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Abstract

Recombinant collagens are attractive proteins for a number of biomedical applications. To date, significant
progress was made in the large-scale production of nonmodified recombinant collagens; however, engi-
neering of novel collagen-like proteins according to customized specifications has not been addressed.
Herein we investigated the possibility of rational engineering of collagen-like proteins with specifically
assigned characteristics. We have genetically engineered two DNA constructs encoding multi-D4 collagens
defined as collagen-like proteins, consisting primarily of a tandem of the collagen II D4 periods that
correspond to the biologically active region. We have also attempted to decrease enzymatic degradation of
novel collagen by mutating a matrix metalloproteinase 1 cleavage site present in the D4 period. We
demonstrated that the recombinant collagen �-chains consisting predominantly of the D4 period but lacking
most of the other D periods found in native collagen fold into a typical collagen triple helix, and the novel
procollagens are correctly processed by procollagen N-proteinase and procollagen C-proteinase. The non-
mutated multi-D4 collagen had a normal melting point of 41°C and a similar carbohydrate content as that
of control. In contrast, the mutant multi-D4 collagen had a markedly lower thermostability of 36°C and a
significantly higher carbohydrate content. Both collagens were cleaved at multiple sites by matrix metal-
loproteinase 1, but the rate of hydrolysis of the mutant multi-D4 collagen was lower. These results provide
a basis for the rational engineering of collagenous proteins and identifying any undesirable consequences of
altering the collagenous amino acid sequences.
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Collagens are crucial components of the extracellular matrix
supporting and holding together multicellular organisms. In
a family of collagenous proteins, fibrillar collagens play a
central role (Piez 1984; Prockop and Kivirikko 1995). Not

only are they the most abundant among all proteins but also
they possess the ability to self-assemble into highly orga-
nized fibrils that strengthen connective tissues and to inter-
act with other structural macromolecules (Eyre et al. 1987;
Weber et al. 1996), growth factors (Suzawa et al. 1999), and
cells (Loeser 1993; Svoboda 1998).

The structure of fibrillar collagens makes these proteins
unique in their mechanical properties, resistance to some
proteolytic enzymes, and ability to interact with other mac-
romolecules and cells. Collagens are composed of three
collagen �-chains that fold into a compact triple helix. In-
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dividual chains consist of ∼1000 amino acids organized as a
continuous sequence of -Gly-X-Y- repeats, in which proline
frequently occupies the -X- position and hydroxyproline is
frequently present in the -Y- position (Piez 1984). Hydroxy-
prolines are particularly important because they take part in
stabilizing the structure of collagen triple helix (Sakakibara
et al. 1973; Bella et al. 1995), and their position in the
collagen �-chains defines collagen-stabilizing domains (Si-
eron et al. 1993; Zafarullah et al. 1997; Arnold et al. 1998).
It has been suggested that those domains vary in thermo-
stability and undergo micro-unfolding in the physiological
range of temperatures. It has also been demonstrated that the
thermostability of those regions can be altered by mutations
(Royce and Steinmann 2002).

Because of their mechanical and biological characteris-
tics, collagens have numerous biomedical applications. In
tissue engineering, for example, collagens are used as ma-
terial for matrices that promote tissue repair by supporting
cell growth (Stone et al. 1990, 1992; Nehrer et al. 1997) and
by facilitating delivery of growth factors to a site of injury
(Pandit et al. 1999). Almost all of the collagen available on
the market today is obtained from bovine hide and bones.
These sources allow for the extraction of large quantities of
collagenous proteins in a cost-effective manner, but at the
same time, they do not permit molecular-level modifica-
tions that could enhance biological or mechanical charac-
teristics of the product. Expressing recombinant collagens
circumvents this problem and offers a significant potential
for the rational engineering of collagenous proteins. As sug-
gested by John et al. (1999), such rational engineering of
collagens with enhanced biological properties would gen-
erate products for use in tissue engineering, fibrosis, wound
healing, and drug and cell delivery. Successes in expressing
recombinant fibrillar collagens in mammalian cells (Geddis
and Prockop 1993; Fertala et al. 1994) prompted the devel-
opment of market-oriented, large-scale production tech-
nologies, and at present, recombinant collagens are ex-
pressed in bacteria, (Buechter et al. 2002), yeast (Mylly-
harju 2000; Toman et al. 2000), insect cells (Myllyharju
2000), transgenic animals (John et al. 1999; Toman et al.
1999), and transgenic plants (Ruggiero et al. 2000; Merle et
al. 2002). All these technologies, however, focus on ex-
pressing the recombinant collagens identical to those ex-
tracted from animal tissues, and to date, rational engineering
of collagens with specifically assigned biological character-
istics has not been addressed.

Because most biological processes in which fibrillar col-
lagens take part depend on site-specific interactions (Tuck-
well et al. 1994; Knight et al. 1998, 2000; Keene et al. 2000;
Fertala et al. 2001b; Di Lullo et al. 2002; Sieron et al. 2002),
the concept of engineering collagen-like proteins that con-
sist of repeats of a collagen domain critical for particular
site-specific function is very important. Such rational engi-
neering would create a custom-tailored “super-collagen”

with enhanced specific biological properties and character-
ized by a high density of the active sites. Moreover, by
adding or removing specific domains, it will be possible to
modulate collagen-dependent signaling and to influence sta-
bility and self-assembly of collagen molecules. Such colla-
gen-like proteins have the potential to be used in “smart-
scaffolds” that encode specific commands for controlling
tissue formation. It is not known, however, whether engi-
neered collagen �-chains consisting predominantly of mul-
tiplied specific domain but lacking most of other domains
found in native collagen would fold into a thermostable
collagen triple helix, a structure critical for biological and
mechanical functions.

Earlier studies with the use of collagen II variants that
lack specific D-periods defined as consecutive fragments of
234 amino acids each demonstrated that the C-terminal re-
gion corresponding to the D4 period is essential for colla-
gen–cell interaction (Fertala et al. 2001a). In addition, this
region is important because it contains a site located be-
tween residues 775 and 776 that is recognized and cleaved
by matrix metalloproteinase 1 (MMP-1), an enzyme that in
vivo takes part in degradation of collagen. It has also been
suggested that the corresponding region of collagen I is
critical for interaction with numerous extracellular macro-
molecules and integrins (Di Lullo et al. 2002).

In this present study, we explored the possibility of en-
gineering collagen-like proteins for novel scaffolding ma-
terials containing a high density of sites critical for interac-
tion with cells. These proteins were engineered to contain a
tandem of the D4 periods of collagen II. In addition, we
attempted to engineer a collagen-like variant characterized
by higher resistance to MMP-1. We show that the engi-
neered multi-D4 procollagen-like proteins fold into a triple
helix, and their morphology and structure are similar to that
of native procollagen molecules. We demonstrated that
single amino acid substitution in the D4 period intended to
alter the MMP-1 cleavage site changed the thermostability
of the collagen-like protein. The results provide a basis for
the rational engineering of novel collagen-like proteins cus-
tomized for specific biomedical applications and identifying
the region of collagen II sensitive to changes in the amino
acid sequence.

Results

Expression of recombinant multi-D4 procollagens

By using a DNA cassette system (for details, see Arnold et
al. 1997, 1998), we engineered DNA constructs encoding
multi-D4 procollagens consisting predominantly of the D4-
period of collagen II (mD4; Figs. 1, 2). Even though the role
of the procollagen N-terminal propeptide that, in native fi-
brillar procollagens, folds back on the region located in the
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D1 period (Holmes et al. 1991) is not fully understood (Hu
et al. 1995; Bornstein 2002; Bornstein et al. 2002), we de-
cided to include this domain as part of the recombinant
proteins. Hence, the 5� end of each construct was flanked
with a sequence encoding the N-terminal propeptide, telo-
peptide, and the D1 period (Arnold et al. 1998). To facilitate
correct folding of the protein and its secretion from cells
(Bulleid et al. 1997; Lees et al. 1997; McLaughlin and Bul-
leid 1998), the 3� end of each construct was flanked with
sequences encoding a C-terminal propeptide, telopeptide,
and the D0.4 period (Figs. 1, 2). To test the possibility of
creating the MMP-1–resistant multi-D4 collagen (mD4M),
the -CTG- codon for leucine present at position 776 has
been changed to the -TTC- codon for phenylalanine. The
decision to introduce this particular substitution was based
on previous observations that the presence of phenylalanine
at P1� lowers the rate of hydrolysis of a synthetic linear
peptide by MMP-1 (Netzel-Arnett et al. 1991).

The fidelity of all DNA constructs used for transfection
of HT-1080 cells was confirmed by DNA sequencing. To
validate HT-1080 clones secreting recombinant collagens,
the expression of the DNA constructs was analyzed by RT-
PCR of total RNA extracted from clonal lines. The forward
primer recognized a unique sequence of the junction be-
tween sequences encoding consecutive D4 periods of the
multi-D4 collagens, and the reverse primer recognized an
internal sequence present in the fragment encoding a D4
period. Correct PCR products of 350 bp derived from posi-
tive clones are depicted in Figure 3. Because mutating the
-CTG- codon for leucine to the -TTC- codon for phenylal-

anine alters the -CAGNNN/CTG- site recognized by the
restriction enzyme AlwNI, we were able to confirm expres-
sion of the mutated DNA construct as evident by resistance
of the PCR product derived from cells expressing the
mD4M collagen to the cleavage by AlwNI (Fig. 3). Speci-
ficity of RT-PCR was confirmed by use of nontransfected
HT-1080 cells. For RT-PCR, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a positive internal
standard (Fig. 3).

The multi-D4 procollagens were secreted from trans-
fected HT-1080 cells as intact proteins, which was evi-
denced by the presence of single-protein bands. The mD4
migrated as a band of ∼140 kD. The mD4M migrated as a
band of ∼160 kD, and its migration corresponded to that of
recombinant procollagen II (Fig. 4).

Analysis of amino acid composition
and carbohydrate content

To characterize the recombinant mD4 and mD4M colla-
gens, their amino acid composition was analyzed. The ob-
served amino acid composition was consistent with compo-
sition predicted from the cDNA sequence (data not shown).
In another series of experiments, the carbohydrate content
of the recombinant procollagens was determined with the

Figure 2. Engineering of a DNA construct encoding the mD4 and mD4M
procollagen-like proteins. (Left) The constructs were assembled from the 3�

end toward the 5� end from the DNA cassettes that encode specific regions
of human procollagen II. N indicates DNA cassette that encodes procol-
lagen N-terminal propeptide and telopeptide; D1 and D4, DNA cassettes
that encode consecutive fragments of 234 amino acids corresponding to the
D1 and D4 periods of collagen II; D0.4, DNA cassette that encodes C-
terminal D period consisting of 78 amino acids; and C, DNA cassette that
encodes procollagen C-terminal propeptide and telopeptide. In the mD4M,
the D4 cassette was mutated prior to the assembly of the full-length con-
struct. (Right) Full-length mD4 and mD4M DNA constructs cloned into
pcDNA2.1 vector. The constructs were linearized with the HindIII restric-
tion enzyme.

Figure 1. Schematic of the recombinant procollagen-like proteins consist-
ing predominantly of the D4 period of collagen II. To facilitate correct
folding of the collagen triple helix, the multi-D4 procollagen includes
procollagen C-propeptide and the D0.4 period. Because the correct folding
of the N-propeptide depends on its interaction with D1 period, the multi-D4
procollagen includes this domain. Procollagen II indicates normal recom-
binant procollagen II; mD4, engineered procollagen-like protein consisting
of a tandem D4 periods; and mD4M, engineered procollagen-like protein
consisting of tandem D4 periods, in which leucine 776 was purposely
substituted with phenylalanine. The white dot indicates the approximate
position of mutation. N indicates procollagen N-terminal propeptide and
telopeptide; D1, D2, D3, and D4, consecutive fragments of 234 amino
acids corresponding to the D-periods seen in the banded collagen fibrils;
D0.4, C-terminal D period consisting of 78 amino acid; and C, procollagen
C-terminal propeptide and telopeptide.

Rationally engineered collagens
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use of a carbohydrate analyzer. The result showed that the
carbohydrate content of the mD4 procollagen was 12% w/w
and was similar to that of normal recombinant procollagen
II (Fertala et al. 1994). In contrast, the level of glycosylation
of the mD4M variant was determined to be 27% w/w of the
protein, which was significantly higher than that of control.

Morphometry of procollagen molecules

Electron micrographs of rotary-shadowed mD4 and mD4M
molecules revealed the extended structure of these proteins
(Fig. 5). At the C terminus, each procollagen molecule was
flanked with a globular domain of 10 to 12 nm in diameter.
As determined with the use of an image analysis program,
the mean length of the mD4 procollagen was 290.3 nm
(±4.04 SEM, n � 33), the mean length of the mD4M was
336 nm (±3.37 SEM, n � 15), and the mean length of nor-
mal procollagen II was 302 nm (±4.31 SEM, n � 16).

Thermostability of multi-D4 collagen

Collagen �-chains correctly folded into a collagen triple
helix are resistant to digestion with trypsin and chymotryp-
sin unless the triple helix unfolds to expose single �-chains.
To test whether the recombinant multi-D4 collagens were
able to fold into the thermostable triple helices, the proteins
were exposed to digestion with a mixture of trypsin and
chymotrypsin at temperatures ranging from 25°C to 42°C.
The melting temperature of the mD4 triple helix, defined as
the temperature in which 50% of the �-chains remain re-
sistant to digestion with chymotrypsin-trypsin was 41°C; a

value closely corresponding to the melting temperature of
nonmodified recombinant collagen II (Fig. 6). In contrast,
the thermostability assays demonstrated that the midpoint
for unfolding of the recombinant mD4M variant was ∼6°C
lower. Moreover, protease digestion of the mD4M at 25°C
generated an intermediate product represented by a band of
faster mobility in an electrical field.

Cleavage of mD4 and mD4M
procollagens with MMP-1

Engineered procollagens were tested as substrates for
MMP-1. Proteins were digested with MMP-1 at 30°C, and
then, products of digestion were reduced and separated in
12% polyacrylamide gel in the presence of SDS. Because of
comigration of bands derived from MMP-1 with products of
digestion of multi-D4 procollagens, proteins were trans-
ferred from a gel onto a nitrocellulose membrane. Bands
derived from digestion of procollagens with MMP-1 were
detected with the use of the anticollagen II polyclonal an-
tibodies that recognize all collagen II D-fragments (Sieron
et al. 2002). Because of three MMP-1 cleavage sites present
in the multi-D4 procollagen, the predicted molecular masses
of the products of a complete cleavage of a substrate are
∼40, 21, 21, and 51 kD. The 51-kD fragment is identical to
the C-terminal B fragment generated after cleavage of na-
tive procollagen II (Fig. 7). As predicted, the mD4 procol-
lagen was cleaved by MMP-1 at multiple sites. After 1 h of
digestion, intermediate products of ∼90 and 51 kD were
apparent. After 6 h of digestion, intermediates of ∼51, 40,
and ∼20 kD were present. The 20-kD products appeared as
weak bands, most likely because of the low number of
epitopes recognized by polyclonal antibodies. Because of
the possibility that the short products of digestion are not

Figure 3. RT-PCR analysis of mD4 and mD4M constructs from HT-1080
cells expressing recombinant collagens. GAPDH indicates internal positive
control; HT-1080, nontransfected cells used as a negative control; mD4,
RT-PCR product derived from cells transfected with the mD4 construct;
mD4M, RT-PCR product derived from cells transfected wit the mD4M
construct; and +AlwNI, RT-PCR products tested for the AlwNI restriction
site that is present in the mD4 but not in the mD4M construct.

Figure 4. Analysis of purified mD4 and mD4M procollagens. Purified
proteins were separated in 7.5% polyacrylamide-SDS gel in reduced con-
ditions. The apparent difference in migration between normal procollagen
II and mD4 procollagen is most likely a result of a significant dissimilarity
in amino acid composition. Slower migration of the mD4M in comparison
with the mD4 is most likely a result of an overmodification.
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stable and lack triple helical conformation, the digestion
was not carried out for >6 h. Mutating the MMP-1 cleavage
site did not prevent digestion of the mD4M. The mD4M,
however, was processed significantly slower, as evident by
the presence of intact substrate and the number of partially
processed intermediates still present at the sixth hour of
digestion (Fig. 7).

Cleavage of mD4 and mD4M procollagens
with procollagen N-proteinase
and procollagen C-proteinase

Folding of individual pro �-chains into procollagen begins
at the C-terminal propeptide and is initiated by association
of the individual collagen chains (Bulleid et al. 1997). As-
sembly of the N-propeptide completes the folding of a pro-
collagen molecule. Correct folding of the procollagen N-
propeptide and, to some extent, the procollagen C-propep-
tide is required for specific processing by the procollagen
N-proteinase (PNP) and procollagen C-proteinase (PCP),
respectively (Arnold et al. 1998). Therefore, cleavage of a
procollagen with PNP and PCP is an important assay for
correctly folded termini of procollagens. To test whether the
propeptides of the mD4 and mD4M were correctly folded,
the proteins were used as a substrate for PNP and PCP.
Electrophoresis of the products of the enzymatic cleavage of
the mD4 and mD4M procollagens demonstrated that the
sizes of the fragments generated by digestion with PNP or
PCP were consistent with the prediction that the cleavage
occurs only at a single PNP or PCP cleavage site, respec-
tively (Fig. 8).

Discussion

Recombinant collagens are proteins with enormous poten-
tial for use in tissue engineering, wound healing, cosmetics,
and delivery of cells and growth factors. Rational design of
gene engineered collagen-like proteins holds the promise of

inventing novel molecules characterized by enhanced bio-
logical properties. Successful engineering of the collagen-
like proteins must meet two fundamental requirements: (1)
Novel proteins have to be triple helical, and (2) they must be
thermostable. Triple helicity is not only important for the
stability of collagens, but it also plays an important biologi-
cal role. For instance, the integrin-mediated binding of cells
to collagens depends on the correct structure of a triple
helix, and thermal denaturation of the triple helix alters the
cell-collagen interaction (Cardarelli et al. 1992; Tuckwell et
al. 1994). Because most functions of fibrillar collagens de-
pend on the site-specific interactions between distinctive
regions of these proteins and domains of other macromol-
ecules, engineering of the collagen-like proteins according
to the required specifications and consisting of repeats of a
specific amino acid sequence will be critical for creation of
advanced biomaterials with a high density of biologically

Figure 5. Electron microscopy of the rotary shadowed procollagen mol-
ecules. All procollagens had an extended structure. Globular C-propeptide
is apparent in all procollagen variants. Pro II indicates procollagen II; mD4,
mD4 procollagen; and mD4M, mD4M procollagen. The mean length of the
mD4 procollagen was 290.3 nm (±4.04 SEM, n � 33), the mean length of
the mD4M was 336 nm (±3.37 SEM, n � 15), and the mean length of
normal procollagen II was 302 nm (±4.31 SEM, n � 16). Bar, 100 nm.

Figure 6. Analysis of the thermostability of novel collagens. Structural
integrity of procollagen II, mD4, and mD4M was assayed by brief diges-
tion with chymotrypsin and trypsin (CT/T) at the indicated temperatures.
(Top) Products of enzymatic digestion were separated in a 7.5% polyacryl-
amide gel, visualized by staining with Coomassie blue, and then quantified
by densitometry. (Bottom) Results from three independent experiments
were plotted as function of temperature. The melting temperature was
defined as the temperature at which 50% of the �-chains remain resistant
to digestion with chymotrypsin and trypsin. The thermostability of the
mD4 triple helix was 41°C; a value closely corresponding to the melting
temperature of the normal collagen II. The thermostability of the mD4M
was ∼36°C. Circles indicate normal collagen II; triangles, mD4; and
squares, mD4M. Bars, SEM.

Rationally engineered collagens
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active sites. Another approach to producing collagenous
molecules containing regions important for biomedical ap-
plications is the synthesis of short collagen-like peptides
that correspond to the specific regions of the collagen mol-
ecule. Such short peptides, however, are characterized by
low thermostability, and to remain triple helical, they must
be stabilized by an addition of collagenous Gly-Pro-Hyp
repeats or by flanking with noncollagenous stabilizing do-
mains (Shah et al. 1996; Frank et al. 2001). Such bulky
noncollagenous fragments, however, could adversely affect
crucial biological properties of purposely engineered col-
lagenous fragments. Therefore, engineering collagen-like

proteins consisting predominantly of a multiplied specific
domain and having the same length as native collagen cir-
cumvents this problem.

Among the regions of fibrillar collagens, the region that
corresponds to the D4-period is of special importance; it
participates in a number of interactions that include binding
of collagen telopeptides (Prockop and Fertala 1998), inte-
grins (for review, see Di Lullo et al. 2002), bone morpho-
genetic protein-2 (Sieron et al. 2002), fibronectin (Kleinman
and McGoodwin 1976), collagen IX (Fertala et al. 2001b),
and cartilage oligomeric matrix protein (Rosenberg et al.
1998).

In the present study, we engineered collagen-like proteins
consisting primarily of the repeats of the region that extends
between residues 703 and 936 of the collagen II triple helix.
Because of the importance of the D1 period for the folding
and enzymatic cleavage of the N-terminal propeptide (Ar-
nold et al. 1998) and the D0.4 period for the folding and
stability of entire procollagen molecule (Arnold et al. 1998),
both periods were included in the engineered procollagens.
Even though it has already been demonstrated that truncated
collagens lacking short fragments of the triple helix fold
into stable triple helices (Sieron et al. 1993; Zafarullah et al.
1997; Arnold et al. 1998), here we demonstrate for the first
time that the recombinant, full-length collagen-like proteins
composed mainly of multiplied D4 period but lacking most
of other D-periods fold into collagen triple helix and are
correctly processed by PNP and PCP.

The mD4 collagen had normal thermostability and was
correctly glycosylated. Because hydroxylation of prolines

Figure 7. Enzymatic cleavage of mD4 and mD4M procollagens with
MMP-1. Recombinant multi-D4 procollagens were tested for their sensi-
tivity to MMP-1. Products of enzymatic digestion were separated in a 12%
polyacrylamide gel, transferred onto a nitrocellulose membrane, and then
detected with the use of collagen II–specific polyclonal antibodies. As
expected, the substrates were cleaved in multiple sites present in three D4
periods. As evident by the presence of intact substrate and partially pro-
cessed intermediates after 6 h of digestion, the cleavage of the mD4M
collagen containing mutation in the MMP-1 cleavage site was slower than
the cleavage of the mD4. Pro II indicates procollagen II; Pro II-A, larger of
two procollagen II fragments derived from cleavage by MMP-1; Pro II-B,
smaller of two procollagen II fragments derived from cleavage by MMP-1;
mD4, recombinant mD4 procollagen; mD4-Int, intermediates generated by
cleavage of the mD4 procollagen by MMP-1; mD4M, recombinant mD4M
procollagen; and mD4M-Int, intermediates generated by cleavage of the
mD4M procollagen by MMP-1. Time of digestion with MMP-1 and mo-
lecular masses of protein markers are also indicated.

Figure 8. Enzymatic cleavage of mD4 and mD4M procollagens with pro-
collagen N-proteinase (PNP) and procollagen C-proteinase (PCP). To test
the folding of procollagen propeptides, purified procollagens were treated
with PNP or PCP. The size of the fragments generated by digestion with
PNP or PCP was consistent with the prediction that the cleavage occurs
only at the single PNP or PCP cleavage site, respectively. Pro II indicates
procollagen II; mD4, mD4 procollagen; mD4M, mD4M procollagen; pC,
procollagens in which N-propeptides were enzymatically removed; and
pN, procollagens in which C-propeptides were enzymatically removed.
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and posttranslational glycosylation of the �-chains stabilize
the triple helix in native collagens and contribute to its
resistance to proteolysis (Bann et al. 2000), correct post-
translational modification of the mD4 procollagen ensures
its procollagen-like characteristics. Even though the size of
DNA constructs encoding recombinant mD4 and mD4M is
the same as the size of DNA constructs encoding recombi-
nant procollagen II, and the predicted molecular mass of
these proteins is similar, the electrophoretic mobility of
the mD4 differed from the electrophoretic mobility of re-
combinant procollagen II. Migration of fibrillar collagens,
however, frequently does not follow rules that apply to
globular proteins. Perhaps the best example illustrating this
problem is the migration of the �2-chain of collagen I with
a similar predicted molecular mass to the �1-chain of col-
lagen I still migrating significantly faster than the �1-chain.
Slower mobility of the mD4M collagen in comparison with
the mD4 is most likely a result of its higher glycosylation,
which affects both the molecular mass and the charge of this
protein.

The D4 period is unique in that it contains the MMP-1
cleavage site. It is not clear, however, why only one site per
�-chain is cleaved, whereas many other potential sites pres-
ent in another D periods are not. It has been suggested that
the MMP-1 cleavage site is preceded by a region of tightly-
coiled collagen triple helix followed by a longer micro-
unfolded region, and that this conformation is critical for the
MMP-1 cleavage (Fields 1991). In an attempt to engineer an
MMP-1–resistant multi-D4 collagen, we converted a codon
for leucine located at position 776 to a codon for phenylal-
anine. As reported by Netzel-Arnet et al. (1991), such a
mutation decreased the rate of hydrolysis of a synthetic
non–triple helical peptide used as a substrate for MMP-1 to
∼5% in comparison to control. Even though cleavage of the
mD4M by MMP-1 was slower than mD4, it is apparent that
it was still >5% reported by Netzel-Arnet et al. Because
denatured collagen is processed by MMP-1 ∼60 times
slower than the nondenatured triple helical substrate
(Knauper et al. 1996), it is possible that the previously re-
ported slow cleavage of a mutated linear peptide was in part
due to a lack of conformation optimal for processing by
MMP-1 (Netzel-Arnett et al. 1991).

We found that converting a codon for leucine located at
position 776 to a codon for phenylalanine caused a signifi-
cant decrease in the thermostability of the mD4M collagen.
This observation is consistent with previous reports that
mutations in the region surrounding the MMP-1 cleavage
site of collagen I cause a significant decrease in thermosta-
bility of collagen from a patient with osteogenesis imper-
fecta (Fertala et al. 1993). Moreover, this observation sup-
ports a report that the presence of phenylalanine in the -X-
position of the -Gly-X-Hyp- triplet present in a synthetic
triple helical peptide, markedly decreases its thermostability
(Persikov et al. 2000).

One of the theories explaining this decrease in thermo-
stability in mutated collagens is destabilization of coopera-
tive blocks predicted to function in the collagen triple helix
(for review, see Privalov 1982). Because protease digestion
of normal collagen II and mD4 did not create stable inter-
mediates, it may indicate that the unfolding of these proteins
is a highly cooperative process. Because the mD4M was
cleaved to stable intermediates at 25°C, the results indicate
that the mutation destabilizes a cooperative block, which in
the mD4M is triplicated, so the protein is cleaved by pro-
teases at a significantly lower temperature than is the non-
mutated mD4. Such destabilization of cooperative blocks
was previously suggested by Westerhausen et al. (1990) to
explain low thermostability of collagen I with serine for
glycine �1–598 substitution found in a patient with osteo-
genesis imperfecta.

Lower thermostability of the mD4M collagen was most
likely the reason for its higher glycosylation. Similar over-
modification of collagens with low thermostability was
found in a number of collagen I mutants (for review, see
Royce and Steinmann 2002).

There is a general agreement that the contour length of
triple helical region of the fibrillar collagens determined by
electron microscopy is 300 nm; however, the reported val-
ues vary. More recently, by using optical tweezers and using
two different techniques to capture collagen, Sun et al.
(2002) reported a contour length of 315 nm (±44) and 300
nm (±35), respectively. It is not clear whether the apparent
difference in the contour lengths of mD4 and mD4M is due
to an electron microscopy artifact caused by variations in
dehydration of samples or their different interaction with the
surface onto which the collagen molecules adhered, or
whether it results from structural differences in these two
proteins.

Overall, our results determined for the first time that full-
length multi-D collagen-like proteins lacking specific do-
mains otherwise present in native fibrillar collagens can be
successfully expressed as triple helical and thermostable
recombinant proteins. With an increasing number of colla-
gen domains with specific biological functions that have
been defined and with advances in the production of large
quantities of recombinant collagens, our results provide a
basis for the rational design of gene-engineered collagen-
like proteins for use in a vast area of biotechnology and
medicine.

Materials and methods

Engineering of mD4 and mD4M
procollagen DNA constructs

A DNA construct encoding the mD4 procollagen was assembled
from DNA cassettes as described by Arnold et al. (1997). The
following DNA cassettes were used: (1) Nt-D1 cassette, encoding
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a signal peptide, procollagen II N-propeptide, N-telopeptide, and
the D1-period that corresponds to the fragment of collagen II triple
helix located between residues 1 and 234; (2) three D4 cassettes,
each encoding the D4-period that corresponds to the fragment of
procollagen II triple helix located between residues 703 and 936;
and (3) D0.4-Ct-UTR cassette, encoding the fragment of collagen
II triple helix located between residues 937 and 1014, C-propep-
tide, C-telopeptide, and a 2-kb PpuMI-PvuII fragment of the �1(II)
3� UTR (Baldwin et al. 1989). The cassettes were assembled ac-
cording to the procedure described by Arnold et al. (1997) into the
complete construct (described as Nt-D1-D4-D4-D4-D0.4-Ct-
UTR) and cloned into the pcDNA2.1 vector (Invitrogen Corp.).
The structures of all junctions between D cassettes were verified
by DNA sequencing.

For the expression in HT-1080 cells, the DNA construct was
cloned into the pcDNA3.1 mammalian expression vector (Invitro-
gen Corp.) containing a cytomegalovirus promoter and a gene
encoding neomycin resistance. The mD4M collagen variant was
engineered in the same way except that prior to the assembly of the
construct, two point mutations were introduced into the D4 DNA
cassette. The mutations were generated by the use of the Quick-
Change site-directed mutagenesis kit (Stratagene). To change the
-CTG- codon for the leucine 776 to the -TTC- codon for phenyl-
alanine, we used 5�-CCAGGTCCCCAGGGTTTCGCTGGT
CAGAGAGGCATCG-3� and 5�-CGATGCCTCTCTGACCAGC
GAAACCCTGGGGACC
TGG-3� primers. The presence of mutations was confirmed by
sequencing of DNA used to transfect HT-1080 cells.

Expression of the mD4 and mD4M in HT-1080 cells

HT-1080 (ACTT, CCL-121) cells were transfected with the mD4
and mD4M DNA construct with the use of the calcium phosphate
precipitation method (Stratagene). By using anticollagen II poly-
clonal antibodies (Biosciences Inc.) the G418-resistant clones were
analyzed for production of recombinant proteins, as described pre-
viously (Sieron et al. 1993). In addition, expression of the DNA
constructs in the G418-resistant clones that secreted recombinant
collagens was analyzed by RT-PCR. Isolation of total RNA and
RT-PCR was carried out with the use of the OneStep RT-PCR kit
according to manufacturer’s protocol (QIAGEN Inc.). The forward
primer (5�-GCTTCACGGGGCGTGTTGGAC-3�) recognized a
unique sequence of the junction between sequences encoding con-
secutive D4 periods of the multi-D4 collagens, and the reverse
primer (5�-GACCTCTGTCTCCAGATGCTCCAGGAGC-3�) rec-
ognized an internal sequence present in the fragment encoding a
D4 period. Because mutating the -CTG- codon for leucine to the
-TTC- codon for phenylalanine alters the -CAGNNN/CTG- site
recognized by the restriction enzyme AlwNI, the PCR products
derived from cells expressing multi-D4 collagens were subjected
to cleavage by AlwNI (New England BioLabs Inc.). Specificity of
RT-PCR was confirmed by use of nontransfected HT-1080 cells.
GAPDH was used as a positive internal standard.

Purification of recombinant procollagens

The mD4 and mD4M procollagens were purified from cell culture
media according to the method described by Fertala et al. (1994).
Briefly, ∼4 L of media harvested from each 24-h period was fil-
tered through a 1.6-�m glass-fiber filter (Millipore) and supple-
mented with the following reagents at the indicated concentrations:
0.1 M Tris-HCl buffer, 0.4 M NaCl, 25 mM EDTA, and 0.02%
NaN3 adjusted to pH 7.4. High-molecular-weight proteins in the
medium were concentrated ∼10-fold at 4°C by the use of cartridges

with a 100-kD molecular-weight cut-off (Prep/Scale-TFF filter;
Millipore). Proteins in the concentrated media were precipitated
overnight at 4°C with 175 mg/mL of ammonium sulfate and col-
lected by centrifugation at 15,000g for 1 h at 4°C. Recombinant
proteins were purified by using three-step ion exchange chroma-
tography, as described by Fertala et al. (1994).

Analysis of amino acid composition and sugar content

The amino acid composition was determined by the AAA Labo-
ratory (Mercer Island, WA). The carbohydrate content was deter-
mined by chromatographic methods developed for analysis of
acidic and neutral oligosaccharides (Anumula and Taylor 1991).
The oligosaccharides were released from the recombinant procol-
lagens with peptide N-glycosidase F, endo-�-acetylglucosamini-
dase F, and endo-�-N-acetylglucosaminidase H and were then ana-
lyzed with a carbohydrate analyzer (Dionex BioLC).

Electron microscopy of procollagen molecules

For rotary shadowing, the mD4, mD4M, and recombinant procol-
lagen II were dissolved in 0.5 M acetic acid at a concentration of
50 �g/mL. Equal volumes of procollagen samples and 65% glyc-
erol were mixed according to the procedure of Tyler and Branton
(1980). The samples were nebulized onto freshly cleaved mica
surface, and then the mica plates were placed on a rotating stage of
a JEOL JFD9000 freeze-fracture apparatus (JEOL Co.). The speci-
mens were vacuum-dried at 5 × 10−6 torr for 20 to 30 min at room
temperature. The dried specimens were set to rotate at ∼60 rpm and
then shadowed with platinum-carbon at a low angle of 6°. The
replicas were immediately reinforced with an additional carbon
layer at an angle of 90° and then floated on distilled water and
picked up on 150-mesh copper grids. Replicas were examined with
a transmission electron microscope Hitachi H-8100 (Hitachi Co.),
operating at 100 kV. Photographs were taken at 54,000× magni-
fication. Measurements of the length of procollagen molecules
were performed by using the SigmaScan Pro image analysis pro-
gram (SPSS Inc.), and data were analyzed by use of a statistical
program (GraphPad Prizm program, GraphPad Software Inc.).

Analysis of thermostability

The samples dissolved in 0.4 M NaCl and 0.1 M Tris-HCl buffer
(pH 7.4) were preincubated at the indicated temperatures for 6 min
and then digested for 2 min with 100 �g/mL trypsin and 250
�g/mL chymotrypsin (Sigma Aldrich Corp.) as described earlier
(Sieron et al. 1993). Enzymatic digestion was terminated by the
addition of 0.1 volume of 5 mg/mL soya-bean trypsin inhibitor
(Sigma Aldrich Corp.). The samples were assayed by electropho-
resis in a 7.5% polyacrylamide-SDS gel. Proteins were visualized
by staining with Coomassie G250 stain (Bio-Rad) and then quan-
tified by densitometry. Recombinant human collagen II was used
as a control (Fertala et al. 1994). Mean values of the percentage of
the triple helix resistant to proteases digestion as derived from
three independent measurements were plotted against temperature.

Cleavage of mD4 and mD4M
procollagens with MMP-1

For digestion with MMP-1 (Calbiochem) the enzyme was first
activated at 37°C for 4 h in the presence of p-aminophenylmercu-
ric acetate. Subsequently, 2 �g of procollagen II, mD4 procolla-
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gen, or mD4M procollagen was digested with MMP-1 (0.5 �g of
enzyme/�g of procollagen) for 6 h at 30°C. The reaction buffer
was 50 mM Tris-HCl (pH 7.0), 300 mM NaCl, 5 mM CaCl2, 1 �M
ZnCl2, 0.05% Brij 35, and 0.02% NaN3. The reaction was termi-
nated by an addition of EDTA to a final concentration of 10 mM.
Products of enzymatic digestion were reduced and then separated
in a 12% polyacrylamide gel in the presence of SDS. Because of
comigration of bands derived from MMP-1 with products of di-
gestion of recombinant procollagens, instead of being stained, the
proteins were transferred onto a nitrocellulose membrane, and then
procollagen-derived bands were specifically detected with the use
of the anticollagen II polyclonal antibodies (Biodesign Interna-
tional) that recognize all collagen II D-periods (Sieron et al. 2002).
Next, the procollagen-derived bands were visualized by chemilu-
minescence with the use of goat antirabbit antibodies conjugated to
horseradish peroxidase (Sigma-Aldrich).

Cleavage of mD4 and mD4M procollagens
with procollagen N- and C-proteinases

The N-terminal propeptide and the C-terminal propeptide were
cleaved by procollagen N-proteinase (Hojima et al. 1989) and
procollagen C-proteinase (Hojima et al. 1985), respectively. En-
zymatic cleavage was carried out in 25 mM Tris-HCl buffer (pH
7.5) containing 7 mM CaCl2, 0.1 M NaCl, 0.015% Brij, and 0.02%
NaN3. The reaction mixture contained ∼10 �g of procollagen and
5 U N-proteinase or 10 U C-proteinase. The reaction was carried
out for 4 h at 35°C. The enzymes were inactivated by an addition
of EDTA to a final concentration of 10 mM.
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