
The first synthetic step in the cre-
ation of a cDNA library is reverse
transcription of the mRNA to
produce a cDNA copy. Like other

DNA polymerases, RNA-dependent DNA
polymerases are not capable of initiating
cDNA synthesis de novo; i.e., the enzymes 
require a short piece of DNA or RNA as a
primer on which to add nucleotides. Most
current priming strategies (oligo(dT)-
containing primers or random hexamers) do
not permit directional cloning while main-
taining unbiased sequence representation.
Novagen’s newly introduced Directional RH
Random Primer cDNA Library Construction
System combines the directional cloning 
advantages of oligo(dT) with the sequence
independent priming of random hexamers.

Directional Cloning with 
Extended Primers

Oligo(dT)-containing primers have been
most frequently used for cDNA synthesis
(1). Since oligo(dT) anneals to the 3'
poly(A) tail carried by most eukaryotic
mRNA species, the resulting cDNA mole-
cules share a common (dA:dT) tract on this
end. In recent years, oligo(dT) primers have
been engineered to include specific restric-
tion sites (2). This relatively short sequence
does not affect the annealing of the primer
to the mRNA, so the cDNA is copied with
the intended restriction site at the original 3'
end of the coding sequence. After second
strand synthesis, a blunt ended linker mole-
cule containing a second restriction site (or
a partially double stranded adaptor contain-
ing a protruding end compatible with a

second restriction site) is ligated to both
ends of the cDNA. The site encoded by the
linker is now on both ends of the cDNA, but
the 3' end of the cDNA has the site intro-
duced by the primer internal to the site
added by the linker. Following the ligation
step, the product is digested with both 
restriction enzymes (or just the enzyme
which cuts the primer if a partially double
stranded adaptor was used in the ligation).
The result of the digestion is a population of
cDNA molecules which all have one restric-
tion site on the 5' end and a different re-
striction site on the 3' end with respect to
their coding sequences. 

Sequence-specific primers are used less
commonly because they require some
knowledge of the target gene to be cloned.
Generally, sequence-specific primers can be
designed to incorporate a restriction site at
the 3' end of the cDNA coding sequence in a
directional strategy, comparable to the
oligo(dT) extension strategy described
above. Specific sequence-primed libraries
have a very low complexity, but they greatly
increase the probability of cloning the target
sequence.

The Directional Linker Approach

An alternative approach to directional
cloning using “plain,” unextended oligo(dT)
originally described by Meissner et al. (3)
and later modified by Novagen, takes ad-
vantage of the sequence recognized by Hind
III. Following oligo(dT)-primed cDNA syn-
thesis, an EcoR I/Hind III “directional”
linker is ligated to the cDNA and the prod-
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ucts digested with EcoR I and Hind III. The
sequence of the directional linker 5'd
(GCTTGAATTCAAGC) includes an internal
EcoR I site flanked on each side by 4 of the
6 bases defining a Hind III site. Regardless
of the sequence to which this directional
linker ligates, the internal EcoR I site will
always be present. However, Hind III can
only cut the linker if it ligates next to a
d(AA):d(TT) dinucleoside base pair. In an
oligo(dT)-primed strategy, a Hind III site
will always be generated at the 3' end of the
cDNA coding sequence after ligation to this
directional linker. For cDNAs having d(TT)
at the 5' end relative to their coding se-
quence (statistically, one in 16 molecules),
linker addition will yield Hind III sites at
both ends. However, because the 5' ends of
cDNA are heterogeneous due to the lack of
processivity of reverse transcriptases, cDNA
products from every gene will be repre-
sented in the library.

Oligo(dT) Priming and the 3' Bias

Whereas oligo(dT)-primed synthesis 
theoretically should give rise to full-length
cDNA, in practice the yield of such mole-
cules is less than 50% (4). Obtaining a full-
length cDNA depends on the quality of the
reverse transcriptase and on the length and
secondary structure of the mRNA to be
copied. Although high RNase H activity in
enzyme preparations can cause loss of se-
quence representation (5), it is also believed
that reverse transcriptases tend to become
disengaged from long mRNA templates or
those with extensive secondary structure
before traversing their entire length (1).
Statistically, the 3' ends of mRNAs are more
likely to be copied than sequences toward
the 5' end in oligo(dT)-primed libraries
because the reverse transcription reaction
always commences from the point at which
the primer anneals. The resulting cDNA
population is therefore biased toward the 3'
ends of coding sequences. In practical terms
the effect is particularly noticeable with long
mRNAs and results in few or no complete
cDNAs for certain genes in the library.

It should also be noted that oligo(dT)
can also efficiently prime from internal dA
stretches within a given mRNA. In these
cases, the resulting cDNA may be missing
sequences that lie to the 3' side of the dA-
rich priming site in the mRNA. Although in-
ternal priming usually has little effect on the
overall 3' bias of oligo(dT)-primed libraries,

it can be significant when analyzing individ-
ual cDNA species.

Some mRNAs have either a poly(A) tail
which is too short to anneal to the oligo(dT)
primer or no poly(A) tail at all (6-9). The
inability of some mRNAs to be primed with
oligo(dT) makes it essential to construct
random primed libraries in these cases.

Directional Random Priming

Random primed libraries are not biased
toward 3' ends because the primer mix of all
possible hexamers promotes initiation of
cDNA synthesis at any point on the mRNA
(10-12). However, the lack of a common 
sequence on the 3' end of the cDNA coding
sequences synthesized with conventional
random hexamers makes them unsuited for
directional cloning. The use of random
hexamers extended by six or more bases
comprising a restriction site, analogous to
the oligo(dT) directional primer strategy,
has been unsuccessful for the efficient con-
struction of large libraries. Since in this case
the extension sequence is as long or longer
than the random domain, annealing of the
primer may be energetically unfavorable. 

To address this problem, Novagen has
developed a directional random primer that
consists of a random hexamer sequence pre-
ceded by two defined bases at the 5' end.*
Having only two bases at this position
allows proper priming at random sites while
sufficiently defining the 5' end of the first
strand to allow directional cloning of the
cDNA into two different restriction sites. In
the configuration described here, the two
defined bases are d(TT). This primer mix-
ture allows the identical strategy as that de-
scribed above for directional cloning with
oligo(dT) primer and the EcoR I/Hind III
directional linker (see Fig. 1). Since the two
5' terminal bases are d(TT) defined by the
primer, digestion of the cDNA with both
EcoR I and Hind III (after ligation to the
directional linker) will produce molecules
with an EcoR I site at the 5' end and a 
Hind III site at the 3' end relative to the
coding sequence.

Model for Testing the Strategy

To test our directional random priming
strategy, we used a 3256nt synthetic
“mRNA” prepared from a pSCREEN™-1
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recombinant with SP6 RNA polymerase.
The construct produces an RNA containing
a 3.1kb coding sequence for E. coli β-galac-
tosidase and a stretch of 30 consecutive A
residues at the 3' end. This RNA was used
to compare the directional oligo(dT) and
random primer approaches described above
for cDNA cloning efficiency, sequence repre-
sentation, and directionality.

Cloning Efficiency

Fig. 2 summarizes experiments in which
the test RNA was used to construct libraries
with four different priming conditions,
including oligo(dT) and three random
primer:RNA ratios. Unlike oligo(dT) prim-
ing strategies, random priming allows
control over the average cDNA size by
adjusting primer:template ratios. At high
ratios, priming events become more fre-
quent and smaller cDNAs are produced than
at low ratios. Smaller inserts may be desir-
able when screening libraries for functional 

domains or other applications. The gel
shown in Fig. 2 illustrates the effect of ad-
justing random primer:template ratios on
cDNA size ranges.

The table in Fig. 2 shows that under all
priming conditions, high cloning effi-
iciencies were obtained with λSCREEN-1 
EcoR I/Hind III arms and PhageMaker®

packaging extracts. These efficiencies corre-
sponded to 2.5-7.0 × 107 primary recombi-
nants.

Sequence Representation

Sequence representation was determined
by plaque hybridization of probes corre-
sponding to 165nt and 160nt of 5' and 3'
ends of the β-gal coding sequence, respec-
tively. The table in Fig. 2 shows that, as 
expected, the highest number of clones that
hybridized with a 3' probe (90%) was ob-
tained with oligo(dT). Since the non-recom-
binant background was much less than 1%
as determined by control ligations, close to

10% of the clones appeared to represent
molecules lacking the 3' end. While we did
not analyze these clones further, it is possi-
ble that at least some of them could repre-
sent cDNA molecules initiated at internal
oligo(A) sequences. Two stretches of six
consecutive dA residues occur in the β-gal
coding sequence, which could theoretically
serve as priming sites for oligo(dT). In con-
trast, roughly half of the clones were posi-
tive with the 5' probe, indicating that the
oligo(dT) library had a significant 3' bias.

The hybridization analysis also shows
that all of the random primer libraries con-
tained a higher representation of 5' coding
sequences, ranging from 1:1 to 2:1 vs. 0.5:1
(5' ends:3' ends) seen for oligo(dT). The
highest 5' representations were obtained
with medium and high primer:RNA ratios,
which is consistent with the model that
more cDNA chains would be initiated at
internal sites and be elongated toward the 
5' end of the RNA template under these
conditions. Therefore, with high random
primer:RNA ratios it appears possible to
obtain a significant 5' bias in libraries,which
may be useful for a variety of applications.

Directionality

To determine the orientation of cDNA
inserts, we amplified plasmid subclones
positive for hybridization with the 3' β-gal
probe with a combination of insert and
vector-specific primers. Fig. 3 shows the
priming strategy and examples of PCR 
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Fig. 3. cDNA Clone Directionality and
Protection of β-Gal Internal EcoR I Site 
Plasmid subclones positive for 3' β-gal sequences were am-
plified by colony PCR using the primers diagrammed above.
A ~300bp product was expected if the cDNA was inserted di-
rectionally with respect to the vector. The PCR products were
digested with EcoR I to verify the presence of the internal
EcoR I site near the 3' end of the β-gal coding sequence.
cDNA primers and primer:RNA ratios (w:w) are indicated.
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Primer µg/µg RNA ng cDNA Cloning efficiency Total pfu % 5' pos. % 3' pos.
oligo(dT) 0.5 1200 5.5 × 106 6.9 × 107 45 90
Hind III RP 2.5 1200 2.8 × 106 5.6 × 107 47 26
Hind III RP 0.25 1200 3.5 × 106 7.0 × 107 62 29
Hind III RP 0.025 500 3.0 × 106 2.5 × 107 51 53

A 3256nt synthetic RNA (diagrammed above and described in the text) was used as the template for cDNA sythesis (4µg RNA/reac-
tion) using the indicated primers, where Hind III RP is 5'd(TTNNNNNN) and the w/w ratio of primer:RNA is listed as µg/µg RNA.
Following synthesis, double stranded cDNA was analyzed by agarose gel electrophoresis and ethidium bromide staining (gel photo). 

The data in the table were obtained as follows. The amount of cDNA recovered after digestion with EcoR I and Hind III and gel filtra-
tion was estimated from ethidium bromide stained agarose gel analysis. Cloning efficiency (pfu/µg arms) was determined from ligat-
ing a portion of the cDNA in 10µl with 0.5µg λSCREEN-1 EcoR I/Hind III arms, packaging 5µl with 25µl PhageMaker extract and plat-
ing on strain ER1647. A parallel reaction containing arms only produced a non-recombinant background of 5 × 103 pfu/µg arms. The
number of total recombinants possible from the total cDNA was calculated based on the portion of cDNA used for determination of
cloning efficiency. Hybridization probes were prepared by random primed 32P-labeling of PCR products made with primer pairs spe-
cific for β-gal sequences at the 5' and 3' ends of the coding sequence. Libraries were plated at low density, plaque lifts prepared and
hybridized separately with the probes using standard methods. The percent of clones that produced moderate to strong hybridization
signals with each probe is indicated in the two right hand columns.

Lane cDNA Primer µg/µg RNA
1 oligo(dT) 0.5
2 Hind III RP* 2.5
3 Hind III RP 0.25
4 Hind III RP 0.025
M size markers
* RP = random primers
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Fig. 2. cDNA Synthesis, Cloning Efficiency and Hybridization Analysis of Clones 
Obtained with Various Primers
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results. All clones tested from each of 
the four libraries produced the expected
~300bp species using this primer pair, indi-
cating that all cDNAs were inserted in the
correct orientation. 

Protection of Internal EcoR I 
and Hind III Sites

Since the cloning strategies required 
digestion with EcoR I and Hind III to cleave
the directional linker, a means of protecting
adventitious restriction sites within cDNA
was necessary. A widely used method for
protection of EcoR I sites is treatment of
cDNA with EcoR I methylase prior to linker
addition (13). It is also possible to protect
against Hind III digestion using Alu I
methylase, since the Alu I recognition se-
quence d(AGCT) is contained within that of
Hind III (3). To minimize the steps required
for cloning, we chose as an alternative the
incorporation of 5-methyl dCTP in place of
unmodified dCTP for both first and second
strand synthesis. We have previously shown
that randomly chosen clones from mouse
and Drosophila embryo cDNA libraries syn-
thesized by this strategy carry both EcoR I
and Hind III sites (14), which suggests that
at least some of these sites are protected
using the cloning strategy. However, we
were able to obtain more quantitative data
as described below.

The β-gal coding sequence contains 
one EcoR I site 54bp upstream from the 
C-terminus (see Fig. 3). This site is present
within the PCR product made with β-gal
and T7 terminator primers. PCR products
from all clones tested from oligo(dT)-
primed and Hind III directional random
primed libraries were digested with EcoR I,
indicating that this site was efficiently pro-
tected during cDNA synthesis and initial
cloning.

Since the 3256nt β-gal test RNA lacks
an internal Hind III site, we chose another
test RNA and method that allowed analysis
of Hind III digestion following double
stranded cDNA synthesis. This 1.3kb syn-
thetic RNA contains a Hind III recognition
sequence approximately 300nt from its 3'
end, so digestion was easily assessed by
agarose gel electrophoresis. In this case we
were analyzing cDNA directly, so internal
sites should resist digestion. In the above
EcoR I analysis we were testing for the pres-
ence of sites within cDNA clones that had
been propagated in a non-methylating host

and thus no longer retained their methyla-
tion patterns. 

Fig. 4 shows the results of Hind III 
digestion of cDNA synthesized in the pres-
ence of 5-methyl dCTP. Whereas the un-
methylated cDNA control was completely
digested,  hemi-methylated and fully methy-
lated cDNA (prepared using 5-me dCTP in-
corporation into the first strand only or both
strands, respectively) were completely resis-
tant to digestion with excess Hind III. These
data verify our earlier analysis of Hind III
sites in individual clones isolated from a 
variety of libraries constructed by the
method described here.

Summary

We have developed a simple method 
for directional cloning of random primed
cDNA. As described, the method is also
compatible with oligo(dT) priming for
cloning into EcoR I and Hind III sites of
suitable vectors (e.g., λSCREEN-1; see 
accompanying article). We have demon-
strated that this method produces high
cloning efficiencies, with inserts direction-
ally cloned and protected from digestion at
internal EcoR I and Hind III sites. 

It should also be noted that the direc-
tional random priming strategy described
here for EcoR I and Hind III can be applied
to many other restriction enzyme combina-
tions. By changing the sequence of the 

directional linker and of the two 5' bases 
on the random primer, virtually any enzyme
combination can be used for cloning.
Several examples are presented in Table 1.

Table 1. Design of Several Directional 
Random Primer/Directional Linkers for 
Cloning into Specific Restriction Sites

Directional Directional Enzymes
Random Primer Linker (5', 3')
TTNNNNNN GCTTGAATTCAAGC EcoR I, Hind III
AGNNNNNN CGAGGAATTCCTCG EcoR I, Xho I
GCNNNNNN GGCCGCGAATTCGCGGCC EcoR I, Not I
GCNNNNNN GGCCGCGTCGACGCGGCC Sal I, Not I

Kits for rapid construction of cDNA li-
braries using the directional random primer
and oligo(dT) approaches described here
are available from Novagen (see p. 13).
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Fig. 4. Protection of Internal Hind III Site
in cDNA with 5-me dCTP Incorporation
Double stranded cDNA was synthesized from a 1.3kb RNA
containing a 3' (A)30 region using an oligo(dT) primer. Three
separate reactions were performed which incorporated (1)
unmodified dCTP in both strands, (2) 5-me dCTP in the first
strand and dCTP in the second strand, and (3) 5-me dCTP
in both strands. Following second strand synthesis, the
cDNA was extracted with phenol, precipitated with ethanol,
and the pellet resuspended in 20µl Hind III digestion buffer.
100 units of Hind III were added and reactions incubated at
37°C for 4 hours. Ten µl samples were analyzed by agarose
gel electrophoresis and ethidium bromide staining. A puri-
fied DNA fragment containing the identical sequence was
also digested as a control.
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