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The thrombospondin-like chains of cartilage oligomeric matrix protein are 
assembled by a five-stranded a-helical bundle between residues 20 and 83 
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Abstract 
The N-terminal fragment of rat cartilage oligomeric matrix protein (COMP), comprising residues 2&83, was over-expressed in E. coli and purified 

under non-denaturing conditions. The fragment forms pentamers similar to the assembly domain of the native protein. Its five chains can be covalently 
linked in vitro by oxidation of cysteines 68 and 71. The fragment adopts a predominantly u-helical structure as judged by circular dichroism 
spectroscopy. On the basis of these findings we propose the model of a five-stranded a-helical bundle for the assembly domain of COMP. The studied 
sequence is conserved in thrombospondins 3 and 4 thus raising the possibility that these proteins are also pentamers. 
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1. Introduction 

Cartilage oligomeric matrix protein (COMP) is a pen- 
tameric glycoprotein synthesized by chondrocytes in car- 
tilage [ 1,2]. It belongs to the thrombospondin (TSP) gene 
family [3]. The protein has a bouquet-like shape with five 
28 nm-long arms containing a peripherial globular do- 
main, a flexible strand, and a central assembly domain, 
where five chains are joined together in a cylindrical 
structure [2]. Five identical subunits are connected by 
disulfide bonds [l-3]. 

In addition to COMP, four distinct TSP genes (TSPl, 
TSP2, TSP3, and TSP4) have been described [4,5]. TSPl 
and TSP2 are very similar in domain structure. The pro- 
totype human platelet TSPl [6] is a trimeric protein [7]. 
Two cysteine residues (Cys-252, Cys-256) are responsible 
for interchain disulfide linkage of TSPl [8]. In TSP2 
these cysteines are conserved and it can form homot- 
rimers and heterotrimers with TSPl [9]. It was suggested 
that assembly of TSPl involves formation of an a-helical 
coiled coil structure which is further stabilized by disul- 
fide bonds [8]. TSP3, TSP4, and COMP differ from TSPl 
and TSP2 in that they have an additional type 2 (EGF- 
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like) repeat, and lack both the procollagen domain and 
the type 1 (properdin-like) repeats [3-51. Oligomeric 
structures and assembly mechanisms of TSP3, and TSP4 
are not known. 

Here we report structural characterization of the as- 
sembly domain of COMP prepared by expression in E. 
coli. 

2. Materials and methods 

2.1. Expression of the N-terminal COMP fragment 
Bluescript SK vector containing rat COMP cDNA [3] was a kind gift 

of Dr. P. Antonsson. It was used as a template for PCR amplification 
of a DNA fragment coding for residues 20-83 of COMP. Oligonucleo- 
tides TTT CAT ATG CAG GGC CAG ATC CCG CTG CTG G 
(introduces an NdeI site and the initiator codon ATG befor Gln-20 of 
COMP) and TTT GGA TCC TTA CAG GCT CAG ACC GGG G 
(introduces the stop codon TAA after Val-83 of COMP and a BamHI 
site) were used as primers. The product of PCR was treated with NdeI 
and BamHI restriction enzymes and cloned into the PET-3b vector [lo] 
at NdeI-BumHI sites. The resulting plasmid was designated p3b- 
COMP. 

Expression was carried out using the T7 promoter in BL21(DE3) 
cells as described [lo]. Bacteria carrying p3b-COMP were grown at 
37°C in 2 x TY medium containing 1% glucose and 200 mg/l ampicilin 
to an optical density at 600 mn of 0.76 and were then induced by 1 mM 
IPTG. After 4 h of further incubation the cells were harvested 
(10,000 x g, 10 min) and stored at -70°C. 

2.2. Purification of the recombinant protein 
Pellet of bacteria from 1 1 of culture was resuspended in 20 ml of TE 

buffer (20 mM Tris-HCl, pH 8.0, 1 mM EDTA) containing 0.1 mg/ml 
of lysozyme and incubated at 25°C for 30 min. Bacteria were lysed by 
sonication and centrifuged at 15,000 x g at 4°C for 15 min to remove 
insoluble material. These conditions were also used in subsequent cen- 
trifugations. 2 ml of streptomicin sulphate solution (30% w/v) were 
mixed with the supernatant. After 15 min of incubation on ice the 
precipitate was removed by centrifugation. Ammonium sulphate was 
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added to the supernatant to 36% saturation. After 1 h of incubation on 
ice the precipitate was collected by centrifugation, resuspended in 2 ml 
of TE buffer, and applied to a 10 ml column of hydroxylapatite (Bio- 
Rad; DNA grade) which had been equilibrated with 10 mM sodium 
phosphate, pH 7.6. The column was washed with the equilibrating 
buffer and the flow-through protein fraction containing mainly the 
recombinant protein was collected. This procedure yielded about 30 mg 
of 95% pure protein. 

2.3. Protein chemistry and electrophoresis 
Protein concentration was determined by the method of Waddell 

based on the difference between spectrophotometric absorptions at 215 
and 225 nm [ll]. 

Tricine SDS-PAGE system of Schlgger and von Jagow [12] was used 
to analyze bacterial lysates and to estimate molar mass of the recombi- 
nant protein. 

Disulfide bond formation was performed as follows. The protein was 
completely reduced by incubation with 100 x molar excess of DTT for 
30 min at 37°C and precipitated by 50% ammonium sulfate. The pellet 
was resuspended in 0.2 M Tris-HCl, pH 8.8,0.2 m NaCl, 1 mM EDTA 
to a protein concentration of 1.5 mg/ml. The protein was oxidized at 
room temperature by addition of oxidized and reduced glutathione to 
final concentrations of 10 mM and 2 mM, respectively. To monitor the 
progress of disulfide bond formation aliquots were withdrawn at vari- 
ous times and free cysteines were blocked with 100 mM iodoacetamide 
for 2 min at 25°C. Samples were analyzed by 15% SDS-PAGE [13] 
under non-reducing conditions. 

Native electrophoresis was conducted in 12% PAGE using the 
Laemmli system [13] but SDS and reducing agents were omited from 
all solutions. Native gels were photopolymerized with 0.0004% ribo- 
flavin and 0.001% ammonium persulfate. 

Gels were stained with Coomassie blue G250 according to [ 121. 

.?.4. Biophysical studies 
Prior to each experiment samples were dialyzed against the appropri- 

ate buffer. Reduced protein was studied in the presence of 1 mM DTT 
and 0.1 mM EDTA. 

Analytical ultracentrifugation measurements were performed on a 
Beckmann XLA centrifuge equipped with an AN-60Ti rotor. The pro- 
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tein was used at a concentration of 0.2 mg/ml in 50 mM sodium phos- 
phate, pH 7.6. The absorbance was measured at 230 mn. In sedimenta- 
tion equilibrium experiments three runs at 17,000, 20,000 and 24,000 
rpm were performed and calculated molar masses were averaged. An 
apparent specific volume of 0.73 ml/g was used in calculations. 

Circular dichroism spectra between 185 and 250 mn were recorded 
on a Jasco J720 spectropolarimeter at a protein concentration of 0.2 
mg/ml in 10 mM sodium phosphate, pH 7.6, 25°C. 

Negative staining with uranyl acetate and glycerol spray/rotary shad- 
owing with platinum were performed as described [ 141. 

2.5. Computational methods 
a-Helical content was calculated from CD spectra according to [ 151 

using the programm PROVEC3 written by C.H. Robert at the Biocen- 
ter of Base1 University. 

A homology search was performed in the GenEMBL database with 
the COMP sequence from Gln-20 to Val-83 using the program 
TFASTA (W.R. Pearson, GCG Programs) based on the algorithm of 
Pearson and Lipman [16]. 

The probability of coiled coil formation was calculated using the 
programm PEPCOIL (P. Rice, EGCG Programs) based on the algo- 
rithm of Lupas et al. [17]. A window of 28 residues was used. 

3. Results 

3.1. Expression and puriJication of the N-terminal 
COMP domain 

The expression vector p3bCOMP, constructed as de- 
scribed in section 2, codes for the 64 amino acids of the 
rat COMP sequence preceded by an initiator methionine 
(A&, = 7.18 kDa). The COMP sequence starts from Gln- 
20 immediately after a putative signal peptide cleavage 
site and terminates after Val-83 before the first type 2 
repeat [3]. Confirming our expression vector by sequenc- 
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Fig. 1. Expression, purification and electrophoretic analysis of the COMP assembly domain. (A) Extracts from induced bacterial cultures (soluble 
proteins) containing PET-3b vector (lane 1) and p3b-COMP (lane 2); recombinant protein after ammonium sulfate precipitation (lane 3) and after 
chromatography on hydroxylapatite (6,ug, lane 4). (B) Kinetics of disulfide bond formation determined as described in section 2.12pg of recombinant 
protein were analyzed on 15% SDS-PAGE under non-reducing condition at the times indicated after starting of oxidation. (C) Native electrophoresis 
of the recombinant protein. Completely oxidized protein (lane 1); protein (0.4 mg/ml) was reduced by 20 mM DlT (30 min, 37°C) and blocked for 
2 min with 100 mM iodoacetamid (lane 2) or iodoacetic acid (lane 3). 4 pg of protein were applied in each line. Lanes M contain molecular weight 
markers. 
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Fig. 2. Electron micrographs of the recombinant COMP fragment 
obtained after negative staining with uranyl acetate (a) and rotary 
shadowing with carbon/platinum (b). Bars = 30 m-n. 

ing we found descrepancies with the published COMP 
sequence [3]. Namely, the sequence between nucleotides 
160-I 70 was CGACAGCAGGT rather then CGACA- 
CAGGGT. Sequencing of the original COMP clone 
using our PCR primers revealed the same sequence. This 
correction changes both His-53 and Arg-54 into Gln. 

Extracts from induced E.coZi BL21(DE3) cells har- 
boring the expression vector p3b-COMP and empty 
PET-3b vector as a control were analysed by SDS- 
PAGE (Fig. lA, lanes 2,3). Induction by IPTG yielded 
an abundant product which migrated at the expected 
position and which was absent in controls. The protein 
was completely soluble and no degradation products 
were detected. 

The protein was purified by precipitation with 36% 
ammonium sulfate (Fig. lA, lane 4) followed by elution 
from a hydroxylapatite column (Fig. lA, lane 5). The 
identity of the purified protein was confirmed by protein 
sequencing and amino acid analysis. A unique sequence 
of NH,-Met-Gln-Gly-Gln-Ile- was obtained after 5 cy- 
cles of N-terminal sequencing. 

3.2. DisulJide bond formation and oligomeric structure of 
the recombinant protein 

The recombinant N-terminal fragment of COMP 
bears two cysteines (68 and 71). Based on the similarities 
with the structure of TSPl these cysteines have been 
suggested as candidates for holding the pentamer to- 
gether via disulfide bonds [3]. When the recombinant 
protein was analyzed on SDS-PAGE under non-reduc- 
ing conditions immediately after hydroxylapatite purifi- 
cation, only monomers, dimers and a small amount of 

trimers were detected (not shown). However, as is dem- 
onstrated in Fig. lB, covalently linked pentamers were 
readily obtained by oxidation of the protein with gluta- 
thione. The accumulation of the final pentameric struc- 
ture was preceeded by the appearence of five intermedi- 
ate products. According to their electrophoretic mobili- 
ties four of them could correspond to monomers, dimers, 
trimers and tetramers. The fifth intermediate product 
had a slightly lower mobility than the final structure. 
This intermediate is most likely a pentamer with four 
disulfide bonds, while in the final pentameric structure 
there are five disulfide bonds. 

Analysis of fully oxidized and reduced proteins on 
native PAGE (Fig. 1C) revealed predominantly single 
bands with only minute differences in mobilities appar- 
ently caused by the groups which have been used to 
block free cysteines. This finding implies that both re- 
duced and oxidized proteins have the same pentameric 
structure. Analytical ultracentrifugation was used to 
confirm this conclusion. Sedimentation velocity experi- 
ments at 56,000 rpm yielded sedimentation coefficients 
(20°C water) of 2.54 S both for the reduced and oxidized 
proteins. Sedimentation equilibrium experiments yielded 
a M, of 36 ? 2 kDa for oxidized protein and 33 + 2 kDa 
for reduced protein. These values are consistent with a 
pentameric structure of the recombinant polypeptide (ex- 
pected M, = 36 kDa). 

3.3. Electron microscopy and circular dichroism studies 
The structural similarity between the COMP fragment 

prepared by expression in E. coli and the corresponding 
segment in the intact native protein was proven by elec- 
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Fig. 3. Circular dichroism spectra of oxidized (solid line) and reduced 
(dashed line) recombinant protein. 



residues are indicated by vertical lines and the similar residues by dots. The 
vertical arrows. Possible a and d positions of heptad repeats are indicated. 

tron microscopy. As shown in Fig. 2a, negative staining 
of the recombinant protein reveals cylindrical structures 
of 9.4 ? 1.2 nm in length and 3.7 + 0.8 nm in width. 
Dimensions of 7.7 ? 0.6 nm in length and 3.3 f 0.4 nm 
in diameter have been reported for the assembly domain 
of COMP isolated from the Swarm rat chondrosarcoma 
[2]. An assymetric shape of the molecules can also be 
noted after rotary shadowing (Fig. 2b). 

Both oxidized and reduced recombinant proteins have 
CD spectra characteristic for an a-helical structure 
(Fig. 3). An a-helical content of 77% was predicted from 
the CD spectrum of the oxydized protein using the var- 
iable selection method [ 151. 

4. Discussion 

The N-terminal fragment of COMP comprising resi- 
dues 2&83 was expressed in the cytoplasm of E. co/i 
BL21 (DE3) to a high level and in a soluble form. No 
degradation products were detected. These data serve as 
indirect evidence that the fragment adopts a compact 
stable conformation. The structural identity of the re- 
combinant protein with the assembly domain of COMP 
is proven by its ability to form covalently linked pen- 
tamers and by its electron microscopic appearence. The 
necessity to use in vitro oxidation to introduce disulfide 
bonds into the recombinant protein is not unexpected as 
proteins are usually expressed in the cytoplasm of E. coli 
in a reduced form [18-201. Under the conditions em- 
ployed, pentamerization of the COMP assembly domain 
does not depend significantly on disulfide bond forma- 
tion, as judged from native electrophoresis and sedimen- 
tation equilibrium experiments. However, a somewhat 
lower absolute value of ellipticity and molar mass esti- 
mated by sedimentation equilibrium for the reduced pro- 
tein could indicate partial dissociation. 

The 77% a-helical content calculated from the CD 
spectrum corresponds to 50 residues in the 65 residue 
peptide. Such an a-helical region would have a length of 
7.5 nm, which could account for most of the length of the 
9.4 nm-long cylindrical structure seen by electron mi- 
croscopy. Disulfide bond formation between Cys-68 and 
Cys-71 is only consistent with a parallel arrangement of 
five chains. Therefore, we suggest that the assembly do- 
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type 2 repeats 

Rat 4 ad ad ad ad ad ad L - 

coMF’ GQGQIPLGGDLAPQMLRELQETN~LQDVRELLRQQVKEITFLKNTVMECDACGMQPARTPGLSV-----------RPVALC 95 

Xenopus 1. I: :: : 1 :I :::: :I llll :::ll::ll :Il I 
TSP4 KSEAGQQTGDVSRQLIGQITQMNQMLGELRDVMRQQVKETMFLRNTIAECQACGLGPDFPLPTKVPQRLATTTP---PKPRC 291 

Human I: ::: ( :I :::: :I (III :::Il::II :I1 I 

TSP4 EPLAATGTGDFNRQFLGQMTQLNQLLGEVKDLLRQQVKETSFLRNTIAECQACGPLKFQSPTPSTWAPAPPAPPTRPPRRC 296 

Mouse 1: ::: I :I :::: :I IllI :::Il::lI :lI I 

TSP3 TSALQSILGEQTKALVTQLTLFNQILVELRDDIRDQVKEMSLIRNTIMECQVCGFHE--------------------QRSHC 284 

Fig. 4. Homology between pentamerizing domain of COMP and the regions before the first type 2 repeat of TSP3 and TSP4. The strictly conserved 
first and last res&es of COMP recombinant fragment are marked by 

main of COMP consists mainly of five parallel ol-helices 
assembled in a bundle. The occurence of a-helical bun- 
dles and their similarity with coiled coil structure has 
been described [21]. We analysed the COMP sequence 
using the algorithm of Lupas et al. [16] which predicts 
coiled coils by comparing a protein sequence with se- 
quences in a database of known coiled coil domains. 
Only residues 32-65 were predicted to form a coiled coil 
(with a probability of 0.99). The crystal structure of a 
bundle of four parallel ol-helices has been reported re- 
cently [22]. To our knowledge parallel five-stranded c1- 
helical bundles have not yet been found. 

Our data suggest that the COMP sequence between 
Gln-20 and Val-83 functions as a pentamerizing tool. A 
database search revealed that this sequence shares a con- 
served stretch of 46 residues (from Gly-27 to Gly-72) 
with mouse TSP3 [23,24], Xenopus Zaevis TSP4 [25] and 
human TSP4 [4] (Fig. 4). The conservative motif in all 
these proteins preceeds the first type 2 repeat. In mouse 
TSP3 gene this sequence corresponds exactly to one exon 
[24]. As shown in Fig. 4 the COMP sequence used in this 
work, as well as homologous regions of TSP3 and TSP4, 
have a heptad repeat of hydrophobic residues which is 
commonly believed to indicate an a-helical coiled coil 
structure [21]. Although the algorithm of Lupas et al. 
does not predict coiled coils in TSP3 and TSP4 it still 
yields the highest values of probability of coiled coil 
formation in the regions of homology with COMP resi- 
dues 32-65 (0.1 for TSP4 and 0.3 for TSP3). These find- 
ings point to regions in TSP3 and TSP4 which might 
control their oligomerization and raise the possibility 
that these proteins are pentamers. 
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