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ABSTRACT

A recombinant library has been constructed using the
plasmid pAT153 and double stranded cDNA prepared from normal
human lymphocyte poly(A) RNA. Transformation conditions were
optimized to yield approximately 200,000 recombinants per pg of
double stranded cDNA. Statistical analysis as well as sequence
complexity analysis of the inserted sequences indicate§ that the
cDNA library is representative of >»99% of the poly(A) RNA
present in the normal human lymphocyte.

INTRODUCTION

Recombinant DNA technology has made possible the
detailed molecular analysis of a considerable number of specific
genes such as those coding for globin, histone and rRNA (1, 2,3).
Libraries of total genomic DNA from various organisms (4) have
been used to isolate specific genomic DNA sequences. This
approach is limited to some extent by the need to obtain a
purified probe for tne specific gene or RNA molecule being
studied. This is simplest when such a sequence is present at
high abundance in a particular cell type.

The construction of cDNA libraries from a variety of cell
types is a necessary prerequisite to a more detailed analysis of
the distribution of mRNA populations. The analysis requires
that the cDNA libraries are representative of the mRNA
populations of the cell type in question. By camparing
libraries derived from different cell types it may be possible
to isolate the expressed sequences which are common to both, and
those unique to only one cell type.

This paper describes the construction of such a library
derived from normal human lymphocyte poly(A)+ RNA.

Complementary DNA was synthesised from this poly(A)+ RNA,
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double stranded and inserted into a plasmid vector by G-C
tailing. The main problem associated with such a cloning
procedure is ensuring that the cloned sequences are represent-
ative of the poly(A)+ RNA population. Analysis of the cloned
sequences indicates that the library closely reflects the
original poly(A)+ RNA population both in nucleotide complexity
and relative abundance.

MATERIALS AND METHODS
Isolation of poly(A)+ RNA from normal circulating human

lymphocytes
Normal circulating human lymphocytes were purified from

buffy coat residues using the Ficoll-hypaque separation
procedure described by Harris et al. (5). Total RNA was
isolated from the lymphocytes by a modification of the method
described by Strohman et al. (6) for cells containing high
levels of ribonuclease. Pelleted lymphocytes were suspended in
10-20 volumes of a solution containing 19 parts of 6M guanidine
hydrochloride (GuHCl), one part 2M potassium acetate, pH5. The
cells were sonicated (3 x 15 sec bursts) to shear the DNA, and
the RNA precipitated at -20° overnight by addition of a half
volume of ethanol. The RNA was pelleted at 16000g for 10 minutes
and dissolved in 1/10th the original volume of 9.5 vol. 6M GuHCl,
0.5 vol. 2M potassium acetate pH5, 0.5 vol. 500mM EDTA pH7.0.

The RNA was again precipitated by addition of a half volume of
ethanol. The above step was repeated and the pelleted RNA
dissolved in 20mM EDTA pH7.0 and the solution extracted with an
equal volume of chloroform:butanol (4:1). The RNA was precipi-
tated with ethanol, dissolved in NTS buffer (0.5M NacCl,

10mM Tris pH7.5, 0.1% SDS) and the poly(A)' RNA purified using
0ligo(dT) cellulose chromatography (7).

cDNA synthesis

cDNA was synthesised in a reaction mixture containing
the following: 50mM Tris/HCl, pH8.2; 50mM KCl; 6mM:MgCl;
5mM dithiothrietol; 50QuM each of 4TTP, 4dCTP, dGTP, dATP;
25 units/ml rat-liver RNase inhibitor (Searle); 1 unit/ml
oligo (dT)12—18 (Collaborative Research), 250 units/ml reverse
transcriptase (obtained through the Biological Carcinogenesis
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Branch, Viral Oncology Program, National Cancer Institute) and
10-50u9/ml poly(A)+ RNA. The reaction mixture was incubated at
42° for 1 hr. The reaction was stopped by addition of 1/10th
volume of 100mM EDTA and 1/15th vol. of 5M NaOH followed by
incubation at 60° for 30 mins. The solution was neutralised
with 1N HCl1l and the cDNA desalted on a G50 Sephadex column.
3H cDNA (lo7 cpm/ug) was synthesised using 1 mCi/ml of 3H dcTp
(22 Ci/mMole) and the 500M unlabelled 4CTP was excluded from
the incubation. The 32? labelled cDNA (50,000 cpm/Hg) used in
the cloning experiments was synthesised by adding 100uCi/ml
32P dCTP (400 Ci/mMole) and reducing the unlabelled dCTP concen-
tration to 1lOOuM.
Synthesis of double stranded cDNA

cDNA was used as a template for the double stranded cDNA

(ds cDNA) synthesis using the Klenow fragment of E.coli DNA
polymerase I (Boehringer) (8). The reaction conditions were
essentially those described by Humphries et al. (9): 30mM Tris/
HCl, pH7.5; 4mM MgCl; O.5mM B-mercaptoathanol; 70mM KC1;
500uM each of dCTP, dGTP, dTTP and dATP; 1 - 15ug/ml of S2p
labelled cDNA and 75 units of DNA polymerase I (Klenow fragment);
incubation was at 18° for two hours. After incubation the
mixture was made 10OmM with EDTA and passed over a G50 Sephadex
column equilibrated with S1 buffer (70mM Na acetate, 2.8mM
Zn2504, 140mM NaCl pH4.5). To the excluded volume, 40 units of
S1 nuclease were added and the solution incubated at 37° for 1 hr.
The incubate was extracted with phenol;chloroform (1:1) and the
aqueous phase fractionated on a 15-30% sucrose gradient.

Aliquots of the gradient fractions were analysed on a 1% agarose
gel and those fractions containing the ds cDNA (9S and greater)
were pooled and precipitated with ethanol.

Homopolymer tailing

The DNA tailing reactions were carried out using a
modification of the procedure described by Roychoudhury et al.
(10) . Incubations containined 100mM Tris/HCl pH7.3, 140mM sodium
cacodylate, 1lmM B-mercaptoethanol, lmM cobalt chloride, BSA
(nuclease free, BRL) 100ug/ml, DNA termini 10-50nM and 4CTP 1OOuM
or dGTP 1lmM. Analytical tailing reactions were carried out to
determine suitable nucleotide concentrations and incubation
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times for each batch of DNA used. The poly dG tailing reaction,
of the PstI digested plasmid, was incubated for 1 hr at 37° at a
dGTP concentration of 1lmM and DNA terminus concentration of 80nM.
The ds cDNA tailing reaction was at 37° for 5 min at a dCTP
concentration of 100uM and ds cDNA concentration of 5ug/ml.
After tailing, both DNA preparations were phenol extracted,
precipitated with ethanol and dissolved in TEN buffer (100mM
NaCl; 1lOmM Tris/HCl, pH7.5; 1mM EDTA).

Cloning Procedures

The homopolymer tailed plasmid and ds cDNA in TEN
buffer were annealed by mixing at a 5:1 (wt/wt) plasmid:cDNA
ratio at a plasmid DNA concentration of 2.5ug/ml. The mixture
was incubated at 65° for 2 hr and allowed to cool slowly over-
night (average rate 2°/hr).

The E.coli K12 strain HB1lOl was made competent for
transformation by the method described by Wensink et al. (1ll).
The standard transformation method used 2 vol. of competent
cells and 1 vol. of the transforming DNA (l;g/ml) in TEN buffer.
The competent bacteria and DNA were mixed, left on ice for 10
min and then given a -55° (isopropanol:dry ice) cold shock for
100 seconds. The mixture was allowed to thaw at room temperature
then placed on ice for a further 5 min. This was fodlowed by
incubation at 42° for 1 min and then by 2 min at 0°. 70wl of
L broth was added and the final transformation mixture was
incubated at 37° for 30 min. This allows the cells to recover
from the CaCl treatment (12).

Following transformation the cells were filtered
directly onto nitrocellulose filters to give an average density
of 5000 transformants/90mm diameter filter. The filters were
incubated at 37° for 1 hr on L-agar containing no antibiotics and
then transferred to L-agar containing lOug/ml tetracycline in
order to select for transformants. The presence of plasmid
pPAT153 confers tetracycline resistance.

Plasmid DNA was prepared from a detergent lysate of
bacteria (13) by centrifugation in ethidium bromide/caesium
chloride density gradients (14).

All genetic manipulations were carried out under CII
containment conditions in accordance with G.M.A.G. advice for
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recombinant DNA research.

RESULTS AND DISCUSSION
Preparation of polyig)+ RNA

High levels of endogenous RNase in human lymphocytes
resulted in degradation of RNA isolated using standard extraction
procedures, even in the presence of RNase inhibitors. For this
reason we have used the guanidine hydrochloride isolation
procedure described by Strohman et al. 1977 (6). The cells were
solubilised in 6M GuHCl and the total cellular RNA separated
from the DNA and protein by selective ethanol precipitation.
Under these conditions undegraded total RNA (approx. 2mg/lo9
cells), as judged by analysis on 2% agarose SDS gels, was
isolated. Poly(A)+ RNA was purified using oligo (dT) cellulose
chromatography (7). This poly(A)+ RNA contains, as a result of
the isolation procedure, both cytoplasmic and nuclear poly(A)+
RNA.

When added to the rabbit reticulocyte lysate cell free
system (15) this RNA directed the synthesis of high MW polypep-.
tides which migrated as discrete bands on polyacrylamide SDS
gels. These are similar to those synthesised in vivo by human
lymphocytes (S. Humphries, unpublished results).

Preparation of Double Stranded cDNA

Single stranded cDNA was synthesised as described in
Materials and Methods and a yield of approximately 20% of the
input RNA was routinely obtained. The size distribution of the
32P labelled cDNA was analysed on 1% agarose gels (Fig. 1) and
shown to range from 400 to 2000 nucleotides in length. This
corresponds to the size distribution of the lymphocyte poly(A)+
RNA as analysed by sucrose gradients and hybridisation to
tritiated poly(U), by the method of Rosbash and Ford (16).

The nucleotide complexity of the cDNA preparation was
determined by its hybridisation to the lymphocyte poly(A)+ RNA
and the hybridisation kinetics are shown in Fig. 2. The extent

of hybridisation was dtermined by S1 nuclease assay. From
analyses of the components of the Rot curve it can be calculated,
using mouse globin mRNA:cDNA hybridisation as a standard, that
tﬁere are approximately 8000 discrete poly(A)+ RNAs present in
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Fig. 1 Analysis of 32P labelled lymphocyte cDNA on a 1% agarose
gel. The gel was dried and autoradiographed. A. °~ lymphocyte
cDNA B. mouse globin cDNA.

9 Hybridized

[]
Log Rot

Fig. 2 Lymphocyte poly (A)+ RNA:cDNA hybridisation analysis. 3H
labelled lymphocyte cDNA was hybridised to lymphocyte poly ()
RNA in RNA excess and the percentage of the cDNA hybridised was
assayed by resistance to S1 nuclease digestion.
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normal human lymphocytes (Table I). This figure agrees with that
of Ostrow et al. (17) for human lymphoblastic leukaemic cells.

After the second strand synthesis with DNA polymerase I,
50-70% of the 32P labelled first strand cDNA was resistant to Sl
nuclease. The S1 treated ds cDNA was fractionated on a 15-30%
sucrose gradient in order to remove low MW material. Size
analysis of this double stranded, S1 nuclease treated cDNA
(Fig. 3) shows that there is a decrease in the mean size of the
ds cDNA as compared to the single stranded cDNA, indicating that
the double stranding reaction does not give full length ds cDNA.
Cloning the ds cDNA

The cloning of the ds cDNA was performed using the
plasmid vector pAT153 in the host bacteria HB1lOl. The single
PstI site in pAT153 was used for the insertion of the cDNA using
G and C tailing. Under these conditions recombination of the
inomopolymer tailed plasmid (poly dG) and ds cDNA (poly dcC)
results in reconstruction of the PstI site at either end of the
inserted DNA. This allows the inserted sequences to be excised
from the vector for further analysis. Another advantage is that
the PstI site of pAT153 is situated in the ampicillin resistance

gene, thus screening for ampicillin sensitive clones is a simple
test for recombinants.

Conditions were determined which allowed us to tail the

Table I
a b c d e
Component | $ of cDNA Rot% Rot, Number of Relative copy]
hybridised corfected | 1000bp seq. | number
54 0.22 .119 35 260
2 46 56 26 7800 1

a) The Rot curve Fig. 2 was divided into 2 components
representing pseudo first order reactions i.e. 2 log units/
component. b) % of cDNA in each component after normalising the
curve in Fig. 2. <¢) Rate at which each component is 50%
hybridised. d) Rot!5 corrected for the percentage of the cDNA in
each component. e) *Calculated using mouse globin cDNA:mRNA
hybridisation as a standard and assuming the average size of a
mRNA to be 1000 base pairs.
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Fig. 3 Autoradiograph of sucrose gradient fractions of ds cDNA
analysed on 1% agarose gel. DNA was denatured prior to
electrophoresis. The radioactive marker on the gel is 9S mouse
globin cDNA.

Pstl digested pAT153 to an average tail length of 15 dG residues
per terminus. The optimum ds cDNA tailing conditions were
difficult to determine as the concentration of the DNA termini
could only be estimated, due to the cDNA size heterogeneity. The
ds cDNA was incubated under conditions which we estimated would
add 10-30 dC residues per DNA terminus. It is important that the
DNA used in the tailing reactions is not nicked as this results
in homopolymer addition at the nicks, giving overestimates of the
tail length, resulting in low cloning efficiencies (i.e. yields
of recormwinants).

The plasmid and ds cDNA tails were annealed at a weight
to weight ratio of 5:1 respectively. Increasing the ratio of
plasmid to ds cDNA did not increase the yield of recombinants
significantly but resulted in higher backgrounds of non-

recombinants. Transformation efficiencies were 2-5 x lO6

transformants/ug supercoiled plasmid DNA, 5 x 103 transformants/
ng linear tailed plasmid and 5 x lO4 transformants/ug linear

tailed plasmid after annealing tothe tailed ds cDNA. Therefore
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the cDNA library of 200,000 recombinant clones was prepared from
lug of double stranded tailed cDNA annealed to 5ug of tailed
plasmid. When analysed by ampicillin sensitivity the cDNA
library contaiied less than 10% non-recombinant plasmids.

The plasmid DNA used in the preparative cloning was not
exhaustively digested with PstI, in order to ensure that the
PstI cohesive ends were maintained. Thus the linear tailed
plasmid probably contained small amounts of uncut plasmid.
Storage and Analysis of the Library

Little is known about the stability of complex
populations of recombinant clones. For this reason we decided to
store the cDNA library in three ways; as clones on nitro-
cellulose filters obtained from the original transformation; as
purified supercoiled plasmid DNA and as glycerol stocks. The
storage of the clones on nitrocellulose filters was performed as
described by Hanahan and Meselson (23) and under these conditions
the library is stable. Glycerol stocks and plasmid DNA were
obtained as follows; cloned recombinants, on the nitro-
cellulose filter, were shaken into one litre of L broth and
small aliquots (1lOml) were removed and stored as glycerol stocks
at -20°. From the remaining 900ml the recombinant plasmid was
isolated by the standard cleared lysate method (13). The
bacterial suspension was not grown, nor were the plasmids
amplified prior to this isolation. The stability of these cDNA
libraries on storage for periods of greater than several months
is at present under investigation.

The reconstruction of the PstI site on either end of the
inserted sequences and the size of the inserted sequences were
analysed by the Southern blot technique (20). PstI digested
and undigested library plasmid DNA were electrophoresed on a 1%
agarose gel and transferred to nitrocellulose paper. The filter
was then hybridised with 32P kinase labelled lymphocyte poly(A)+
RNA (21) and autoradiographed (Fig. 4). The result shows, in the
PstI digested DNA, no detectable nicked circular or linear
plasmid carrying sequences which hybridise to poly(A)+ RNA
showing that the PstI sites have been regenerated. This obser-
vation was supported by the individual analysis of 20 recombinant
clones picked at random from the library; in all of which the
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Fig. 4 Ssouthern transfer of (a) PstI digested and (b) undigested
lymphocxte library DNA probed with 32P kinase labelled lymphocyte
poly(A) ° RNA.

inserted sequence was excised by Pstl digestion. The average
size of the inserted sequences is approximately 600 base pairs
but inserts of up to 1300 base pairs are evident (Fig. 4).

Table I indicates that there are approximately 8000
different poly(A)+ RNA species present in lymphocytes. However,
due to the varying abundance of these RNAs, a total of 20,000
RNA molecules from the total population would be required if each
of the low abundance RNA species were to be represented at least
once. Modifying the formula which Clarke and Carbon (22)
applied to genomic cloning, (P = l(l—l/f)N where f = number of
poly(A)+ RNA sequences present (20,000), N = number of clones,

P = probability of any one sequence being cloned) we have
calculated that there is a 99% probability that any one cDNA
sequence is present in the 200,000 recombinants cloned from
the lymphocyte cDNA preparation.

The fraction of the lymphocyte cDNA complexity
represented in the cDNA library was determined by comparing the
hybridisation kinetics and saturation levels of the cDNA/poly(A)4
RNA reaction shown in Fig. 2 with the hybridisation of the same
3H-labelled cDNA preparation with plasmid DNA isolated from the
library (Fig. 5). The kinetics of the two reactions show a
similar distribution of abundance classes in the cloned
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Fig. 5 Kinetic analysis of the hybridisation of 3H labelled
lymphocyte cDNA to excess sheared library DNA. The percentage
hybridisation was assayed by resistance to S1 nuclease
digestions. Dot values were calculated from estimation of the
insert DNA concentration.

sequences to those represented in the poly(A)* RNA population.
However, it is evident from Figs. 2 and 5 that only 90% of the
hybridisable cDNA (that cDNA which hybridises to the poly(A)+
RNA at saturation) anneals to the cloned library cDNA sequences
(assayed by resistance to S1 nuclease digestion). There are two
possible explanations for this. Either the cDNA library only
contains 90% of the cDNA sequences, or it contains a complement
of all the cDNA sequences but they are only 90% of the cDNA
length. As the double-stranded cDNA is smaller than the single-
stranded cDNA, this would suggest that the second explanation is
correct. This has been confirmed by analysing the cDNA
hybridised to the cloned sequences (at saturation) by hydroxyl-
apatite chnromatography. All the hybridisable cDNA eluted as
double-stranded material.
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