
ABSTRACT

Here, we describe a fast, simple method for constructing full-
length cDNA libraries using SMART technology. This novel pro-
cedure uses the template-switching activity of Moloney murine
leukemia virus (MMLV) reverse transcriptase to synthesize and an-
chor first-strand cDNA in one step. Following reverse transcription,
three cycles of PCR are performed using a modified oligo(dT)
primer and an anchor primer to enrich the cDNA population for full-
length sequences. Starting with 1 µg human skeletal muscle
poly(A)+ RNA, a cDNA library was constructed that contained 3 ×
106 independent clones with an average insert size of 2 kb. Sequence
analysis of 172 randomly selected clones showed that 77% of cDNA
clones corresponding to known genes contained intact open reading
frames. The average length of complete open reading frames was 2.4
kb. Furthermore, 86% of the full-length clones retained longer 5′
UTR sequences than the longest 5′ end deposited in the GenBank

database. cDNA libraries generated using this method will be useful
for accelerating the collection of mRNA 5′ end sequence informa-
tion, which is currently very limited in GenBank.

INTRODUCTION

The generation of full-length cDNA libraries is indispens-
able for characterizing the structure and function of newly dis-
covered genes. Conventional cDNA library construction meth-
ods (15) suffer from several major shortcomings. First, the
majority of cDNA clones are not full-length, especially for
mRNAs longer than 2 kb. This loss of sequence is typically due
to premature termination of reverse transcription (22) or 5′-ter-
minal sequence loss caused by cDNA blunt-end polishing be-
fore cloning (12). As a result, cDNA 5′ ends are significantly
underrepresented in cDNA libraries. Second, an adaptor-medi-
ated cloning process is still a common approach for cDNA li-
brary construction (24). Thus, the resulting cDNA libraries can
be comprised of up to 20% undesirable ligation byproducts
(chimeras) and inserts of non-mRNA origin (e.g., genomic
DNA, mitochondrial DNA, ribosomal RNA, and adaptor
dimers) (25). Additionally, current library construction meth-
ods for directional cloning suffer from their reliance on methy-
lation, a process that is often incomplete in protecting internal
restriction sites and is also inefficient for cloning (23).

Several protocols for cDNA library construction have been
described that exploit the mRNA cap structure (14) to enrich
for full-length sequences. Leading technologies in this field in-
clude the “oligo-capping” method (17,22), CAPture (13), and
CAP-trapper (7). Each of these methods requires complicated,
multi-step manipulations of the cap structure and mRNA and
cDNA intermediates, which are difficult to control and often
result in degradation of mRNA or cDNA-RNA duplexes. This
likely explains why the average size of the resulting clones is
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less than 1.5 kb—considerably shorter than the average mam-
malian mRNA size of about 2.2 kb (21). Moreover, because of
the low efficiency of the enzymatic enrichment steps, these
methods are not suitable in cases where starting material is lim-
ited because they require 20–100 µg mRNA.

More recently, oligo-capping has been used in conjunction
with low-cycle PCR and SfiI directional cloning for library
construction (26). Low-cycle PCR provides selective enrich-
ment of long cDNAs; SfiI cloning eliminates the need for
methylation because SfiI sites are very rare in the mammalian
genome. Although this method typically improves the aver-
age size of full-length clones to 1.9 kb, the multiple enzymat-
ic steps still require 5–10 µg starting mRNA.

Here, we describe a simple cDNA library construction
method that increases the lengths of cDNA clones by simul-
taneously employing two intrinsic properties of Moloney
murine leukemia virus (MMLV) reverse transcriptase: reverse
transcription and template switching (8,20). This procedure,
termed SMART (switching mechanism at the 5′ end of the
RNA transcript), anchors both ends of the first-strand cDNA
by adding a distinct SfiI site to each end during reverse tran-
scription. First-strand 5′ ends are anchored when reverse tran-
scriptase is primed by a modified oligo(dT) primer that con-
tains an SfiIB restriction site. The 3′ ends are anchored by
using a template-switching oligonucleotide containing the
SfiIA site. This oligonucleotide serves as an extended tem-
plate for reverse transcriptase after it reaches the end of the
RNA molecule. Since the template-switching phenomenon is
most efficient when reverse transcriptase has reached the end
of the RNA template (8), prematurely terminated cDNAs usu-
ally lack the SfiIA site and are selectively eliminated during
the cloning process. This novel integration of the template-
switching phenomenon with SfiI-based anchoring and direc-
tional cloning ensures the construction of cDNA libraries that
have high yields of representative, full-length clones when
starting with as little as 1 µg poly(A)+ RNA. This report
marks the first detailed side-by-side comparison of the quality
of SMART and conventional cDNA libraries.

MATERIALS AND METHODS

Preparation of RNA

Total RNA was prepared from human skeletal muscle by
the acid guanidinium thiocyanate-phenol-chloroform method
(9). Poly(A)+ RNA was prepared from skeletal muscle total
RNA using two cycles of chromatography on oligo(dT)-cel-
lulose (24).

Phagemid Vector

The multiple cloning sites (MCS) of the λTriplEx-2(SfiI
A&B) phagemid vector is located within an embedded plas-
mid, pTriplEx-2(SfiI A&B), which is flanked by loxP sites at
the λ junctions. The MCS of pTriplEx-2(SfiI A&B) was mod-
ified from λTriplEx-1 (CLONTECH Laboratories, Palo Alto,
CA, USA; GenBank accession no. U39779) by the insertion
of an SfiIA site (5′-GGCCATTA’TGGCC-3′) between the
EcoRI and PstI sites, an SfiIB site (5′-GGCCGCCT’CGGCC-
3′) between BamHI and SalI, and the deletion of a SfiIC site:
(5′-GGCCGACT’TGGCC-3′) between SacI and MscI. The

λTriplEx-2(SfiI A&B) arms were prepared for directional
cloning by digestion with SfiI enzyme (New England Biolabs,
Beverly, MA, USA) and dephosphorylation with calf intesti-
nal alkaline phosphatase (Roche Molecular Biochemicals, In-
dianapolis, IN, USA) in accordance with the manufacturers’
protocols.

Oligonucleotides for cDNA Synthesis

The following oligonucleotides were used (oligonucleo-
tides 1–3: SMART cDNA Library Construction Kit; CLON-
TECH Laboratories).

(1) SMART template-switching oligonucleotide:
5′-d(AAGCAGTGGTATCAACGCAGAGTGGCCATTA’TGGCC)-r(GGG)-3′

SfiIA site

r(GGG) = ribonucleotide

(2) cDNA synthesis (CDS) primer:
5′-d(ATTCTAGAGGCCGAGG’CGGCCGACATGT(30)VN)-3′

SfiIB site
(N = A, G, C or T; V = A, G or C)

(3) 5′ anchor primer:
5′-d(AAGCAGTGGTATCAACGCAGAGT)-3′

(4) double-stranded adaptor (for conventional library con-
struction)
5′-d(AATTCGCGGCCGCGTCGTCGAC)

d(GCGCCGGCGCAGCAGCTG)-PO4-5′

First-Strand cDNA Synthesis and Template Switching

Human skeletal muscle poly(A)+ RNA was used as start-
ing material to synthesize first-strand cDNA. Briefly, a 5-µL
cDNA synthesis mixture containing 1 µL skeletal muscle
poly(A)+ RNA (1 µg), 1 µL cDNA synthesis (CDS) primer
(10 µM), 1 µL template-switching (TS)-oligonucleotide (10
µM) and 2 µL deionized water were incubated at 72°C for 2
min and then immediately placed in an ice-water bath for 2
min. The volume was then adjusted to 10 µL with the follow-
ing reagents: 2 µL 5× first-strand synthesis buffer (250 mM
Tris-HCl, pH 8.3, 30 mM MgCl2, and 375 mM KCl), 1 µL
dithiothreitol (DTT) (20 mM), 1 µL dNTP mixture (10 mM
each dATP, dCTP, dGTP, and dTTP), and 1 µL (200 U)
MMLV reverse transcriptase (RNase H- point mutant). Re-
verse transcription and template switching was carried out at
42°C for 60 min in an air incubator. The reaction was termi-
nated by placing the tube on ice.

Double-Stranded cDNA Synthesis by Low-Cycle PCR

After first-strand synthesis, RNA was degraded by adding
1 µL 25 mM NaOH to the first-strand synthesis mixture and
incubating at 68°C for 30 min. Double-stranded cDNA was
synthesized by low-cycle PCR in a 100-µL reaction contain-
ing: 40 mM Tricine-KOH, pH 9.2; 15 mM KOAc; 3.5 mM
Mg(OAc)2; 0.2 µM 5′-anchor primer; 0.2 µM CDS primer;
0.2 mM each dATP, dGTP, dCTP, and dTTP; and 2 µL Ad-
vantage cDNA Polymerase Mix (50×; contains KlenTaq-1
and Deep Vent polymerases; CLONTECH Laboratories).
Low-cycle PCR was carried out on a DNA Thermal Cycler
480 (Applied Biosystems, Foster City, CA, USA) using the
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following cycling conditions: 72°C for 10 min, 95°C for 1
min, and 3 cycles at 95°C for 15 s and 68°C for 8 min. Dou-
ble-stranded cDNA synthesis was analyzed by visualization
on 1.1% agarose/ethidium bromide gels.

cDNA Directional Cloning

Following double-stranded cDNA synthesis, the 50 µL
double-stranded cDNA was incubated with proteinase K
(Qiagen, Valencia, CA, USA) at final concentration of 0.8

µg/µL to degrade the thermostable DNA polymerases (11).
After incubation at 45°C for 20 min, deionized water was
added to a final volume of 100 µL. Then, the reaction mixture
was extracted one time with an equal volume of phenol:chlo-
roform:isoamyl alcohol (25:24:1). The aqueous phase was
ethanol-precipitated and digested with SfiI (200 U; New Eng-
land Biolabs) at 50°C for 2 h. After digestion, the cDNA was
purified from a low-melt agarose gel to remove small frag-
ments (<1000 bp) and was directionally cloned into SfiI
A&B-digested, dephosphorylated λTriplEx2 arms as previ-
ously described (24,26).

Conventional cDNA Library Construction

As a control, conventional cDNA synthesis was carried out
from 10 µg human skeletal muscle poly(A)+ RNA. First-
strand cDNA was synthesized using the CDS primer and
MMLV reverse transcriptase. Second-strand synthesis was
performed using the modified Gubler-Hoffman method
(15,16,24). After polishing by T4 DNA polymerase (New
England Biolabs) to generate blunt ends, a double-stranded
adaptor with EcoRI sticky ends was ligated to both ends using
T4 DNA ligase. Following adaptor ligation, the double-
stranded cDNA was phosphorylated at the EcoRI sites, size-
fractionated, and ligated into EcoRI-digested, dephosphory-
lated λTriplEx-1 arms (CLONTECH Laboratories).

PCR Insert Screening

Sixty clones were randomly picked from each of the
SMART and conventional libraries, and inserts were screened
by PCR using λTriplEx LD-Insert Screening Amplimers
(CLONTECH Laboratories) in accordance with the manufac-
turer’s protocol. Five microliters of each PCR product were
analyzed on 1.1% agarose gels.

Sequencing and Sequence Analysis

The randomly selected clones from λTriplEx-2 (SMART)
and λTriplEx-1 (conventional) cDNA libraries were convert-
ed to pTriplEx-2 and pTriplEx-1 in accordance with the man-
ufacturer’s protocol (CLONTECH Laboratories). After pu-
rification using the NucleoBond Plasmid Kit (CLONTECH
Laboratories), the cDNA clones were sequenced at both the 5′
and 3′ ends using a model 373 automated DNA sequencer
(Applied Biosystems). Between 160 and 390 nucleotides
were read for each clone. The sequences were compared with
the GenBank database using BLAST (2).

RESULTS AND DISCUSSION

Principle of SMART Library Construction

The strategy used in this study for SMART cDNA library
construction is illustrated in Figure 1. Briefly, first-strand syn-
thesis is carried out in the presence of two oligonucleotides: a
“lock-docking” CDS primer (5) that contains an SfiIB site and
primes reverse transcriptase and a TS-oligonucleotide that
contains an SfiIA site. When reverse transcriptase reaches the
5′ end of the mRNA, the enzyme’s terminal transferase activ-
ity adds additional nucleotides (predominantly dCTP) that are
not encoded by the template (10,20). The TS-oligonucleotide
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contains three consecutive rG nucleotides at the 3′ end to
serve as a second template for reverse transcriptase. When re-
verse transcriptase reaches the 5′ end of the mRNA, the com-
plementary interaction of the r(G)3 stretch at the 3′ end of the
TS-oligonucleotide and dC-rich extended sequence of the
cDNA promotes template switching. Reverse transcriptase
then transcribes the oligonucleotide, adding the SfiIA anchor
sequence to the end of first-strand cDNA (8,20). The RNA
component of the cDNA-RNA duplexes is then degraded by
NaOH treatment. Next, double-stranded cDNA is generated
with three cycles of PCR catalyzed by a long-distance poly-
merase mixture (3,18). This reaction uses a 5′ anchor primer,
which is complementary to the SfiIA sequence and the CDS
primer that contains the SfiIB sequence. Digestion of the dou-
ble-stranded cDNA with SfiI generates two different sticky
ends, SfiI A&B, at the 5′ and 3′ ends, respectively. Because
SfiI sites are extremely rare in mammalian DNA, nearly all
cDNA fragments remain intact, eliminating the need for
methylation of the cDNA. After size fractionation, the SfiI-di-
gested cDNAs are directionally cloned into λTriplEx2, a
phagemid vector capable of Cre-lox-mediated subcloning.

Quality of the SMART cDNA Library versus a
Conventional Library

In a previous study, we showed that SMART cDNA synthe-
sis and the conventional Gubler-Hoffman method yield cDNA
samples with comparable banding patterns and size represen-
tation when analyzed by agarose gel electrophoresis (8). Fur-
thermore, PCR analysis of 45 different genes, including tran-
scription factors, cytokines, cytokine and other receptors, and
housekeeping genes revealed only four genes that did not
show the same representation in both cDNA populations (8).
Taken together, these data indicate that the SMART and con-
ventional methods yield very similar gene representation.

Based on the strategy shown in Figure 1, we used the
SMART method to construct a human skeletal muscle cDNA
library in λTriplEx-2 (SfiI A&B) starting with 1 µg poly(A)+

RNA. As a control, a conventional cDNA library was con-
structed in λTriplEx-1(EcoRI/EcoRI) using the Gubler-Hoff-
man method with 10 µg poly(A)+ RNA. The complexity of
the libraries were 3 × 106 independent clones/µg poly(A)+

RNA for the SMART library and 0.3 × 106 independent
clones/µg poly(A)+ RNA for the conventional library. Al-
though both cDNA libraries contained an equal number (3 ×
106) of independent clones, the amount of starting RNA was
10-fold less for the SMART library.

Analysis of 60 randomly picked clones from each library
showed that the average insert size for both libraries was ap-
proximately 2 kb, with a range of 0.5–7.0 kb. These data indi-
cate that the SMART method avoids the bias in cloning short
cDNA products that is a common problem in PCR-based
cDNA library construction technologies (1,4,19).

The percentage of recombinant phage clones was deter-
mined for each library by PCR insert and blue/white screen-
ings. The two methods showed 95% recombinants for the
SMART library and 85% for the conventional library. The
high percentage of recombinants seen in the SMART library
was likely due to the directional cloning (SfiI A&B) method.
In conventional adaptor ligation based cloning methods, the
molar ratio of adaptor to cDNA must be at least 100:1 to
achieve a high ligation efficiency. This high concentration of
adaptors typically results in adaptor self-ligation, producing
an abundance of undesirable fragments that cannot be fully
removed by size fractionation. Typically, these small adaptor
dimers are preferentially ligated into phage vectors. Since
adaptor dimer inserts generally do not disrupt LacZ α com-
plementation because of their small size, the actual percent
recombinants is underrepresented in the analysis of the con-
ventional library (unpublished data).
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SMART Conventional
cDNA library clones cDNA library clones

Categories Number % Number %

Known genes, novel genes, and expressed 

sequence tags (ESTs) 170 99% 78 81%

Alu-like repetitive sequences 0 0% 2 2%

Mitochondrial DNA sequences 2 1% 12 13%

Cloning oligonucleotide or adaptor dimer contaminants 0 0% 4 4%

Ribosomal RNA sequences 0 0% 0 0%

Total 172 100% 96 100%

mRNA-derived clones: 99% (170/172) 81% (78/96)

Table 1. Database Search of Random cDNA Clones from Both Human Skeletal Muscle Libraries

Size of gene ORF <2.0 kb 2.0–4.0 kb >4.0 kb

SMART method 96% (24/25) 74% (37/50) 44% (4/9)

Conventional method 52% (15/29) 21% (3/14) 0% (0/2)

Table 2. Percentage of Clones Containing Intact ORFs by Size Category



Sequence Analysis

To compare further the quality of the two libraries, we par-
tially sequenced the 5′ ends of 172 random clones from the
SMART library and 96 clones from the conventional library.
The clones were analyzed for homology to sequences in the
GenBank and EMBL databases. As shown in Table 1, the frac-
tion of clones originating from mRNA was 99% (170/172) in
the SMART cDNA library and 81% (78/96) in the convention-
al library. The analysis revealed that among the clones of non-
mRNA origin in the conventional library were significant
numbers of mitochondrial DNA clones. The substantial pres-
ence of these DNA sequences was likely a byproduct of the
adaptor ligation-based cloning process in which adaptors can
be ligated to any DNA contaminants in the poly(A)+ RNA
population. Additionally, a significant number of adaptor
dimer clones were found in the conventional library.

We then performed single-pass 3′ end sequencing on all
clones that matched known sequences to compare the per-
centage of intact open reading frames (ORFs) between the li-
braries. Of 84 clones from the SMART library, 65 (77%) con-
tained intact ORFs. Of 45 clones from the conventional
library, 18 (40%) contained intact ORFs. When clones were
grouped by size, the SMART library contained a higher per-
centage of intact clones in each category (Table 2). Further-
more, of the 65 intact ORF clones in the SMART library, 56
(86%) contained longer 5′ end sequences than the longest en-
tries in the GenBank database. This was the case for only 4

(22%) of the 18 conventional clones with intact ORFs. These
results indicate that the SMART cDNA library construction
method enriches for full-length cDNA clones and retains
more 5′ end sequences.

The observed enrichment for full-length cDNA clones in
the SMART library is likely the result of three principal fac-
tors. First, MMLV reverse transcriptase terminal transferase
and template-switching activities are most efficient when the
enzyme has reached the 5′ end of the RNA template (8). Con-
sequently, template switching is unlikely in first-strand syn-
thesis events in which reverse transcriptase prematurely
aborts polymerization after encountering strong mRNA sec-
ondary structure. Thus, the truncated cDNAs lack SfiIA an-
chors and are eliminated during the cloning process. Second,
previous experiments (12) have shown that conventional
cDNA library construction technologies that rely on the com-
bined action of T4 DNA polymerase and RNase H to produce
blunt ends for adaptor ligation often remove 1–30 bp from the
cDNA ends. The template-switching mechanism avoids the
need for these enzymatic steps and the consequent cDNA
degradation. Third, the long-distance PCR enzyme mixture
(3,18) used for the low-cycle PCR step in the SMART
method ensures processive second-strand synthesis and am-
plification and maintains accurate size representation.

Sequence analysis also revealed that among the SMART
library cDNAs that matched known genes, none was a
chimerical clone, a single clone with sequences from multiple
genes. By contrast, 11% (5/45) of the matched clones in the
conventional library were chimerical. Although reverse tran-
scriptase can produce chimerical cDNAs during first strand
synthesis (6), the chimerical sequences in the conventional li-
brary are most likely artifacts of adaptor ligation.

Comparison with Other Full-Length cDNA Library
Construction Methods

Table 3 compares SMART library construction with the
Cap Trapper (7) and oligo-capping (26) methods. These data
show that among the three methods, SMART library con-
struction yielded the largest average intact ORF size (2.4 kb).
Although oligo-capping (26) produced the highest percentage
of full-length clones (79%) in the greater than 2 kb size range,
this method only yielded complete ORFs up to 3.3 kb in
length. In contrast, the SMART library contained complete
ORFs that were as long as 5.3 kb. Additionally, the procedur-
al details listed illustrate that the SMART method requires
fewer steps, less time, and a smaller quantity of starting RNA
than the other technologies.

All three studies listed in Table 3 used thermostable DNA
polymerases to synthesize double-stranded cDNAs. The
SMART method used three cycles of PCR with a polymerase
mixture containing KlenTaq-1 and Deep Vent (3,18); Cap
Trapper used 1 cycle of PCR with ExTaq (Takara, Shiga,
Japan) (7); oligo-capping used 10 cycles of PCR with the XL
PCR kit (Applied Biosystems) (26). Based on our data, the
representation of the SMART library is comparable to that of
the conventional library. This level of heterogeneity is also
consistent with that seen in the Cap Trapper and oligo-cap-
ping libraries (7,26), indicating that low-cycle PCR does not
lead to loss of representation. An additional concern for PCR-
based methods is the rate of error introduction, a problem that
is strongly influenced by PCR cycle number. Experiments
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have shown that the thermostable polymerase mixture used in
this study incorporates on average one error per 42 000 bp af-
ter three cycles of PCR (our unpublished data). Although the
optimal number of cycles for minimizing PCR-induced muta-
tions has not been rigorously tested for SMART library con-
struction, performing three cycles using a suitable polymerase
mixture should be sufficient to limit the number of errors to a
tolerable level.

In this paper, we have described a cDNA library construc-
tion method that harnesses the template-switching activity of
MMLV reverse transcriptase to increase the fraction of full-
length clones. Using this method, the proportion of clones
with intact ORFs is estimated to be about 77%, 2–3 times
higher than that seen in conventional cDNA libraries. Of the
clones with intact ORFs, 86% contained more of the 5′ un-
translated regions (UTRs) than the longest sequences deposit-
ed in the GenBank database. In comparison to other recently
reported full-length cDNA library construction methods, the
SMART method is less complex, faster, and the 1 µg
poly(A)+ RNA required is 5- to 20-fold less.
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Quantity of Full-Length cDNA Selection Fraction of Clones Containing Intact ORFs
Starting reaction average 

Method Poly(A)+ RNA time step(s) <2kba >2kba size (range)

SMART 1 µg 1–2 h single 96% (24/25) 70% (41/59) 2.4 kb (0.61–5.3 kb)

CAP Trapperb 10–20 µg 24–48 h multiple 95% (62/65) 67% (6/9) 1.1 kb (0.15–5.4 kb)

Oligo-cappingc 5–10 µg 12–24 h multiple 94% (15/16) 79% (15/19) 1.9 kb (0.68–3.3 kb)

aPublished size of intact ORF.
bReference 7.
cReference 26.

Table 3. Comparison of Full-Length cDNA Library Construction Methods


