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ABSTRACT: Clr is a zymogen of a serine protease that is involved in the activation of the first component
of the classical pathway of the complement system. cDNAs coding for human Clr have been isolated from
libraries prepared from poly(A) RNA from human liver and Hep G2 cells. From DNA sequence analysis,
the overlapping cDNA inserts were shown to span 2493 nucleotides of the Clr mRNA, not including the
poly(A) tail. The cDNA sequence coding for Clr contained a 5/ noncoding region, 2115 nucleotides coding
for a polypeptide precursor of 705 amino acids, and a 3’ noncoding region. Some variability in the length
of the 3’ noncoding sequence was observed with the cDNA inserts, although most contained a polyadenylation
signal followed by a poly(A) tail. The A or noncatalytic chain of Clr, which originates from the amino-
terminal end of the precursor molecule, contains a potential growth factor domain and two different pairs
of internal repeats. One pair of these internal repeats is closely related to the amino-terminal sequence
of Cls, while the other pair of repeats is homologous to the tandem repeats present in 3,-glycoprotein I,
complement factor B, the b subunit of factor XIII, and a single region present in the o chain of haptoglobin.
The B chain of CIr contains the catalytic portion of the enzyme and is homologous to the trypsin family

of serine proteases.

Basma serine proteases participate in a variety of physio-
logical processes, such as blood coagulation (Davie et al.,
1979), fibrinolysis (Christman et al., 1977; Collen, 1980), and
complement activation (Muller-Eberhard, 1975; Porter &
Reid, 1979; Reid & Porter, 1981). They exist in plasma as
single- or two-chain zymogens that are activated by specific
and very limited proteolytic cleavage (Neurath & Walsh,
1976). These serine proteases also show considerable structural
similarities in their catalytic chains.

Complement Clr is one of three distinct glycoproteins that
comprise the first component of the classical pathway of
complement (Porter & Reid, 1979; Reid & Porter, 1981; Sim,
1981). Clr along with Clq and Cls forms a calcium-de-
pendent complex referred to as component C1. Clq recognizes
and binds to antibody—antigen complexes, whereas Clr and
Cls are zymogens of serine proteases that participate as en-
zymes in the early phase of complement activation. The
binding of Clq to immune complexes is thought to induce

* This work was supported in part by research grants (HL 16919 to
E.W.D. and HL 31511 to K.K.) and a postdoctoral fellowship (GM
09118 to S.P.L.) from the National Institutes of Health.

conformational changes within the C1 complex, resulting in
an autocatalytic activation and conversion of Clr to the serine
protease CIr. Clr then activates Cls, converting it to the
active serine protease Cls. The latter, in turn, activates
complement components C2 and C4.

Clr is a single-chain glycoprotein with a molecular weight
of about 83000 (Sim et al., 1977). Upon activation, it is
cleaved into an A chain (M, 56000) and a B chain (M,
27000), and these two chains are held together by a disulfide
bond. The A chain, which includes the amino-terminal portion
of the precursor protein, is thought to participate in the initial
reactions leading to the activation of component C1. It has
been partially sequenced by Gagnon and Arlaud (1985). The
complete amino acid sequence of the B chain of human Clr
has been determined and shown to contain the catalytic region
of the enzyme (Arlaud et al., 1982; Arlaud & Gagnon, 1983).

As a general approach to isolating cDNAs coding for serine
proteases synthesized in the liver, a strategy was chosen that
involved the screening of a human liver cDNA library with
a short synthetic oligodeoxynucleotide probe coding for a
highly conserved region near the active site in a variety of
different serine proteases. In this manner, clones were isolated

0006-2960/86/0425-4855%801.50/0 © 1986 American Chemical Society
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that contained cDNA inserts coding for several serine pro-
teases, including prothrombin (Degen et al., 1983) and com-
plement Clr. In this paper, we report the sequence of the
¢DNA for human Clr along with its predicted amino acid
sequence.

EXPERIMENTAL PROCEDURES

Materials. DNA restriction endonucleases and DNA
modification enzymes were purchased from New England
Biolabs, Bethesda Research Laboratories, or Amersham.
32p.Labeled nucleotides were obtained from New England
Nuclear. Deoxyadenosine 5/-0-(1-[a-33S]thiotriphosphate)
([«-**S]dATPaS) was a product of Amersham. Deoxy-
nucleotide triphosphates and dideoxynucleotide triphosphates
were purchased from Pharmacia. Nitrocellulose (Schleicher
& Schuell; Millipore Corp.) and Whatman 541 filters were
used as hybridization solid supports. The mixture of synthetic
oligodeoxynucleotide sequences used to screen the plasmid
cDNA library was 14 nucleotides in length and was purchased
from P-L Biochemicals. The oligodeoxynucleotide sequences
were complementary to the amino acid sequence Met-Phe-
Cys-Ala-Gly and contained the sequences

5’-c-C-GA-G-C-e-c-A-G-A-A-c-A-T-a’
T A A
c

Radiolabeling. The synthetic oligonucleotide mixture was
labeled at the 5’ end by using T4 polynucleotide kinase and
[y-3*P]ATP, as described by Maxam and Gilbert (1980).
Nick-translation reactions were performed according to
Maniatis et al. (1982), using a-32P-labeled dGTP, dATP, TTP,
and dCTP. Unreacted 3?P-labeled nucleotides were removed
by gel filtration on Sephadex G-50 (fine).

Screening of the Plasmid cDNA Library. A collection of
approximately 14 000 transformed Escherichia coli carrying
recombinant plasmids of human liver cDNA inserts was kindly
provided by Drs. S. L. C. Woo and T. Chandra of Baylor
College of Medicine. The recombinant plasmids contained
c¢DNA inserts in the PstI site of plasmid pBR322, and each
tetracycline-resistant colony had been grown in a separate well
of a microtiter plate (Chandra et al., 1983). The transformants
were plated, transferred to Whatman 541 filter paper, am-
plified, and prepared for hybridization as described by Gergen
et al. (1979). DNA hybridization experiments using the ol-
igonucleotide mixture were performed at 43 °C for 20 h in
a solution containing 90 mM sodium citrate, pH 7.4, 0.9 M
NacCl, 0.5% Nonidet P-40, 250 ug/mL yeast tRNA, and
500 000 cpm/mL radiolabeled oligonucleotide probe. After
hybridization, the filters were washed at 37 °C with two
changes of 90 mM sodium citrate, pH 7.4, and 0.9 M NaCl
containing 0.5% sodium dodecyl sulfate. Screening of colonies
with nick-translated cDNAs were performed in the same
manner except that filters were first prehybridized and the
hybridization and washing temperatures were raised to 65 °C.
Plasmid DNA was prepared from the positive clones by a
modification of the alkaline extraction procedure of Birnboim
and Doly (1979), essentially as described by Micard et al.
(1985).

Screening of the Agtll ¢cDNA Libraries. cDNAs coding
for human complement component Clr were also isolated from
Agtl1 libraries containing cDNA inserts prepared from human
liver (Kwok et al., 1985) and Hep G2 cell line poly(A) RNA
(Hagen et al., 1986). The human liver cDNA library was a
generous gift of Drs. S. L. C. Woo and V. Kidd, and the Hep
G2 cDNA library was kindly provided by Dr. Fred Hagen.
The recombinant phage contained cDNA inserts in the EcoRI
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site of the bacteriophage vector. The libraries were propagated
in E. coli strain Y1090 or Y1088, and approximately 700 000
phage from each library were screened by the plaque hy-
bridization procedure of Benton and Davis (1977), using
¢DNA inserts coding for human Clr as probes. Hybridizations
were performed at 65 °C for 20 h in a solution containing 0.25
M NaH,PO,, pH 7.2, 0.25 M NaCl, 7% sodium dodecyl
sulfate, and 500 000 cpm/mL nick-translated cDNA probe.
After hybridization, filters were washed at 65 °C with two
changes of 90 mM sodium citrate, pH 7.4, and 0.9 M NaCl
containing 0.5% sodium dodecyl sulfate. Positive clones were
plaque-purified by successive rounds of screening at pro-
gressively lower plaque densities and then amplified on plates
to yield high-titer stocks for use in large-scale preparation of
phage DNA. DNA from recombinant phage was prepared
essentially as described by Maniatis et al. (1982), with some
minor modifications. Freshly prepared E. coli (5 mL) was
preincubated with approximately 10'° plaque-forming units
of phage at 37 °C for 15 min to allow for phage absorption.
The culture was then diluted with 250 mL of L broth, sup-
plemented with 10 mM MgSO,, and grown at 42 °C with
vigorous shaking. Upon the appearance of floating debris
(approximately 5 h) indicating cell lysis, 7.25 g of NaCl was
dissolved in the culture, and the cellular debris was removed
by brief centrifugation. The phage were precipitated by ad-
dition of poly(ethylene glycol) 6000 (10% w/v) and incubated
on ice for about 1 h. Phage were recovered by centrifugation,
chloroform-extracted, and purified by centrifugation over a
cesium chloride step gradient (specific densities, 1.3-1.5).
After dialysis, phage DNA was recovered by digestion of the
phage with proteinase K in the presence of 0.5% sodium do-
decyl sulfate and 20 mM ethylenediaminetetraacetic acid
(EDTA), followed by phenol—chloroform extraction and eth-
anol precipitation. cDNA inserts were released from recom-
binant phage DNA by restriction enzyme digestion with EcoRI
and were then subcloned into the EcoR1I site of a pUC plasmid
vector (Vieira & Messing, 1982).

DNA Sequence Analysis. Selected fragments from re-
striction enzyme digests of recombinant plasmids were sub-
cloned into M13 bacteriophage vectors by the method of
Messing (1983). They were then sequenced by the dideoxy
chain terminator method of Sanger et al. (1977), as described
in the Amersham cloning and sequencing manual. Sequencing
reactions were carried out with [a-S]dATPaS and the re-
action products subjected to electrophoresis in 6% poly-
acrylamide buffer gradient gels (Biggen et al., 1983). Non-
random DNA sequencing by sequential Ba/31 deletion (Poncz
et al., 1982) was also used, employing the modifications de-
scribed by Yoshitake et al. (1985). DNA sequences were
analyzed by the computer program GENEPRO (Version 2.08,
Riverside Scientific Enterprises, Seattle, WA). Protein se-
quences were also analyzed by GENEPRO and the computer
programs SEARCH (Dayhoff, 1979) and ALIGN (Dayhoff,
1983).

RESULTS

A human liver cDNA library constructed in pBR322 and
containing approximately 14 000 recombinant colonies was
screened with a mixture of synthetic oligonucleotide sequences
complementary to the codons specifying the amino acid se-
quence Met-Phe-Cys-Ala-Gly. This sequence occurs ap-
proximately 15 amino acids prior to the active site Ser in many
of the plasma serine proteases, including blood coagulation
factors prothrombin, factor VII, factor IX, and factor X (Davie
et al., 1979) and complement Clr (Arlaud et al., 1982).
Thirty-one strongly hybridizing clones were identified by em-



CDNA CODING FOR HUMAN CIR VOL. 25, NO. 17, 1986 4857
ses =9 T2 2es o OES O '3 ]
E3% 32 £ 3333737 & 3528 2 382
oLIC 11 T &N YL A WY A
0 400 800 1200 1600 2000 2400 bp
C 7 L WA HCIr1430
e ————— —
A e———
[ HCIr 1180
Pr—— ——
——
A ———
HCir900
A —————
Ar————————-
_ B HCIr2200
T '7% r—
sare—f L —
Atreerenee— p—
. ./} HepG2CIr 2400
- — Ar———
A————————-

FIGURE 1: Restriction endonuclease map of the cDNA for human complement Clr and summary of the strategy used to sequence the cDNA
inserts in HC1r1430, HC1r1180, HC1r900, HC1r2200, and HepG2C1r2400. The solid, open, and slashed bars represent 5’ noncoding, coding,
and ¥ noncoding sequences, respectively. The extent of sequence obtained from a particular M13 subclone is shown by the length of each
arrow, whereas the direction of the arrow indicates the strand that was sequenced.

ploying the mixture of synthetic oligonucleotides as a probe.
Fourteen of these clones were found to contain cDNA inserts
coding for prothrombin and two for factor IX when examined
with nick-translated probes prepared from human prothrombin
¢DNA (Degen et al., 1983) and human factor IX cDNA
(Kurachi & Davie, 1982). Plasmid DNA was then prepared
from the remaining 15 positive clones. These clones were
placed into three separate groups [with nine, five, and one
member(s)] by comparison of their restriction enzyme maps.
Subsequent DNA sequence analysis revealed that the group
of nine coded for Clir and the group of five coded for an
unidentified protein whose cDNA contained a single nucleotide
mismatch with the hybridization probe. The remaining clone
coded for an unknown trypsin-like serine protease, which will
be described elsewhere.

PstI digestion of recombinant plasmids containing DNA
coding for Clr released cDNA inserts that ranged in size from
approximately 300 to 1500 base pairs (bp). On the basis of
their size and restriction enzyme pattern, three cDNA inserts
were selected for DNA sequence analysis. These were des-
ignated HC1r1430, HC1r1180, and HC1r900. A partial re-
striction enzyme map for these three inserts is shown in Figure
1, along with the strategy used to determine their nucleotide
sequences. All together, these three cDNA inserts spanned
1623 nucleotides of the C1r mRNA in addition to a poly(A)
tail. They coded for the COOH-terminal portion of the A
chain (193 amino acids), the complete B chain, a stop codon,
and a 3’ untranslated region.

In order to isolate clones with larger cDNA inserts, a second
human liver cDNA library and a Hep G2 cell line cDNA
library, both constructed in the bacteriophage Agtll vector,
were screened. Approximately 700000 phage plaques from
the human liver cDNA library were screened by using the
entire cDNA insert from HC1r1180 as a hybrization probe.
Approximately 400 positive clones were identified in the initial
screening, 15 of which were plaque-purified and their phage

DNAs prepared. Approximately 640000 phage plaques were
screened from the Hep G2 library by using a 170-bp PstI-Pst1
fragment from the 5’ end of the cDNA insert in HC1r1430
as a hybridization probe. Twelve positive clones were identified
in the initial screening, and three were plaque-purified and
their phage DNAs prepared.

Digestion of the recombinant phage DNAs with EcoRI
released inserts that ranged in size from approximately 900
to 2400 bp. Two of these inserts from the phage, designated
HC1r2200 and HepG2C1r2400, were selected for DNA se-
quence analysis. A partial restriction enzyme map for these
two inserts along with the strategy used to determine their
nucleotide sequences is shown in Figure 1. The DNA sequence
determined from the overlapping cDNA inserts is shown in
Figure 2. All together, the cDNA inserts span 2493 nu-
cleotides of Clr mRNA. The complete amino acid sequence
of human Clr, including its signal peptide, was also deduced
from the cDNA sequence. The initiator Met was assigned to
the ATG codon at positions 64—66 in the nucleotide sequence
on the basis of two observations. First, a TGA stop codon is
present at positions 58—60 in the nucleotide sequence. Second,
the next Met does not occur until position 106 in the amino
acid sequence. Protein sequence analysis indicated that this
latter methionine is located in the « autolytic fragment of the
A chain of Clr (Gagnon & Arlaud, 1985). Accordingly, the
¢DNA sequence shown in Figure 2 includes 63 nucleotides of
untranslated sequence at the 5’ end, 2115 nucleotides coding
for 705 amino acids present in a polypeptide precursor that
included a signal peptide, in addition to a stop codon of TGA,
and 312 nucleotides of untranslated sequence at the 3’ end.

Untranslated sequence from the 5’ end of the cDNA insert
from the Hep G2 derived clone (HepG2C1r2400) is not in-
cluded in Figure 2. With HepG2C1r2400, the 5’ untranslated
sequence upstream from nucleotide 23 (Figure 2) differed from
HC1r2200. The first 101 nucleotides in the HepG2C1r2400
cDNA sequence were as follows:
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1 M W L L Y L L VvV P A L F € R
64 ATG TGG CTC TTG TAC CTC CTG GIG CCG GCC CIG TTIC TGC AGG
31 s P L F P XK P Y P N N F E T
154 TCC CCT CTG TTC CCC AAG CCT TAC CCC AAC AAC TTT GAA ACA
61 Q Q F D L E P S8 E G C F Y D
244 CAG CAG TTT GAC CTG GAG CCT TCT GAA GGC TGC TTC TAT GAT
91 Q L 6 8 p L 6 N P P G K K E
334 CAA CTG GGT TCT CCA CTG GGC AAC CCC CCG GGA AAG AAG GAA

*
121 s N E E N G T I M F Y K G F
424 TCC AAC GAG GAG AAT GGG ACC ATC ATG TTC TAC AAG GGC TTC
151 K 8 6 E E£E D P Q P Q C Q H L
514 AAA TCA GGG GAG GAG GAT CCC CAG CCC CAG TGC CAG CAC CIG
181 E L Q E D R H S8 C Q A E C s
604 GAG CTT CAG GAA GAC AGG CAT TCC TGC CAG Gg‘l‘ GAG TGC AGC
211 P R 8 Y P P D L R C N Y s I
694 CCT CGG TCC TAC CCC CCT GAC CTG CGC TGC AAC TAC AGC ATC
241 b I pD D H Q Q VvV ®H C P Y D Q
784 GAT ATT GAT GAC CAC CAG CAA GTA CAC TGC CCC TAT GAC CAG
271 Q R P P D L D T 8§ S8 N A V D
874 CAA AGG CCC CCC GAC CIC GAC ACC AGC AGC AAT GCT GTG GAT
301 R Yy T T E I I XK € P Q P K T
964 CGC TAC ACC ACC GAG ATC ATC AAG TGC CCC CAG CCC AAG ACC
331 R D Y F I A T € X Q 6 Y Q L
1054 CGT GAC TAC TTC ATT GCT ACC TGC AAG CAA GGC TAC CAG CTC
361 D 6 T W H R A M P R C K I K
1144 GAT GGC ACG TGG CAT CGT GCC ATG CCC AGA TGC AAG ATC AAG
391 T T M G V N T Y K A R I Q Y
1234 ACC ACA ATG GGA GTG AAC ACC TAC AAG GCC CGT ATC CAG TAC
421 E 8 E Q 6 vV Y T € T A Q 6 I
1324 GAG TCT GAG CAA GGG GTG TAC ACC TGC ACA GCA CAG GGC ATT
451 CGKPVNPVEQRQR\I
1414 TGT GGG AAG CCC GTG AAC CCC GTG GAA CAG AGG CAG CGC ATA
481 T N I B 6 R G G G A L L G D
1504 ACC AAC ATC CAC GGG CGC GGG GGC GGG GCC CTG CTG GGC GAC
511 AQS?ASLDVFLGET
1594 GCG CAA AGC AAC GCC TCT TTG GAT GTG TTC CTG GGC CAC ACA
541 s v BH p D Y R Q D E s Y N F
1684 AGC GTC CAC CCG GAC TAC CGT CAG GAT GAG TCC TAC AAT TTT
571 PNLLPICLPD?DTF
1774 CCC AAC CTC CTC CCC ATC TGC CTC CCT GAC AAC GAT ACC TTC
601 E X I A B D L R F VvV R L P V¥V
1864 GAG AAG ATT GCT CAT GAC CTC AGG TTT GTC CGT CTG CCC GTA
631 D vV F 8 Q N F C A G H P S
1954 GAT GTG TTC TCT CAA AAC G C T GC CAC CCA TCT
661 R D P N T D R W VvV A T G I V
2044 AGG GAC CCG AAC ACT GAT CGC TGG GIG GCC ACG GGC ATC GTG
691 L N Y vV D W I X K E M E E
2134 CTC AAC TAC GTG GAC TGG ATC AAG AAA GAG ATG GAG GAG GAG
2237
2356

]
2475  AAGTTTTATGAGAAATGCC-poly(A)
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GGATCGATTTGAGTAAGAGCATAGCTGTCGGGAGAGCCCAGGATTCAACACGGGCCTTGAGAA
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TGA GCCCAGAATTCACTAGGTTCGAATCCAGAGAGCAGTGTGGAAAAAAAAAAAACAA

D
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AAAACAACTGACCAGTTGTTGATAACCACTAAGAGTCTCTATTAAAATTACTGATGeAgMAGACCGTGTGTGAAATTCTCTTTCCTGTAGTCCCATTGATGTACTTTACCTGAAACAA

CCCAAAGGCCCCTTTCTTTCTTCTGAGGATTGCAGAGGATATAGTTATCAATCTCTAGTTGTCACTTTCCTCTTCCACTTTGATACCATTGGGTCATTGAATATAACTTTTTCCAAATA

FIGURE 2: Nucleotide sequence of the cDNA coding for human complement Clr. The sequence was determined by analysis of the overlapping
cDNA inserts shown in Figure 1. The predicted amino acid sequence is shown above the DNA sequence. The boxed nucleotide sequence
is the site responsible for hybridizing to the synthetic oligonucleotide probe. The active site His, Asp, and Ser residues are circled. Carbohydrate
attachment sites are indicated by solid diamonds. The solid arrow indicates the Arg-Ile peptide bond cleaved during the activation of Clr
to CIr. The polyadenylation signals ATTAAA and AATAAA are underlined. The sites of polyadenylation are identified by A in HC1r1430,

@ in HC1r1180 and HepG2C1r2400, and B in HC1r900.

GCAATCTATTGCCTGGGAAAGTGTCTTGCACAT-
TAAACAGAAAACCCTCCCCTCCCTGCTGTGCAT-
GACGCGGGCTCCCTCTGCACACAGTGCACGAA-
GAC. Beyond nucleotide 23, the cDNA sequences for
HepG2C112400 and HC1r2200 were identical, at least for

those regions in which overlapping sequence was obtained.
Another discrepancy involved the EcoRI cloning site at the
5’ end of HepG2C1r2400, which contained the sequence
GAATTCTT. This differs from the expected EcoR1 linker
sequence of GAATTCGG and may be the result of a cloning
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artifact. Alternatively, it might represent a true internal EcoRI
site that did not get protected during construction of the cDNA
library.

The A chain of Clr has a blocked NH,-terminal amino acid
(Sim et al., 1977; Gagnon & Arlaud, 1985) which has not been
identified. As a result, it has not been possible to define with
absolute certainty where the signal peptide ends and the
mature protein begins.

Heterogeneity in the 3’ Untranslated Region. Initial re-
striction enzyme mapping, followed by DNA sequence anal-
ysis, showed that the 3’ untranslated sequence differed in
length in HCIr1430, HCIr1180, HCI1r900, and
HepG2C1r2400. The 3’ end of the insert in HC1r2200 cor-
responded exactly to the internal EcoRI site at position 2187
in the nucleotide sequence. It therefore contained only 14
nucleotides of 3’ untranslated sequence, including the TGA
stop codon. This probably resulted from incomplete meth-
ylation and protection of internal EcoRI sites during con-
struction of the Agt11 cDNA library. Following the TGA stop
codon, the cDNA inserts in HC1r1430, HC1r1180, HC1r900,
and HepG2C1r2400 contained 115, 117, 314, and 117 nu-
cleotides, respectively, of 3/ untranslated sequence. All four
cDNA inserts contained poly(A) tails. The cDNA insert from
HepG2C1r2400 contained approximately 600 bp of additional
sequence beyond the poly(A) tail and EcoRI linker. This
sequence did not correspond to any known portion of Clr and
probably represents an unrelated cDNA that was ligated to
the Clr insert during construction of the cDNA library.

The sequences of ATTAAA, in HC1r1430, HCIr1180, and
HepG2C1r2400, and AATAAA, in HC1r900, were found 11,
13, 13, and 17 base pairs upstream from their respective po-
lyadenylation sites. These sequences, which occur 10-30
nucleotides upstream from the poly(A) tail, apparently
function as signals for polyadenylation by either specifying the
proper cleavage site of the mRNA transcripts or serving as
recognition sequences for poly(A) polymerase (Proudfoot &
Brownlee, 1976; Nevins, 1983). From restriction enzyme
mapping of other cDNAs coding for Clr that were isolated
from the plasmid library, it appeared that the ATTAAA po-
lyadenylation signal was preferred over the AATAAA signal
by a ratio of 2 to 1. Heterogeneity in the lengths of 3’ un-
translated regions resulting from the use of different poly-
adenylation signals has been observed in cDNAs coding for
other human plasma proteins, including preangiotensinogen
(Kageyama et al., 1984), protein C (Foster & Davie, 1984),
the 8 chain of fibrinogen (Chung et al., 1983), and complement
component C9 (DiScipio et al., 1984; Stanley et al., 1985).

Other Differences between the cDNA Inserts. A difference
in nucleotide sequence was observed at four positions when
a comparison of the cDNA inserts was made in regions where
overlapping sequence had been obtained. The presence of a
deletion in HC1r1430 (initially detected by restriction enzyme
mapping) was of particular interest, since an 87 base pair
fragment spanning nucleotides 1498-1584 and including the
Apal and BamHI restriction sites and the sequence coding for
the active site Hisso; was absent. The nucleotide sequences
at the 5 end (CAG/GTGTTC) and the 3’ end
(CCCAAG/GA) of this deletion are similar to the consensus
sequences for intron/exon splice junctions (Breathnach &
Chambon, 1981; Nevins, 1983). The GT dinucleotide at the
5’ end of the deletion and the AG dinucleotide at the 3’ end
of the deletion conform to the “GT-AG” rule, where the di-
nucleotides GT and AG are present at the donor and acceptor
sites, respectively, of an intron. Furthermore, this deletion does
not introduce a shift in the reading frame. Thus, deletion of

VOL. 25, NO. 17, 1986 4859

this 87 base pair fragment appears analogous to the splic-
ing-out of an intron and might have occurred during processing
of the nuclear transcript.

A second difference involved a TCAAG pentanucleotide
deletion (nucleotides 1181-1185) in HC1r1180. The third
difference was the absence of a G at nucleotide position 2221
in the 3’ untranslated region of HC1r900. The fourth dif-
ference involved the number of A’s at positions 2222-2233 in
the 3’ untranslated region. There were 11, 10, 12, and 11 A’s,
respectively, in HC1r1430, HC1r1180, HC1r900, and
HepG2C1r2400. These latter differences are probably the
result of cloning artifacts that arose during construction of the
c¢DNA library. Other possible, although less likely, explana-
tions include the existence of polymorphic sites or more than
one copy of the Clr gene.

DiIscUSSION

Screening human liver and Hep G2 cell line cDNA libraries
has resulted in the identification of cDNA inserts that together
code for the entire amino acid sequence of human complement
Clr. The primary structure of human Clr was deduced from
the nucleotide sequence of overlapping cDNA inserts (Figure
2). A number of differences were noted in the cDNA inserts,
the most prominent being heterogeneity in the lengths of 3
untranslated sequences. This appears to be a consequence of
Clir RNA transcripts possessing more than one potential po-
lyadenylation signal. The cDNA sequence predicts that the
precursor polypeptide chain of Clr is 705 amino acids long.
Since the NH,-terminal amino acid of the mature protein has
not yet been identified, only a tentative assignment of the site
of signal peptidase cleavage could be made. By use of the
prediction method of Von Heijne (1983), the site with the
highest “processing probability” was calculated to be that
between Ala;s and Gly,s. Two other acceptable sites for signal
peptidase cleavage include Gly,;-Ser;s and Serjs-Ile;g. If
Ala,s-Gly,s were the true processing site, the mature protein
would be composed of 690 amino acid residues. Following
activation, the resulting A chain would consist of 448 residues,
while the B chain would have 242 residues. Comparison of
cDNA-deduced amino acid sequence with that determined by
amino acid sequence analysis (Gagnon & Arlaud, 1985; Ar-
laud & Gagnon, 1983) indicates that the A and B chains of
Clr are contiguous prior to activation, thus excluding the
possible existence of a small activation peptide.

The amino acid sequence for the B chain as predicted from
the cDNA is in complete agreement with the protein sequence
previously published (Arlaud et al., 1982; Arlaud & Gagnon,
1983). As noted by these investigators, the catalytic chain of
C1r exhibits a high degree of homology with the other serine
proteases. This is particularly evident around the cleavage site
for protease activation and the regions surrounding the His,
Asp, and Ser residues that participate in catalysis. As ex-
pected, the homology is also maintained at the nucleotide level
and is particularly evident at the Met-Phe-Cys-Ala-Gly se-
quence which was employed as a probe site with the synthetic
oligonucleotide mixture. Interestingly, the catalytic chain of
Clr lacks two half-cystine residues (Arlaud et al., 1982) that
are otherwise invariant in plasma serine proteases and that
are thought to form a disulfide bond giving rise to the “histidine
loop” (Young et al., 1978). In Clr, these residues have been
substituted by Gly,s; and Thrsg;,.

The protein sequence for much of the A chain of CIr has
recently been reported (Gagnon & Arlaud, 1985). An
NH,-terminal sequence analysis of autolytic fragments, CNBr
cleavage peptides, and methionine-containing tryptic peptides
identified more than 60% (284 residues) of the amino acid
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FIGURE 3: Amino acid sequence and proposed multidomain structure of the polypeptide of human complement Clr, including the leader sequence.
The leader sequence (approximately the first 15 residues) is removed during biosynthesis by signal peptidase. The potential domains I-V are
located within the first 463 residues, which constitute the A chain of CIr. The serine protease or catalytic domain is located within residues
464-705, which constitute the B chain of CIr. Carbohydrate attachment sites are indicated by solid diamonds. The active site His, Asp, and
Ser residues are circled. The solid arrow indicates the Arg-Ile bond cleaved during the activation of Clr to Clr. Tentative placement of disulfide
bonds in domain II was by analogy with epidermal growth factor (Savage et al., 1973), and that of the disulfide bonds in domains IV and
V was by analogy with 8,-glycoprotein I (Lozier et al., 1984). Gagnon and Arlaud (1985) have reported that Cys,so and Cysyg, the third
and fourth half-cystine residues in domain III, are linked with a disulfide bond. By analogy, the two half-cystine residues in domain I, Cysy,
and Cysgy, Were also assumed to form a disulfide bridge. Thus, the first and second half-cystine residues in domain IIT (Cys;; and Cys;y9)
were joined to form the tenth and last intrachain disulfide bond of the A chain. Cys,s, of the A chain apparently forms the interchain disulfide
bond with Cyss;; of the B chain in C1r (Gagnon & Arlaud, 1985). The tentative placement of disulfide bonds in the catalytic domain was
by analogy with trypsin (Kauffman, 1965). The numbering of the amino acid residues is the same as in Figure 2.

sequence of the A chain of Clr. The amino acid sequence of and Asngs, (Arlaud & Gagnon, 1983).

the A chain predicted from the cDNA agrees with that de- The percent of total liver mRNA coding for Clr was ap-
termined by protein sequence analysis in those regions where proximately 0.06%, as estimated by the number of cDNA
the two overlap except for one difference. Amino acid residue clones identified in the human liver libraries. Since the ma-
152 was identified as Ser by DNA sequence analysis and as jority of proteins circulating in plasma are synthesized by the
Leu by amino acid sequence analysis (Gagnon & Arlaud, liver, it was of interest to relate this percentage to the percent
1985). It is not known if this difference is due to a cloning of total protein in plasma that is Clr. Inasmuch as the ap-
artifact or polymorphism. proximate serum concentration of Clr is 50 ug/mL (Porter

The A chain of Clr contains two potential Asn carbohydrate & Reid, 1979) and the total protein concentration in plasma
binding sites (Asn-Gly-Thr and Asn-Tyr-Ser) located at Asn, s approaches 75 mg/mL, it seems likely that Clr constitutes
and Asny,;. The presence of an N-linked carbohydrate moiety approximately 0.07% of the total protein in plasma. This result
at Asn;,s has been reported by Gagnon and Arlaud (1985). suggests that the turnover rates for Cir mRNA in liver cells
The B chain also contains two potential Asn carbohydrate and Clr protein in plasma are similar to those for other liver

binding sites (Asn-Ala-Ser and Asn-Asp-Thr) located at Asns)4 mRNAs and plasma proteins, respectively.
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Clr, Domain I (16-70) Gﬂ

Clr, Domain III (192-249) E

Cls, NH,-terminus (1-29)

Clr, Domain I (71-131)

Clr, Domain III (250-302)

Clr, Domain II (146-189)
Protein Z (89-125)

LDL Receptor (337-371)
EGF Precursor (445-482)

Factor X (89-124)

Clr, Domain IV (309-371) -TIIQNLQ-P

Clr, Domain V (376-447) TTHGVN
Hp al chain (15-68) E--
Factor B (78-133) P--
Factor B (140-193) —----TRKV

8,1 (4-60) -—-JASTVVP-LKT~
B,I (65-118) ----TF
B,I (186-241) @Epupn
Faotor XIIIb (71-126) ---<{TISDVE-L

Factor XIIIb (254-307) -~8KI-QT~
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FIGURE 4: Alignment of potential domains I~V in Clr with homologous segments found in Cl1r and other proteins. Gaps have been inserted
to bring the protein sequences into better alignment. The numbers in parentheses refer to the location of a particular segment in a protein
sequence. (Top) Alignment of domains I and III with one another and with the NH, terminus of complement Cls (Sim et al., 1977). Those
positions in which the same amino acid is found in both domains I and III are boxed, as are those in which the same amino acid is found in
the C1s segment and either domain I or ITI. (Center) Alignment of domain II with growth factor-like structures found in protein Z (Hojrup
et al., 1985), LDL receptor (Yamamoto et al., 1984), epidermal growth factor (EGF) precursor (Gray et al., 1983; Scott et al., 1983), and
coagulation factor X (McMullen et al., 1983). Residues in the homologous segments that are identical with those in domain II are boxed.
(Bottom) Alignment of domains IV and V with one another and with homologous segments present in haptoglobin, Hp (Kurosky et al., 1980),
complement factor B (Mole et al., 1984), 3,-glycoprotein I, 8,1 (Lozier et al., 1984), and the b subunit of factor XIII (Ichinose et al., 1986).
Identical residues that occur in the same position in domains IV and V or in four or more different segments are boxed.

Plasma serine proteases that participate in such processes
as blood coagulation, fibrinolysis, and complement activation
possess different chains attached to the NH, terminus of their
catalytic chains. The presence of these noncatalytic chains
distinguishes plasma serine proteases from the digestive pro-
teases of the pancreas. By mediating interactions with other
proteins or surfaces, noncatalytic chains determine the location
and substrate specificity of plasma serine proteases. Fur-
thermore, noncatalytic chains are thought to be organized as
a series of linked structures or domains (Patthy, 1985). These
have been identified as such either because they occur as
repeated units in a single protein or because they can be found
in different proteins. Identification of domains in the non-
catalytic chains of plasma serine proteases provides useful
information in helping to define structure—function relation-
ships. For this reason, the A chain of CIr was examined for
the presence of potential domainlike structures.

A search of the Protein Sequence Database (National
Biomedical Research Foundation, Washington, DC) for amino
acid sequence homologies with the A chain of CIr was carried
out with the aid of the computer programs SEARCH (Dayhoff,

1979) and GENEPRO (Version 2.08, Riverside Scientific En-
terprises, Seattle, WA). Certain potentially homologous se-
quences were selected for further analysis with the computer
program ALIGN (Dayhoff et al., 1983). The results of these
analyses revealed that the A chain of CIr may contain five
folding domains, which we refer to as I-V (reflecting the order
in which they occur in the A chain). A diagram of these
potential domains in human Clr is shown in Figure 3. The
tentative disulfide bonds in the protein were placed by analogy
to other proteins, as described in the legend to Figure 3.
Domains I and III and domains IV and V appear to represent
two different pairs of internal duplications, whereas there is
only a single copy of domain II.

The sequence homology in domains I and III is shown in
Figure 4 (top). Results of the Protein Sequence Database
search indicated that the amino acid sequences of domains I
and III showed little similarity to sequences found in other
proteins and were rather unique to Clr. However, manual
comparison of these domains with the NH,-terminal sequence
reported for human complement Cls (Sim et al., 1977) sug-
gests that these sequences are related (Figure 4, top).
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The search of the Protein Sequence Database and subse-
quent alignment analysis revealed that domain II resembles
epidermal growth factor (Gray et al., 1983; Scott et al., 1983),
as well as similar structures present in low-density lipoprotein
(LDL) receptor precursor (Russell et al., 1984; Yamamoto
et al., 1984), protein Z (Hojrup et al., 1985), and blood co-
agulation factor X (Young et al., 1978; Doolittle et al., 1984)
(Figure 4, center). Epidermal growth factor-like structures
have also been identified in the noncatalytic chains of the
plasma serine proteases factor VII, factor IX, factor XII,
protein C, tissue plasminogen activator, and urokinase (Banyai
et al., 1983; Yoshitake et al., 1985; McMullen & Fujikawa,
1985; Foster et al., 1985; Hagen et al., 1986). The biological
role or function of epidermal growth factor-like structures in
these proteins has not yet been determined.

Domains IV and V appear to represent tandem repeats at
the COOH-terminal end of the A chain (Figure 4, bottom).
Besides their shared homology, the sequences of domains IV
and V resemble certain sequences found in other proteins.
These include the five tandem repeats in human plasma §,-
glycoprotein I (Lozier et al., 1984), the three tandem repeats
in the Ba fragment of human complement factor B (Mole et
al.,, 1984), the ten tandem repeats in the b subunit of human
factor XIII (Ichinose et al., 1986), and the a! chain of human
haptoglobin (Kurosky et al., 1980).

On prolonged incubation, activated C1r has been shown to
undergo two major autolytic cleavages that result in the
splitting of the A chain into three major fragments (Arlaud
et al., 1980). The NH,-terminal « fragment includes amino
acids Gly,¢ (assuming that Ala,s-Gly, is the site of signal
peptidase cleavage) through Arg,,s, the central 8 fragment
amino acids Gly,,g—Argags, and the vy fragment amino acids
Gly,e—-Argug;. The pattern of disulfide linkages in the tentative
structure for Clr (Figure 3) is also consistent with the report
that fragments a, 8, and v are not interconnected by disulfide
bridges and that fragment = is disulfide-linked to the B chain
(Arlaud et al., 1980).

To evaluate the A chain of CTr for surface-oriented regions,
its amino acid sequence was subjected to the hydropathy
analysis of Kyte and Doolittle (1982) and the hydrophilicity
analysis of Hopp and Woods (1981). The A chain exhibited
a typical profile in which hydrophilic and hydrophobic seg-
ments were distributed fairly equally along its length (data
not shown). However, it was of interest to note that the profile
in the region of the growth factor-like structure (domain II)
exhibited a sigmoidal pattern in which the first half of the
domain was highly hydrophilic and the second half of the
domain was very hydrophobic.

It has been suggested that genes coding for modular or
multidomain proteins evolved by exploiting the splicing of
nucleic acids to recruit and combine small segments of pro-
tein-coding sequence (Gilbert, 1978; Blake, 1978, 1979;
Lonberg & Gilbert, 1985). In the genes coding for serine
proteases, such as factor IX (Anson et al., 1984; Yoshitake
et al., 1985), factor X (Leytus et al., 1986), protein C (Foster
et al., 1985), and tissue plasminogen activator (Ny et al.,
1984), correlation of intron/exon boundaries to functional and
structural domains has revealed that introns generally disrupt
coding sequences between functional and structural domains.
In view of the proposed multidomain structure for Clr, it will
be of interest to determine whether these various domains are
also encoded by separate exons in the gene for Clr.
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