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ABSTRACT We have developed a simple procedure based
on reassociation kinetics that can reduce effectively the high
variation in abundance among the clones of a cDNA library
that represent individual mRNA species. For this normaliza-
tion, we used as a model system a library of human infant brain
cDNAs that were cloned directionally into a phagemid vector
and, thus, could be easily converted into single-stranded cir-
cles. After controlled primer extension to synthesize a short
complementary strand on each circular template, melting and
reannealing of the partial duplexes at relatively low Cot, and
hydroxyapatite column chromatography, unreassociated cir-
cles were recovered from the flow through fraction and elec-
troporated into bacteria, to propagate a normalized library
without a requirement for subcloning steps. An evaluation of
the extent of normalization has indicated that, from an extreme
range of abundance of 4 orders of magnitude in the original
library, the frequency of occurrence of any clone examined in
the normalized library was brought within the narrow range of
only 1 order of magnitude.

The mRNAss of a typical somatic cell are distributed in three
frequency classes (1, 2) that are presumably maintained in
representative cDNA libraries. The classes at the two ex-
tremes (ca. 10% and 40-45% of the total, respectively)
include members occurring at vastly different relative fre-
quencies. On average, the most prevalent class consists of
about 10 mRNA species, each represented by 5000 copies per
cell, whereas the class of high complexity comprises 15,000
different species each represented by 1-15 copies only. Rare
mRNAs are even more under represented in the brain, a
tissue exhibiting an exceptionally high sequence complexity
of transcripts (3-5).

Although even the rarest mRNA sequence from any tissue
is likely to be represented in a cDNA library of 107 recom-
binants, its identification is very difficult (its frequency of
occurrence may be as low as 2 X 1076 on average or even 10~
for complex tissues such as the brain). Thus, for a variety of
purposes, it is advantageous to apply a normalization pro-
cedure and bring the frequency of each clone in a cDNA
library within a narrow range (generation of a perfectly
equimolar cDNA library is practically impossible in our
experience). Normalized cDNA libraries can facilitate posi-
tional cloning projects aiming at the identification of disease
genes, can increase the efficiency of subtractive hybridiza-
tion procedures, and can significantly facilitate genomic
research pursuing chromosomal assignment of expressed
sequences and their localization in large fragments of cloned
genomic DNA (exon mapping). Normalization makes feasi-
ble the gridding of cDNA libraries on filters at high density by
reducing the number of clones to be arrayed (gridding 107
clones for 1x coverage of a non-normalized library is not a
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feasible task). Finally, by increasing the frequency of occur-
rence of rare cDNA clones while decreasing simultaneously
the percentage of abundant cDNAs, normalization can ex-
pedite significantly the development of expressed sequence
databases by random sequencing of cDNAs.

Although cDNA library normalization could be achieved
by saturation hybridization to genomic DNA (6), this ap-
proach is impractical, since it would be extremely difficult to
provide saturating amounts of the rarer cDNA species to the
hybridization reaction. The alternative is the use of reasso-
ciation kinetics: assuming that cDNA reannealing follows
second-order kinetics, rarer species will anneal less rapidly
and the remaining single-stranded fraction of cDNA will
become progressively normalized during the course of the
reaction (6-8). As we report here, we have used this kinetic
principle to develop a method for normalization of a direc-
tionally cloned cDNA library that has significant advantages
over two previously reported similar procedures (refs. 7 and
8; see Results and Discussion).

MATERIALS AND METHODS

c¢DNA Library Construction. Poly(A)* RNA isolated from
the entire brain of a female infant (72 days old), who died in
consequence of spinal muscular atrophy, was used for con-
struction of a cDNA library (IB) as described (9, 10). As a
primer for first-strand cDNA synthesis, we used the oligo-
nucleotide 5'-AACTGGAAGAATTCGCGGCCGCAG-
GAAT;s-3', which contains a Not I site (underlined). After
ligation to HindIII adaptors, the cDNAs were digested with
Not 1 and cloned directionally into the HindIII and Not I sites
of a phagemid vector (L-BA) constructed by modifying
pEMBL-9%(+) (11). L-BA carries an ampicillin-resistance
gene, plasmid and filamentous phage (f1) origins of replica-
tion, and cloning sites (5’ HindIII-BamHI-Not I-EcoRI 3’).
Superinfection of bacteria with the helper phage M13K07 (12)
converts duplex plasmids into single-stranded DNA circles
containing message-like strands of the cDNA inserts.

Preparation of Single-Stranded Library DNA. Plasmid
DNA from the IB library was electroporated into Escherichia
coli DHSa F’' bacteria, and the culture was grown under
ampicillin selection at 37°C to an ODggo of 0.2, superinfected
with a 20-fold excess of the helper phage M13K07, and
harvested after 4 hr for preparation of single-stranded plas-
mids, as described (12). To eliminate contaminating double-
stranded, replicative form (RF) DNA, 20 ug of the prepara-
tion was digested with Pvull (which cleaves only duplex
DNA molecules), extracted with phenol/chloroform, diluted
by addition of 2 ml of loading buffer (0.12 M sodium phos-
phate buffer, pH 6.8/10 mM EDTA/1% SDS), and purified
by hydroxyapatite (HAP) chromatography at 60°C, using a
column preequilibrated with the same buffer (1-ml bed vol-
ume; 0.4 g of HAP). After a 6-ml wash with loading buffer,
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this volume was combined with the flow through fraction,
and the sample was extracted twice with water-saturated
2-butanol, once with dry 2-butanol, and once with water-
saturated ether (3 volumes per extraction). The sample was
desalted by passage through a Nensorb column (DuPont/
NEN) according to the manufacturer’s specifications, con-
centrated by ethanol precipitation, and electrophoresed in a
low-melting agarose gel to remove helper phage DNA and
any residual tRNA contaminant or oligoribonucleotides
(breakdown products from the RNase A digestion used
during purification). The region of the gel containing the
single-stranded library was excised and, after B-agarase
(New England Biolabs) digestion, the DNA was purified and
ethanol-precipitated.

¢DNA Library Normalization. The IB cDNA library was
normalized (see Fig. 1) in two consecutive rounds to derive
the normalized libraries !NIB and 2NIB, by using the follow-
ing procedure. To synthesize a partial second strand of about
200 nt by limited extension, 9 pmol of the oligonucleotide
primer 5'-GGCCGCAGGAAT;s-3’ was added to 4.5 pmol of
single-stranded IB library DNA in a 150-ul reaction mixture
containing 30 mM Tris*HCI (pH 7.5); 50 mM NaCl; 15 mM
MgCly; 1 mM dithiothreitol; 0.1 mM dNTPs; 2.5 mM ddATP,
ddCTP, and ddGTP; and a trace of [a-32P]JdCTP. The mixture
was incubated for 5 min at 60°C and for 15 min at 50°C, the
temperature was lowered to 37°C, 75 units of Klenow DNA
polymerase (United States Biochemical) was added, and the
incubation was continued for 30 min. The reaction was
terminated by addition of EDTA (20 mM), extracted with
phenol/chloroform, diluted with 2 ml of HAP loading buffer
containing 50 ug of sonicated and denatured salmon sperm
DNA carrier, and chromatographed on HAP, as described
above. After washing, the partial duplex circles bound to
HAP were eluted from the column with 6 ml of 0.4 M
phosphate buffer, pH 6.8/10 mM EDTA/1% SDS. The
concentration of phosphate in the eluate was lowered to 0.12
M by addition of 14 ml of water containing 50 ug of DNA
carrier, and the chromatographic step was repeated. The final
eluate was extracted and desalted as described above and the
DNA was ethanol-precipitated. The pellet (112 ng) was
dissolved in 2.5 ul of formamide and the sample was heated
for 3 min at 80°C under a drop of mineral oil to dissociate the
DNA strands. For an annealing reaction, the volume was
brought to 5 ul by adding 0.5 ul of 0.1 M Tris*HCl, (pH 7.5)
containing 0.1 M EDTA, 0.5 ul of 5 M NaCl, 1 ul (5 pg) of
(dT)25-30, and 0.5 ul (0.5 ug) of the extension primer. The last
two ingredients were added to block stretches of adenine
residues [representing the initial poly(A) tails] and regions
complementary to the oligonucleotide on the single-stranded
DNA circles. The annealing mixture was incubated at 42°C,
and a 0.5-ul aliquot was withdrawn at 13 hr (calculated Co¢,
5.5). The unhybridized single-stranded circles (normalized
library) were separated from the reassociated partial du-
plexes by HAP chromatography and then recovered from the
flow through fraction as described above. Since we, and
others (13), have observed that the electroporation efficiency
of partially repaired circular molecules is increased by about
100-fold in comparison with single-stranded circles, the nor-
malized cDNA circles were converted to partial duplexes by
primer extension using random hexamers and T7 DNA
polymerase (Sequenase version II; United States Biochem-
ical), in a 10-20 ul reaction mixture containing 1 mM dNTPs.
After addition of EDTA to 20 mM, phenol extraction, and
ethanol precipitation, the cDNAs were dissolved in 10 mM
Tris'HCI, pH 7.5/1 mM EDTA, and electroporated into
competent bacteria (DH10B; GIBCO/BRL). To determine
the number of transformants, 1 hr after the electroporation a
10-ul aliquot of the culture was plated on an LB agar plate
containing 75 ug/ml ampicillin (extrapolation from these data
indicated that a normalized library of 2.5 X 10° colonies was
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obtained). Supercoiled plasmid DNA was then prepared
(INIB library) with a Qiagen plasmid kit (Qiagen, Chats-
worth, CA). The same protocol was used for a second round
of normalization (calculated Cot, 2.5) to derive the 2NIB
library (1.3 X 107 transformants) from a preparation of !NIB
single-stranded circles, except that the HAP purification step
after primer extension to synthesize short complementary
strands was omitted.

Colony Hybridization. For screening, colonies were grown
on duplicate nylon filters (GeneScreenPlus; DuPont/NEN)
that were processed as described (14) and hybridized at 42°C
in 50% formamide/5%x Denhardt’s solution/0.75 M NaCl/
0.15 M Tris'HCl, pH 7.5/0.1 M sodium phosphate/0.1%
sodium pyrophosphate/2% SDS containing sheared and de-
natured salmon sperm DNA at 100 ug/ml. Radioactive
probes were prepared by random primed synthesis (15, 16)
using the Prime-it II kit (Stratagene).

DNA Sequencing. Double-stranded plasmid DNA tem-
plates were prepared by using the Wizard Minipreps DNA
purification system (Promega) and sequenced from both ends
by using the universal forward and reverse M13 fluorescent
primers. Reactions were assembled on a Biomek 1000 work-
station (Beckman) and then transferred to a thermocycler
(Perkin-Elmer/Cetus) for cycle sequencing. Reaction prod-
ucts were analyzed on an automated 370A DNA sequencer
(Applied Biosystems). Nucleic acid and protein database
searches were performed at the National Center for Biotech-
nology Information server using the BLAST algorithm (17).

RESULTS AND DISCUSSION

Experimental Strategy. To develop a normalization proce-
dure, shown schematically in Fig. 1, and at the same time
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increase the utility of the normalized model cDNA library,
we first constructed a high-quality brain cDNA library (IB)
that has the following features (10): the average size of a
cDNA insert is 1.7 kb, often providing coding-region infor-
mation by sequencing from the 5’ end; the length of the
segment representing the mRNA poly(A) tail is short, allow-
ing an increase in the output of useful sequencing information
from the 3’ end; the frequency of nonrecombinant clones is
extremely low (0.1%); and chimeric cDNAs have not been
encountered, after single-pass sequencing of >2000 clones
(10, 18). However, the latter analysis also demonstrated that
13% of the clones in the IB library lacked poly(A) tails and
were presumably derived from aberrant priming.

To preserve the length of the cDNAs, avoid differential
loss of sequences, and alleviate a need for subcloning steps
after normalization, we excluded from our protocol the use of
PCR and chose directional cloning into a phagemid vector.
Such vectors have been previously used advantageously for
c¢DNA library subtractions (13), although normalization was
not attempted. This cloning regime readily provides single
strands that can be used both for annealing and for direct
propagation in bacteria. In control experiments (data not
shown), we assessed the frequency of occurrence of abun-
dant cDNAs (encoding a- and B-tubulin, elongation factor la,
and myelin basic protein) and demonstrated that, at least by
this criterion, the representation of clones in the starting
library remained unchanged after conversion into single-
stranded circles. We also note that electrophoretic purifica-
tion of the circles prior to use is necessary, to remove
contaminating oligoribonucleotides (see Materials and Meth-
ods), whose presence would result in undesirable internal
priming events during the first step of our protocol.

517

Frequency (%)
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In contrast with our scheme, two other PCR-based nor-
malization methods (7, 8) necessitate the use of subcloning
steps. In one of these approaches (7), sheared cDNAs
(0.2-0.4 kb) were ligated to a linker-primer, amplified by
PCR, normalized kinetically, reamplified, and finally cloned
directionally in such a way that only 3'-terminal sequences
(almost exclusively 3’ noncoding regions) were purposely
preserved. The steps of the second scheme (8) were similar,
except that the process started from cloned, randomly
primed, and relatively short cDNAs, initially selected to
minimize length-dependent differential PCR amplification.
Thus, both coding and noncoding regions were represented in
the final normalized library, but in pieces.

While maintaining length and representation of mRNA
regions, our protocol (Fig. 1) also addresses successfully the
problem recognized in the first of the alternative approaches
(7). It was considered that the 3’ noncoding region is almost
always unique to the transcript that it represents and is
expected, therefore, to anneal only to its complement. In
contrast, cross-hybridization of coding regions belonging to
unequally represented members of oligo- or multigene fam-
ilies could result in the elimination of rarer members from the
population during the normalization process. This possibility
is precluded in our method, which begins with the synthesis,
from the 3’ end of the cDNA, of a short complementary
strand on the circular single-stranded cDNA template under
controlled conditions, calibrated to yield strands with a
narrow size distribution (200 = 20 nt). Since the average
length of 3’ noncoding regions in brain mRNAs is 750 nt (19),
the vast majority of synthesized complementary strands
participating in the annealing reaction should be devoid of
coding region sequences. However, after this partial exten-
sion step, purification of the products by HAP chromatog-

IB INIBE 2NIBE
1 4.600 0.040 0.160
2 4.000 0.050 0.210
3 3.000 0.430 0.260
4 1.000 0.120 0.070
5 0.600 0.030 0.035
6 0.400 0.050 0.080
7 0.400 0.120 0.030
8 0.090 0.010 0.030
9 0.090 0.003 0.010
10 0.080 0.005 0.015
1" 0.070 0.010 0.010
12 0.070 0.004 0.035
13 0.060 0.015 0.020
14 0.030 0.050 0.100
15 0.030 0.003 0.040
16 0.025 0.020 0.025
17 0.023 0.140 0.035
18 0.020 0.006 0.020
19 0.018 0.020 0.070
20 0.015 0.015 0.040
21 0.015 0.005 0.030
22 0.010 0.035 0.010
23 0.010 0.090 0.030
24 0.010 0.013 0.035
25 0.008 0.015 0.035
26 0.005 0.010 0.030
27  <0.0006 0.007 0.010
28  <0.0006 0.007 0.010

1 2 3 45 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

cDNA Number

FiG. 2. Comparison of the frequencies of cDNA probes in the original (IB) and two normalized (NIB and 2NIB) libraries. The indicated
percentages of 28 cDNA sequences in the three libraries, tabulated in order of decreasing frequency in the IB library, are shown in the form
of a histogram to visualize normalization. Frequencies were calculated from the number of positive colonies after hybridization of duplicate filters
containing 500-180,000 colonies from each of the three cDNA libraries with the following 28 probes: 1, elongation factor la; 2, a-tubulin; 3,
B-tubulin; 4, myelin basic protein; 5, aldolase; 6, 89-kDa heat shock protein; 7, y-actin; 8, secretogranin; 9, microtubule-associated protein; 11,
vimentin; 13, a cDNA randomly picked from the INIB library similar to a mouse cysteine-rich intestinal protein (:NIB-2, GenBank accession
nos. T09996 and T09997); 19, a cDNA isolated from the INIB library homologous to the human endogenous retrovirus RTVLH2 (cDNA-20,
accession nos. 113822 and 1.13823); 20, histone H2b.1; 23, a cDNA randomly picked from the INIB library encoding the human polyposis (DP!
gene) mRNA (INIB-227, accession nos. T10266 and T10267); 27, a cDNA randomly picked from the !NIB library related to the human
endogenous retrovirus ERV9 gene (!NIB-114, accession nos. T10086 and T10087); the remaining brain cDNAs are novel, and except for nos.

10, 18, 21, and 25, they were randomly picked from the INIB library.
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raphy is necessary to eliminate single strands of the IB library
lacking poly(A) tails that cannot participate in primed syn-
thesis. We repeat the chromatographic step to reduce the
background to negligible levels, since after the first passage
through the HAP column about 0.1% of pure single strands
bind nonspecifically. However, during the second round of
normalization to derive the 2NIB library, we omitted this step
since we showed that 187 clones, which were picked ran-
domly and sequenced from the INIB library (see below), all
contained 3’ poly(A) stretches. The remaining steps of our
procedure entail melting and reannealing of the partial du-
plexes, followed by purification of unreassociated circles
(normalized library) by HAP chromatography and electro-
poration into bacteria (Fig. 1).

Characterization of Normalized cDNA Libraries. To eval-
uate the extent of normalization achieved with our method,
we compared the IB, INIB, and 2NIB libraries by colony
hybridization. For this analysis, we used 28 cDNA probes
chosen to represent various frequencies of occurrence within
a wide range (at least 4 orders of magnitude: 4.6% to
<0.0006%) in the IB library (Fig. 2). However, an additional
comparison of these results with independent theoretical
estimates was necessary, to provide a further assessment of
the degree of normalization, especially because the INIB
library was derived after incubation to a relatively low Cyt
(5.5) during the reannealing step of our procedure. When
relatively high Cypt values were used in our initial attempts to
normalize the IB library, we obtained unsatisfactory results
(high background) that we attribute to technical problems
inherent to the procedure. Nevertheless, a reevaluation of
brain cDNA hybridization data (ref. 20; see Table 1) suggests
that a relatively low Cot would suffice for our purpose, to
bring the frequency of each library clone within a narrow
range.

For our calculations (Table 1), which should be regarded as
rough but indicative estimates, we used a set of reliable
hybridization data that are available only for mouse brain
mRNASs (20), assuming that these measurements should not
differ significantly among mammals (in all cases examined,

Table 1. Estimates of frequencies of brain mRNAs
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including humans, the average amount of RN A per brain cell
and the number of cells per gram of tissue are practically the
same; see, €.8., refs. 29 and 30). These calculations show that
at Cot 5.5, of the three kinetic classes of mRNAs, the most
abundant species are drastically diminished, while all fre-
quencies are brought within the range of 1 order of magnitude
(Table 1, compare columns b and h and columns f and i). Our
experimental results (Fig. 2) show that the same range was
achieved after a single round of normalization at this Cot
(5.5). Thus, for all practical purposes, a single cycle is
probably sufficient. Secondary normalization (calculated Co¢#
= 2.5) to derive the 2NIB library, although it did not result in
a dramatic improvement, preserved the range of frequencies,
while making the differences among individual sequences
narrower overall (Fig. 2). Eleven of the 28 probes used in this
analysis were derived from clones that were randomly picked
from the INIB library. The overall frequency fold variation
was reduced from >7667 (4.6/<0.0006) in the IB library to
133 (0.4/0.003) and 26 (0.1/0.01) in the !NIB and 2NIB
libraries, respectively. However, some unexplained anoma-
lies were also observed for a small minority of clones, whose
already reduced frequencies in the !NIB library were some-
what increased in the 2NIB library (Fig. 2).

To provide a further indication that normalization was
successful, we sequenced from both ends 187 cDNA clones
that were randomly picked from the INIB library (GenBank
accession numbers T09994-T10011 and T10014-T10369).
With the exception of 4 clones, which carried sequences
corresponding to human mitochondrial 16S rRNA, all other
cDNAs of this pool were unique, in agreement with the
expectation for a normalized library. To further investigate
the effect of the normalization procedure on the subset of
mitochondrial 16S rRNA clones (1.4%, 1%, and 0.4% in the
IB, INIB and 2NIB libraries, respectively), we compared the
sequences of a number of 16S rRNA clones isolated from
both the IB and !NIB libraries (kindly provided by M. Adams,
Institute for Genomic Research and J. Sikela, University of
Colorado). This analysis (data not shown) revealed that the
16S rRNA clones isolated from INIB did not correspond to

Final
Kkofo Complexity,d No. of RNA Frequency per Component at frequency per
Component®* % (pure)© kb species® species,f % ksof Cot 5.50 % species,! %
I 16 10 96 36 0.44 6.15 0.7 0.02
II 46 0.165 5,800 2,150 0.02 0.10 4.2 0.02
111 38 0.0079 122,000 45,000 0.0008 0.0048 55.1 0.0012

aThe experimental data of pseudo-first-order hybridization kinetics of cDNA tracer, which was synthesized from mouse brain poly(A)*
polysomal mRNA and driven by its template (20), were solved by computer (unconstrained fit) into three kinetic components, using the
EXCESS function of a least-squares curve-fitting program (21).

YThe fraction of total occupied by each of the components is shown, after a minor correction (at completion, practically all of the tracer had
reacted). These numbers (and all other numbers) in the table have been rounded.

°The computer-calculated pseudo-first-order hybridization rate constant (kpo; M~1-sec™1) for each component was divided by each of the values
in column b, to derive kyfo (pure).

9The complexity (i.e., length of unique sequence) was calculated by considering the data from a calibration kinetic standard: cDNA synthesized
from encephalomyocarditis virus RNA (complexity, 9.7 kb) that was driven by its template [kpso (pure), 99]. Thus, each of the values in column
diis the ratio (99 X 9.7)/kpso (pure). The complexity calculated for the rarest component (III) matches closely the values obtained from additional
kinetic experiments using cDNA enriched for infrequent sequences (22, 23) and also the data of saturation experiments with single-copy genomic
DNA tracer (24, 25).

¢The number of different RNA species in each component was estimated from their complexities by assuming that the average size of brain
?Rm is 2:<7i kb (26). A conjecture (26) that rare brain mRN As are longer than this value (hypothetically 5 kb on average) has not been supported

y evidence.

fThe initial average frequency of an individual mRNA species of each component in the entire population of mMRNA molecules is the ratio of
values in column b to those in column e.

8To assess the behavior of these kinetic components under the annealing conditions that we used for normalization (Cot, 5.5; length of
complementary sequence in annealing strands, 0.2 kb), we first calculated the second-order reassociation rate constant (kso; M~1sec~?) for each
component. For this calculation, we considered that the ks, of a single and pure kinetic component with a complexity of 1 kb reacting at a
fragment length of 0.2 kb is 590 (27, 28). Thus each k,, value is 590 divided by the complexity in column d.

bTo determine the percentage of the leftover of each component in the population at Cot 5.5, we first used the ks, values in column g to calculate
_the fraction remaining single-stranded, according to the equation C/Cop = 1/(1 + kCo¢) and then normalized the derived values to a total of 100%.

The final average frequency of an individual mRNA species of each component is the ratio of values in column h to those in column e.
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the predominant 16S rRNA species present in the IB library.
Interestingly, in 17 of 19 16S rRNA clones sequenced from
the IB library, the position of the A tract was the same as that
present in the mature 16S rRNA. In contrast, all 8 clones
sequenced from the !NIB library represented truncated ver-
sions of the 16S rRNA, in which different lengths of the 3’
terminal sequence were absent. Such truncated clones are
under represented in the IB library (2 of 19). Therefore, their
frequency was increased by normalization, as expected,
while the 16S rRNA clones of the most prevalent form were
reduced. It is likely that the shorter clones represent bona
fide copies of naturally occurring truncated 16S rRNA mol-
ecules (ref. 31-33; to be discussed elsewhere).

Database searches (both BLASTN and BLASTX; ref. 17)
revealed that of the 183 cDNAs examined, 152 (83%) were
unknown (no hits), 15 (8.2%) corresponded to known human
sequences, 5 (2.7%) were novel but related to known human
sequences, 4 (2.2%) were homologous to mammalian se-
quences, and 7 (3.8%) were homologous to known sequences
from various nonmammalian organisms.

In contrast to these results, when 1633 randomly picked
clones from the non-normalized IB library were sequenced
mostly (88%) from the 5’ end, the percentage of unknown
sequences was significantly lower than in our case (63%),
while about 30% of the clones were sequenced twice or more
(up to 50) times (10). Similar results were obtained by
sequencing 493 random IB clones exclusively from the 3’ end
(18). Of the initially abundant cDNAs, which were sequenced
multiple times in both of these studies, those encoding
elongation factor 1a, a-tubulin, -tubulin, myelin basic pro-
tein, and y-actin (corresponding to our probes 1-4 and 7; Fig.
2) were absent from the pool of 187 clones that we examined.
Moreover, only 15 of the unique 183 clones that we se-
quenced from the INIB library (8%) had been previously
identified in the collection of the sequenced 1633 IB clones.

Eighteen of the unknown cDNAs that we sequenced (10%
of the total clones) carried Alu repetitive elements (6 at the 5’
end; 11 at the 3’ end; and 1 at both ends). Thus, as previously
observed (8), the frequency of cDNAs containing Alu repeats
is not reduced by normalization. This phenomenon can be
attributed to sequence heterogeneity among Alu family mem-
bers, which are able to form imperfect hybrids that probably
cannot bind to HAP. However, this is not a disadvantageous
property, since it prevents elimination of rare Alu-carrying
cDNAs from the population.

To assess whether the normalization procedure had
skewed the distribution of lengths favoring shorter cDNA
clones, Southern blots of released inserts from the IB, INIB,
and 2NIB plasmids were hybridized with several of the cDNA
probes used in Fig. 2 individually. The results (not shown)
demonstrated that the intensity of hybridization signals var-
ied as expected, but the size of each hybridizing fragment
remained the same.

Note. Sasaki et al. (34) have described an alternative normalization
procedure, in which a cDNA library was constructed following
depletion of abundant mRNA species by sequential cycles of hy-
bridization to matrix-bound cDNA. However, this procedure does
not seem to be more advantageous than ours, while its actual
practical potential remains to be assessed, as the putative normalized
library was not adequately characterized.
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sequences available to us prior to publication; and Rachel Yarmo-
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