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A General Method for Isolating Targets of RNA
and DNA Binding Proteins

By Robert B. Denman, Department of Molecular Biology, Laboratory of Molecular Neurobiology, New York State Institute for
Basic Research in Developmental Disabilities, Staten Island, NY

E-mail: bob1028@interport.net

To isolate and characterize in vivo targets of RNA and DNA binding proteins, our laboratory used a novel strategy in which

biotinylated protein produced using T. NT® Coupled Transcription/Translation System(g) is bound to a SoftLinkTM Soft Release Avidin®
solid support and used to capture either mRNA (from total RNA) or DNA. Bound nucleic acids are eluted from the solid support and

then amplified by differential display RT- _PCR©® (DDRT-PCR). Bands specific for the target protein are reamplified and cloned into the
pGEM® T Vector'®® for subsequent sequencing. Cloned products can then be used to define the binding motif'in the target using a
sensitive biotinylated protein capture assay.

INTRODUCTION

RNA and DNA binding proteins mediate a diverse array of cellular processes including transcription (1), translation (2), RNA
processing (3,4), RNA transport (5), RNA localization (6), RNA storage (7) and mRNA stability (8). Binding occurs at specific protein
domains (9,10), or sets of domains, to both primary and higher order structure within the target nucleic acid (11-13). In many cases, a
particular binding protein may bind specifically to multiple targets (14,15), affecting complex regulatory schemes. We have developed a
system based on programmed incorporation of biotin into the RNA or DNA binding protein of interest that permits affinity selection of
the nucleic acid targets of these proteins.

ISOLATING RNA OR DNA BINDING PROTEIN TARGETS

Figure 1 outlines a three-step scheme for isolating targets of DNA- or RNA-binding proteins using the latter as the example. Unless

otherwise stated, all manipulations were performed at 4°C in the presence of 1u/pul RNasin® Ribonuclease Inhibitor and a protease
inhibitor cocktail (16). First, a biotinylated binding protein or protein binding domain is synthesized by incorporating biotinylated

lysines in a coupled transcription/translation reaction using the TNT® System (17) programmed with plasmid DNA. At least one lysine
residue is required for biotinylated protein synthesis. In the unlikely event of no naturally occurring lysine residues, a lysine tag can be

engineered at the end of the protein or peptide fragment. Next, the biotinylated binding protein is coupled to a SoftLink ™ Soft Release
Avidin solid support (18) making an affinity column. Total RNA or poly(A)+ RNA (19) is then incubated with the affinity resin in TBS
buffer, allowing the protein/target RNA interaction to occur. Unbound RNA is removed batchwise by centrifugation at 18,500 x g for 30
seconds. After extensive washing in TBS buffer, the bound RNA is eluted under strong denaturing conditions. This RNA, which
contains the entire subpopulation of RNA specifically bound to the biotinylated protein, must then be fractionated in a way that allows
the identification of individual messages. Three techniques for doing this are currently available: differential display RT-PCR (DDRT-
PCR), subtractive hybridization and reverse Northern blotting. Each of these techniques is equally valid, provided the proper controls
are performed. In the experiments described here, DDRT-PCR amplification (20) followed by T-vector cloning (21) and sequencing was
used to identify individual target mRNAs. An analogous procedure (without cDNA synthesis) can be performed using genomic DNA to
identify DNA binding protein targets.
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Figure 1. Experimental paradigm for isolating the targets of RNA and DNA-binding proteins. Biotinylated RNA or DNA binding proteins
were produced in a 25ul TNT® Coupled Transcription/Translation System reaction (17) in the presence of 2l Transcend™ tRNA (18) and were
bound to 100ul of SoftLink™ Soft Release Avidin Resin at 4°C. Fifteen micrograms of total RNA or genomic DNA were added and allowed to

bind for 1 hour. Unbound nucleic acid was removed with 30 column washes using TBS buffer. Bound nucleic acid was then eluted in Tri-Reagent®
(Molecular Research Center; 19), and purified by ethanol precipitation. One-third of the purified products were converted to complementary ssDNA
using one of the 3’-DDRT-PCR primers. A fraction (1/25th) of the complementary ssDNA sample was then amplified by DDRT-PCR in the

presence of 2uCi [alpha-32P]dCTP (20). The products were sized on denaturing polyacrylamide gels and select bands were cloned (21) and
sequenced. To demonstrate specificity, two control reactions were run in parallel with the protein of interest, an unrelated control protein (column 2)
and transcription/translation reaction without plasmid DNA (column 3).

To differentiate between RNAs specifically bound to biotinylated proteins and RNAs nonspecifically bound to the column resin or to

proteins in the TNT® System lysate, two control batch-columns were run in parallel with the column containing the biotinylated protein
(Figure 1. column 1). One control column (Figure 1, column 2) contained an unrelated nonbinding protein (the bacterial luciferase

control supplied with the TNT® System). The other control (Figure 1. column 3) was a mock reaction column, containing all of the
reagents for coupled transcription/translation except for the plasmid DNA used to produce the nucleic acid binding protein. RNAs from
each of these three columns were then amplified by DDRT-PCR and subjected to side-by-side comparison on denaturing
polyacrylamide gels. The only bands considered as potential target cDNAs were those present in the DDRT-PCR amplification from
material eluted from column 1 and absent from the DDRT-PCR control reactions from columns 2 and 3.

DDRT-PCR often produces false positives, so a procedure designed to minimize this occurrence was followed (20). Each DDRT-PCR
amplification was performed in duplicate using two different reverse transcriptases. DDRT-PCR amplifications were performed using
0.5-1.0pg of RNA from each column, a random 5°-15mer, and one of twelve 3 -22mers. The 3’ -primers were of the following
composition: 5-GCGCAAGCT ,XN-3" (where X is A, C or G, and N is any base). The DDRT-PCR products were analyzed on

denaturing polyacrylamide sequencing gels. Only bands amplified in both enzyme reactions and specific to the target biotinylated
protein of interest (column 1) were chosen for further analysis. The areas on the dried gels corresponding to these bands were carefully
excised and rehydrated in 200pl of deionized distilled water. Fifteen microliters were then used for reamplification using the same
cycling conditions as the DDRT-PCR protocol (20). The reamplified bands were subcloned into the pGEM®-T Vector (21). Clones
containing the reamplified insert were identified by restriction digestion and sequenced. Figure 2 shows the results of a typical
experiment using this scheme. In Panel A, DDRT-PCR amplification of unbound RNA from the wash fractions of an RNA binding
protein column (lane 2), a putative non-RNA binding protein (lane 3) and mock transcription translation reaction mix (lane 4) were
compared with an equivalent amount of total RNA before it was applied to the column (lane 1). The results clearly show that RNA
binding occurs only in the presence of biotinylated protein (compare lanes 2 and 3 to lane 1). Further, the amount of binding is a
function of the particular biotinylated protein (compare lanes 2 and 3). This experiment shows that the SoftLink™ Soft Release Avidin
Resin does not bind many RNAs.
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Figure 2. DDRT-PCR analysis of RNAs. Panel A: DDRT-PCR was performed using 15 ug of total human brain RNA (lane 1), unbound RNAs
obtained after passing 15ug of brain RNA through 100p1 of a biotinylated protein-SoftLink ™ Avidin solid support (lane 2), a biotinylated negative

control protein-SoftLink ™ Avidin solid support (lane 3) or a SoftLink™ Avidin solid support (lane 4). Panel B: Specific brain cDNAs amplified
from RNA bound to biotinylated protein. DDRT-PCR was performed using PCR primer set 1 (lanes 1-7) or primer set 2 (lanes 8-14). Lanes 1 and 8:
DDRT-PCR products from total human brain RNA. Lanes 2-4 and 9-11: DDRT-PCR products from unbound RNA obtained from biotinylated target
protein column washes (lanes 2 and 9), negative control column washes (biotinylated nonbinding protein, lanes 3 and 10; no template column, lanes
4 and 11). Lanes 5-7 and 12-14: DDRT-PCR products from RNAs bound to the biotinylated target protein column (lanes 5 and 12), negative control
columns (biotinylated nonbinding protein, lanes 6 and 13; no template column, lanes 7 and 14). Arrows indicate cDNAs obtained from RNAs bound
to the biotinylated protein SoftLink™ Avidin solid support. One DDRT-PCR amplification using a single reverse transcriptase is shown.

Figure 2, Panel B shows that specific RNAs within the subpopulation of RNA bound to the biotinylated protein of interest, can be
recovered by DDRT-PCR. These fragments were significantly enhanced (lane 5) compared to a similar amount of total RNA that was
not bound to the affinity resin (lane 1) and were not present in the bound RNA of the negative control columns (compare lane 5 with
lanes 6 and 7). In some cases, specific primer pairs do not result in the amplification of specific RNAs (lane 12). However, using a
complete set of 165 DDRT-PCR primer combinations (22) should enable the majority of nucleic acid targets of a particular binding
protein to be found since both weak binding and strong binding targets have been isolated. Figure 3, showing the effect of ionic strength
on the biotinylated protein/nucleic acid target binding, illustrates this point.
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Figure 3. Effect of salt concentration on binding of RNA to biotinylated protein. DDRT-PCR of RNAs bound to the biotinylated protein-
SoftLink™ Avidin solid support at different salt concentrations reveals four levels of RNA binding. Panel A: (a) those that are weakly bound and
(c) those that are independent of salt concentration but require biotinylated protein. Panel B: (b) those that are more tightly bound and (d) those

nonspecifically bound to the SoftLink ™ Avidin solid support. Panels A and B represent magnified images of small regions of a single DDRT-PCR
gel.

ANALYSIS OF TARGET:RNA BINDING PROTEIN INTERACTIONS

To confirm that the putative target mRNAs isolated using this technique specifically bound to the proteins of interest, solution binding



assays between 32P-labeled in vitro transcribed RNAs (23) and the biotinylated binding protein (18), coupled with SoftLink™ Soft
Release Avidin capture (24) of the RNA/binding protein complex, were performed. Using this procedure the only known mRNA target
of the Fragile X RNA-binding protein FMR1P, namely FMR1 mRNA, was isolated (data not shown).

Once an RNA target has been identified, the site of its interaction with the binding protein can be mapped using a similar strategy.
Figure 4 is a schematic diagram illustrating the gross localization of a target RNA binding motif. Solution binding assays between in
vitro transcribed RNAs (23) and the biotinylated binding protein (18), coupled with SoftLink ™ Soft Release Avidin capture (24) of the
RNA/binding protein complex were performed on a series of 32p_labeled 3 -end truncated target RNAs (Figure 4). Progressive
truncation of the 3 -untranslated region of the mRNA was used to delineate the RNA-binding motif to a sequence spanning the 3 -end
of the longest RNA that does not bind and to the 5’-end of the shortest truncated RNA that does bind. Fine structure mapping can then
be performed once these endpoints are known.

Binding
menAl — " 3 ()

MRNAAZ — S S — 3 )

mRMAAS 3 ]

Figure 4. Human brain mRNAs isolated by DDRT-PCR bind biotinylated protein in a sequence-specific manner. One microgram of plasmid
DNA containing full-length cDNA of a DDRT-PCR clone was linearized at three points within the putative target mRNA. 32P-labeled mRNA1,
mRNAdelta2 and mRNAdelta3 were generated by in vitro transcription using the RiboMAX™ Large Scale RNA Production System(® (23). The
schematic shows progressive truncation of the 3 "-untranslated region (UTR) of mRNA1 relative to the end of its open reading frame (ORF). Labeled
RNA was bound in solution to ~2ng of biotinylated protein (18). Bound protein-RNA complexes were captured using 10pl SoftLink™ Avidin
Resin (24). Unbound RNA was removed by three washes (300pl each) with TBS buffer. The remaining bound RNA was quantified by liquid
scintillation counting. Binding of mRNA is indicated by (+); nonbinding mRNA is indicated by (-).

TESTING KNOWN RNAS WITH KNOWN NUCLEIC ACID BINDING PROTEINS

Solution binding/affinity capture can also be performed with putative targets of a particular biotinylated nucleic acid binding protein
without using the scheme in Figure 1 if an appropriate clone is available. In such cases, it is especially important to conduct control
binding/affinity capture reactions using a mock reaction mixture to ensure that any observed binding is specific to the biotinylated
protein of interest.

SUMMARY

This article outlines a strategy to retrieve and characterize the in vivo targets of nucleic acid binding proteins. These methods should
greatly aid researchers in understanding post-transcriptional gene regulation.
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Ordering Information

Product Size Cat.#
® 20
pGEM™-T Vector System I reactions A3600
RiboMAX™ Large Scale RNA Production System - T7 P1300
2,500u N2111
RNasin® Ribonuclease Inhibitor

10,000u N2115
Iml V2011

SoftLink™ Soft Release Avidin Resin
Sml V2012
TNT® T7 Coupled Reticulocyte Lysate System L4610
TNT® T7 Quick Coupled Transcription/Translation System L1170
Transcend ™ Biotinylated tRNA 30ul L5061

®y.S. Pat. Nos. 5,324,637, 5,492,817 and 5,665,563, and European Pat. No. 0 566 714 Bl, have been issued to Promega Corporation for coupled
transcription/translation systems that use RNA polymerases and eukaryotic lysates.

®)For research purposes only. Not for diagnostic or therapeutic use. For bulk purchases of this product, contact TosoHaas, 156 Keystone Drive, Montgomeryville,
P4 18936, 1-800-366-4875 or 215-283-5000.

(The PCR process is covered by patents issued and applicable in certain countries. Promega does not encourage or support the unauthorized or unlicensed use of
the PCR process.

DU.S. Pat. No. 4,766,072 has been issued to Promega Corporation for transcription vectors having two different bacteriophage RNA polymerase promoter
sequences separated by a series of unique restriction sites into which foreign DNA can be inserted.
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inhibitor (PRI). Inhibitors of Angiogenin, which comprises a segment of human PRI, is the subject of U.S. Pat. Nos. 4,966,964, 5,019,556 and 5,266,687 assigned
to the President and Fellows of Harvard College and exclusively licensed to Promega Corporation.
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