Preface

Since its invention and subsequent development nearly 20 years ago, poly-
merase chain reaction (PCR) has been extensively utilized to identify numerous
gene probesin vitro and in vivo. However, attempts to generate complete and
full-length complementary cDNA librarieswere, for the most part, fruitless and
remained elusive until the last decade, when simple and rapid methods were
developed. With current decoding and potential application of human genome
information to genechips, there are urgent needs for identification of functional
significance of these decoded gene sequences. Inherent in bringing these appli-
cationstofruitionistheneedtogenerateacompleteandfull-lengthcDNA library
for potential functional assays of specific gene sequences.

Generation of cDNA Libraries: Methodsand Protocolsservesasalaboratory
manual on the evolution of generation of cDNA libraries, covering both back-
ground information and step-by-step practical laboratory recipesfor which pro-
tocols, reagents, operational tips, instrumentation, and other requirements are
detailed. Thefirst chapter of the book isan overview of the basics of generating
cDNA libraries, which include the following: (a) the definition of a cDNA
library, (b) different kinds of cDNA libraries, (c) differences between methods
for cDNA library generation using conventional approaches and novel strate-
gies, including reverse generation of RNA repertoiresfrom cDNA libraries, and
(d) the quality of cDNA libraries. In subsequent chapters, various methods are
presented to provide the reader with awide range of methodol ogies for enhanc-
ing the generation of complete and full-length libraries. Again, each method of
cDNA library generation contains a balanced presentation of both background
information and practical procedures. The remainder of thisbook explains how
to confirm the quality of the cDNAs generated and some of the applications,
including (a) electrophoresis, (b) Northern blotting, (c) microarray analysis, (d)
subtractive hybridization, (€) subtractive cloning, (f) gene cloning, and (g) pep-
tide library generation.

The final chapter of the book outlines the future use of full-length cDNA
libraries in biomedical research, diagnostic utilization, drug development, and
clinical therapy.

The authors contributing the various chapters are all expertsin their fields,
and they have either devel oped and/or routinely performed the methodologies
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described herein. It is anticipated that the subject matter covered in Generation
of cDNA Libraries: Methods and Protocolswill be particularly useful for biolo-
gists, biochemists, molecular biologists, and clinicians, which would furnish
them several ready-to-use methodol ogies for attacking the problemsin their
specific areas of interests.

Shao-Yao Ying
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Rapid Amplification of cDNA Ends

Yue Zhang

1. Introduction

Rapid amplification of complementary DNA (cDNA) ends (RACE) is
a powerful technique for obtaining the ends of cDNAs when only partial
seguences are available. In essence, an adaptor with a defined sequence is
attached to one end of the cDNA; then, the region between the adaptor and the
known sequences is amplified by polymerase chain reaction (PCR). Since the
initial publicationin 1988 (1), RACE has greatly facilitated the cloning of new
genes. Currently, RACE remains the most effective method of cloning cDNAs
ends. It is especially useful in the studies of temporal and spatial regulation
of transcription initiation and differential splicing of mRNA. The methods
described in this chapter are quite simple and efficient. A linker at the 3' end
and an adaptor at the 5" end are added to the first strand of cDNA during
reverse transcription; amplification of virtually any transcript to either end can
then make use of this same pool of cDNAS. In addition to being simple, the
efficiency of 5'-RACE is dramatically increased because the adaptor is added
only to full-length cDNAs.

Sincetheinitial description of RACE, many labs have developed significant
improvements on the basic approach. The methods described here were
developed from more recent reports from Frohman's and Roeder’s groups.
Among these, adaptor addition accompanying reverse transcription was
devel oped from the CapFinding (2—4) technique of Clonetech (Palo Alto, CA):
Moloney murine leukemia virus reverse transcriptase (MMLV RT) adds an
extra two to four cytosines to the 3' ends of newly synthesized cDNA strands
upon reaching the cap structure at the 5' end of mMRNA templates. When
an oligonucleotide with multiple G's at its 3'-most end is present in the
reaction mixture, its terminal G nucleotides base pair with the C's of the
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newly synthesized cDNA. Through a so-called “template switch” process,
this oligonucleotide will serve as a continuing template for the RT. Thus,
the reverse complement adaptor sequence can be easily incorporated into the
3" end of the newly synthesized first strand of cDNA, which is at the beginning
of the new cDNA (see Fig. 1). CapFinding obligates the addition of the
adaptor in a Cap-dependent manner, resulting in adaptor attachment to full-
length cDNA clones only. Therefore, because there is no additional enzymatic
modification of the cDNAs after reversetranscription, thisresultsinasimplified
method with improved overall efficiency.

This protocol also utilizes biotin—streptavidin interactions to facilitate
the elimination of excessive adaptors before carrying out PCR (see Fig. 1).
The importance of adaptor elimination has been documented since the initial
description of RACE (1). The presence of extra adaptors is detrimental to the
following PCR reaction because their sequence or complement sequence is
present in ALL cDNAs in the reaction mixture, resulting in heavy background
amplification and failure to amplify the specific product if not removed.

2. Materials

1. 5X Reversetranscription buffer: 250 mM Tris-HCI pH 8.3 (at 45°C), 30mM MgCl,,
10 mM MnCl,, 50 mM dithiothreitol, 1 mg/mL bovine serum albumin (BSA).

2. Biotin-labeled primer P, (biotin-labeled primers can be ordered from Invitro-

gen). The sequences of P, and the following primers are listed in Fig. 2.

CapFinder adaptor.

RNasin (Promega Biotech).

dNTPs: 10 mM solutions (PL-Biochemicals/Pharmacia or Roche).

SuperScript 11 RNase H™ Reverse Transcriptase (Invitrogen/Life Technologies).

Streptavidin MagneSphere Particles and MagneSphere Magnetic Separation

Stand (components of PolyATract mRNA Isolation System from Promega).

TE: 10 mM Tris-HCI (pH 7.5), 1 mM EDTA.

9. PCR cocktail: hot start polymerase systems are recommended (e.g., Stratagene
Hercules, or Roche Expand™ High Fidelity). Assemble the PCR cocktail accord-
ing to the manufacturer’s instructions. One should also use the extension
temperature specified. For simplicity, 72°C is used in the following methods.

10. Genespecificprimer 1 (GSP1), GSP2, and P,and P, primersfor 3'-RACE or reverse
gene specific primer 1 (RGSP1), RGSP2, and U, and U; primers for 5-RACE.

No o Acw
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3. Methods

3.1. Reverse Transcription to Generate cDNA Templates
(see Notes 1-7)

1. Assemble reverse transcription components onice: 4 uL of 5X reverse transcrip-
tion buffer, 2 uL of dNTPs, 1 pL of CapFinder adaptor (10 uM), and 0.25 L
(10 U) of RNasin.
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Fig. 1. Schematic representation of RACE. (A) Reverse transcription, template
switch, and incorporation of adaptor sequences at the 3' end of the first strand of
cDNA. Biotin-labeled primer Py, is used to initiate reverse transcription through
hybridization of the poly(dT) tract with the mRNA polyA tail. After reaching the
5' end of the mRNA, oligo(dC) isadded by the reverse transcriptase in a Cap-dependent
manner. Then, through template switching via base pairing between the oligo(dC) and
the oligo(dG) at the end of CapFinder Adaptor, the reverse complementary sequence
of the CapFinder oligo is incorporated to the first strand of the cDNA. The dotted
line indicates MRNA, the solid line indicates cDNA, and the rectangle indicates the
primer. The brace indicates the known region. (B) 5'-RACE. The first round of PCR
uses primer U, and RGSPL1 (reverse gene-specific primer 1); the second round uses
U; and RGSP2. GSP-Hyb is aso within the known region; it can be used to confirm
the authenticity of the RACE product. (C) 3'-RACE. Similar to 5'-RACE, but note
that GSP1 and GSP2 are in the same sequences as the gene, whereas the P, and P,
are the reverse complement.
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CapFinder: 5'-TGGTTGCCATAAGCGGATCATCGGGAGGAGAAACGGG-3"

U,: 5/ ~TGGTTGCCATAAGCGGATC-3’

U, : 5/ —TCATCGGGAGGAGAAACGG-3 ‘ :
Pigar: 3'-G/A/C(T),,CTATCGCTCCGCTCGCAAGGTTTGGGTCAGGTTGGTTT -5
P,: 3/ ~CTATCGCTCCGCTCGCAAG-5'

P,: 3/ -GGTTTGGGTCAGGTTGGTTT-5

For convenience: The 5'->3’ sequences of the P primers:

Prorar: 5’ -TTTGGTTGGACTGGGTTTGGAACGCTCGCCTCGCTATC (T),,C/A/G-3"
P,:  5'-TTTGGTTGGACTGGGTTTGG-3’
P;: 5’ ~GGAACGCTCGCCTCGCTATC -3

Fig. 2. Primer sequences and their relationship. GSPs or RGSPs are not included.
The CapFinder sequence was selected from the Yersinia pestis Genome sequence.
BLASTN search results using it can be retrieved with request ID (RID) 1009985097-
16592-24994. P, isbiotin labeled at the 5’ end. Thisis a“lock-docking” degenerate
primer that actually consists of three primerswith different (A, G, or C) nucleotides at
its 3" end. Its RID is 1009987520-16411-27741.

2. Heat 1 pg of polyA* RNA and 10 pmol Py primer in 11.75 pL of water at 80°C
for 3 min, cool rapidly on ice, and spin for 5 sin a microcentrifuge. Combine
with the components from step 1.

3. Add 1 pL (200 U) of SuperScript |1 reverse transcriptase to the above mixture
and incubate for 5 min at room temperature, 30 min at 42°C, 30 min at 45°C,
and 10 min at 50°C.

4. Incubate at 70°C for 15 min to inactivate the reverse transcriptase. Add in
magnetic streptavidin beads; use about five times the binding capacity required
to complex the amount of biotinylated primer used. Wash with TE at 50°C three
times to eliminate the free CapFinder adaptors.

5. Dilute the reaction mixture to 0.5 mL with TE and store at 4°C (cDNA pool).

3.2. Amplification of the cDNA (see Notes 8-13)
3.2.1. First Round

1. Addan aliquot (1 pL) of the cDNA pool (resuspend well) and primers (25 pmol
each of GSP1 and P, for 3'-RACE, or RGSP1 and U, for 5-RACE) to 50 pL of
PCR cocktail in a0.5-mL PCR tube.

2. Heat the mixture in the thermal cycler at 95°C for 5 min to denature the first-
strand products and the streptavidin; add 2.5 U Tag polymerase and mix well
(hot start). Incubate at appropriate annealing temperature for 2 min. Extend the
cDNAs at 72°C for 40 min. It is not necessary to keep the magnetic streptavidin
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Primer 1 Amplified fragment
[5°GCTAnnnn....nnnnnnt nnnn....nnnnnnnTAA 3’
3’CGATuuuu. ... uuuuuUL {uuuu....uuuuuuuATT 57

Primer 2

ﬂ dTTP + T4 DNA polymerase

[5°GCTAnnnn....nnnnnnrj nnnn....nnnonnn T 3°

3 Tuuuu....uuuuuul {uuuu. ... vuUUUUATT 57
Clone into dATP-filled Hind III site Clone into dATP-filled EcoRI site
...nnnn....nnnonnnAA 3 5’AATTCnnnn....nnnnnnn. . ..
...uuuu....vuuuuwuT TCGA 5° 3’ AAGuuuu....uuuuuyu....

Fig. 3. A safe and easy cloning method. Details are described in Subheading 3.3.

beads resuspended during these incubati ons because the biotin should not interact
with the denatured streptavidin. It has been reported that styrene beads are
smaller, stay without agitation in solution, and are potentially better (3). The
respective performances have not been compared in the author’s hands.

3. Carry out 30 cycles of amplification using astep program (94°C, 1 min; 52—68°C,
1 min; 72°C, 3 min), followed by a 15-min final extension at 72°C. Cool to room
temperature. The extension time at 72°C needs to be adjusted according to the
length of the product expected and the speed of the polymerase used.

3.2.2. Second Round (If Necessary)

1. Dilute 1 pL of the amplification products from the first round into 20 uL of TE.

2. Amplify 1 uL of the diluted material with primers GSP2 and P, for 3'-RACE, or
RGSP2 and U; for 5'-RACE, using the first-round procedure, but eliminate the
initial 2-min annealing step and the 72°C, 40-min extension step.

3.3. Safe and Easy Cloning Protocol (see Note 14)

1. Insert preparation: select a pair of restriction enzymes for which you can
synthesize half-sites appended to PCR primers that can be chewed back to form
appropriate overhangs, as shown for Hindlll and EcoRl in Fig. 3. For example,
add “TTA” to the 5" end of P, and add “GCTA” to the 5 end of GSP2. Carry
out PCR as usual.

2. After PCR, clean up using Qiagen PCR cleanup spin columns.
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Onice, add the selected ANTP(s) (e.g., dTTP) to afinal concentration of 0.2 mM,
1/10 vol of 10X T4 DNA polymerase buffer, and 1-2 U T4 DNA polymerase.
Incubate at 12°C for 15 min and then 75°C for 10 min to heat inactivate the T4
DNA polymerase. (Optional: gel-isolate DNA fragment of interest, depending
on degree of success of PCR amplification.)

Vector preparation: digest vector (e.g., pGem-7ZF (Promega)) using the selected
enzymes (e.g., Hindlll and EcoRI) under optimal conditions, in a volume of
10 pL.

Add a 10-uL mixture containing the selected dNTP(s) (e.g., dATP) at a final
concentration of 0.4 mM, 1 uL of therestriction buffer used for digestion, 0.5 pL
Klenow, and 0.25 uL Sequenase.

Incubate at 37°C for 15 min and then 75°C for 10 min to heat inactivate the
polymerases.

Gel-isolate the linearized vector fragment.

For ligation, use equal molar amounts of vector and insert.

Other manipulations of RACE PCR products are discussed in Note 15.

. Notes
1.

PolyA RNA is preferentially used for reverse transcription to decrease back-
ground, although total RNA can be used as well. An important factor in the gen-
eration of full-length cDNAS concerns the stringency of the reverse transcription
reaction. Reverse transcription reactionswere historically carried out at relatively
low temperatures (37—-42°C) using a vast excess of primer (approximately one-
half the mass of the mMRNA). Under these low-stringency conditions, a stretch of
A residues as short as six to eight nucleotides will suffice as a binding site for
an oligo(dT)-tailed primer. This may result in cDNA synthesis being initiated at
sites upstream of the polyA tail, leading to truncation of the desired amplifica-
tion product. One should be suspicious that this has occurred if a canonical
polyadenylation signal sequence is not found near the 3' end of the cDNASs
generated. This low-stringency problem can be minimized by controlling
two parameters: primer concentration and reaction temperature. The primer
concentration can be reduced dramatically without decreasing the amount of
cDNA synthesized significantly and will begin to bind preferentially to the
longest A-rich stretches present (i.e., the polyA tail). The recommended quantity
in Subheading 3.1. represents a good starting point. It can be reduced fivefold
further if significant truncation is observed.

The efficiency of cDNA extension is important, especialy for 5'-RACE. In the
described protocol, the incubation temperature is raised slowly to encourage
reverse transcription to proceed through regions of difficult secondary structure.
Synthesis of cDNAS at elevated temperatures should diminish the amount of
secondary structure encountered in GC-rich regions of the mMRNA. Because the
half-life of reverse transcriptase rapidly decreases as the incubation temperature
increases, the reaction cannot be carried out at elevated temperatures in its
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entirety. Alternatively, the problem of difficult secondary structure (and non-
specific reverse transcription) can be approached using heat-stable reverse
transcriptases, which are now available from several suppliers (Perkin-Elmer-
Cetus, Amersham, Epicentre Technologies, and others). Like PCR reactions, the
stringency of reverse transcription can be controlled by adjusting the temperature
at which the primer is annealed to the mRNA. Optimal temperature depends
on the specific reaction buffer and reverse transcriptase used and should be
determined empirically, but will usually be in the range 48-56°C for a primer
terminated by a 17-nt oligo(dT).

3. In addition to synthesis of cDNAs at elevated temperature, there are several
other approaches that encourage cDNA extension. First, use clean, intact RNA.
Second, select a gene-specific primer for reverse transcription (GSP-RT) that is
closetothe5' end within the known sequences, thus minimizing difficult regions.
A random hexamer (50 ng) can also be used to create a universal 5'-end cDNA
pool. If using random hexamers, then a room-temperature 10-min incubation
period is needed after mixing everything together.

4. The successfulness of 5'-RACE relies on the incorporation of the CapFinder
Adaptor sequence at the beginning of the cDNA. As mentioned, this step depends
on the addition of extra oligo(dC) at the end of the first strand of cDNA. It
has been shown that the Mn2* ion in the reverse transcription buffer greatly
increases the percentage of oligo(dC) added to the end of the first strands of
cDNAs (5).

5. The presence of excess Py, and CapFinder adaptors during amplification will
be detrimental to the reaction. Virtually al of the cDNA produced will contain
the primer P, at the 3' end and (hopefully) the CapFinder sequence at the
5" end. The physical presence of both primers will cause heavy background and
failure of RACE. Thisphenomenon has been described evenin the original RACE
article (1). Here, a semisolid-phase cDNA synthesizing protocol is adapted to
deal with this problem. The primer P,y is biotin labeled, and after the reverse
transcription reaction, streptavidin beads are used to separate to the cDNAsfrom
unincorporated CapFinder adaptors.

6. The following discusses some issues regarding potential problems with the
reverse transcription steps.

a. Damaged RNA: Electrophorese RNA in a 1% formaldehyde minigel and
examine the integrity of the 18S and 28S ribosomal bands. Discard the RNA
preparation if ribosomal bands are not sharp.

b. Contaminants: Ensure that the RNA preparation is free of agents that inhibit
reverse transcription (e.g., lithium chloride and sodium dodecy! sulfate) (6).

c. Bad reagents: To monitor reverse transcription of the RNA, add 20 uCi
of 32p-dCTP to the reaction, separate the newly created cDNASs using gel
electrophoresis, wrap the gel in Saran Wrap™, and expose it to X-ray film.
Accurate estimates of cDNA size can best be determined using alkaline
agarose gels, but a simple 1% agarose minigel will suffice to confirm that
reverse transcription took place and that cDNAs of reasonable length were
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generated. Note that adding 32p-dCTP to the reverse transcription reaction
results in the detection of cDNAs synthesized both through the specific
priming of mMRNA and through RNA self-priming. When a gene-specific
primer is used to prime transcription (5'-end RACE) or when total RNA is
used as atemplate, the majority of the labeled cDNA will actually have been
generated from RNA self-priming. To monitor extension of the primer used
for reversetranscription, label the primer using T4 DNA kinase and 32p-yATP
prior to reverse transcription. A much longer exposure time will be required
to detect the labeled primer-extension products than when 32p-dCTPis added
to the reaction
To monitor reverse transcription of the gene of interest, one may attempt to
amplify aninternal fragment of the gene containing aregion derived from two or
more exons, if sufficient sequence information is available.
For 3'-end amplification, it isimportant to add the Taq polymerase after heating
the mixture to a temperature above the T, of the primers (“hot-start” PCR).
Addition of the enzyme prior to this point allows one “cycle” to take place at
room temperature, promoting the synthesis of nonspecific background products
dependent on low-stringency interactions.
An annealing temperature close to the effective T, of the primers should be used.
Computer programs to assist in the selection of primers are widely available
and should be used. An extension time of 1-min/kb expected product should
be allowed during the amplification cycles. If the expected length of product is
unknown, try 3—4 min initially.
Very little substrate is required for the PCR reaction. One microgram of polyA™*
RNA typically contains approx 5 x 107 copies of each low-abundance transcript.
The PCR reaction described here works optimally when 10°-10° templates (of
the desired cDNA) are present in the starting mixture; therefore, as little as
0.002% of the reverse transcription mixture suffices for the PCR reaction! The
addition of too much starting material to the amplification reaction will lead
to production of large amounts of nonspecific product and should be avoided.
The RACE technique is particularly sensitive to this problem, as every cDNA
in the mixture, desired and undesired, contains a binding site for the P, and
P, primers.
It was found empirically that allowing extra extension time (40 min) during the
first amplification round (when the second strand of cDNA is created) sometimes
resulted in increased yields of the specific product relative to background
amplification and, in particular, increased the yields of long cDNASs versus
short cDNAs when specific cDNA ends of multiple lengths were present (1).
Prior treatment of cDNA templates with RNA hydrolysis or a combination of
RNase H and RNase A infrequently improves the efficiency of amplification
of specific cDNAs.
Some potential amplification problems are as follows:
a. No product: If no products are observed for thefirst set of amplifications after
30 cycles, add fresh Taq polymerase and carry out an additional 15 rounds of
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amplification (extra enzyme is not necessary if the entire set of 45 cyclesis
carried out without interruption at cycle 30). Product is always observed after
atotal of 45 cyclesiif efficient amplification is taking place. If no product is
observed, carry out a PCR reaction using control templates and primers to
ensure the integrity of the reagents.

b. Smeared product from the bottom of the gel to the loading well: There are too
many cycles or too much starting material.

c. Nonspecific amplification, but no specific amplification: Check sequence of
cDNA and primers. If all are correct, examine primers (using computer program)
for secondary structure and self-annealing problems. Consider ordering new
primers. Determine whether too much template is being added or if the choice
of annealing temperatures could beimproved. Alternatively, secondary structure
in the template may block amplification. Consider adding formamide (7) or
‘aza-GTP (in a 1:3 ratio with dGTP) to the reaction to assist polymeriza-
tion. “aza-GTP can also be added to the reverse transcription reaction.

d. Inappropriate templates:. To determine whether the amplification products
observed are being generated from cDNA or whether they derivefrom residual
genomic DNA or contaminating plasmids, pretreat an aliquot of the RNA
with RNaseA.

The following describes the analysis of the quality of the RACE PCR products:

a. The production of specific partial cDNAs by the RACE protocol is assessed
using Southern blot hybridization analysis. After the second set of amplifica-
tion cycles, the first- and second-set reaction products are electrophoresed in
a 1% agarose gel, stained with ethidium bromide, denatured, and transferred
to a nylon membrane. After hybridization with a labeled oligomer or gene
fragment derived from a region contained within the amplified fragment
(e.g., GSP-Hyb in Fig. 1B or 1C), gene-specific partial cDNA ends should
be detected easily. Yields of the desired product relative to nonspecific
amplified cDNA inthefirst-round products should vary from <1% of the ampli-
fied material to nearly 100%, depending largely on the stringency of the
amplification reaction, the amplification efficiency of the specific cDNA end,
and the relative abundance of the specific transcript within the mRNA source.
In the second set of amplification cycles, approx 100% of the cDNA detected
by ethidium bromide staining should represent specific product. If specific
hybridization is not observed, then troubleshooting steps should be initiated.

b. Information gained from this analysis should be used to optimize the RT
procedure. If low yields of specific product are observed because nonspecific
products are being amplified efficiently, then annealing temperatures can be
raised gradually (approx 2°C at atime) and sequentially in each stage of the
procedure until nonspecific products are no longer observed. Alternatively,
some investigators have reported success using the “touchdown PCR” pro-
cedure to optimize the annealing temperature without trial and error (8).
Optimizing the annealing temperatureis al so recommended if multiple species
of specific products are observed, which could indicate that truncation of



22

Zhang

specific products is occurring. If multiple species of specific products are
observed after the reverse transcription and amplification reactions have
been fully optimized, then the possibility should be entertained that alternate
splicing or promoter use is occurring.

. Look for TATA, CCAAT, and initiator element (Inr) sites at or around the

candidate transcription site in the genomic DNA sequence if it is available.
One should usually be able to find either TATA or an Inr.

14. Cloning of RACE products like any other PCR products.

a. Option 1: To clone the cDNA endsdirectly from the amplification reaction (or

after gel purification, which isrecommended), ligate an aliquot of the products
to plasmid vector encoding a one-nucleotide 3' overhang consisting of a“T”
on both strands. Such vector DNA is available commercialy (Invitrogen's
“TA Kit") or can be easily and inexpensively prepared (e.g., ref. 9).

. Option 2: A safer and very effective approach is to modify the ends of the

primers to allow the creation of overhanging ends using T4 DNA polymerase
to chew back a few nucleotides from the amplified product in a controlled
manner and Klenow enzyme (or Sequenase) to fill in partially restriction-
enzyme-digested overhanging ends on the vector, as shown in Fig. 3 and
discussed in Subheading 3.4. (adapted from refs. 10 and 11).

This approach has many advantages. It eliminates the possibility that
the restriction enzymes chosen for the cloning step will cleave the cDNA
end in the unknown region. In addition, vector dephosphorylation is not
required because vector self-ligation isno longer possible, insert kinasing (and
polishing) is not necessary, and insert multimerization and fusion clones are
not observed. Overall, the procedure is more reliable than “TA” cloning.

15. Other manipulation of RACE PCR products:

a. Sequencing: RACE products can be sequenced directly on a population level

using a variety of protocols, including cycle sequencing, from the end at
which the gene-specific primers are located. Note that 3'-RACE products
cannot be sequenced on a population level using the P, primer at the unknown
end, because individual cDNAs contain different numbers of A residues
in their polyA tails and, as a consequence, the sequencing ladder falls
out of register after reading through the tail. Using the set of primers
TTTTTTTTTTTTTTTTTA/G/C, 3'-end products can be sequenced from their
unknown end. The non-T nucleotide at the 3' end of the primer forces the
appropriate primer to bind to the inner end of the polyA tail (12). The other
two primers do not participate in the sequencing reaction. Individual cDNA
ends, once cloned into a plasmid vector, can be sequenced from either end
using gene-specific or vector primers.

. Hybridization probes. RACE products are generally pure enough that they

can be used as probes for RNA and DNA blot analyses. It should be kept in
mind that small amounts of contaminating nonspecific cDNAs will always
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be present. It is also possible to include a T7 RNA polymerase promoter in
one or both primer sequences and to use the RACE products with in vitro
transcription reactions to produce RNA probes. Primers encoding the T7
RNA polymerase promoter sequence do not appear to function as amplifica-
tion primers as efficiently as the others listed in Fig. 2 (persona observa-
tion). Therefore, the T7 RNA polymerase promoter sequence should not be
incorporated into RACE primers as ageneral rule.

c. Construction of full-length cDNAS: It is possible to use the RACE protocol
to create overlapping 5 and 3' cDNA ends that can later, through judicious
choice of restriction enzyme sites, be joined together through subcloning to
form afull-length cDNA. It is also possible to use the sequence information
gained from acquisition of the 5' and 3' cDNA ends to make new primers
representing the extreme 5' and 3' ends of the cDNA and to employ them to
amplify a de novo copy of a full-length cDNA directly from the cDNA pool.
Despite the added expense of making two more primers, there are several
reasons why the second approach is preferred. First, a relatively high error
rate can be associated with the PCR conditions for which efficient RACE
amplification takes place (depending on the conditions used) and numerous
clones may have to be sequenced to identify one without mutations. In
contrast, two specific primers from the extreme ends of the cDNA can be
used under less efficient but low-error-rate conditions (13) for a minimum of
cycles to amplify anew cDNA that is likely to be free of mutations. Second,
convenient restriction sites are often not available, making the subcloning
project difficult. Third, by using the second approach, the synthetic polyA tail
(if present) can be removed from the 5’ end of the cDNA. Homopolymer tails
appended to the 5' ends of cDNAs have, in some cases, been reported to inhibit
translation. Finally, if alternate promoters, splicing, and polyadenylation
signal sequences are being used and result in multiple 5" and 3' ends, it is
possible that one might join two cDNA halves that are never actually found
together in vivo. Employing primers from the extreme ends of the cDNA as
described confirms that the resulting amplified cDNA represents a mRNA
actually present in the starting population.
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