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ABSTRACT Recentstudies have suggested that many Iy-
sosomal enzymes, including cathepsin B (EC 34.22.1), may be
synthesized as larger precursors and proteolytically processed
to their mature forms.,To determine the structure of the pri-
mary translation product of cathepsin B, we have screened a
phage.cDNA library fordclQnes encoding rat.liVer cathepsin B.
We synthesized two extended DNA oligoniucleotides to use as
hybridization probes: a 50-mner corresponding.to the coding
segment for residues 215-231 of mature cathepsin B and a 54-
mer corresponding to residues 117-134. After screening
600,000 plaques, five clones were obtained that hybridized to
the 32P-labeled 50-mer; of these, two (KrCB3 and XrCB5) also
reacted with the 54-mer. DNA sequence analysis confirmed
that 'XrCB3 and XrCB5 both encoded rat liver cathepsin B,
and the translated sequence is in agreement with the sequence
determined (Takio, K., Towatari, T., Katunuma, N., Teller,
D. C. & Titani, K. (1983) Proc. NatI. Acad. Sci. USA 80,
3666-3670], except for a tryptophan for glycine substitution at
residue 78 and the presence of two amino acids at the junction
Wite of the light and heavy chains. Moreover, the DNA se-
quence reveals an open reading frame extending beyond the 5'
(NH2 terminus), and the predicted COOH terminus of the cod-
ing sequence for the mature protein is extended by six amino
acids. These results confirm that the biosynthesis of cathepsin
B involves a larger precursor form and demonstrate the effec-
tiveness of long oligonticleotide probes for screening to detect
rare cloned mRNAs.

Cathepsin 13 is a lysosomal thiol protease that is structurally
related to cathepsin H and papain (1). We have recently
demonstrated that the mature 31-kDa form of this enzyme in
rat islets of Langerhans is immunologically and biochemical-
ly closely related to liver cathepsin B and is derived from a
larger precursor of =43 kDa (2). We also found that a signifi-
cant fraction of cathepsin B and its precursor forms is locat-

be involved in the processing of proinsulin to insulin (4, 5),
while the mature forms of the enzyme may play a role in
secretory granule turnover (3).
To more fully define the nature of the initial precursor of

cathbpsin B, to investigate the processing events involved in
generating intermediate and mature forms of the enzyme,
and to gain more insight into those structural features of the
precursor that might be related to the dual targeting of ca-
thepsin B during its biosynthesis, we have cloned the rat liv-
er enzyme. Here we provide a report of the strategy that
prdved successful and preliminary results on the character-
ization of two cloned cDNA fragments that encode the ma-
ture enzyme and portions of the precursor region.

MATERIALS AND METHODS
Materials. Protected nucleotide monomers and reagents

for DNA synthesis were purchased from Applied Biosys-
tems (Foster City, CA). Oligo(dT)-cellulose was Type T-2
from Collaborative Research. [y)2P]ATP (specific dctivity,
5000 Ci/mmol; 1 Ci = 37 GBq), [a-32P]dATP, and [a-
32P]dCTP (specific activity, 800 Ci/mmol) were from Amer-
sham. T4 polynucleotide kinase and deoxynucleoside tri-
phosphates were from P-L Biochemicals. DNA polymerase
(Klenow fragment) and T4 ligase were from Boehringer
Mannheim. Restriction enzyme reactions were performed
according to the conditions suggested by the manufacturer
(New England Biolabs). Nitrocellulose paper was BA 85
(0.45 .,um) from Schleicher & Schuell.

Synthesis of Oligonucleotide Probes. DNA oligonucleotides
were synthesized using the phosphoramidite methodology
(6) on an Applied Biosystems Model 380A synthesizer and
were purified by polyacrylamide gel electrophoresis in 7 M
urea. Their nucleotide sequence was confirmed by the Ban-
aszuk method (7). The oligonucleotides synthesized were as
follows:

Al 30-mer 5'-G-T-C-G-C-C-A-A-C-T-C-C-T-G-G-A-A-T-G-T-C-G-A-C-T-G-G-G-G-C- 3'

A2 30-mer 5' -A-T--T-T-G-A-A-G-A-A-G-C-C-G-T-T-G-T-C-G-C-C-C-C-A-G-T-C-G- 3'

BI 26-mer 5'-T-C-C-A-C-C-G-G-T-G-A-G-G-G-C-G-A-C-A-C-C-C-C-G-A-A- 3'

B2 21-mer 5'-A-A-A-A-T-O-T-G-C-G-A-G-G-C-C-G-G-T-T-A-T- 3'

B3 26-mer 5'-C-A-C-A-T-T-T-T-G-T-T-G-C-A-T-T-T-C-G-G-G-G-T-G-T-C- 3'

B4 13-mer 5'-A-T-A-A-C-C-G-G-C-C-T-C-G- 3'

ed within the insulin secretion granules in addition to the ly-
sosomes in normal islets or ih islet tumor cells (3) and that
precursor is secreted into the medium along with insulin in
response to glucose stimulation (unpublished data). We have
suggested that some procathepsin B intermediate forms may

The large probes were assembled by annealing overlap-
ping oligonucleotides as shown in Fig. 1 and filling in with
Escherichia coli DNA polymerase, I. The 50-mer was con-
structed by annealing 0.1 ug of each oligonucleotide (Al and
A2) in 0.1 M NaCl and successively heating at 70'C for 5
min, 37'C for 20 min, 230C for 20 min, and 40C for 20 min.
The 54-mer was constructed in a two-step process (Fig. 1).

Abbreviation: bp, base pair(s).
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150-merl
Val-Ala-Asn-Ser-Trp-Asn-Val-Asp-Trp-Gly-Asp-Asn-Gly-Phe-Phe-Lys-Ile

5 GTCGCCAACTCCTGGAATGTCGACTGGGGCGACAACGGCTTCTTCAAAAT 3
3' CAGCGGTTGAGGACCTTGCAGCTGACCCCGCTGTTGCCGAAGAAGTTCTA 5

A T

54-mer]
Cys-Thr-Gly-Glu-GIy-Asp-Thr-Pro-Lys-Cys-Asn-Lys-Met-Cys-Glu- Ala-Gly-Tyr

TGCACCGGTGAGGGCGACACCCCGAAATGCAACAAAATGTGCGAG GCCGGTTAT
ACGTGGCCACTCCCGCTGTGGGGCTTTACGTTGTTTTACAC

GCTCCGGCCAATA

FIG. 1. Synthetic oligonucleotide probes used to screen recom-
binant phages containing sequences for rat cathepsin B. Sequences
underlined are overlapping oligonucleotides that were chemically
synthesized. Asterisks denote nucleotides of the synthetic probe
that did not match the sequence of the isolated clones.

First, a 39-mer was isolated from an annealed and ligated
mixture of oligonucleotides B2, B3, and B4 (8). The 39-mer
(0.1 ,tg) was then annealed to 0.1 4g of the 26-mer (B1) and
filled in with DNA polymerase. Reactions were carried out
in 50 mM Tris HCl, pH 7.5/10 mM MgSO4/70 ,tM dGTP,
and dTTP containing 50 ,uCi of [a-32P]dATP, 50 ,Ci of [a-
32P]dCTP, and 2 units of DNA polymerase (Klenow) in a
volume of 27 ,ul for 2 hr at 15°C. Reactions were chased for a
further 15 min by the addition of 2 ,ul of 5 mM dNTP, and the
polymerase was inactivated by heating the reaction mixture
at 65°C for 5 min. To increase the specific activity of the
probes, oligonucleotides Al, A2, and B4 were first labeled to
high specific activity (12 x 106 cpm/pmol) with T4 polynu-
cleotide kinase and [y-32P]ATP. The oligonucleotide probes
were separated from the unincorporated radiolabeled nucle-
otides by gel filtration on Sephadex G-100 fine equilibrated
in 10 mM Tris-HCl, pH 8.0/1 mM EDTA and used directly
for hybridization. The specific activity obtained was 5-10 x
108 cpm/,g.

Screening the Library. A rat liver cDNA library construct-
ed in Xgt 11 was obtained from R. Hynes and was screened
basically as described by Benton and Davis (9). After plating
on E. coli, LE392, a total of 600,000 plaques were screened
on three 0.7% agarose plates (20 x 30 cm). Filters were pre-
treated (16 hr) and hybridized (16 hr) in a solution containing
2.5 x Denhardt's solution/5 x NaCl/Cit/20 mM sodium
phosphate, pH 6.5/0.1% NaDodSO4/20% formamide/10 ,g
of tRNA per ml/50 ,ug of sonicated denatured salmon sperm
DNA per ml at 37°C. (lx Denhardt's solution = 0.02% bo-
vine serum albumin/0.02% Ficoll/0.02% polyvinylpyrroli-
done; lx NaCl/Cit = 0.15 M NaCl/0.015 M Na citrate). Ap-
proximately 2.5 x 105 cpm of radioactive DNA probe per ml
was used during hybridization. Hybridized filters were
washed in succession for 20 min in 2x NaClI/Cit/0. 1% Na-
DodSO4 at room temperature (twice), lx NaClI/Cit/0.1%
NaDodSO4 and 0.5x NaClI/Cit/0.1% NaDodSO4 at 37°C
(one time each), and 0.25x NaCl/Cit/0.1% NaDodSO4 at
37°C (twice). The dried filters were autoradiographed at
-70°C with Kodak XAR-5 film and DuPont intensifying
screens. Positive recombinant clones were isolated by
plaque purification, and phage DNA was prepared for fur-
ther analysis or subcloning (8).

Subcloning. The EcoRI fragment from clone XrcB3 was
isolated by polyacrylamide gel electrophoresis followed by
electroelution and was subcloned into the EcoRI site of
pUC9 in both orientations. Transformation was done by the
calcium chloride method (10). Plasmid DNA was isolated by
the cleared lysate procedure (11).

RESULTS
Our approach to the cloning of procathepsin B was through
the use of chemically synthesized DNA probes designed on

the basis of the amino acid sequence of the mature enzyme
(1). A general method using pools of short oligonucleotides
that include all possible DNA sequences coding for a given
amino acid sequence has been widely used (12). Initially, we
also used two short oligonucleotide mixtures, 14 and 17 nu-
cleotides long, corresponding to the predicted coding seg-
ment for residues 29-32 (C-C-GA-A-N-G-C-C-C-A-G-C-A)
and 219-224 (C-C-C-C-A-A-T-C-N-A-C-A-T-T-C-C-A), re-

spectively. However, positive results were not obtained ei-
ther via screening cDNA or genomic libraries with these
probes, or by using them as specific primers to prepare
cDNA libraries. We then turned to the use of extended syn-
thetic oligonucleotides for screening. This method proved
successful for detecting cathepsin B clones. A similar strate-
gy was used by Ullrich and co-workers for the isolation of
the cDNA encoding the human epidermal growth factor re-
ceptor (13) and the gene for human insulin-like growth factor
1 (14).

In designing the probes, we selected two regions with low
codon degeneracy from the central and carboxyl-terminal re-
gions of cathepsin B. The 50-mer corresponded to a region of
high homology between cathepsin B and cathepsin H near
the carboxyl-terminus, while the 54-mer was chosen from a
central region where these two enzymes differ (1). Third po-
sition choices were made according to codon usage frequen-
cies in mammalian genes (15). After screening 600,000
1laques, we found 5 positive clones that hybridized to the
2P-labeled 50-mer, but only two of these (XrcB-3 and XrcB-
5) also reacted with the 32P-labeled 54-mer. This suggests
that the remaining positive clones from the initial screening
either may be shorter clones or may correspond to other ho-
mologous thiol proteases.
The homology between each synthetic oligonucleotide and

the actual cDNA sequence was 77.7% in the case of the 54-
mer and 84% in the case of the 50-mer sequence. This indi-
cates that occasional incorrect codon choices do not affect
seriously the specificity of the probe and the use of proper
hybridization/washing conditions is enough to give very sta-
ble signals.
DNA sequence analysis and restriction mapping (Fig. 2)

confirmed that both XrcB-3 and XrcB-5 encode rat liver ca-
thepsin B. The sequence of XrcB-3 begins at residue 58 in the
amino acid sequence and extends =940 base pairs (bp) into
the 3' untranslated region (Fig. 3). A discrepancy from the
published amino acid sequence (1) was detected at position
78 where the residue predicted was tryptophan rather than
glycine. The nucleotide sequence also discloses the exis-
tence of a six-residue carboxyl-terminal extension following
the published cathepsin B sequence.
The restriction map of XrcB5 (Fig. 2) shows that it is

=1960 bp long and that it includes the XrcB3 sequence. The
3' end was found to contain -100 bp of poly(dA), and there-
fore this clone contains the entire 3' untranslated region. At
the 5' end the sequence of XrcB-5 extends 360 nucleotides
beyond the XrcB3 insert. Preliminary sequence analysis of
this region discloses the presence of a contiguous open read-
ing frame extending beyond the amino terminus of mature
cathepsin B. This indicates that, as expected, cathepsin B is
contained within a larger precursor protein having a relative-
ly large amino-terminal extension in addition to the short
carboxyl-terminal extension mentioned above. Further-
more, on RNA blot analysis of rat liver mRNA, the XrcB3
insert specifically hybridizes to an mRNA of 2.3 kilobases
(Fig. 4). Thus, the mRNA is =30 bp larger than XrcB-5 and
would be sufficient to encode a 43-kDa precursor as found in
the biosynthetic studies (2). Elucidation of the putative 12-
kDa NH2-terminal extension will require the cloning of a
full-length cDNA.

Partial nucleotide sequence analysis of XrcB5 revealed the
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FIG. 2. Restriction map of EcoRI fragments of XrCB3 and ArCB5. Lines above the restriction map show the strategy used to determine the
nucleotide sequence. Black boxes denote regions used to design the synthetic oligonucleotide probes. Open boxes extending at both ends of
cathepsin B correspond to the precursor region. Nucleotide sequence analysis was carried out by the Maxam and Gilbert technique (16) for the
EcoRI fragment of XrCB3 and subcloned in pUC9 or directly from the EcoRI insert of XrCB5 isolated by polyacrylamide gel electrophoreses and
electroelution. T-specific reactions were also done by KMnO4 treatment (17).

coding sequence for (pro)cathepsin B in the region from resi-
dues -11 through +58 (Fig. 3). In addition to the tryptophan
for glycine substitution at position 78, the DNA sequence
also reveals that a dipeptide (Gly-Arg) is present between
residues 47 and 48-i.e., at the junction between the light
and heavy chains-indicating that additional processing oc-
curs after scission of the chain in this region.

DISCUSSION

The mechanisms leading to the specific intracellular target-
ing of proteins into membranes, lysosomes, or secretory ves-
icles represents an important unsolved problem in cell biolo-
gy. In the case of the lysosomal enzymes, specific targeting
is believed to be accomplished via at least two pathways.
The first, and best defined of these, is the mannose 6-phos-
phate receptor pathway (20, 21), which operates in the cis
region of the Golgi apparatus (22, 23) to divert lysosomal
enzymes or their precursors bearing phosphorylated man-
nose-rich oligosaccharide side chains into small vesicles for
transport to the lysosomes. Another recognition mechanism
that appears to be operative in many eukaryotic cells relies
on other, as yet undefined, structural features of these pro-
teins (24). But despite the existence of these mechanisms, it
is clear that some lysosomal enzyme precursors normally es-
cape being shunted into the lysosomes and continue along
the secretory pathway, entering storage granules and ulti-
mately being secreted (20). Recycling of these secreted
forms to the lysosomes can then occur via receptor-mediated
endocytosis (21). However, the persistence of a fraction of
the lysosomal enzyme precursors in the secretory pathway
provides a mechanism whereby these hydrolytic enzymes
can be copackaged into secretory granules along with secre-
tory protein precursors and, if suitably activated therein,
may participate in the processing of secretory protein pre-
cursors such as proinsulin and other prohormones (2, 3).

It is interesting to note that the cathepsin B precursor we
have identified appears to be extended at both ends to give
the precursor protein estimated on the basis of biosynthetic
studies (2) to be -43 kDa. It is unclear whether the COOH-
terminal extension of six amino acids that we have identified
from the cDNA sequence is necessary to modulate the activ-
ity of cathepsin B. It seems possible that this sequence, as
well as the dipeptide sequence found between the chains,
could be removed (viz. in the lysosomes) by stepwise cleav-
age from the COOH terminus via the known carboxydipepti-
dase activity of mature cathepsin B (25, 26). It has been pro-
posed (27) that all lysosomal enzymes may be synthesized
with a transient COOH-terminal sequence that could func-
tion as a sorting sequence, being cleaved after completion of
targeting. The structure of the carbohydrate side chain of
cathepsin B differs significantly from those found on most of
the other lysosomal enzymes (28), which might be in agree-
ment with the above-mentioned hypothesis. Carboxyl-termi-
nal processing of other precursors of lysosomal enzymes has
also been noted-e.g., cathepsin D and P glucuronidase
(27)-but the exact size and amino acid sequence of these
extensions are not yet known.
The processing required to generate the mature (single

chain) lysosomal form of cathepsin B appears to involve
cleavage at an asparagine residue preceding the NH2-termi-
nal leucine residue of the light chain. This cleavage also
could theoretically be carried out by mature cathepsin B.
Further elucidation of the structure of the NH2-terminal ex-
tension should enable the prediction of additional sites of
proteolysis necessary to generate the larger 38-kDa form
found in both liver and islets (3) and the sites for pepsin
cleavage to generate the slightly larger than normal forms of
cathepsin B from the precursors secreted by certain tumors
(29, 30).
The existence of two forms of cathepsin B in porcine

spleen that differ by at least one amino acid within the se-

Proc. NaM Acad Sci. USA 82 (1985)
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--I-1 +1
-Pro Glu Arytal Giy Phe Ser Glu Asp lIe AsnLeu Pro Glu Ser Phe Asp Ala
-0CCGMA AGG GTT GGG TfC AGO GAG GAC ATA AAT CTA CCT GM TCC TTT GAT GCA

10 20
Arg Glu GIn Trp Ser Asn Cys Pro Thr lie Ala Gin lie Arg Asp Gln Gly Ser
CGG GAA CAG TGG TCC AAT TGC COG ACC ATC GCA CAG ATC AGA GAC CAG GGG TCC

30 40
Cys Gly Ser Cys Trp Ala Phe Gly Ala Val Glu Ala Met Ser Asp Arg lie Cys
TGT GGC TCT TGT TGG GCA TTT GGG GCA GTG GM GCC ATG TCT GAC CGA ATC TGC

47 _ 48 50
lie His Thr Asn,Gly ArS Val Asn Val Glu Val Ser Ala Glu Asp Leu Leu Thr
ATT CAC ACC AAT GGO GA GTC AAT GTG GAG GTG TCT GCT GAG GAC CTG CTT ACC

60 70
Cys Cys Gly Ile Gln Cys Gly Asp Gly Cys Asn Gly Gly Tyr Pro Ser Gly Ala
TGC TGT GGT ATC CAG TGT GGG GAT GGC TGT AAT GGT GGC TAT CCC TCT GGA GCA

80 90
(rAsn Phe Trp Thr Arg Lys Gly Leu Val Ser Gly Gly Val Tyr Asn Ser His

AAC TTC TGG ACT AGA AAA GGC CTG GTT TCT GOT GGA GTA TAC AAT TCT CAT

100 110
Ile Gly Cys Leu Pro Tyr Thr Ile Pro Pro Cys Glu His His Val Asn Gly Ser
ATA GGC TGC TTA 0CC TAC ACC ATC CCT CCC TGT GAA CAC CAT GTC AAT GGC TCC

120 130
Arg Pro Pro Cys Thr Gly Glu Gly Asp Thr Pro Lys Cys Asn Lys Met Cys Glu
CGT C0C OCA TGC ACT GGA GAG GGA GAT ACT CCC MG TGC AAC AAG ATG TGT GAG

54-mer
140

Ala Gly Tyr Ser Thr Ser Tyr Lys Glu Asp Lys His Tyr Gly Tyr Thr Ser Tyr
GCT GGC TAC TCC ACA TCC TAC AAG GM GAT AAG CAC TAT GGG TAC ACT TCC TAC

150 160
Ser Val Ser Asp Ser Glu Lys Glu Ile Met Ala Glu Ile Tyr Lys Asn Gly Pro
AGT GTG TCT GAC AGC GAG MG GAG ATC ATG GCG GAA ATC TAC MA AAT GGC CCA

170 180
Val Glu Gly Ala Phe Thr Val Phe Ser Asp Phe Leu Thr Tyr Lys Ser Gly Val
GTG GAG GGT GCT TTT ACT GTG TTT TCT GAC TTC TTG ACT TAC AAA TCA 0GC GTA

190 200
Tyr Lys His Glu Ala Gly Asp Val Met Gly Gly His Ala Ile Arg Ile Leu Gly
TAC MG CAT GAA GCC GGT GAT GTG ATG GGA GGC CAT GCC ATC CGC ATT CTG GGC

210 220
Trp Gly Ile Glu Asn Gly Val Pro Tyr Trp Leu Val Ala Asn Ser Trp Asn Val
TGG GGA ATA GAG AAT GGA GTA C0C TAC TGG CTG GTA GCA MC TCC TGG MC GTT

230
Asp Trp Gly Asp Asn Gly Phe Phe Lys Ile Leu Arg Gly Glu Asn His Cys Gly
GAC TGG GGT GAT AAT GGT TTC TTT AAA ATC CTC AGA GGA GAG MC CAC TGT GGA

50-mer
240 250
Ile Glu Ser Glu Ile Val Ala Gly Ile Pro Arg Thr Gln' Tyr Trp Gly Arg
ATT GAA TCA GM ATC GTG GCT GGA ATC 0CA CGC ACT CAG CAG TAC TGG GCA AGA

TTC TM TCTGCTGGGA CTTGATTGTA TAGTCCTTAG GAGACTTTTT CCAAAATTTA GCAATGCA

GG CAGGGAGTGA GGCAGATAGG AGTCTTTGAT TCTTTGAGTT CACCTAACAT GCATGAAGCT TT

CAGCAAGG TTTGGGTGAC TGGACCAGAG CTGCCCCCCA TCAGAGCCAC CCTACCTGGC TCCCTTC

TAG CCTATCCCAT GACAGTGATC ACAGCCTACA TCCTAGCCTC TCCCTAGACT AGTGCTGTGT G

TAGCGCCTG CTGCTGTGGC TCTGTCTGCC ATCCCTCCCA CCCCCACCTC AGCATCCCCA GACCM

0000 TTTGGCTGCA GGATTTCCM AGGMTGMO ACCMCTACA TOATOAGAGG ACAGATGCCA

CCOCGCCAGCT GCACOTTGAA GCTAG

FIG. 3. Nucleotide sequence of the insert from clone XrCB3 and portions of XrCB5. Predicted amino acid sequence for the mature enzyme
and portions of the precursor region are shown above the nucleotide sequences. Residues enclosed in dashed boxes are absent in the mature
two-chain enzyme. Circled residue differs from the published amino acid sequence (1).
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analysis of DNA sequences, and Cathy Christopherson for assist-
ance in preparing this manuscript. Work from this laboratory is sup-
ported by grants from the Public Health Service (AM 13914 and AM
20595).
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FIG. 4. RNA blot analysis of rat liver mRNA. Numbers on left
indicate sizes (in kilobases) for the markers (HindIII-digested
XDNA). Total RNA was extracted from rat liver by a modified gua-
nidine thiocyanate procedure (18). Poly(A) RNA was isolated on oli-
go(dT)-cellulose. The EcoRI insert from XrCB3, subcloned in pUC9,
was isolated by polyacrylamide electrophoresis, electroeluted, and
nick-translated for use as a hybridization probe. RNA blot analysis
was carried out essentially as described by Thomas (19) with minor
modifications in washing steps. Poly(A) RNA (10 ,ug) was glyoxylat-
ed and separated on 1% agarose gel. Hybridization was done for
about 24 hr at 42°C using 250,000 cpm of the nick-translated probe.
RNA blots were washed with four changes of 2x NaCl/Cit/
0.1% NaDodSO4 for 30 min each at room temperature and then
washed with two changes of 0.1 x NaCl/Cit/0.1% NaDodSO4 for 30
min at 50°C. Dried filters were autoradiographed at -70°C with Ko-
dak XAR-5 film and DuPont intensifying screens.

quence near the single NH2-linked glycosylation site has
been reported recently (28). Our sequence for this region
agrees with that of the major porcine form (28) and with that
of Takio et al. (1) except for the presence of tryptophan in-
stead of glycine at position 78. This difference was noted in
both of our cDNA clones, making it unlikely to be due to a
cloning error. The availability of cathepsin B cDNA probes
will allow cloning of other closely related cathepsins (H and
L) and papain. These clones will also be useful for the analy-
sis of the expression of these enzymes in different tissues, to
investigate the organization of the cathepsin B gene(s) and
the role of cathepsin B-like proteases in human tumors in
greater detail (31).

The authors are grateful to R. Hynes (Massachusetts Institute of
Technology) for kindly providing the rat liver cDNA library used in
these studies. We also wish to thank K. Mullis (Cetus Corporation,
Emeryville, CA) and A. Efstratiadis (Columbia University) for gen-
erous gifts of short oligomers (17-mer and 14-mer, respectively). We
are grateful to Michael Welsh and Yi Juan Lu for assistance with
various aspects of this work, Albert MacKrell for computer-assisted
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