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ABSTRACT Recombinant bacterial plasmids have been
constructed by inserting double-stranded chicken procollagen
cDNA sequences linked to chemically synthesized decanu-
cleotides containing HindIll sites into the HindIII site of
pBR322. After transformation of Escherichia coli X1776, colo-
nies were selected by ampicillin resistance and recombinants
containing procollagen sequences were identified by colony
hybridization to 32P-labeled procollagen cDNA. The inserts from
three recombinant plasmids, pCglO, pCgl3, and pCg45, were
1200, 2200, and 2550 base pairs long, respectively. Their se-
quence homolo has been established by restriction mapping
and crosshybri ization of nick-translated plasmids to Southern
blots of Hpa II fragments of the inserts. pCg45 has been posi-
tively identified as containing the pro a2 collagen sequence by
partial determination of the DNA sequence of its ends: it has
a short thymine-rich sequence at one end and a sequence coding
for residues 478-499 in the chicken a2 chain at the other end.

The analysis of the regulatory mechanisms that ensure the
tightly controlled tissue and developmental stage-specific ex-
pression of the different collagen genes (1) will be essential for
the understanding of developmental processes in eukaryotes.
As an initial contribution to such an analysis we have isolated
a highly purified mixture of the two type I procollagen mRNAs
(2) and have prepared complementary DNA sequences to serve
as hybridization probes for procollagen mRNA and gene se-
quences (3). Many experiments, however, require a far larger
amount of highly purified procollagen sequences than can be
obtained by mRNA isolation. To obviate this difficulty, we have
used recombinant DNA technology to amplify procollagen
cDNA sequences in Escherichia coli. Clones containing pro-
collagen cDNA sequences were obtained using modifications
of the method used by Goodman and his colleagues to clone rat
proinsulin cDNA (4). We present here a description of three
pro a2 clones characterized thus far.

MATERIALS AND METHODS
Construction of Recombinant Plasmids. Procollagen

mRNAs, purified by binding embryonic chicken calvaria
poly(A)-containing RNA to Sepharose 4B as described (3),
served as template for the synthesis of the cDNA used for
cloning. Double-stranded cDNA was synthesized and ligated
to chemically synthesized decanucleotides containing HindIll
sites (unpublished data). In brief, double-stranded cDNA was
prepared by a procedure in which single-stranded cDNA is not
isolated prior to second strand synthesis (5). It was converted
into perfect duplex molecules with blunt ends by digestion with
single-strand nuclease S1 from Aspergillus oryzae [purified
from amylase (Sigma) as described by Vogt (6)] and then in-
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cubation with E. coli DNA polymerase I, a gift of Yvonne
Chow, as described by Seeburg et al. (7). The product of the
S1-DNA polymerase reaction was then ligated to HindIII
linkers (a gift from Richard Scheller) that had been end labeled
with 32P by polynucleotide kinase as described by Heyneker
et al. (8) with T4 DNA ligase prepared by the method of Panet
et al. (9). After digestion with HindIII, the ligated double-
stranded cDNA was separated from unligated linker by sedi-
mentation on a 5-20% sucrose gradient for 8 hr-at 50,000 rpm
in a Beckman SW 56 rotor. Fractions of large, medium, and
small size were pooled.
pBR322 (obtained from H. Boyer) was purified by CsCl and

sucrose gradient centrifugation, and digested with HindIII.
After phenol extraction and ethanol precipitation, the DNA was
incubated with 1 unit of calf intestine alkaline phosphatase
(Boehringer Mannheim, Indianapolis, IN) to remove the ter-
minal phosphates and prevent self-ligation. The pBR322 DNA
that had been cut by HindIII and treated with phosphatase was
then ligated to each of the size fractions of double-stranded
cDNA linked to HindIII half-sites (10).

Transformation and Identification of Recombinant
Clones. Both the construction of chimeric plasmids just de-
scribed and the transformation of E. coli X1776 by these plas-
mids was performed in a P3 physical containment laboratory
at Cold Spring Harbor, New York, in compliance with the
National Institutes of Health guidelines for recombinant re-
search. §
X1776 was transformed by a transfection procedure de-

scribed by Villa-Komaroff et al. (11) as follows: 200-ml cultures
of X1776 were grown to an optical density at 600 nm of 0.2/ml,
centrifuged down, resuspended in 20 ml of 10 mM NaCl, re-
pelleted, and resuspended in 10 ml of 70 mM MnCl2/40 mM
Na acetate, pH 5.6/30 mM CaC12. A 0.2-ml portion of the
suspension was then added to sterile tubes containing 25 or 100
ng of ligated plasmid. Transformed colonies containing pro-
collagen sequences were identified by colony hybridization by
a modification of the procedure of Grunstein and Hogness (12)
which makes it possible to screen plates containing several
thousand colonies. The colonies were screened with 32P-labeled
procollagen cDNA that was over 80% pure (3). Strongly hy-
bridizing colonies were selected and replated, single colonies
were picked and grown in liquid culture, and the DNA was
isolated by the procedure developed by Curtiss et al. (13).
Cleared lysates were extracted with phenol, precipitated with
ethanol, and freed from contaminating chromosomal DNA by
banding in CsCl. A typical yield was 100 ,g of recombinant
plasmid DNA per liter of culture.

Abbreviation: bp, base pair.
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Table 1. Size of Hpa II fragments of procollagen inserts
(in base pairs)

pCglO pCgl3 pCg45

780* 950* 900*
300* 720 800*

400* 720
115 115 115

* 5'-End-labeled fragments.

Restriction Mapping and Southern Gel Blotting. Inserts
were released from recombinant plasmids by digestion of
10-180 Ag of DNA with 100-400 units of HindIII prepared by
the method of Old et al. (14) in 10 mM Tris.HCl, pH 7.6/5mM
MgCl2/1 mM dithiothreitol/50 mM NaCi for 2 hr at 370C. In
some cases the digest was incubated for an additional 30 min
with 1 unit of calf intestine alkaline phosphatase (Boehringer
Mannheim, grade I). After alcohol precipitation, the inserts
were separated from pBR322 by electrophoresis on 17-cm, 6%
polyacrylamide slab gels and then extracted from the gel as
described by Maxam and Gilbert (15). EcoRI, prepared by the
method of Greene et al. (16), BamHI and Hae III (New En-
gland Biolabs), Hpa II (Bethesda Research Laboratories), and
Hinf (a gift of G. Sutcliffe) endonucleases were used to restrict
the inserts. With Hpa H, BamHI and EcoRI, the buffer was the
same one used with HindIII. In Hinf digestions, the NaCl
concentration was reduced to 20 mM; in Hae III digestions, 50
,ug of bovine serum albumin (Sigma) was added per ml.

Inserts isolated as described above were restricted with Hpa
II and the fragments were applied to one of two 1.6% agarose
slab gels. After electrophoresis, the DNA was denatured and
then transferred to nitrocellulose filters by minor modifications
of Southern's procedure (17). pCg45 and pCglO were nick
translated (18) and then hybridized to separate nitrocellulose
sheets for 16 hr at 65°C. After repeated washing, the nitrocel-
lulose sheets were air-dried and autoradiographed.
DNA Sequence Determination. Inserts released as described

above and treated with alkaline phosphatase were end-labeled
with polynucleotide kinase. After digestion with Hpa II and
EcoRI endonucleases, the resultant fragments were separated
on an 8% polyacrylamide gel and the labeled ends were iden-
tified by autoradiography. They were then isolated from the
gel and their sequences were determined as described by
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FIG. 2. Sequence homology of pCglO, pCgl3, and pCg45 deter-
mined by Southern blot restriction mapping. (Left) Autoradiogram
of nick-translated pCg45 plasmid hybridized to blots of Hpa II
fragments of pCg45 insert (first lane) and of pCgl3 insert (second
lane) and to Hinffragments ofpBR322 (third lane). The nitrocellulose
sheet was hybridized to 107 cpm of pCg45 in 8 ml. The fourth lane
contains two Hinf fragments of the insert of pCgl, a procollagen clone
that has no sequence homology to pCg45 (confirmed by the absence
of any hybridization). (Right) Autoradiogram of nick-translated
pCglO plasmid (7 X 10c cpm) hybridized to blots containing the same
fragments as on the left. Single arrow locates the 900- and 800-bp end
fragments in the Hpa II digest of pCg45; double arrows locate the
400-bp fragment present in the Hpa II digest of pCgl3.

Maxam and Gilbert (15) with modifications made by Allan
Maxam (personal communication).

RESULTS
Construction and Identification of cDNA Clones. Dou-

ble-stranded procollagen cDNA, converted to perfect duplex
molecules by treatment with S1 nuclease and E. coil DNA
polymerase I, was ligated to chemically synthesized decanu-
cleotides containing HindIII restriction sites and then digested
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FIG. 1. Restriction map of pro a2 collagen clones. Relative orientation of fragments was determined by locating BamHI or EcoRI site in the
end fragment as indicated. Orientation of pro a2 collagen cDNA sequence relative to procollagen mRNA sequence was determined from primary
sequence data given in Figs. 3 and 4.

pCgl0

pCgl 3

pCg45

Non-
coding
region

i ~.
_ ,.E_~ ,.-I..eFW - 17:I

Proc. Natl. Acad. Sci. USA 75 (1978)

___300_

.4 900



Proc. Natl. Acad. Sci. USA 75 (1978) 5419

A+G C+T C

.......-.~~~..'is4 M._

AG

T
C

N :_

T
G

Phel ~~~~~~T
T
G

,C,

G

T

Phe _ G

~

TA
G
T
G
G

A
C

C ;'

c
T

G
G
G
G
A
A
A
G
C
G
G
A
C
C
A
A
A
C

G

G

G

T

T

C

C
T
C

T

G
G

FIG. 3. Identification of proAi collagen coding end of pCg45
insert. Lanes are from left to right, in groups of four: Hpa II1800-bp

with HindIII to create cohesive single-stranded ends. After
fractionation on sucrose gradients, fractions of three sizes, which
collectively covered a size range of 100-3000 base pairs (bp),
were pooled. Each was inserted into pBR322 that had been cut
at its single HindIII site and had had the 5'-terminal phosphates
removed to prevent self-ligation. The resultant recombinant
plasmids were then used to transform E. coli X1776, and
transformants containing procollagen cDNA sequences were
identified by colony hybridization to 32P-labeled procollagen
cDNA that was over 80% pure (3). Although strongly hybri-
dizing colonies were obtained from each transformation, we
concentrated our efforts on characterizing inserts in clones
resulting from transformation with the largest size fraction. The
inserts from three of the largest clones, whose names were
previously assigned by their location on nitrocellulose filters,
are, in order of their size: pCgl0, pCgl3, and pCg45; their sizes
are 1200, 2200, and 2550 bp, respectively.

Restriction Mapping and Southern Blotting of Procollagen
Inserts. Restriction of the three inserts with Hpa II endonu-
clease resulted in three fragments from pCglO and four frag-
ments from pCgl3 and pCg45. The sizes of the fragments are
listed in Table 1. pCg45 and pCgl3 share a 720-bp fragment,
while all three have a 115-bp fragment in common. The end
fragments of each were identified by labeling the 5' ends with
32P before restricting with Hpa II (Table 1).

pCg1O, pCgl3, and pCg45 were also restricted with EcoRI
and BamHI. All three were found to have a single EcoRI and
BamHI site near one end. Since the small BamHI fragments
were each 200 bp larger than the small EcoRI fragments, the
two sites appeared to be separated by 200 bp. To confirm this,
we digested all three plasmids with both EcoRI and BamHI.
Three fragments with identical mobility corresponding to an
approximate size of 200 bp were produced (data not shown).
A similar 200-bp BamHI-EcoRI fragment has been reported
to be located in double-stranded chicken calvaria procollagen
cDNA, and a clone containing this sequence has been identified
(19).
To determine the orientation of the ends of each of the in-

serts, we codigested them with Hpa II and either BamHI or
EcoRI to determine which Hpa II fragment contained the
BamHI or EcoRI site. As a result, a unique restriction map of
the three inserts was deduced (Fig. 1).
To confirm the restriction maps of pCglO, pCgl3, and

pCg45, we electrophoresed Hpa II fragments of pCg45 and
pCgl3 inserts on two 1.6% agarose slab gels and blotted them
onto nitrocellulose paper by the Southern method (17). One
sheet was then hybridized to pCg45 while the other was hy-
bridized to nick-translated pCglO. Fig. 2 shows the autora-
diograms obtained after hybridization. pCg45 hybridized to
each of its fragments as expected. It also hybridized to the 950-,
720-, and 400-bp fragments of the pCgl3 insert and thus es-
tablishes the sequence homology of pCg45 and pCgl3. Fur-
thermore, it hybridized to the Hinf fragments of pBR322, as
expected, since the intact recombinant plasmid was nick
translated. The hybridization pattern of nick-translated pCglO
was similar but not identical to that of pCg45. In particular,
pCglO did not hybridize to the 800-bp fragment of pCg45 or

end, first loading (long run); Hpa II 800-bp end, second loading (short
run). Bar (_) shows where HindlII linker joins cDNA. Arrows
identify the G pairs corresponding to glycine codons. Star locates the
position where a pair of adenines were unidentifiable because a nick
in the DNA whose sequence was determined resulted in the appear-
ance of an unreacted labeled fragment appearing as a heavily labeled
band in all four lanes. The A doublet was identified in earlier sequence
determinations of the Hpa II 800-bp end of pCg45 insert. XC, xylene
cyanol.

XC.
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pG-C-T-T-G-G-G-C-A-A-A-C-C-A-G-G-C-G-A-A-A-G-G-G-G-T-C-T-C-C-A-T-G-G-T-
+
Gly - Lys - Hyp - Gly - Glu - Arg - Gly - Leu - His - Gly -
478

Hae III

G-A-A-T-T-T-G-G-T-G-T-C-C-C-T-G-G-T-C-C-T-G-C-T-G-G- -C-C-A-A-G-G-G-G-C-

Glu - Phe - Gly - Val - Hyp - Gly - Pro - Ala - Gly - Pro - Arg - Gly -
488 498

FIG. 4. DNA sequence of the 5' end of the sense strand ofpCg45 and the corresponding amino acid sequence, identical to residues 478-499
of the chicken a2 collagen chain. The first nucleotides are the HindIII linker. Numbering of the amino acid residues follows that used by Fietzig
and Kuhn (21), in which the first glycine of the triple helical region is numbered 1.

the 400-bp fragment of pCgl3 as shown in Fig. 2, thereby
confirming the restriction map in Fig. 1.

Primary Sequence of 5' Ends of pCg45. Since pCg45 is 2550
bp long, one end of it was expected to contain part of the tri-
ple-helical coding region of the procollagen chain, and the se-
quences of both ends were therefore determined. The EcoRI
end fragment had a very T-rich sequence following the HindIII
site: TgGGT8CT3. This could correspond either to the A-rich
region commonly found at the 3' end of the noncoding region
or to the poly(A) end. Although the interspersion of bases other
than A is more frequent than expected for a poly(A) end, silk
fibroin mRNA has a poly(A) containing 17.5% of nucleotides
other than A (20).
The nucleotide sequence of the 5' end of the 800-bp Hpa II

fragment is displayed in Fig. 3. The appearance of guanine
pairs at regular intervals required by the (Gly-X-Y)n collagen
sequence is immediately evident. This sequence corresponds

2 3

FIG. 5. Localization of frequently occurring GGCC sequences
in pCg45 insert. Hpa II fragments of the pCg45 insert were digested
with Hae III and electrophoresed on an 8% polyacrylamide slab gel.
Lane M displays the Hinf fragments of pBR 322 used as size markers.
Hae III digests of the Hpa II fragments are shown as follows: lane 1,
digest of 720-bp Hpa II fragment; lane 2, digest of the 900-bp Hpa II
fragment; and lane 3, digest of the 800-bp Hpa II fragment.

to the amino acid sequence shown below the nucleotide se-
quence in Fig. 4. This in turn corresponds precisely to amino
acids 478-499 in the middle of the chicken a2 chain (22, 23).
This sequence is distinguished by the location of a Phe residue
in the Y position at residue 489. Phe residues in collagen se-
quences otherwise invariantly appear in the X position (21).
Therefore pCg45, as well as pCg13 and pCgl0, can be defi-
nitely identified as pro a2 collagen clones.
Hae III Fingerprint of pCg45. More than half of pCg45

codes for the triple-helical region of the collagen chain. Since
on the average every third Gly in this region is followed by a
Pro, there is a high probability that a Hae III site, GGCC, occurs
at regular intervals if G or C can be in the third position of the
Gly codon. The Hae III digest of the three large Hpa II frag-
ments of pCg45 (Fig. 5) confirms that there are indeed multiple
Hae III sites in both the 720- and 800-bp fragments. A set of
fragments ranging in size from about 30 bp to slightly less than
100 bp can be seen. Each is approximately 9 bp larger than the
next (8, 9, or 10 bp would be expected depending on whether
C or G is in the third position in successive glycine codons). In
contrast, the 900-bp fragment, which does not correspond to
the triple-helical region, has only a few Hae III sites. The ap-
pearance of numerous Hae III fragments, each separated by
about nine nucleotides can thus serve as a fingerprint of the
triple-helical coding region of collagen. Their presence estab-
lished the colinearity of the 720- and 800-bp fragments with
the triple-helical coding region of the sense strand.

DISCUSSION
The successful amplification of chicken pro a2 collagen cDNA
sequences up to 2550 bp long has been confirmed by primary
sequence analysis and by restriction mapping. Although pCg45
contains only half of the collagen mRNA sequence, it is some-
what larger than the silk fibroin clones (24, 25) as well as the
cDNA clone containing almost the complete ovalbumin mRNA
sequence (26).
The extension of pCg45 to residue 478 in the triple-helical

region of the chicken a2 chain places a firm constraint on the
number of nucleotides that are available to code from the a2
COOH-terminal propeptide and for the 3' noncoding region.
In addition to the 1599 nucleotides needed to code for the tri-
ple-helical region which ends at residue 1011, 18 nucleotides
are needed to code for the six amino acids that comprise the
COOH-terminal nonhelical teleopeptide. Therefore, less than
950 nucleotides are available for the propeptide and for the
noncoding region. Unless the size of the propeptide is consid-
erably smaller than the estimates of 300-340 residues (27, 28),
the A-rich 3' end of the coding strand must correspond to the
beginning of the noncoding region. Since it is now possible to
deduce the sequence of this propeptide by the rapid DNA se-
quencing methods, we will be able to find out its exact size as
well as its sequence, which has not been determined so far.
The multiple Hae III sites found in the triple-helical coding

region of the sense strand indicate there is no stringent selection
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against C and/or G in the third position of the Gly codon, even
when Gly is followed by Pro. Half of the Gly codons in the-66
nucleotides shown in Fig. 4 end in C. The very stable regions
of secondary structure these GC regions are likely to generate
(29) may explain why procollagen mRNAs are difficult to
translate in vitro.
The availability of a sequence complementary to half of pro

a2 collagen mRNA in unlimited amounts makes possible the
study of the expression of type I collagen genes, as well as the
screening for the pro a2 structural gene, and the study of pri-
mary transcripts of this gene in both tissues that make collagen
and in tissues that do not.
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