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ABSTRACT: We have isolated and characterized a cDNA encoding the carboxy-terminal half of one of the 
polypeptide subunits of a novel disulfide-bonded collagen found in hyaline cartilage. This collagen has been 
given the type assignment type IX, and it has several unusual characteristics. First, the polypeptide subunits 
are shorter than a-chains of the fibrillar collagens types I, 11, and 111. Second, type IX molecules are 
heterotrimers of three genetically distinct polypeptide subunits. Third, type IX molecules contain three 
triple-helical collagenous domains interspersed with noncollagenous domains. When chicken cartilage 
collagens are extracted with pepsin, type IX collagen is cleaved and gives rise to the triple-helical fragments 
H M W  and LMW. The identification of the cDNA reported here is based on a comparison of the amino 
acid composition of tryptic peptides derived from LMW with the composition of tryptic peptides predicted 
from the nucleotide sequence of the cDNA. We also show that the amino-terminal sequence of one of the 
subunits of LMW is identical with the sequence predicted from the nucleotide sequence of the cDNA. Finally, 
we demonstrate that the amino-terminal amino acid sequence of a tryptic peptide isolated from one of the 
subunits of H M W  is identical with a sequence predicted from the cDNA. We have given the polypeptide 
chain encoded by the cDNA reported here the name a2(IX), and we show that it is homologous to the al(1X) 
chain previously characterized by us. 

Carti laginous tissues contain a unique set of collagenous 
proteins (Mayne & von der Mark, 1983). Of these collagens, 
type I1 collagen with molecules consisting of three identical 
al(I1) chains (Miller, 1976) is the most abundant, constituting 
about 85% of the total tissue collagen. In addition, hyaline 
cartilage from both mammals and birds contains several minor 
collagenous components. Among these is a disulfide-bonded 
collagenous protein that we have recently characterized as type 
IX collagen (Ninomiya et al., 1984; van der Rest et al., 1985). 
Amino acid analysis of tryptic peptides and limited amino acid 
sequence analyses indicate that type IX collagen contains three 
genetically distinct chains (Mayne et al., 1984). Analysis of 
the nucleotide sequence of a clone isolated from a cDNA' 
library made with chick embryo sternal cartilage mRNA has 
allowed the deduction of the amino acid sequence of one of 
the three type IX collagen chains (Ninomiya & Olsen, 1984). 
This chain, a1  (IX), contains three collagenous regions sepa- 
rated by noncollagenous sequences. This suggests that type 
IX collagen molecules form three triple-helical domains sep- 
arated by non-triple-helical domains (van der Rest et al., 1985). 
In this model, the molecules would be composed of three 
homologous but nonidentical polypeptide chains. To test this 
model and examine the degree of homology between these 
polypeptide subunits, we have screened a chick cartilage cDNA 
library for additional type IX collagen cDNAs. In this report 
we describe the isolation and characterization of one such 
clone. On the basis of nucleotide sequence analysis of the 
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cDNA we show that it codes for a polypeptide that indeed is 
homologous to the al(1X) chain. A comparison of the amino 
acid composition of tryptic peptides predicted from the nu- 
cleotide sequence of the cDNA and the composition of tryptic 
peptides derived from the triple-helical fragment LMW iso- 
lated by pepsin extraction of cartilage strongly suggests that 
the cDNA contains the coding information for a subunit of 
LMW. Definitive proof that this is indeed correct is provided 
by the identity between the partial amino acid sequence of one 
of the subunits of LMW and the cDNA-derived sequence. The 
polypeptide chain that corresponds to the new cDNA is distinct 
from the previously identified a1 (JX) chain. We have, 
therefore, given the new chain the designation a2(IX). 

MATERIALS AND METHODS 
Preparation of RNA, Synthesis of cDNA, and Screening 

of Recombinant Clones. RNA was extracted from 17-day-old 
chick embryo sternal cartilage with guanidine hydrochloride 
(Adams et al., 1977). Poly(A)+ RNA was isolated by oli- 
go(dT)-cellulose chromatography and fractionated by sucrose 
gradient centrifugation (Ninomiya et al., 1984). The synthesis 
and molecular cloning of cDNA were according to the method 
of Okayama & Berg (1982) as described previously (Ninomiya 
et al., 1984). To screen for cDNAs specific for minor chon- 
drocyte collagens, we selected transformants containing 
plasmids whose inserts had a large number of sites for the 
restriction endonuclease Sau96I and whose inserts did not show 
any hybridization to type I1 or al(1X) collagen cDNA probes. 
Transformants containing such plasmids were then charac- 
terized further by using their plasmid inserts as probes for 

I Abbreviations: bp, base pair(s); cDNA, complementary DNA; 
HPLC, high-performance liquid chromatography; mRNA, messenger 
RNA; oligo(dT), oligo(thymidy1ic acid); poly(A), poly(adeny1ic acid); 
1 X S S C ,  0.15 M NaCl in 0.015 M sodium citrate buffer, pH 7.0. 
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RNA transfer blot analyses. The use of poly(A)+ RNA from 
sternal cartilage and calvaria for the analyses allowed iden- 
tification of cDNAs specific for cartilage mRNAs. 

RNA Transfer Blot and Nucleotide Sequence Analyses. 
For most RNA blot analyses, poly(A)+ RNAs were electro- 
phoresed on 0.8% agarose gels in the presence of form- 
amide/formaldehyde, transferred onto nitrocellulose filters, 
and hybridized to nick-translated DNA as described (Thomas, 
1980). In some experiments RNA was electrophoresed on 1% 
agarose gels containing methylmercury hydroxide (Alwine et 
al., 1977). Methylmercury hydroxide was removed, and the 
gels were prepared for transfer as described by Alwine et al. 
(1977), except that the RNA was transferred to New England 
Nuclear gene screen filters in 25 mM potassium phosphate, 
pH 7.0. After hybridization in 3 X SSC and 1% sarkosyl at 
65 "C, the filters were washed twice in 3 X SSC and 0.5% 
sarkosyl and twice in 3 X SSC at 65 OC (Overbeek et al., 
1981). 

Nucleotide sequence analysis of recombinant plasmids was 
performed by using the chemical cleavage method as well as 
the dideoxy chain termination technique. For Maxam and 
Gilbert sequencing, restriction fragments were labeled at their 
5' ends with calf intestinal alkaline phosphatase and T4 po- 
lynucleotide kinase (Maxam & Gilbert, 1980). For dideoxy 
sequencing (Sanger et al., 1977) restriction fragments were 
cloned in two orientations into M13mp18 and M13mp19 by 
standard techniques (Norrander et al., 1983) and then se- 
quenced by using a 17-nucleotide primer complementary to 
M 13 sequences. 

Isolation and Fractionation of HMW and LMW. Collagens 
were solubilized from chick sterna by limited pepsin digestion 
and the fragments HMW and LMW prepared by fractional 
salt precipitation as described previously (Reese & Mayne, 
1981). Isolation of the C3 component of HMW was accom- 
plished by molecular sieve chromatography and high-per- 
formance liquid chromatography (HPLC) after reduction and 
alkylation of LMW (van der Rest et al., 1985). Reduction 
and alkylation of LMW and separation of the components 
LMW1, LMW2A, LMW2B, and LMW3 were as described 
(Mayne et al., 1984). 

Cleavage of Peptides with Trypsin. The peptides were 
dissolved in 0.2 M ammonium bicarbonate at a concentration 
of 1 mg/mL. Trypsin (Worthington) dissolved in water (1 
mg/mL) was added to give an enzyme:substrate ratio of 1:30. 
After digestion at 37 "C for 4 h the reaction was terminated 
by addition of a drop of glacial acetic acid. Samples were then 
dried in a Speedvac concentrator. 

High-Performance Liquid Chromatography (HPLC). The 
tryptic peptides were fractionated as described previously (van 
der Rest & Fietzek, 1982). The instrument used was from 
Beckman and consisted of a Model 334 chromatograph, a 
Model 160 UV monitor, equipped with a zinc lamp, and a 
CRlB data system. The column was a C18 Vydan TP201 (4.6 
X 250 mm) from the Separation Group, and it was protected 
with a guard column filled with pellicular C18 resin (Waters 
Associates). Samples were dissolved in 9 mM trifluoroacetic 
acid before being injected into the column. Elution was 
achieved with an aqueous linear gradient of acetonitrile 
(0-32%) over 90 min at 1 mL/min. 

Amino Acid Analysis. The samples were hydrolyzed in 6 
N HC1 containing 0.05% P-mercaptoethanol for 20 h under 
nitrogen. The analyses were performed on a Dionex D-500 
amino acid analyzer as described previously (Ninomiya et al., 
1984). S-(Carboxymethy1)cysteine was estimated by using 
the color factor measured for L-cystine. Tryptophan was not 
quantitated. 
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FIGURE 1: Restriction endonuclease map of the a2(IX) cDNA insert. 
The direction of transcription is from left to right, as indicated by 
the 5' and 3' notations. The strategy of nucleotide sequencing of the 
pYN1731 insert is indicated with dots representing the position of 
5'-end labeling and arrows showing the direction and length of the 
sequence analysis. The regions sequenced by the dideoxy technique 
are indicated by dotted lines. The cDNA insert produced by the 
method of Okayama & Berg (1982) was cut from the vector by 
digesting the recombinant plasmid pYN1731 with HindIII and PuuII. 
During the cloning procedure the PstI site between the linker fragment 
and the cDNA insert was altered. Therefore, the insert could not 
be cut off with PstI and PuuII, and the fragment released with HindIII 
and PVuII contains the linker fragment and the cDNA insert. In the 
figure, only the insert map is shown. At the top of the figure, the 
positions of the different domains within the translation product of 
a2(IX) mRNA are indicated. 

Amino Acid Sequence Analysis. Amino acid sequences of 
LMW2A and LMW2B were determined by automated Ed- 
man degradation in the Beckman 89OC protein/peptide se- 
quencer as previously described (Seidah et al., 1981). The 
analyses were generously carried out by Nabil G. Seidah and 
Michel Chretien. The amino acid sequence of a tryptic peptide 
from the C3 component of HMW was determined in an Ap- 
plied Biosystems gas-phase sequencer. The phenylthio- 
hydantoin derivatives of the amino acids were identified by 
HPLC as described by Lazure et al. (1983). 

RESULTS 

Isolation and Characterization of the cDNA pYNl731, 
One of the cDNA clones, pYN 173 1, showed the presence of 
several sites for the restriction endonuclease Sau961, and it 
hybridized to cartilage-specific RNA. Since many of the 
fragments generated by Sau96I cleavage of pYN 173 1 were 
multiples of 9 base pairs in length and this feature is char- 
acteristic for DNA sequences that code for collagenous pep- 
tides, pYN1731 was characterized in more detail. Figure 1 
shows a restriction endonuclease cleavage map of the insert 
of the cDNA. The insert is about 1450 bp long. With the 
nick-translated insert of pYN1731 as probe, RNA transfer 
blot analysis of sternal cartilage poly(A)+ RNA showed that 
the cDNA hybridized to two mRNAs migrating close together 
that were between 2500 and 3000 bases in length (Figure 2). 
Thus pYN1731 is distinctly different from cDNAs that encode 
pro al(I1) or al(1X) collagen chains (Figure 2). Nucleotide 
sequencing of the insert of pYN1731 showed that the coding 
strand of the cDNA contained about 130 adenylic acid residues 
at the 3' end preceded by about 500 nucleotides in the 3' 
nontranslated sequence between the first in-phase translational 
stop codon and the poly(A)+ tail. As seen in Figures 1 and 
3, the amino acid sequence deduced from the nucleotide se- 
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Table I: Amino Acid Composition of Tryptic Peptides Isolated from LMW2BO 

peptide fractions 7 . 8  55 70 14 64 73d . .  

S-CM-Cys b 2.0 (2) 
HYP 3.4c 1.3 5.0 5.3 
Asp + Asn 2.2 (2) 1.1 (1) 1.1 
Thr 1.2 (1) 

Glu + Gln 1.4 (1) 1.8 (2) 1.1 (1) 1.9 (2) 0.3 1.8 (1) 
Pro 4.2 (10) 1.1 (2) 1 . 1  (7) 3.3 (8) 

Val 0.7 (1) 1.0 ( I )  1.0 ( 1 )  

1.6 (1) 

Ser 0.2 0.2 0.3 2.6 (1) 

GlY 3.8 (3) 10.1 (11) 7.6 (7) 2.0 (2) 8.0 (8) 11.0 (8) 
Ala 2.3 (3) 2.3 (2) 1.1 (2) 6.6 (4) 

Met 0.3 (2) 
I le 0.2 1.9 (2) 1.9 (2) 0.4 
Leu 1.7 (2) 2.1 (2) 2.0 (2) 2.5 (2) 
TY r 
Phe 1.0 (1) 
His 0.8 (1) 2.0 (2) 

LYS 0.2 1.0 (2) (1) 1.0 (1) 
Arg 2.0 (2) 1.0 (1) 2.0 (2) 1.0 (1) 

0.2 ( I )  

HYl 1 .w 0.9 

#Values in parentheses are calculated from the sequence predicted from pYN1731. bAmounts less than 0.1 are not given. CNote that hydroxy- 
prolyl and hydroxylysyl residues are found as prolyl and lysyl residues in the predicted sequence. dPeptide 73 was not pure since the composition of 
this fraction showed variation among different HPLC runs. This probably explains the discrepancies between the composition shown in the table and 
the predicted values. The predicted amounts for each residue in peptide 73 are calculated on the basis of the assumption that pepsin has cleaved the 
peptide bond between a leucyl and a glycyl residue within the NCI domain of a Z ( 1 X ) .  

- 
0 4 ?RS 
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FIGURE 2 RNA transfer blot analysis of cloned cDNAs. Chicken 
sternal cartilage poly(A)+ RNAs were electrophoresed either in a 
0.8% agarose gel [in the case of probes for a l(I1) and a1 (IX) col- 
lagens] or on a 1% methylmercury-agarose gel [in the case of the 
a2(IX) collagen probe] as described under Materials and Methods, 
blotted onto nitrocellulose, and hybridized to nick-translated inserts 
from different recombinant plasmids. As indicated in the text, mRNAs 
that hybridized to the cu2(IX) collagen probe migrated as two bands 
close together (see higher magnification in inset, lower right-hand 
corner). Chicken sternal cartilage 18s and 28s RNAs were used as 
RNA size markers as indicated. The numbers of bases assigned to 
the size markers were 1900 and 4100. 

quence could be divided into two collagenous domains with 
a glycyl residue in every third position and two noncollagenous 
domains. When compared to the amino acid sequence of 
a1 (IX) chains (Figure 3), the sequence derived from pYN 173 1 
is seen to be organized into similar domains as the al(1X) 
sequence. Of interest is that both sequences contain two 
imperfections in the triplet structure within their COLl do- 
mains (Figure 3). One of the two imperfections consists of 
the dipeptide sequence Gly-Arg inserted between Gly-X-Y 
triplets. The second imperfection consists of a deletion of a 
glycyl residue within the triplet structure of COLI (Figure 
3). 

The cDNA pYN1731 Codes for One of the Polypeptide 
Subunits of Type IX Collagen. We have previously shown 

that type IX collagen gives rise to the HMW and LMW 
collagenous fragments during pepsin extraction of chicken 
hyaline cartilage by demonstrating that the cDNA pYN 1738 
contains the coding information for one of the subunits of 
HMW (C2) and one of the subunits of LMW (LMW3) (van 
der Rest et al., 1985). In this study, we compared the amino 
acid compositions of tryptic peptides derived from LMW2 with 
amino acid compositions predicted for tryptic fragments of the 
polypeptide chain encoded by pYN 173 1. Such a comparison 
demonstrated that many of the tryptic peptides m e r e d  from 
LM W2 could be accounted for within the pYN 173 1 -derived 
sequence. However, the comparison was complicated by the 
fact that the LMW2 subunit of LMW gave rise to two peaks, 
designated 2A and 2B, when reduced and alkylated LMW was 
subjected to CM-cellulose chromatography (Mayne et al., 
1984). When tryptic peptides derived from each of the two 
peaks were fractionated by reverse-phase HPLC, fractions 2A 
and 2B gave very similar peptide patterns at both the start 
and the end of the gradient, but in the center of the gradient 
a family of five peptides was observed, which for peak 2B 
eluted slightly later in the gradient (Mayne et al., 1984). Table 
I shows the amino acid compositions of the tryptic peptides 
from LMW2B and the compositions predicted from the DNA 
sequence of pYN 173 1. The peptides are labeled according 
to their elution time (in minutes) from the HPLC column. 
Except for the flow-through fractions 7 and 8, the order in 
which the peptide compositions in the table are arranged 
follows the sequence in which the peptides occur along the 
predicted sequence (Figure 3). 

Amino acid sequence analysis of the LMW2A and LMW2B 
components by automated Edman degradation provided def- 
initive proof that LMW2 is encoded by pYN1731. The se- 
quences obtained from LMW2A and LMW2B also provided 
an explanation for the difference between the peptide material 
of peaks 2A and 2B. As shown in Figure 4, the amino-terminal 
amino acid sequences of 2A and 2B are derived from the same 
common polypeptide. However, due to pepsin cleavage at two 
different sites within the polypeptide, two fragments having 
a different amino-terminal end are generated. The sequences 
obtained from LMW2A and LMW2B are both found within 
the sequence derived from pYN 173 1 (residues 598-61 8, 
Figure 3). 
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L M W  1: Leu-Arg-Lys-Pro-Leu-Ser-Pro-Gly-Met-Thr-Gly-Arg-Eyp-Gly-Pro-Ala-Gly-Pro-Eyp- 

L M W  2A: G ly-G 1 y-Va 1-G1 y-Ala-Me t -G ly-Pro-E yp-G1 y-Pro -8yp -G 1 y-Pro -Eyp - 
L M W  2B: Ala-Lys-Arg-Ala-Ala-Leu-Gly-Gly-Va l-Gly-Ala-Met-Gly-Pro-Eyp-Gly-Pro-Eyp-Gly-Pro-Eyp- 

PYN 1 7  3 1 : -A l a  -Va 1-Ser -A la -Lye -Arg-A l a  -A la-Leu-Gl y-G ly-Va 1-Gl y-A la-Me t -G1 y-Pro -Pro -G 1 y-Pro-Pro -G 1 y-Pro -Pro - 
FIGURE 4: Amino acid sequence analysis of LMW1, LMWZA, and LMW2B by automated Edman degradation. The corresponding derived 
sequence for the peptide encoded by pYN1731 is given below the three sequences. The numbers below the derived sequence indicate the amino 
acid residue positions as shown in Figure 3. As discussed in the text, the sequences from LMW2A and LMW2B are derived from the same 
polypeptide chain. However, due to two different pepsin cleavage sites within the aZ(1X) chains, two LMW2 components (2A and 2B) are 
generated during pepsin extraction of LMW from cartilage. Original data for the sequence analysis by Edman degradation are available upon 
request. 
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FIGURE 5: Amino acid sequence analysis of a tryptic peptide isolated from the C3 component of HMW (van der Rest et al., 1985). As described 
in the text, the peptide elutes a t  60 min when a tryptic digest of C3 is fractionated by HPLC as described (van der Rest et al., 1985). For 
the sequence analysis about 500 pmol was subjected to 18 degradation cycles in the gas-phase sequencer. The sequence determined from the 
run is indicated a t  the top of the figure, together with the cycle numbers. Also indicated is a sequence derived from the nucleotide sequence 
of the cDNA pYN1731. Because only nonaqueous phases of phenylthiohydantoin (PTH) derivatives were examined, the amino acid residue 
in cycle 4 could not be determined. The recovery (in picomoles) of PTH derivatives of each of 12 amino acid residues is given for each cycle 
along the left-hand side of the diagrams for each amino acid. For Thr and His residues a scaling factor of 10 was used in drawing the diagrams; 
for Ser residues a scaling factor of 20 was used. The cycle numbers are indicated along the abscissas of the diagrams for each kind of amino 
acid residue. The assignment of different residues to each of the 18 cycles (except cycle 4) is indicated by the numbers placed above the peaks 
in the diagrams for each of the 12 different amino acids. As indicated in the text, the peptide was not entirely pure, but the results allowed 
identification of a major and a minor sequence. Only the assignment of residues to the major sequence is indicated. Thus, although phenylalanine, 
leucine, alanine, and proline were found in significant amounts in cycles 1, 2, 8,  11, 16, and 17, they were not assigned to the major sequence 
since other residues were found in larger quantities in the same cycles. 

As shown in Figure 4, the amino acid sequence analysis of 
the components LMW1, LMW2A, and LMW2B indicated 
that the subunits of LMW are derived from three polypeptide 
chains of different primary structures. Previously, we have 
shown (van der Rest et al., 1985) that the LMW3 component 
is part of the al(1X) collagen chain and that it is connected 
to the C2 component of HMW. To identify the component 
of HMW that is connected to the LMW2 component within 
intact type IX collagen, we compared amino acid compositions 
of tryptic peptides isolated from the C3, C4, and C5 compo- 
nents of HMW (van der Rest et al., 1985) with compositions 
predicted from the nucleotide sequence of pYN1731. This 
comparison (data not presented) suggested that one of the 
tryptic peptides from HMW C3 was encoded by pYN1731. 
This tryptic peptide [eluting at the 60-min position from the 

HPLC column; see van der Rest et al. (1985)l was, therefore, 
subjected to amino acid sequence analysis. The results of this 
analysis, shown in Figure 5, demonstrated that although the 
peptide was not entirely pure, a major amino acid sequence 
could be identified. With the exception of cycle 4 (see Figure 
5 legend), the analysis allowed identification of the first 18 
amino acid residues of the major sequence. This sequence is 
identical with a sequence (residues 489-506, see Figure 3) 
predicted from the nucleotide sequence of pYN1731 (Figure 
5). We conclude, therefore, that the C3 component of HMW 
and the LMW2 component are contained with the same po- 
lypeptide chain of type IX collagen. 

D1scussloN 
The results presented here demonstrate conclusively that 
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the collagenous fragment LMW isolated from hyaline cartilage 
by pepsin extraction (Reese & Mayne, 1981) contains three 
genetically distinct polypeptide subunits. Previously, we have 
reported (van der Rest et al., 1985) that the LMW3 subunit 
represents part of the a1 chain of type IX collagen. Here, we 
show that the LMW2A and LMW2B components are pep- 
sin-resistant products of a second chain of type IX collagen 
and that the cDNA pYN1731 contains the coding information 
for about 50% of that chain. We propose to give the chain 
encoded by pYN1731 the designation a2(IX). The primary 
structure of the LMWl component is clearly different from 
those of LMW3, LMW2A, and LMW2B. LMW1, therefore, 
is a fragment of the third chain of type IX collagen, and we 
will refer to this as a3(IX). 

In a previous study (van der Rest et al., 1985), we showed 
that the cDNA pYN1738 (Ninomiya & Olsen, 1984) encoded 
both the C2 component of HMW (Reese & Mayne, 1981) 
and the LMW3 component of LMW. This provided definitive 
evidence that the HMW and LMW collagenous fragments are 
derived from the same parent molecule. Here, we show that 
the LMW2 component is covalently attached to the C3 com- 
ponent of HMW within the intact type IX collagen molecule. 
Therefore, the a2(IX) chain must contain the sequences of 
the C3 component of HMW and the LMW2 components. On 
the basis of results obtained in a previous study of the subunit 
structure of HMW (Reese et al., 1982) it was concluded that 
the C4 component is located at the amino terminus of HMW. 
Therefore, it is likely that C4 is attached to the C3 component 
within the a2(IX) chain. However, we cannot rule out the 
possibility that the nick between C4 and C3 in HMW is not 
due to pepsin but is the result of some processing step during 
biosynthesis of type IX collagen. 

In early sequence studies of type I collagen it was noted that 
several amino acids are nonrandomly distributed between X 
and Y positions of the collagenous triplet structure (Gly-X-Y), 
[for references, see Bornstein & Traub (1979)l. The basis 
for this selectivity is probably steric hindrance and intramo- 
lecular side chain to side chain and side chain to backbone 
interactions that stabilize the triple-helical structure [see 
Bornstein & Traub (1 979)]. It is, therefore, not surprising 
to find the same nonrandomness within the collagenous do- 
mains of al(1X) and a2(IX) collagen chains. For example, 
glutamic acid, leucine, and phenylalanine are preferentially 
found in the X position in the collagenous domains of al(1X) 
and a2(IX), as they are in al(1) and a2(I) chains, whereas 
arginine is preferentially found in the Y position in all four 
chains. Certain amino acid residues show interesting differ- 
ences in their distributions: In al(1) and a2(I) chains aspartic 
acid and serine are almost evenly distributed between the X 
and Y positions (Bornstein & Traub, 1979); in type IX col- 
lagen chains these residues are preferentially found in the X 
position. 

What is the degree of homology between the al(1X) and 
a2(IX) collagen chains? Comparison of the amino acid se- 
quences, including the invariant glycyl residues within the 
collagenous domains, reveals an overall homology of 6 1 % for 
COLl and 56% for the 117 residues of COL2 reported here 
(Figure 3). This is clearly lower than the 66% homology 
between the triplet sequences of al(1) and a2(I) collagen 
chains but not very different from the homology between type 
I and type I1 collagen chains. Of course, type IX collagen 
chains are distinctly different from those of fibrillar collagens 
types I, 11, and I11 in that they contain several collagenous 
sequence domains interspersed with noncollagenous domains. 
This difference between type I1 collagen and the fibrillar 

collagens extends to the exon/intron structure of the genes, 
and we have recently shown (Lozano et al., 1985) that type 
IX collagen genes belong to a novel class of vertebrate collagen 
genes distinctly different from that of fibrillar collagens. 

It has recently been reported (Bruckner et al., 1985) that 
type IX collagen contains covalently bund glycosaminoglycans 
and that (Vaughan et al., 1985) in fact type IX collagen may 
be identical with the proteoglycan Pg-Lt (Noro et al., 1983). 
It has also been shown (Vaughan et al., 1985) that all three 
of the polypeptide chains of type IX collagen contain man- 
nose-rich carbohydrate side chains linked to asparaginyl res- 
idues. We have searched the sequences reported here (Figure 
3) for potential carbohydrate attachment sites of the structure 
Asn-X-Thr/Ser and find that no such sites are present in the 
carboxy-terminal half of a1 (IX) and a2(IX) collagen chains. 
In addition, no such sites are present in the more extended 
sequence previously published for the a1 (IX) chain (Ninomiya 
& Olsen, 1984). We conclude, therefore, that if such oligo- 
saccharide attachment sites are indeed present in type IX 
collagen, they must be localized [at least for the al(1X) and 
a2(IX) chains] in the amino-terminal region for which 
cDNA-derived amino acid sequences are not yet available. 
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Amplified DNA of the Novikoff Hepatoma Nucleolus Is Arranged in a 
7.3-Kilobase Tandem Repeat? 
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ABSTRACT: We have reported previously the cloning and characterization of a nucleolar-localized 5.8-kilobase 
(kb) EcoRI fragment that is approximately 50-fold more highly reiterated in Novikoff hepatoma tumor 
cells than in normal rat liver [Parker, D. L., Busch, H., & Rothblum, L. I. (1981) Biochemistry 20, 7621. 
In the present study, the arrangement of these 5.8-kb EcoRI segments within the Novikoff hepatoma genome 
was investigated. Through the use of “indirect” restriction site mapping, partial restriction enzyme digestions, 
and molecular cloning, we have determined that the 5.8-kb EcoRI fragment and a 1.5-kb EcoRI fragment 
together constitute a 7.3-kb unit. The 7.3-kb unit is present in the hepatoma genome as a tandem repeat 
and constitutes the unit of the DNA that has been amplified. Studies on the arrangement of homologous 
sequences in the normal rat genome indicate that the amplified DNA may have been derived by a rear- 
rangement and amplification of the nontranscribed spacer of the ribosomal DNA (rDNA) repeat. 

N o v i k o f f  hepatoma cells have been shown to contain a 
moderately repetitive (4000-10 000 copies per haploid ge- 
nome), 5.8-kilobase (kb) EcoRI fragment that is nucleolar 
localized yet does not hybridize to ribosomal RNA (rRNA) 
(Parker et al., 1981). Reassociation studies, using a cloned 
version of the 5.8-kb fragment as probe, demonstrated that 
these sequences were approximately 50-fold more abundant 
in Novikoff hepatoma cells than in normal rat liver DNA. 
Comparative Southern blots of EcoRI-digested normal rat liver 
and Novikoff hepatoma DNA failed to reveal the presence of 
a homologous 5.8-kb fragment in the liver. Two less intense 
hybrids of lower molecular weight (4.5 and 4.1 kb) were de- 
tected in roughly equal intensities in both the tumot and 
nontumor DNAs (Rothblum et al., 1982). The relative 
abundance of the 5.8-kb fragment, and its specific subnuclear 
localization (nucleolus), suggested that it may have evolved 
through the rearrangement and amplification of a piece of 
nucleolar DNA. 

Amplified DNA segments have generally been found to exist 
in clusters [Schmike et al., 1978; Miller et al., 1979; reviewed 
by Schimke (1984) arid by Stark & Wahl (1984)], and within 
a given cell population there exist subpopulations with varying 
degrees of multiplicity of specific genes (Wahl et al., 1979b; 
Alt et al., 1976). In many of the examined cases, with the 
exception of the amplified ribosomal DNA (rDNA) genes 
described by Miller et ai. (1979) and the chorion protein genes 
(Spradling & Mahowald, 1980), the cells or cell lines that 
contain the amplified genes have been selected for by multiple 
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rounds of exposure to a specific metabolic inhibitor. As a 
consequence of these manipulations, the amplified genes 
contain several different “novel joints”, which may be the 
products of several rounds of amplification and recombination 
(Caizzi & Bostock, 1982; Schimke, 1984). 

The examination of the genomic arrangement of the 5.8-kb 
fragment within the hepatoma genome was undertaken to 
determine the structure of the amplified DNA. We have also 
attempted to isolate the homologue of the 5.8-kb fragment in 
the normal rat genome. Several clones from the normal rat 
genome were isolated that very closely matched the restriction 
enzyme digestion pattern of the amplified fragment. Some 
of these clones represent the ribosomal nontranscribed spacer, 

MATERIALS AND METHODS 
DNA Isolation and Restriction Analysis. All DNA isola- 

tions were performed as described previously (Parker et al., 
1979). Restriction enzyme digestions were performed as 
recommended by the suppliers. 

Partial restriction enzyme digestions were performed by the 
addition of 1 unit of enzyme/5 pg of DNA and aliquots re- 
moved at 3-min intervals. Southern transfers and hybridiza- 
tions were performed as described by Wahl et al. (1979a). 

32P Labeling and Cloning of DNA Fragments. All radio- 
labeled DNA fragments were prepared by “nick translation” 
(Mackey et al., 1977). Cloning was performed by using the 
gt-WES system provided to us by Dr. P. Leder (Tiemeier et 
al., 1979) or by using a partial EcoRI rat genome library 
cloned in Charon 4A (generously provided by Drs. Tom 
Sargent and J. Bonner and their colleagues). Colony screening 
was performed essentially as described by Benton & Davis 
(1 977). In some screenings, the stringency was increased by 
carrying out the final washes at 65 OC and in 0.1 X standard 
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