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ABSTRACT A

A modification of the two-hybrid system is described

for the in vivo reconstruction of specific RNA—protein
interactions. In this tri-hybrid system, the DNA binding

and transcription activation domains of the yeast
transcriptional activator GAL4 are brought together via

the interaction of recombinant fusion proteins with a

recombinant RNA. The method provides a system for
studying RNA—protein interactions with the genetic

advantages of the two-hybrid system. It may be used
to detect specific RNA-binding proteins or target RNAs
from a library of cDNAs, or to analyse the structural
specificity of identified RNA—protein interactions.

I 11 11|

Interactions between RNAs and proteins are fundamental to ma
cellular processes. Transcription, posttranscriptional modification g
assembly of supramolecular structures such as ribosomes, RI
stabilisation, packaging of viral RNAs, transport of RNA and
RNA localisation are all processes that rely on RNA—protei
interactions.

RNA~—protein interactions have been studied traditionally usin
extensive biochemical assays such as RNA band shifts, footprinti
and RNA—protein cross-linking. A disadvantage of these techniqu
is that interacting proteins often exist in low abundance and a
consequently difficult to detect. In addition, these techniques ¢
not easily allow the identification of target RNAs recognised by
a known RNA-binding protein. A further major disadvantage is
that these techniques do not allow direct identification of the

; ; i Figure 1. The basic strategy of the tri-hybrid meth@d. $chematically shows
cognate genes encoding the proteins or RNAs of interest. the components. The first hybrid-protein (I) contains the DNA-binding domain

The yeast two-h_ybrid sysf[em is a Wi_dely er_nployed geneti%f GALA4 (la) fused to the RRE-RNA-binding protein RevM10 (Ib). A hybrid-
screen for detecting protein—protein interactiois3 We  RNA (i) containing the RRE sequence (Ila) and a target RNA sequence X (lIb).
developed a modification of this system to detect RNA—proteirThe second hybrid-protein (1ll) contains the activation domain of GAL4 (llla)

interactions in order to take advantage of the genetic basis of tfiged to a protein Y (llib) capable of recognising the target RNA X on the

~ : " NA-hybrid. 8) Upon productive interaction of the three hybrids a reconstituted
system. The two hybnd system utilises the modular structure AL4 transcription factor (I+l1+11l) bound to a GAL4 responsive promoter

partiCl!lar transcription _aqtivators,. aII_owing the. DNA binding (IV) stimulates the basal transcriptional machinery (V) of the lacZ gene and the
domains and transcription activation domains to functionnutritional reporter gene HIS3 (VI).

independently. The DNA binding and the transcription activation

domains are expressed as two separate polypeptides fused fio modify this system for the detection of RNA—protein
heterologous sequences. Any interaction between the heterologmisractions, it is necessary to construct a system where the
polypeptides of the hybrid proteins brings together the twassociation of the DNA-binding and transcription activation
components of the transcription activator inducing the expressidomains is dependent on an RNA—protein inteyac

of genes under the control of appropriate upstream activatingThe RevM10 mutation of the HIV-1 Rev protein binds
sequences (UAS). Selectable markers sufiigadactosidase or specifically to the Rev responsive element (RRE) sequence in the
amino acid auxotrophy can then be used to report recombinamvgene 4,5), but unlike the wild-type protein, is unable to bind
protein—protein interactions. to certain cellular proteins and does not promote the export of
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Figure 2. The plasmids used in the tri-hybrid system. The upper plasmiliscatieyeast shuttle vectors and were used in the transfection and mating experiments
of Tables 1 and 2. pPGKRRE was used as an intermediate to clone hybrid RNAs as a transcription unit cassette into pDBRevM10. The transcription units gene
the hybrid proteins and the hybrid RNAs are indicated. The respective promoters and terminators ar& aeiiatetlyeast replication origins are not shdsvooli
selectable marker for ampicillin resistance, Aypgnd the yeast selectable markers TRP1 and LEU2 are also shown. Cyloheximide sensitivity in yeast is conferre
by CYH2. Relevant restriction sites are abbreviated as followstl, S, Sal; X, Xhd. Methods. The pDBRevM10 plasmid was constructed in three steps. The
RevM10 coding sequence was generated in a PCR reaction using pCRev+M10 (11,12) as a template, with primer ‘s€JeGeSABGCTTACCGCCAC-
CATGGCAGGAAGAAGCGGAGAC-3, and 5-AAGCTTATAGATCTTCTTTAGCTCCTGACTCCA-3 The PCR product was cloned into J&R (Invitrogen).

The RevM10 sequence was then removed AdrEcdRV fragment, and cloned into thNed/Smad sites of a pAS2 (13) derivative, in which a 30M@igorHI-Sal

fragment from pPGK (14) containing the PGK transcription terminator had been cloned. pPGKRRE was constructed by inserting an RRECcd@hfeaigimgnt

from pGEMRREter [a derivative of pPGEMRRE containing nucleotides 13-224 of the RRE (15) and has an adiditsiteaB adjacent to the RRE sequence] into
theEcdRl site of pPGK (14). pRevRghich contains a duplication of the RRE was constructed by removing the PGK terminaiiuiraiidSal from pPGKRRE.

TheMlul site was blunted and a blunt8dd—Sal fragment from pPGKRRE containing an RRE followed by the PGK terminator was inserted. From the resulting
plasmid, pRREZ2, the RRE-RRE transcription unit cassette was released by restrictidrovétid Sal and cloned into th8al site of pPDBRevM10. pRevRGAP

was constructed by using a 1272 bp fille&ba—Hincll fragment containing the entire coding sequence of the GAPDH mRNA derived from pGPDNS5 (16). This
fragment was cloned into the filldtlul site of pPPGKRRE. From the resulting plasmid, pPRGAP, the RRE-GAPDH transcription unit cassette was released by cleavin
with Xhd andSal and cloned into th8al site of pPDBRevM10. pRevRA3.1 was constructed by usiniyithefragment from pSPORT1 Arg3.1 (8) which contains

the entire cDNA of Arg3.1 (3018 bp). This fragment was inserted intdlItheite of pPPGKRRE. From the resulting plasmid pRA3.1, the RRE-Arg3.1 transcription
unit cassette was released by cleaving ¥fitti andSal and cloned into th8al site of pPDBRevM10. pADRevM10 was constructed by insertin\tioe-EcarV

fragment containing RevM10 (see above) betweeN¢beandSma site of pACTII (17,18). The screened library was constructed by releasiy®hdependent

cDNAs with an average size of 500—2000 bp from a seizure induced hippocampal pSPORT1 librarB&&HiiimdSma. These fragments were cloned between

theBanH| andSma site of pACTII.

RNA from the nucleus to the cytoplast®, 7). The method illustrated in Figurd and specific plasmids used in the following

described takes advantage of this specific RNA binding activitgxamples are described in Figdre
to produce a genetic system for detecting and analysingAs an example we expressed both the DNA binding domain
RNA—protein interactions. The basic strategy of the method &nd transcription activation domain of GAL4 as fusion proteins
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with RevM10. No GAL4 activity was detected in yeast expressingiteraction for further analysis, and as shown, to identify specific
these fusion proteins alone or in combination (Tapl&/hen, RNA-binding proteins expressed from a library of cDNAs. The
however, a recombinant RNA carrying two copies of the RREethod could potentially also be used to identify target RNAs of
was co-expressed with the two RevM10 fusion proteins, functiongpecific RNA-binding proteins. While this manuscript was in
GAL4 activity was reconstituted (Tallg A trimeric ribonuclear  preparation, a similar approach by SenGapt using a different
protein complex, therefore, may be formed in the nucleiagjibg  experimental design was reporté@)(
together the GAL4 DNA binding and transcriptional activation
domains and recreating functional GAL4 activity. These resul . _ o : N
demonstrate the ability of a recombinant RNA to interact with twé2 e 2 Detection of a polypeptide specifically interacting with the

. o . . endritically localised transcript Arg3.1
fusion proteins in a tri-hybrid system. The methodology can be
extended to detect specific RNA-binding proteins from a librarygypressed hybrid-protein B-galactosidase activity

of cDNAs. ARG RRE GAPDH
DB — RevM10 + AD —protein 1~ +++ - -

Table 1.Tri-hybrid interaction of the RevM10 protein with the RRE RNA . . .
The yeast strain CG-1945 was co-transfected with pRevRA3.1 expressing both

sequence the hybrid protein DB-RevM10 and a recombinant RNA containing an RRE
fused to the Arg3.1 transcript, and with a library of pACTII derived plasmids
Expressed hybrid-protein B-galactosidase activity harbouring brain derived cDNAs expressed as fusions with the GAL4 transcription
_RRE +RRE activation domain. Frorll0® clones analysed 110 were initially able to grow
DB — RevM10 + AD — RevM10 — St on med_ium lacking histidine ar‘u_j cqntaining 30 mM _3—amino—l,2,4—trigzole. of
DB — RevM10 _ _ these Hi$ clones 89 scored positive in a subsequent filter assgygédactosidase
AD — RevM10 _ _ activity. These clones were cured of pRevRA3.1 expressing DB-RevM10 and

the recombinant RNA, and re-examinedayalactosidase activity. Twelve library
clones were able to activate transcription independently and did not depend on the
The yeast strain CG-1945 was transfected with plasmids expressing hybrid protgifisraction with the other two hybrids. For 29 clopemlactosidase activity could
containing the DNA binding domain of GAL4 fused to RevM10 (pDBRevM10be reconfirmed by mating to a Y187 strain carrying the pRevRA3.1 plasmid. The
or pRevR2), the transcription activation domain of GAL4 fused to RevM1Gpecificity of the Arg3.1 interaction was tested against recombinant RRE RNAs
(PADRevM10), and a recombinant RNA containing two copies of the RREontaining an additional RRE (RRE) (pRevR2), or the GAPDH transcript (pRevR-
(pRevR2). The maps and details of construction of the expression plasmids uggdP). In these tests 21 clones showed interaction with the Arg3.1 transcript but also
are given in Figure 2. Transformants were analysed for histidine independefith control transcripts and therefore presumably represent general RNA-binding
growth ancB-gal expression. Functional GAL4 activity was detected only when alproteins. For the eight remaining clofiegalactosidase expression was specifically
three recombinant molecules were co-expressed. Relevant expressed protgisendent on the presence of the Arg3.1 transcript. The data for one clone are shown
are indicated. ‘+RRE’ indicates the presence of an RNA containing two copiesg§ an example. Expressed hybrid-proteins are indicated. ‘ARG’, ‘RRE’ and
the RRE; ‘-RRE' indicates the absence of the hybrid RNA. Clones that developgsAPDH’ indicate the presence of the corresponding hybrid transcript in the yeast.
visible blue colour within 4 h were registered as +++. If no colour developegjiaps of the plasmids used are depicted in Figure 2.

after 16 h, clones were recorded as —. Transformants were grown on media selective

for the given plasmids. When growth was a measure of GAL 4 activity the medium

lacked histidine and contained 30 mM 3-amino-1,2,4-triazole.
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