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ABSTRACT. The procollagen C-proteinase (PCP) is a zinc peptidase of the astacin family and the metzincin
superfamily. The enzyme removes the C-terminal propeptides of fibrillar procollagens and activates other
matrix proteins. Besides its catalytic protease domain, the procollagen C-proteinase contains several
C-terminal CUB modules (named after complement factors C1r and C1s, the sea urchin UEGF protein,
and BMP-1) and EGF-like domains. The two major splice forms of the C-proteinase differ in their overall
domain composition. The longer variant, termed mammalian tolloid (mTId, i.e., PCP-2), has the protease-
CUB1-CUB2-EGF1-CUB3-EGF2-CUB4-CUB5 composition, whereas the shorter form termed bone
morphogenetic protein 1 (BMP-1, i.e., PCP-1) ends after the CUB3 domain. Two related genes encode
proteases similar to mTId in humans and have been termed mammalian tolloid like-1 and -2 (mTIlI-1 and
mTIl-2, respectively). For mTII-1, it has been shown that it has C-proteinase activity. We demonstrate
that recombinant EGF1-CUB3, CUB3, CUB3-EGF2, EGF2-CUB4, and CUB4-CUB5 modules of the
procollagen C-proteinase can be expressed in bacteria and adopt a functional antifashbelt
conformation. As shown by surface plasmon resonance analysis, the modules bind to procollagen | in a
1:1 stoichiometry with dissociation constanks) ranging from 622.0 to 1.0 nM. Their binding to mature
collagen 1 is weaker by at least 1 order of magnitude. Constructs containing EGF domains bind more
strongly than those consisting of CUB domains only. This suggests that a combination of CUB and EGF
domains serves as the minimal functional unit. The binding affinities of the EGF-containing modules for
procollagen increase in the order EGF1-CUBTUB3-EGF2< EGF2-CUBA4. In the context of the full

length PCP, this implies that a given module has an affinity that continues to increase the more C-terminally
the module is located within the PCP. The tightest binding module, EGF2-CKiB4-(1.0 nM), is only
present in mTld, which might provide a quantitative explanation for the different efficiencies of BMP-1
and mTId in procollagen C-proteinase activity.

Procollagen C-proteinase (PCRyas first purified as a  (2). Bone morphogenetic protein 1 (BMP-1) was originally
100 kDa protein (PCP-2) from chicken embryo tenddl)s (  identified as a zinc metalloprotease in extracts of deminer-
and later as a 70 kDa (PCP-1) protein from mouse fibroblastsalized bovine bone together with T@GHike growth factors,
termed BMP-2A and BMP-33). Amino acid sequencing
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BMP-1, mTld, and mTIl-1 are critical for the assembly of Albeit derived from the same gene, BMP-1 and mTId do
the extracellular matrix because they cleave the propeptidesnot exhibit the same substrate specificity. For example,
of fibrillar collagens HlII, V, and XI (1, 5, 6, 8—11), as BMP-1 has been shown to be a more efficient C-proteinase
well as the small, leucine-rich proteoglycan probiglyca®) ( and chordinase than mTI@@). This paradox has recently
They also cleave procollagen VILE) and theas- and y,- been addressed by Kadler and co-work&@3,(who found
chains of prolaminin 5 14, 15), thereby facilitating the  that deletion of the EGF-like domains in mTld converted
assembly of the dermakpidermal junction and of anchoring the enzyme into a more effective C-proteinase, similar to
fibrils. Furthermore, BMP-1/tolloid-like proteases play im- BMP-1.

portant roles in cross-linking collagens and elastin by |n this study, we sought to acquire quantitative data on
activating the prolysyl-oxidasel6, 17). In embryonic the interaction of the procollagen C-proteinase with its main
development, these enzymes are crucial in dorso-ventralsypstrate, procollagen I. For this purpose, we cloned the

patterning because they release ventralizing F-Gike cDNAs encoding several C-terminal subfragments, which
factors from their antagonist chordin in vertebrat&8— overlap each other successively. The modules were expressed
21) and dorsalizing growth factors Drosophila(22). Hence,  in Escherichia coliand folded in vitro. As deduced from

the C-proteinase seems to orchestrate the assembly of thejrcular dichroism spectra, the modules consist mainly of
extracellular matrix and patterning evengsy antiparallelg-sheets. Kinetic analysis by a surface plasmon

Two related genes encoding proteases similar to mTld haveresonance methodology demonstrated that the modules bind
been identified inbmp1null mice and have been termed to procollagen | and collagen | with strikingly different
mammalian tolloid like-1 and -2 (mTIl-1 and mTIl-2, affinities. The data indicate that the EGF-like domains
respectively). Theompl™'~ mice have abnormal collagen  strongly enhance binding and that the tightest interaction is
fibrillogenesis in skin and are perinatal lethal due to seen with the EGF2-CUB4 module, a construct present only
incomplete ventral body wall closur@4). However, they  in mTId but not in BMP-1. These data might provide a

do develop a skeleton due to mTll-1, which also exhibits quantitative explanation for the functional differences be-
C-proteinase activity and can partially compensate for the tween the two splice variants.

loss of thebmplgene 24).

The procollagen C-proteinase is a member of the astacinMATERIALS AND METHODS
family and the metzincin superfamily of zinc peptidasgs|
27). Unlike the archetypal crayfish enzyme astacin, which ~ ChemicalsAll chemicals were analytical grade and, if not
consists So|e|y of a Compact protease domain, the C- stated otherwise, obtained from Amersham Bioscience
proteinase contains EGF-like domains and CUB modi@gs ( (Freiburg, Germany), AppliChem (Darmstadt, Germany),
29). The two major splice variants differ in the number of Serva (Heidelberg, Germany), Bio-Rad (Munich, Germany),
these domains. In PCP-1/BMP-1, the sequential order of theSigma/Aldrich (Taufkirchen, Germany), New England Bi-
domains is as follows: protease, CUB1, CUB2, EGF1, and oLabs (Frankfurt/Main, Germany), and Merck (Darmstadt,
CUBS3. The variant PCP-2/mTId is elongated C-terminally Germany).
with EGF2, CUB4, and CUB5. Cells and Plasmids.PCP-1/BMP-1 and PCP-2/mTIld

CUB-EGF entities have been reported to mediate pretein  cDNA inserted into the pQE 70 vector (a kind gift of W.
protein interactions also involving collagen-like structures. Herzog and R. Lauster, Deutsches Rheumaforschungzentrum,
For example, the CUB-EGF moieties of complement proteins Berlin, Germany) were used as templates for PCR. The
C1r and C1s form a head-to-tail heterodimer, which interacts following primers were used for the amplification of the
with the collagen-like C1q proteir8Q, 31). The CUB1-EGF- constructs (sequences in the-8' direction): EGF1-CUB3,
CUB2 modules of the mannose-binding protein-associated GAGACATATGGTGGACGAGTGCTCTCGGCCC (for-
serine protease 2 (MASP-2) mediate homodimerization andward) and GAGAGGATCCTAGTGATGGTGATGGTGAT-
interaction with the collagen-like mannose-binding protein GTTCTGAGAAGAAGTG (reverse); CUB3, GAGACATAT-
(MBP) (32). The CUB modules of C1s3(0) and MASP-2 GTGTGGCGGATTCCTCACCAAGCTC (forward) and
(32) have a typical antiparallgl-sheet structure that is highly GAGAGGATCCTAGTGATGGTGATGGTGATGTTCTG-
similar to the sperm adhesin PSHRSPII heterodimer = AGAAGAAGTG (reverse); CUB3-EGF2, GAGACATAT-
(porcine sperm adhesion protein) and to aSFP (acidic seminalGTGTGGCGGATTCTTCACCAAGCTC (forward) and
protein) @3). GAGAGGATCCTAGTGATGGTGATGGTGATGGCCGG-

There is evidence that the different CUB and EGF domains CTTCTTTGCAGTC (reverse); EGF2-CUB4, GAGACATAT-
play distinct parts in the overall function of the C-proteinase, GAAGGACGAGTGCTCCAAG (forward) and GAGAGG-
since the differences in their amino acid sequences andATCCTAGTGATGGTGATGGTGATGCTCTGTGGCGT-
modeling studies based on the structure of PSPI/PSPIIGGGAGGC (reverse); CUB4-CUB5, GAGACATATGT-
identify them as individual entities84). However, the roles =~ GTGACCACAAGGTGACA (forward) and GAGAGGATC-
of the C-terminal domains are still obscure, since there are CTAGTGATGGTGATGGTGATGCTTCCTGCTGTGGAG-
contradictory reports in the literature. For example, it has TGT (reverse). The primers introduce ‘ah&xa-His tag and
been published that CUBL1 is essential for secretion, that aNdel and BamHI restriction sites at thedhd 3 ends of the
C-proteinase lacking the CUB2 domain is a poor protease, cDNA, respectively. The constructs were subcloned into the
and that the activity of the enzyme is completely abolished pGEM-T vector (Promega, Mannheim, Germany). For
if the CUB2-EGF1-CUB3 module is missin@%). On the expression of the PCP constructs, the sequences were isolated
other hand, a more recent paper has shown that the proteasas Ndel-BamHI fragments and ligated into the pET3a vector
domain of BMP1 alone can be secreted and exhibit C- (Invitrogen, Karlsruhe, Germany. coli BL21(DE3) cells
proteinase activity 36). (Stratagene, Amsterdam, The Netherlands) were transformed
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with pET3a/PCP domain plasmids, which had been estab-
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SDS-Polyacrylamide Gel Electrophoresis (PAGE) and

lished in a nonexpression host. These cells carry the T7 RNAImmunoblotting Protein samples derived from purification

polymerase gend DE3 lysogen), which is under the control

or folding were mixed with sample buffer, containing 0.25

of a lacUV5 promoter. The design allows the expression of M Tris-HCI (pH 6.8), 10% SDS (w/v), 35% glycerol (v/v),

PCP domains upon induction with IPTG (isoprogiHp-
thiogalactopyranoside).
Expression of Recombinant Proteins. E. @&li21(DE3)

and bromophenol blue, supplemented with 0.75 M DTT
(dithiothreitol). Samples originating from expression cultures
were centrifuged at 130@0and the cell pellet was suspended

cells transformed with the PCP constructs were grown for in sample buffer. The samples were boiled for 10 min and

16—18 h in 30 mL of LB medium containing ampicillin (100
ug/mL) in a shaking incubator at 3TC; 100 mL of culture

loaded on a discontinuous 15% Sbfolyacrylamide gel
(39). Gels were stained with Coomassie Brilliant Blue G250.

medium was added, and bacteria were incubated for an SDS gels were blotted in a semidry blotting apparatus

additional 1 h. A 20 mL sample of this culture was grown
in 225-250 mL until the extinction at 600 nnEfy) had
reached a value of 0-70.9. IPTG was added to a final
concentration of up to 10 mM to induce the synthesis of T7

(Bio-Rad) onto PVDF membranes (Immobilon P, Millipore,
Eschborn, Germany) using 0.3 M Tris-HCI (pH 10.4)
containing 20% methanol (v/v) as the anode buffer and 0.25
M Tris-HCI (pH 8.0) with 20% methanol (v/v) as the cathode

polymerase and thus to initiate the synthesis of the PCPbuffer. The membrane was blocked with 3% (w/v) serum

mMRNAs. The incubation was continued for 4 h. Cells were
harvested by centrifugation at 45p€r 15 min at 4°C.
Protein Purification and FoldingPurification and folding

albumin in TBS [Tris-buffered saline; 0.02 M Tris-HCI (pH
7.4)]. For detection of PCP domains, an anti-His tag mouse
IgG antibody (Qiagen) was dissolved in blocking buffer.

of recombinant bacterial proteins were essentially performedPeroxidase-labeled sheep anti-mouse IgG in TBS containing

as described previousIg®). Briefly, 3 g ofharvested pellet
was solubilized by adding lysis buffer consisting of 50 mL
of 0.05 M Tris-HCI (pH 8.0) 6 M guanidinium chloride,
0.15 M NacCl, 0.02 MB-mercaptoethanol, 500M PMSF
(phenylmethanesulfonyl fluoride), AM pepstatin A, and 2
uM E64 [trans-epoxysuccinyl--leucylamido(4-guanidino)-
butane]. The solution was then centrifuged for 20 min at
8500y. The resulting supernatant was incubated for-18

h with Ni—NTA superflow (Qiagen, Hilden, Germany) in a
batch procedure at4C. The material was transferred into a
column, and affinity chromatography was performed in the

10% (w/v) skim milk powder was used as a second antibody.
The bands were detected using a chemoluminescence per-
oxidase substrate (ECL, Amersham Life Science, Freiburg,
Germany).

Protein Sequencing\-Terminal Edman sequencing was
performed by SeqlLab (Gtingen, Germany).

Fluorescence Spectroscopyhe folding state of the
domains was monitored using fluorescence spectroscopy.
Excitation of tryptophan indole rings was performed at 25
°C and 280 nm with a slit width of 2.5 nm in an LS 50 B
spectrometer (Perkin Elmer, Norwalk, CT). Emission was

flow-through mode using a decreasing pH gradient. Washing recorded between 300 and 500 nm. Values of 10 scans were

buffers contained 0.05 mM Tris-HCI (pH 8.0, 6.3, and 5.9)
with 8 M urea and 0.15 M NaCl. The elution of the domains
was accomplished by shifting the pH to 4.5. Elution fractions
containing 2-6 mg of the domains were dialyzed against
0.1 M NaHCQ and 0.5 M NaCl (pH 8.3) for EGF1-CUB3

and 5 mM ammonium acetate (pH 8.2) for CUB3-EGF2.

averaged.

Circular Dichroism (CD) SpectroscopZD spectra were
measured at 20C with a Jobin-Yvon (Paris, France)
spectropolarimeter equipped with a cuvette with a path length
of 0.5 mm. The protein concentration was adjusted t6-0.6
0.7 mg/mL. The spectra of the buffers were subtracted from

Both procedures were performed at room temperature forthe spectra of the respective protein solution. Data were
24 h, the buffer being changed three times. Folding of the submitted to deconvulation using CDNMQ) to determine
other three domains was also achieved via dialysis, but with secondary structure elements.

varying buffer compositions. In the case of CUB3, the first
folding buffer contained 50 mM CAPS (pH 10,3 M NacCl,

2 M L-argining 2 M sucrose, 2 mM MgGJ 2 mM CaC}, 3
mM reduced glutathione, and 0.3 mM oxidized glutathione.
After 24 h, the CUB3 domain was dialyzed against 50 mM
CAPS (pH 10.0), 150 mM NaCl, 2 mM Mggland 2 mM
CaCb. The first step was performed at room temperature
for 24 h and the latter at 4C. EGF2-CUB4 was folded at
room temperature in 0.1 M NaHG@pH 8.0) supplemented
with 0.08 M L-arginine, 2 ML-proline, 0.5 M sucrose, and
0.5 M NacCl for 24 h. The buffer was then changed to 0.1 M
NaHCQ; (pH 8.0) containing 0.08 M-arginine and 0.5 M
NaCl. After 4 h, 0.1 M NaHC®@(pH 8.0) with 0.5 M NaCl
was used. CUB4-CUB5 was first dialyzed with 0.05 mM
NaHCG; (pH 8.3), 0.8 ML-arginine, 0.5 M glycerol, 0.5 M
glycine 1 M saccharose, and 0.5 M NaCl for 24 h. The buffer
was then changed to 0.05 mM NaHgE@®H 8.3), 0.5 M
glycerol, 0.5 M glycine 1 M saccharose, and 0.5 M NacCl.
After 4 h, 0.05 mM NaHC@(pH 8.3) and 0.5 M NaCl were

used. Folding of this domain was achieved at room temper-

ature.

Surface Plasmon Resonance AnalyBisal-time analysis
of the interaction of PCP domains with human procollagen
| (a gift of L. Bruckner-Tuderman, Department of Dermatol-
ogy, University of Freiburg, Freiburg, Germany) was per-
formed at 25°C using a BlAcore (Uppsala, Sweden) 3000
instrument. Procollagen | (8463/mL) in 0.01 M Hepes (pH
3.0) was coupled to the carboxymethylated dextran surface
of a CM5 sensor chip using amine coupling chemistry
according to the manufacturer’s instructions. Immobilization
of proteins was achieved in HBS-EP buffer [0.01 M Hepes
(pH 7.4), 0.15 M NaCl, 3 mM EDTA, and 0.005% polysor-
bate 20 (v/v)] at a flow rate of xL/min up to a level of
780 resonance units (RU). Collagen | (d/mL, Sigma)
in 0.01 M Hepes (pH 5.0) was coupled to a CM5 sensor
chip surface using the same procedure to a level of 2090
RU. Binding was achieved in 0.01 M Hepes (pH 7.4) with
0.15 M NaCl, 5 mM CaCJl and 0.005% polysorbate 20 (v/
v) for all PCP domains: EGF1-CUB3 (15850 nM), CUB3
(200-1300 nM), CUB3-EGF2 (375750 nM), EGF2-CUB4
(200-1000 nM), and CUB4-CUB5 (206800 nM). Sixty
microliters of analyte was injected at a flow rate of(b/
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FiGure 2: Expression of recombinant CUB3-EGF2Encoli BL21-

mTid (DE3).E. coliBL21(DES3) cells were transformed with recombinant
. . . pET3a, containing PCP constructs, or with pET3a plasmids alone.
Ficure 1: Design of constructs for expression in coli BL21- Samples of expression were submitted to SIPAGE analysis

(DE3) cells. Domain structure of BMP-1 (bone morphogenetic (150, SDS-PAGE) and Coomassie stained. In laness1samples

protein) and mTld (mammalian tolloid). Pro is the propeptide, of expression with recombinant pET3a were collected 0, 1, 2, 3,

protease the astacin-like zinc proteinase domain, CUEtsand-  and 4 h after IPTG induction, respectively. Lane 6 contained the

wich domain named after its occurrence in complement proteins ¢rayfish astacin standard (22.6 kDa, 2d). Lane 7 contained the

(Cls and Clr), sea urchin UEGF protein, and BMP-1, and EGF \qtein standard (Sigma). In lanes 8 and 9, samples of expression

the epidermal growth factor-like domain. The longer splice form, \yith pET3a plasmids alone were collected @ drh after induction

mTld, contains additionally the EGF2, CUB4, and CUBS domains. py |pTG, respectively (negative control). Obviously, the amount

Depicted between the two splice forms are the constructs chosengf yecombinant CUB3-EGF2 increases with time (arrow), while

for expression irk. coli. there is no increase in the amount of detectable protein in the
corresponding range of the negative control.

min. Equivalent volumes of analyte at the same flow rate

were injected over a blank surface treated with the coupling kPa reduced non reduced

chemistry as a control, which was subtracted as the bulk Al

refractive index background. Regeneration of surfaces was 24—

achieved with several 1 min pulses of 0.01 M NaOH. The

chosen regeneration conditions were not hazardous to the 20— . -

immobilized material as indicated by reproducible binding

results for repeated measurements of a given concentrationFicure 3: SDS-PAGE analysis of recombinant CUB/EGF PCP

Sensorgrams were analyzed using BlAevaluation version 3.1modules. Folded CUB3-EGF2 was run through a 15% SB&GE

; ; A hindi gel under reducing and nonreducing conditions: lane 1, reduced
(BiaCore, Freiburg, Germany). A 1:1 binding model was protein standard (Sigma); lane 2, reduced CUB3-EGF2; and lane

used for kinetic analysis of all interactions. The apparent 3 \nreduced CUB3-EGF2. A slight shift from a higher molecular
equilibrium dissociation constants) were calculated from  mass in the presence of DTT to an apparently lower molecular mass
the ratio of the dissociation and association rate constantsin its absence indicates a more compact folding of the nonreduced

(Ko/Kor).- proteins and reveals that intrachain disulfide bonds have been
formed within the domains rather than interchain ones between
RESULTS them.

Recombinant PCP Domains Can Be Expressed in Bacteriarecombinant CUB3-EGF2 is within experimental error of its
and Purified at High Yields from Bacterial Inclusion Bodies. theoretical molecular mass (18.1 kDa). The purified recom-
To clarify the distinct properties of C-terminal PCP domains, binant proteins were submitted to Edman degradation,
we cloned a series of single domains or pairs of domains resulting in a sequence |Qent|cal to the known N—termmal
that successively overlap each other. To obtain answers toSéquence of each domain (sequence reference, SwissProt
the question of why BMP-1 and mTlId differ in function, we ~accession number P13497). In addition, CUB3-EGF2, EGF2-
focused on those subdomains flanking the junction betweenCUB4, and CUB4-CUBS fragments were identified by mass
the short splice variant and the long splice variant (Figure SPectrometry (data not shown).

1). Cultures of pET3a-PCP-transformgdcoli BL21(DE3) The Domains Can Be Folded into Their Natj Functional
cells were grown to aisgo 0f 0.7—0.9, induced with IPTG, Conformation.For folding, the recombinant proteins were
and harvested after 4 h. Over the observed time period, thedialyzed against a buffer devoid of urea, guanidinium
amount of expressed protein increased significantly within chloride, DTT, orf-mercaptoethanol. The folding state of
the molecular size range, whereas expression of the blankthe recombinant proteins was checked by fluorescence and
pET3a vector did not produce any corresponding protein circular dichroism spectroscopy. The tryptophan fluorescence
(Figure 2). The inclusion bodies formed due to the high level of each domain undergoes a typical red shift due to the
of expression were dissolved under reducing conditions in change from a nonpolar to a polar environment upon the
6 M guanidinium chloride b8 M urea. The His-tagged transition from the folded to the unfolded state. CUB3-EGF2,
proteins were purified by NitNTA affinity chromatography  for instance, shows a shift from 348 to 355 nm (Figure 4).
in a single peak at pH 4.5 (data not shown). For example, Simultaneously, a significant increase in fluorescence was
the size of the purified CUB3-EGF2 construct was 20.8 kDa, observed as would be expected for the dequenching effect
as determined by SDS gel electrophoresis and Coomassief unfolding (Figure 4). CD spectra obtained between 205
staining (Figure 3). Hence, the apparent molecular mass forand 260 nm indicated a mainly antiparalesheet structure
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Table 1: Secondary Structure Composition of Folded PCP Domains

secondary

structure

element EGF1-CUB3 CUB3 CUB3-EGF2 EGF2-CUB4 CUB4-CUB5
aperiodic 35.3% 34.9% 35.0% 36.0% 34.2%
o-helical 7.3% 5.4% 5.5% 7.3% 5.9%
p-antiparallel 31.2% 42.6% 36.7% 32.2% 34.0%
[-parallel 5.3% 5.5% 5.3% 5.4% 5.2%
p-turn 22.1% 15.8% 20.4% 22.0% 20.8%
sum of 58.6% 63.9% 62.4% 59.6% 60.0%

[-structures
@ Obtained from CD spectroscopy (from 205 to 260 nm). See Figure 4.

f=3
o

250
2001
150
100
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0 — . " .
300 320 340 360 380 400 420 440 460 480 500

Fluorescence

Resonance Units [RU]

Wavelength [nm]

0 200 400 600 800 1000 1200 1400 1800

Ficure 4: Fluorescence emission spectra of folded and unfolded Ti
CUB3-EGF2. Fluorescence spectra of folded and unfolded CUB3- ime [s]

EGF2 were recorded in 5 mM ammonium acetate (pH 8.2) (black) Ficure 6: Binding of recombinant human EGF1-CUB3 to human

or 8 M urea, 150 mM NacCl, and 50 mM Tris-HCI (pH 4.5) (gray). procollagen |. Representative sensorgram (after background subtrac-
Upon excitation at 280 nm (8C), emission was monitored from  tion) illustrating the interaction of EGF1-CUB3 with procollagen
300 to 500 nm. Values of 10 scans were averaged. As exemplified |. EGF1-CUBS3 [at 150, 250, 675, 750, and 850 nM, dissolved in
for CUB3-EGF2, a red shift from 348 to 355 nm and a significant 0.01 M Hepes (pH 7.4), 0.15 M NaCl, 5 mM CaChnd 0.005%
dequenching effect were observed, depicting the transition from polysorbate 20 (v/v)] was passed over immobilized procollagen |
the folded to the unfolded (denatured) state. This is indicative of a (780 RU) for 12 min at a flow rate of BL/min followed by buffer

nativelike structure of the folded domains. alone. After background subtraction, a 1:1 binding model with a
drifting baseline was calculated using BlAevaluation version 3.1
£ 1000 for the kinetic analysis of all interactions. The apparent equilibrium
g 0: dissociation constantdKf) were calculated from the ratio of the
o ] dissociation and association rate constants (see Table 2).
"g -1000
o ] Table 2: Kinetic Constants for the Interaction of C-Terminal PCP
@ -2000 . .
3, ] Domains with Procollagen | and Collagen |
g -30007 substrate  PCP modulekon(M15Y) kot (53 Kot ("M) 22
@ -4000 T T T - - T J procollagen | EGF1-CUB3 4.3 10 34x 103 778 1.8
190 200 210 220 230 240 250 260 cuB3 35x 1% 22x10°% 6220 02
CUB3-EGF2 7.3x 100 6.7x 104 92 04
Wavelength [nm] EGF2-CUB4 6.7x 108 6.6x 10°° 1.0 13

. . . . CUB4-CUB5 3.7x10° 1.6x103% 4420 09
FiGUrRe 5: Circular dichroism (CD) spectroscopy of PCP domains. cojlageni  EGF1-CUB3 8% 10° 12x10° 141.0 0.6

Spectra were recorded from 205 to 260 nm at°@0at a Jobin- CuUB3 23x 10 1.1x 103 4610 0.2
Yvon spectropolarimeter equipped with a cuvette with a path length CUB3-EGF2 3.9x 100 2.6x 1073 683 2.0
of 0.5 mm. The protein concentration of CUB3-EGF2 was 0.65 EGF2-CUB4 205.0 5% 105 2590 05
mg/mL. The spectra were corrected by subtracting the buffer CUB4-CUB5  14.6 9.9<10% 6820 0.7
spectra. The data were used for deconvolution using CDB&) ( a Dissociation constants were determined from ratio of kinetic rate

to determine secondary structure elements (see Table 1). constants Kykor)
0.

for all domains (shown for CUB3-EGF2 in Figure 5). The
estimated3-content ranged between 59 and 64% (Table 1). ability of the recombinant PCP domains to bind procollagen
Further investigations of refolded recombinant proteins on | and collagen | was analyzed by a surface plasmon resonance
a 15% SDS gel revealed a shift from a higher molecular methodology. As exemplified by the interaction of EGF1-
mass in the presence of the reducing agent dithiothreitol CUB3 with procollagen | (Figure 6), the PCP domains bind
(DTT) to an apparently lower molecular mass in its absence to immobilized procollagen | and collagen | in a concentra-
(Figure 3). This behavior provides evidence for the presencetion-dependent manner. The association and dissociation rate
of intrachain disulfide bridges within the individual domains constants were recorded at proteligand concentrations
rather than interchain ones between them. ranging between 0.15 and 1u®1 (Table 2). The association
The Affinity of C-Terminal CUB/EGF PCP Constructs for and dissociation phases were satisfactorily fitygd= 0.2—
Procollagen | Is Stronger than That for Collagen |, the EGF 2.0) simultaneously for all curves using a 1:1 binding model.
Domains Enhance Affinity, and EGF2UB4 (Present in The addition of mass transport did not improve the fit. A
mTId Only, but Not in BMP-1) Binds Most Tightlfhe first observation was that CUB -domains devoid of flanking
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EGF domains interact only weakly with both procollagen |

Hintze et al.

immobilized C-proteinase enhancég{= 5.5 x 10* M~*

and collagen I. The corresponding dissociation constants ofs™?, ket = 6.2 x 10°°s™%, andKp = 1.1 nM (42)]. There

CUB3 and CUB4-CUBS5 are 622 and 442 nM for procollagen
I and 461 and 682 nM for collagen I, respectively. In contrast,
the binding to procollagen | of such modules that contain
EGF1 or EGF2 domains is much tighter. However, these
domains exhibit only weak affinity for the product of
cleavage, collagen I. This difference is most striking for
EGF2-CUBA4, which binds procollagend250 times tighter
than collagen | Kp = 259 and 1 nM, respectively).
Interestingly, among the EGF-containing modules, the bind-
ing affinities decrease with an increase in the distance from
the C-terminus (Figure 1). The dissociation constant for
EGF2-CUB4 Kp = 1 nM) is ~1 order of magnitude tighter
than for CUB3-EGF2Kp = 9.2 nM), and the latter binds
another order of magnitude more tightly than EGF1-CUB3
(Kp = 77.8 nM). A comparison of the correspondikg and

kot values reveals that a very slokyy value (6.6x 107

s 1) of EGF2-CUB4 might be responsible for this behavior
(Table 2).

DISCUSSION

The C-terminal CUB domains and EGF-like domains of
the PCP have been proposed previously to contain exosite
for substrate recognition on the basis of the interaction of
proteolytic PCP fragments with procollagen34j. In this
study, we have investigated the role of five individual CUB/
EGF modules and CUB domains in the interaction of the
C-proteinase with its substrate procollagen | in comparison

to the product collagen I. The five constructs overlap each including the C&"

are slight differences in the corresponding dissociation
kinetics, while thek,, values are quite similar. Taken
together, the C-proteinase enhandés € 1.13 nM) exhibits

a higher binding affinity for procollagen | than EGF1-CUB3
(Kp = 77.8 nM) and CUB3-EGFZ = 9.21 nM) but binds
with an affinity similar to that of EGF2-CUB4Kp = 1.0
nM).

The binding data show that the two EGF-like domains are
essential for binding. EGF1-CUB3, CUB3-EGF2, and EGF2-
CUB4 bind procollagen | with dissociation constants of 77.8,
9.2, and 1.0 nM, respectively. By contrast, wikB values
ranging between 442.0 and 682.0 nM, the CUB3 domain
and the CUB4-CUB5 module devoid of flanking EGF1 or
EGF2 are interacting much more weakly with both collagen
I and procollagen I. The weak affinity of recombinant CUB4-
CUBS confirms earlier observations, showing that a pro-
teolytic mTld fragment comprising CUB1CUBS5 bound to
immobilized procollagen |, whereas a fragment consisting
merely of the CUB4 and CUB5 domains did n&4). In
light of these binding constants, a combination of a CUB
domain and an EGF-like domain appears to serve as the
minimal functional unit for protein-protein interactions of

She C-proteinase. A similar scenario has been reported for

the complement protein C1r whose CUB1-EGF fragment is
the minimal segment required for €adependent interaction
with Cls @3). Most probably, the EGF domains of the
C-proteinase and C1s have a similar antiparglisheet fold,
since they show a high degree of overall sequence identity,
-binding consensus regiod, (6, 9, 29—

other and span the junction between the short splice variant32). However, EGF deletion mutants of the C-proteinase

BMP1 and the long splice variant mTld. Hence, they are
suitable tools for addressing the question of why BMP-1 is
a more efficient C-proteinase than mTId.

The individual constructs were overexpressedtircoli,
purified from inclusion bodies, and folded into their func-

retained their C& dependenced(y), indicating the presence
of additional C&" binding sites in the CUB domains and/or
the catalytic domain.

Although those domains containing EGF1 or EGF2 bind
more tightly to procollagen | than to collagen I, they also

tional conformation for surface plasmon resonance binding pind, albeit more weakly, to collagen | (Table 2). Therefore,
studies on immobilized procollagen | and mature collagen pinding seems to occur not only to the C-propeptide of
I. The bacterial system was chosen because experiences ifrocollagen | but also to areas proximal to the C-propeptide
our laboratory and other laboratorie35( had shown that  cleavage site, possibly in the telopeptide region. A similar
shorter fragments of the C-proteinase were not secretedpehavior has also been reported for the interaction of the

properly in eukaryotic expression systems. FluorescencecC-proteinase enhancer protein with the C-propeptides of
spectra of the recombinant CUB/EGF domains indicated that procollagen | and procollagen Ill, and with partially pro-

the domains could be successfully folded into individual cessed pN-collagen Kp).
entities with higher electrophoretic mobility in the unreduced  Another important observation was that the binding affinity
than in the reduced state, indicating the formation of of the EGF-containing modules increases with an increase
intramolecular disulfide bridges. These data are in accordancen the distance to the N-terminus (Figure 1). The tightest
with observations on intact PCP-2/mTld and proteolytic association is seen in the interaction of procollagen with
fragments thereof3d), and on the CUB1-EGF module of EGF2-CUB4 Kp = 1 nM), a fragment which is only present
Cls @1). Moreover, circular dichroism spectra revealed a n the long splice form mTld. In essence, this would imply
mainly antiparalle]3-sheet structure for the folded modules, that the long splice form mTld binds more tightly to
which is consistent with structural datal( 34, 41). procollagen | than the short splice form BMP-1 does. This
We provide evidence that recombinant EGF1-CUB3, is corroborated by the observation that mTId indeed binds
CUB3, CUB3-EGF2, EGF2-CUB4, and CUB4-CUB5 in- more strongly to the extracellular matrix (in general) than
teract with immobilized procollagen | and collagen | in a does BMP-1 44).
concentration-dependent manner. The data can be fit impli- Nevertheless, it appears paradoxical that BMP-1 is a more
cating a 1:1 stoichiometry, which has also been observedefficient C-proteinase than mTld and that the latter is not
for the binding of the procollagen C-proteinase enhancer able to cleave certain substrates (like chordin), which are
protein (PCPE) to procollagen | and to the C-propeptide of substrates of BMP-120, 37). In this context, it is remarkable
procollagen Il @2). Likewise, our binding data are in that a truncated C-proteinase, which was terminated after
accordance with the binding of intact procollagen | to the the CUB2 domain, still retaineet80% activity (compared
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to BMP-1), which means that the domains beyond CUB2 REFERENCES

are not needed for the processing of many C-proteinase
substrates3b). In a recent papeB({), Kadler and co-workers
suggested that one reason for this paradoxical behavior might
be a special hairpin conformation of the long splice form
that bends back the CUB4-CUB5 moiety into the vicinity
of the catalytic domain and thereby might sterically prevent

access of the protease to certain substrates. The hairpin was 3:

suggested to be triggered by the EGF-like domains, especially
EGF2, which should confer rigidity to the overall conforma-
tion of mTId (37). This is an intriguing hypothesis, which
would nicely explain several of the functional differences
of BMP-1 and mTIld. On the other hand, some questions
remain unsolved. For example, there are homologues of mTId
in Drosophila(fly) (22), Xenopugfrog) (18, 19), andDanio
(fish) (21) and even in mammals (mammalian tolloid like-
1, mTIl-1), which process homologues of mammalian chor-
din. The fly, frog, and fish enzymes as well as mTII-1 have
a domain composition identical to that of human mTId and
nevertheless cleave the corresponding growth factor antago-
nists, which mTld and likewise mTII-2 do not cleav5].
Domain swapping experiments have shown that the protease
domain of mTII-2 can cleave chordin if coupled to the CUB1
domain of BMP-1 45). Likewise, swaps of the catalytic
domains betweebrosophilatolloid (TId) and tolloid related
(Trl) did not change substrate specificity essential)(
which again supports the view that the C-terminal domains
are crucial for substrate recognition.

Hence, we complement these hypotheses with a model
which takes into account the different binding affinities of
the C-terminal modules of mTld and BMP-1. We hypothesize
that due to the presence of the additional EGF2 domain and
the CUB4 domain the long splice form mTIld binds more
tightly to procollagen 1. It appears most likely that the
interaction involves the C-propeptides, because the binding
of the EGF2-CUB4 module to procollagen 142250 times
stronger than that to collagen I. This might result in a certain
degree of product inhibition (by the propeptides), virtually
reducing the enzymatic activity as compared to that of
BMP-1. This model would complement the observations of
Hulmes and co-workergl®), who found that the procollagen
C-proteinase enhancer binds to the C-propeptides of procol-

lagen lll. It has been reported that procollagen processing 14.

already starts within the cell in the late trans-Golgi compart-
ment after the activation of the procollagen C-proteinase by
a furin-like prohormone convertasér 48). In this scenario,

a role for the enhancer could be the interruption of the tight 15.

interaction of mTld with procollagen and thereby an up-
regulation of mTId activity. This idea is supported by a recent
paper in which Greenspan’s group demonstrated the binding
of the C-proteinase enhancer protein 1 (PCPE-1) to the full-
length form of mammalian tolloid-like 1 (mTII-1), which has
the same domain composition as mammalian tolloid. By
contrast, a shorter version of mTIl-1, truncated after the
CUB3 domain, failed to bind and was not enhanced by
PCPE-1 86). The importance of the C-terminal EGF2-
CUBA4-CUBS region for the recognition and processing of
its substrate short gastrulation (SOG) has also been shown
for Drosophilatolloid (49).
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