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An enzyme–ribosome–mRNA complex was specifi-
cally purified by binding to the immobilized enzyme
substrate and the cDNA was cloned in a single-tube
reaction by one-step reverse transcription–PCR. The
ganglioside GM3, used by sialyltransferase II (ST-II) as
a substrate, was coated on a 96-well microtiter plate
and ST-II was in vitro transcribed and translated from
a cDNA library. The isolation of an enzyme-specific
protein–ribosome (PRIME) complex was achieved
with as little as 0.1 ng ST-II-specific cDNA in 5 mg of a
total plasmid preparation or with the cDNA prepared
from sublibraries previously inoculated at a density of
2000 clones/culture well. The affinity purification of
the PRIME complex was highly specific for GM3 and
did not result in cDNA amplification when a different
ganglioside (GM1) was used for coating of the micro-
titer plate. The amplified cDNA was used for cloning or
a second round of ribosome display, providing a fast
analysis of enzyme affinity to multiple substrates.
PRIME display can be used for host-free cDNA cloning
from mRNA or cDNA libraries and for binding site
mapping of the in vitro translated protein. The use of
a single-tube reaction in ligand-coated microtiter
plates indicates the versatility of PRIME display for
cDNA cloning by automated procedures. © 2000 Academic

Press
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ional genomics; glycosyltransferase; ganglioside.

Several methods have been established to isolate
and clone a specific cDNA by binding of the encoded
protein to an antibody after expression on the cell
surface of viruses, bacteria, or eukaryotic cells (e.g.,

phage display, yeast surface display) (1, 2). These
methods, however, require intensive cell cultivation,
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panning procedures for the isolation of a specific host
cell, and cDNA preparation from the isolated cells for
the analysis of the clone. Recently, immunoaffinity pu-
rification of a specific expression product was applied
to peptides or proteins translated in a cell-free ribo-
somal system (3–5). The mRNA was recovered as ter-
nary complex with the antibody and ribosome during
in vitro translation, enabling reverse transcription and
cDNA cloning of the isolated mRNA. So far, however,
there is no study published reporting an application of
ribosome display for isolation of proteins without the
use of a specific antibody. In the present study, we
describe a single-tube reaction for the isolation of a
specific cDNA by functional binding of the encoded
enzyme to its substrate during expression in a cell-free
transcription/translation system. In this model system
the cDNA of sialyltransferase II (ST-II),1 an enzyme
catalyzing the synthesis of the ganglioside GD3, was in
vitro transcribed and translated, and the nascent en-
zyme was bound to its substrate GM3 previously
coated onto the surface of the wells of a microtiter
plate. Gangliosides are sialylated glycolipids of the cell
membrane and critically involved in neuronal cell de-
velopment (6). Accordingly, cloning of a variety of gan-
glioside-binding proteins is crucial for functional
genomics of the nervous system.

MATERIALS AND METHODS

In Vitro Transcription/Translation on Coated
Microtiter Plates

A series of wells of a microtiter plate (Immulon,
Dynex Technology, Chantilly, VA) were coated with

1 Abbreviations used: ST-II, sialyltransferase II; PBS, phosphate-

buffered saline; PRIME, protein–ribosome–mRNA; RT-PCR, reverse
transcription–PCR.
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295PURIFICATION OF ENZYME–RIBOSOME–mRNA COMPLEX
GM3 by incubation of each well with 10 mg of GM3 in
50 ml of methanol. After the solvent was evaporated,
the wells were washed three times with phosphate-
buffered saline (PBS) to remove the excess GM3. Un-
specific binding sites on the solid surface were blocked
by incubation with 2% bovine serum albumin in PBS
for 2 h. As a negative control, several wells were coated
with GM1 which was not used by ST-II as a substrate.
The wells were then washed three times with in vitro
translation buffer (50 mM Tris/HCl, pH 8.0, 2 mM
MgCl2) and loaded with 50 ml of the reticulocyte
(TNT)–in vitro transcription/translation incubation
mixture prepared according to the manufacturer’s in-
structions (Promega, Madison, WI). For analysis of the
translation product the incubation mixture was sup-
plemented with 2 mCi of [35S]methionine (1200 Ci/
mmol, ICN Biochemicals, Costa Mesa, CA). The tran-
scription/translation reaction was initiated by addition
of 0.1–1.0 ng of a plasmid vector (pCMV-Sport 2) con-
taining the full-length cDNA of ST-II (1148 bp) under
the control of a T7 promoter (7). For immunodetection
of the translation product the cDNA was endowed with
a C-terminal tag encoding the FLAG epitope. Option-
ally, the template was supplemented with 5 mg of plas-
mid DNA from a 15.5-day-old mouse embryo cDNA
library constructed in the pCMV-Sport 2 vector (Gibco
BRL, Gaithersburg, MD). In another experiment the
cDNA library was first subdivided into twelve 96-well
flat tissue culture plates at an inoculation density of
2000 clones/well. A plasmid preparation (5 mg DNA) of
ach sublibrary was directly used for in vitro transcrip-
ion/translation without adding exogenous ST-II
DNA. The in vitro transcription/translation reaction
roceeded for 60 min at 30°C. A 2-ml aliquot was taken
rom the reaction mixture in order to analyze the size
f the translation product by SDS–gel electrophoresis
nd autoradiography or immunoblotting.

ffinity Purification of the Protein–Ribosome–mRNA
(PRIME) Complex and First-Strand cDNA
Synthesis

The affinity purification of the specific PRIME complex
as achieved by removal of unbound translation product

rom the ternary complex containing the enzyme bound
o its immobilized substrate. The wells were washed five
imes with 200 ml of in vitro translation buffer and the
RNA retained in the PRIME complex was used for
rst-strand cDNA synthesis. The PRIME complexes
ere incubated for 10 min at 70°C with 50 ml of first-

strand synthesis buffer provided by the manufacturer of
the cDNA synthesis kit (Gibco BRL) ensuring the disso-
ciation of the mRNA. The reaction mixture was supple-
mented with 500 U Superscript II RT, 1 ml RNase inhib-

itor (1 U), and 10 pmol of an oligonucleotide primer
complementary to the FLAG epitope sequence (59tagtc-
gacttgtcatcgtcgtccttgtaatc39) or a vector (pCMV-Sport 2)-
specific sequence (59ccgggtcgacccacgcgtcc39 or 59tcgagg-
gatcctctagagc39). The first-strand cDNA synthesis was
carried out for 50 min at 42°C. The reaction was then
stopped by heating at 70°C for 15 min and an aliquot of
10 ml was taken for protein and DNA analysis. Five
microliters of the reaction mixture was applied to SDS–
PAGE and the radiolabeled translation product was vi-
sualized by autoradiography.

PCR Amplification and cDNA Cloning

The presence of specific first-strand cDNA was veri-
fied by PCR amplification with two oligonucleotide
primers located at positions 214 bp (59acaccgagctgc-
gatgag39) and 495 bp (59tttgacggccacagccac39) of the
ST-II sequence using 4 ml of the first-strand reaction
mixture as source for the template. Twenty microliters
of the mixture was diluted 1:2 with deionized water
and 10 pmol of the sense oligonucleotide primer located
at position 214 bp and 10 pmol of the FLAG-specific
ntisense primer at position 1148 bp was added for
CR amplification of ST-II-specific full-length cDNA.
lternatively, first-strand cDNA synthesis and PCR
mplification were achieved with a buffer system con-
itioned for both reverse transcriptase (Superscript II)
nd Taq polymerase (Platinum, Gibco BRL) to perform
ne-step reverse transcription (RT)-PCR. Optionally,
he sense primer was endowed with the sequence of the
7-promoter region and an EcoRV restriction site

59tactgcagtaatacgactcactatagggacaccgagctgcgatgag39)
or subsequent cloning and in vitro transcription of the

PCR product. First-strand cDNA obtained from affin-
ity-purified PRIME complex previously generated with
a plasmid preparation from a sublibrary was amplified
with a vector (pCMV-Sport 2)-specific primer (59gggtc-
gacccacgcgtcc39 or 59gagggatcctctagagcgg39) and the
ST-II-specific sense primer endowed with the T7-pro-
moter sequence. The PCR amplification reaction was
performed using the following cycle conditions: 95°C
for 1 min, followed by 35 cycles at 95°C for 30 s, 58°C
for 45 s, and 68°C for 60 s; final extension was achieved
at 72°C for 10 min. The amplified ST-II cDNA was used
as a template for a second round of in vitro transcrip-
tion/translation or for cloning into the pSVSport2 vec-
tor using the SmaI and SalI restriction sites. A second
round of ribosome display was achieved as described
for the initial in vitro transcription/translation reac-
tion using either the SP6- (PCR product inserted into
pSVSport2) or the T7-promoter (PCR product itself or
inserted into pSVSport2 or a T/A cloning vector
(pGEM-T Easy, Promega)).

RESULTS AND DISCUSSION
ST-II was employed as a model protein since prelim-
inary results demonstrated the activity of the in vitro
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296 BIEBERICH ET AL.
translated enzyme toward its substrate GM3 (7). In
addition, the application of GM3–agarose for affinity
purification of ST-II from a rat brain homogenate and
a low Km value (50 mM) indicated the feasibility of GM3
ffinity binding for isolation of the translation product
8, 9). The in vitro transcription/translation of ST-II

(Fig. 1, step 1) was performed with various amounts of
a plasmid containing the full-length cDNA of ST-II
endowed with the sequence for the FLAG epitope. The
sensitivity of the procedure was verified by the addi-
tion of an excess of cDNA prepared from a mouse
library. The translation product was labeled with
[35S]methionine and analyzed by SDS–gel electro-
phoresis followed by autoradiography and immuno-
staining with an antibody against the FLAG epitope.
As shown in Fig. 2, lane 1, the main product of the in
vitro transcription/translation reaction was a polypep-
ide of 43 kDa corresponding to the molecular mass of
T-II. A comparison of the radiolabeled translation
roduct (lane 1) with that immunostained with a
LAG-specific antibody (lane 5) revealed that full-

ength ST-II was synthesized as the major polypeptide.
igure 2, lane 2, shows that the translation product
enerated in the presence of a GM1 coating corre-
ponded to that synthesized in the presence of GM3.
owever, it has been found previously that the activity

f this enzyme is less than 30% of that obtained with
M3 coating (7). This observation is best explained by

he assumption that only the ganglioside used as a

FIG. 1. Principle of the PRIME display cycle. The four-step pro
transcription/translation reaction in a coated microtiter plate well; s
immobilized ligand; step 3, one-step RT-PCR with the copurified m
binding to a different ligand.
ubstrate can stabilize the active protein conformation
uring the translation reaction.
The purification of a ternary ST-II–ribosome–
mRNA complex was achieved by binding to GM3
immobilized on the surface of the microtiter plate
wells followed by removal of unbound translation
product (Fig. 1, step 2). Figure 2, lane 3, shows that
at least 20% of the translation product detected be-
fore affinity purification could be recovered in the
first-strand cDNA synthesis mixture (Fig. 1, step 3).
As little as 0.1 ng of ST-II-specific cDNA in 5 mg of a
total cDNA library resulted in in vitro translation of
ST-II detectable by autoradiography after affinity
purification (Fig. 2, lane 3). In contrast, with GM1

ure in a single-tube reaction is shown. Step 1, coupled in vitro
2, affinity purification of the translation product by binding to the
A used as a template; step 4, second round of PRIME display for

FIG. 2. Analysis of the in vitro translation product by SDS–PAGE.
liquots were taken from the reaction mixtures in step 1 or 3 (Fig. 1)
nd the in vitro translated protein analyzed by SDS–PAGE followed
y autoradiography or immunoblotting. Lanes 1–4, protein labeled
ith [35S]methionine; lane 1, wells coated with GM3; lane 2, wells

coated with GM1; lane 3, protein after affinity purification with
immobilized GM3; lane 4, protein after affinity purification with
ced
tep
immobilized GM1; lane 5, as in lane 3 but immunostaining with
antibody against the FLAG epitope.
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used for affinity purification, only minute amounts of
ST-II were detectable (lane 4), indicating the efficacy
and specificity of the purification procedure. The
presence of ST-II-specific first-strand cDNA was ver-
ified by PCR amplification with ST-II-specific oligo-
nucleotides used as primers. As shown in Fig. 3,
lanes 6 and 7, agarose gel electrophoresis of the PCR
product followed by DNA staining with ethidium
bromide revealed a single band at approximately 500
or 1150 bp, respectively, corresponding to the DNA
fragment expected from the amplification of ST-II-
specific cDNA. None or only trace amounts of ampli-
fication product could be detected using the first-
strand synthesis mixture from the GM1-coated well
(lanes 3 and 4), indicating that there was only neg-
ligible carryover or contamination with plasmid
DNA during the affinity purification procedure. The
amplification product of the first round of PRIME
display endowed with a T7-promoter sequence was
used for a second round of in vitro transcription/
translation (Fig. 1, step 4), again yielding the 43-kDa
ST-II polypeptide detectable by autoradiography or
immunostaining.

ST-II was cloned from a subdivided cDNA library
using affinity isolation of the respective PRIME com-
plexes with no exogenous ST-II cDNA added prior to
the in vitro transcription/translation reaction. In order
to enhance the representation of endogenous ST-II

FIG. 3. Analysis of the RT-PCR amplification using purified
PRIME complexes as substrates. Lanes 1 and 8, DNA standard;
lanes 2–4, RT-PCRs with PRIME complexes isolated on GM1-coated
wells; lane 2, PCR without previous reverse transcription (primer
combination 214/495); lane 3, RT-PCR with primer combination
214/495; lane 4, RT-PCR with primer combination 214/1148; lanes
5–7, RT-PCRs with PRIME complexes isolated on GM3-coated wells;
lane 5, PCR without previous reverse transcription (primer combi-
nation 214/495); lane 6, RT-PCR with primer combination 214/495;
lane 7, RT-PCR with primer combination 214/1148.
mRNA the library was inoculated at a density of 2000
cDNA clones/well in twelve 96-well flat tissue culture
dishes as described previously (7, 10). The plasmid
preparation of each well was first screened with ST-II-
specific primers (214- and 1148-bp primers) and the
DNA of 19 positive sublibraries containing full-length
ST-II cDNA used for the cell-free protein synthesis
reaction on GM3-coated microtiter plates. After isola-
tion of the PRIME complexes RT-PCR was performed
with an ST-II-specific sense primer endowed with a
T7-promoter sequence and a vector-specific primer
framing the cDNA insert. The main amplification prod-
uct was identified as ST-II-specific full-length cDNA as
verified by DNA sequencing. As shown in Fig. 4 these
PCR products were used for in vitro transcription/
ranslation and the 35S-labeled polypeptides were ana-
yzed by SDS gel electrophoresis and autoradiography.
ull-length ST-II of 43 kDa was synthesized from 6 of
9 positive sublibraries (lanes 2–7) used for affinity
solation of the PRIME complexes. The smaller frag-

ent found in lanes 6 and 7 may be a translation
roduct initiated at an internal methionine used as
tart codon.

CONCLUSIONS

The method described here is an extension of the
ribosome display technique recently introduced for the
isolation of cDNA-encoding antibody species (3–5). The
isolation of a variety of PRIME complexes depends on
affinity binding of functional proteins. The cell-free
synthesis of the active enzyme (ST-II) was achieved by
in vitro translation in the presence of the coated sub-
strate (GM3), an approach which is also expected to be
applicable to other enzymes. Cloning of cDNA from a
library can then be performed without any biological
host and automated as a single-tube reaction by use of

FIG. 4. In vitro translation of ST-II cloned from a subdivided cDNA
library by PRIME display. A 15.5-day-old mouse embryo cDNA li-
brary was first divided into 1152 sublibraries on twelve 96-well flat
tissue culture plates with 2000 clones/well. The plasmid DNA of each
sublibrary was used for PCR with the primer combination 214/1148
or identification of ST-II-positive clones. The DNA of ST-II-positive
ublibraries was then used for PRIME display with GM3-coated
icrotiter plates. RT-PCR was carried out with a vector-specific

rimer framing the insert DNA and an ST-II-specific sense primer
ntroducing a T7-promoter sequence into the amplification product.
he PCR product was used for in vitro translation in a reaction
ixture supplemented with [35S]methionine. Lane 1, PRIME display
with control ST-II cDNA; lanes 2–7, PRIME display with six differ-
ent ST-II-positive sublibraries.
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microtiter plates with a substrate-coating for affinity
purification of the PRIME complex followed by one-
step RT-PCR.

Most recently, in vitro evolution of single-chain frag-
ments of a particular antibody was achieved by selec-
tion of mutants in subsequent rounds of ribosome dis-
play in a stringent environment for antigen–antibody
binding (4). The PRIME display described here may be
used in a similar approach for selection of specific
substrate binding sites from a library of in vitro gen-
erated mutants of enzymes or other binding proteins.
It has been shown by computer-based sequence com-
parison that sialyltransferases contain two potential
domains for binding to the ganglioside substrate (11).
Coating of the microtiter plate wells with different
gangliosides and PRIME display of a library con-
structed with cDNAs arising from in vitro mutagenesis
of a particular sialyltransferase may thus facilitate the
analysis of its binding site. We have shown the validity
of this approach by successful display of wildtype ST-
II. In future, we will use the PRIME display technique

for cDNA cloning and functional genomics of sialyl-
transferases and other ganglioside binding proteins. 1
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