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ABSTRACT. Assembly of the heterotrimeric procollagen | molecule is initiated by interactions between the
carboxyl propeptide domains of the completed nascentimtaains. The [praul(l)]2[pro o2(1)] heterotrimer

is the predominant molecule, with much smaller amounts of stabled@(f]s homotrimer also being
formed. However, the [pra2(1)}; homotrimer has not been detected, raising questions as to the mechanism
of chain assembly and why [pr2(1)]s homotrimers are not formed. These questions have been examined
here by expressing the intact and amino- or carboxyl-terminal truncated C-propeptides of ¢thehgins
recombinantly in bacteria and in a coupled transcription/translation reticulocyte lysate system. Their
interactions were studied in vitro by binding analyses and in vivo by using the yeast two-hybrid system.
The C-proal(l) interacted with itself, and with C-pr@2(l), as expected. Surprisingly, the C-pu@(l)

also interacted with itself, both in vitro and in vivo. While the interaction of C-@2gl) with itself and
C-proal(l) in vitro was strong, these interactions were weaker in vivo. Deletion of 36 amino acids from
the C-terminal domain of C-pral had no effect on its binding to intact self or intact C-pt®, but the

same deletion in C-pra2 completely abolished its binding to intact C-pr@ and to C-praxl. Comparable
N-terminal deletions in C-pral or C-proa2 diminished, but did not abolish, their binding to intact
C-proal and C-proa2. In the yeast two-hybrid system, C-po@ interacted with itself more weakly

than with C-proal. Molecular modeling and circular dichroism analyses showed that @demd C-pro

o2 have different folded structures and stability. Studies with antibodies specific to the & @nodo2
peptides showed them to precipitate different, specific, and distinct cell proteins from fibroblast lysates.
The C-proa2(l) antibody complexed with more cell proteins. We hypothesize that the lack aiZyid
homotrimers is not due to the inability of the C-px8(l) to interact with itself, but rather to the competing
presence of other cell proteins. The specificity of these interactions may reside in conformational differences
in N- and C-terminal sequences of the two propeptides or in their different folding patterns.

Collagens are the major structural components of the a stable [proa2(l)]s homotrimer has been detected. Thus,
extracellular matrix. Type 1 collagen molecules are normally chain selection for molecular assembly has considerable
composed of twoal-chains and onex2-chain (). The specificity. Efficient procollagen | heterotrimer assembly
polypeptide chains are synthesized individually with identical appears to require that appropriate sets of elongating chains
length triple helix (G-X-Y)}sg structural domains, but thel- be inserted into the same ER compartment, and that a
anda2-chains have distinctive amino (N-) and carboxyl (C-) mechanism for correct chain recognition must exist within
terminal extension telo- and pro-peptides. Although the the ER. An open question in this biosynthetic pathway
N-propeptide domains are synthesized first, molecular as-remains as to how the different gene products are selected,
sembly begins with the in-register association of the C- aligned, and subsequently folded into the triple heltX (
propeptides. It is believed the C-propeptide complex is Most of our understanding of how procollagen assembles
stabilized by the formation of interchain disulfide bonds, but within cells comes from studies of the cells grown in culture
the necessity of disulfide bond formation for proper chain (1, 2, 8). The formation of the triple helix of collagen has
registration is not clear1( 2). The triple helix is then  also been extensively studied using the renaturation of
propagated from the associated C-termini to the N-termini denatured collagen9). These approaches have yielded
in a zipper-like manner3, 4). The [prool(l)]2[pro o2(1)] valuable insights into the assembly of collagen; however,
heterotrimer is the predominant molecule formed. Small they have not provided a definitive analysis of the in vivo
amounts of stable [pra1(l)]; homotrimer are also formed  mechanism of molecular assembly.

and are present at variable levels §) in different tissues. To understand the initial events in the recognition of the
However, neither a [pra1(I)][pro a2(1)]. heterotrimer nor  yhree chains of type | procollagen, we have recombinantly
expressed the C-propeptides of both @rchains and studied
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in vitro, and this has important implications as to the possible a2(l), using primers OL15 and OL8 to amplify from phtd

role of other proteins in regulating the procollagen | self-

and OL18 and OL10 to amplify from pHkR. The amplified

assembly process. Deletion constructs of the propeptidesfragments were then cloned in pBluescript KS into Ximl

show that a distinct domain in the C-terminal region of the
C-proa2(l) propeptide is necessary for interaction with C-pro
ol(l) and with itself.

MATERIALS AND METHODS

Oligonucleotide SequenceBhe sequences of the oligo-
nucleotides used for PCR amplification of the various

andBanH]I sites, generating the plasmiad&' C-prool and
A5'C-pron2, respectively. The 'Sdeletion constructs were
of virtually identical length and left all the cysteine residues
in C-prooal(l) and C-proa2(l) intact.

(C) 3 Deletion of C-Proal(l) and C-Prooa2(l). Oligo-
nucleotide pairs OL16, OL17 and OL19, OL20 were used
as primers in a PCR to amplify fragments that lacked the

plasmid constructs are given below. Sequences underlined@st 36 amino acids of C-pra’l(l) and C-proa2(l) from
denote cloning sites added; the acronyms of the restrictionPHHal and pHH2, respectively. The amplified fragments

enzymes are indicated on the right.

OL7 GCAGCCATATGGATGCCAATGTGGTTCGT  Ndel
OLS8 CAGCCGGATCCTTACAGGAAGCAGACAGG BamHI1
OL9 GCAGCCATATGTATGACTTTGGTTACGAT  Ndel
OL10 GTGCCGGATCCTTATTTGAAACAGACTGG BamHl1
OL11 ATATGGCCATGGATGCCAATGTGGTTCG Ncol
OL12 ATATGGCCATGGACTTTGGTTACGATGGA  Ncol
OL15 GCCGCTICTAGATGGCCCGCACCTGCCGTG Xbal
OL16 CCGGCTCTAGATGGATGCCAATGTGGTTC  Xbal
OL17 CCGGCGGATCCTTATTCAATCACTGTCTT  BamHl1
OL18 GCCGCTCTAGATGGCTCGCACATGCCGTG  Xbal
OL19 GCCGGTICTAGATGGACTTTGGTTACGATG  Xbal
OL20 GGCGCGGATCCTTATTCAATGATTGTCTT  BamHI1

Plasmid ConstructionSequence information from human
pro al(l) and proo2(l) plasmids, from pHid1 (7) and

were then cloned in pBluescript KS into théd andBanHl|
sites to give the constructd3'C-prool and A3'C-proa2.
The deletion of 36 amino acids resulted in the loss of the
last cysteine residue in both C-ped () and C-proa2(l).

(D) Full-Length C-Proal(l) and C-Proa?2(l). The full-
length C-proal(l) and C-proa2(l) were amplified from
pHHal and pHHx2 using the primer pairs OL16, OL8 and
OL19, OL10, respectively. The resulting fragments were
cloned in pBluscript KS.

Expression and Purification of C-Pral and C-Proo?2.

A single colony was selected and inoculated into 50 mL of
Luria—Bertani broth (LB) and grown overnight at 3C.
The next day, the culture was transferred to 500 mL of LB
and grown at 30C until the OQyyowas 0.6 (about 4 h). A
portion of the uninduced cells was removed from the culture,
and isopropyl thiogalactoside (IPTG) was then added to the
remainder to a final concentration of 1 mM and incubation
was carried on for 4 h. Samples were removed at various
time points of induction. Cell lysates from the uninduced
culture and at different time points of the induced culture
were prepared and analyzed by SBFFAGE (11) followed

by Coomassie Blue staining. At the end of 4 h, the induced
cells were fractionated into soluble and insoluble fractions
and analyzed by SDSPAGE. The bulk of the recombinant

pHHa2 (7), respectively, was used to design primers to protein (>90%) accumulated in the insoluble fraction.

amplify the C-prool(l) and C-proo2(l) domains or specific

For the purification of the fusion proteins at the end of

deletion constructs. The amplified products were then clonedthe 4 h induction, the cells were recovered by centrifugation

using standard protocold@). A summary of the different
constructs is given below.

(A) Histidine-Tagged C-Proal(l) and C-Pro a2(l).
Recombinant plasmids allowing expression of C-pd{l)
and C-proo2(l) as fusion proteins with six histidines at the
amino terminal were constructed as follows. The C-qfo
was amplified from pHidl (7) by the polymerase chain

at 500@ for 30 min. The cells were washed once with ice-
cold 50 mM Tris-HCI, pH 8.0, and resuspended in 50 mL
of 50 mM Tris-HCI, pH 8.0. Lysozyme was added to a
concentration of 10Q«g/mL followed by the addition of
Triton X-100 to a concentration of 0.1%. The suspension
was incubated at 30C for 30 min, sonicated to shear the
DNA, and then centrifuged at 120§@or 15 min at 4°C.

reaction using the forward primer OL7 and the reverse primer The insoluble protein was washed once with 50 mM Tris-

OL8. The C-proa2 was amplified from pHld2 (7) using

HCI, pH 8.0, containing 0.1% Triton X-100. The insoluble

the forward primer OL9 and the reverse primer OL10. The protein fraction was then dissolvech i6 M guanidine

underlined sequences denote Nad and BanH| restriction

hydrochloride in binding buffer (20 mM Tris-HCI, pH 7.9,

sites, respectively. The amplified products were then digested0.5 M NaCl, 5 mM imidazole) and passed over a His-bind

with Ndd and BanHI and cloned in theNdd, BanHI site

resin column (Novagen) according to the manufacturer’'s

of the expression vector pET 15(b) to generate the plasmidsinstructions, washed with wash buffer (20 mM Tris-HCI, pH

PET-al and pETei2. Recombinant plasmids were then
cloned into the bacterial strain BL21(DE3). The C-prixl)

7.9, 0.5 M NaCl, 20 mM imidazole) containing 6 M
guanidine hydrochloride (GdnHCI). The proteins were finally

construct terminated at the junction of the propeptide and eluted with elution buffer (20 mM Tris-HCI, pH 7.9, 0.5 M

telopeptide. Because of cloning difficulties, the C-pr2(1)

NaCl, 1 M imidazole) containig 6 M GdnHCI. The eluted

was longer, and included an additional 12 amino acids of protein was next dialyzed against 20 mM Tris-HCI, pH 8.0,

the C-telopeptide.

(B) 5 Deletion of C-Proo1(l) and C-Proa2(l). PCR was
employed to produce fragments lacking the first (N-terminal)
38 amino acids of C-pro.1(l) and 50 amino acids of C-pro

to remove the guanidine. Alternatively, the level of GAnHCI

in the binding buffer was gradually lowered stepwise to zero
(6,5,4,3,2,15,1, 0.5, 0.1, 0 M) while the proteins were
still bound to the column. The column was washed exten-
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sively with binding buffer and wash buffer containing no Tris-HCI, pH 7.5. The C-propeptides associated with the
guanidine, and finally eluted with elution buffer containing washed beads were eluted by boiling in SDS-gel loading

no guanidine. The eluted C-propeptides were either usedbuffer and analyzed by SDFPAGE. The resulting gels were

immediately or aliquoted and stored -aR0 °C.

Circular Dichroism (CD) SpectraSamples of C-praxl
and C-proa2 were prepared in 10 mM phosphate buffer,
pH 7.4, at a concentration of 0.3 mg/mL. The CD spectra
were obtained at 25C using a JASCO 715 spectropolarim-

dried and proteins visualized by autoradiography overnight
at —70 °C using Hyper film (Amersham).

(B) Binding of Labeled C-Pra1, C-Proa2, and 5 or 3'
Deleted C-Proal and C-Proa?2 to (Hisk-C-Pro o1 and
(His)s-C-Pro a2 Immobilized to Ni™-SepharoseCold (His)-

eter (Jacso Corp., Japan) with a quartz cell of 0.1 cm path C-pro al and (His3-C-pro a2 were synthesized in rabbit

length (Hellma Cells, Forest Hills, NY).
Molecular Modeling of C-Prool and C-Proa2. The
structures of the human C-pwol and C-proa2 chains of

reticulocyte lysates, using the TNT-coupled transcription/
translation system (Promega). These mixtures were then
added separately to equal amounts of in vitro translated

human collagen type | were built from the published [*°S]Met-labeled C-prax1, C-proa2, and N- or C-deleted
sequences on a Silicon Graphics Indigo 2 R4000 X/Z systemC-proal and C-pron2 at 37°C. The reaction temperature
using Molecular Simulations Insight, Discover 95.0/3.0, and was cooled to 4C and the left overnight at 2C. The next
Biopolymer software (Biosym/MSI, San Diego, CA). The day, 50uL of His-bind resin (Novagen) was added to the
starting point for computations was the trans extended chainreaction mixture and incubation carried on for another 4 h
form of the propeptides. In each case, the two known at4°C. The tubes were gently rotated during the incubation.
intrachain disulfide bonds linking the appropriate cysteines The beads were collected in a microfuge and washed twice
were added as specific structural constraints. Using the with binding buffer and 4 times with wash buffer. The bound
Discover software, minimization was begun using the general C-propeptides were then released by boiling in SDS-gel
Consistent Valence Force field (CVFR)Z) in a Steepest  loading buffer and analyzed by SBAGE followed by
Descents Gradient followed by a Conjugate Gradient until autoradiography.
the rms deviation was below 0.001 in each case. The two In Vivo Protein—Protein Interaction: Yeast Two-Hybrid
propeptides were minimized separately, starting from the Analysis.Fusion proteins of the C-pral and C-proo?2
same extended chain structure. peptide with the GAL4 DNA binding domain and the Gal 4

Preparation of Labeled C-Pral, C-Proa2, and 3or 3 activation domain were constructed using the primer pairs
Deleted C-Pronl and C-Proa2 by Coupled Transcription ~ OL11, OL8 for C-proal and OL12, OL10 for C-pra2.
and TranslationThe C-proal and C-proa2 constructs or ~ The underlined sequences denote thed and BanHl
the B and 3 deletion constructs were in vitro translated in restriction sites. The primers were used to amplify the C-pro
the presence ofjSJmethionine in a TNT-coupled transcrip- al and C-prax2 peptide from pHid1 and pHHx2 as before.
tion/translation system (Promega). Brieflyud of plasmid The amplified products were then digested withd and
DNA was added to 5QL of reaction mixture containing  BanHI and cloned into theNcd and BanHI sites of the
50% rabbit reticulocyte lysate, T7 polymerase (20 amino yeast two-hybrid GAL4 DNA binding vector pAS2-1 and
acid mixture minus methionine, 40 units of RNasin ribo- the GAL4 activation domain vector pACT2 to generate the
nuclease inhibitor, and 50Ci of [**S]Met (1.4 Cikmol). plasmids pAS2-Ix1 (D1), pAS2-le2 (D2), pACT2al
The reaction mixture was incubated at 3D for 120 min. (A1), and pACT2e2 (A2), respectively. Recombinant plas-
After incubation, 1uL of the mixture was analyzed for mids were then transferred either individually or simulta-
efficiency of translation by SDSPAGE. Unlabeled con-  neously into the yeast strain CG 1945. The interactions
structs were translated in essentially the same way, withoutbetween the various constructs were visually characterized
the addition of $5S]Met but supplemented with 2(M amino by 5-bromo-4-chloro-3-indoyp-p-galactopyranoside filter
acid mixture minus leucine. By adding both incomplete lift assay performed after 3 days of growth on selective
mixes (amino acid mixture minus methionine and amino acid medium (L3). To provide quantitation of the interaction
mixture minus leucine), a sufficient concentration of all strength, multiple colonies from yeast harboring C-ptb
amino acids was provided for efficient translation. and C-proo.2 combinations were grown overnight in liquid

In Vitro Protein—Protein Interaction. (A) Binding to C-Pro  medium. Fresh liquid cultures were started and grown for 5
al— and C-Proa2—SepharosePurified (Hisy-C-pro al h and assayed for lacZ expression usiagitrophenyl/3-p-
and (His)-C-pro a2 were dissolved in 0.5% SDS and galactopyranoside.
coupled to CNBr-activated Sepharose (Sigma Chemicals) Production, Purification, and Characterization of Antibod-
according to the manufacturer’s instructions. The amount of ies against C-Prax1 and C-Proa?2. To prepare antibodies
protein bound to Sepharose was 1 mg/mL for both C-pro against C-prool and C-proa2, the (Hisy-tagged C-
al and C-proa2. Equal amounts (5@L) of C-pro al— propeptides were expressed and purified on%a-Sepharose
Sepharose and C-pra2—Sepharose were denatured by column as described above. The pure propeptides were then
suspensioni 6 M GdnHCI and then renatured by gradually used as antigens. The subsequent preparation of the antibod-
bringing down the GdnHCI concentration to zero. Equal ies in rabbits was carried out by Bethyl Laboratories Inc.
amounts of the labeled C-propeptides or labeled N- and (Montgomery, TX) according to established procedures. The
C-deleted C-propeptides were added to the conjugatedbacterial strain BL21(DE3) used to express the proteins was
Sepharose and allowed to react fbh at 4°C. The tubes  solubilized in bicarbonate buffer, pH 8.0, containing 0.1%
were gently rotated during the incubation. After incubation, Triton X-100. The soluble proteins were linked to CNBr-
the Sepharose beads were collected by centrifugation andactivated Sepharose, to prepare a bacterial proteins
washed 6 times with 50 mM Tris-HCI, pH 7.5, 150 mM Sepharose column. The antisera against Cefdrand C-pro
NaCl, and 0.1% NP40, followed by one wash with 50 mM o2 were first passed over this bacterial proteiSgpharose
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Ficure 1: Time course of induction of synthesis of recombinant Cgtaand C-pron2, as revealed by SDS-gel electrophoresis analysis.
Bacteria expressing recombinant C-ptb (A) and C-proa2 (B) were grown and induced with 1 mM IPTG as described under Materials

and Methods. Aliquots at various times of induction were removed and subjected to electrophoresis on a 12% SDS gel. At 4 h, the cells

were lysed and separated into a soluble (4s) and an insoluble (4p) fraction. The arrow indicates the induced propeptides.

column to remove antibodies that cross-reacted against thammune complexes were sedimented by centrifugation at
host strain. The C-pral antisera were then passed over a 14 000 rpm for 10 min. Immunoprecipitates were washed 4

C-pro a2—Sepharose column, to remove antibodies that times with 50QuL of IP buffer, once with 50 mM Tris-HCI,

cross-reacted with C-pra2. The unbound fractions, now
specific to C-prool, were collected. Antibodies specific to
C-pro a2 were purified in a similar manner with the final
exclusion on a C-praxl—Sepharose column. Antibodies
were characterized by Western blot analy4ig) (

Cell Culture, Metabolic Labeling, and Immunoprecipita-
tion. Human newborn HS68 fibroblasts (ATCC CRL-1635)
were grown in DME, supplemented with 10% fetal calf
serum, 100 units/mL penicillin, 200 mg/mL streptomycin,
and 2.5ug/mL amphotericin, at 37C in a humidified
atmosphere of 95% air, 5% GQPrior to labeling, cells were

pH 7.5, 150 mM NaCl, and finally once with 10 mM Tris-
HCI, pH 7.5. Immunoprecipitates were then denatured by
boiling for 5 min in SDS sample buffer in the presence of
p-mercaptoethanol, and analyzed on 10% SIPBGE. Gels
were dried and autoradiographed-ai0 °C overnight.

RESULTS

Expression, Purification, and Disulfide Bonding of C-Pro
ol and C-Prooa2. The transfected BL21 cells capable of
expressing either (Hig)C-proal or (Hisk-C-pro a2 were
induced with 1 mM IPTG, as described under Materials and

maintained in methionine-free DME medium, supplemented Methods, and aliquots were taken at various times of

with 10% fetal calf serum, 100 units/mL penicillin, 100 mg/
mL streptomycin, and 2.6g/mL amphotericin, fo2 h and
then metabolically labeled at 3T with 20uCi/mL [*°S]Met,

for 24 h. At the end of the labeling period, the cell
monolayers were rinsed twice with ice-cold PBS and
extracted in situ by addition of 4 mL of immunoprecipitation
(IP) buffer (0.5% Triton X-100, 0.5% sodium deoxycholate,
150 mM NaCl, 20 mM Tris-HCI, pH 7.4, kg/mL, trypsin
inhibitor, 1ug/mL pepstatin, kg/mL leupeptin, and 0.3 mM
phenylmethylsulfonyl fluoride) to the culture flasks. After a
15 min incubation at #C, solubilized components were
removed from the monolayer, and 4 mL of fresh IP buffer

induction. Figure 1 shows that induction of C-pra (Figure
1A) and C-proo2 (Figure 1B) could be detected as early as
30 min after addition of IPTG. Expression of the recombinant
proteins continued to increase until 4 h, the last time point
tested. At 4 h, the cell pellets were separated into fractions
that were soluble and insoluble in lysis buffer. As is evident
from Figure 1A,B, most90%) of each recombinant protein
was in the insoluble fraction, probably associated with the
inclusion bodies. The recombinant C-prd and C-proo2

in the respective insoluble fractions was dissolved in 6 M
GdnHCI and purified to near-homogeneity on a?Ni
His.Bind resin column. The purified propeptides had slightly

was added for an additional 15 min. At the end of the second different migration rates on SDS-gels (Figure 2, lanes 1, 3),
incubation, the two extracts were combined, divided into with the C-pro a2 migrating more rapidly although it

aliquots of 1.0 mL, and centrifuged in a microcentrifuge at
14 000 rpm for 30 min at 4C. Nonspecific binding proteins

contained an additional 12 amino acids than CgtoSince
the gels were run under denaturing and reducing conditions,

were first removed from the supernatants by the addition of the different migration rates could not be attributed to internal

50 uL of preimmune serum fo4 h followed by the addition
of 50 uL of a 1:1 slurry of protein G-Sepharose (Sigma)

and a further incubation of 1 h. The nonspecific immune

disulfide bonding differences, suggesting that the two
propeptides might have different conformations.
Dialysis of the eluted proteingi6 M GdnHCI against 20

complexes were then collected by centrifugation at 14 000 mM Tris HCI, pH 8.0, resulted in aggregation and repre-

rpm for 5 min. The clarified supernatants were immunopre-

cipitated overnight with either 5QL of rabbit anti-C-pro
ol or 50uL of rabbit anti-C-proo2 antibodies. Following
overnight incubations with the antibodies, B0 of a 1:1

cipitation of the recombinant proteins. In an alternate
procedure to permit controlled refolding of the recombinant
propeptides, the level of GdnHCI in the binding buffer was
stepwise lowered to zero while the proteins were still bound

slurry of protein G-Sepharose (Sigma) was added and to the column. Finally, the column was washed with binding

incubation carried on for an additional 1 h. The specific

buffer and wash buffer containing no GdnHCI. Then the



Interactions between Procollagen | C-Propeptides Biochemistry, Vol. 38, No. 17, 199%405

i i ol + o 20
+ - £ - % -

BT e — -

66 = -
= 10
45 =

31 - -— -— .
21 - AR I { S
P .
[
5
[+
[=]

M 1 2 k< 4 5 &

Ficure 2: Involvement of disulfide bonds in propeptide aggrega-

tion. The recombinant C-pral and C-proo2 were purified and

eluted from a Ni*-His.Bind column. The purified C-pral (lanes

1, 2), C-proa2 (lanes 3, 4), or a mixture of thal and a2
C-propeptides (lanes 5, 6) were allowed to aggregate on dialysis.

The aggregates were then dissolved in Laemmli’s buffer and boiled 20 s X
either in the presencet) or in the absence~) of S-mercapto- 184 200 250 300
ethanol and subjected to SDS-gel electrophoresis. Arrows indicate Wavelength (nm)

the positions of minor amounts of higher molecular weight Fgure 3: Circular dichroism spectra. CD spectra were obtained
complexes when the mixture afl and a2 C-propeptides was 4t 25°C using a JASCO 715 Spectropolarimeter with a quartz cell
allowed to aggregate for 48 h. Note the substantially more rapid of 0.1 cm path length. C-pral (dashed line) and C-pra2 (solid

migration of the intramolecularly disulfide-linked forms of the |ine) were prepared in 10 mM phosphate buffer, pH 7.4, with both
propeptides. Lane M shows the molecular weight markers. at a concentration of 0.3 mg/mL.

-10

column was eluted with elution buffer containing no Gdn-  However, after interaction, in the absence of mercaptoetha-
HCI. Under these conditions, the C-ped and C-proa2 nol, intermolecular disulfide-bonded aggregates could form.
were eluted in soluble form. However, if the solutions were  circular Dichroism. The above data indicated that the
allowed to stand at 4C for 48 h or more, the recombinant  monomeric recombinant propeptides formed internal disul-
proteins aggregated. fide bonds and produced structures of somewhat different
It was of interest to see whether the C-propeptide self- conformations. The conformations of the refolded monomeric
aggregates were a result of disulfide bond formation. The propeptides were therefore examined by circular dichrosim
aggregates were boiled in Lamelli's buffer, either in the in a 10 mM phosphate buffer at pH 7.4. Identical concentra-
presence or in the absence @fmercaptoethanol, and tions of 0.3 mg/mL were used. The CD spectra (Figure 3)
subjected to SDSPAGE. As shown in Figure 2, lanes-4, show that both propeptides have mixturespesheet and
both C-propeptides migrated primarily as monomers regard- o-helix-like conformations, although the values of dichroic
less of the presence or absencgahercaptoethanol. These ratio were not large. The C-pr propeptide had a strongly
data suggest that disulfide bond formation did not play a more prominent minimum at 220showing that it had more
role in their intermolecular association. Nevertheless, in the 3-sheetlike conformation than the C-pad..
absence ofj-mercaptoethanol, the monomer bands of the  Molecular Modeling of C-Prax1 and C-Proa2. The 2
C-proal and C-proo2 migrated faster than when in the propeptides are different in length by only 1 amino acid out
presence ofi-mercaptoethanol (compare lanes 1 and 3 with of a total of 246 for C-proal. Comparing the aligned
lanes 2 and 4, respectively). Thus, the recombinant C- sequences (Figure 4), there is 60.6% identity, and conserva-
propeptides allowed to refold in monomer form by stepwise tive homology between an additional 21.7%. The remaining
reduction of the GdnHCI concentration appear to have 17.6% of residues, however, represent nonconservative
formed internal disulfide bonds. The mobilities of the C-pro differences. Of special interest from the structural perspec-
al and C-prax2 monomer bands, determined in the absence tive, five Pro residues in each chain occupy unique positions.
of mercaptoethanol, were different, indicating that the folded No data are available on the structures of the propeptides,
internally disulfide-bonded structures of C-pré and C-pro  but based on the information presented above that the two
a2 were conformationally distinct. might have different conformations or packing, we decided
When monomeric, soluble C-pral and C-pro a2 to model their conformations by an energy minimization
solutions were combined in equal volumes and concentrationscomputation. The sequences were entered into the Discover
and then allowed to aggregate (Figure 2, lanes 5, 6), theprogram using the very general CVFF algorithms. The initial
majority of each peptide ran as a monomer on the gels in sequence entry had the backbone chain in the trans-extended
the absence @#-mercaptoethanol. However, some dimer and chain conformation, with only two explicit constraints. In
trimer formation (arrowheads, Figure 2, lane 6) was evident. C-proal, disulfide bonds C81+C244 and C152-C197 were
These results suggested that the interactions leading to theequired. The corresponding bonds in C-pe@ were
aggregation of the bacterial synthesized recombinant C-C84—C245 and C153-C198. No other restraints were used.
propeptides either with themselves or with each other were The first hundred iterations were by the Steepest Descent
not mediated by intermolecular disulfide bond formation. method; subsequent iterations were by the Conjugate Gradi-
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al D RDLEVDTTLZ K STLSOQQI 24
o2 D KDYEVDATLTZ KSLNNR QI?Z

: *
ol ENI1I RSPEGSURIEKNPARTTCRDLK D W5l
2 ETLLTZPEGSI RIEKNPARTTCRDTLR E W 54
ol K S GE Y WI DP NQGCNLUDA ATI K VF T G178
©2 S S GYYWI DPNQGCTMEA AI K VY T G 81
ol ETC VY S v Q K NWYTI S K K R H 105
«@ E T I R N 1 AKNWYRS S K K H 106
ol V WFl GE TDGFQQFEYGGO QG S V AT I3
@ V WLl G E N AGS O QFETYNVEGYV K A T 133
ol QL T{F LRLMSTEA AS QNITTYHC CE KNS SUVAYMIS
02 QL AlF MR L L ANY A Q N T Y H K NS I A Y MI6
ol D Q Q{T G NL KK AL L K G I R AE G N 8 18
o2 DEE|T GNLJKTZKAVI G D V L VAE GN § 187
X
ol R F Ty S. v T VD GCT SHTGAWGI KTV VI EYIXKXT?2I13
©2 RF TI{YTVTVDGCSI KIZ KTNEWGEKTTITIETYKT:?4
ol T K T RLPI 11 DVAPTLTDVGA EF GF D V240
o2 N K P RLPFLDIAPLUDI GG EF F VD1 24
«l G P V CF L 246
@2 G P V CTFK 247

Ficure 4: Comparison and alignment of the sequences of the @xprand C-pran2 peptides. The sequences of the human C-propeptides

are shown and numbered from the N-terminal residue in the propeptide. The asterisks denote the first and last amino acids in the N-terminal
(5') and C-terminal (3 truncated constructs, respectively. The differences in the placement of conformationally significant proline residues
have been highlighted, and the intramolecular disulfide bonds are joined by arrows. The internal disulfide-bonded loop sequence is underlined.

Ficure 5: Molecular modeling of C-pral and C-proo2. The structures of C-pral and C-proo2 were built from published sequences

in an extended form on a Silicon Graphics Indigo 2R4000 X/Z graphics. The extended chain structures were constrained by the formation
of the two natural disulfide bonds in each case. The deduced minimum energy three-dimensional structure of each peptide is shown. The
domains with backbones in red show the portions removed in ‘tread 3 deletion constructs. The remaining initial sequence (green)
continues as an extended chain until the first globular domain, G-I (blue), is formed. The polypeptide chain leaves G-I as an extended chain
(yellow) until the G-Il domain forms (white). Finally, the chain leaves G-Il to loop back to form the-€&44 or C84-C245 disulfide

bond. The antiparallel chains in the L domain show less structure in @pithan in C-proo2. The white line transecting the C-po®

shows the telopeptidepropeptide junction. The numbering system used in describing the propeptides in Figure 4 begins at this point. The
numbers in this figure show the positions of the Cys residues.

ent method. Minimization was carried on until the rms (Figure 5), although quite similar, are nevertheless different.

deviation between conformations was less than 0.001. Both begin with an N-terminal domain that is essentially an
The overall conformation for C-pral converged slowly  extended chain. This region contains the first twed,(

to a net total energy of 355 kcal/mol, and 40 000 iterations C44,C67) or threeo(1, C41,47,64) Cys residues that are not

were required. Surprisingly, the C-pm2 conformation, involved in intramolecular disulfide bonding (the numbering

using identical protocols, converged more rapidly (10 000 is according to Figure 4). In each case, a globular domain

iterations) to a total energy 6f187 kcal/mol. The models  (G-I) of three antiparallel chains then follows (green, blue
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in Figure 5), folded so that C81kxl) and C83 ¢2) are at M+ o+ - - séphm’;: @ @ @
the end of a loop disulfide-linked to C244 or C245, A TR B =
respectively. The peptide chain continues as an extended =] -4

chain (yellow) until a second globular domain (G-I1) (white),

containing the second small disulfide-bonded lo@yl,( -

C152~C197,a2, C153-C198), is formed. The C-terminal p—— - ==

sequence then continues as an extended chain (red) but
looped back to permit formation of the final C81C244 and = =
C82—C245 disulfide bonds (Figure 5). The two antiparallel 1 2 3 4

extended chains form a linkage (L) domain between the G-I vors e
and G-Il in both C-propeptides. The L domains may be
flexible and act as hinge regions during C-propeptide S e - - o
interactions. The differences in tiel anda2 G-I and G-Il I co e ND 3
globular domains, evident in Figure 5, may be importantin - o T T g<9< 38494
setting the specificity of chain selection interactions. e ™ s

In Vitro Protein—Protein InteractionBefore studying the D i
interactions of the recombinant C-propeptides, it was neces- R BT _ —x -
sary to verify that in vitro synthesized C-propeptides were 1 23 45 6 7 8 9 10 1112
also capable of folding correctly.®®5]Met-labeled C- His, -1 His a2

6

propeptides were synthesized in rabbit reticulocyte lysate _ _ o ) _
using the TNT-coupled transcription/translation system. The FIGURE 6: In vitro protein—protein interaction. (A) Formation of

. . . ._disulfide bonds. Rabbit reticulocyte lysate synthesiZ&8]Met-
labeled translation products were boiled in electrophoresis ;o jaq C-proul (lanes 1 and 3) and C-pia2 (lanes 2 and 4)

buffer (11), either in the presence or in the absence of were subjected to SDSPAGE either in the presence (lanes 1, 2)
B-mercaptoethanol, and subjected to SBFRGE (Figure or in the absence (lanes 3, 4) ffmercaptoethanol. Following

6A). In the presence g§-mercaptoethanol, nearly all the in electrophoresis, the gel was fixed, dried, and analyzed by auto-

vitro synthesized protein ran as a monomer, with very little fadiography overnight. The arrow indicates the position of dimers
t as dimer. However, in the absencg-afiercapto- formed in the absence gfmercaptoethanol. (B) Sepharose-linked

presen ' ever, in t NeE:- p C-proal— (lanes 1, 2) or C-pro2—Sepharose (lanes 3, 4) affinity

ethanol, there was an increase in the dimeric form of both columns were reacted with equal amounts of in vitro synthesized

propeptides with a corresponding reduction in the monomer [33S]Met-labeled C-praxl (lanes 1, 3) or C-pr@2 (lanes 2, 4).
content. Moreover, the monomeric forms ran as doublet The beads were washed, and the bound radioactive peptides were

: ; ; luted by boiling in Laemmli’s buffer in the presence @mer-
bands, suggesting, as in the case of the recomb'namtgaptoethanol and subjected to SDS-gel electrophoresis. The C-pro

propeptides, the formation of intramolecular disulfide bonds 5" interaction with itself (lane 4) is essentially as strong as the
and a more folded conformation. Again, there was a C-proal—C-proal and C-prox2—C-proal interactions. (C, D).
difference in the migration rates between the C-@floand Equal amounts of radioactive in vitro translated C-propeptides and
C-pro a2 propeptides. deletion propeptides were taken for binding to unlabeled ¢His)

. P . : C-proal (lanes 16) and (Hisy-C-proa2 (lanes 7#12). Panels C
The first approach to quantification of the interactions of represent the amount of radioactivity taken for binding. Panels D

the C-propeptides with themselves and with each other wasghow the amounts of in vitro synthesizeé8g]Met-labeled C-pro
to test whether¥fS]Met-labeled C-propeptides, produced in ol (lanes 1, 7), C-pra2 (lanes 4, 10)A5'C-proal (lanes 2, 8),
the coupled transcriptiortranslation system, could be A3C-proal (lanes 3, 9)A5'C-proa2 (lanes 5, 11), oA3'C-pro
retained on a C-pro.1—Sepharose or a C-pu2—Sepharose a2 (lanes 6, 12) retained by the chelation-linked (KHS}pro ol

- _ o or (His)-C-pro a2. The Novogen His.Bind beads were pelleted
affinity column. The C-prax1—Sepharose and C-pr2 and washed. The bound radioactively labeled peptides were eluted

Sepharose affinity columns were prepared by immobilizing py boiling in Laemmli's buffer in the presence gfmercaptoethanol
bacterial synthesized monomeric recombinant Cedk@nd and subjected to SDS-gel electrophoresis. The gels were fixed, dried,

C-pro a2 to CNBr-activated Sepharose in the presence of and analyzed by autoradiography overnight.
SDS.

The C-proal—Sepharose affinity column was capable of reticulocyte lysates and added #§]Met-labeled C-praxl
binding both in vitro synthesized®S]Met-labeled C-praxl or C-pro a2, lacking the (Hisytag. Identical amounts of
and C-proo2 (Figure 6B, lanes 1 and 2). Identical amounts abeled proteins were applied in each case. The reactions
of labeled proteins were applied in each case. Surprisingly, were allowed to continue overnight, following which His-
in addition to binding C-prat1, the C-prax2-affinity column bind resin was used to capture the (lgisjopeptides. Any

was also capable of binding in vitro synthesiz&$S[Met- radioactivity brought down with the His-bind resin would
labeled C-prax2 to an equivalent extent (Figure 6B, lanes be due to interaction of the labeled peptides with the
3 and 4). unlabeled (His}C-propeptides. The results are shown in

The preceding experiments were done on the C-propep-Figure 6D. As before, C-pral and C-proo2 were both
tides synthesized in bacteria and immobilized to Sepharosecapable of binding to themselves and to each other (lanes 1,
under conditions in which the majority of the propeptides 4, 7, 10). The interactions were thus comparable between
were in the monomeric form. Since propeptides synthesizedthe recombinant and in vitro synthesized constructs. The
in the rabbit reticulocyte lysates showed the presence ofamount of initial radioactive propeptide added to the mixture
monomer folding and some dimer formation, we decided to is shown in Figure 6C. Thus, comparing the intensities of
study the interactions entirely with the C-propeptides syn- labeling in panels C and D, lanes 1, 4, 7, and 10, Cedto
thesized by rabbit reticulocyte lysates. Briefly, cold (lis) and C-proa2 appear to bind to each other and to themselves
C-pro a1 or (Hisk-C-pro o2 was synthesized in rabbit with similar efficiencies.



5408 Biochemistry, Vol. 38, No. 17, 1999 Alvares et al.

Table 1: Intensity of Binding between Combinations of C-Bio
and C-Pron2 in the Yeast Two-Hybrid System Al P' » - 4 Mg =" »
interacting propeptides %-galactosidase act: SD? o . -
DalAal 100+ 2.5 2 & g u g *
DalAa2 98+ 1.5
Da2Aal 92+ 6 :
Da2Aa2 67.5+ 1.6 Al . - [} > o
et
@ Average of 2 separate experiments, 12 individual readings for each ¥ i ="
experiment. The intensity of binding between C-prbwith itself was d
arbitrarily taken as 100%. AZ " W 8 b2 Lol e

. . . FIGURE 7: Interactions between C-proand C-proa2 in the yeast
This approach also provided a convenient means to wyo-hybrid system. Four different individual yeast colonies contain-
examine the specificity of the interactions in terms of the ing combinations of the DNA binding domain and activation
propeptide domains. The' @nd 3 deletion constructs of  domain fusion proteins (D1A1, D1A2, D2A1, and D2A2) were

C-proacl and C-prax2 were prepared. The deleted sequences 9roWn on ?D’%Trp/_'t-e.“/ fofth?’tﬁays-t.Ast. condtrols, .ye"’I‘St ce(!lI\sl
. . . ontaining ftusion proteins wi e aclivation aomain alone ,
can be seen in Figure 5 as the chain backbone Segmem§2) or the DNA binding domain alone (D1, D2) were plated on

|nd|Cated |n I’ed The '5de|etI0nS eXC|lee the N'term|na| SD/~Leu or SD/—Trp, respective|y_ After growth for 3 days’ the
portions D1 to P37 in C-prel, and D1 to P40 in C-pro  colonies were assayed for the expressiofi-glactosidase by the
o2. All of the Cys residues are retained. As shown in Figure colony lift method. Colonies that contained both plasmids turned
6D, lanes 2 and 8, deletion of the N-terminal region of C-pro b!ue while those containing the individual plasmids alone stayed
al substantially diminished its binding to either itself or pink.
C-proa2. Similarly, deletion of the N-terminal end of C-pro  C-proa2. Likewise, the C-pra?2 interacted with C-pra.l
a2 also markedly diminished binding to itself or to C-pro and itself, confirming that the interaction of C-ps@ with
al (lanes 5, 11). Deletion of the C-terminal end of C-pro itself is real and not an artifact of the in vitro system.
al, on the other hand, had only a small effect on binding to However, quantitation of the interactions in the liquid assay
either propeptide (lanes 3, 9). The C-terminal deleted C-pro showed that in the yeast cells interaction of C-péwith
a1l bound equally well to C-pra.l or C-proo2. In marked itself was significantly weaker than the C-prd—C-proal
contrast, deletion of the C-terminal segment of C-pi@ interaction, whereas the C-pod—C-proa? interaction was
completely abolished its binding to both C-pré and C-pro equivalent to the C-pral—C-proal interaction (Table 1).
o2 (lanes 6, 12). Similar results were obtained for binding  In Vivo Protein—Protein Interactions. Western Blot and
of the N- and C-terminal deletions of the C-pxd or C-pro Immunoprecipitation AnalysiSince the C-pr@2 — C-pro
a2 constructs, to CNBr-linked C-pro.l and C-proo?2 o2 interaction was significantly weaker than the C-ptb
(results not shown). The fact that similar deletion constructs — C-pro a2 interaction in the quantitative yeast two-hybrid
of the C-proal and C-prax2 yielded such different binding  system assay, whereas their interactions were more closely
results supports the conclusion that the interactions beingequivalent in vitro, it seemed logical to determine if there
studied are very specific in nature. were any other cell proteins that might specifically bind to
In Vivo Protein—Protein Interaction. Yeast Two-Hybrid C-prooa2 and thus prevent self-association. For this inves-
ExperimentsThe in vitro experiments described above used tigation, antibodies were raised against the recombinant C-pro
either purified recombinant propeptides or propeptides al and C-proa2 and carefully purified, as described under
synthesized and folded in cell-free systems. In normal cellular Materials and Methods, to minimize cross-reactivity. Whole
synthesis, it is possible that the local environment and the uninduced and IPTG-induced bacterial cell extracts were used
presence of other cell proteins could modulate the folding for Western blot analysis. The blots, shown in Figure 8,
of the propeptides and/or the propeptide interactions. To demonstrate that the purified antibodies raised against C-pro
approach the in vivo system, the yeast two-hybrid system al were specific taal (panel A, lanes 2 and 4), and that
was studied. Fusion proteins were constructed in which the those against C-pra2 were specific tax2 (panel B, lanes
DNA binding domain of Gal4 was fused to either C-pr 2 and 4) without appreciable cross-reactivity. This finding
or C-proa2 (D1, D2). Similarly, the activation domain of was confirmed by ELISA (data not shown). The anti-C-pro
Gal4 was fused to C-pral and C-proo2 (Al, A2). ol interaction with C-prax2 (Figure 8A, lane 4) was minor.
Interactions were tested by cotransformation of different There was no interaction of the anti-C pod with the
combinations of the DNA binding domain fusion proteins bacterial proteins whether C-pool was present or absent.
(D) with the activation domain fusion proteins (A), into the The interaction of anti-C-pra.2 with C-proal was also
yeast strain CG 1945. This strain harbors an integrated lacZminor (Figure 8B, lane 2). However, as shown in Figure 8B,
reporter gene driven by the Gall upstream activating lane 4, when C-pro.2 was present in large amount, the anti-
sequence (UAS) and three tandem copies of the Gal4 17-C-pro a2 antibody reacted with a number of additional
mer consensus sequence. In this system, interactions betweeproteins. The lower molecular weight bands seen in lane 4
the C-propeptide portions of the D and A constructs are (Figure 8B) could be due to either incomplete synthesis and/
required to drive the expression of the lacZ reporter gene. or degradation products of the induced C-pth The higher
The relative strengths of interactions between the C- molecular weight bands could arise from the presence of
propeptides were assessed both by a direct lacZ plate assagtable aggregates of C-po2 with the cell proteins. In any
and by quantitation of the reporter activity in a liquid culture case, the additional bands seen in lane 4 cannot be attributed
(Table 1). The lacZ plate assay (Figure 7) showed unequivo-to nonspecific background reaction with bacterial proteins,
cally that, in vivo, C-prool interacted with both itself and  as the same amount of bacterial protein was present in all
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Ficure 8: Demonstration of specificity of the antibodies to the
propeptides. Cell extracts of bacteria expressing Cefir@lanes 1
and 2) or C-prax2 (lanes 3 and 4) either before inductiofy)(or
4 h after inductionT,) were run on a 12% SDS gel and transferred

to nitrocellulose. Lane M shows the prestained molecular weight
markers. The blots were blocked with BSA and reacted overnight
at 4 °C with the antibodies that had been prepared against the

recombinant C-pral (A) or C-proa2 (B). The antigerantibody
complexes were visualized by reaction with anti-rabbit I9G-linked
alkaline phosphatase and the substrate BCIP/NBT.

four lanes of Figure 8B. Lanes 1, 2, and 3 showed no reaction

of the anti-C-proai2 with bacterial proteins in the absence
of excess C-pra2. The band of antibody labeled C-po@
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FicurRe 9: Possible role of accessory proteins in regulating in vivo
C-propeptide interactions335]Met metabolically labeled proteins

of a human fibroblast, HS68, cell line total cell lysate were first
interacted with preimmune serum and protein &pharose. The
clarified supernatants were then subjected to immunoprecipitation
with either anti-C-prool (lane 1) or anti-C-prax2 (lane 2). The
immune complexes were brought down with protein&pharose.

The pellets were washed as described under Materials and Methods
and then subjected to SDS-gel electrophoresis followed by auto-
radiography. The molecular masses of the standards are shown on
the left by the small arrows. The large arrows show the uniquely
immunoprecipitated proteins in each case.

propagated from the C- to the N-terminus in a zipper-like

seen in Figure 8, lane 3 suggests that the control of C-pro ,5nner {—4). The basic question of the selectivity of

a2 synthesis is leaky, with a low level of synthesis even in

heterotrimer formation can be approached from either of two

the absence of ITPG induction. This is also evident in Figure nerspectives. What specific interactions drive the selection

1B, lane 0. In the presence of this small amount of C-pro ot the [proocd],{pro 0:2] heterotrimer, or how is the formation
a2, no background staining of other proteins was detected. of the incorrect [praxl]s and [proo2]s homotrimers or the

Thus, the data in Figure 8, lane B4 shows that C-quib

[pro al][pro a2], heterotrimer suppressed? The data pre-

must interact and bind to several bacterial cell proteins much ggnied above all demonstrate that purified recombinant C-pro

more strongly than does C-prol. The preimmune serum
failed to pick up any specific bands (data not shown).

ol and C-pran2 both have a tendency to self-aggregate. At
this point, the nature of the interacting and stabilizing forces

_ The purified, monospecific antibodies were then used 10 yemains uncertain. However, the data shown in Figure 2
Immunoprecipate reactive proteins from a human fibroblast gemponstrate that interchain disulfide bond formation is not

(HS68) cell lysate, in which the proteins had been metaboli-

cally labeled with }°S]Met. As shown in Figure 9 (lanes 1,
2), anti-C-proa.l and anti-C-prax2 immunoprecipitated a

likely to be a prerequisite for interaction and in-register triple-
helix formation in the heterotrimer. The SDS-gel electro-
phoresis profiles of the bacterial synthesized C-propeptides

numbe_r of similar prof[eins. The heavy, high molecular mass i, the presence or absence @fmercaptoethanol were
band in both lanes is probably related to the completed gggentially identical, with most of the protein running as the

collagen proe. chains. However, there were specific differ-
ences. The anti-C-pral specifically immunoprecipitated a
protein of calculated molecular mass 76 K (left arrowhead),
which was not immunoprecipitated with anti-C-pr@. The
anti-C-proa2, on the other hand, immunoprecipitated several
proteins not reactive with anti-C-prdl. The most prominent
anti-C-proo2-precipitated protein band had molecular mass
65 K (Figure 9, lane 2, right arrowhead). Other proteins
specifically coprecipitated by anti-C-pu®2 were at molec-
ular mass 85, 35, and 33 K. Thus, the C-prband C-pro
a2 peptides have distinctly different interaction capabilities
with other cell proteins, in both human fibroblasts and
bacterial cells.

DISCUSSION

As noted in the introduction, the initial step in type |

monomer. The same results were obtained when the purified
ol and a2 C-propeptides were mixed and allowed to
aggregate, thus eliminating the formation of intermolecular
disulfide bonds as the mechanism for aggregation. This is
in keeping with recent results showing that interchain
disulfide bonds do not play a role in the interactions between
the C-propeptides of type Ill collagen during molecular
assembly 15). It has also been shown that type | procollagen
chains can associate into a triple-helical molecule even when
interchain disulfide bond formation is inhibited®).

Although interchain disulfide bonds were not formed,
intrachain disulfide bonds were formed as made evident by
the faster migration of C-pral and C-proa2 in SDS-gels
in the absence g#-mercaptoethanol. Thus, we can assume
that the C-praxl1 and C-prax2 were intramolecularly folded.
Moreover, in the absence gfmercaptoethanol, C-pral

procollagen heterotrimer formation is the association of the ran slightly faster than C-pra2, indicating that the two

C-propeptides of thex chains. The triple helix is then

propeptides might be folded differently.
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The folding question is of major importance to the as in the bacterial system was not present. Thus, the
interpretation of the data presented here. There is alwaysformation of the disulfide bonds is not required to drive the
the question of how closely proteins produced by recombi- interchain association, either for C-prd — C-proal, C-pro
nant means are folded relative to their native state. Indeed,al — C-proa2, or C-proa2 — C-proo2. The determinants
the recombinant proteins, as produced, were not soluble inof the proteir-protein interaction must therefore lie in the
the bacterial lysates without the addition of 6.0 M GdnHCI. amino acid sequences and conformations of the interacting
However, the (Hisytagged propeptides could be linked as domains. The same conclusion had been reached for type
monomer to the His.bind Ni-chelating column in 6.0 M 1lI collagen, in which a discontinuous sequence of 15 amino
GdnHCI. The stepwise reduction of the GdnHCI concentra- acids present in the C-propeptide was shown to direct self-
tion permitted folding to take place while the bound association Z3). The interaction behavior of the peptides
propeptides could not interact and they could be eluted asderived from the N- and C-terminal deletion constructs as
monomeric, intramolecularly folded and disulfide-bonded shown in Figure 6D is especially instructive. In each case,
molecules. Their conformations and interactions were then as depicted in Figure 4, the central part of each propeptide
examined in that state. was retained, with all cysteines intact, except for the most

The CD spectra obtained on the two propeptides under C-terminal Cys residue in the C-terminal deletions. Most
identical conditions and concentrations, Figure 3, demon- studies 24) have emphasized the conserved sizes and
strated unequivocally that the two have different conforma- sequences of the C-propeptides of type | and Il procollagens.
tions. Analysis of the CD spectra{, 18) suggests that C-pro  Indeed, comparing the human C-prdl and C-proo?2
a2 and C-proal have different proportions ofi-helix, sequences, it is evident that the sequence differences are in
B-sheet, and random chain conformations. The models most cases very conservative. However, as emphasized in
produced by energy minimization (Figure 5) are consistent Figure 4, the N-terminal sequences that were deleted to
with these data. The propeptides, with their high degree of produce theA5'C-pro ol and A5'C-pro a2 constructs are
sequence identity and homology, have similar overall gjso quite different. Three Pro residues present in Cef2o
structures, with two clearly defined folded domains, G-l and gre not matched in the C-pml sequence. Thus, the two
G-Il. However, the equivalent folded domains of the two propeptides must have distinctly different conformations in
propeptides are not identical in structure. The antiparallel thjs region. Similarly, in the C-terminal deletion region, the
chains of the L linkage domains joining G-I to G-Il are  C_terminal sequences of the two propeptides each have one
similar in length but are also not of equivalent structure. We ynjquely placed Pro residue that ensures different conforma-
will return to the differences in structures later in this tjons for the two sequences. The central globular domains
discussion, as the basis for the differing interaction behavior 5150 have strategically placed nonconservative sequence

of the propeptide deletion constructs. _ differences that clearly make the two propeptides different
Rabbit reticulocyte lysates have been extensively used tojn their folded conformations.

check protein-protein interactions19, 20) and are known
to correctly fold the synthesized protein21( 22). The
C-propeptides synthesized by translation in rabbit reticulocyte
lysates also folded and formed intramolecular disulfide
bonds. These monomeric, disulfide-bonded propeptides
migrated more rapidly on SDS-gels than did their reduced
(+mercaptoethanol) forms (lanes 3 and 4 of Figure 6A). This
is especially evident for the C-prol, where the appearance
of two distinct monomer bands is obvious in lane 3A. Thus,
one can assume that the reticulocyte lysate-produced propep
tides were essentially properly folded. The binding studies
were carried out under conditions that would retain this . . )
folding of the C-propeptides. Since the binding data for the L dpmaln of C-proaz to its cqnformatlon, whereas the
recombinant propeptides were equivalent to those for the €auivalent sequence in C-pedl is less structured.
reticulocyte lysate-produced peptides, it is reasonable to The N-terminal peptide deletion constructs provide a
conclude that the recombinant proteins, after stepwise Somewhat more ambiguous picture. The bindingA&fC-
renaturation, were also in an essentially native folded proal to intact C-praol and intact C-pra2 is diminished
conformation. In the case of the CNB8epharose-linked  (Figure 6C, lanes 1, 2 and 7, 8) but not abolished. Removal
propeptides, the propeptides were linked under conditions of the same region of C-pr@2 (A5'C-proa2) also leads to
in which they were monomeric. Before being used in the an inhibition of binding to itself and to C-pro.l. The
binding experiments, the linked peptides were denatured ininhibition of binding on removal of the N-terminal end of
6 M GdnHCI and then stepwise renatured. In the case of theeither C-prool or C-proa2, together with the complete lack
His.bind resin pull-down experiments, all of the interacting of binding on removal of 36 amino acids from the C-terminus
propeptides and deletion constructs were synthesized in rabbipf C-proa2, strengthens the conclusion that the interactions
reticulocyte lysates. seen between the intact C-propeptides are specific. The
The formation of a small amount of disulfide bond present experimental procedures, however, do not enable us
mediated dimer in the reticulocyte lysate produced C-pro to determine the stoichiometry of binding. The experiments
ol + C-pro a2 mixture (Figure 6A) was unmistakable. described above cannot specify whether C-g@tobinds to
Nevertheless, the intermolecular interactions were presentitself and C-proa2 as a monomer or as a dimer, nor rule
and strong even where interchain chain disulfide bonding out the possibility that even larger aggregates might exist.

The binding studies shown in Figure 6D can be interpreted
from this perspective. The 36 amino acid deletion from the
C-terminal end of C-prax1 (depicted in red in Figure 5)
had little effect on its binding to itself or to C-pra2
(compare lanes 1 and 3 with lanes 7 and 9, Figure 6). The
same deletion in C-pro2 completely abolished binding to
itself and to C-prax1 (compare lanes 4 and 6 with lanes 10
and 12). These results indicate that the deleted C-terminal
portion of the C-prax2 peptide was essential for binding to
itself or to C-proal. The structural models in Figure 5
support this by suggesting the importance of the C-terminal
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Synthesis of foreign proteins in yeast has been shown to
be favorable to proper folding and disulfide bond formation
of the recombinant proteins and domai§)( The yeast two-
hybrid system has also recently been used to show interac-
tions between type IV collagen and type VI collage®)(

The yeast two-hybrid system was therefore used here to
probe the interaction of the C-propeptides in a near in vivo
situation. The data obtained in the yeast two-hybrid system
once again showed that C-po® is capable of binding to
itself in vivo, although with only 68% of the affinity shown
by the self-interaction of C-pral. On the other hand, C-pro
o1 bound to itself and to C-pr@2 with nearly equal affinities
(Table 1). These results are in keeping with a recent report
by Tomita et al., demonstrating the presence of @2¢1)
dimers and unstable trimers in a baculovirus expression
system 27). In view of the fact that C-pra2 is also capable

of binding to itself in vitro, whereas the presence of [pro
a2(1)]s homotrimers has not been detected so far in any in
vivo or in vitro system, suppression of the C-pu@ self-
interaction seems to be the more likely possibility. The
observation that while the binding of C-pe to itself was
strong in vitro but it was weaker in vivo raised the possibility
that there might be other proteins in the cell that interact
with C-proa2 and so prevent it from associating with itself
in vivo. The yeast cell may contain homologues of those
proteins that interact with the C-po® peptide in collagen-
producing fibroblasts. The fact that C-pm2 is over-
expressed and the possibility that the yeast homologues do
not bind as strongly as their mammalian counterparts could
explain why a reduction rather than a complete abolition of
binding is seen in the yeast two-hybrid system. The co-
immunoprecipitation data (Figure 9), showing that the
antibody against C-pro.2 coprecipitates specific proteins
that were not immunoprecipitated by the antibody against
C-pro al, strengthens the idea that the C-pr® domain
reacts with specific and distinct cellular proteins. The
interaction of these proteins with the C-propeptide of the
o2 chain may be important in preventing assembly of an
a2 homotrimer. This notion is similar to the conclusions
already reached concerning the role of Hsp 47 in interacting
specifically with the N-propeptide of the pral chain
preventing its premature interactia?g]. It is likely that these
proteins will be located in either the endoplasmic reticulum
or the Golgi compartments of collagen producing cells. The
isolation and characterization of the proteins interacting with
the C-proal and C-prax2 chain regions and a detailed study
of the interactions of the recombinant propeptides will be
the next steps toward understanding the mechanism of chain
selection and heterotrimer formation in procollagen |I.
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