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ABSTRACT

We have developed a new and simple method for
guantitatively analyzing global gene expression profiles
from cells or tissues. The process, called TALEST, or
tandem arrayed ligation of expressed sequence tags,
employs an oligonucleotide adapter containing a
type llIs restriction enzyme site to facilitate the gener-
ation of short (16 bp) ESTs of fixed position in the
MRNA. These ESTs are flanked by GC-clamped
punctuation sequences which render them resistant
to thermal denaturation, allowing their concatenation
into long arrays and subsequent recognition and
analysis by high-throughput DNA sequencing. A
major advantage of the TALEST technique is the
avoidance of PCR in all stages of the process and
hence the attendant sequence-specific amplification
biases that are inherent in other gene expression pro-
filing methods such as SAGE, Differential Display,
AFLP, etc. which rely on PCR.

INTRODUCTION

Differential Display (2) and AFLP (3) provide gene expression
information at the appropriate scale, but can suffer from a lack
of quantitative precision and reproducibility and are also
susceptible to quantitative PCR artifacts as will be described
below. Hybridization of RNA or cDNA to high-density micro-
arrays corresponding to known genes (for review, see 4) represents
perhaps the best method for parallel analysis of global gene
expression. However, limitations remain with respect to the
number of genes that can be analyzed in a single microarray,
and of course the method is applicable only to those genes
whose sequence is already available.

Currently, the most direct approach to generating quantitative
gene expression profiles remains sequencing of random isolates
from cDNA libraries to generate expressed sequence tags
(ESTSs) (5,6). Within appropriately constructed libraries, frequency
distributions of cDNA clones are largely proportional to
steady-state transcript levels in the RNA population from
which the library was derived, rendering the technique reasonably
guantitative (7,8). However, this approach requires a massive
DNA sequencing effort which is beyond the capacity of most
biomedical research laboratories. Recently, a variation of the
random cDNA sequencing approach called serial analysis of
gene expression (SAGE) was described by Velculestcai.

(9). The SAGE technique involves the use of type lIs restriction

In recent years, a massive influx of DNA sequencing data frongndonucleases to generate short but positionally defined
the Human Genome Project and various EST programs hawkequences from cDNAs which are randomly ligated in a tail-
placed into public and private databases sequence informatide-tail fashion and amplified by PCR to form ‘di-tags’. These
about a substantial proportion of the 80-100 thousandi-tags are then concatenated into arrays which are cloned and
expressed genes (1) in the human genome. However, meagalyzed by DNA sequencing. Because each sequencing template
DNA sequence information is insufficient to allow complete contains identifiable tags corresponding to many genes, the
understanding of gene function and regulation. Because onlyotential throughput of SAGE vastly exceeds that of traditional
fraction of the full genetic repertoire is expressed in any givercDNA sequencing efforts, bringing global gene expression
cell at any given time, and because the degree of gene expressjanofiling within reach of smaller research laboratories.
can dramatically influence cellular phenotype, such under- A drawback to the SAGE technique is its reliance on PCR
standing requires tools to monitor global gene expression amplification to generate di-tags which compromises the quan-
both qualitative and quantitative levels. titative aspects of the method. In order for any cDNA sequencing
A number of methods have been developed to assess aagproach to be quantitative, it is critical that the frequency of
guantify gene expression. Classical techniques such as northésolates in the library (whether individual cDNA clones or tags
blotting and nuclease protection assays are accurate and quas-in the case of SAGE) reflect the frequency of the mRNAs in
titative, but are inherently too slow and cumbersome to providéhe parent pool from which the clones or tags were derived.
the parallel information about thousands of genes required t@wing to the exponential amplification of templates by PCR,
generate a global gene expression profile. Approaches such egen very minor variations in amplification efficiency of template
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sequences can give rise to dramatic differences in quantity &dapter ligation and library generation
PCR product. Among the factors that influence PCR ampliﬁcatiorbligonucleotide adapters were created by mixing ~5 O.D

efficiency is the DNA sequence of the amplicon itself. The nits each of two synthetic oligonucleotides (sense strand: HO-
authors of the SAGE technique recognize this problem angsccGaAATTCGAAACGGCCGATGTCTTCAGTCGACCT-
attempt to ame_llorate it k_Jy eI|_m|nat_|ng from consideration aNYGTATGGCCCTTAGCATTCGCGCCGTGCAGC: antisense
repetitive isolation of an identical di-tag sequence. Because thgrand: P-CGGCTGCACGGCGCGAATGCTAAGGGCCAT-
assortment of individual tags into di-tags is a random eventaCA-GGTCGACTGAAGACATCGGCCGTTTCGAATTCG-
and because the relative frequency of even a high abundangg) in standard buffer (10 mM Tris—HCI pH 8.3, 50 mM KCl,
tagis very low, the probability of any two tags randomly associating .5 mM MgCl) heating them to 9%, and allowing them to
together more than once is extremely low. Any observed multipleool slowly to room temperature. Adapter DNA (2.4 nmol)
occurrence of the same di-tag sequence in SAGE is therefowgas added to the solid-phase cDNA in a total volume of {100
presumed to reflect the selective amplification advantage af 1x ligase buffer containing 25 U of T4 ligase (Gibco BRL).
that particular sequence in the PCR reaction required to produdéne reaction was incubated for 2 h at room temperature fol-
the di-tags. However, the very observation of these multiple di-tatpwed by 20 min at 65C to inactivate the enzyme. Beads were
sequences serves to underscore rather than solve the probleagain washed extensively in MBB and resuspended inpd00
As we will demonstrate below, any tag sequence that has @f Bsg buffer containing 50 U oBsd and incubated at 3T
relatively high intrinsic amplification efficiency will be over- for 2 h with gentle rotation. The tag-containing supernatant was
represented after the SAGE PCR reaction while any tagollected and the beads were washed twice with gDof
sequence which is inherently difficult to amplify will be under- 10 mM Tris—HCI, pH 7.6. The supernatant and washes were
represented—regardless of the partner sequence with which itg¢mbined, brought to 0.3 M NaCl and incubated at@3or
paired in a di-tag. Hence, in the SAGE technique, the frequency #0 minto inactivate thBsd. Th_e reactionwas then concentrated to
tag isolation is influenced not only by the starting frequency of SOH! using a Microcon-10 spin filter (Amicon, Beverly, MA).

the mRNA templates, but also by the intrinsic amplification A Second, 16-fold degenerate adapter molecule was prepared by
efficiency of the individual tag sequences. annealing synthetic oligos as described above (sense strand: P-CC-

; : GGTCTAGAGCGGCCGCCTGACCAGGTATGA; antisense
In order to circumvent this problem, we have developed atrand: Biotin-TGATACCTGGTCGAGCGGCCGCTCTAGAC

cDNA tag-based technique called TALEST (tandem arrayegés
S GNN). Two hundred and forty-one pmol of adapter were
ligation of expressed sequence tags) that does not rely on P fided to the tag DNA in a total volume of 46 of 1x ligase

amplification to generate tag arrays. The TALEST techniqu
i

: . uffer containing 10 U of T4 ligase and incubated for 2 h at
retains all the advantages of SAGE with respect to throughp om temperatu?e. The ligase vg\]/as inactivated by incubation at

without introducing the quantitative biases associated Withszo tor 20 min. The reaction was then brought to a final volume
PCR. The technique itself is relatively simple to perform, ¢ 55 ul in 1x GIBCO React 3 buffer containing 625 U of
requiring only common tools and methods used to CONStruG{oy and incubated overnight at 3Z. The following day, 125 U
standard cDNA libraries and yet provides an ~30-40-foldyf Ecar] (Gibco-BRL) were added to the reaction mix and
increase in throughput relative to random cDNA sequencingnhcubated for 2 h at 3T. The reaction was brought to 1 M

approaches to gene expression profiling. NaCl and 5 mM EDTA, added to 300l of MBB-washed
streptavidin magnetic beads, and incubated for 2 h at room
MATERIALS AND METHODS temperature to remove any n(_)n-ligated adapters.
The supernatant from binding was concentrated to p30
cDNA synthesis using a Microcon-10 spin filter and loaded on a 10% TAE acryl-

amide gel to resolve the 93 bp fragment containing TALEST
tags from multimers of the adapter. Tag fragments were
excised from the SYBR Green-stained gel, eluted overnight in
400 pl of TE, and ethanol precipitated with 1 Glyco Blue

Five micrograms of poly(A) RNA from normal adult human
lung (Clontech, Inc., Palo Alto, CA) was primed with 5' bio-
tinylated oligo(dT)s and copied into cDNA using the Super-

script [I® cDNA synthesis kit (GIBCO Life Technologies, Ambion, Austin, TX) as carrier. Tag DNA was quantified by
Gaithersburg, MD) according to the manufacturer’s direction pectrophotometer and ligated overnight aCLéto theNot

and then treated with 160 U &coRl methylase (New England  5qEcoR| sites of pTALEST vector (pUC 19 in which endo-
Biolabs, NEB, Tozer, MA). The methylase was inactivated byyenougvisp sites were destroyed by site-directed mutagenesis) at
heating to 65C for 15 min and the sample was ethanol precipi-3 3:1 insert:vector ratio. The ligation mix was transformed into
tated with glycogen carrier. The pellet was dissolved in@D0  competent XL-10 Gold (Stratagene, La Jolla, CA) according to

of 1x NEB buffer I containing 500 U oMspl and digested for  the manufacturer's directions and grown in 2 | of LB containing
2 hat37C. Fifty ulof 5M NaCl and 2.511 0.5 M EDTA were 100 pg/ml ampicillin.

then added to the mix. Three hundygdf streptavidin magnetic ) ) )

beads (Dynal, Inc., Lake Success, NY) were washed twicdad isolation and concatemer formation

with 500 pl of magnetic bead binding buffer (MBB: 10 MM Transformed bacteria were recovered by centrifugation and
Tris—HCI pH 7.4, 1 mM EDTA, 1 M NaCl) and added to the plasmid DNA isolated using the Mega Plasmid Prep Kit (Qiagen,
Mspl digested cDNA. The reaction tube was rotated overnighinc., Valencia, CA) according to the manufacturer’s protocol.
at room temperature and the beads washed extensively withne milligram of plasmid DNA was digested with 5000 U
several 1-ml volumes of MBB to remove non-bouMbsp  Msp in atotal volume of 1 ml (26C, 1 h) and loaded onto several
fragments. lanes of a 15% TAE acrylamide gel to resolve the 16 bp tags
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from the plasmid backbone. Tag fragments were excised froo experimentally test this hypothesis, we synthesized and
the EtBr-stained gel and eluted overnight in 300 mM sodiunannealed two pairs of complementary oligonucleotides corre-
acetate, pH 5.2 and then ethanol precipitated usingd8f  sponding to synthetic SAGE amplicons (Fig. 1A). Each amplicon
Glyco Blue carrier. The tag pellet was resuspended ipl2§  contains a single di-tag of 18-bases in length flanked by
1x ligase buffer containing 10 U of T4 ligase, and incubated aanchoring enzyme sequences (CATG) and PCR priming sites
room temperature for 1 h. This was followed by an additionakxactly as described by Velculesetal. (9) One of the tags in

20 min incubation with 7.5 U of Klenow (Boehringer Mann- each amplicon is an identical 9-base arbitrary sequence
heim, Indianapolis, IN) and 2 mM dNTPs to blunt the con-(CTACTAACA). This common tag sequence is paired with
catemers. The reaction was then loaded onto a 0.8% TAEither an AT-rich non-palindromic ‘tag’ sequence (TATA-
agarose gel containing EtBr and electrophoresed. Concateme&3 AAA for amplicon 1) or a GC-rich palindromic sequence
of 600-1200 bp in length were electrophoresed onto DE-8{CCCGATCGG for amplicon 2) to form artificial di-tags. The
paper, washed with 450 of 20 mM Tris—HCI, pH 7.4, 1 mM entire double-stranded synthetic amplicon terminates in single-
EDTA, 100 mM NaCl and eluted with Tris—EDTA containing stranded ends compatible wiBanH| and Hindlll digested

1.5 mM NaCl. The eluate was ethanol precipitated, resusvectors to facilitate cloning. The experiment consisted of ligating
pended in 6ul of water and quantified. The blunt-ended these artificial SAGE amplicons into a plasmid vector, and
concatemers were then ligated irffond-cut, alkaline phos- preparing precisely equivalent concentrations of plasmid DNA
phatase-treated pUC19 for 1 h at room temperature in 0.5from each. The plasmid DNA was diluted and subjected to
ligase buffer and 5 U of T4 ligase at a 40:1 insert:vector ratioeither 15 or 20 cycles of amplification using 6-FAM end-
One microliter of the ligation mix was transformed into 00  labeled SAGE primers and amplification conditions described
of competent XL-10 Gold (Stratagene) using the (9). As shown in Figure 1B, the intensity of the bands derived
manufacturer’s protocol. The reaction mix was plated on LBthe corresponding PCR products is far from identical. After
Amp plates with IPTG-Xgal and individual white colonies 15 cycles of amplification, there is no visible PCR product from

were picked for DNA sequence analysis. derived from amplicon 2 while the band derived from ampli-
. con 1 is clearly evident. When the cycle number is increased to
DNA sequencing 20, both PCR products are visible, but peak area analysis (PE

Sequencing-grade plasmid templates were prepared using tRéosystems Prism 377 Genes€ansoftware) demonstrates
Qiagen BioRobot 9600 in 96-well plates. Templates were suihat the quantity of product derived from amplicon 1 is more
jected to cycle sequencing using ABI Prism BigDyeerminator  than seven times that of amplicon 2—despite the fact that there
chemistry from the M13 reverse primer. Reactions were run oWas no difference in starting template concentration or PCR
ABI 377 automated sequencers. Extracted data were ported Bsimers. Note that the only difference between the two 68-bp
an Oraclél database using the BioLifissystem (PE Infor- SAGE amplicons resides in one of the 9-bp sequences that
matics, San Jose, CA). Raw sequence data were searched §@mprises half of a di-tag. The clear implication is that the
valid tags using the TALEST software package as describe@mount of PCR product produced after amplification can be
The software ensures that only unambiguous tag sequences gf@matically influenced by the sequence of any tag within it.
placed into the database for profile generation (tags wittThis problem affects not only the SAGE technique, but also
uncalled bases or Ns are binned separately and can be calléually any gene expression methodology in which the quan-
manually at a later time). tity of a PCR product is measured and used to infer starting

template abundance.
cDNA library generation and hybridization

i i . Overview of the TALEST technique
Five micrograms of the pooled human lung mRNA was primed verview Iqu

with oligo(dT) and converted into double-stranded cDNAIN order to avoid the problems introduced by PCR-based
using a commercial cDNA synthesis kit (GIBC@gaR| adapters ~ Profiling techniques, we devised the TALEST method to generate
were ligated onto the cDNA and the mixture cloned intoshort tag sequences from expressed genes without the use of
EcoRI-digested bacteriophage lambda gtl0 arms (Promeg) Vitro ampl|f|cat|0n. Figure 2 depicts a schematlc_d|agram of
Madison, WI) according to the manufacturer’s protocol. Thethe TALEST technique. Double-stranded cDNA is prepared
library was plated orEscherichia colistrain C600 Hfl-. Two  from the target mMRNA pool by standard methods using a bio-
replicate nylon filter lifts were prepared from a large plate condinylated oligo(dT) primer. The cDNA is treated withcoRI
taining approximately 2700 primary plaques. Each filter wagnethylase to protect intern&icoRl sites and then digested
hybridized to a 5' radiolabeled probe corresponding to th&ith a 4-base cutting restriction enzyme (referred to as the
TALEST tag for EF-b (CCGGCTATGCCCCTGT). Filters punctuating enzyme or PE-typicalysp). The 3'-most frag-
were hybridized to the probe using the ExpressHyfystem Mmentis then isolated by affinity capture on streptavidin-coated

(Clontech, Palo Alto, CA) according to the manufacturersmagnetic particles which are extensively washed to remove
protocol. upstream fragments. A double-stranded adapter molecule with

a 5' overhang compatible witMspl is then ligated to the

cDNA. The adapter introduces a type lls restriction sied)
RESULTS AND DISCUSSION immediately 5' to the ligated cDNA and containsketR site
at its 5' terminus to facilitate later cloning. Digestion of the
adapter-ligated, solid-phase cDNA wiltsgd releases into the
Given the reliance of the SAGE technique on PCR, wesolution phase a linear DNA fragment consisting of the adapter
suspected that the quantity of any individual tag after amplifi-tself and an additional 12/10 nucleotides of unknown cDNA
cation would be influenced by its nucleotide sequence. In ordesequence separated from the adapter byMbd punctuation

Effects of PCR on quantitative aspects of SAGE
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A Amplicon 1:
BamH 1 Forward primer site AE  TagA Tag C AE
ATAAT
TATTA
Reverse primer site Hind3
Amplicon 2:
BamH1 Forward pri it AE  Tug B Tag C AE

Reverse primer site Hind3

Figure 1. Effects of PCR on SAGE quantification of gene expressi#).A pair of synthetic SAGE amplicons was produced by annealing oligonucleotides to
create double-stranded templates. The amplicons differ only in one of the 9-base sequences comprising half of aBYliftag'c¢nstructs were cloned into
BanHI/Hindlll digested plasmid, diluted to precisely 1 pgand subjected to 15 or 20 cycles of amplification using 6-FAM-labeled primers and conditions as
described by Velculescet al. (9). Lane M, 100 bp ladder; lane 1, amplicon 1, 15 cycles; lane 2, amplicon 2, 15 cycles; lane 3, amplicon 1, 20 cycles; lane 4,
amplicon 2, 20 cycles; lane 5, undiluted amplicon 1 plasmid DNA digestedaititH1/Hindlll; lane 6, undiluted amplicon 2 plasmid DNA digested vitanH|/Hindlll.

PCR products were run on a Perkin-Elmer 377 Sequencer and analyzed with GEhesftavare. Peak area integration analysis reveals that amplicon 2 yielded
no detectable PCR product at 15 cycles and 7-fold less PCR product after 20 cycles relative to amplicon 1, despite identical template conpenieatars]

PCR conditions.

sequence as shown in Figure 2. This fragment is then ligated tdapter. The result of these manipulations isEaoRI/Not-

a second biotinylated adapter molecule containiidpdl site  tailed DNA fragment containing a 12-bp cDNA tag flanked at
atits 5'end and a 16-fold degenerate 3' overhang which renddosth ends by thdsp punctuation sequence. The fragment is
it compatible with all possible cDNA sequences released bgluted from the gel and recovered by ethanol precipitation in
Bsd. This adapter introduces a secoidp site to the 3' end preparation for cloning into the pTALEST vector. The vector
of the original DNA fragment such that all the molecules contairitself is simply pUC 19 in which endogenolspl sites have

a 12-base cDNA-derived ‘tag’ sequence flanked at both endseen destroyed by site-directed mutagenesis.

by Mspl ‘punctuation’ sites. The resulting molecule is double- The recombinant plasmids are transformed into competent
digested wittEcaRI/Notl and the biotinylatedNotl fragmentis  E.coliin order to generate a tag library. Plasmid DNA is pre-
removed by affinity capture on streptavidin-coated magnetipared from the library and digested wilfisg to release the
particles. The remainingcoRI/Notl fragment is isolated by tags. Each tag is a DNA fragment consisting of a 12-bp
acrylamide gel electrophoresis to resolve it from dimers of thesequence derived from the cDNA flanked at both ends by GC

iv
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Isolate poly A+RNA

HNNKNN. SEEBNNNNNNNENNENNNNNENNY. SN NNNNNNNNEN. ARARRARAAAAARRA

Convert to double-stranded ¢cDNA from biotinylated dT primer:

NNNHKNN.. HNNNNNNNNNNNNNNNNNN.. HNNNNNNNNN _AARAAAAARAARAAR
NNNNNN.. NNNNNNNNNNNNNNNNNNN.. NNNNNNNNNN.. TTTTTTTTTTITITTT-B

Digest with Capture 3° fragment with Streptavidin magnetic beads
Anneal ith site:

NNNNNNNNN.. AAARAAARAAAAAARA
NNNNNNNNN...TTTTTTTTTTTTTTT-E

Digest with EcoR1/Notl; Clone into pTALEST vector (pUCIS with internal Mspl
sites destroyed by mutagenesis): Amplify in host cells

NNNNNNNNNN
NNNNNNNNNN
Prepare plasmid DNA; Cleave with Mspl: Isolate tag Iragment

1 N NNNNNNNNNﬂI

Concatenate with T4 ligase; Clone and sequence concatemers
MNNNNN MNNNNNN NNNNNNHNN NNNNNNNNNNN...
HNNNNNHNNN NNNNNNNNNN NNNNNNNNN NNNNNNNNNNN...

Figure 2. Schematic representation of TALEST. Target mRNA is convertdectR| methylated, double-stranded cDNA using a biotinylated dT primer, digested
with Mspl, and annealed to adapters containinBsa site. 3' fragments are captured on streptavidin magnetic beads and fragments are released into solution by
digestion withBsd. A second adapter is annealed to the fragment and the product is digestegicaith and cloned into the pTALEST vector to generate a tag
library. Plasmid DNA is isolated from the tag library and digested Wigpl to release free TALEST tags. Tags are concatenated with T4 ligase, size selected, and
cloned for sequence analysis.

‘clamp’ sequences which prevents the melting of tags at ambieffitom each other and from the plasmid backbone by the defined
temperatures and attendant bias against AT-rich sequencésase punctuating enzyme sequence, CCGG.

(confirmed by the normal distribution of GC-content in the Both the TALEST and SAGE techniques rely on the ligation
tags around the expected mean of 6, as well as the presenceaffa DNA adapter molecule containing a type lIs restriction
numerous tags containing only As and Ts) in addition to singleenzyme site which allows the generation of fragments containing
stranded Mspl 5' overhangs. The tag fragments are purifieseveral nucleotides of positionally defined cDNA-derived
away from the plasmid backbone by PAGE and ligatedsequence (essentially small ESTs). The major difference is that
together to form concatemers. Concatemers of sufficient minimalALEST does not utilizan vitro amplified ‘di-tags’ but, as
length are isolated by agarose gel electrophoresis and clon&dth traditional EST approaches, relies on simple bacterial
into standard pUC 19 in preparation for DNA sequence analysismplification of individual clones in a library to generate sufficient
Each array consists of 20—60 12-base tag sequences separateterial for analysis.
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Informatics in support of TALEST 1 kb cDNA (containing 996 overlapping tetramers) is (255/286)

0 : o \
The generation of a representative gene expression profile usit %. However, the CG dinucleotide in thespl PE site used

TALEST requires analysis of tens to hundreds of thousands 0 this version of TALEST is under-represented in mammalian

tags. In order to facilitate the tag analysis process, we haveeomes (11), and henc_e_ this pr_obab|l|ty Is somewhat
Jncreased. In order to empirically estimate the frequency of

L . G
developed a software package which is built on the BioLims™, ntagged’ genes, we searched the entire TIGR database of

DNA sequencing database package of PE-Applied Blosyster‘r%23 full-length mRNA transcripts for the subset which lack

(Foster City, CA). The BioLims system ports data generated b¥m Mspl (CCGG) site and found 1096 such sequences (15.1%).

Q;Iag;ZeAEJ(t)??d?gder?vl?eron?negr?teggeir r? dlir\]/tiguzltJer))'(e(r:?Isa“‘(l')ﬂgl These genes are invisible to the TALEST technique unless the
Proj ' rocess is repeated with a different punctuating enzyme.

yveb browser-based TALE.ST softwqre searches f(_)r valid ta%evertheles,slvlsp remains the punctuating enzyme of choice
in the sequences by looking for pairs of punciuating eNzYM% e to its introduction of GC-clamp sequences to the ends of

sequences interspersed by a defined number of nucleotid ; Ty -
(12 bp wherBsd is used). These individual tag sequences argﬁr%g;éﬁf;g%i:s t;/:/etlrgizsetr?zeymgh re-ligation efficiency of

then parsed and sorted into frequency distributions. BecauseA potential concern with any profiling technique which

any individugil tag sequence can ligate into an array in eithelrelies upon restriction enzyme digestion of cDNA (TALEST,
sense or antisense orientation, tag sequences which are rev E, AFLP, etc.) derives from the fact that the initial reverse

complementslpfheactf;].otger mtust')[llb(a_blmgﬁd togethe;. TTﬁ Slfo anscriptase reaction often terminates prematurely and therefore
ware accomplishes this by establisning the convention thal gy, 1y always produce full-length copies of the starting

tag sequences are compared with their reverse complements, g A template (particularly when the template is long). This
they are found and only the alphabet]callly primary sequence %plies that the greater the distance of the 3'-most PE site from
placed into the growing frequency dlstrlbutlor!—regardless Othe oligo(dT) priming site in the mRNA, the less the probability
the actual orientation in which the tag occurs in the array. Th@ -+ it will be contained in any given cDNA copy. Hence, all

soft_ware also ‘"’.‘HOWS comparison of.frequ.ency di.StribUtion%therthings being equal, tags located at sites far distal to the 3'
derived from different TALEST profiles, highlighting only o.q of their gene would be expected to be somewhat under-

those tags corresponding to some user-defined degree Qi eqented relative to tags located more proximal to the 3' end
frequency difference or chi-square threshold. This featur%ftheirgene.

allows one to utilize TALEST to perform whatis essentially an - 5 other concern about the use of short tag sequences to
in silico differential display. o , identify genes is the risk that a given tag sequence will not be
A TALEST tag provides 12 bp of identifying sequence infor- yniquely associated with a single gene. In order to assess this
mation for each gene (16 bases including the 4-base Py \ve returned to the EGAD database to provide a representative
sequence). There aré24qr more than 16 million possible sample. Of the 6110 genes in the database that contdispa
12mer tag sequences which of course far exceeds the numhektriction site, there were 356 cases (5.8%) in which two or
of expressed genes in the human genome. This number howeygpre distinct genes would be expected to generate the same tag
does not exceed the number of 12mers in the genome. HenGgquence. The vast majority of these represent cases in which a
in order for a TALEST tag to uniquely mark a gene, positionalprospective TALEST tag fails to discriminate between alternative
information must also be taken into account. The chemistry oépjice variants of the same gene or between individual members
the prOtOCOl dictates that the location of a TALEST tag within aof h|gh|y related mu|ti_gene families. There were on|y 28
gene is always immediately proximal to the 3' terminal punctuatinghstances (0.45%) in which a single tag appears to identify two
enzyme sequence. In order to identify tagged genes, the tag more unrelated genes, suggesting that a TALEST tag will

output file is reformatted into a GCG (Genetics Computefuniquely mark a single gene or gene family at >99.5% probability.
Group, Madison, WI) pattern file. The reformatted file is

imported into the GCG Sequence analysis package and eaffilditional statistical considerations

tag is searched (in both orientations) against a human express€tcomplete gene expression profile, whether generated by
gene database using the FINDPATTERNS algorithm. The actugla EST or traditional EST approaches, requires that the primary
database was generated from the latest release of The Instityisrary be large enough to be ‘representative’, i.e., contain
for Genome Research’s (TIGR) Expressed Gene AnatomypNA copies of every mRNA in the starting pool. The number of
Database (10) (EGAD) of approximately 7200 full-length clones that must be obtained in order to ensure the representation
human transcripts. The sequences in the EGAD database wejfany particular cDNA is given by the formuta= In(1 —P)/
converted into 16 base tags corresponding to the 3-mog#(1 —n) whereN is the number of clones requireR;is the
CCGG and 12 bases of 3' flanking sequence. TALEST tags cagrobability that the given clone is represented (usually set arbitrarily
also be searched against standard EST databases such as dges199) ana is the fractional proportion of the given sequence
or Unigene; however, in most cases positional information isn the total MRNA pool (for review see 12). For extremely rare
not available for ESTs and hence the confidence in any matomRNAs, present at only a single copy per cell, the fractional
is correspondingly lowered. proportion of the total MRNA is ~& 106 and the size of the

In order for an expressed gene to be ‘tagged’ by TALEST ibrary required to ensure its presence at 99% probability is
the gene must contain the 4-base punctuating restriction9.2 x 10°. Because TALEST tag constructs are relatively
enzyme site. Since these occur, on average, once every 256 sport, their cloning efficiency is quite high and with modern
the frequency of cDNAs which lack any given random 4-baseilltra-competent cells we have been able to generate libraries of
sequence is very low. For example, the probability that anyhis size with as little as 2u1g of starting mRNA. TALEST
particular random 4-base sequence is completely absent inliararies can be produced from smaller quantities of mMRNA but

vi
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Table 1. Abundant TALEST tags in normal human lung mRNA

Tag sequence Percent Database match
GAACTCCTGCCA 1.6068 pulmonary surfactant protein C
AACCTCCGCCTC 0.5962 HLA-E heavy chain
CCCCAAGAGTCA 0.5425 pulmonary surfactant protein A2
AACCTCTGCCTC 0.5217 interleukin 8 receptor beta chain
TGCATGTAGAAA 0.4501 heat shock protein,70 kDa
ACCTGGATTACT 0.4322 Mt. 16S rRNA

GTTTTCCTCTTA 0.3488 Mt. NADH dehydrogenase, suburiit 4
AAGAAAGCTTGC 0.3428 pulmonary surfactant protein B
CCCTTCCTGGTC 0.3279 globin, alpha 2

AGGCTGGGCTGG 0.3100 ferritin, light polypeptide
CGTAGTATACCC 0.2862 Mt. Cytochrome C oxidase, subunit 2
AACCTCCACCTC 0.2802 No match

CTGTCACGGCTC 0.2534 immunoglobulin lambda light chain
CAGGAGCCCAGC 0.2504 immunoglobulin alpha heavy chain
GAGCCACTGCGC 0.2266 hypothetical protein related to rat synaptogamin
GAGCCACCGCGC 0.2236 No match

ACAGAAGTCAGC 0.2206 alpha-2-macroglobulin
GACCGCGAGAGC 0.2176 No match

CTGCCAGCCCTA 0.2117 No match

ACAGGGGCATAG 0.2117 translation elongation factor, alpha
AAAACAGCTGGA 0.1878 No match

GTGCGGCTCCAC 0.1818 Wilm’s tumor-related protein
CACATGGCTAGG 0.1789 No match

GAGATCGCGGAC 0.1789 translationally-controlled tumor protein
AGAACCTGAGAC 0.1759 MHC, classll, DR, invariant region
ACGGGCGCCTCC 0.1699 MHC, class |, B

CACCAAGAAGCA 0.1669 ribosomal protein S11
CTGACAGCCCTA 0.1669 No match

GAGCCACCGTGC 0.1610 hereditary haemochromatosis protein HLA-H
GAGCCACCATGC 0.1580 adenosine receptor A2b

3dentified by BLAST against human mitochondrial transcripts; mitochondrial sequences are not present in the
TIGR EGAD database.

with the attendant risk that tags corresponding to extremely rathe two profiles were significantly different at @ value of
messages may not be represented. 0.99, indicating that observed differences in frequency were
An additional question concerning any expression profilingsimply due to random sampling variation.
technique is its accuracy as measured by reproducibility, i.e., i
two independent samplings of equivalent size are performe
on the same mMRNA pool, are the results the same? We hawe order to test and validate the TALEST technique, we prepared
attempted to address this question by generating two independenttag library from 5ug of commercially obtained mRNA
TALEST profiles on a single mRNA sample derived from a(Clontech, Palo Alto, CA) derived from pooled normal human
human breast tumor cell line (manuscript in preparation). Wéung tissue. A primary TALEST library of 1.2 million clones
then analyzed those tags found at a frequency of at least 0.01was produced and tags were isolated and concatenated into
any library by performing a & 2 chi-square contingency analysis arrays as described. Arrays of ~600 bp or greater were purified
for each tag. None of the variations in tag frequencies betweey agarose gel electrophoresis and cloned into pUC19. Plasmid

LEST profile of mMRNA derived from human lung tissue
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DNA was prepared from about 1100 independent colonies angksulting from differences in amplification efficiency of indi-
subjected to automated DNA sequence analysis. The numbeidual sequences are avoided. The method can also be useful in
of identifiable tags in each array ranged from 12 to 63 (with amew gene discovery because the 16-bp tag sequences generated
average of 32 tags per array). A frequency distribution of tagby TALEST can serve as hybridization probes to facilitate the
was generated by the TALEST software and searched agairisplation of interesting tagged genes whose function is not yet
our customized EGAD database to generate an expressidnown.
profile. The profile contains 32 468 unambiguous (no uncalled
bases) tag sequences representing 17084 independent
; ) FERENCES

sequences (13 359 singlets; 3725 multiple isolates). Of these, ™ .
1370 (8%) had exact matches to our database and could therefore 7Fle3|2§géi GAdamSv'V'-D-v White,0. and Venter,J.C. (199ajure Genet.
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