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ABSTRACT known as p220 or elFy a component of the cap binding protein

. , . . , complex elF-4F, was cleaved in infected cel. (As a
The 220 nucleotide 5 ' non-coding region (5 'NCR) ofthe  ,hsequence, translation initiation by the ehid-dependent
human immunoglobulin heavy chain binding protein

(BiP) MRNA contains an internal ribosome entry site sca_mning meg:hanism of capped. cellular mRNAs is inhibited
(IRES) that mediates the translation of the sgcon d while translation by an internal ribosome entry mechanism of

Sistron in a dicistronic mRNA in cultured mammalian enteroviral MRNAs can proceed. This finding implies that
C(SII 0 n t?' Cst do g eriment Cuarlée resente da tﬁat internal initiation requires little intact elF-4F. Because viral gene
Ioczasté the ISESuimyrhe ()j(igtell u sS{ream %f t?\e Start-site expression strategies usually usurp pathways that already existin
AUG codon in the BiP mRNyA FI):urthermore crosslink- the host cells, quests were launched to identify cellular mMRNAs
ing of thiouridine-labeled BiP iRES-containng RNA to that contain IRES elements. So far, a handful of IRES-containing
cellular proteins identified the specific binding of two cellular mRNAs have been described. Among those are the

; ; ; , MRNAs encoding the human immunoglobulin heavy chain
roteins, p60 and p95, to the 3 ' half of the BiP 5 'NCR. e ; 4 .
Fnterestingly both :))60 and p95 bound also specifically binding protein (BiP)9), the Drosophila melanogasteknten-
to several ’viral IRES elements. This correlation napedia proteinl(), the human fibroblast growth factor protein

o (12), the human insulin growth factor proteir?f and the human
iSnl}Itgigtie()S:]S ()T?éﬁl?lg raggdp\?i?a?cljggsh 2\(: rrrlcélr?tsém internal elF-4G protein 13). However, the exact locations of these IRES

elements and the mechanism by which viral and cellular IRES
elements are utilized still remain unknown.

INTRODUCTION Much effort has concentrated on the identification and
Most mRNA molecules in eukaryotic cells are translated by eharacterization of factors that can modulate the function of IRES
scanning mechanism whereby 40S ribosomal subunits, carryiggments. Both general translation initiation factors and novel
the initiator tRNA molecule and certain translational initiationnuclear proteins have been identified which stimulate internal
factors, enter the mRNAs at or near their cappeehfis and initiation. Initiation factor elF-4A has been shown to be essential
subsequently scan the mRNA in até 3 direction until an in internal initiation, because dominant negative mutations in
appropriate AUG codon is encountered to start protein biosynth@l=-4A inhibit both cap-dependent and internal initiation-
sis (1,2). However, several eukaryotic mRNAs have beertlependent translation in mammalian cellg)( Furthermore,
identified that can recruit ribosomal subunits via internakvidence is accumulating that the C-terminus of factor elF-4G,
ribosome entry site (IRES) sequence elements that are usuallfiich is generated by proteolysis in enterovirus-infected cells, as
located within the Mon-coding regions (NCRs) of the mRNAs mentioned above, enhances internal ribosome binding. Specifically,
(reviewed in3,4). elF-4G is cleaved in infected cells to yield two major cleavage

The existence of IRES elements was first noted in enterovirgfoducts: an N-terminal 130 kDa cleavage product which remains
(5) and cardioviral § RNA genomes, which are of positive- bound to the cap binding protein elF-4E, and a C-terminal 100
stranded polarity and lack germinal cap structure§) It has kDa cleavage product which remains associated with factors
long been known that cap-dependent translation of host cellF-4A and elF-315,16). Recently, it has been shown that the
MRNAs is inhibited in enterovirus-infected cells and it was thuslF-4Gcterminal€1F-4A/elF-3 complex stimulates the translation
unclear how viral mMRNAs can be selectively translated if IRES-containing mRNAs in cell-free translation systems
infected cells. It was subsequently found that elF-4G (formerlgl6,17). Whether the elF-4&ierminal€lF-4A/elF-3 complex
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stimulates IRES elements in infected cells and by what mechamethod: plasmid pSACAT/BIP/LUC (9) was digested with
ism is not known. various enzymes and the 6.6 Igal-BsEll fragment, the
Using gel-shift and ultraviolet crosslinking assays, complexeSal-Nrul fragment containing nt 1-53 of the BilNER and the
between several different nuclear proteins and IRES elemer@085 bp NcdyenowBSEIl fragment were isolated. The three
have been identified. Of these, the La autoantiy@i @) and the fragments were ligated to give rise to the plasmid &S/
polypyrimidine tract binding protein PTB2(,21) have been BiPny /LUC. Plasmid pSYCAT/BiPxpy/LUC was constructed
shown to be required for efficient internal ribosome entry irusing the same strategy. Three fragments were obtained from
polioviral (22) and encephalomyocarditis virak324) IRES  digested pSYCAT/BIiP/LUC plasmids: a 6.6 kisal-BsEll
elements, respectively. Interestingly, neither La nor PTB seemsfragment, éSal—Xba yenow fragment containing nt 1-91 of the
specifically interact with the cellular BiP IRES (unpublishedBiP SNCR and a 605 bNcdgenowBSEI!l were ligated to yield
observation). However, this may not be too surprising becaugtasmid pSYWCAT/BiPyp/LUC. To obtain the pSMCAT/
even different viral IRES elements have different requiremenBiPgg.164LUC plasmid, theSal-Ncd fragment was isolated
for PTB (24). This study shows that two cellular proteins, p60 androm pT7BiR50-165 (See above) and was ligated to the 6.6 kb
p95, specifically interact with the BIPNICR as well as with Sal-BsEll and the 605 bplcd—BstEll fragments, both obtained

several viral IRES elements. from digestions of plasmid pQXZAT/BiP/LUC. Plasmid
pSVACAT/BiPsmdLUC was constructed similarly to pgZAT/
MATERIALS AND METHODS BiPn/LUC (see above), except that the fragment containing the
) ) BiP 5NCR sequence was replaced with$ad—Sma (BiP1.129
Plasmid construction fragment. Constructions of plasmids pEAT/BiPs.n/LUC,

Plasmids pT7BIPLUC, pS\CAT/ICS/LUC, pSWCAT/BiP/  PSVACAT/BIPN.gLUC, pSCAT/BIPN+/LUC and pSKCAT/

e ; BiPy.n/LUC were accomplished by three-fragment ligation
LUC, pSVACAT/ED/LUC and pS¥(hairpin)CAT/BiP/LUC H-N PlS y 9 9
plasmigs ﬁave been describeg,26)(. Plgsr)nid pSKCAT/ ~ methods. Fragment 1 contained the 6.6S&thenow —BSEIl
BiPnruaUG/LUC was derived from pSACAT/BIP/LUC by fragment isolated from digested pSSAT/BiP/LUC. Fragment

: : ; 2 contained the 605 yicd—BstEll fragment, also obtained from
inserting anNed linker CATCCCATGGCAIG .(t_he AUG digested pSYCAT/BIP/LUC. The third fragment varied; the
triplets are underlined) at tingul site located at position 53 in the Sma.Ncd (BiP ¢ ¢ SVCAT/BIP/LUC

BiP 5NCR. Plasmid pT7BignLUC was constructed by the >M3-NC (BiP130.229 fragment from pS)C ! was

: . : : : - d for the construction of pREAT/BiPs n/LUC; the
following method: pT7BiPLUC was first digested witindlll, ~ YS€ \
the protruding ends were repaired with Klenow enzyme, and tdnd!!! kienow-Ncd fragment from pT7BiR.sLUC (see above)
treated DNA was digested witkicd. The large 5.3 kb DNA Was used for the construction of pESAT/BiPn.g/LUC; the
fragment was then purified by agarose gel eIectrophoresE'.'nd”'k'g”fo‘ﬂr'?'fd fragment fro;n pT?B/'R:HLU/C (Sé'}e atc)jmr/]e)
Separately, aBma-Ncd fragment, containing nucleotides (nt) Was used for the construction of pR3AT/BiPy./LUC, and the
130-220 of the BiP 'BICR, was isolated from pT7BiPLUC HiNPlienow-Ncd fragment from pT7BiPLUC was used for the
digested withSma and Ncd. The two fragments were then construction pSNCAT/BiPn/LUC. In addition, versions of
ligated to give rise to the plasmid pT7BIRLUC. Plasmid Plasmids pSNCAT/BiPnn/LUC, pSWACAT/BiPxpd/LUC,
PT7BIPX-NLUC was constructed by the same strategyPS ACAT/BiPeo-16dLUC pSVACAT/BIPN.g/LUC, pSVACAT/
pT7BiPLUC was first digested witkbad, treated with Klenow BiPN-/LUC and pSKCAT/BiPyn/LUC were constructed that
enzyme, and digested witNcd. The’129 bp BiP BICR could directed the synthesis of dicistronic mMRNAs which

fragment was ligated to the 5.3 kb vector as described aboontained stable hairpin structures upstream of the CAT coding

Plasmid pT7BiBy.164.UC was constructed by polymerase chain€91onS ©)-

reaction (PCR) using two deoxyoligonucleotides: one containing ,

aSal-site attached to nucleotides representing positions 60-80 gf vivo translational analyses

the BiP SNCR (B'GTCGACA_‘TGAGAG_GGAAGCGCCGCG' HelLa cells were transfected withu§ of plasmid DNA per 100
GCC-3) and one representing &fcd-linker attached to the \ tissue culture dish (2 1CP cells) by a calcium phosphate
complement of nt 143165 of the BIPNCR (8-CCATGGA-  ransfection procedure as describé)( Cell extracts were
CACAGCGCAATTTCGACTTGCAG-3. The amplified frag-  prepared 48 h after transfection and analyzed for chlorampheni-
ment was cloned into plasmid pGEM-T (Promega Biotec.)oq| acetyltransferase activity using a phase-extraction method

giving rise to plasmid pT7Bi3.165 This plasmid was digested (26) and for luciferase activity according to De Weal (27).
with Sal, treated with Klenow enzyme, and then cut witid.

TheSalyenowNcd fragment was ligated to the 5.3 kb pT7LUC
fragment as described above to yield pTéBiRs Plasmid
pT7BiPy.sLUC was constructed by ligation of the 5.3 kbPoly(A") mRNAs were isolated using the Dynabeads mRNA
fragment, obtained after digestion of plasmid pT7BiPLUC wittDIRECT kit (Dynal). Briefly, 1 ml of lysis/binding buffer was
Nrul andNcd, to a 91 bp fragment obtained after digestion ofadded to a frozen HeLa cell pellet{2 ) to induce cell lysis.
plasmid pT7BiPLUC wittSma andNcd. Plasmid pT7BiR.y  The cell lysate was mixed with 1 mg of Dynabeads OligoxgiT)
LUC was constructed by ligating the 5.3Mhul-Ncd fragment  in an Eppendorf tube at room temperature for 5 min. The beads
(see above) to a 59 bp fragment obtained after cleavage of plasmwiere then separated from the supernatant by placing the tube in
pT7BiPLUC withHinPlI, followed by treatment with Klenow and a magnetic field (Dynal MPC). After washing the beads three
Ncd. Plasmid pT7BiR.yLUC was constructed by the ligation of times, the bound mRNAs were eluted from the beads by addition
the HinPlgenowNcd fragment (see above) to the 5.3 kb of 10ul of elution solution and heating at®5 for 2 min. Isolated
pT7BiPLUCHIndIll yenow-Ncd fragment (see above). Plasmid mRNAs were analyzed by Northern hybridization as described
pSVACAT/BiPnr /LUC was constructed by the following (26).

Isolation and analysis of RNA
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In vitro RNA synthesis 3 mM MgCh, 1.3 mM ATP, 5 mM creatine phosphate, 1 mM

. . DTT, 100 mM KCI and 6% glycerol) for 15 min at<3D. The

2

RNA m_t;lecultles W%re s;;]r_lthesaeg in the presencé?B|¢TP reaction mixtures were then irradiated at 312 nm UV light in a

((1800 '(b:l (rjnmo)_ anl 4- 'O.LrJ]TP y 17 dR.NA. polymerasi 8Sstratalinker model 1800 (Stratagene) for 30 min°at.4After
escribed previously2€) with some modifications. After the i o iation, the samples were digested with 0.2 mg/ml pancreatic

transcription reaction, unincorporated nucleotides were removes\oce A (US Biochemicals) for 20 min at& The crosslinked
by two successive ammonium acetate/ethanol precipitations. T A—protein complexes were then analyzed after separation in

integrity of the transcripts was analyzed by denaturing polyacrylyo,, SDS-containing polyacrylamide gels followed by auto-
amide gel electrophoresis. radiography.

Unlabelled competitor RNAs were synthesized according to
standard protocols (Promega Biotec.). After treatment Wit?éESULTS
RNase-free DNase RQ1 (Promega Biotec.), the RNAs we
extracted with phenol—chloroform. Unincorporated nucleotides

were removed by spin column chromatography with Sephadéx, e gip NCR directs the translation of a second
G-25 followed by ethanol precipitation. RNA concentrations;igyon i a dicistronic mRNA by an internal initiation
were calculated by measuring #g;0 (40 ug/ml/Axgounit). The and not by a reinitiation mechanism
integrity of the RNAs was analyzed by gel electrophoresis.
To synthesize full-length BiP 'SCRs, pT7BiIPLUC was The BNCR of human BiP mRNA is 220 nt in leng8tf and has
linearized withNcd and used as template for transcription. Tobeen shown to contain an IRES. (This conclusion was obtained
synthesize RNAs containing the iron-responsive element (IRByom studying the translation of dicistronic MRNAs containing
plasmid I-12.CAT (kindly provided by Dr Matthias W.Hentze, the BiP 5NCR inserted between the two cistrons. It was observed
EMBL Laboratories) was linearized witAvdl and used as that translation of the second cistron occurred independently of
template for RNA synthesis. P4 RNA was transcribed fronthe translation of the first cistro)( Specifically, the translation
plasmid pGEM4 (Promega Biotec.), linearized Wwithd. RNAs  of the first cistron was inhibited in the presence of a stable hairpin
representing particular regions of the BIlNGR were tran- structure at the'®nd. Translation of the second cistron from the
scribed either from pT7BiPLUC plasmid, linearized with ap-hairpin-containing dicistronic mRNA was not affected which
propriate restriction endonucleashisul, Xbd or Smd) or from indicted that the BiP'BICR functions as an IRES element and not
various BiP BNCR deletion mutant-containing plasmids (seeas an RNA element that can promote reinitiation events with high
plasmid construction), linearized with appropriate enzymekequency 9).
(Sma for BiPx.g RNA andNcd for other RNAs). The BICR of More recently, it has been shown that mRNAs containing
hepatitis C virus (HCV) was transcribed from plasmid 5SHcCAThairpin structures at their very ®nd (i.e. as few as 5 nt
(29), linearized withNcd. The BNCR of encephalomyocarditis downstream of the cap structure) were not translated although
virus (EMCV) was transcribed from plasmid pCi-LUC plasmidsuch mRNAs could be detected in 43S preinitiation complexes
(30), linearized with Smd. Transcribed RNA contains nt (36). Therefore, hairpin-containing dicistronic mRNAs could, in
260-834 of the EMCV'BICR linked to 55 nt of the luciferase principle, have bound 43S ribosomal complexes which could
coding region. The 'BICR of type 1 poliovirus mRNA was have been transferred to sequences located upstream of the BiP
transcribed from plasmid p X3(), linearized withSmad. This  5'NCR. As result, ribosomal subunits or ribosomes could have
RNA species contains the full-length poliovirdER linked to  traversed the BiP'NCR and translated the second cistron by a
55 nt of the luciferase coding region. THRGR of theB-globin  reinitiation mechanism. To examine this possibility, three AUG
MRNA was transcribed from plasmid pLUED), linearized with  triplets were inserted at position 53 of the BIRGR. The first
Sma. Transcribed RNA species contain the full-lengtblobin ~ AUG codon, which is out-of frame with the start-site AUG codon

5'NCR linked to 55 nt of the luciferase coding region. of the second cistron (luciferase), is followed by an open reading
frame which terminates at position 89 in the BIRGR. The
Preparation of HeLa cell extracts second AUG codon is in frame with the start-site AUG codon of

BiP, thereby extending the BiP open reading frame. The third
Hela extracts were prepared by both the Nonidet P-40 lysfUG codon is out-of frame with the start-site AUG codon and is
method as described) and the douncing method of Dignatn  followed by a short open reading frame that terminates at position
al. (32,33). The nuclear pellets from these preparations were us@d in the BiP BNCR. Transfection of plasmids encoding
as the source of the nuclear extract as descrit&@3. The dicistronic transcripts with wild-type or AUG-burdened BiP
crude nuclear extracts were fractionated by successive amm@NCRs into cultured HeLa cells resulted in the synthesis of very
ium sulfate precipitation (0-20, 20-40, 40-60, 60-80 angimilar amounts of luciferase (Fit). In contrast, unrelated ED

40-80%) according to Englard and Seifé)( sequences mediated the translation of the second cistron very
poorly (Fig.1). Thus, the second cistron in BiiN&ER-containing
Ultraviolet crosslinking assay dicistronic mRNAs was not synthesized by a reinitiation mechan-

) o ) ism. Instead, the BiP'NCR functions as an IRES in these
Ultraviolet (UV) crosslinking assays were carried out as degjcistronic mRNAs.

scribed 28) with some modifications. Samples containingig0

of protein (crude Hela cell extracts or ammonium sulfat : : :

fractionated samples) were incubated with the 4-thioU-contair%1t-Ocatlon of the IRES in the BiP SNCR

ing radiolabeled RNA (4 10° c.p.m., 1 nM for the full-length To locate the internal ribosome entry in thBIGR of the BiP

BiP SNCR) in the absence or presence of unlabelled competitotRNA, various parts of the BiPNBCR were inserted into a
RNA in a 30ul reaction volume (10 mM HEPES—-NaOH pH 7.4, dicistronic plasmid vector. Plasmids were transfected into HeLa
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Figure 1. Internal initiation of translation mediated by the BIRGR lacking ’ Sm Neol
A ! ) BiP S-N 2l 112£12  ND
or containing upstream AUGSs. Three upstream AUGs were created by insertion ~ 130-220 (91 nt) 1
of an ch linker at theNrul site (nt 53) of Fhe BiP'&CR as describgd in BiP del N-§ sl Nnul_N\§mal Neol  guy s g5 ts
Materials and Methods. Three dicistronic plasmids: pSVCAT/BIP/LUC, 21'33::'3)0‘220 [ !
pSV/CAT/ED/LUC and pSVCAT/BIiRu-aug/LUC were transfected into HeLa
BiP del N-H Sai | Nru | inP11  Neol 110 £13 112+8

cells. Luciferase (LUC) activity from two separate experiments is shown after 1-53, 162-220
normalizing to the amount of chloramphenicol transacetylase (CAT) activity in (112 nt)
the same extracts. The first cistron in the dicistronic mMRNA encodes CAT. ICS &P N Hin1 1 Neol 94490 5124

denotes the various intracistronic spacer regions. 162-220 (59 nt)
PpSVC/ICS/L (30 nt) 38+ 2 +

. . . SVC/ED/L (409 nt) 10+ 2 ND
cells and the amounts of expression of the first CAT cistron and P "

the second luciferase (LUC) cistron were determined. Figure
lists the relative efficiencies of luciferase expression from the-igure 2. Schematic representation of the dicistronic plasmids containing
second cistron of the dicistronic MRNAs, mediated by the variousifferent regions of the BiP BCR in the intracistronic spacer region (ICS) and
BiP SNCRs. Compared to the entire BIfNER (100%), control  their efficiency in directing internal ribosome binding. The plasmids were
sequences ED (10%) functioned poorly as IRES elements. RNIE\ansfected into H_eLa cells, solublg proteins were extracted and enzyamtic
L - assays were carried out as described in Materials and Methods. Relative
sequences containing 0”'}/ tHenalf of the BiP NCR (S'N’,del . luciferase activity is displayed in two ways. (i) The CAT activity was used as
N-S, del N-H, H-N) functioned as efficiently as the entire BiP an internal control for normalizing the LUC activity from the same extracts. The
5NCR as IRES elements. However, control dicistronic se-normalized LUC activity (shown on the right) from extracts transfected with
quences (ics), which contain a short polylinker between the tvvéif{ere{“ tp'asTidf é’vas.ﬂfhj_”_ CtomPa“’id to.dthe LU ?‘Cﬁ‘{gy ?til“’l“”e‘:hfgg
cistrons, and sequences 1-53 (Nru) functioned qite efficienty iS<ae T2t wih detioni pleside contaning e Wienh B
mediating second cistron translation. Of course, in any of thesBgure 3 were used as internal control for normalizing the LUC activity.
dicistronic mRNAs, second cistron translation could have
resulted from broken, uncapped mRNAs. Alternatively, short
sequence elements derived from the BIRCR, which lacks events. Curiously, deIN-H sequences more efficiently mediated
AUG triplets, such as the Nru RNA element or the ics RNANternal initiation than H-N (162—220) sequences after normaliz-
element, could have mediated luciferase translation by a reinitiation. While there is no obvious explanation for these data, RNA
tion mechanism. Such a mechanism has been shown to operat®lding analyses have shown that the BiIRGR can be folded
mammalian cells when intracistronic spacer sequences are sniadb a predicted Y-shaped structu8,39), and that the presence
(37). To examine these possibilities, sequences which can foid the first 53 nt favor the formation of the predicted Y-shaped
into a stable RNA hairpin were inserted into tHd@R of the  structure mediated by sequences 162—220 (data not shown). If the
CAT cDNA (9). After transfection of such hairpin-encoding Y-shaped structure of the BIFNECR is an important element of
dicistronic plasmids into HeLa cells, extracts were prepared ariid IRES activity, than the' proximal nucleotides in BiP mRNA
the dicistronic MRNAs were analyzed by Northern analg$ls ( could contribute to the formation of an efficient IRES. Overall,
Figure3 shows that all dicistronic mRNA species remain largelysequences which mediate efficient internal initiation are located
intact in extracts prepared from transfected cells. Next, luciferabetween nucleotides 129 and 220, i.e. thergl of the BiP
was measured in the same extracts (Cat activity could not BENCR.
detected) and displayed after quantification of the dicistronic
MRNA and normal'izatio.n to actin mRNA, to correct for loss Of(ljdentification of specific BiP BNCR—protein complexes
RNA during manipulations of the samples. The correcte
luciferase activities are displayed in Fig@rgight column). The  An ultraviolet crosslinking assay was employed to detect specific
results showed that BiIP'NCR sequences 1-53, 130-220complexes that could form between the BIRGR and cellular
(deIN-S) or 1-53, 162—-220 (deIN-H) mediated internal initiatiorfactors. As described in Materials and Methods, radiolabeled and
with much higher efficiency than sequences 1-53 (Nru) or contrdtio-uridine containing BiP'BICR elements were incubated with
(ics) sequences. The drop in IRES efficiency of fragment H-N innfractionated or ammonium sulfate-fractionated extracts and
hairpin-containing dicistronic mRNA indicates that H-N se-irradiated at 302 nm. Crosslinked complexes were visualized by
quences present in non-hairpin mRNAs may promote reinitiatigghosphoimaging after RNase digestion and separation on SDS—
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Figure 3. Analyses of the mRNAs expressed from dicistronic hairpin-CAT/ 123 45

ICS/LUC plasmids. Various PSVCAT/ICS/LUC plasmids that contained a

stable RNA hairpin upstream of CAT coding region were constructed as B Competitor - b N

described in Materials and Methods. HelLa cells were transfected with the o T
plasmids and harvested 2 days after transfection. Half of the cells from each paNA  pamp _
transfection was used for mRNA isolation; the other half was used for soluble (1M} )
protein preparation. The mRNAs were analyzed by Northern blot hybridization

using radiolabeled RNAs that hybridized to luciferase or actin sequences (see

Materials and Methods). An autoradiograph of the blotted gel is shown. The

various sequences present in the ICS of the dicistronic molecules are shown on

the top of each lane. Lane 1, mock transfection. Lanes 2 and 10, full-length BiP 85 —
5'NCR. Lanes 3-8, different deletion mutants of the BWCR. Lane 9, control

with no added sequences in the ICS. Lane 11, repetition of experiment shown - E X 8
in lane 3. The migration of 18S and 28S ribosomal RNA are denoted on the left. —— -- —--—-—---
The bands representing the dicistronic (CAT/ICS/LUC) and the actin mRNA 5= -

are indicated on the right. The intensities of the CAT/ICS/LUC and actin bands 43 - :

were quantitated by phosphorimaging. The relative amount of the dicistronic »
MRNA was determined by normalization to the actin mRNA in the same lane. - REEB Saness [T L L
Then, luciferase activity in the same extract was expressed as the percentage of -

luciferase activity obtained from the same number of cells transfected with

CAT-BiP 5NCR-LUC encoding plasmid.

-

1 2 3 4 5 6 7 8 910 11213 1415

polya_tcrylamide gels. Numerous prOteaS_e‘senSi_tive factors, pregyure 4.competition of p95-4) and p60—BiP BICR (B) complex formation
ent in both nuclear and cytoplasmic fractions, could bewith unlabeled RNAs. Radiolabeled BiPNER (1 nM) was used in the
crosslinked to the BiP’"HCR (data not shown). However, a 95 crosslinking experiments with increasing amounts of unlabeled competitor

kDa (p95) protein (Fig 4A  lane 1) present in the 80% RNAs. (A) Binding competition with p95-BiP’'HCR complexes. 40-80%
L ’ ammonium sulfate-fractionated nuclear extracts were used. Lane 1, no

ammonium sulfate pr.eCIpltate, and a 60 !(Da (P60) proteln ,(F'gcompetitor. Lanes 2 and 3, 15 and 45 nM of unlabeled'Bi€R as competitor.

4B, lane 2), present in the 40% ammonium sulfate precipitat@.anes 4 and 5, P4 RNA as competitor. A phosphorimage of the SDS—polyacryl-

could be specifically crosslinked to the BIRER. The presence amide gel is shownBj] Binding competition with p60-BiP ECR complexes.

of pO5 and pSD n lferent ammanium sulfte fractions could b 36 seeoln B fecttnaes ey saci e o, v

d_ue to th_e aSSOCIatlor_ll Pf these prOte,mS in comple_xes whic iP SNCR%n the absence of competitor RNA (Ian’eSZand 15g), or presence of

display different solubilities in ammonium sulfate. Figdse increasing amount of various competitor RNAs (lanes 3-14). Competitor

shows that addition of a 15-fold molar excess of unlabeled BifRNAs were BiP SNCR (BiP), P4 or the iron responsive element RNA (IRE)

5NCR RNA to the binding reaction greatly abolished theas indicated. An autoradiograph of the gel is shown. Protein molecular weight

formation of BiP SNCR-p95 complexes (lane 2). In contrast, this markers (kDa) are shown on the left. The arrow indicates the migration of p95
" (A) and p60 (B), respectively.

effect was not observed by the addition of the same amount of'a

control P4 RNA which has similar length and nucleotide

composition as the BiPNCR (lane 4). Similarly, a 60-fold molar

excess of unlabeled BiPNKCR in the reaction inhibited the ; ; P ; ;

formation of BiP SNCR-p60 complexes (FigB, lane 5), while g%lgﬁ\?g%n of the binding sites of p95 and p0 in the

the presence of similar amounts of P4 RNA had no effect on

binding of p60 to the BiP'BICR (lane 9). The presence of The binding sites for p95 and p60 in the BINGR were

non-BiP competitor RNAs actually enhanced the binding of p6@etermined by binding of partially purified proteins (see Ma-

to BiP RNA (lanes 7-14); this could be due to inhibition ofterials and Methods) to various regions of the BNRCRR. Figure

formation of p60—BiP RNA complexes by non-specific RNA5SA shows that p95 bound preferentially to sequences representing

binding proteins that have higher affinity for non-BiP competitothe 3 half of the BiP SNCR. For example, all RNAs that

RNAs. Importantly, the iron-responsive element (IRE)41),a  contained sequence$ &f nt 129 (lanes H-N, X-N, S-N and

highly structured RNA, did not abolish the formation of BiPdelN-H; see Fig.2 for a detailed map) bound p95 with an

5'NCR-p60 (lanes 11-15) or BIPNECR—p95 (Fig6B, lane 5)  efficiency comparable to that of the full-length BIRGR (lanes

complexes. This finding supports the idea that p60 and p95 ate6 and 10). In contrast, sequences that containetghexénal

RNA binding proteins that interact with specific RNA sequence53 or 91 nt of the BiP'BICR (lanes Nru and Xba, respectively;

or RNA structures in the BiPSCR. see Fig.2 for a detailed map) bound poorly to p95. RNA
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Figure 5. Mapping of the binding sites of p95 and p60 in the BNCR. Different radiolabeled regions of the BIRER were synthesized as described in Materials
and Methods, and used in protein crosslinking ass@y®iding of p95. Lanes 1, 6 and 10: full-length BIRGR (220 nt). Lanes 2-5, 7-9, 11-13, different regions

of the BiP BNCR as indicated on the top of each lane. Lane 14, IRE RBYA&i(ding of p60. The samples are in the same order as in (A). Protein molecular weight
markers (kDa) are shown on the left. Phosphorimages of the SDS—polyacrylamide gels are shown. The arrow indicates thef p@grdipand p60 B),
respectively.
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Figure 6. Binding of p95 and p60 to viral IRES elemen#s) Binding of p95 to viral IRES elements. ThH&NERs of3-globin, BiP, encephalomyocarditis virus
(EMCV) and poliovirus (POLIO) mRNAs were crosslinked to 40—-80% of ammonium sulfate-fractionated nuclear extracts, pratssdsedsn Materials and
Methods and analyzed in an SDS—polyacrylamide gel. A phosphorimage of the gel is shown. The various radiolabeled RNAaradietioked on the top of

each lane. Protein molecular weight markers (kDa) are shown on the left. The arrow indicates the @@pBiadohg competititon of p95-BiP HCR complexes,

formed with 1 nM labeled BiP'HCR, by various unlabeled RNAs. Lane 1, no competitor. Lanes 2—4, K@&R5of BiP, EMCV or HCV mRNA as competitors.

A phosphorimage of the gel is shown. The arrow indicates the p95 6aBin¢ing of p60 to viral IRESes shown in direct crosslinking and competition experiments.
Lanes 1-6, crosslinking of p60 (20—40% ammonium sulfate-precipitated nuclear extract) to 1 nM of various radiolabeled ®éthsndiea top of each lane. Lanes

7-12, binding competition. Radiolabeled BINGR (1 nM) was incubated with the protein sample in the absence or presence of various unlabelled RNAs as
competitor. Lane 7, no competitor. Lanes 8-12, iNCR of BiP, EMCV, HCV mRNAs or IRE and P4 RNAs as competitors. An autoradiograph of the gel is shown.
Protein molecular weight markers (kDa) are shown on the left. The arrow indicates the migration of p60.

molecules that contained nt 1-129 (Sma) or 60—165 bound litttepresenting the various BifNBCRS; in contrast, the IRE did not
but detectable amounts of p95, indicating that sequences locatedd significant amounts of p95.

in the middle of the Bip'BICR have weak affinity for p95. Lane  The binding of p60 to BiP'BICR-containing RNA molecules

14 shows that several proteins, including a 50 kDa polypeptidis, shown in FigurésB. The binding site for p60 seems to be
could be crosslinked to both IRE-containing RNAs and RNAsimilar to the binding site for p95, as discussed above, with the
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exception that fragment 60—165 bound p60 very poorly (lane 1Whether p95 and p60 occupy the identical binding site between
Overall, these direct binding experiments indicate that both p9% 129 and 220 remains to be determined.
and p60 bind to the' Balf of the BNCR of BiP mRNA.

Interaction of p95 and p60 with viral IRES elements
Table 1.Competition of various segments of the BIRGRs with binding of

P95 or p60 to full-length BiP'BICR To test for an interaction of p95 with viral IRES elements,
partially purified extracts were incubated with radiolabeled,
Exp. Competitor Concentration of Fold increase over thio-uridine containing IRES elements from thRGRs of BiP,
RNA competitor RNA (nM)a full-length SNCR BiP encephalomyocarditis virus (EMC\g)(@@and poliovirus (POLIO)
p95 p60 p95 p60 (5), respectively. After irradiation, crosslinked RNA—protein
1 BPSNCR 35 55 1 1 complexes were separated in SDS—polyacrylamide gels. Figure

6A shows that both the BiIP'NCR (lane 2) and viral IRES

Nru 350 1000 10 15 elements (lanes 3 and 4) could be crosslinked to a 95 000
H_'N ND 85 ND 1.2 molecular weight protein. Many proteins could be crosslinked to

2 BIPSNCR 15 43 L L the various viral IRES elements (lanes 3 and 4). This finding is
delN-S 15 72 1 17 not too surprising because the viral IRES elemém80 nt in
delN-H 18 80 12 19 length, have been shown to interact with numerous cellular
60-165 26 122 17 2.8 proteins (reviewed ir3). However, the 95 kDa protein did not

3  BiPSNCR 50 55 1 1 crosslink efficiently to the'SICR of globin mRNA (lane 1). To
X-N 58 60 11 11 determine whether the 95 kDa viral IRES binding protein is
S-N 61 60 1.2 11 identical to the BiP 'BICR—p95 binding protein, competition
Xba 100 1008 2 18 studies were performed. FigusB shows that the formation of
Sma 103 ND 2 ND BiP 5NCR—p95 complexes was inhibited in reactions containing
X-S 502 650 10 1 1 nM radiolabeled BiP substrate RNA and 12 nM of unlabeled

cellular BiP 3NCR (lane 2), or viral EMCV (lanes 3) and
aThe concentration needed to abolish 50% of p95-BNER complexes is  hepatitis C virus (HCV) 4942) (lane 4) IRES elements.
shown. Note that the amount of full-length BIiNER needed to compete for Similarly, addition of unlabeled polioviral IRES elements
50% of p95-BiP SVCR complexes varies in different extracts. This is likely to inhibited the formation of BiP IRES—p95 complexes (not shown).
be due to different concentrations of p95 and p60 in the extracts. However, addition of similar amounts of IRE RNA did not
®Data point was obtained by extrapolation. abolish the formation of BiP’BCR—p95 complexes (lane 5).
ND, not determined. Thus, the same 95 kDa binds to the cellular BiP and to the viral
EMCYV, HCV and polioviral IRES elements.

Next, we tested whether the complexes formed between p95 of astly, the affinity of p60 to cellular BIPSCR and viral IRES
p60 and the full-length BIPBCR sequences could be competedsjements was tested. Partially purified extracts containing p60
by the smaller RNAs. Tablesummarizes the results obtained inyyere directly crosslinked to BiP, EMCYV, poliovirus and HCV
competition experiments using BINER-p95 and BIP'BICR—  |RES elements, respectively. Fig@ shows that p60 was the
p60 complexes. Fragments containing theh@f of the BiP  pradominant protein that could be crosslinked to the BiP IRES
5'NCR (X-N, S-N, deIN-S and delN-H) abolished binding of p95jane 1). Many proteins, including a 60 kDa protein, were
to the BiP SNCR with efficiencies comparable to that of the crosslinked to the viral IRES elements (lanes 2—4). In contrast,
entire SNCR. Consistent with the results of the direct binding,ery jittle 60 kDa protein could be crosslinked to the same amount
experiments (FidA), fragments containing the Kalf of the BiIP  f globin BNCR (lane 5) or P4 RNA (lane 6), labeled to the same
5NCR did not abolish the formation of BIPNECR—PI5  gpecific activity. Competition experiments showed that the
complexes readily (e.g. Nru and X-S). Fragments 60-165 afgimation of BiP IRES—p60 complexes could be abolished by the
Sma (1-129) competed with the formation of BiP IRES—p93ition of excess cellular BiPNICR (lane 8) or viral (lanes 9
complexes at higher concentrations, indicating that these RNAgq 10) IRES elements, but the formation of nucleoprotein
contain a weak p95 binding site. Sequences encoded in the %plexes was unaffected by the presence of excess IRE (lane
(1-91) fragment competed to thg same Qegree as the Smg or P4 (lane 12) RNAs.
sequences (1-129) for the formation of BiP IRES-p95 com- These findings indicate that the same cellular proteins, p95 and

plexes_. This was surprising because p95 could not be efficieni%o, interact with both the cellular BiPNECR and several viral
crosslinked to labeled Xba-RNA sequences @Aglane 3). The |RES elements.

reason for this discrepancy is not clear.
Table1 also displays the data obtained from BIRGR—p60 5 5cussion
competition experiments. Again, as was observed in the direct
binding experiments, fragments representing thalBofthe BiP  Expression of various dicistronic mRNAs which contained
5'NCR (X-N, S-N, H-N del N-S) competed for formation of BiP various parts of the'SCR of BiP mRNA in their intracistronic
5'NCR-p60 complexes efficiently, while fragments containingspacer regions revealed that the BiP IRES is located in émel 3
the 8 half of the BiP 5’NCR (Nru, X-S, Xba) and fragment of the NCR encompassing nt 129-220. Interestingly, using a
60-165 did not compete well. combination of computer-aided thermodynamic, phylogenetic
Overall, the strongest binding sites for both p95 and p60 resid@d statistical methods, Le and Maizgd)(identified a 92 nt
in the 3 half (nt 129—220) of the BIPISCR. In contrast to p60, unusual folding region (UFR) in the BIiPNECR spanning nt
p95 seems to have a weak binding site in RNA fragments29—-220. The structure of the UFR could be folded into a Y-type
containing sequences 1-91 (Xba), 1-129 (Sma) and 60-1&%em—loop with an additional hairpin located immediately



upstream of the start-site AUG codoBd), The UFR was 8
predicted to be present in human, hamsterSatcharomyces
cerevisiag Caenorhabditiselegans Trypanosoma bruceand
Giardia lambliaBiP mRNAs (9), suggesting that the structure 11
of the UFR has a conserved function. Interestingly, the IRES
located in human fibroblast growth factori2)is predicted to 12
contain a similar UFR element located immediately upstream of
the translation start codo9), indicating that the UFR may be ;
a common motif in cellular IRES elements. However, compared
to these cellular IRES elements, the folding of viral IRES5
elements predicts a somewhat more complex struct@ré ).
Although several cellular and viral IRES elements have beel?
identified to date, only a few factors have been shown to
important in ribosomal subunit recruitment. Besides the transla-
tion initiation factors elF-4A and cleaved elF-4G, two predomi4s
nantly nuclear RNA binding proteins, the La autoantig&i@) 19
and the polypyrimidine tract binding protein PTRQ1) are the 20
only proteins thus far shown to have effects on efficient interng}
ribosome entry in certain viral IRES elemes{4). However,
neither La nor PTB interacts with the cellular BiP IRES. 22
We searched for RNA binding proteins that interact specifically
with the BiP BNCR. Using ultraviolet crosslinking assays, p95
and p60 proteins that specifically bound to the BNCIR were
identified. It is interesting that the p95 and p60 binding sites seem
to overlap. It is not yet clear whether p95 and p60 are different
proteins, or whether p60 represents a truncated version of p95;
cloning the genes encoding p95 and p60 is in progress. p60 is Adt
identical to La or PTB. First, immunoprecipitation of extracts
with antibodies directed against either La or PTB identified La
and PTB proteins that migrated differently than p60 in SDS26
polyacrylamide gels (data not shown). And secondly, p60—BiP
IRES complexes were notimmunoprecipitated with either serum
and preincubation of extracts with either serum did not abolish tl%
formation of p60—BiP IRES complexes (data not shown). 28
The observation that p95 and p60 bound to the BIER and 29
several viral IRES elements makes them good candidates for
being involved in translational regulation. Proof for this hypoth30
esis awaits the rigorous purification of p60 and p95; the effects gf
purified proteins on the translation of BiP and IRES-containing,

viral RNAs can then be tested in cell-free translation systems.
33
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