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ABSTRACT
A procedure for the construction of general cDNA libraries is described which is based on the
amplification of total cDNA in vitro. The first cDNA strand is synthesized from total RNA using
an oligo(dT)-containing primer. After oligo(dG) tailing the total cDNA is amplified by PCR using
two primers complementary to oligo(dA) and oligo(dG) ends of the cDNA. For insertion of the
cDNA into a vector a controlled trimming of the 3'ends of the cDNA by Klenow enzyme was used.
Starting from 10 J558L1m3 myeloma cells, total cDNA was synthesized and amplified approximately
105 fold. A library containing 106 clones was established from 1/6 of the amplified cDNA. Screening
of the library with probes for three genes expressed in these cells revealed a number of corresponding
clones in each case. The longest obtained clones contained inserts of 1.5 kb length. No sequences
originating from carriers or from rRNA was found in 14 randomly picked clones.

INTRODUCTION
Despite the existence of sophisticated approaches for cloning cDNA, the procedure still
remains highly inefficient. Only a minor fraction of cDNA gives rise to recombinant clones,
of which 106 may have to be screened in order to find clones corresponding to rare
mRNAs (for review, see (1)). Thus, the cloning of genes specifically expressed at the
level of small cell populations, which would be of great interest for studies in cell
differentiation, neurobiology, developmental biology and related fields, is not feasible at
the present technical level.

This limitation of the cloning process could be overcome by the prior amplification of
cDNA in vitro. In our previous work, a novel modification of the polymerase chain reaction
(PCR) for amplification of cDNA has been described (2). In contrast to standard PCR,
whereby amplification of only one specific sequence or a group of related sequences is
achieved (3), our scheme allows to amplify virtually all cDNA species present in the reaction
mixture. Moreover, even long cDNAs, in the size range of 2.4-4.4 kb, were found to
be amplified with reasonably high efficiency. This approach provides the necessary basis
for a method of cDNA library construction, which includes an amplification step prior
to the cloning of cDNA in bacteria and hence is efficient with significantly lower amounts
ofRNA than were required in previous procedures. In the present work we describe such
a method, which permits to construct large-size general cDNA libraries starting from only
a few cells.

MATERIALS AND METHODS
Reagents
Avian myeloblastosis virus (AMV) reverse transcriptase was purchased from Life Sciences,
St.Petersburg, Florida. DNA polymerase from Thermus aquaticus (Taq polymerase) was
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obtained from Perkin Elmer Cetus, Norwalk,CT. E. coli 5S RNA and Klenow enzyme
were obtained from Boehringer Mannheim Biochemica, FRG Poly C, poly I polyC,
poly(dI,dT), deoxynucleotide triphosphates and terminal deoxynucleotidyl transferase were
purchased from Pharmacia-PL Fine Biochemicals DNA and RNA size 'ladders' were
from Bethesda Research Laboratories, Gaithersburg, MD; NuSieve GTG agarose from
FMC BioProducts, Rockland, ME Qiagen tips were obtained from Diagen, Dusseldorf,
FRG. Oligonucleotides, synthesized on an Applied Biosystems 380A DNA Synthesizer,
were provided by Karin Otto and Benno Muller-Hill and were purified by electrophoresis
on a 20% denaturing polyacrylamide gel (4).
Cell culture
The J558LAm3 cell line (5), which was derived from the Ig Xl chain-producing
plasmacytoma line J558L by transfection with the vector pSVym and which expresses the
membrane form of It Ig heavy chain (6), was cultured in Dulbecco's modified Eagle's
medium supplemented with 10% FCS, 2 mM L-glutamine, 20 yM 2-mercaptoethanol,
50 U/mi penicillin, 50 mg/mi streptomycin, 2 jig/ml mycophenolic acid, 250 atg/ml xanthine
and 15 pg/ml hypoxanthine.
Isolation of total RNA (modified from (7))
5 jil of intact cells suspended in sterile PBS or disrupted cells in lysis buffer (see Results)
were added to 40 jil of lysis buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate
pH 7.0, 100 mM 2-mercaptoethanol, 0.5% sodium lauroyl sarcosinate), which also
contained 1 jg of SS RNA from E. coli. The lysate was vortexed vigorously to shear DNA.
2.5 tl of 1 M sodium acetate pH 4.0, 50 td of water-saturated phenol and 10 1l of chloroform
were added, with mixing after each addition. The samples were put on ice for 10 min
and then centrifuged at 12,000g for 10 min. The water phase was transferred to another
tube, and the RNA was precipitated by addition of 2.7 vol of absolute ethanol and
centrifugation at 12,000 g for 20 min. The RNA pellet was washed twice with 70% ethanol,
air dried and dissolved in 5 yl of DEPC-treated water.
First strand synthesis
The procedure was performed according to the protocol described in (8). The isolated
total RNA was reverse transcribed in a total volume of 15 pl in a buffer containing 50
mM Tris-HCl pH 8.3, 50 mM KCl, 10 mM MgCl2, 1mM DTT, 1 mM EDTA, dNTP
mixture (2 mM of each dNTP), 0.5 mM spermidine-HCl, 4 mM sodium pyrophosphate,
20 pmoles (T) primer, and 14 units AMV reverse transcriptase. Synthesis was performed
for 45 min at 42°C and stopped by addition of 16 yl 0.1 M NaCl, 40 mM EDTA.
Removal of the primer
After addition of 2 tl (0.5 yg) polylpolyC, nucleic acids were precipitated by addition
of 2 d41 10%(w/v) cetyltrimethylammonium bromide (CTAB) and centrifugation for 15
min. The pellet was dissolved in 14 yl 1 M NaCl and re-precipitated by adding 25 jil
of water and 1 d1 of 10% CTAB. Nucleic acids were recovered by dissolving the pellet
in a small volume of 1 M NaCl and precipitating with 2.7 vol ethanol. Dried samples
were dissolved in 5-6 tl of agarose loading buffer and separated for 60-80 min at 60
V on a 1% NuSieve agarose gel, which had been pre-run with polylpolyC (120 ng per
3 mm slot). The 5S RNA band was visualized by a long-wave UV source and discarded
together with the lower part of the gel. Nucleic acids were concentrated in a small volume
of agarose by electrophoresis in the opposite direction for the same time. Recovery from
agarose was achieved by melting the agarose piece at 60°C after addition of NaCl to 150 mM
and of 0.25 /Ag polylIpolyC, extracting with hot buffered phenol, and chromatography
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on Qiagen-5 tips. This latter procedure was performed essentially as recommended by
the manufacturer for the purification of DNA after elution from agarose gels, with the
exception that 0.8 M instead of 0.75 M NaCl was used in the washing buffer and that
the resin was pretreated with 0.5 Ag polyC and 1.5 jig polyIpolyC to eliminate irreversible
adsorption of cDNA. Nucleic acids were eluted with 600 Al elution buffer (1.6 M NaCl,
50 mM MOPS pH 7.6, 15% ethanol), containing 0.25 ,ug polylpolyC, and precipitated
with 0.85 vol isopropanol. After centrifugation for 20-30 min the pellet was washed twice
with 70% ethanol and dried.
Oligo(dG) tailing and RNA hydrolysis
Pellets were dissolved in tailing buffer, consisting of 200 mM potassium cacodylate, 25
mM Tris-Cl pH 6.9, 0.1 mM DTT, 0.5 mM CoC12, 50 nM dGTP. Tailing was performed
with 18 units terminal transferase for 20 min at 37°C. The reaction was terminated by
addition ofEDTA to 20 mM and NaCl to 0.1 M. Nucleic acids were precipitated by addition
ofCTAB to 0.4 %. The pellet was dissolved in a small volume of 1 M NaCl and precipitated
again with 2.7 vol ethanol after addition of 0.2 jig poly (dI,dT). Nucleic acids were dissolved
in 20 ,ul of 50 mM NaOH, 2 mM EDTA and incubated for 1 hr at 65°C. Alkali was
neutralized by addition of 3 yl 3 M sodium acetate pH 5.2, and DNA was precipitated
with 2.7 vol ethanol. After washing and drying, the precipitate was dissolved in 20 Id
H20.
Amplification by PCR
The oligo(dG)-tailed first strand was amplified in a 100-idl reaction volume in a buffer
containing 10 mM Tris-HCl pH 8.3, 50 mM KCl, 4 mM MgCl2, 0.01 %(w/v) gelatin,
dNTP mixture (0.5 mM of each dNTP), 100 pmoles of the (T) and (C) primers and 2
units Taq polymerase. Amplification was performed on a programmable heater (Techne,
Cambridge, UK). The reaction cycle consisted of denaturation at 96°C for 2 min, annealing
at 58°C for 2 min, and elongation at 72°C for 4.5 min. After 15-20 cycles (depending
on the initial amount of material) the reaction was scaled up 4-fold by adding new buffer
and enzyme, splitting into 4 separate volumes, and performing 5 additional cycles. The
reaction was terminated by additing an excess of EDTA, separate reaction mixtures were
pooled and the amplified material was precipitated with ethanol, reprecipitated with CTAB
and again with ethanol as described above. The pellet was dissolved in a small volume
of agarose loading buffer, and electrophoresed on a 1% NuSieve agarose gel, using 123
bp and 1 kb DNA ladders (BRL) as size markers. The region of the agarose gel
corresponding to cDNAs ranging in size from 300 bp to 5 kb was cut into 5-6 pieces,
which were placed into separate tubes. Standard 100-1l PCR mixes were established and
amplification was performed for various number of cycles, increasing progressively with
the increase of cDNA length, from 1 cycle for the shortest to 18 cycles for the longest
species. After pooling of the reaction mixtures phenol extraction and ethanol precipitation
were done, followed by CTAB and ethanol precipitations. The amplified cDNA was
separated by electrophoresis in 1% NuSieve agarose, and fragments shorter than 300 bp
were discarded. The amplified cDNA was recovered in a small volume by electrophoresis
in the opposite direction and isolated by Qiagen chromatography as described above for
primer removal, with the exception that only 5S RNA was used for elimination of
irreversible adsorption and that no carrier was present during the elution step.
Insertion of cDNA into vector
Plasmid pTZ19R (9) was digested with XbaI and EcoRI and purified over low melting
temperature-agarose. Oligonucleotide adaptors, 500 pmoles each, were phosphorylated

2921



Nucleic Acids Research

cells carriers

isolation of total RNA

poly(A)r RNA
97-99%

mRNA poly(A) 5S RNA
1-3% 5'-A/vt\A
1st strand synthesis - (T) primer

5' A A\/

I
trn 4 Cetavlon ~

primer removal - agarose EP

OQiagen

oligo (dG) tailing
poly 1I poly C

5, A AfJV ~~~~~~~~~~~~~~~~3'
5' .

RNA hydrolysis

3,

I ~~~~~~~~5,

s cycle of PCR -(T)primer
f-(C) primer

'52cDNA h2ndstrand poly (dl,dT)
5,

1S strand 5,

further amplificationNX3'= ==/ffi5,
I ~~~~~~~~5,

insertion into vector,

transformation

cDNA library

Figure 1. Scheme of PCR-based construction of general cDNA libraries.
(T) primer: 5'GGGAGGCCCCTTTTTTTT3TTTTTTT3'
(C) primer: 5'AAGGAATTCCCCCCCCCCCCC 3'

The designation 'Cetavlon' refers to the precipitation of nucleic acids with CTAB.

by 50 units polynucleotide kinase under standard conditions (4). After annealing of the
complementary oligonucleotides for 15 min each at 65°C, 60°C, 55°C and 50°C, they
were ligated to XbaI/EcoRI-digested vector by 30 units of T4 DNA ligase for 15 h at
15°C. The vector was then purified by agarose electrophoresis.
For the generation of cohesive ends, 200 ng cDNA were treated with 40 units Klenow

enzyme for 40 min at 37°C in a buffer containing 15 mM Tris-HCl pH 7.4, 20 mM NaCl,
3.7 mM MgCl2, 1 mM DTT and 20 ItM dATP and dGTP. cDNA was extracted with
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phenol-chloroform and precipitated by ethanol. For ligation with the vector, the cDNA
was first phosphorylated by 15 units polynucleotide kinase in 150 itl standard ligase buffer
(10) for 15 min at 37°C. After incubation at 65°C for 5 min , 400 ng vector and 5 units
T4 ligase were added, and ligation was performed for 12 h at 15°C.
Other procedures
Agarose electrophoresis during preparation of amplified cDNA was performed in 12,
5 x8 cm plastic trays using modified TAE buffer, containing 50 mM Tris-acetate pH 8.3, 0.2
mM EDTA, 0.25 yg/ml EtBr. Preparation of competent DH5a cells and transformation
were made according to the high-efficiency protocol (1 1). The library was prepared by
plating bacteria onto 14-cm plates and screened according to the procedure for high-density
plasmid screening (12). Plasmids were isolated by the alkaline lysis method (10), and for
sequencing purified additionally through Qiagen columns. Sequencing was performed using
Sequenase kits (United States Biochemicals) following recommendations of the
manufacturer. Blotting ofDNA onto GeneScreen membrane (New England Nuclear) was
done under alkaline conditions according to (13). Radioactive probes were synthesized
by random priming of plasmids or purified inserts, and hybridized at 65°C under standard
conditions (10).

RESULTS
Principle of the approach
For amplification-based cDNA library construction the ability to amplify all cDNA species,
independently of their sequences, is of central importance. This can be achieved by the
addition of common priming sites to the ends of the sequences to be amplified. For the
3'end of the majority of eukaryotic mRNAs this is done by the cell itself in the form of
post-transcriptional poly(A)- tailing. To create a priming site on the opposite end, we used
an approach proposed by Land et al.(14) and developed further by Krawinkel and Zoebelein
(15) and Han et al. (16), namely oligo(dG) tailing of the first cDNA strand. The general
scheme of the PCR-based cDNA library construction is shown in Fig. 1. Synthesis ofcDNA
from isolated total cellular RNA is primed by a primer/adaptor (referred to as (T) primer),
consisting of an oligo(dT) stretch at the 3'end and a dG,dC-rich sequence at the 5'end.
After removal of the primer the first strand is oligo(dG) tailed, and the RNA strand is
hydrolysed by alkali treatment. The cDNA is amplified by PCR using Taq DNA polymerase
(17) and two primers complementary to the oligo(dG)- and oligo(dA)-ends of the cDNA.
The amplified cDNA is treated to produce sticky ends, and ligated with a compatible vector.
The specific steps of the protocol are described in more detail below.
RNA isolation
Demonstration of the amplification of total cDNA in vitro has opened the possibility, at
least in theory, to establish cDNA libraries of considerable size from small numbers of
cells. However,this goal can be only achieved after complementation of this basic technique
by a set of procedures permitting to isolate and process minute amounts of RNA. A common
feature of these procedures is the use of appropriate carriers, without which severe losses
RNA and cDNA are unavoidable. The carrier for RNA isolation must not only ensure
a reasonably high yield of cellular RNA, but should also be neutral during reverse
transcription, i.e.do not inhibit it or support the synthesis of carrier-specified sequences.
Our attempts to use the most common and reliable procedure for RNA isolation, namely

CsCl gradient centrifugation of guanidinium thiocyanate lysates (18), were unsuccessful
for cell numbers smaller than 1 x 105. More satisfactory results were obtained with the
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acid phenol isolation procedure (7). In this protocol cells are disrupted with guanidinium
thiocyanate, and RNA is isolated almost free of contaminating proteins and DNA by a
single extraction with phenol-chloroform at pH 4. 5S RNA of E.coli was found to be
an appropriate carrier for this procedure. It co-isolated with the cellular RNA during acid
phenol purification providing more than 50% recovery of an RNA ladder added as tracer
with cell numbers as low as 1 x 103, and was fully neutral in the subsequent first strand
cDNA synthesis (data not shown).
First strand synthesis and primer removal
This reaction is performed according to a recent protocol (8), although we used a modified
(T) primer for the initiation of cDNA synthesis, which carries a dG,dC-rich sequence
5' of a (dT)16 stretch (see Fig. 1). This allows to increase the annealing temperature of
the (T) primer during the PCR and to generate sticky ends by controlled digestion with
the Klenow enzyme (see below). The very small amounts of RNA used allow to perform
cDNA synthesis with total instead of poly(A)+ RNA, in contrast to the majority of cloning
protocols.
One of the technically most difficult steps in the procedure is the removal of the (T)

primer after the first strand synthesis. To achieve efficient use of the template, 20 pmoles
of primer are added to the first strand synthesis reaction, which corresponds to a more
than 106fold excess of primer over template in the case of library construction from
several cells. If not removed, the primer would be subsequently oligo(dG) tailed by terminal
transferase and efficiently amplified by PCR. This would impose, in turn, severe limits
on the possible degree of cDNA amplification, because the amplified tailed primers would
compete with untailed primers for annealing with cDNA and inhibit the synthesis of
complementary cDNA strands. Our initial attempts to use gel-chromatography on Sephacryl
S300 for the removal of the primer gave unsatisfactory results with small numbers of cells.
A three step purification protocol was therefore developed. In the first step the cDNA
is precipitated with CTAB, a cationic detergent which binds to nucleic acids and induces
their aggregation. Short single-stranded fragments precipitate rather poorly, especially in
0.3-0.4 M salt. This permits removal of 99% to 99.5% of the primer after two cycles
of precipitation, with almost full recovery of mRNA-DNA hybrids. At this stage the
double stranded polyribonucleotide polyl polyC is added as a carrier to substitute for 5S
RNA at the next step of the procedure. Additional purification of the cDNA is achieved
by means of agarose electrophoresis and during the subsequent recovery of the
mRNA-DNA hybrids on a Qiagen column. During these steps 5S RNA is also removed,
the presence of which is not desirable at the tailing reaction (see below). Agarose
electrophoresis is not strictly necessary and can be omitted, with a somewhat reduced degree
of amplification.
Oligo (dG) tailing and RNA removal
The RNA carrier present in the reaction mixture should not significantly inhibit the tailing
reaction or itself be tailed. PolyIpolyC RNA duplex reduces dG-tailing of cDNA only
approximately 2fold and is only insignificantly tailed. 5S RNA, on the other hand, is a
good substrate for tailing, which necessitates its prior removal. In model experiments with
an RNA ladder we did not see significant differences in the tailing efficiency for
RNA-DNA hybrids vs. single stranded DNA. Prematurely terminated first cDNA strands
are also tailed, which is important for the cloning of cDNAs complementary to long mRNAs
(data not shown).

ALkaline hydrolysis, which follows the tailing step, is done mainly to remove the double-
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Figure 2. Hybridization of amplified cDNA from J558ILm3 cells after 15 (a), 21 (b), and 26 (c) cycles of PCR
with radioactive Xl probe. cDNA samples were separated by electrophoresis in 1% agarose with TAE buffer
and blotted onto GeneScreen membrane under alkaline conditions (13). The radioactive probe was synthesized
by random priming of pABXI - plasmid (19) and hybridized under standard conditions (10).

stranded carrier polyIFpolyC, which otherwise would compete with primers for binding
to the ends of cDNA. The simultaneous removal of mRNA gives place for second strand
cDNA synthesis. At this stage the random co-polymer poly(dI,dT) is added as a carrier
to prevent losses of single-stranded cDNA.
PCR amplification
Of the two primers used in PCR, only one is functional in the first cycle in which the
second cDNA strand is synthesized. This primer, referred to as (C) primer, contains a
(dC)13 stretch complementary to the oligo (dG) tail of the first strand and a non-
complementary dA, dT-rich segment at the 5'end which allows insertion of the cDNA
into the vector. In the first cycle, a priming site fully complementary to the (T) primer
is also synthesized. The dG,dC-rich segment in the (T) primer sequence permits to
significantly increase the temperature and, hence, the selectivity of the annealing step.
We routinely performed the annealing at 60°C, and no decrease in the amplification

a b c d e f

Figure 3. Products of amplification of cDNA from J558ILm3 cells after 25 cycles of standard PCR (a,c) and
after additional differential amplification (b,d). Hybridization with XI probe (a,b) and CIL probe (c,d), which
in these cells visualizes transcripts of the membrane form of the u heavy chain Ig gene. Separation of cDNA
and blotting were performed as in the Fig.2. Probes were synthesized by random priming of inserts isolated
from pABXI -_ (X1) and pCyTS I (1 kb Pstl/Ava l CIA-fragment of pAB/4l 1 (22) subcloned by T.Simon) plasmids.
Hybridization was performed under standard conditions, the last wash was made in 0.2xSSC, 0.1% SDS at 70°C.
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5' GGGAGGCCCC(T)16| (G) 13AATTCCTT 3'
3' CCCTCCGGGG(A), cDNA (C)13TTAAGGAA 5'
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Figure 4. Scheme of cDNA insertion into the vector. cDNA is treated with Klenow enzyme to produce 6 bases
long cohesive ends, and ligated with a compatible vector, prepared by ligation of double stranded adaptor
oligonucleotides (shown in black boxes) with XbaI/EcoRI-digested pTZ19R plasmid.

efficiency was observed at this temperature compared to 50°C or 37°C. It is desirable
to perform the reaction under stringent conditions, because according to our experience
the (C) primer is rather 'sticky' and tends to produce unspecific priming at intermediate
temperatures.

Starting from the second cycle the amplification proceeds like a standard PCR. The
progress of the reaction can be monitored by hybridization of the cDNA to specific probes.
To our surprise, we have observed a pronounced optimum of the amplification reaction
as illustrated in Fig.2. After 16 cycles of PCR the majority of the cDNA encoding Xl
immunoglobulin light chain sequences is present as 0.88 kb full-length (20) copies (a).
Additional 5 (b) or 10 (c) cycles result in the smearing and loss of the full-length band,
although the total amount of the X1-complementary sequences still continues to increase.
To obtain higher degrees of amplification we scale the reaction up after 15-20 cycles
by adding fresh reaction buffer and splitting the reaction volume into several parts. This
procedure allows at least 5 additional cycles without significant smearing of the specific
cDNA bands.

It is known that short fragments are better amplified and overgrow the long ones (2,17,21).
To restore at least partially the distorted ratio between clones of different length, we
introduced the 'differential amplification' procedure. In this step the products of the standard
PCR are separated on a NuSieve agarose gel, and cDNAs of different size classes are
separately further amplified directly in the melted agarose, the longer products being
amplified for a progressively higher number of cycles. This procedure helps not only to
increase the number of longer clones, but due to the removal of very short amplification
products (including tailed (T) primer) also to significantly increase the overall degree of
amplification. Fig.3 demonstrates hybridization of the cDNA after 25 cycles of PCR (a,c)
and after differential amplification (b,d) with cloned immunoglobulin Xl light chain (a,b)
and Cg heavy chain (c,d) probes. The increase in the amount of cDNA sequences after
differential amplification, quite evident in the case of Xl gene, becomes even more
pronounced for the membrane form of the I chain. It must be stressed, that in the latter
case the longest species seen on the blots are 1.5 kb long instead of 2.7 kb for full-length
clones (23).
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Figure 5. Separation of amplified cDNA from 10 J5581m3 cells on 1% agarose gel after 25 cycles of PCR
(b), and differential amplification (c), performed with 6 size classes of cDNA ranging from 0.3 kb (1 cycle)
to 5 kb (18 cycles of amplification). Lane (a) demonstrates the result of mock experiment, performed exactly
as in the lane (b), but without any cell added in the beginning.

Insertion into vector
For cloning the amplified cDNA, we introduced a novel insertion system which exploits
the proofreading activity of the Klenow enzyme. The procedure allows to perform directional
cloning and does not require restriction enzyme digestion of the cDNA, which would lead
to a loss of certain clones. The principle of the approach is shown in Fig.4. The 3'ends
of the amplified cDNA contain 6 base-long stretches, consisting of dT and dC residues.
If only dATP and dGTP are present in the reaction mixture, the Klenow enzyme removes

dC and dT residues from the 3'ends of the cDNA molecules by virtue of its
3'-5'exonuclease activity, until a dA or dG residue is encountered. In this way 6 base-
long single-stranded segments are formed at the ends of the cDNA and can be used for
ligation with a compatible vector. The same principle was used earlier by Sanger and
Coulson (24) in their classical plus/minus sequencing scheme.
For construction of a vector with compatible 6 bases-long cohesive ends, two

phosphorylated double-stranded adaptors were ligated with EcoRI/XbaI-digested pTZ19R
vector. The left adaptor contains several sites for restriction enzymes that generate
5'protruding ends proximal to the cDNA insert and 3'protruding ends distal to the insert,
thus allowing rapid insert sequencing by the creation of insert deletions with Exol (25).
Construction of a cDNA library from JO cultured cells
To demonstrate the efficiency of the approach, we established a large-size cDNA library
from 10 cells of the J558Lfsm3 myeloma cell line. Because the sampling of cells in such
small amounts was found to be very unreliable, we used an aliquot of cell lysate for the
library construction instead of exactly 10 intact cells: 1000 cells were placed in 500 Al
of lysis buffer containing 10 ,ug of 5S RNA, and after prolonged vortexing 5 ul lysate
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Figure 6. Hybridization of cDNA, used for construction of the library, with BIP (a), C1k (b) and Kk (c) probes.
Samples were separated and blotted, as described in Fig. 1. Radioactive single-stranded probes were synthesized
from plasmids containing corresponding cDNA clones (isolated from a standard (a) or our amplified library (b,c)).
Probe synthesis was primed with oligo(dT) primer following in general a plasmid sequencing protocol (29). ssDNA
probes were purified by electrophoresis in 6% denaturing polyacrylamide gels, as described (30). Hybridization
and washings were performed as described for Fig.3.

were pipetted into a new tube to start the RNA isolation procedure. Due to complete cell
lysis in guanidinium thiocyanate and shearing of the DNA the tube at the start of the
procedure should have contained the equivalent of 10 cultured cells. dG-tailed ss cDNA
was amplified by 20 cycles of PCR and after scaling-up fourfold by 5 additional cycles.
Fig.5b shows the separation of the amplified cDNA after a total of 25 cycles of PCR.
For differential amplification cDNA was split into 6 size classes from 300 bp to 5kb and
amplified for a different number of cycles, from 1 for the shortest species to 18 for the
longest ones. Fig.5c shows electrophoresis of the pooled cDNA after this procedure. The
total amount of amplified cDNA after removal of fragments smaller than 350 bp was about
1.2 /Ag, which should correspond to approximately 105 fold amplification of the original
cDNA.
200 ng of the amplified cDNA (i.e. 1/6 of the total material) was treated with Klenow

fragment to generate cohesive ends and ligated with 400 ng of vector. Transformation
of competent DH5a bacteria gave rise to a library containing 1 x 106 clones. Analysis of
randomly picked clones has shown, that about 95 % of clones contained inserts, the average
insert length being approximately 450 bp.
The library was screened for the presence of clones of a) short highly expressed mRNAs,

b) long moderately to highly transcribed mRNAs, and c) and low- to moderate-abundancy
transcripts of intermediate size. XI immunoglobulin light chain mRNA, constituting several
% of the poly(A)+ RNA in J558LAtm3 cells (W. Weichel, personal communication), was
taken as example for the first class. Membrane form of the u immunoglobulin heavy chain
mRNA, expressed according to our data at the level of 0. 1 % -1 % of the poly(A)+ RNA,
and MHC class I mRNAs, constitutinng 0.01 % -0.1 % of poly(A)+ RNA (H.-J. Muller,
personal communication), were taken as examples of the second and third classes,
respectively.
Among 80.000 colonies screened, several hundreds contained sequences complementary

2928



Nucleic Acids Research

to Xl mRNA. Of nine isolated clones two contained 0.88 kb EcoRI-BamHI insert,
corresponding to the full-length XI cDNA (20), while the others contained inserts ranging
from 0.8 to 0.6 kb. Sequencing of four clones confirmed that three of them indeed were
XI cDNA clones, whereas the fourth was a X3 cDNA clone. In 2 kb totally sequenced,
only 4 mistakes were found, which corresponds to an error rate of about 0.2%.

In 160.000 colonies screened for the presence of Ig it heavy chain sequences, 14 were
found to be positive after 2 rounds of re-screening and were isolated. None contained a
2.7 kb full-length cDNA; half of the clones contained inserts of 1 kb length, the other
half of 0.87 kb length. One clone was rearranged. The cloned genes represent the 3' part
of the it membrane form heavy chain gene, as judged by sequencing of four clones. In
a total of 3 kb sequenced 8 mistakes were found, which corresponds to an error rate of
about 0.25%.

In all 8 sequenced light and heavy chain clones the cDNAs were inserted into the vector
with the expected orientation.

80.000 colonies were screened with an H2-Kk gene probe for the presence of MHC
class I inserts (mainly H2-Kd and H2-Dd in this cell line), and 13 positive clones were
found. 6 out of 10 clones contained 1.55 kb inserts, i.e. full-length or nearly full-length
cDNAs (26,27).

In addition, we hybridized the amplified cDNA, part of which was used for construction
of the library, with a probe containing immunoglobulin binding protein (BIP) cDNA (28).
The majority ofcDNA hybridizing with the BIP probe had a size of 1.5 and 1.1 kb (Fig.6a).
2.15 kb long species could also be detected on the blot, although no full-length 2.6 kb
cDNA band was seen. In parallel, the same amounts of cDNA were hybridized with Cit
and H2-Kk probes (Fig.6b,c). The amount of radioactivity hybridizing to these two probes
corresponded approximately to the representation of both genes in the library, a finding
which permits us to estimate the number of BIP cDNA-containing clones in the library
as being 20-30.
During the construction of this library RNA and cDNA were isolated and treated in

the presence of a 105 - 106fold excess of different carriers and then amplified 105fold. This
could lead to a significant 'noise', i.e. appearance of clones not originating from mRNA.
To answer this question, we performed a mock experiment, in which no cell lysate was
added. Fig.5(a) demonstrates that after 25 cycles of PCR some DNA-like material was
indeed produced in this experiment, but in amounts about 4-5 fold lower than in the parallel
experiment where an equivalent of 10 cells was used to synthesize and amplify cDNA.
The problem was further studied by sequencing 14 clones randomly isolated from the 10
cell-library. In none of these clones homology to 5S RNA of E. coli was found. In addition
none of the clones contained sequences originating from mouse ribosomal RNA, which
demonstrates the high selectivity of priming with the (T) primer on the total RNA. Out
of the 14 sequenced clones, 7 were homologous to 3'ends of various mammalian mRNAs,
which coded mostly for house-keeping proteins. Among them were sequences homologous
to rat DNA helix-destabilizing protein, human tubulin b, mouse manganese superoxid
dismutase and others (data not shown). In all cases homology for these mainly non-coding
portions of mRNA was 90% or higher. Other clones, for which no homology was found,
and 2 additional clones were used as probes for Northern hybridization with
poly(A)+RNA isolated from J5581,m3 cells. Only in 2 cases out of the 9 no clear
hybridization signal was detected on Northern blots (data not shown). Thus, no more than
2 out of 16 clones, i.e. 10% -15% of the total, could be of non-mRNA origin.
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DISCUSSION
The PCR-based cDNA cloning protocol described here is designed specifically for dealing
with very small amounts of cellular material. The procedure was tested only with cultured
cells, but it should be also applicable to other cellular material. Because of the very small
amounts of cellular RNA and other components compared to the carrier, the success of
RNA isolation should not depend significantly on the nature of the starting material.
The procedure is probably not quite optimized in terms of simplicity. For example, the

electrophoresis step during removal of the primer can be omitted in many cases. Substitution
of the double stranded RNA homopolymer by dsRNA of alternating or specific sequence
will make the alkaline hydrolysis step unnecessary.
For insertion into the vector we used a novel system based on the controlled exonuclease

action of Klenow enzyme. The approach permits directional cloning, is simpler than methods
using adaptors or linkers for insertion and has comparable or even higher efficiency, because
the sticky ends of both insert and vector are not self-complementary which prevents the
formation of non-productive vector dimers. The same approach can be used for directional
cloning of normal cDNA, if used in the schemes proposed by Krawinkel and Zoebelein
(15) or Han et al. (16).
One of the striking features of the amplification of total cDNA was the observation of

a pronounced reaction optimum, after which discrete bands of cDNA disappear to give
place to a low-molecular weight 'smear'. The existence of this phenomenon necessitates
the careful monitoring of the reaction by hybridization with a probe for an abundantly
transcribed house-keeping gene. We do not know the reasons for this behaviour. A plausible
explanation would be the formation of hybrids between non-homologous cDNAs via their
complementary termini. This would inhibit copying of these cDNA species by Taq
polymerase. At late stages of the PCR, when the concentration of termini becomes
significant, this reaction slows down the formation of double stranded copies of cDNA
molecules. The smearing of specific bands on the gel could be due to formation of such
duplexes of different total sizes. In addition, various by-products of the procedure, e.g.
tailed (T) primer or oligo(dG) tails synthesized on a carrier, may, after a significant number
of cycles, exhaust the primers which would leave the cDNA in a single stranded state.
Symptomatically, although significant amounts of specific sequences are found on blots
in the short length region (Fig.5), we could not isolate them as clones.
Frohman et al. (21) found that a significant fraction of sequences exists in single-stranded

form after PCR even in the case of specific amplification of cDNA. An effective remedy
against this undesirable phenomenon is scaling-up of the reaction. As an additional
modification we introduced differential amplification of cDNA of different size classes.
In our previous work we have shown that even cDNAs 4.4 kb in length can be efficiently
amplified (2). In practice, the longer sequences are competed out by shorter ones, and
differential amplification is a simple way to increase the proportion of longer clones. In
2 out of 3 examples, we could clone full- or almost full-length cDNAs, the longest clones
being 1.5 kb in length. For BiP cDNA, although no attempt was made to isolate specific
clones, blot analysis has demonstrated the existence of a rather long 2.1 kb species in
the amplified material. The efficiency of cloning long cDNAs can be increased by size-
selection of amplified material.
For all three genes tested we were able to find corresponding clones in a cDNA library,

and for the fourth one we expect, on the basis of blot-hybridizations, a few dozen clones
in the library. However, the relative proportions of clones are distorted, longer clones
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being represented with lower frequency. For example, the BiP clones, representing about
0.1 % of clones in standard cDNA libraries (I.Haas, personal communication), might
represent in this library only 0.002% -0.003% of the clones. Still, even for such a long
cDNA several dozen and possibly up to hundred clones should be present in the total cDNA
library. The present method thus appears to allow the cloning of mRNAs present in only
several dozens of copies per cell. It seems likely, that mRNAs longer than 3-4 kb should
be also clonable in truncated form via prematurely terminated and tailed first strands. The
strategy to clone very long mRNAs would be to use sequence information from the 5'regions
of truncated cloned cDNAs to construct, amplify and screen cDNA libraries from RNA
specifically primed for first strand synthesis near the 5'end of the cloned region. This strategy
can be pursued within the frame of our scheme without significant changes. The efficiency
of such an approach on the macroscale was demonstrated recently (21,31), and the use
of carriers throughout our procedure should ensure success of this approach on the
microscale. The cloning of even 10 kb long cDNAs should be possible after 2-3 cycles.

It is known that amplification ofDNA by Taq polymerase leads to accumulation of errors
in amplified sequences (17). According to our data, the error rate was about 0.2% -0.3%.
Although this fidelity should be quite acceptable even for construction of expression libraries
(provided the clones to be isolated are not very long), for exact sequence information several
cDNA clones should be analysed or genomic clones isolated.
Our library was constructed starting from an equivalent of 10 lysed cells. Evidently,

this is not the lowest limit attainable by this method. Transformation of competent bacteria
was done with 1/6 of the amplified cDNA, which corresponds to only 1.5 -2 cells. Because
of the use of appropriate carriers throughout the procedure, losses of material are largely
prevented, so that cDNA synthesis and amplification from just one cell should be possible
without introducing qualitative changes in the procedure. The most serious problem that
could be encountered in this case is the higher background, i.e. the amount of clones not
originating from cellular mRNAs. For the 10-cell library, the background level did not
exceed 10-15%, but if the starting material would be reduced lOfold this level would
rise to 100% -200%. In practice, this would only mean a 2-3 fold increase in the size
of the library to be screened. The origin of background material formed during PCR is
unknown, but it is most likely not a result of the amplification of carrier sequences, because
the phenomenon is observed even when the reaction is set up with primers only without
adding any other nucleic acids. Addition of poly(dI,dT) even reduced the level ofbackground
synthesis. Our preliminary experiments suggest that slight changes in primer sequences
help to reduce the background several-fold.
The present approach improves the efficiency of cDNA cloning more than 104 and

possibly up to 106fold, permits to establish cDNA libraries from a few and possibly single
cells, and in combination with subtractive cloning would represent a powerful tool to study
gene expression at the level of small cellular populations. In addition, the method should
allow the amplification of any complex population of DNA fragments of different size
and sequence.
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