.

DISCUSSION

We characterized a new protein, LARP4, that appears to be
involved in mRNA metabolism and translation. Multiple data
indicate that LARP4 is intimately associated with translating
polyadenylated mRNAs. The conserved RNA binding LaM-
RRM of LARP4 exhibits a binding preference for poly(A), as
well as other unexpected properties of a LaM-RRM-contain-
ing protein (Fig. 1 and Table 1). The results expand our ap-
preciation of the potential diversity of the LaM-RRM in RNA
recognition.

The LARP4 LaM-RRM is flanked on both sides by PABP-
interacting regions. The region N-terminal to the LaM-RRM
contains a conserved PAM2w sequence that we showed is
important for PABP interaction. PAM2 sequences mediate
direct contacts with the MLLE domain of PABP (38-40). Di-
rect binding as monitored by ITC, as well as NMR and crys-
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tallography, showed that the LARP4 PAM2w makes contacts
with the MLLE domain of PABP.

The region C-terminal to the LaM-RRM that is required for
efficient interaction with PABP was mapped to a sequence that
resides within or includes LARP4 residues 287 to 358. The
RNase I data suggest the possibility that the mechanism of
interaction between PABP and this region of LARP4 may
involve RNA bridging, although this remains to be determined.
We also presented evidence that is consistent with a model in
which LARP4 and PABP interact in the presence of RNA and
that this contributes to the stability of their interaction. Our
characterization represents the first detailed mechanism by
which a LARP interacts with PABP.

LARP4 cosediments with 40S ribosome subunits and was
found to interact with RACKI1, a 40S- and mRNA-associated
protein (17, 50). Knockdown of LARP4 led to a decrease in
translation, as evidenced by conversion of polyribosomes to
monosomes on sedimentation gradients and by a decrease in
[>*S]Met incorporation into newly synthesized protein, consis-
tent with a 15 to 20% reduction in cellular protein synthesis.

The cumulative data indicate that LARP4 is a functional com-
ponent of a fraction of translating mRNPs.

LARP4 sediments as two peaks on polysome profiles, with
40S ribosome subunits and with polyribosomes. All tested
LARP4 mutants that showed decreased association with PABP
also showed decreased association with polyribosomes. Substi-
tution of residues in the RNA binding domain of LARP4
predicted to be important for RNA binding also decreased
association with polyribosomes.

The results reported here are to be distinguished from the
report (57) on a related protein, LARP5/4b. Human LARP4
and -5/4b are distinct proteins encoded on different chromo-
somes that have maintained distinct characteristics through
evolution, including sequence differences in their La motifs in
key residues involved in base-specific RNA recognition in hu-
man La-RNA crystals, as well as conserved differences in their
RRMs. LARP4 and -5/4b are most highly homologous in their
LAMs and RRMs but are less homologous in some other
regions (see Fig. S3 in the supplemental material). However,
even in these most homologous regions, conserved sequence
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differences occur in key positions of the RRM that are some-
times involved in sequence-specific RNA recognition in other
RRM-containing proteins (7), such as the loop connecting the
B-2 and B-3 strands of the B-sheet RNA binding surface of the
RRM (see Fig. S3 in the supplemental material).

LARP4 and -5/4b share functional relatedness, including
interaction with PABP and RACK1 (57). That this was also
demonstrated for LARP4 is significant, because although it
was reported that the large C-terminal domain of LARP5/4b
(~400 amino acids) interacts with PABP and RACKI, this
region shares limited homology with LARP4. The region 287
to 429 of LARP4 that we mapped as important for PABP
interaction contains a stretch of about 70 amino acids with
significant homology (64% identity and/or similarity) to
LARP5/4b (see Fig. S3 in the supplemental material). Fine
mapping of the LARP4 region of RACKI interaction will
require further experiments. Our data advanced information
regarding the RACKI interaction, as we found by yeast 2-hy-
brid analysis that the C-terminal half of RACK1 is sufficient for
interaction with LARP4.

Conditions that inhibit translation lead to accumulation of
mRNAs and associated initiation factors, such as PABP, 40S
subunits, and RACKI1, as well as TIA-1 and certain other
mRNA binding proteins, in stress granules in which they are
transiently inactive but can be reactivated for translation (13,
36). Since LARP4 was found associated with 40S subunits,
RACKI1 and PABP, and was shifted in polysome profiles to a
pre-40S mRNP fraction with puromycin, a translation inhibitor
known to induce stress granules (36), we examined stress gran-
ules for F-LARP4 and detected colocalization with TIA-1, a
key component of stress granules (see Fig. S7 in the supple-
mental material). Our Ab that detects endogenous LARP4
also demonstrated stress granule localization using anti-FMRP
(see Fig. S7 in the supplemental material) (57), consistent with
the idea that LARP4 is associated with mRNPs engaged for
translation initiation that assemble into stress granules after
exposure to arsenite.

While LARP5/4b was shown to bind PABP, its PAM2 motif
was not noted or characterized in the previous report (57). Our
analysis identified the PAM2w and showed that it indeed in-
teracts directly with the PABP MLLE domain with a K, within
the range found for other PAM2 motifs. This is significant,
because it suggests that LARP4 (and probably LARP5/4b)
function as parts of a network of proteins that compete for the
PABP MLLE domain. Finally, while Schiffler et al. (57) re-
ported that LARP5/4b stimulated protein synthesis, as moni-
tored by luciferase activity, they showed that it did not affect
luciferase mRNA levels, whereas our analysis, which included
mRNA decay, indicated a role for LARP4 in mRNA stability.

The variant PAM2 sequences found in LARP4 and -5/4b
most significantly differ from all other known PAM?2 sequences
in that they contain a Trp in place of Phe, the latter of which
is a most important contributor to MLLE binding (39). While
LARP4 PAM2w contains leucine at consensus position 3,
which is also very important in MLLE binding (38, 39), we do
not yet know if the presence of Trp in place of Phe would
increase or decrease binding to MLLE. Occupation of this key
position by Trp has been conserved by all LARP4 and -5/4b
sequences in the database (not shown), which is especially
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intriguing in light of hierarchal competition by PAM2 proteins
for the PABP MLLE (39).

We note that overexpression of LARP4 may not reflect a
physiological role in mRNA stability and that actinomycin D
can have untoward effects after 2 h. We therefore examined
this after LARP4 knockdown, which appeared to have desta-
bilizing effects on FAIM mRNA (see Fig. S8 in the supple-
mental material). However, this experiment did not include the
luciferase reporter, and other probings were complicated by
technical irregularities. Thus, we emphasize that our conclu-
sions regarding mRNA stability are mostly limited to condi-
tions of increased LARP4 expression and that more detailed
and mechanistic experiments focusing on this aspect will have
to await future endeavors. Nonetheless, given our data showing
that modest overexpression of LARP4 can stabilize mRNAs
(Fig. 9), it is tempting to speculate that LARP4 may do so by
competing with the PAN2/3 and/or the Ccr4-Not-Cafl-Tob2
deadenylation complexes (39). These complexes comprise a
biphasic poly(A)-shortening activity of mRNAs in context that
appears to be relevant to their antiproliferative properties (re-
viewed in reference 48).
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