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ABSTRACT

A northwestern screen of a CHO-K1 cell line cDNA
library with radiolabelled HIV-1 TAR RNA identified a
novel TAR RNA interacting protein, TRIP. The human
trip cDNA was also cloned and its expression is
induced by phorbol esters. The N-terminus of TRIP
shows high homology to the coiled coil domain of
FLAP, a protein which binds the leucine-rich repeat
(LRR) of Flightless | (FLI) and the interaction of TRIP
with the FLI LRR has been confirmed in vitro . TRIP
does not bind single stranded DNA or RNA significantly
and binds double stranded DNA weakly. In contrast,
TRIP binds double stranded RNA with high affinity and
two molecules of TRIP bind the TAR stem. The RNA
binding domain has been identified and encompasses
a lysine-rich motif. A TRIP-GFP fusion is localised in
the cytoplasm and excluded from the nucleus. FLI has
a C-terminal gelsolin-like domain which binds actin
and therefore the association of TRIP with the FLI LRR
may provide a link between the actin cytoskeleton and
RNA in mammalian cells.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos AJ223075 and AJ223076

LRRs which interact with RAS-like ligand$,{) but failed to
interact with these proteins in the yeast two-hybrid assajnand
vitro. A search for proteins which did interact with the FLI LRR
identified a partial human cDNA and a full-length murine cDNA
for FLAP. FLAP has an N-terminal coiled coil domain which
probably mediates the interaction with the FLI LRB. (The
interaction of a LRR with a coiled coil has been observed
previously in the interaction between decorin and collagen in
which a triple helical collagen molecule fits into the central cavity
produced by the decorin LRR)( FLAP shows no sequence
homology with other proteins and its biological role is unclear at
present.

The Tat protein of HIV-1 is a potent activator of transcription
from the viral promoter within the LTR. Tat binds to the TAR
RNA element present at thé énd of all viral transcripts. TAR
RNA extends from nucleotides +1 to + 57 and folds into a
stem—loop structure with a tri-pyrimidine bulge which forms part
of the base triple between U23 and A27-U38 in the upper stem,
recognised by Tat9]. The lower TAR stem, below the UCU
bulge, consists of a 19 bp stem with two mismatched bases. The
HIV-1 LTR is responsive to a number of environmental
influences such as UV light, and such stresses can lead to
activation of the LTR in the absence of the viral transactivator Tat
(10,11). This suggests that there may be stress-inducible cellular
factors capable of influencing expression from the LTR. A

Flightless | (Flil) was originally identified as a mutation innumber of cellular TAR binding proteins have been identified
Drosophila melanogastewhich leads to flightlessness due topreviously (2-17), including a series of UV-inducible RNA
disorganisation of the indirect flight muscle myofibrils).( binding proteins which show a preference for GC-rich double
Drosophila embryos with mutations iflil show incomplete stranded RNA moleculed ). These factors may be involved in
cellularisation and this is associated with an abnormal corticthe UV activation of the LTR and normally influence RNA
cytoskeleton Z). Flil and the human homologue FLI have twometabolism in response to environmental stress.

clear domains, an N-terminal leucine-rich repeat (LRR) and a In order to identify and characterise the constitutive and stress
C-terminal gelsolin-like domain which binds acti®4). The inducible cellular factors which recognise double stranded RNA
LRR is a protein—protein interaction domain found in manymolecules, we screened UV-induced cDNA expression libraries
proteins with diverse function$)( The crystal structure of the with radiolabelled TAR. We report here the isolation and
LRR from ribonuclease inhibitor indicates that this motif formscharacterisation of the human and hamster cDNAs for a novel
a non-globular horseshoe with RNAse binding to the innedouble stranded TAR RNA interacting protein, TRIP. The
concave faced). Since FLI contains an actin binding domain andN-terminus of TRIP shows extensive homology with the coiled
LRR, it has the potential to directly link other proteins to thecoil domain of the recently identified FLI-binding protein FLAP,
cytoskeleton. The LRR of FLI has homology with a group ofind interacts with the FLI LRR.
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MATERIALS AND METHODS post-transfection. COS-7 cells were fixed using 3% paraforma-
) . dehyde prior to examination and photography using an Olympus
DNA/RNA manipulations fluorescence microscope. The following plasmids were used in

DNA subcloning procedures were as described previogly ( ransfections: pCMVHANTRIP was generated by PCR

, : ; ; ; lification oftrip from pSW5. The 5PCR oligonucleotide
5'and 3deletions ofrip were generated using the polymerase chaif P! . .

reaction (PCR) and subcloned into the glutathiSmeansferase contained the DNA sequence coding for the HA epitope preceded
(GST) expression vector pGEX4T2. The human FLI gene LRRY & Kozak sequenced) and initiator methionine and this

} ; ; ; : peptide was in frame with the N-terminal methionine of TRIP in
\év:;ucelggng%ng\: Stgrén[;rli?lIgyeglgge;%%?iﬁg;;ggmgﬁﬂ;;ff the final construct. The PCR product was subcloned into pCINEO

human skeletal muscle cDNA library (Clontechjth the ©N anxbd fragment. The TRIP GFP construct was generated by

following primers: Sggcgggatccccaccatggagcagaaactgatctctgaag?gg%%ﬂ?gézgrigtgg'Eg“/igtglgEGFP'Nl (Clontech) oBanH|

agacctggaggccaccggggtgctgceg ahdcBeggatcctctagattaggceca-
gggccttgcagaa. The PCR product which corresponds to amino _
acids 1-400 of Flil was subcloned orBanHI fragment into ~ Protein analysis

DSEM:’;.ZH in | bOt.r; orli_\?plftionsthto _gene(rjate pfl_:LIts_,ense aNEST fusion proteins were expressed and purified Esoherichia
priianisense.n VIro SYNINEsIS and purication Was ¢ sing glutathione agarose according to the manufacturer’s

carried out using linearised template plasmids and either SP6 or i, £ ctions (Pharmacia). Protein concentrations were determined

RNA polymerase (Promega) as described previousy. (The using the Bradford assay3d). Expression of the GST-TRIP

templates usecjj fgr the W"(IJ! type ancll mutant TAF RNAI Synéhesgéletion series fusions was verified by SDS—PAGE and in cases
were generated by annealing complementary oligonucieotides {Qfq e significant amounts of truncated fusions were produced, the

the TAR sequences and subcloned intoBbeR| andHindlll 50,41t of the intact fusion protein to use in EMSA was determined
sites of pPGEM3Zf+. DNA sequencing was carried out using cycClgy, " jengjtometric scanning of Coomassie stained gelsitro
sequencing with dye-labelled terminators using thermosequengse,« intionjtranslations dfip and fil were carried out using

(Amersham). Samples were analysed using a Perkin Eimer A MVHahTRIP, pFLIsense and pFLlantisense in the TNT coupled

377 Prism automated sequencer, using synthetic oligonucleoti Bbit reticulocyte lysate system (Promega) &98]inethionine

to sequence both strands of the CDNAs. Prediction of coiled cil. . jing to the manufacturer's instructions. Western blots were

regions in protein sequences was done with the Pepcaoil progrziljlpgl : - -
! pared and probed with the anti-HA monoclonal antibody 12CA5
Eaks)e_g_ont_the algorlthn&_o;‘ I{)“ﬁal' ('Zr%. [()jléﬁ\_;ragrgeng fo(; (Boehringer), an anti-murine horseradish peroxidase secondary
ybridisations were radiolabelled usingR]dCTP and a Ready qiinqqy and detected using ECL according to the manufacturer's
To Go DNA labelling kit (Pharmacia). Radioactive gels and b|°t§nstructions (Amersham). For GST pull down experimens) 5

were dried and exposed overnight using Phosphorimager screQigs st or GST-hTRIP were bound to glutathione agarose and
and scanned using a Molecular Dynamics STORM imager whiGh ihated with 1511 of in vitro transcription-translated FLI for

was also used for quantitation of bands. 1h at £C in a total volume of 50Q1 RIPA buffer [50 mM
Tris—HCI (pH 7.5), 150 mM NacCl, 1% NP-40, 0.5% sodium
cDNA library screening deoxycholate, 0.1% SDS]. Precipitated material was washed five

mes in RIPA buffer and bound material was eluted with elution
uffer 20 mM Tris—HCI (pH 8.0), 20 mM glutathione] and
nalysed by SDS—PAGE and Phosphorimaging.

AZAP cDNA expression libraries were constructed using mRN/g
isolated from the HeLa and CHO-K1 cell lines, which had beeq
irradiated with 30 J/mUV light and harvested 4 h later using

MRNA purification and cDNA library construction kits from .
Stratagene. Expression screening was carried out as descrifiy® analysis

previously (2) using full-length (+1 to +80) radiolabelled TAR Total RNA was isolated from Hela cells using RNAeasy columns
RNA generated from plasmid pPE381). Positive plaques (Qiagen) and quantitated spectrophotometrically. Phorbol ester
coincident on duplicate filters were re-screened twice until singlgsaduction of HelLa cells was carried out using 100 nM PMA
well-isolated plaques were identifidd. vivo excision was used  (Sigma) dissolved in dimethyl sulfoxide. The human RNA master
to convert phage into pBKCMV plasmids containing the cDNAy|ot (Clontech) and multiple tissue northern were probed with a
insert according to the manufacturer’s instructions (Stratagengip cDNA probe according to the manufacturer’s instructions.
The full length humarrip cDNA was isolated by conventional The trip probe corresponded to a 360 Bpi—Xhd cDNA

hybridisation screening using an expressed sequence tag (Gengmagment from the 'send of the humattip cDNA.
Systems Inc.). Plasmid pSW4 consists of ith&ivo excised

pBKCMV derivative containing the hamstaip cDNA, and ; o ;

pSW5 contains the cDNA for the full length humsp. Electrophoretic mobility shift assays (EMSA)

Reactions were performed &t@® for 20 min in reaction buffer

[10 mM Tris—HCI (pH 7.9), 2 mM Mg@| 0.1mM EDTA, 4%
glycerol, 5 ngll total yeast RNA and 50 mM KCIl] using.2 ng
HeLa, 293T and COS-7 cells were grown in DMEM containing32P]JUTP (Amersham) labelled RNA probe (40 000 c.p.m.) and
10% FCS and non-essential amino acids. CHOK1 cells werkarious concentrations of purified TRIP as indicated in the figure
grown in RPMI media containing 10% FCS. Media was removelggends, in a total volume of R0 Competitor RNAs or DNAS were
prior to UV irradiation which was carried out using a Stratalinkeradded to the reaction before the probe and reactions were analysec
Transient transfections of 293T and COS-7 cells were carried doy electrophoresis on 3.5% non-denaturing polyacrylamide gels run
using calcium phosphate precipitates and cells were harvested 38tl10 V/cm at 4C unless otherwise indicated.

Transfections and fluorescence microscopy
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g hTRIP MTSPAAAQSR EIDCLSPEAQ KLAEARLAAK RAARAEAREI RMKELERQQK

kDA FLAP MTSPegAQnk EIDCLSPEAQ RLAEARLAAK RAARAEAREI RMKELERQQK
200> 51 100
< cTRIP ATRIP Evvvveeeen oo onn EDSERYS RRSRRNTSAS DEDERMSVGS

“+—cTRIP FLAP Eiygvgkkyy gldtkwgdie gqwmEDSERYS RRfRRNTSAS DEDER1SVGS

T 101 150
MTRIP RGSLR. .. vt ettt ittt tteieeneen e e e

68— FLAP RGSLRtngyd gdycgsgsls rrsgrglscs nlglpssgla skplstgngs
151 200

43— <La CTRIP e e e e e e e e e v
NTRIP ottt ie it it et e e e \Y

FLAP rasmldessl ygarrgsacg srapseygsh lnsssrassr assaraspvv

201 250

CTRIP EERPDKDFTE KGSRNMPSLS AATLASLGGT SSRRGSGDIS ISMDTEASIR
hTRIP EERPEKDFTE KGSRNMPGLS AATLASLGGT SSRRGSGDTS fSiDTEASIR

Figure 1. Northwestern analysis dE.coli cell-free lysates. Extracts from FLAP EERPDKDFAE KGSRNMPSLS AATLASLGGT SSRRGSGDTS ISMDTEASIR

isopropyl B-p-thiogalactopyranoside (1 mM)-inducégicoli containing no
plasmid (—VE) or thén vivo excised pBKCMV derivatives of the isolatad 251 200

CTRIP El.ieee oewneeniee oonn.. KDSL AEVEEKYKKA MVSNAOLDNE
ZAP cDNA clones for La (LA) or cTRIP (TRIP) were electrophoresed ona  yr1p E7........ .. ..... ... . . . .. KDSL AEVEEKYKKA MVSNAOLDNE

10% SDS—PAGE, transferred to nitrocellulose and subjected to northwestern rrap EIkelnelkd gigdvegkvm galkemkDSI, AEVEEKYKKA MVSNAOLDNE
analysis using radiolabelled TAR.

CcTRIP _KTNFMYOVDT LKDMLLELEE OLAESOROYE EKNKEFEREK HAHSILOFOR
hTRIP KINFMYOVDT LKDMLLELEE OLAESrROYE EXNKEFEREK HAHSILOFOF
FLAP KINFMYOQVDT LKDMLLELEE OLAESOROYE EKNKEFEREK HAHSILOFQF

RESULTS Eﬁii AEVKEALROR EEMLE . « -« « v vveinee oteeeieene e
y AEVKEALKOR EEMLE . -+« « ovveeeeee et e

. . FLAP AEVKEALROR EEMLEecirgl ggkgagfire isdlgeticw kdkkigaler
Molecular cloning of trip

401 450

. . . CTRIP ... vt i i KHG IILNSEIATN GETSDTLNGV

AUV-induced CHO-KIACDNA expression library was screened  hTRIE .......... ......--. ... KiG TILNSEIATN GETSDILANY
. . v e
using radiolabelled TAR RNA (+1 to +80). Of the®Iflaques gretiasiys eracires ©

. . . 451 500
screened initially, two consistently bound TAR in three rounds Of crrip GvoGPTKMTK EELNALKSAG EGTLGKAKEV ELKKEIVOSM GKgggtLQNT

ifi 1 hTRIP GYQGPTKMTK EELNALKSTG dGTLGRASEV EVKNEIVANV GK. iLhNT
plaque _punﬂca’qon. One of these clones corresponded to La"[:* oS DTKITK EBINALKSAG EGTL. oGV E1KKIT. . or relLhNT
autoantigen which has previously been shown to bind TAR RNA cor ss

(13). The second clone which appeared to bind TAR equally well cTr1p  Eqagprpnpl KDCVDggVsh pGENagDQKp tEDSALSpGp LAGAKCEQQV

in a northwestern assay (Fig.contained a 2063 bp openreading "fiap Goreriieqt iixoqiesy gmkidiiz ambgiLenat damm. -l

frame (ORF) which was calledp (Fig. 2). A database search 551 600

identified a number of translations of human-expressed sequencerxie 33811%225 qugegiggr %dqﬁggg; ggsiggggga gGLDseEsqp
. . en vV n ga. DLEPpSNCw SDLD......
tags (ESTs) homologous to the N-terminus of the hariler  'Frap graanrqisa Lk fklakseq EiTalequvi Rlesquiryr Saaenabkic

ORF (trip). An EST clone (DDBJ/EMBL/GenBank accession 601 650
no. N36824) was used to screen a HeLa cDNA library for the [Tiie stoiinase eeisisates sueveorasr daggyinly a0
fu||-|ength human h0m0|ogueh1¢|p)_ Several |ndependent FLAP delkaekrkl grelrsaldk teelevsngh lvkrlekmka nrsAllsqg*
clones were identified and the clone with the largest insert was . Siéms oL EHAKDTVSHD LrovnE SUE rEL. S0 00
H H (o} S rrsvnkg. ... ... ae I . S

judged to be a full-length CDNA, since an upstream Stop COUONLTRTE  gaGTVASCEL gHSADTVYHD dkemvEvpde 1otstaNSLE KEECAQERAR
was identified in the same frame as the major ORF. The cDNA 701 750

1 i i i 1 1 1 cTRIP PeEaligs tsk...Entv rkTG..DkKP IgaEVgattg apivgsghgd
gggg)U?ar:'c?T:j;SSSa(Esl\jlaTIOnfOSaé:ldepraOt(eFl:ﬁlg\;vn-I’l]—haeprll‘]eudr!nC;id;?]I(?tlve hTRIP PEESp;gSEth ng;rdhnEeeg eeTGlrDeKP IkiEVpgspa gtegncgeat
e . i . . 751 800

hamster sequences exhibit a high degree of conservation in themrip tsvrgaTh.a PLDeKEPGKE KSeQQaEALD SpQRRsKNrK KKNKKKKpPA
N-terminal and C-terminal domains whereas the central domains’™!F 9psTvdTqne PLDMKEPAeE KSAQOGEALD SsQRKKNKK KKNKKKKsEV

are less conserved, the overall sequence identity being 61%. The ;. 20hrxpask ELncoNTDah AleBEEsiqf pDKKqtaErQ skeTKNPEOK
alignment suggests that the cDNA clone fdrip is not hTRIP pPVETIKDVKK ELtyONTDls eikEEEquks tDrKsavEaQ nevTeNPkOK
full-length. 851 900

Database searches indicated that the N-terminal 272 aminGmis Tesoccmmva Cobuirin GKiag baba VoTencevls DODTLAEAD
acids of hTRIP had 96% sequence identity with the murine FLI 901 950
associated protein FLAR)( except murine FLAP has sequence cTRIP aa0Svstshe GEBteBrdAD DPA....... ggpravidan spack. . Ee?

hTRIP tvQSsgprAg GEEldEgvAk DNAkidgatq ssPaepksed adrCtlpEhE

insertions at amino acid positions 51, 83 and 136 of hTRIP2)-ig. 551 1000

The splicing pattern reported for a partial cCDNA of human FLAP cTr1p  ispmkkkgpp krgseeghvl SqHPgQmeeK AiDgeSidNs DLSY. . .ELG

(4) is identical to hTRIP except that hTRIP residues 52—-83 are "R1F spsqdisdac eaestercem SeHPsOtvrk AlDsnSLeNd DLSapgrEpe
absent in human FLAP. It is not possible to determine Whether ;e Sofizcguaa roevensksk Epctsr

hTRIP and human FLAP represent alternatively spliced forms of hTrie  hfNpESredt RGInEkgKSK EDCTMS*

the same gene at present, since the DNA sequence of the partial

human FLAP cDNA is not currently available. The C-terminal

domain of TRIP has no homology with FLAP or with other

proteins in the databases. Figure 2. Sequence analysis of human and hamster TRIP. Alignment of the

L . predicted amino acid sequences of the human (hTRIP) and hamster (cTRIP)
A 292 bp (1535_1827) region in thtﬂp CDNA sequence was TRIP with murine FLAP. The predicted coiled coil domains are underlined.

fo_un_d to be 190% identical to the sequence encoding the DNAyentical amino acids in two or more sequences are shown in upper case. The
binding domain of the transcriptional repressor GCF (bp 1-292RNA binding domain defined in Figure 6 is shown in bold.
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DDBJ/EMBL/GenBank accession no M29202%). This highly
conserved region of DNA is translated in alternative reading

frames in the two genes. The origin of this DNA is unclear though A 2 : -

it is unlikely to have arisen from a cloning artefact since we 29T ;:.'5' PR
identified a number of independédritip clones containing this Kb B2 ﬁ SSuE E
sequence together wittrip which has similar sequences in this 9.5

region. hTRIP has a predicted coiled coil region between residues 75

127 and 207 (FiR). Residues 561-589 may also form a coiled 45| e . s

coil region; however, analysis of the cTRIP sequence only
predicted an N-terminal coiled coil domain. This coiled coil 5 4
domain is conserved in FLAP and corresponds to the domain :

which interacts with the LRR of FLE. Actin» mﬂm

Expression and mitogen induction ofrip B

Expression Level (%
20 40 60 ED 100

Northern blot studies using a DNA probe from therid of the

gcf gene which encompassed the 292 bp region homologous to m’:'mwﬂ R

htrip identified a 3.0 klgcf transcript and two transcripts of Colen (USRS
unknown origin with sizes of 1.2 and 4.5 kb which were all -, [T
induced by phorbol esterds). Northern analysis with a probe to g Ty

the 8 end of thenhtrip gene identified a single transcript of 4.5 kb My G [

(Fig. 3A), and there was some variation in the leveltoip oy

expression between different cell lines. Despite the protein P i

sequence homology between TRIP and FLAP in the region e

corresponding to the DNA probe used in northern analysis, no Stomach (SRR

other transcripts were observed even after an extended exposure, v

raising the possibility that TRIP and FLAP may be encoded by Toctl Bein

separate genes. The tissue specific expressiontripi was Foctal

investigated using a multiple tissue RNA dot blot (B) and Foesal &

showed significant variations between different tissues with the foshee

highest expression in foetal heart. Northern analysis indicated C

thathtrip was rapidly induced by phorbol esters, with expression

peaking at 4 h after induction and returning to near basal levels 0 1 2 4 6 Time (Hours)
at 6 h (Fig3C), as observed previously for the 4.5gdbrelated = —

transcript £5). Despite being rescued from a UV-induced cDNA o e s | TRIP
expression librartrip shows no significant induction following =

UV irradiation of cells (not shown). # ﬁ Q sk w Actin
Purification and RNA binding specificity of TRIP 1.0 16 21 44 13 Fold induction

To investigate the RNA binding specificity of TRIP, we expressed OLLEE

hTRIP and cTRIP ifE.colias GST fusion proteins. Purification

of hTRIP produced a significant amount of truncated protein;

consequently cTRIP was used in EMSA. The purified recombinant

cTRIP protein migrated anoma|0us|y on SDS—PAGE with arfigure 3. Analysis oftrip gene expressionAf Northern blot analysis using a

fragment from the '5end of thehtrip gene with poly(A)+ RNA isolated from
RMM of 174 kDa, compared to the actual RMM of 113 kDa, ar"da variety of cancer cell lines. A single transcriptf5 kb is observed. The

contained a |9W !evel of degradation prodgcts (FA. hTRIP lower panel shows the signal obtained when the blot was re-hybridised with an
was detectedh vivo by transient transfection of a HA-tagged actin probe.B) Expression ofitrip in a variety of human tissues. An RNA dot

htrip cDNA. (Fig.4B). The epitope tagged hTRIP consistently blot with normalised levels of poly(A)+ RNA (Clontech) was hybridised with

migrated as a doublet with RMMs of 155 and 160 kDa with som?’m htrip probe and the signal quantitated using a Phosphorimager. Expression
evel is shown as a percentage of the signal seen in foetal G¢&tafbol ester

minor hlgh r_nOb'I'ty bands- This Squ_eStS there may be SOMfAduction ofhtrip. HeLa cells were treated with 100 nM PMA, total RNA was

post-translational processing of TRiPvivo. isolated at the indicated times andutpwas used in northern analysis with an
The overall RNA binding specificity of cTRIP was investigated htrip probe. The expression bfrip was quantitated using a Phosphorimager

by EMSA using single and double stranded RNA and DNA agnd normalised with respect to the actin signal.

competitors for TAR (+1 to +57) binding (Fi4C). None of the

single stranded RNAs was an efficient competitor even when

present at a 1000-fold excess (w/w) except polyG @&gand

D). However, polyG can form higher order structures and hake highest affinity, followed by polyG and then polyAU. Single

previously been shown to be an efficient competitor for two othestranded DNA did not appear to compete for the cTRIP/TAR

TAR stem binding factors, La and TRBE3(26). Comparison of interaction, but double stranded DNA showed some competition,

the competition efficiencies (FigD) indicates that polyGC has though only at the higher concentrations (BiD). These data
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of the loop sequences to the antisense (mutant LS) did not

.3.,
¥ & influence the cTRIP/TAR interaction significantly, nor did
A B i deletion of the UCU bulge sequence (TM29) (BRj.. Similarly,
';[f;]u, alterations to the primary sequence of the lower stem (TM22,
kDa G8T. . TM23) which maintained the structure, did not influence cTRIP
==t - binding. A point mutation in the lower stem (TM37) which
1167 disrupted the structure of the stem showed a 2-fold reduction in
979 109% binding affinity for TRIP (Fig5B). These data indicate that TRIP
g — binds the TAR stem. The TAR construct lacking much of the
s e lower stem (TARLET) appeared to contain a single cTRIP

binding site since the higher mobility complex predominated
(Fig. 5A), presumably because there is insufficient RNA duplex
for a second TRIP binding site. The binding affinity for this
mutant was nearly 3-fold lower than that for wild type TAR,
suggesting that cTRIP may bind co-operatively to the two sites.
The failure to observe significant amounts of the low mobility
complex with TARLET RNA also indicates that the two
protein-RNA complexes formed with wild type TAR are not
simply due to oligomerisation of TRIP at high concentrations.

C

GST-cTRIP .
{TAR ™
COMPLEX

PRORBE
palyA
polyl
palyC

FREE 4,
TAR

D Identification of the TRIP RNA binding domain

To define the RNA binding domain of TRIP, a series of N- and
C-terminal deletions of cTRIP were expressed and purified from
E.coli (Fig. 6A). Constructs which lacked the N-terminal coiled
polyG coil domain (cTRIP1, cTRIP2) still migrated anomalously on
o SDS-PAGE (not shown), suggesting that this was due to aberrant
e SDS binding rather than the formation of TRIP dimers resistant
palyA. to boiling in SDS—PAGE loading buffer. The cTRIP5 protein
poyU (amino acids 1-440) failed to bind TAR, whereas the cTRIP4
polyd protein (amino acids 1-510) did bind TAR; in addition the
O potydc: cTRIP2 protein (amino acids 388—712) bound TAR (BR),
0 50 100 150 200 thus defining approximate boundaries for the RNA binding
competitor (ng) domain between amino acids 388 and 510.
A basic region rich in lysines was identified within the RNA
binding domain (Fig6A) and a further series of GST fusion
Figure 4. Purification and nucleic acid binding specificity of TRIR) (A prOtemS,Were expressed an_d Pu”f'ed,t‘? Con,ﬂrm this reglon ,Was
Coomassie-stained 10% SDS-PAGE of the purified GST—cTRIP fusionfésponsible for the RNA binding activity. Firstly, amino acids
protein. The faint band seen below the major band represents a minod59-511 from cTRIP (cCTRIP7) and the equivalent residues (amino
degradation product of the fusion proteB). YWestern blot analysis of 203T cell  gcids 516-569) based on the sequence alignment2jFfgpm
extracts prepared from mock-transfected and pCMVHAhTRIP-transfected g g
cells, probed with the anti-HA monoclonal antibody 12CA5.EMSA were hTRIP (hTRIP]') Were tested for RNA bmd!ng activity (Fagz).
carried out with with TAR RNA (+1 to +57), recombinant purified GST—cTRIP BOth fusion proteins bound TAR, though increased amounts of
(100 nM) and various ribonucleic acid competitors (100 ridj).Graphical fusion protein were required compared with full-length cTRIP to
representation of EMSA competition assays using the indicated competitors ajchieve the same amount of complex formation. This may be due
varying concentrations and 100 nM cTRIP protein. The percentage bound wai0 steric hindrance effects caused by the relatively large GST
quantitated using a STORM imager and represents the amount of protein—RN dditi foldi fth tides in th text of a GST
complex formed, relative to the amount of protein-RNA complex formed inthe & il Ions or poor 0, Il')g orthe F_’ep' €s In the COU ext of a .
absence of competitor, in each experiment. Experiments were carried out on #4sion. The RNA binding domain was further delineated using
least three separate occasions and a representative dataset is shown. proteins cTRIP8-11 (FigA and D). cTRIP8, 10 and 11 all
bound TAR, indicating that the lysine-rich domain from residues
o _ _ 482 to 501 was sulfficient for binding TAR. Consistent with this,
indicate that TRIP preferentially binds to double strandethe cTRIP8 protein which only contained half of the lysine-rich

% bound

GC-rich RNA. domain failed to bind TAR. These data indicate that the RNA
binding domain of TRIP encompasses a lysine-rich sequence of
There are two TRIP binding sites on the TAR stem 20 amino acids. However, since these peptides did not bind as

. . L ) efficiently as the full-length protein, we cannot exclude the
To identify the CTRIP binding site on TAR, a number of mutangossibility of a contribution from flanking sequences at present.
TAR RNAs were synthesised and the relative affinities of CTRI

for these RNAs were determined by EMSA. Experiments wit ;

wild type TAR showed the formation of two discrete protein—h‘- RIP binds the LRR of FLI

RNA complexes (Fig5A). The apparent equilibriunkg for  The almost complete sequence identity between TRIP and the
binding wild type TAR was 14 nM (Fi§B) which is comparable FLI interacting domain of murine and human FLAP suggested
with the binding affinity of La for TAR (17 nM)1Q3). Alteration  that TRIP might also bind the LRR of FLI. To test this, we
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Figure 6. The TRIP RNA binding domain contains a lysine rich moij. The
extent of 5and 3end deletions in thep genes used to define the RNA binding
domain. The numbering refers to the amino acids incorporated into each fusion.
Figure 5. TRIP binds to the TAR stemA] EMSA were carried out with TAR (B) EMSA using the purified cTRIP proteins described in (A). An aliquot of
(+1 to +57) and mutant RNA molecules with varying concentrations of 100nM of the intact purified fusion protein was used in eadetion.
recombinant cTRIP as indicated. Protein-RNA complexes are indicated by (C) EMSA using 200 nM of the hTRIP1 and cTRIP7 proteins resolved on a 5%
arrows. A representative selection of mutant TAR EMSA are shown. polyacrylamide gel.[§) EMSA using 200 nM of the cTRIP8-11 proteins
(B) Sequence of TAR and mutant TAR RNA molecules used in EMSA and described in (A) resolved on a 5% polyacrylamide gel.
cTRIP binding affinities. Sequences shown in bold represent mutations from
wild type TAR. The apparent equilibriukys for binding the mutant RNAs
were taken as the concentration of cTRIP at which 50% of the input RNA was
bound, where the percentage bound = [bound/(bound + free)D0. The
values shown represent the averages of two independent determinations.

TRIP is localised in the cytoplasm

generated radiolabelled FLI LRR and tested its ability to bindo determine the intracellular localisation of TRIP, the human
hTRIPin vitro (Fig. 7). The FLI cDNA used corresponds to aminocDNA was fused to the green fluorescent protein (GFP) to
acids 1-400 which encompasses all of the LRR (amino acids 1-38@nerate a TRIP-GFP fusion mammalian expression vector and
and produced a protein of 48 kDa on SDS—PAGE, which is slightlyris was transfected into COS-7 cells (Fdg.The GFP control
higher that the predicted molecular weight of 46 kDa {Figne 2) is localised throughout the cell whereas a TRIP-GFP fusion is
whereas a reticulocyte lysate programmed with an antisense cDN#ealised in the cytoplasm and appears to be excluded from the
produced no protein (lane 1). Glutathione agarose, either alonerarcleus. The basic RNA binding domain of TRIP might have
charged with GST (lanes 3 and 4), failed to precipitate FLI LRRbeen expected to function as a nuclear localisation signal, but this
However, GST-hTRIP specifically precipitated FLI LRR (lane 5)does not seem to be the case, perhaps because TRIP is anchore
demonstrating that TRIP binds the LRR of FLI. in the cytoplasm through its interaction with FLI.
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AS asT- The DNA sequence ohtrip has a region with complete
_ HLLELL =  GST TRIP sequence identity to the transcriptional repregsi@nd previous
ik studies identified twgcfrelated transcript26). It seems likely
) that htrip corresponds to one of those transcripts identified
115w . . . . K
e previously though the relationship betwegp andgcf remains
unclear. It is unlikely that the two transcripts arise by differential
“e i {FPiEE]] P splicing since there are no other regions of homology within the
1 T genes. It is interesting to note that despite being translated in
3z alternative reading frames, this region of DNA encodes basic
amino acids in both proteins, and in each protein this region is
responsible for nucleic acid binding. Bogief and htrip are
Figure 7. TRIP binds the LRR of FLI. FLI was generated iny vitro induced by phorbol esters, suggesting kiidp may play some
transcription/translation with reticulocyte lysate (RT) ati$]methionine and role in a cell proliferation or growth response.
tested for an interaction with GST-hTRIP. Lane 1 (AS FLDuI2RT The N-terminus of TRIP shows almost complete sequence

programmed with pFLIantisense; lane 2 (FLIW2RT programmed with a . . . . - . S -
sense FLI cDNA; lane 3, proteins from (I5RT programmed with pFLIsense identity with the coiled coil domain of the FLI binding protein,

bound to glutathione agarose; lane 4, the same as lane 3 except the glutathioné-AP. Human FLAP was isolated on the basis of its interaction
agarose was charged withu§ GST; lane 5, the same as lane 3 except the with the FLI LRR by a yeast two-hybrid screen, though its
glutathione agarose was charged wiflgS5ST-hTRIP. Protein samples were  hjplogical function is unclear at present. Northern analysis with
examined on a 10% SDS-PAGE followed by Phosphorimaging. human FLAP indicates there are multiple splice variants which
are expressed in a tissue-specific manner, and human and murine
FLAP show a different splicing pattern, but both proteins interact
A B with the FLI LRR as demonstrated by co-immunoprecipitation
(4). Whether hTRIP corresponds to a splice variant of FLAP or
arises from a separate gene is not clear at present. We have
confirmed that hTRIP interacts with the FLI LRR vitro;
therefore the FLI LRR probably has multiple binding partirers
vivo. Coiled coil domains frequently homo- and hetero-dimerise
GFP GFP-TRIP (33) and TRIP and FLAP or combinations with other coiled coil
proteins might dimerise and bind the FLI LRRvivo.
As a cytoplasmic RNA binding protein, TRIP may play a role
Figure 8.Fluorescence microscopy of COS-7 cells transiently transfected within a number of different processes including translation, regulation
GI%P fusions.4) Cells transfectegywith pEGFPN1 which exgresses a humanOf RNA stability or RNA localisation. Two other TAR stem
codon optimised GFP protein. The protein is localised throughout the cellbinding factors identified previously, La and TRBP, have both been
(B Cells transfected with a derivative of pEGFPN1 which expresses ajmplicated in translational regulation. TRBP forms heterodimers
hTRIP-GFP fusion protein which is exclusively localised in the cytoplasm. with the double stranded RNA activated protein kinase, PKR,
preventing its autophosphorylation, and this blocks PKR mediated
inhibition of viral protein synthesig{). In the cytoplasm, La is
DISCUSSION proposed to render translation cap-dependent in conjunction with
other general RNA binding proteins, by binding mRNA and
In this study we have identified a novel mammalian RNA bindingpreventing spurious initiations at internal methionings).(
protein, TRIP, which is localised in the cytoplasm. TRIP binds tblowever, since FLI binds actin itis possible that TRIP and FLAP
double stranded RNAs with high affinity and shows little bindingare associated with the actin cytoskeletonivoand TRIP may
to single stranded RNA or DNA. Double stranded DNA only actplay a role in the localisation of RNA to the cytoskeleton. The
as a competitor at high concentrations, suggesting that TR#etin binding domain of FLI shows homology with gelsolin and
preferentially recognises an A form RNA helix rather than a Bherefore might be expected to have actin filament severing and
form DNA helix. There is no obvious sequence specificity to theapping functions and be involved in reorganisation of the actin
TRIP RNA interaction, and this is a property shared with &ytoskeleton; this is consistent with the observations that FLI
number of other double stranded RNA binding proteins. Thigutations inDrosophilahave a disorganised actin cytoskeleton
probably reflects the geometry of an A form helix in which thg(2). Therefore TRIP may be involved in the recruitment of RNA
accessible minor groove provides few opportunities for sequentgsites of cytoskeletal reorganisation through its interaction with
specific recognition47,28). Whether TRIP binds to a specific FLI. The TRIP-GFP fusion which would be expected to
subset of RNAs such as HIV-1 TAR vivo remains to be colocalise with FLI, and therefore actin, does not show a
determined. The RNA binding domain of TRIP does not conforrstrikingly filamentous distribution; this is consistent with the
to the well-characterised double stranded RNA binding motihtracellular distribution seen for a number of actin cytoskeleton
seen in proteins such as TRBR®)( though this motif does have modifying proteins such as gelsolin and CapG which show either
lysine rich elements2Q). Instead, the highly basic domain is a diffuse or punctate cytoplasmic distributi@®,87).
more reminiscent of those seen in viral proteins such as TatFor some time it has been known that poly(A)+ RNA
(30,31), which interact with bulges within regions of double co-localises with actin filament8&) and a number of recent
stranded RNA, and cellular proteins such as bicoid whosgudies have implicated the cytoskeleton in the movement of
homeodomain contains a lysine/arginine-rich helix which bind®NA to specific cellular subcompartmen9); In particular,
DNA and RNA and regulates translatiorDrosophila(32). ashImRNA inSaccharomyceserevisiads specifically localised
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to the presumptive daughter cell nucleus, and this proce$s Gatignol,A., Buckler-White,A., Berkhout,B. and Jeang,K.-T. (1991)

requires the actin cytoskeletof0(41). In mammalian cells, the

binding of extracellular matrix components to integrin receptor%.3

stimulates the formation of focal adhesion complexes (FACs)4
Recently it has been demonstrated that mMRNA and ribosomes

rapidly localise to FACs formed following integrin bindintg).

This process depends on the ability of integrins to mechanical

couple the extracellular matrix to the cytoskeleton, and is
associated with tension-dependent restructuring of the actinm
lattice. Disruption of the actin lattice with cytocholasin D blocks!8

the RNA and ribosome recruitment process, whereas microtub
modifying drugs have only small effects, thus illustrating th
importance of the actin cytoskeleton in RNA localisation. It will

s

be interesting to determine whether FLI has gelsolin-like actino
filament severing and capping properties and whether &
actin—FLI-TRIP interaction causes localisation of RNA to site§2

of cytoskeleton reorganisation, perhaps in response to mitogesig

signals which induce TRIP expression.
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