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Complementary DNA and Derived Amino Acid Sequence of the o Subunit of
Human Complement Protein C8: Evidence for the Existence of a Separate a
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ABSTRACT: The entire amino acid sequence of the « subunit (M, 64000) of the eighth component of
complement (C8) was determined by characterizing cDNA clones isolated from a human liver cDNA library.
Two clones with overlapping inserts of net length 2.44 kilobases (kb) were isolated and found to contain -
the entire o coding region [1659 base pairs (bp)]. The 5" end consists of an untranslated region and a leader
sequence of 30 amino acids. This sequence contains an apparent initiation Met, signal peptide, and propeptide
which ends with an arginine-rich sequence that is characteristic of proteolytic processing sites found in the
pro form of protein precursors. The 3’ untranslated region contains two polyadenylation signals and 2 poly(A)
sequence. RNA blot analysis of total cellular RNA from the human hepatoma cell line HepG2 revealed
a message size of ~2.5 kb. Features of the 5" and 3’ sequences and the message size suggest that a separate
mRNA codes for « and argues against the occurrence of a single-chain precursor form of the disulfide-linked
a—+ subunit found in mature C8. Analysis of the derived amino acid sequence revealed several membrane
surface seeking domains and a possible transmembrane domain. These occur in a cysteine-free region of
the subunit and may constitute the structural basis for « interaction with target membranes. Analysis of
the carbohydrate composition indicates 1 or 2 asparagine-linked but no O-linked oligosaccharide chains,
a result consistent with predictions from the amino acid sequence. The « subunit contains segments
homologous to the negatively charged, cysteine-rich repeat sequence found in low-density lipoprotein receptor
and to the cysteine-rich epidermal growth factor type sequence found in a number of proteins. Most
significantly, it exhibits a striking overall homology to human C9, with values of 24% on the basis of identity
and 46% when conserved substitutions are allowed. As described in an accompanying report [Howard, O.
M. Z., Rao, A. G., & Sodetz, J. M. (1987) Biochemistry (following paper in this issue)], this homology
also extends to the 3 subunit of C8.

Human C8 is a serum glycoprotein constituent of C5b-9,
the cytolytic complex of complement composed of C5b, C6,
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C7, C8, and C9 (Miiller-Eberhard, 1986). Assembly of this
complex is initiated by conversion of C5 to C5b and proceeds
in a sequential manner:

C5b =+ C5b-6 —=» C5b-7 —> C5b-8 ——» C5b-9,

The intermediate CSb-7 complex contains a metastable lipid
binding site that anchors the nascent complex to target cell
membranes. Once on the membrane, C5b-7 binds C8 to form
a tetramolecular complex, C5b-8. This complex is capable
of slowly lysing erythrocyte membranes as well as some nu-

© 1987 American Chemical Society
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cleated cells. It also acts as a receptor and mediates binding
of C9 to yield the more effective C5b-9 cytolytic complex. The
assembly process is nonenzymatic and involves highly specific
yet noncovalent interactions between constituents. Disruption
of membrane organization also occurs by a nonenzymatic
process that presumably involves interaction between hydro-
phobic structural domains in C5b-9 and membrane lipid.

Human C8 is the most structurally complex component of
C5b-9. As purified from serum, it consists of equimolar
amounts of three nonidentical subunits: « (M, 64 000), 8 (M,
64 000), and v (M, 22000) (Steckel et al., 1980). These are
arranged as a disulfide-linked a—y dimer that is noncovalently
associated with 3. All three subunits have been purified and
amino acid compositions and amino-terminal sequences de-
termined. Studies using the individual subunits revealed the
existence of several well-defined functional domains that are
involved in C5b-9 formation and activity. The « subunit has
a domain that interacts directly with 8 (Brickner & Sodetz,
1984), one that interacts with 4 (Brickner & Sodetz, 1985),
and a third that comprises the binding site for C9 on C5b-8
(Stewart & Sodetz, 1985). A fourth domain consists of one
or more region(s) of the primary structure that insert into the
target membrane bilayer (Steckel et al., 1983). This insertion
is at least partly responsible for the lytic activity of C5b-8 as
well as C5b-9. The 3 subunit also has a domain that interacts
with target membranes and a domain that specifically mediates
recognition and binding of C8 to C5b-7 (Monahan & Sodetz,
1981). The ~ subunit is not essential for activity as evidenced
by the fact that a C8 derivative composed of only a and g is
functionally equivalent to the normal protein (Brickner &
Sodetz, 1984). Since C8 can undergo all these interactions
simultaneously in C5b-8, these domains must be structurally
as well as functionally distinct.

The asymmetric subunit arrangement in C8 was considered
unusual until recent studies revealed that this protein is as-
sembled from products of different genes. Evidence for this
comes from studies of C8 polymorphisms, which established
that separate (Raum et al., 1979; Alper et al., 1983; Rittner
et al., 1983) but closely linked genetic loci exist for a—y and
8 (Rogde et al., 1986). Existence of different loci is also
supported by studies of human C8 deficiencies, where func-
tional abnormalities appear restricted to either a—y or 8
(Tedesco et al., 1983a,b). On the basis of these observations,
it is generally assumed that one gene codes for a—y and an-
other for 8, with the former subunit likely to be synthesized
in single-chain precursor form.

To further elucidate structure—function relationships in C8
and facilitate studies of its molecular genetics, we isolated and
characterized C8 cDNA clones from a human liver cDNA
library. In this report, we describe the sequence of a cDNA
that encodes the entire o subunit. Structural features of this
c¢DNA are not indicative of a single-chain form of a—y but
instead suggest that a separate mRNA exists for «. Analysis
of the derived amino acid sequence indicates a possible
structural basis for « interaction with target membranes as
well as significant homologies to other proteins. Results from
a parallel analysis of 3 cDNA clones are described in the
following paper (Howard et al., 1987).

EXPERIMENTAL PROCEDURES

Purification of Proteins and Amino Acid Sequencing.
Human C8 was purified from plasma fraction III that was
kindly provided by Cutter Laboratories, Berkeley, CA (Steckel
et al., 1980). The a—y and @ subunits were purified by
chromatography in high ionic strength buffer as described
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(Rao & Sodetz, 1984). S-(Pyridylethyl)-a and -y were iso-
lated by gel filtration after reduction of a—y and reaction with
4-vinylpyridine (Steckel et al., 1980). To isolate peptides for
sequencing, modified « was subjected to CNBr digestion and
then fractionated by reverse-phase high-performance liquid
chromatography (HPLC) using a trifluoroacetic acid/aceto-
nitrile solvent system with a Varian Micropack C18-10 (0.4
X 30 cm) protein column and a Micropak MCH-10 (0.4 X
30 cm) peptide column. Selected CNBr peptides were further
digested with trypsin and fractionated by the same HPLC
methods.

Amino-terminal amino acid sequencing was performed by
automated Edman degradation on a Beckman 890C sequencer.
Phenylthiohydantoin (PTH) derivatives were identified by
HPLC and confirmed by thin-layer chromatography (TLC)
or back-hydrolysis and amino acid analysis. Carboxy-terminal
sequencing of S-(pyridylethyl)-« was performed by using
carboxypeptidase P (Boehringer-Mannheim) in 0.5% acetic
acid (Odani et al.,, 1979). Norleucine was included as an
internal standard. Samples were deproteinated by gel filtration
on Bio-Gel P-10 in 1% acetic acid. Released residues were
quantitated by amino acid analysis.

Carbohydrate Compositions. All analyses were performed
on S-(pyridylethyl)-a. Exact protein concentrations were
determined by quantitative amino acid analysis. Amino sugars
were measured after hydrolysis in 2 N HCI at 100 °C, de-
proteinization on Dowex 1-X2 in 70% methanol, and amino
acid analysis using a modified buffer system (Sodetz et al,,
1979). A trace amount of [U-'*C]glucosamine was included
as an internal standard. N-Acetylneuraminic acid was mea-
sured by the thiobarbituric acid assay after hydrolysis in 0.1
N H,S0, at 80 °C (Warren, 1959). Neutral sugars were
measured after hydrolysis in 2 N HCl at 100 °C. Quantitation
was performed by HPLC at 85 °C on a Chromex DA-X8-11
(Durrum Chemical Corp.) column in 0.5 M sodium borate,
pH 8.62 (Barr & Nordin, 1980). Xylose was included as an
internal standard.

Screening of cDNA Libraries. On the basis of a partial
amino acid sequence for «, an oligonucleotide probe was
synthesized and used to screen two adult human liver cDNA
libraries. The library that yielded clone Al was prepared from
size-fractionated cDNA [>2 kilobases (kb)] that was blunt-end
ligated into the Pyull site of pAT153 Poull-8 plasmid (Belt
et al., 1984). The library that yielded clone Bl contained
unfractionated cDNA inserted into the PstI site of pKT218
plasmid by homopolymeric GC tailing (Woods et al., 1982).
Approximately 40 000 recombinant clones from each library
were plated on nitrocellulose membranes and screened as
described (Whitehead et al., 1983). The probe mixture was
5’ end labeled by using [y-*2P] ATP and T4 polynucleotide
kinase. Hybridization was performed at 40 °C and washing
at 45 °Cin 6 X SSC (0.9 M NaCl/90 mM sodium citrate)
containing 0.05% sodium pyrophosphate. Positive clones were
detected by autoradiography and subjected to colony purifi-
cation.

Confirmation of results from the plasmid libraries was ob-
tained by screening a Agtl0 cDNA library prepared from
poly(A) mRNA isolated from the human hepatoma cell line
HepG2 (Kwiatkowski et al., 1986). Approximately 2 X 10°
phage were plated on nylon membranes and screened according
to routine procedures (Maniatis et al., 1982). The probe used
was a 1.2-kb fragment corresponding to the 5 end of the
c¢DNA insert in clone Al. This fragment can be generated
by a combined EcoRI-BamHI digest of clone Al plasmid,
which contains an EcoRlI site that is 40 bp beyond the 5’ end
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FIGURE 1: Map and sequencing strategy for « cDNA. Shown are cDNA inserts in clones Al and B1 isolated as described under Experimental
Procedures. Restriction sites used to generate fragments for sequencing are indicated along with arrows showing regions sequenced. Polyadenylation
signals are indicated by (A). The hatched area shows the coding region for « along with the location of the oligonucleotide probe site ().

of the insert. Labeling was performed by nick-translation with
[«-¥P]dCTP.

DNA Sequencing. After restriction mapping, cDNA clones
were digested with the appropriate enzymes and the desired
fragments isolated by electroelution from acrylamide gels.
Fragments were subcloned into phage vectors M13mp18 or
mpl9 that were linearized with the appropriate enzyme(s).
DNA sequencing was performed by a modified dideoxy
chain-termination method using [«-3*S]deoxyadenosine 5’-
O-(1-thiotriphosphate) ([a-3*S]dATPaS). Fragments of ex-
tended length and restriction site overlaps were sequenced by
the rapid-deletion M13 subcloning method (Dale et al., 1985).

Analysis of RNA Blots. Total cellular RNA was isolated
from HepG?2 as described (Perlmutter et al., 1984). Samples
were denatured with formamide, size-fractionated by elec-
trophoresis on an agarose gel, and transferred to nitrocellulose.
A single-stranded probe was prepared with all four *?P-labeled
deoxyribonucleotides by primed synthesis on an M13 template.
This template contained the above 1.2-kb EcoRI-BamHI
fragment corresponding to the 5’ end of « cDNA. Hybrid-
ization was performed at 42 °C in 4 X SSC containing 50%
formamide, 5 X Denhardt’s solution, 5% dextran sulfate, 0.1%
sodium dodecyl sulfate (SDS), 0.025 M sodium phosphate,
and 0.1 mg/mL sheared salmon sperm DNA (Maniatis et al.,
1982). Washing was performed in 0.1 X SSC/0.1% SDS at
65 °C.

Data Analysis. Sequences were analyzed ona VAX 11/780
VMS computer using the software package of the University
of Wisconsin Genetics Computer Group. Databases surveyed
include GenBank, EMBL Sequence Library, and the sequence
library of the National Biomedical Research Foundation. The
same package was used for secondary structure predictions
according to Chou and Fasman (1978). Hydropathic analyses
were performed by using the algorithm and hydropathy values
of Kyte and Doolittle (1982) as provided in the NEWAT soft-
ware package assembled by R. L. Doolittle and modified by
John S. Garanelli. Analysis for membrane-associated domains
was performed according to Eisenberg et al. (1984).

RESULTS
Protein Sequencing and Carbohydrate Composition. Pre-
vious sequence data for « consisted of only twelve N-terminal

residues that were unsuitable for designing oligonucleotide
probes because of extensive codon degeneracy (Steckel et al.,
1980). To identify a more suitable sequence, three CNBr and
five tryptic peptides were purified and subjected to automated
Edman degradation to yield a total of 145 sequenced amino
acids. From one peptide, the sequence Glu-Phe-Asn-Ala-
Cys-Arg was selected to design an oligonucleotide probe with
the mixed sequence:

CTT/C-AAA/G-TTA/G-CGC/A-ACA/G-GC

This probe was found to be highly specific for « cDNA clones.

The C-terminal sequence of « was defined by digestion with
carboxypeptidase P and analysis of released amino acids at
various times. This enzyme was found to release S-(pyri-
dylethyl)cysteine (PEC) at a rate comparable to other amino
acids. At 10 min, the mol/mol yields (in parentheses) were
PEC (0.43), Asn/GlIn/Ser (0.47), Ala (0.33), and Thr (0.08).
At 20 min, yields were PEC (0.68), Asn/Gln/Ser (1.72), Ala
(0.62), Thr (0.68), and Val (0.66). The inability to resolve
Asn/Gln/Ser on the amino acid analyzer precluded absolute
identification of these residues. However, the cDNA sequence
later confirmed that only Gln occurs at the C-terminus.
Considering the cDNA sequence and the above yields, the
C-terminal sequence was determined to be Val-Gln-Thr-
Gln-Ala-Cys.

The carbohydrate composition of « was determined to
confirm the presence of oligosaccharide groups in C8 and
assess the significance of potential glycosylation sites found
in the sequence. Results revealed the following mol/mol yield
of carbohydrate (£10%): glucosamine (GlcN) (3.5), galac-
tosamine (GalN) (0), Man (2.2), Gal (2.2), N-acetylneur-
aminic acid (NeuAc) (1.4), Fuc (0.1), and Glc (1.7). The
amount of glucose varied considerably between preparations
and was considered to be from exogenous sources. This
composition is indicative of asparagine-linked, complex oli-
gosaccharide chains and suggests that one, but no more than
two, occurs in . Importantly, the absence of GalN indicates
that a contains no O-linked oligosaccharide chains.

Sequence of o cDNA. By use of the above oligonucleotide
probe, two overlapping clones were isolated from different
cDNA libraries. Figure 1 shows restriction maps of the cDNA
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inserts and the sequencing strategy used. Clone A1 contains
the entire o coding region and a 3’ polyadenylation signal but
is lacking a poly(A) sequence. Clone Bl overlaps and has a
3’ extension containing a second polyadenylation signal and
a poly(A) sequence. From these two clones, the net cDNA
length was determined to be 2443 base pairs (bp).

Figure 2 shows the entire cDNA sequence and derived
amino acid sequence of «. The coding region for mature «
is preceded by a §’ extension which, when translated, yields
an apparent leader sequence of 30 amino acids. The leader
sequence contains two methionines at positions ~30 and ~19.
However, only methionine at position —30 has one of the
consensus nucleotide sequences found at initiation sites for
eukaryotic protein synthesis (Kozak, 1981). This sequence
is GNNAUGY and is a variant of the more common
GNNAUGG. The leader sequence also contains an extended
region of hydrophobic amino acids (positions —30 to —17) that
is typical of signal peptides. Interestingly, secondary structure
analysis of this sequence predicts a strong tendency for 8-sheet
formation (positions —30 to —17) followed by a more flexible
region (positions —16 to —14) with potential for a 8-turn. Such
a structure conforms to the 8-transorption model for trans-
location of nascent proteins across the endoplasmic reticulum
(Steiner et al., 1980; Perlman & Halvorson, 1983). From
analysis of signal peptidase preferences, it seems alanine at
position —11 is the likely site for signal peptide cleavage.
Occurrence of Val at position —13, and the helical breaking
residues Gly at position —14 and Pro at position —15, conforms
remarkably well to the pattern observed near signal peptidase
cleavage sites (Heijne, 1984). Following alanine, the leader
sequence continues until an arginine-rich tetrapeptide is
reached immediately before the N-terminus of mature . This
tetrapeptide sequence is a recognized proteolytic processing
site for removal of propeptides from protein precursors (Ku-
rachi & Davie, 1982; Degan et al., 1983). Considering this
and the preference of signal peptidase, it seems likely the signal
peptide extends from position ~30 to alanine at position —11.
A propeptide of 7-10 amino acids would then be cleaved in
a subsequent step to yield mature «.

Analysis of the coding region for mature o shows it to be
1659 bp in length with a predicted 553 amino acids and a M,
of 61460. This agrees well with 558 amino acids predicted
earlier from amino acid compositions and a M, of 64000 for
the glycosylated form of « (Steckel et al., 1980). The derived
N-terminal sequence is identical with that reported previously,
and the C-terminal sequence agrees with that predicted from
carboxypeptidase digestions. Analysis of the sequence also
reveals that asparagines 13 and 407 are candidates for N-
linked glycosylation by virtue of their flanking sequence.
Glycosylation at both sites would be compatible with the
carbohydrate composition, but evidence suggests that only one
site may be involved. Several attempts to sequence either
intact « or its N-terminal peptide were unsuccessful beyond
residue 12. In contrast, a CNBr peptide containing asparagine
407 was successfully sequenced beyond this residue. This
suggests that asparagine 13 but not asparagine 407 is normally
glycosylated. Tt is also noted that « contains 31 cysteines, the
odd number reflecting linkage to 4 through one or more di-
sulfide bonds. Interestingly, the cysteines are clustered at the
N- and C-termini with none located within the central 180
residues and only four in the central 328 residues. The coding
region also ends with a C-terminal cysteine and is followed
by a 3’ extension of ~550 bp. This extension contains several

stop codons in all three reading frames as well as the consensus ,

polyadenylation signal sequence AATAAA at ~130 and 230
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bp before the poly(A) sequence.

RNA Blot Analysis. The cDNA in Figure 2 appeared to
be nearly full length on the basis of features of the 5 and 3’
sequences. To confirm this, total RNA from HepG2 cells was
subjected to RNA blot analysis using a single-stranded cDNA
probe. Results in Figure 3 reveal the largest mRNA to be
~2.5 kb, in agreement with the size expected from the cDNA
sequence. A second message of ~1.5 kb is also observed and
may be an alternatively processed message or a different but
highly homologous mRNA. Regarding alternative processing,
it is noted that an internal AATAAA polyadenylation signal
sequence occurs 1298 bp from the 5 end of the cDNA (Figure
2). If this signal were operative, it would yield a truncated
message with an apparent size of ~1.5 kb. This second
message might also be unique to the HepG2 cell line because
a similar analysis performed on poly(A) RNA from fresh
baboon liver revealed only a single mRNA of ~2.5 kb.!

Confirmation of 5’ Sequence. The library that yielded clone
Al was prepared by using a loop-back procedure for second-
strand synthesis. Because this procedure can produce sequence
artifacts, there was concern about fidelity at the 5 end of the
cDNA insert and whether conclusions about the leader se-
quence were based on fortuitous cloning events. To confirm
the 5/ sequence by an alternative approach, we screened a
Agt10 cDNA library that was prepared from HepG2 poly(A)
RNA without using loop-back synthesis. One clone with an
insert corresponding to the 5 end of clone A1 was isolated and
sequenced. The sequence beginning at the very 5’ end was
[TCCAACATCAGATAGATC]TTACAGG.... Brackets
identify the small segment that differs from the 5’ sequence
of clone Al in Figure 2. Beginning at nucleotide 19 of this
sequence and at nucleotide 42 in Figure 2, the sequences are
identical through at least the next 400 bp. It is noted that,
although different, the sequence in brackets still contains an
in-frame stop codon (TAG at position 13). The 5’ sequence
of this cDNA from Agtl0 is also identical with one found in
a fragment isolated from a human genomic library by using
an o cDNA probe.! This identity includes the in-frame stop
codons and extends through the entire leader sequence up to
the arginine-rich tetrapeptide, where an exon/intron junction
occurs in the fragment. Thus, the 5’ sequence in the Agt10
c¢DNA appears to be a faithful copy of « mRNA while the
insert in clones Al contains a loop-back artifact, but only
within the first 41 bp.

Secondary Structure Predictions. The a amino acid se-
quence was analyzed by several predictive methods in order
to identify distinctive structural features. The hydropathic
profile in Figure 4 indicates « is largely hydrophilic but con-
tains several short hydrophobic segments, the one at residues
210-235 being most prominent. The sequence was also ana-
lyzed by the method of Eisenberg et al. to identify segments
that are likely to be globular, membrane surface seeking, or
transmembrane. This method determines the average hy-
drophobicity ((H)) and hydrophobic moment ({x)) of a
moving 11-residue window throughout the sequence and
compares them on a hydrophobic moment plot to values de-
rived from proteins of known structure and function. The
analysis identified four distinct regions that contain segments
which are capable of forming amphiphilic, membrane surface
seeking structures. Amongst these four, residues 174-193
contains two contiguous segments predicted to form «-helical
and @-structures, residues 258-269 could form either type of
structure, residues 342-367 has segments that could form only

'S, C. Ng and J. M. Sodetz, unpublished results.
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TTTTTTTTTTCATCCTACTTTGTTTTATTGGGCGTTGATTGTTACAGGTCCCAGCCTGTAGACATCTTTTACTCCAATTTCCTGAATAGA 90

-30 -20
* M F AV V F F I L S L M TC Q
TAGCTTTATTCCTTCAAGGTAATATAGTGCGGTGGCTTCTGGCTGAGATGTTTGCTGTTGTTTTCTTCATCTTGTCTTTGATGACTTGTC 180
-10 -1 +1 10

P GV T AQETZ KVNQ QRVYV RRAAMT®PAAVTEOOOL SN WS
AGCCTGGGGTAACTGCACAGGAGAAGGTGAACCAGAGAGTAAGACGGGCAGCTACACCCGCAGCAGTTACCTGCCAGC TGAGCAACTGGT 270
20 30 40
EW TD@OF P@eDEKEKYREHRSLTLOQEPNTEKTEGGTTICE®::s
CAGAGTGGACAGATTGCTTTCCGTGCCAGGACAAAAAGTACCGACACCGGAGCCTCTTGCAGCCARACAAGTTTGGGGGAACCATCTGCA 360
50 60 70
6 DI WDOASESsSssTTEOVERQAQWOG@DFoEEKTET
GTGGTGACATCTGGGATCAAGCCAGCTGCTCCAGTTCTACAACTTGTGTAAGGCAAGCACAGTGTGGACAGGATTTCCAGTGTAAGGAGA 450
80 90 100
G ROL KR HELVEODNGD eDdDELDOGSDEDT DQEET DV R A
CAGGTCGCTGCCTGAAACGCCACCTTGTGTGTAATGGAGACCAGGACTGCCTTGATGGCTCTGATGAGGACGACTGTGAAGATGTCAGGG 540
110 120 130
1 D EDESOCQYEPTIGPGSQEKABATLGYNTITLTOQETDALQ
CCATTGACGAAGACTGCAGCCAGTATGAACCAATTCCAGGATCACAGAAGGCAGCCTTGGGGTACAATATCCTGACCCAGGAAGATGCTC 630
140 150 160
S VYDASYYGGQ@®OETVYDNGETWR RETLT RTYTZ DS STQEE
AGAGTGTGTACGATGCCAGTTATTATGGGGGCCAGTGTGAGACGGTATACAATGGGGAATGGAGGGAGCTTCGATATGAC TCCACCTGTG 720
170 180 190
R L YY GDDTETEKTYTFRTE KT PYNTFTLIZ KT YHFEATLATDTG I
AACGTCTCTACTATGGAGATGATGAGAAATACTTTCGGAAACCCTACAACTTTCTGAAGTACCACTTTGAAGCCCTGGCAGATACTGGAA 810
200 210 220
s S E F Y D N A ND UL L S KV K KD K SDSF GV TIGTIG
TCTCCTCAGAGTTTTATGATAATGCAAATGACCTTCTTTCCAAAGTTAAARAAGACAAGTC TGACTCATTTGGAGTGACCATCGGCATAG 900
230 240 250
P ALG S P L LV GV GV S HSOQDTSTFETLNETLNTEKTYNTE K
GCCCAGCCGGCAGCCCTTTATTGGTGGGTGTAGGTGTATCCCACTCACAAGACACTTCATTCTTGAACGAATTAAACAAGTATAATGAGA 990
260 270 280
K F I F TRTITFTI KV QTAEHFPFTZKM®BRIEKTDTDTIWMTLTGDTEGHMHL
AGAAATTCATTTTCACAAGAATCTTCACAAAGGTGCAGACTGCACATTTTAAGATGAGGAAGGATGACATTATGC TGGATGAAGGAATGC 1080
290 300 310
Qs L MELZPODGQYNYGMZYAZEKTFTINUDTYGTHTYTITSG
TGCAGTCATTAATGGAGCTTCCAGATCAGTACAATTATGGCATGTATGCCAAGTTCATCAATGACTATGGCACCCATTACATCACATCTG 1170
320 330 340
$ M G G I Y B Y I L VI DXAZEKMESTLGTITSQRDTITTIT®E
GATCCATGGGTGGCATTTATGAATATATCCTGGTGATTGACAAAGCAAAAATGGAATCCCTTGGTATTACCAGCAGAGATATCACGACAT 1260
350 360 370
F G G s 1L 6 I oY EDIEKTINVGGGLSGDHQ@TEKTEKTFGG G
GTTTTGGAGGCTCCTTGGGCAT TCAATATGAAGACAAAATAAATGTTGGTGGAGGTTTATCAGGAGACCATTGTAAAAAATTTGGAGGTG 1350
380 390 400
K T E R AR KAMABAUVETD I I S RV RGG S S G WS G G L A
GCAAAACTGAAAGGGCCAGGAAGGCCATGGC TGTGGAAGACATTATTTCTCGGGTGCGAGGTGGCAGTTC TGGC TGGAGCGGTGGCTTGG 1440
v 410 420 430
Q N RS T I T YRS WGUR S LKJYNTFPEVVIDTFTETUMS®GQT?PTIH
CACAGAACAGGAGCACCATTACATACCGTTCCTGGGGGAGGTCATTAAAGTATAATCCTGTTGTTATCGATTTTGAGATGCAGCCTATCC 1530
440 450 460
EQ@C ¢ T o A WASGGOQROQNTILTZ RRALTGDT O OTYTLHWMETF N A
ACGAGTGCTGCGGCACACAAGCCTGGGCCTC TGGAGGCCAACGCCAGARCCTGCGCCGCGCCTTGGACCAGTATC TGATGGARTTCAATG 1620
470 480 490
@QRrREOc P OF NNGVEILEGTsSEREOoEEORLGGS L G A
CCTGCCGATGTGGGCCTTGCTTCAACAATGGGGTGCCCATCCTCGAGGGCACCAGC TGCAGG TGCCAGTGCCGCCTGGGTAGCTTGGGTG 1710
500 510 520
A ©F 0T 90T EGAEKHADTGSWs@OWSsswsVvEORAGTIQ
CTGCCTGTGAGCAAACACAGACAGAAGGAGCCAAAGCAGATGGGAGCTGGAGT TGCTGGAGC TCCTGETCTGTATGCAGAGCAGGCATCC 1800
530 540 550
ERRREQE®TDNZPATPOQQNGGASE®PGRTE KUV QT QA
AGGARAGGAGAAGAGAGTGTGACAATCCAGCACCTCAGAATGGAGGGGCCTCGTGTCCAGGGCGGARAGTACAGACGCAGGCTTGCTGAG 1890

L]

GGCCTCTGGACACAGGCTGGACCAGATGCTGTGGATGTCGACCCCTGCACTGACTATTGGATARAGACTTCTTTCAACTAAGAGAAGATG 1980
CAAATCAGCACACTTTTTTCTTTGTTCTGCCAGCTTCCAGGCCTAAGACTAGGTTTTGCTGTCTACAGCCAACTATTCTATTAGTTACAA 2070
AACTCAATCAT’I’TTATTCAGCAACTGGATGTTGACTGTTAACTAGAAGCTCTGTCC’I’ACTTACAGCACTTTGGATCATCAAAAAEATAAE 2160
GTAARATAGAAAACTGAGAAAACTCAATCCATGACCAGGGAGAACT TACAGGATGTTAGAGACAAAACAAGCAGACACCTGAAACAATCA 2250
ACGCCCCAAAGTAGGATGAAAATTCTCTTAGTTC’I”I’TGATAACAATTTG’I’TCACTCATAGAAACATTATTAATTGGTAGGGTA 2340
AGCAGACACTCTGAAACAATGAGAAAAATACTAAAAATTGACTTGAGTTATTTCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARARAAA 2430
AAAAAAAAAAAAA 2443
FIGURE 2: ¢cDNA and amino acid sequence of «. Numbering of amino acids begins with the N-terminus of mature a as +1. Cysteine residues
are circled, and possible asparagine-linked glycosylation sites are identified by (¥). Sequences that were also determined by amino acid sequencing
are underlined. Polyadenylation signal sequences in the 3’ region are boxed, and in-frame stop codons considered most significant are indicated
by ().
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FIGURE 3: RNA blot analysis of « mRNA. Approximately 10 ug
of total cellular RNA from HepG2 cells was electrophoresed on
agarose gels and blotted as described in the text. The single-strand
probe used corresponded to a 1.2-kb fragment from the 5’ end of «
c¢DNA. Molecular weight standards consisted of 32P-labeled A phage
DNA digested with HindIII.
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FIGURE 4: Hydropathy profile of «. Hydropathy values are plotted

as a function of residue position in the sequence. Sequence regions

with positive values are hydrophobic while those with negative values

are hydrophilic. Brackets in the inset identify potential membrane

surface seeking (S) and transmembrane (T) segments.

B-structures, and residues 383—-393 could form an a-helical
structure. By use of Eisenberg’s criteria, two 21-residue
segments were also identified as candidate transmembrane
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segments (218-238, (H) = 0.65, and 307-327, (H) = 0.46).
Further characterization revealed an 11-residue sequence
(224-234) in one with {u) = 0.193, (H) = 0.609, and a
segment (317-327) in the other with (u) = 0.275, (H) =
0.696. When compared on the hydrophobic moment plot to
known sequences of membrane-associated proteins, these two
candidates appear typical of a-helical transmembrane domains
that interact cooperatively in pairs or as multimers in chan-
nel-forming proteins.

Sequence Homologies. A survey of sequence databases
revealed several interesting homologies. The « subunit exhibits
24% overall identity to human C9 and this increases to 46%
when conserved substitutions are allowed. Four regions of
strong homology are shown in Figure 5. Of particular note
is a cysteine-rich region near the N-terminus that is homol-
ogous to C9 and to the 40-residue repeat sequence found in
the low-density lipoprotein (LDL) receptor (Stanley et al.,
1985; Siidhof et al., 1985). Figure 6 shows the consensus
sequence corresponding to this region and its relationship to
a. This homology includes conserved cysteines and a clustering
of negatively charged residues. As documented in the following
paper (Howard et al., 1987), this consensus sequence also
occurs near the N-terminus of g.

Figure 7 shows that « also contains a cysteine-rich region
near the C-terminus that is homologous to epidermal growth
factor precursor. This growth factor type sequence consists
of a conserved segment of 30-50 residues that occurs in a
number of proteins. If one introduces gaps to achieve optimal
alignment, a consensus sequence can be generated that occurs
not only in « but also in 3.

DiscuUsSION

The assumption that a—y is synthesized as a single-chain
precursor is based on genetic evidence for separate a—y and
# loci and the fact that many secreted proteins composed of
disulfide-linked subunits have single-chain precursor forms.
This includes insulin, several blood coagulation zymogens, and
C3, C4, and C5 of the complement system. Indeed, in addition
to defining its amino acid sequence, one of our goals in this
study was to confirm the existence of an a—vy single-chain
precursor and establish chain order. However, results from
characterizing a full-length cDNA for « reveal no evidence
of such a precursor. The 5’ extension contains no known ¥
subunit amino acid sequence but instead a leader sequence that
has the features of a signal peptide joined to a propeptide.
Importantly, this leader sequence is preceded by at least two
in-frame stop codons. Similar analysis of the 3’ extension
reveals stop codons in all frames, two polyadenylation signals,
and a poly(A) tail. Thus, there is no contiguous v coding
region at either end of the a cDNA.

101
| H l IIIICI;IQI(I:IGTIIIIII ______________
IKMRLRCNGDNDCGDFSDEDDCE~—=-—=—========
114
(73%)
332 449 463 553
THIT AN
C
345 469 483 537

(53%)

FIGURE 5: Homologies between a and C9. Amino acid sequences of « and human C9 (DiScipio et al., 1984) were compared by dot matrix
analyses with a window of 30 residues and a stringency of 30% identity. Four regions of >50% homology were identified and optimally aligned.
Percentages indicate agreement without allowing for conserved substitutions (dotted lines).
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C8a (59-98) T|c|- vroag|c|-Gep [F|o|c|KET| G| R{C|L XRHLV [c|NGDQ{DC|L{D G s D E|D
cs8p (61-99) P|c|- esovr|c|EG--|F[V|C]aQT| G|R|C|V NRRLL |C|NGDN{DC|G|D|o]|s D E|A
c9 (72-111) P |cJE DAEDD |C|-GND |F|Q{C|-STLG|R KMRLR |[C|NGDN|DC|G|D]F|s D E|D
LDL RECEPTOR o T C F C G CI CD DC DGSDE
CONSENSUS
FIGURE 6: LDL receptor consensus sequence in . Alignment of the cysteine-rich LDL receptor domains in «, 8 (Howard et al., 1987), and
C9 is shown.
cga (466-498) C|-RCG- - r(.3-.5‘ N N|G|- - VP-IL-EGTS-CR|C|Q|C|RL|G[SL|G|AA E
CBB (448-480) C| -HCA- -1C|Q G NJG|- ~ VP-VL-KGSR-CD|C|I|C|PV|G|SQ|G|LA[C|E
[of°] (486-518) R =KCHT - -|C|Q N G|G|T - V--ILMDG--KCL|C|A|C|PF K FE|G|IAKI[E
tPA (51-85) C --SE-ER C|F N G|G|T [C{QQ-AL-YF-SDFV|C|Q|C |PE |G |FA]G|KC & |E
TGF (47-83) CI|PDSHT Q F|C|F H -|G|T]|C|RF--LVQED-KPA|IC|V|C|HS|G|YV|G|AR|C|E
UK (8-43) P SNC-~ - D|C|L N G|G|T|C|VS--NKYFSNIHW|{C|N|C|PK K FG|G|QH [C|E
FIX (51-83) C|-ESN-|P]-|C|L N G|G|M|C|KTDINSYE----~ CIW|C QAEFE G}IN |C|E
FX (50-82) Cl-E-GH|P|-]C|L N Q|G|H|C|]KNGIGDY-T----]|C|T]|C AEEJFE G]KN |C|E
FXII-1 (79-112) C|-SKHS|P[-|C|Q K G|G|T|C]VN-MP-SGPH---|C|L|C|PQ H LT|G|NH |C{Q
FXII-2 (159~-191) C|-R-IN| P|-|C|L H G|G|R|C|LE-V-~EGHRL--|C|H|C PVEYT G|PF |C|D
EGFP (982-1019) [c|PssYD G Y[c|L N G|G|v|c|MH-IESLDYST-~|[c]|N]{c|vI|g]¥s|G|DR[c]0
CONSENSUS C P C G C C C G G CE

FIGURE 7: Growth factor type sequence in . Shown is the growth factor type homology between «; 8; C9, tissue plasminogen activator (tPA),
and urokinase (UK) (Doolittle, 1985); FIX, FX, and epidermal growth factor precursor (EGFP) (Doolittle et al., 1984); FXII-1 and FXII-2
(Cool et al., 1985); and transforming growth factor (TGF) (Bloomquist et al., 1984). Introduction of gaps yields the boxed consensus sequence.

The validity of our result is supported by several other
observations. One includes the fidelity of the 5’ sequence in
the cDNA. This sequence was confirmed by characterizing
a ¢cDNA clone from a second library prepared from a different
mRNA source under conditions where potential for 5’ artifacts
is minimal. Essentially, an identical 5 sequence was obtained,
including the leader sequence and preceding stop codons.
Preliminary characterization of a genomic fragment also
confirmed the accuracy of the 5’ nucleotide sequence and
indicated that the entire leader sequence preceding the argi-
nine-rich tetrapeptide is contained within the same exon.
Other support comes from RNA blots where the largest
mRNA observed agrees with the 2.5-kb size predicted from
the cDNA. Since the coding region for v is expected to be
~600 bp (Steckel et al., 1980), the minimum size mRNA
needed to accommodate a typical 5" untranslated region, v,
a, and the above 3’ untranslated region would be 3.0 kb. No
message of this size was detected, nor were any cDNA clones
of this size isolated from the various libraries. Thus, we believe
the cDNA characterized in this study corresponds to a separate
and distinct mRNA for . Its abundance on RNA blots and
the fact that no larger size cDNA clones were detected suggest
it is the major mRINA species coding for « and not simply a
minor form of an alternatively processed message for a—y.
Final proof of this, however, requires characterization of the
« gene itself and/or isolation and characterization of a distinct
c¢DNA for v. Efforts in both areas are currently under way.

The existence of separate « and v messages would be
consistent with observations made from studying the biosyn-
thesis of C8 by isolated rat hepatocytes (Ng & Sodetz, 1985).
Pulse—chase experiments revealed no evidence of an intra-
cellular single-chain form of a—y. Instead, the first product
observed was consistently the two-chain disulfide-linked form
of a—y with no free o or v detected. This, along with results

from cDNA analysis, suggests that synthesis of a—y occurs
by a mechanism involving independent translation of « and
v mRNA, rapid co- or posttranslational association, and
formation of a disulfide linkage. Such a mechanism would
not be unique. In the case of immunoglobulin G (IgG) syn-
thesis, noncovalent association of heavy and light chains was
found to occur while the nascent heavy chain is still on the
polyribosome (Schubert, 1968). This association occurs be-
cause of an intrinsic affinity between chains as demonstrated
in a study of the equilibrium and kinetics of subunit association
in IgG (Bigelow et al., 1974). A strong affinity between
reduced and alkylated subunits was observed, indicating that
noncovalent interactions can stabilize the tetramer in the
absence of disulfide linkages. Importantly, we recently ob-
served that reduced and modified o and + can also interact
noncovalently to form a stable dimer (Brickner & Sodetz,
1985). This interaction occurs with remarkably high affinity
and appears to involve a distinct and specific binding site on
a. Such an interaction was considered unusual, and its sig-
nificance was unclear. However, results in this study suggest
that synthesis of a—y may be analogous to IgG, and if so,
strong association of a with v would be essential for intra-
cellular processing.

The possibility of separate mRNAs for « and v and a third
for 8 (Howard et al., 1987) requires that all three subunits
be encoded at different genetic loci. Such a possibility is
compatible with available data on C8 genetic and polymor-
phisms. These data come from a number of family studies
in which C8 phenotypes and allotypic variants were identified
according to electrophoretic patterns observed under nonre-
ducing conditions. The patterns for «—y and 3 segregate
independently, and therefore separate loci were proposed.
However, more recent electrophoretic analyses were performed
on reduced samples, and the polymorphism in a—y was found
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to be associated strictly with o (Rodge et al., 1985). Thus,
instead of separate loci for a—y and 8, the nonreduced poly-
morphic patterns could also be explained by three loci with
detectable allelic variation in « and 8 but not in ¥.

Previous photolabeling experiments using membrane-re-
stricted probes revealed that, on target membranes, « is the
most prominently labeled component of C5b-8 (Steckel et al.,
1983). Substantial labeling also occurs in C5b-9, and it was
concluded that « interacts directly with the lipid bilayer and
that it has a major role in the membranolytic function of both
C5b-8 and C5b-9. Support for this is provided from analysis
of the o sequence. Four regions can be identified as having
potential to form membrane surface seeking structures, and
two others are capable of interacting cooperatively to form a
transmembrane domain. Importantly, these findings are
consistent with the photolabeling results and confirm that «
has the intrinsic ability to interact directly with membranes.
Identification of these candidate segments should now facilitate
a more exact delineation of inserted domains using experi-
mental approaches.

Several other interesting observations can be made regarding
these structural predictions. One is that surface-seeking and
transmembrane segments are likely to both contribute to
membrane perturbation. This is based on analogy to C9, which
is predicted to have no transmembrane segments (Shiver et
al., 1986), yet it can penetrate the bilayer of target membranes,
either independently or when in C5b-9 (Ishida et al., 1982).
Several membrane surface seeking segments do occur in C9,
and those which are «-helical were proposed to be channel-
forming domains because they occur in C9b, the membrano-
lytic C-terminal fragment that forms channels (Shiver et al.,
1986). Surface-seeking segments that are a-helical also occur
in o and may fulfill a similar function in C5b-8 and/or C5b-9.

The second observation concerns the transmembrane domain
and whether segments involved simply penetrate the membrane
or actually span the bilayer. If the two candidate transmem-
brane segments span the bilayer, then an intervening segment
of ~69 amino acids must appear on the cytoplasmic side of
the target membrane. Such a requirement is not unreasonable
since this segment contains no cysteines, thus permitting a
linearized conformation to be attained for translocation across
the target membrane. Also, studies using transglutaminase
encapsulated in erythrocyte ghosts showed that C8 within
membrane-bound C5b-8 or C5b-9 can be cross-linked from
the cytoplasmic side (Whitlow et al., 1985). Although
cross-linking was only slight, this evidence is consistent with
a transmembrane role for C8.

A third observation concerns the assumption by Eisenberg
et al. that predicted transmembrane segments must be o-
helical to assume their transmembrane characteristics (Ei-
senberg et al., 1984). Interestingly, the two candidate tran-
smembrane segments identified by this method are actually
predicted to be 8-sheet structures if « is considered to be a
typical globular protein (Chou & Fasman, 1978). This is
significant because it suggests that if these segments are to
interact directly with the membrane bilayer, they must undergo
a conformational change from 3-sheet to a-helix during C8
interaction with C5b-7. This could explain why C8 alone has
no affinity for membranes yet it can interact directly with the
bilayer in C5b-8. All the proposed membrane-interacting
segments occur in the central, cysteine-free region of a.
Therefore, intrinsic flexibility in this region would permit major
conformational changes and exposure of these domains during |
C8 binding to C5b-7.
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The sequence of o shows remarkable similarity to that of
human C9. Both proteins contain nearly the same number
of amino acids and both contain cysteine-rich N- and C-ter-
minal domains. The overall homology is indicative of an
ancestral relationship that extends to the LDL receptor protein
and those proteins having growth factor type sequences re-
ferred to as type A by Doolittle et al. (1984). The homologous
region in the LDL receptor comprises the extracellular, neg-
atively charged domain believed to be the binding site for its
positively-charged apoprotein ligand (Yamamoto et al., 1984).
This region includes the highly conserved, negatively charged
sequence Asp-Cys-X-Asp-Gly-Ser-Asp-Glu. Antibodies raised
against a peptide corresponding to this sequence in C9 also
cross-react with o, suggesting a similar microenvironment in
both proteins (Tschopp & Mollnes, 1986). While the sig-
nificance of this domain remains to be established, it does
suggest electrostatic interactions might be a common factor
in their function and/or association during C5b-9 formation.
This is supported by studies which showed that interactions
between o and C9 in solution decrease with increasing ionic
strength (Stewart & Sodetz, 1985).

The significance of the growth factor type domain is also
not apparent because it occurs in a variety of proteins with
seemingly unrelated functions. Whether this segment con-
stitutes a favorable structural motif or is functionally important
cannot be determined, but its presence in both « and C9
confirms the evolutionary relationship of these proteins.
Results in the following paper in this issue extend these con-
clusions and indicate that «, 8, and C9 are all highly ho-
mologous proteins that share several common structural fea-
tures (Howard et al., 1987).

ADDED IN PROOF

Since submission of this paper, we isolated a cDNA clone
for the human <y subunit and used it to probe blots containing
poly(A) RNA from normal baboon liver. A single message
of 1.0 kb was detected, thus confirming that - is encoded in
a third, distinct mRNA.
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