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SYNTHESIS OF HUMAN PROCOLLAGENS
AND COLLAGENS IN RECOMBINANT DNA

SYSTEMS

Lancet 1989,L, 924-927; Knowlton et al, N. Engl. J. Med.
1990,322,526-530;Ala-Kokko ct al., Proc. Natl. Acad. Sci.
U.S.A.1990,87,6565-6568,but becansc adequate numbers
of human cartilage cells are dificult to obtain and becausc
human chondrocytes readily lasc their phenotype in culture.
Elima and Yuorio. FEBS Lent. 1989.258,195-198; Aoll-
house ct al, fn Wiro Dev. Biol. 1989,25, 659-668, the causal
relationship belwcen a mulation in the gene and the biologi-
cal function of the protcin has proven elusive.

10 Also, failure lo obtain expression of genes for human
fibrillar collagens has made it impossible to prepare haman
fibrillar procollagens and collagens that have a number of
therapeutic uses in man and that will not produce the
undesirable immune responses that have bcen cncountered
with use of collagen from animal sources.

GOVERNMENT RIGHTS

This inventian was made in the course of research sup-
ported in part by NTH granta AR38188 and AR39740.The
Governmen may have certain righis in this inventiom.

BACKGROUND OF THE INVENTION

This application is a continuation-in-pant of U.S. appli-
cation Ser. No.08/037,728, filed as PCT/US92/09061 Oct.
27.1992,now U.S. Pat No. 5,405,757, which is a continu-
ation of U.S. application Ser. No.07/780,899, filed Oct.23, 15
1991,now abandoned. Recently however, Applicants described the exprossion of

a human iype II procollagen in mouse 3T3 ceils using a
promoter from the human type I procollagen genc. Ala-
Kokko et al. J. Biol. Chem. 1991,266, 14175; Ala-Kokko
et al., Matrix 1990,10,234.

Expression of mary exogenous genes is readily obiained
in a variely of recombinant hosl-vector systems, but
becomes difficult o obtain if the prolcin normally requires
extensive posl-translational processing. This is the iikely
reason that expression in a fully ncombinant system has not
been reported for any of the major flbrillar cotlagens that
require processing by posl-ranslational cnzymes. See
Prockop and Kivirikko, N. Engl J. Med. 1984,311.

20

SUMMARY OF THE INVENTION

The present invention involves the preparation of gene
constructs thal contain collagen genes of human and ather
origins. One of the geane constructs is hybrid of a human
gene for type I procoliagen(COL1A1) and a human gene for
iype I procollagen (COL2A1). The 5'-end af the constuct
contains the promoter, exon I and inron 1 of the COLIA1
geme fused to inron I of the COL2A1 gene.The construct
is designed so thal the promoter and putative enhancer in the
first iniron of the COLIA I drive expression of the COL2A1
gene and cause production of human type II procollagen.
The COL2A? gene consisted of two Sph[/SphI fragments of
the gene lotalling about 26,000 base pairs. This constuct
contains all the coding sequences of the gene except for the
few codons of a signal pepide in exon I and an allemalively
spliced exon that fallows cxon 1. Some versions of the
construct also include a 3,500 base pair Sphl/SphI fragment
from the 3'end of the gcne thal is needed for comedt
polyadenylation of the mRNA.

25
376-386.Pralyl 4-hydroxylase is probabiy one of the most
important post-translational enzyme necessary for synthesls
of procollagen or collagen by ceills because it is required to
hydroxylate prolyl residues in the Y-position of the repeating
-Gly-X.Y. sequences to 4-bydroxypralinc. Prockop and
Kivirikko, N.Engl. J. Med. 1984,3Il,376-386.Unless an
appropriste number of Y-position prolyl residues are
hydroxylated to 4 hydroxyproline by prolyl 4-hydroxylase,
the newly synthesize chains cannot foid into a riple-helical
conformation al 37° C. If the hydroxylation does nol occur,
the polypeptides remain non-hekical, are poorly secreted by
cells, and cannot self-assemble into collagen fibrils.
Recently. prolyl 4-hydroxylase, was expressed in baculovi-
rus. Vuorio, K.et al.. Proceedings of the National Academy
ofScience, U.S.A., 1992.89,7467-7470.

30

35

40
Schnicke et al., Proc. Nanl. Acad Sci. ULS.A. 1987, 84.

8869-8873 and Lee et al, I. Biol. Chem. 1989, 264.
20683-20687, disclose rescue experiments in two different
systems that synthesized only one of the two chains for type
I procollagen. Schnieke et al,meported that a gene for the
haman fibrillar collagen proal(1) chain, the COL1A1 gene,
can be expressed io mouse fibroblasts and that the chains are
used to assemble molecules of lype I procollagen, the
precursor of type I collagen. However, in this system the
proa2(T) chains found in the same molecule are of mouse
origin. In the system of Lee et al. the proal(I) chains are of
rat origin. Thus, synthesis of a procollagen molscule in
which all three chains are derived from an exogenous gene
was not obuained by either Schnicke et al, or Lee et al.

A second construct has the promoler, the first exon, thc
intron, and about half of the second exon of the buman
COL1AI gene as the 5'-fragment of the construct. The
5'-Fagmenl is joined through a unique Kpnl restriction
endonuclease site to a cDNA that contains all the coding
sequences of tbe gene excepl for those contained in the first
one and one-half cxons.In addition, the 3'end of the cDNA
is linked through an EcoRI site to an EcoRJ/EcoRI fingment
of aboul 0.5 kb from the 3'-end of the COLIAl gene.A
series of additianai consructs use the highly active promoter
for the cytomegalic vinus to drive expression of full-length
cDNA, for the human COL1Al gene. All the constructs
have been engineered so thal they have unique restriction
endomuclease siles at their 5'-and 3'ends and, therefarc, can
be excised from vector sequences.

45

50

Failure to obuuin expression af genes for fibrillar col- 55
lagens in a fully recombinant system has bampered altemplts
to study the normal structure-function relationships of the
proteins and to sludy the effects of mulations. In paricular,
muuaions in the gene for type JI procollagen have recently
been implicated as the cause of several buman discases,60
Anderson et al.,Am. J. Hum. Gener. 1990, 46,896-901;
Tiller el al, Pwe. Natt. Acad Sci. U.SA. 1990,87,
3889-3893; Vissing ei at., J. Biol Chem. 1990,264,
18265-18267; Lee et al, Science 1989,244, 978-980,
Ftrancomano el al, Genomics 1987,1, 293-296; Xnowtion 65
et al. Am. I.Hum Genet. 1989,45,681-688; Ahmad et al,

The present invention involves transfection and expres-
sion of collagen gene constructs into selected cells. In some
prefered embodimenls of the present invention, selected
cells express one or more post-translational enzymes impor-
ant to ihe biosynthesis of procallagens and collagens. For
example, prolyi 4hydroxylasc is a_post-iraislatiomal
enzyme imponant to the biosyndhesis of procollagens and
collagens. The enzyme must hydroxylate about 100 molyl
residues in the Y position of the repeating -Gly-X-Y irip-
eptide strucnures of procollagens and collagens to 4-hydrox-Am.J. Hum. Genet. 1990, 47, A206; Palotie et al, The
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yproline in arder for the procollagens or collagens to fold
into a stablc triple-helical conformation at body iemperature
of the organism synthesizing the protcin. Thus, in some
preferred embodiments of the present invention cells which
express prolyt 4-hydroxylase are preferred. Such cells may
naturally cxpress the post-translational cnzymes, or may be
transformed with genes coding for post-translational
enzymes such as pcolyl 4-hydroxylase. Mammalian cells.
insect cells, or yeast cells are preferred. Mammalian cells,
insect cells and yeas cells which are transfocled with at lcast 10
one set of genes coding for a posl-translational enzyme such
as prolyl 4hnydhoxylase, may also be transfected wih col.
lagen gene constructs in yea other preferred cmbodimenus of
the present invention. The invention can also employ other
cells that can be culkured and contain the necessary post 15
translational enzxymes and secretory mechanisms, such as
chinese hamster ovary cetls.

lagen that contained proal(I) chains, presumably in the
form of the normal heterotrimer with the composition two
proa(l) chains and one proa2(I) chain.
HG.4 is a schematic representation of the cDNA for the

proal(I) chain of human type I procollagen thal has been
modified to contain artificiai sites for cleavage by specific

restriction endonucleases.
FG.5 is a photograph showing analysis by non-denatur-

ing 7.5polyacrylarnide gel clectrophoresis (lanes 1-3) and
10polyacrylamide gel electrophoresis in SDS (lanes 4-6)
of purihed chick prolyl 4-bydroxylase (Ianes I and 4)and
the proleins secrated into medium by SI9 cells expressing
the gene for the a-subunit and the β-subunil of human prolyi
4-hydroxylasc and infected with aSB/β virus (lanes 2 and 5)
or with as9β virus(lanes 3 and 6).a58/β and a59/β difier
by a strelch of 64 base pairs. Lanes 1-3 are protein separated
under non-denaluring conditions and sbowing tetramers of
the two kinds of subunits. Lanes 4—6 are the same samples
separated under denaturing conditions so that the two sub-
units appear as separate bands.

BRIEF DESCRIPTION OF THE DRAWTNGS
20FIG. 1 is a photograph showing analysis by polyacryla-

mide gel electrophoresis in SDS of the praleins secreted into
medium by HT-1080 cells that were transfected with a gene
construct coniaining the promoter, first exon and most of the
first intron of the human COL1A1 gene linked to 30 kb
fragment comaining all of COL2Af except the first two
exons. The cells were incubated with {'Clprotine so that the
medium proteins could be analyzed by autoradiography
(storage phosphor Him analyzer). Lane't shows that the
unpurificd medium proteins are comprised of three major
poiypeptide chains. The upper two are prowl(TV)and
proa2(IV) chains of type TV collagen that are synthesized by
cells not transfected by the construct (not shown). The third
band is the proal(II) chains of human type II procollagen
synthesized from the construct. Lanes 2 and 3 are the same
medium protein ater chromatography of the medium on an
ion excbange colurn (DE.52, Whatman, at pH 7.4 in lane
2 and at pH 7.0 in lane 3). The lype li procollagen appeared
in the void volume of the ion exchange column.

DETAILED DESCRIPTION OF THE
INVENTON

25 It has been established thai most forms of osieogenesis
imperfecla (OI) are caused by dominant mulatons in one of
the two genes tor type I procollagen.Also, at least a subset
of post-menopausai osleoporosis is cansed by slmilar muta-
tions in the lwo genes for type I procollagen. It has further
bcen reported that mutaiions in the type Ii procollagen gene
cause human discases such as chondrodysplasia, and a
subset of primary generalized osteoarthritis. lt has funher
been repored that mutations in the type II procollagen gene
(COL3Al) cause human diseases such as a lethal vaniant of
Ehlers-Danlos syndrome (type IV) and familial aneurysms.
Moreover, it has been demonstrated that the kidney disease
known as the Alport syndrome is caused by mutations in one
of the genes (COL4A5) for type IV collagen. It has further
been demonstrated that injections of suspensions of collagen
Abers are effective for the treatment of cosmctic defects as
well as physical weakness of tissues such as sphincters.

30

35

FG. 2 is a photograph showing that the type II procol. 40
lagen secreied into the mecium from cells describedin FIG.
I was folded into a correct native conformation. The
medium procins were digesied al the temperatures indicaied
with a high concentration of trypsin and chymotrypsin under
condiuions in which conectly folded uriple-helical procol- 45
lagen or collagen resisls digestion but unfolded or incor-
reclly folded procollagen of collagen is digested to small
fragments (Bruckner and Prockop,Anal Biochemistry 1981,

The present invention concerns cells in which one of these
fibrillar procollagens is expressed both as mRNA and as a
protein. Additionally, the present invention concems types I,
, and II procollagens expressed in a mammalian ceil line,
an insect cell line, or a yeast cell line, and the eslablishment
of transfected cell lines comprising these procollagen genes.

110,360). The products of uhe digestion were then analyzed
by polyacrylamide gel eleetrophoresis in SDS and fluorog- 50
raphy. The results show that the type fI procollagen resisted
digestion up to 43° C., the nonmal temperature at which type
II procollagen unfolds. Therefore, the type fI procollagen is
correclly folded and can be used to generate collagen ibrils.

The present invention further provides that the gene
constructs can be used to synthesize human fibrlllar procol-
lngens in the HT-1080 human tumor cell line. This human
cell line has been a ready source of type IV collagen, the
maijox collagen of basement membranes. Because type TV
collagen is not a fibril-fonming procollagen or collagen, it
can be readily separaled by a simple chromalographic pro-
cedure frorn any fibrillar procollagen. Hence, the invention
provides methods whereby a human fibrillar procollagen can
be readily separated frori products of an endogcnous col-
lagen gene. Moreover, HT:1080 cells grow extremely rap-
idiy in culture and can be mainlained for long perlods of
time.

FIG. 3 is a photograph showing analysis of medium of ss
HT-1080 cells co-transfected with a gene for COLIA] and
a gene for COL1A2.THE COLIA2 was linked to an active
neomycin-resistance gene but the COLIAl was not. The
cells were screened for expression af the COL1A2-neomy-
cin resistance gene construct with the peomycin analog 60
G418. The medium was analyzed for expxession of the
COLIAI by Westem bloting with a polyclonal antibody
specific for the human proa!(i) chain.Lane ] indicates that

the medium proicins conained proa(1) chains. Lane 2 is an
anthentic standard ot type I procollagen contalning proal(I)65
chains and parially processed pcai() chains. The results
demonstrate that the cells synthesized human type procol-

Additionally, the present invention provides for a single
procollagen or collagen gene or a number of different
procollagen or collagen genes expressed within a cell.
Further,it is conlemplated that the there can be a onc or more
copies of a single procollagen oc collagen gene or of the
nomber of difterent such genes transfeced into ells and
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expressed. The presenu invention pravides that these cells from products of the recombinant genes. Using methods of
the prescnt invention, purification of human procollagen is
greatly facilitated. Morcover, it has been demonstrated thal
the amounts of prolein synthesized by the methods of the

present invention are high relative to other systems used in
ihe art

can be transfictod so tbal- they express at least one human
procollagen gene, especially but not limited to thc COL?Al
genc encoding the procxl(I) procollagen chain of human type
I procollagen. It is also provided that the cells can be
iransfected with and express both COL1Al and COL[A2
genes so that both proa2() and proal(I) chains are simul-
taneously syathesized and assembled into normal helerotri-
meric molecules of type I procollagen. Moreover, the
present invention provides that cells can be transfected with
and express the COL2A1 genc encoding the proal(I) chain
of bhuman iype II procollagen. It is further prorided that cells
can be transfected with and express the COL3Al genc
encoding the pmal(III) chain of type II procollagen. The
invention also provides that any procollagen or collagen
gene transfected into and expressed within cells may com-
prise a mutant, variant, hybrid or recombinant gene. Such
mutanl, variant, hybrid or recombinant gene may inchude a
mutation which provides umique restriciion siles for cleav-
age of the hybrid gene. In some prefered embodiments of
the present invention, mutations providing one or more
uniquc restriction sites do not alter the amino acid sequence
cncoded by the gene, but merely provide uniqoe restriction
sites useful for manipulation of the gene. Thus, the modified
gene would be made up of a number of diserete regions, or
D-regions, flanked by umique resiriction sites. These discrete
regions of the gene are herein refened to as cassettes. For
example, casseltes designated as D1 through D4,4 are shown

5

Other novel features of the methods of present invention
are that procollagens synthesized are correcly folded pro-
teins so ihat they exhibit tbe normal triple.helical comfor-
mation characteristic of procollagens and collagens. There-
fore, the procollagens can be used to geoerate stable
collagen fhbrils and fibers by cleavage of the procollagens
with proleases.

10

The present invention is in contrast lo Schnieke et al, who
reported that a gene for the human fibrillar procollagen
proal(I) chain, the COL1Al gene, can be expressed in
mouse fibroblasts and the chains used to assemble molecules
of type I procollagen, the pnecursor of type 1 collagen.
However, in the system of Schoieke et al, the proa2(I)
chains found in the molecule of type I procollagen were of
mouse origin.Hence, the type I procollagen synthesized is
a hybrid molecule of homan and mouse origin. Similarly, the
sysiem of Lee et al. expmessed an exogenous proa2(I) geme
lo generate type I procollagen in which the proal(I) chains
were of rat origin. The present invention provides methods
for the production of procollagens or collagens derived
solely from transfected procollagen and collagen genes, but
thesc methods are not limiled to the producuion of procol-
lagen and collagen derived solely from transfected genes.

15

20

25

in FlG. 4.Multiple copies of a gene cassette is another
variant of the present gene which is encompassad by the
present inventon. Recombinant or mutant genes or cassettes
which provide desired characteristics such as resistance to
endogenous enzymes such as collagenase are also encom-
passed by the present invention. Further, the present inven-
tion provides tuansfected cells substantially all of which
comprise other procollagen or collagen genes, preferably but
nol limited to types I, I, III procollagen genes or type IV
collagen genes. The present invention conlemplates that
transfected cells may be mammalian cells such as human
tumor cells, especially but not limited to HT-1080 cells. In
other embodiments of the present invention, transfected
cells are insect cells such as baculovirus Sf9 cells. In still
other embodiments of the present invention, transfected
cells are yeast cells, such as Saccharomyces cerevisiae or
Pichia pastoris celfs. In preferred embodiments of the
preseot invention, cells such as mammalian, inseet and yeast
cells, which may not nalurally produce suficient amounts of
post translational enzymes, are transformed with at least one
set of genes coding for a post-translational enzyme such as
pralyl 4-bydroxylase.

30 Ao advanlage of homan collagens of the present invention
ia tal these collagens will not produce aliergic responges in
man. Moreover, collagen of the present invention prepared
from cultured cells should be of a higher quality than
collagen oblained from animal sources, and should form
larger and more tiginly packed fibers. These higher quality
proteins should form deposits in tissues that last much
longer than the curenuly available commercial maicrials. It
is known that using currently available methods, mosl
injections of collagen for cosmetic purposes have lo be
repeated as frequently as every 6 months. Human prolein of
the present invention should tast much longer after injection
into human tissucs.

35

40

Methods of the present invention provide a practical
source of a human fibrlllar collagen similar to animal
collagens that are widely used for injection to remove
cosmetic wrinkles, and cosmetic defects of other nanurres;
and are also being used to rmstore the tensilc strength of
tissucs such as the sphincter of the bladder in the treatment
of urinary incontinence. Animal collagens are also used in
mixtures with ceramics and other materials to fill in defects
io bone and enhance bone growth. Type I collagen from
animal sourees has been used commercially. However, 2
coovenient souree of human collagen for therapeutic use is
still sorely needed.

45

50
The present invention funher contemplates cells substan-

tially all of which comprise at least one transfected human
procollagen or collagen gene having at least one chain
derived from a transfected or collagen procollagen gene or
genes and at least one chain derived from an endogenous
haman or non-human procollagen gene or genes, other than
the [procl(I)]2proa2(I) collagen molecule consisting of
human proal(I) moieties and non-human proa2(I) moicties,

or non-buman procl(I) moicties and human proa2(1) moi.
ctics.

55
Further, the present inventian coniemplates that buman

type U procollagen, the precursor of the major collagen of
canilage may have special use in the repair of cartilage
damage. Moreover, modified human type I procollagen
comprising s proal(I) trimer expresged according to the
methods in the present invention ts also contemplaled.Also.
type I procollagen comprised of iwo proal(I) and one

60
A novel feature of the methods of the lovention is that

relaively large amounts of a human forillar procollagen can
be synthesized in a recombinant cell culmre system that does
no make any other fibrillar procollagen. Syslems thal make
other fibrillar procollagens or coliagens are impractical
because of the exireme difficully of purifying the product of
the endogenous genes for fibrillar procollagen or collagen

proa2(1) chains derived from transfected homan genes is
contemplated. Also, type IⅢI pracollagen comprised of three
procl(in) chains derived from tansfected human genes is
conkemptated. In addition, specifically engineered forms of
these collagens are contemptated

65
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Methods are provided for symhesizing fibrillar cotiagenin
cells comprising transfecting at least one human procolagen
or collagen gene imuo cells and selecting transfected cells
that comprisc molecules derived from a procollagen or
collagen gene or genes, other than the [proal(I)]2proa2(I)
molecule consisting of buman proal(I) moieties and non-
human proa:2(T) moicties, or non-haman a1(I) moieties and
human ax2(I) moictics. Furher, methods whereby at least
one of the human procollagen genes is a mulant, variant.
hybrid or recombinant gene are also contemplated. Addi-10
tionally. the present invention provides methods whercby
substantially all cells iransfected with at least one procol-
lagen gene comprise type III and other procollagen genes.
Further, methods are coniemplated wherein transfected cells
are human tumor cells, especially but not limited to HT-1080 15
cells. Methods are also provided whereby transfected cells
comprise independendy, substantially ne endogenously
derived collagen molecules, endogenously derived type l
procollagen moleculcs, cndogenously derived type li pro-
collagen molecules, endogenously derived type m procol· 20
lagen molecules, or endogenously derived type IV collagen
molecufes. Other methods are provided whereby subslan-
tially all of the transfected cells comprise at least one
transfected human procollagen gene and express procol-
lagen or collagen molecules having at Ieasl one chain25
derived from the transfected gene, other than the [pxoal①]
2proa2(I) collagen consisting of human proul(I) moietics
and non-human proa2(T) moieties, or non-human proal(1)
moieties and human proa2(I) moieties. Other preferred
methods are provided whereby substantially all tramsfected 30
cells comprise al leasl one transfected haman procollagen
gene and express procollagen molecules having three chains
derived frorn the transfected collagen gene or genes.

EXAMPLE 2

Synthesis of Ifuman Typc 1 Procollagen
As a second example, HT-1080 cells were co-transfecued

with a COL1A1 genc and a COL1A2 genc. Both genes
consisted of a cylomegalic virus promoter linked to a
fullJength cDNA. The GOL1A2 gene construct bul nol the
COL?A1 gene constuct conlained a neomycin-resisuance
gene. The cells were selected for expression of the
COL1A2-neomycin resistance gene construct by growth in
the presence of the neomycin-analog G418.The mcdium
was then examined for expression of the COLIA] with a
specific polyclonal antibody for human proal(T) chains. The
results (see FIO. 3) demonstrated that the cells synthesized
human type I procollagen thal was probably comprised of
the pormal helerotrimeric stracture of two proal(I) chains
and one proa:2(l) chain.
Table I presents a saummary of the DNA constructs

containing buman procollagen genes. The constructs were
assembled from discrete fragments of the genes or cDNAs
from the genes together with appropriate promoler frag·
ments.

TABLE 1
Con- Cenural
wvcts Send Regjion 3end Prourin prodact
A Ptomolx Erons 30 3.5 Lb Humuin lype lI

(2.5 kb}+ 54 trom SphlSphl procollagen.
eon l+ COL2A1 fragmcot imoa!a,
taneu 1 frum from 3"tmd
COL1A1 of COL2Al

8 Fromoter Exons l to 3.5 xb Human typo I
(2.5 kb)ot 54 from Sphl/Sphl procollagen,The preseat invention is fiurther illustraied by the follow.

ing examples. which are not intended to be limiting in any 35
way.

COL1A1 COL2AI fngment [proal(?
fruru 3'-cnd
n G0LAI

PromolerC cDNA fr 0.5由 Hamn type I
(25 kb)+ C11A1     fngnat prooallngen,
x001+ excepl for   fram ipoaic;EXAMPLES intron1+ fist I COLIA1

40 half of exon txons
2 fom
COLIA1EXAMPLE 1 D Cytomegalic cDNA Human type t
vinas from yocalagen,
promour COLJA] lproal0

45 B Cytome galic   cDNA Humn type JSynthesis of Human Type Ⅱ Procollagen virnu from [proal()
A recombinanl COL1Al gene construet emplayed in the

present inveation comprised a fragment of ihe 5'-end of
COLIA1 having a promotor, exon I and intron [ fused to
exons 3 through 54 of a COL2A1 gene. The hybrid construct
was transfecued into HT-1080 cells. These cells were co-
transfected with a neomycin-resislance gene and grown in
the presenec of the neomycin analog G418. Thc hybrid
construct was used to generate transfected cells.

promour COL1A2 po02D|

when eapressed
with construdt
C oc D

50

EXAMPLE3

Cell TransfectionsA series of clomes were oblained that synthesized mRNA 55
for human type II procollagen. To analyze the syothesized
proteins, the cells were incubated with ['*Clproline and the
C-labeled medium proteins were analyzed by gel electro-

phoresis. Sce HIG. 1. As indicated in Lane 1, the medium
proteins contained the expected type II procollagen com- 60
prised of proal(II) chains logether with prowl(TV) and
proa2(IV) chains of type TV collagen pormally synthesized
by the cells. As indicated in Lanes 2 and j, the type Ⅱ
procollagen was readily purifhed by_a single step of ion
exchange chromatography. The lype II procollagen secreted65
into the medium was correctly folded by a protease-thermal
stability lest. See HG.2.

For cell transfection experiments, a cosmid plasmid clone
containing the gene construct was clcaved with a rstriction
endonuclease to release the construct from the vector. A
plasmid vector comprising a neomycin resistance gene, Law
el al, Molec. Cell Biol. 1983.3.2110-2115, was linearized
by cleayage with BamHI. The two samples were mixed in a
ratio of approximately 10:1 gene construct to neomycin-
resistant gene, and the mixture was then used for co-
transfection of HT-1080 cells by calciom phosphate co-
precipitation, Sambrook et al., Molecular Cianing,A
Laboratory Manual Cold Spring Harbor Laboratory Press,
Second Edition (1989). DNA in the calcium phasphate
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solution was layered onto cultured cells with about 10μg of
chimeric gene construct per 100 ml plate of preconfluent
cells. Cclis were incubated in DMEM containing 10%
newtorn calf serum for 10 hours. The samptes were sub-
jected to glycerol shock by adding a 15glycerol solution
for 3 minutes. The cells were then trnsferred to DMEM
medium containing newborn calf scrum far 24 hours and
then to the same medium containing 450 μg/ml of G418.
Incubation in the medium conlaining G418 was continued
for aboul 4 weeks with a change of medium every third day. IO
G418-resistant cells wer cither pooled or separate clones
obtained by isolating loci with a plastic cylinder and sub-
cultured.

tubes. The sample was prcincubated al the tcmperature
indicaled for 10 minutes and the digcstion was carricd out al
the same temperature for 2 minntes. For the digestion,a 0.1
volume of the modifed Krebs II medium containing 1
mg/ml trypsin and 2.5 mg/ml a-chymotrypsin (Bochringer
Mannheim) was added. The digestion was stopped by add-

5

ing a 0.1 volome of 5 mg/ml soybean trypsin inhibitor
(Sigma).

For analysis of the digestion prodacts, the sample was
rapidly immersed in boiling water tor 2 minutes with the
concomitant addition of a 0.2 volume of 5 x clecuophoresis
sampic buffer that consisted of 10SDS, 50glycerol, and
0.012�romphenol blue in 0.625M Tris-Hci buffer (pH

6.8). Sampleg were applied to SDS gels with prior rduction
by incubating for 3 minules in boiling water after the
addition of 2�-mereaptocthanol. Electrophoresis was per-
formed using the discontinuous system of Lacmmli, Narare

EXAMPLE 4 15
Western bloting

1979,227,680-685, with minor modifications described by
de Wel el al, Journal of Biologicat Chemisrry 1983,258,

For assay of expression of the COL2Al genc, polyclonal
antlbodies were prepared in rabbits using a 23-residuc
synthetic pepxide that had an amino acid sequence found in
the cooH-ierminal telopeptide of type Ii collagen. See
Cheah et al,Proc. Nail'Acad. Sci. U.SA. 1985,82,

20 7721-7728.
EXAMPLE 6

2555-2559.The antibody did not react by Westem biot
analysis with proa chains of human lype I procollagen or
collagen, human type I procollagen or collagen, or mnrine
type I procollagen. For assay of expression of the COL1A1
genes, polyclonal antibodics that reacted with the COOH-
terminal polypeptide of the pxoal(I) chain were employed.
See Olsen ei al, J. Biol Chem. 1991,266,1117-1121.

Specifically Engincered Procollagens and Collagens
25 As indicated in FIG. 4, a hybrid gene consisting of some

genomic DNA and some cDNA for the prala(I) chain of
human type I procollagen was the starting malernal. The
DNA sequence of the hybrid gene was analyzod and the
codons for amino acids that formed the junctions belwecn

the repeating D-periods were modifted in ways that did not
change the amino acids encoded but did create unique sites
for cleavage of the bybnid gene by restriction endonucleases.

30Culture medium from pooled clones or individual clones
was removed and separately precipiated by the addition of
solid ammonium sultate to 30saturation and precipitates
were collected by centrifugation at 14,000 x g and then
dialyzed against a buffer containing 0.15M NaCt, 0.5mM A.Recombinant procollagen or collagen35
EDTA, 0.5 mM N-ethylmaleimide, 0.I mM and p-ami-
nobenzamidine, and 50mM This-HCl (pH 7.4 at 4° C.).
Aliquots of the samples were heated to 10P C. for 5 minutes
in iSDS, 50 mM DTT and 10?iv) glycerol, and
separated by electrophoresis on 6polyacryiamide gels
using a mini-gel apparatus (Holford SE250, Holford Scien-
tifc) run at 125 V for 90 minutes. Separaled proteins were
electroblotted from the polyacrylamide gel at 40 V for 90
minutes onto a supporied nitrocellulose membrane (Schle-

icher and Schuell). The transferred proteins were reacted for
30 minutcs with the polyclonal antibodies at a [:500(wiv)

dilutfon. Protcins reacting with the antibodies were dcttcied
with a secondary anti-rabbit IgG antibody coupied to alika-
line phosphatase (Promega Biotech) for 30 mimutes. Alka-
line phosphatase was visualized with NBT/BCIP(Promega
Biouech) as directed by the manufacturer.

The D3-period of proal() is excised using SrfI and NaeI
resiriction mucleases. The bases coding for the amino acids
found in the collagenase recognition site present in the D3
period are modified so thal they code for a different amino
acid sequence. The cassctte is ampliied and reinserted in the
gene. Expression of the gene in an appropriate bost cell will
result in lype I collagen which can not be cleaved by
callagenase.

40

45 B. Procollagen or collagen deletion mutants
A D2 period casseue (of the proal(I) chain) is excisod

from the gene described above by digestion with Smal. The
gene is reassembled to provide a gene having a specific
in-frame dcletion of the codons for the D2 period.50

C.Procollagen or collagen aiditian mutants
EXAMPLE 5

Multiple copies of one or more D-cassettes may be
inserted at the engineered sites to provide multiple copies of
desired regions of procollagen or callageo.

Demonstratian of Correet Folding of the Secreled
Procollagens 55

To demonstrate that the procollagens synthesized and
secreted in the medium by the transfected cells were car-
rectly folded, the medium proteins were digesied with high
concentrations of proteases under conditions in which only 60
comectly folded procollagens and collagens resist digestion.
For digeslion with a combination of trypsin and chymot-
rypsin, the cell tayer frorn a 25 cro flask was scraped into 0.5
mi of modified Krebs I medium containing 10'mM EDTA

EXAMPLE.7

Expression of Human Prolyl 4-Hydroxylase in a
Recombinant. DNA System

To obtain expression af the two genes for prolyl 4-hy-
droxylase in insect cells, the following procedures were
carried oul. The baculovirus iransfer vector pVLa58 was
constructed by digesting a pBluescript(Stratageme) vector
conlaining io the Smal site ihe full-length cDNA for the a
subunil of human prolyl4-hydroxylase, PA-5B (Helaakoski.

and 0.1Nonidet P-40 (Sigma). The ceills were vigorously 65
agitated in e Vortex mixer for 1 minute and immediately
cooled to 4° C. The supernatant was transferred to new
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T.elal., Proc. Nall Acad. Sci U.SA.1989,86,4392-4396),
with PstI and BamHl, the cleavage sites which closely fiank
the Smal site. The resulung Psl-Pstl and Psil-Bamlif frag-
menis coniaining 6l bp of the 5' untranslated sequence, the
whole coding region, and 551 bp of the 3' untranslated
sequence were cloned io the Psll BamHI site for the bacu-
lovinus transfer vector pYLI392 (Luckow, V.A. and Sum-
mers, M.D., Wrology i989,170,31~39). The baculovirus
transfer vecior pVLa59 was similarly constructed from
pVL1392 and amnother cDNAclone,PA.59 (Helankoski, T.ct

tions of one substate in the presence of hxed concentralion
of the second, wbile the concentrations of the other sub-
strates were held constant(Myllyla, R., Tuderman, L.. and
Kivirikko、K. I, Eur J. Biochem. 1977, 80,349-357).
Protein disulfde-isomerase activily of the β subunit was
measured by glulathiome:nsulin transhydrogenase assay
(Carmichac)et al., J.Biol. Chem.1977,252,7163-7167).
Westem blot analysis was performed using a monoclonal
antihody, 5B5, to the β subunit of human prolyl 4-hydroxy-
lase (Hoyhtya. M. el al, Eur J. Biachem. 1984,141,10al., supra), encoding the a subunit of human prolyl 4-hy-

droxylase. The cDNA clones PA-58 and PA-59 difer by a
stretch of 64 bp.

477-482).Prolyl 4-hydroxylase was purified by a procedure
consisding of poly(L-proline)alfinily chromatography.
DEAE-cellulose chromatography, and gel filtration (Kivir-
ikko, K.L, and Myllyla R., Methods Engymol.1987,144,The pVLβ vector was constructed by ligalion of an

EcoRI-BamHI fragmen of a full-length cDNA for the β
subunit of human prolyl 4-hydroxylase, S-138 (Fihlajani-

15 96-114).
HG. 5 presents analysis of the proly] 4-hydroxylase

synthesizod by the insect celis aftef purification of the
protein by affinity column chromalography. When examined
by polyacrylamide gel electrophoresis in a non-denaturing

emi.T.et al, EMBO J.1987,6,643-649) conlaining 44 bp
of the 5unsranslated scquence,the whole coding region, and
207 bp of the 3'untrandated sequence to EcoRI/BamHI-
digested pVL1392.Rccomhinant baculovirus transfer vec-
tors were cotransfecled into Sf9 cells (Summers,M. D. and
Smith,G.E., Tex. Agric. Exp. St. Bull.1987,1555,1-56)
with wild-type Autographa califormica ouclear polyhedrosis
virus(AcNFV) DNA by cnlcium phosphate transfoction.
The resultant viral pool in the supernatant of the transfexted
cells was colkected 4 days tater and used for plaque assay.
Recombinant occlusion-negative plaques were sobjected to
three rounds of plaque purification to generale recombinant
viruses totally free of conuaminating wild-type virus. The
screening procedure and isolation of the recombinant vinuses
essenually folowed by the method of Suruners and Smith,
supra. The resulting recnmbinant viruses from pVLa58,

20 gel, the recombinant enzyme co-migrated with the tet
rameric and active form of the normal enzyme purified from
chick embryos. Afier the purified recombinant enzyme was
reduced, the a. and β- subunits were detected. Table 2
presented data on the erzymic activity of the recombinant
enzyme. The Km values were deternined by varying the
concentration of one substrate in the presence of ixed
concentrations af the second wtilte the concentration of the
cxher substrates were held constant.

25

30 TABLE 2
Km valur,pM

pVLa59,and pvLβ were desiguated as the a58 vinus, a59
virus and β vitus, respectively. Subsuale 058A a59?B? Chick enryme
S9 cells were culured in TNM-FH medium(Sigma)35

sapplemenued with 10�eial bovine serum at 27° C. eiuher
as monolayers or in suspensian in spinner flasks (Tcchne).
To produce recombinanl protcins, Sf9 cells sceded at a
density of l0? cells per ml were injected at a multiplicity of

5-10 with rcombinant vinuses when the a58, a59,orβ4o
virus was used alone. The a and B viruses were used for
iniection in ratios of 1:10-I0.I when producing the prolyl
4-hydroxylase tetramer. The cells were harvested 72 hours
aher infection, homogenized in 0.01M TTris, pH 7.B/0.1 M

Fe*ī 4
2oxoglhtarair 22 25 22
acorbae 330 330 300
(To-Pm—Gly)i。 18 18 15-20

As indicated, the Michakes-Menton (Km) values for the
recombinant enzyme were the same as for the authentic
normal enzyme from chick embryos.

Since tbe transfecled insect cells synthesize large amounts
of active prolyl 4-hydroxylase, they are appropriate cells to
transfect with genes of the present invention coding for
procollagens and collagens so as to obtnin synthesis of iarge
amounts of the procollagens and collagens. Tranafection of
the cells with genes of the presenu invention is performed as
described in Examplc 3.

NaCl/0.IM glycine/toμM dithiothreitol/0.1Triton X-100,
and centrifuged. The resulting supernatants were analyzed
by SDS/10PAGE or nondenaturing 7.5PAGE and
assayed for enzyme activities. The cell pellets were further
solubilized in 1SDS and analyzed by SDS/10PAGE.
The cell medium at 24-96 hours postiofection was also

analyzed by SDS/10PACE to idendfy any secretion of the
resuilant proteins into the medium.The cells in these experi-
menis were gruwn in TNM-FH medium without serum.

45

50
EXAMPLE 8

Expression of Recombinant Collagen Genes in
Sacchharomyces cerevisiae Yeast Expressing
Recombinant Genes [or Prolyl 4-Hydroxylase

When the time course of protein expression was exam.
ined, Sf9 cells infected wih rocombinant viruses were 5s
abeled with [3?S]meahionine(10 μCvμl; Arnersham; 1
Ci=37 CBg) for 2 bours a various time points between 24

and 50 bours after infection and collected for analysis by
SDS/10PAGE. To determine the maximaf accumulation
of recombinant protein, cells were harvested at various times 60
ftom 24 to 96 hours after infection and analyzed on by
SDS/10PAGE. Both the 0.1Triton X-100- and 1%
SDS-soluble fractions of the cells were analyzed. Prolyl
4-hydroxylase activity was assayed by a method based on
the decarboxylation of 2-oxo[1.Clglutarate (Kivirkko,K. 65

The yeast Saccharonryces cenevisiae can be used with any
of a large number of expression vectors. One of the most
commonly employed expression vectors is the muli-copy 2
uplasmid that contains sequences for propagation both in
yeast and E. coli, a yeast promoter and ierminalor for
eficient transmission of the foreign gene. Typical examples
of such vectors based on 2μ plasmids are pWYG4 that has
the 2μORJSTB celements, the GAL? promoter, and the 2μ
D gene terminalor. In this vector an Ncol cloning site
containing the ATG thai is used to insert the geme for either
the a or β subunit of prolyl 4-hydroxylase. As another

I,and Myllyla, R., Methods Bnzymol. 1982, 82,245-304).
The Km values were determined by varying the concentra-
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exampie,the expression vector can be pWYG7L that has
inlact 2μ ORl, STB,REPIand REP2, the GAL7 promoter,
and uses the FLP termimator. In this veclor, the gene for
either the a or β subunit of prolyl 4-hydroxylase is inserted
in the polylinker with its 5' ends at a BamHI or Ncol site.The5
vector containing the prolyl 4-hydroxylase gene is trans-
formed into S. cerevisiae cither after removal of the cell wall
to produce spheroplasis that take up DNA on trealment with
calciom and polyethylene glycol or by treatment of imacl
cells with lithium ions. Altematively, DNA can be intro- 10
duced by clectroporation. Transformants can be selected by
using host yeast cells that are auxotrophic for leucine,
trypiophane, uracil or histidinc logether with selectable
marker genes such as LEU2, TRP1,URA3, HIS3 or LEU2-

lated by prolyl 4-hydraxylase to fold into a slable uriplc
helical conformation and therefore accompanied by thc
requisite Iolding associaled with normal biological function.

EXAMPLE 9
Expression of Recombinant Callagen Genes in
Pichin pastoris Yeast Expressing Recombinant

Genes for Proly! 4-Hydroxylasc

Expression of the genes for prolyl 4-bydroxylase and
procollagens or collagens can also be in non-Saccharomyces
yeast such as Pichia pastonis thal appcar to have special
advantages in producing high yields of recombinant proicin
in scaled-up procedures. Typical expression in the methy.
lotroph F. pastoris is obtained by the promoter irom the
tighiy regulated A0X1 gene that encodes for alcohol oxi-
dase and can be induced to give high levels of recombinant
protein driven by the promoter after acdition of methanol to
the culures. Since P'Pastoris has no native plasmids, the
yeast is employed with expression vectors designed for
chromosomal integralion and genes such as HIS4 are used
for selection. By subscquent manipulatlons of the same cclls
expression of genes for procotlagens and collagens
described herein is achieved onder conditions where the
recombinant protein is adequately hydroxylated by prolyl
4-hydroxylase and, therefore, can fold into a stable helix that
is required for the normal biological function of the proteins
in forming fibrils.

D.Expression of the prolyt 4-hydroxylase genes driven by 15
the galaciose promoters can be induced by growing the
culture on a non-repressing, non-inducing sugar so that very
rapid induction folows addition of galaciose; by growing
the culture in glucose medium and then removing the
glucose by centrifugation and washing the cells before 20
resuspension in galactose medium; and by growing the cells
in modium containing both glucose and galactose so thal the
glucosc is preferentially metabolized before galactose-in.
duction can occur. Punher manipulations of the transformed
cells are performed as described above to incorporate genes 25
for both subunits of prolyl 4-hydroxylase and 'desired col-
lagen or procollagen genes into the cells to achieve expres.
sion of collagen and procotlagen thal is adequately hydroxy-
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(A)LENOTH:4 miso lts
(B)TYPE: undso acld

(C)STRANDEDNES3: sigls

(D)TOPOLOCY Jiear

( 11>MOCBCULE TYTE:ppedn

(xi)SEQUENCE DESCRPTION: SEQ D Y0:1:

ArS TBr Hi:A;p
1

(2)TNPORMATON FOR SBQDNO2

(5)SEQUENCE CHARACTERSTNCS:
(A)ENGTt 12 bue pun
(B)TYPE; oockke acit
{C)STRANDEDNE5S:sge
(D)TOPOLOXY lac*

1 )MOLNCULE TYPE;DNA (geaomic)

(Lx)FEKTURR:
(A)NAME/KEY:CD5
(B)LOCATNON: L.12

(xi )SEQOENCE DESCRPTON:SBO DNQ:2:

A0O TAC CAT GAC 12
Att Tyr BiIAp
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(2)INFORNATON FOR SEQ D N0:3:

(1)SEQUENCFCEARACTERSTCS
(A)LENGT:4 mmimo ards
(B)TYPE mmio keid
(C)STRANPEDNESS: zingke

(D)TOPOLOCY:Lior

(i{) MOUECULE TYPE ppis

(xi)SEQUTNCE DESCRTFTON:SEQD NO:3:

Pe PtO Gly Al
1

(2)TNFORMATON FOR SEO D NO4:

(i)SEQUENCE CHARACTERISTCS:
(A)[ENCTH:4 i

(B)TYTE: miano uid
(C)STRANDEDNESS:tnglc
(D)TOPOLOGY lineur

(ii)MOLCULE TYFE pepid

(xi)SEQUEKCE PESCRPTON:SEQD NO*

Le Fro Cly Pro
1

(2)NPORSUATION FOR SEQ D NO:5:

(i)SEQCENCE CHARACTERSTCS:
(A)LEDOTH:12 bee pain
(B)TYPEt zuckic wid
(C)STRANDEDNESS:single
(D)ToPouCY: lmear

(i4)MOLECULE TYPE:DNA(gmcmir)

(1x)FBATURE:
(A)NAME/KEY;CDS
(3)LQCATTON:1.11

( xI)SEQUENCE DESCRTTION:SEQDNO:S:

CTC CCT GGT CCT
Leu Pto Gly Pro

1

12

(2)INPORMATON FQR SEQ ID NO:5:

(i)SEOUENCE CHAIACTERSTCS:

(A)LENEmt:12 bur puin
(B)TYPe ourkie icld
(C)STRANDEDNESS:umpk
(D)TQPOuoGY: lhs

ii)MOLCULE TNPE: DNA(srmis)

(【x)FEATURE
(A)NAMEKEY: CDS
(B)LOCATTON:L13

(xi)SEQUENCE DESCRFTKON: SEQ TD NO:6:

CTG CCC GGG CCT
Ley Pro Gly Pro

1

T2

(2)UNFORMATTO FOR SEQLDNO:7:

(i)EQUBNCE CHARACTEBISTCS
(A)LENGTTS mhe d

(B)TYPE: mino waid
(C)STRAXDEDNess cingke
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(D)TOPDLDGY Inarr

(A 1)MOLECCUE TNPE: pepide

(x1 }SEQUENCE DESCRTPTION; SEQ tD NOT:

A]+ Alt Gly Ar;
1

10
What is claimed: transfecting al least one human procollagen or collagen
1. Recombinant cukaryotic host cells comprising at leasl

onc transfected human pracollagen or collagen gene,
wherein said [ransfocted human collagen or procollagen
gene is selected from the group consisting of a gene eneod. IS
ing al least one polypeptide chain of human type I, buman
type II, or human type III procollagen or collegen, and at
leasl ooe transfected gene encoding prolyl 4-hydrexylase or
a subunit of prolyl 4-hydroxylase.

genr cncoding at least onc polypeptide chain selected
from the group consisting of human type I collagen or
procollagen, human lype II collagen or procollagen,
and human type III coliagen or procollagen into cells;

transfecting a gene eocoding prolyl 4-hydroxylase or a
subunit of prolyl 4-hydroxylase into said cells;

culturing said cells under conditions such that said trang-
fected procollagen or collagen genes are expressed; and

sckecting transgected cells that comprise al least one
molecule derived from said procollagen or collagen or
genes.

2.The cells of claim 1 whercin said transfected collagen 20
or procollagen gene is selected from the group consisting of
COLIAl, COL1A2, COL2A1, and COL3Ai.

3.The cells of claim 1 wherein one of said transfected
human procollagen gene is the COL1A1 gene encoding the
proal(I) chain of human lype I procollagen.

14.The method of claim 13 wherein one of said trans-
fected buman procollagen genes is the COL1A1 gene encod-
ing the proal (I) Chain of human type I procoilagen.25

4.The cells of clai 3 further comprising a transfected
procollagen gene is the COLIA2 gene encoding the
proa2(I) chain of human type I procollagen.

15. The method of claim 14 further comprising the step of
transfecting the host cell with the COL!A2 gene encoding
the proa2(1) chain of human type I procollagen.

16.The method of claim 13 wherein one of said trans-
fectod human procollagen genes ts the COL2A? gene encod-
ing the proa:l(II) chain of human type II procoilagen.

5. The cells of claim 1 whercin one of said transfected
human procollagen gene is the COL2A? gene encoding the 30
proal(I) chain of human type I procollagen. 17.The method of claim 13 wherein one of said trans

fectod human procallagen genes is the COL3A1 gene encod
ing the proa.l (IⅢ) chain of human type M procollagen.

6.The cells of claim 1 whercin one of said transfected
human procollagen gene is tbe COL3Al genes encoding the

proal(I) chain of the human type I procollagen. 1B. The method of claim 13 wherein said collagen or
procollagen comprises at Icasl one collagenase recognition
site.

7.The cells of claim I wherein said collagen or procol- 35
lagen camprises at least one collagenase recognition site.

8.The cels af claim 1 wherein said host cells are
non-human mammalian cells.

19.The method of claim 13 wherein said recombinant
host cells are non-human mammalian cells.

9. The cells of claim 1 wherein said host cells are insect
cells. 40

20.The mcthod of claim 13 wherein said recombinant
cells are insect celis.

10.The cells of claim 1 wherein said host cells are yeast
cells.

21. The mcthod of claim 13 wherein said recombinant
host cells are yeast cells.

11.The yeast cells of claim 10 wherein said cells are
Saccharomyces cervisiae,

22.The method of claim 13 wherein the recombinant
eukaryotic hosl cells are selected from the group comprising
mammalian cells, yeast and insect cells.12.The cells of claim 1 wherein sald cells are sclected 45

from the group consisting of maramalian cells, yeast and
insect cells.

23.The method of claim 21 wherein said recombinant
host cells are Saccharomyces cervislae.

13.A method for synthesizing procollagen or collagen in
recombinanl eukaryouc host ceiis coroprising: *   *   *   *    *
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