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ABSTRACT premature termination products generated in cDNA synthesis.
The CapFinder™ method (7-9) offers a solution to this central
problem and also allows the analysis of limited starting material.
The technique relies on the terminal transferase and the

Here we present CapSelect as a novel experimental
approach for the selective enrichment of full-length

cDNAs in PCR-mediated analysis of mRNA sequences. template switching activity of the reverse transcriptases. The
The method combines the 5 '-CAP-dependent addition addition of cytosine residues to theé-énhd of full-length

of specifically three to four non-templated dCMP cDNAs allows the reverse transcriptase to generate a specific
residues to the 3 '-end of full-length cDNAs by reverse anchor sequence complementary to a template switching
transcriptases in the presence of manganese and the oligonucleotide. However, it should be stressed that the nucleo-
controlled ribonucleotide tailing of cDNA ends by tide addition act_ivity of reverse transcriptases pausing at the
terminal deoxynucleotidyl transferase using rATP. 7-methylguanosine cap structure of the mRNA template has

not been studied in detail. Moreover, structural requirements of
the mRNA template and/or the cDNA terminus for template
. switching activity can lead to inefficient amplification and
anchored 02 double-stranded DNA adapter (with a thereforgto a biaysed representation within the%mplified cDNA
dT,,dG, 3-overhang) by 74 DNA ligase. The technique pool. Another problem associated with this technique, back-
described is highly efficient, discriminates premature ground amplification produced by a single primer, was
termination products and enriches full-length cDNAs. recently shown to be overcome by step-out PCR utilising the
PCR-suppression effect (10).
Generation of full-length cDNAs from an mRNA template isa Here, we present CapSelect (Fig. 1) as a novel technique for
major challenge in biotechnology research. It constitutes théhe selective enrichment of full-length cDNAs. The method
ultimate prerequisite in the construction of cDNA libraries,was successfully applied for the specific enrichment of
expression profiling and as a new area in DNA chip technologycomplete mRNA 5ends in PCR-mediated sequence analysis,
Utilising current techniques, the-Bnds of genes tend to be cDNA library construction and direct transcription start site
under-represented in cDNA populations, especially if amapping.
poly(dT) primer is used during first-strand synthesis and if the |n a first step we investigated in more detail the specificity of
starting material is limited. So far, several approaches havghe cap-dependent terminal transferase activity intrinsic to the
been developed to overcome this problem and focus oM-MLV reverse transcriptase (RNase H deficient, Super-
employing the cap structure of the mRNAs as a tag for an intaccriptlI™ and Expand-RT™) and tested both enzymes with an
and complete RNA template (1-6). For example, specifign vitro transcribed RNAs with capped (7-methylGgpp-3-G)
selection of capped eukaryotic mMRNA can be accomplished byermini. Under the buffer conditions recommended by the
affinity retention using a cap-binding protein coupled to a solidmanufacturers, the enzymes preferentially added one additional
support (1) or through the chemical introduction of a biotinnucleotide residue to thé @&rminus of the cDNA. For instance,
group into the diol residue of the cap structure (2,3). Alternativelyusing SuperScriptll™ (Gibco BRL Life Technologies), only a
an oligo-capping technique is used, whereby a synthetic oligaminor fraction of the reaction products contained more than
nucleotide replaces the cap structure and is ligated to thene additional cytosine (0, 5%; +1, 86%; +2, 6%; +3, 3%)
MRNA (5,6). (Fig. 2, lane 1). Increasing the Mgloncentration in the reac-
The major drawback of these techniques is, however, thaion buffer to 6 mM as recommended by the CapFinder™
they are costly and time consuming by requiring multipleprotocol (Clontech Laboratories) (7), the transferase activity
enzymatic steps and/or are not pronounced sensitive, sin@eas more pronounced (+1, 62%; +2, 10%; +3, 17%; +4, 11%),
they are adjusted to a rather large amount of starting poty(A)but still insufficient for generating a'&ap-specific sequence
mRNA. Furthermore, these methods focus primarily on &ag of three to five cytosine residues. On the contrary, when
selective enrichment of full-length mRNA and do not eliminateusing MnC}, as an additional divalent cation (3 mM Mgf@ind

By virtue of the generated terminal sequence motif
(5'-dC4 4rA5,), full-length cDNAs are selectively
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(T4 BINA Ligasa) Figure 2. CAP-specific tailing activity of reverse transcriptase in the presence
of manganese. SuperScript reverse transcriptase was tested in a primer extension
dsOHA ndmptor _ reaction containing aim vitro transcribed RNA template with eithe~6apped
! IL—PHAG?TGL (lanes 1-3) or -hydroxyl termini (lanes 4-6) using a radioactively labelled

oligonucleotide primer. The reactions were performed as described in the text
either in a standard reaction buffer (lanes 1 and 4) or supplemented with 1 mM
(lanes 2 and 5) or 2 mM Mggl(lanes 3 and 6). Reaction products were
analysed on a denaturing 10% polyacrylamide/8 M urea gel and quantified
using a Phosphorlmager.
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The CAP-dependent addition of three to five non-templated
5.1 DIRECT SOLID-PHASE SEQUENCING cytosine residues can be performed also after completion of
o cDNA synthesis using the standard reaction buffer in a post-
incubation in the presence of manganese (+1, 10%; +2, 5%;
+3, 57%; +4, 28%).

The following technical strategy (Fig. 1) was designed to
Figure 1. Principle of the CapSelect technique. (1) First-strand cDNA synthesi€Xxploit this 3-CAP-dependent transferase activity for the
of poly(A)* mRNA is performed with an oligo(dT) anchor primer (or with an selective enrichment of full-length ¢cDNA molecules. We
mRNA-specific downstream primer within the known region of the gene). '”applied controlled ribonucleotide tailing of cDNA ends
the presence of MnGthe reverse transcriptase adds three to four dCMP rGSIduefCRTC 11 h de cDNA | with h ibo-
to the full-length cDNA when reaching the CAP structure on the mRNA template. ) ( )to tag the cru € C poo W_It as _ort ribo
(2) The purified cDNA fraction is modified by the addition of three to four Nucleotide tail in order to facilitate the selective ligation to an
rAMP residues to the’&nd (CRTC), allowing (3) the selective ligation of adapter DNA. Ribo-tailing is highly efficient and self-limited

(fl,JtIEL-length) |CDNAf ter(n;i)nTe#iTn(g5 (\;v(i;haa'EﬁCCA%(éégom t?f_a”tédapt?r (11) to the addition of three or four AMP residues (rate of the
with a complementary verhang. amplification using . o/ 0 0 0 0

an adapter-specific primer with an mRNA-specific (nested) primer yields elreact;[;on’ 96§’d+§'N§‘A)’d +3, 64A)’d+.-4’ h25 A),b +5, 4/0)'|. Th.e
unique PCR product suitable for direct solid-phase sequencing (5.1). Thdouble-strande adapter used In the subsequent ligation

amplification using the adapter-specific primer together with the anchor primewas constructed with either TTTGGG or TTTTGGG®er-

generates the double-stranded cDNA pool for the construction of a full-lengthangs (as a 5:2 molar mixture). Under the reaction conditions

¢DNA enriched library (5.2). described, i.e. the addition of DMSO to a standard DNA ligation
buffer, 93% of the ribo-tailed full-length cDNA were selectively
anchored to the adapter whereas only 10% of non-compatible
molecules were ligated. Thus, the combination of the CAP-

) ) ~ dependent addition of three to four cytosine residues in the

2 mM MnCl,) and bovine serum albumin (BSA) as stabilising presence of manganese and CRTC favours the enrichment of

agent (0.1ug/ul) the reverse transcriptase revealed an extraoicomplete cDNA copies by elimination of premature termination

dinarily high cap-dependent transferase activity: typically, theyroducts, mediated by sequence-specific ligation.

enzyme added preferentially three to four cytosine residues in The following outlined protocol was successfully applied to

the presence of' tapped mRNA templates (+1, 8%; +2, 2%; detect the complete’ Begion of the human GAPDH mRNA

+3, 36%; +4, 47%; +5, 7%) (Fig. 2, lane 3). Using mRNA (12) starting from poly(A) RNA and to directly map the tran-

templates with 50H termini (+1, 81%; +2, 6%; +3, 8%; +4, scription start site (Fig. 3). To provide evidence for the reliability

4%; +5, 1%) (Fig. 2, lane 6) or'phosphate termini (+1, 80%; of the method the protocol was also applied to other human

+2, 13%; +3, 6%; +4, 1%) (not shown), the terminal transferasgenes including middle- to low-abundance mRNAs (Fig. 4).

activity was less pronounced and not cytosine specific. Thus,, . o

dCMP tailing by the reverse transcriptase is 10-fold more efficientirst-strand cDNA synthesis and purification

with capped RNA templates compared te@H-containing In a first step, poly(A) mRNA (100 ng) prepared from the cell

RNA. line MOLT-3 (ATCC CRL-1552) using the Oligotex™

5.2 LIBRARY CONETRUCTION
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Ribonucleotide tailing of cDNAs

Tailing of the purified cDNA was performed in a B0reaction
containing 200 mM potassium cacodylate, 25 mM Tris—HCI
pH 6.6, 0.25 mg/ml BSA (TdT-buffer, Roche Diagnostics),
3 150 uM ATP, 2.5 mM CoC}, 10 U terminal transferase
(Roche Diagnostics) and 24 of the purified cDNA sample.
The reaction mixture was incubated for 30 min atG7and
stopped by precipitation with ethanol/sodium acetate (0.3 M).

| >
| =
| o

Anchoring to the adapter

The ribo-tailed cDNA was co-incubated with 3 pmol of the
adapter (100 ng) in the presence of TWDNA ligase (Roche
Diagnostics) for 5 min at 3T, 3 min at 24C and 16 h at 18C

in 66 mM Tris—HCI pH 7.5, 5 mM MgGl 1 mM DTT, 1 mM
s v n?ATP. 7536 44) DMSO n 0l feaction. The acpiers were
thaeppresence gf manganese, ribo-tailed with rAMP, ancpho)r/ed topa specifi repared from hybridisation of a 58mer'{8GTCCGAT-
adapter (adapter sequence is boxed) and amplified as described. A dir AAGAACGCAGCGCTCGAGTCGACACATGCGCGGC-
sequencing reaction using a nested primer allowed the exact determinfation CGCAGATCTTTTGGG) to a 50mer (and 49mer, mixed at a molar
the GAPDH transcription start site (marked with an arrow) at the nucleotideratio of 5:2 to generate TTTGGG and TTTTGG@8erhangs) with

level avoiding an additional cloning step. 5' phosphate and @rimary amino groups (§p-(A)GATCTC-
CCGGGGCATGTGTCGACTCGAGCGCTGCGTTCTTCA-
TCGGACC-NH,) and purified from a non-denaturing 15%
polyacrylamide gel. In addition to the (T)TTTGGG' 3
overhangs the DNA adapter contains several restriction sites
(Bglll, Sal, Notl, Xhd, Xmd) for convenient cloning of PCR
products and library construction.
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b s PCR amplification

An aliquot of the ligation mixture (1) was directly subjected

to PCR using an adapter-specific biotinylated primer (STI-2,

5'-biotin-GGTCCGATGAAGAACGCAGC) and a GAPDH-

specific minus-strand primer [GAPDH-2/M-ECTGGAAG-

ATGGTGATGGGATTTC; position 3388—-3411 according to

Ercolaniet al. (12)]. Other primers used: cytoplasmdti@actin

primer, B-AGAAGCATTTGCGGTGGACG (EMBL accession

Figure 4. Detection of human mRNAs using CapSelect. The protocolng. M10277); elF-4E gene primer, -5GTCTGCGT-

described in the text was applied to detect the complbteg&o_n o_f differen GGGACTGATAACC (EMBL accession no. M15353); RNA

human mRNAs: the highly abundant mRNAs of cytoplasmptactin (lane 1) . .

and GAPDH (lane 2) and the low-abundance mRNAs of the elF-4E gene (lane olymerase Il subunit gene prlmehGTGATGAGG_TCGGT-

and of the gene for the RNA polymerase Il 13 kDa subunit (lane 4). PCR produc ATGGC (EMBL accession no. X82385). Reactions (20 s at

were separated on a 1.5% agarose gel. M, molecular weight marker (100 bp ladd@®¥°C, 20 s at 64C, 40 s at 72C, for 35 cycles; pre-incubations at
72°C for 30 s and 3 min at 9€) were performed using the
Expand™ High Fidelity PCR system (Roche Diagnostics)
under standard conditions recommended by the manufacturer.

poly(A)* mRNA isolation system (Qiagen) was subjected to _ )

reverse transcription either with an oligo(dT) anchor primerirect dideoxy-sequencing

[SPS-T18V, 5GCTAATACGTACGATCGGTCGACAAGT-  pyyrification of PCR products and dideoxy-sequencing using

ITTTTTTTTTTTTTTITTV (0.75 uM)] or an oligonucleotide  magnetic beads as solid support were performed as described
SpeCIfIC for the GAPDH gene [GAPDH-3/M,’ STTGTCAT- (13) Sequencing primer used: GAPDH 1/M_’%CAACAA_
ACTTCTCATGGTTCAC (0.25uM); position 3798-3821 TATCCACTTTACCAGAG:; position 3158-318according to
according to Ercolangt al. (12)]. The reaction mixture (20l) Ercolaniet al. (12).

containing 50 mM Tris-HCI pH 8.3, 75 mM KCl, 3 MM |n this study, we established an alternative strategy in
MgCl,, 5mM DTT, dNTPs (Pharmacia) at 1 mM each, 0.1 mg/amplification-driven approaches for mRNA sequence analysis
ml BSA, 20 U RNase inhibitor (Roche Diagnostics) and 200 Uand construction of full-length enriched cDNA libraries. The
SuperScriptll™ M-MLV RT RNaseH (Gibco BRL Life Tech- recommended procedure offers several improvements when
nologies) was incubated for 1 h at42 After the addition of compared to other protocols developed for the purpose of
0.4 pl fresh MnC}, solution (100 mM) the reaction was further selectively cloning full-length cDNA. First, in contrast to the
incubated for 15 min at 4Z. Purification of the cDNA was oligo-capping and biotinylated cap trapper techniques our
performed using the High Pure (Roche Diagnostics) protocgbrotocol does not involve enzymatic or chemical modification
except that the cDNA fraction was recovered with 4l0of  of the RNA prior to reverse transcription and therefore mini-
10 mM Tris—HCI pH 8.3. mises the potential risk of RNA degradation and, furthermore,

600 bp —w»
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requires only moderate amounts of starting material. Thisz2.
might be especially useful if the starting material is limited
(e.g. as from biopsies) or of poor integrity. Second, when 3

compared to the CapFinder™ protocol (Clontech Laboratories)
our novel approach offers higher sensitivity due to the extra-

ordinarily efficient combination of CAP-dependent tailing,
CRTC (11) and sequence-specific ligation to a DNA adapter.
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