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Characterization of the human properdin gene
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A cosmid clone containing the complete coding sequence of the human properdin gene has been characterized. The gene
is located at one end of the - 40 kb cosmid insert and - 8.2 kb of the sequence data have been obtained from this region.
Two discrepancies with the published cDNA sequence [Nolan, Schwaeble, Kaluz, Dierich & Reid (1991) Eur. J. Immunol.
21, 771-776] have been resolved. Properdin has previously been described as a modular protein, with the majority of its
sequence composed of six tandem repeats of a sequence motif of - 60 amino acids which is related to the type-I repeat
sequence (TSR), initially described in thrombospondin [Lawler & Hynes (1986) J. Cell Biol. 103, 1635-1648; Goundis
& Reid (1988), Nature (London) 335, 82-85]. Analysis of the genomic sequence data indicates that the human properdin
gene is organized into ten exons which span - 6 kb of the genome. TSRs 2-5 are coded for by discrete, symmetrical exons
(phase 1-1), which supports the hypothesis that modular proteins evolved by a process involving exon shuffling. TSR1 is
also coded for by a discrete exon, but the boundaries are asymmetrical (phase 2-1). The sequence coding for the sixth TSR
is split across the final two exons of the gene with the first 38 amino acids of the repeat coded for by an asymmetric exon
(phase 1-2). This split at the genomic level has been shown, by alignment analysis, to be reflected at the protein level with
the division of repeat 6 into TSR-like and TSR-unlike sequences.

INTRODUCTION

Properdin is a basic glycoprotein which is present in the serum,
at a concentration of - 5 mg/l, as a mixture of cyclic polymers,
mainly dimers, trimers and tetramers, in the proportions
26: 54: 20 (Pangburn, 1989). These polymeric forms are composed
of identical, - 53 kDa, asymmetric monomers (Reid & Gagnon,
1981). In electron micrographs the composite monomers appear
as flexible rods (each - 26 nm long) and are considered to
interact through their N- and C-terminal regions in a head-to-tail
manner (Smith et al., 1984). The polymerization is thought to be
an early, intracellular event and monomers have not been detected
in serum (Farries & Atkinson, 1989). Although the interactions
between monomers are non-covalent (Minta & Lepow, 1974),
they are strong, as illustrated by the stability of the polymeric
forms when isolated individually (Pangburn, 1989).

Properdin was first described by Pillemer et al. (1954) and is
the only known positive regulator of the alternative pathway of
complement. In contrast to the classical pathway of complement
activation, which is mainly antibody-dependent, the alternative
pathway is activated by a wide range of surfaces in an antibody-
independent manner. This pathway forms an amplification loop
which leads to the deposition of large numbers of C3b molecules
on activating surfaces. These C3b molecules function as opsonins,
promoting recognition and uptake by phagocytic cells, and also
act as foci for the formation of cytolytic membrane attack
complexes by the terminal complement components. Properdin
promotes C3b-dependent functions by binding to and stabilizing
the inherently labile C3/C5 convertase complexes, C3bBb and
C3bnBb, present on activating surfaces. This binding promotes
the cleavage and activation of components C3 and C5 and also
inhibits binding of the negative regulatory enzyme factor I
(Farries et al., 1988).

Deficiency of functional properdin is inherited as an X-linked,
recessive disorder and the symptoms exhibited by patients with

such a deficiency (reviewed by Sjoholm, 1990) illustrate the
importance of properdin in host defence against bacterial,
particularly neisserial, infections. The properdin gene has been
localized to the short arm of the X chromosome, in the region
Xpll.23-Xpll.3 (Goundis et al., 1989; Coleman et al., 1991).
Genetic linkage studies have also mapped the properdin-
deficiency locus to this region (Goonewardena et al., 1988),
suggesting that this condition results from genetic lesion(s)
located within, or very close to, the properdin structural gene.

Previous analysis of mouse and human cDNA sequences
(Goundis & Reid, 1988; Nolan et al., 1991) indicated that, like
many of the other complement components, properdin is a
modular protein (Reid & Day, 1989). The human monomer is
442 amino acids long and possesses a single, potential N-linked
glycosylation site at residue 401 (Nolan et al., 1991). Analysis of
the derived amino acid sequences of both mouse and human
properdin indicated the presence of distinct N- (49 amino acid)
and C- (29 amino acid) terminal regions flanking a central
repetitive region composed of six tandemly repeated sequence
motifs, each - 60 amino acids long and related to the type-I
repeat sequence (TSR), first identified in thrombospondin
(Lawler & Hynes, 1986). TSR modules have also been reported
in the terminal complement components C6, C7, C8a, C8,8 and
C9 (see references in DiScipio & Hugli, 1989), human and
hamster homologues of thrombospondin (TS) (Paul et al., 1989;
Good et al., 1990; and review by Frazier, 1991), the
thrombospondin-related anonymous protein (TRAP) protein of
Plasmodium falciparum (Robson et al., 1988) and the SSP2
protein of Plasmodium yoelii (Hedstrom et al., 1990). A region of
sequence similarity with the N-terminal region of the repeat has
also been reported in the circumsporozoite protein of a number
of malaria parasites (Ozaki et al., 1983; Dame et al., 1984; Arnot
et al., 1985; Eichinger et al., 1986; Galinski et al., 1987; Lal et al.,
1987, 1988). Although these proteins have diverse biological
functions and the role of the TSR in any of these proteins is not

Abbreviations used: TSR, type-I repeat sequence; TS, thrombospondin; TRAP, thrombospondin-related anonymous protein; SSC, 0.15 M-
NaCl/0.015 M-sodium citrate; PMA, phorbol 12-myristate 13-acetate; ORF, open reading frame; RACE, rapid amplification of cDNA ends.
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yet characterized, all the proteins are involved in interactions at
the cell surface, and work by Rich et al. (1990) and Prater et al.
(1991) has implicated some of these TSRs in cell binding through
a VTCG sequence motif (reviewed by Frazier, 1991).

It has been proposed that modular proteins, such as properdin,
may have evolved from a number of small, independently folding
domains or modules, possibly by a mechanism involving exon
shuffling (Patthy, 1987). At present the disulphide-bond
organization of the TSR module is not known, but it is being
investigated and is expected to be intramodular, as in other
modular consensus sequences (Day & Baron, 1991), consistent
with the assumption that the TSR is an independently folding
unit. More than 80 % of the human properdin sequence is
apparently composed of TSRs. To manipulate individual TSR
modules of properdin for structural and functional analysis, it is
first important to define the precise N- and C-termini of the
modular units. Assuming that exon shuffling has been involved
in the evolutionary positioning of the TSR modules of properdin
then each TSR should be encoded by a discrete exon, the
boundaries of which define the N- and C-termini of the modular
unit.

MATERIALS AND METHODS

Isolation of clones
A human genomic EMBL-3 library was kindly provided by

Dr. D. R. Bentley (Department of Paediatrics, Guy's Hospital,
London, U.K.). Approx. 400000 plaques were screened using 5'-
end and 3'-end probes derived from a mouse cDNA clone
(Goundis & Reid, 1988).
A cosmid library, derived from the human cell line GM 1416B

(NIGMS Human Genetic Mutant Cell Repository, 1990), was
generously provided by Dr. D. Blake (Sir William Dunn School,
Oxford, U.K.). The library was constructed using DNA partially
digested with MboI which was cloned into the BamHI site of
the vector pDVcosA2 (Knott et al., 1988). Approx. 200000
colonies were screened using the human genomic probes 5/6 and
3/10, which were derived from a Hinfl digest of a genomic clone
AG3 (see the Results section) (Nolan et al., 1991).
Phage and cosmid libraries were plated as described by

Sambrook et al. (1989) and the plaques/colonies were transferred,
in duplicate, to nitrocellulose filters (Amersham International,
Aylesbury, Bucks., U.K.) using the protocol recommended by
Amersham.

Cloned DNA probes were radiolabelled, with both [a-32P]
dATP and [a-32P]dCTP, using the Multiprime DNA-Label-
ling System (Amersham International). The filters were pre-
hybridized at 42 °C, shaking overnight in 5 x Denhardts/50 ml-
Tris, pH 7.4/1 M-NaCl/3.8 M-sodium pyrophosphate/50%
(w/v) deionized formamide/I0% (w/v) dextran sulphate/0.1%
(w/v) SDS/0. 1 % (w/v) sheared salmon sperm DNA. Denatured
probe was added to result in a final concentration of
2 x 106 c.p.m./ml and hybridized at 42 °C, with shaking, over-
night. Washings were performed to a stringency of 0.2 x 0.15 M-
NaCl/0.015 M-sodium citrate (SSC), 0.1 % (w/v) SDS, shaking
at 65 °C for 30 min and positive signals were identified by
autoradiography.

Restriction mapping
DNA was digested with the appropriate restriction enzymes,

separated on a 0.8% (w/v) agarose gel containing 1 ng of
ethidium bromide/ml, and transferred to Hybond-N membrane
(Amersham International) using the alkaline blotting procedure
described by Amersham. Up to three transfers were obtained
from each gel by blotting for 15 min, 30 min and 90 min

respectively. The membranes were air dried and probed with the
relevant cDNA/genomic probes as described earlier and with the
degenerate oligonucleotide probes, 5'-oligo and 3'-oligo, which
correspond to residues 5-9 and 433-438 of the mature protein
sequence respectively (Nolan et al., 1991). The oligonucleotide
probes were end labelled using [y-32P]ATP and T4 polynucleotide
kinase (Boehringer-Mannheim, Lewes, E. Sussex, U.K.).
Prehybridization was carried out at 42 °C, overnight, shaking in
5 x Denhardts/0.9 M-NaCl/3.8 M-sodium pyrophosphate/
90 mM-sodium citrate/0.1% (w/v) SDS/0. 1% (w/v) sheared
salmon sperm DNA before the addition of oligonucleotide probe
to a final concentration of 2 x 106 c.p.m./ml. Hybridization was
performed overnight, with shaking, at 42 °C and the membranes
were washed with 6 x SSC, 0.1 % (w/v) SDS, at 65 °C for
30 min.

Sequencing
Nested deletions were generated using the ExolIl/Mung Bean

Deletion Kit (Stratagene Ltd., Cambridge, U.K.), from an
- 3.5 kb, Sall/Bglll genomic DNA fragment, which had been
subcloned previously into the SalI/BamHI cleaved, phagemid
vectors pBSKS( +) and pBSSK( +). Dideoxy-sequence reactions
on single-strand templates were performed using the Sequenase
Version 2 Sequencing Kit (United States Biochemical
Corp., Cambridge, U.K.), while double-strand templates were
sequenced using the T7 Sequencing Kit (Pharmacia, Milton
Keynes, Bucks., U.K.). Single-strand templates were generated
from pBluescript vectors using M13KO7 helper phage and
kanamycin selection. Oligonucleotide primers were synthesized
on an Applied Biosystems, model 381A, DNA synthesizer by Dr.
A. J. Day.

Transcription start site analysis
A 30-base-long oligonucleotide primer, B91/08 (5'-CGGCG-

GCAGCAACAATCGAGGGGCCTGCGC-3'), was synthe-
sized, complementary to the region encoding residues -13 to
-2 of the leader peptide, and used for primer extension analysis,
performed essentially as described by Ausubel et al. (1989). The
labelled oligonucleotide was purified from a 12% (w/v)
acrylamide/7 M-urea gel before hybridization. Hybridizations
were performed at 45 °C, with - 50 4ug ofRNA isolated from U-
937 cells stimulated for 3 days with the phorbol ester, phorbol
12-myristate 13-acetate (PMA) (Chirgwin et al., 1979) and with
- 50,g of tRNA as a control.
In the absence of radiolabel, primer extension was repeated

using primer K89/ 10 (5'-GACGGACATCGATGTGCCGG-3'),
which is complementary to the region encoding residues 25-32
of mature properdin. One-twentyfifth of the generated template
was used for PCR analysis. A 25,1 reaction mixture was used
with a final concentration of 0.2 /tM of each dNTP and 0.4 ,tM-
primer K89/10 and primer E91/03 (5'-GGAGCAACTGACTC-
GATGCT-3'), E91/04 (5'-CTAGGAAGTTGCTGCACGCT-
3') or D91/01 (5'-CTTCTATTGAACACTGTGA-3') in 1 x Taq
buffer (Promega, Madison, WI, U.S.A.) containing 0.5 units of
Taq DNA polymerase (Promega). Thirty cycles of amplification
were performed (94 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s) in
a Perkin-Elmer Cetus DNA thermal cycler. One-fifth of each
reaction was analysed on a 1.4% (w/v) agarose gel containing
1 ng of ethidium bromide/ml. Amplified products were phos-
phorylated using T4 polynucleotide kinase (Sambrook et al.,
1989), subcloned to the HinclI site of pBSKS and sequenced.
Rapid amplification of cDNA ends (RACE) was performed

essentially as described by Nolan et al. (1991). Reverse tran-
scription was primed using the oligonucleotide B91/08, with a
poly(dA) tail added to the cDNA using the enzyme-terminal
deoxynucleotidyl-transferase (Bethesda Research Laboratories,
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Bethesda, MD, U.S.A.), and PCR amplification was primed
using the hybrid dT17-adaptor primer, adaptor primer (Nolan et
al., 1991) and the anti-sense primer K91/19 (5'CCAGAGG-
AAATGGAGCATAGG-3'), which is complementary to nucleo-
tides -66 to -86 of the 5' untranslated region of the properdin
message.

PCR of genomic DNA
Genomic DNA from 15 unrelated male individuals was kindly

provided by Dr. S. L. Hsieh (MRC Immunochemistry Unit,
Oxford, U.K.). Approx. 0.5-1.0 ,ug ofDNA was used as template
in a 25 ,ul PCR reaction. PCR was performed as described above,
except that the primers J90/08 (5'-TATGAGATGCTATC-
ACCCTAC-3') and C90/24 (5'-GCCCTCGGCATATAGCA-
GGCA-3') were used. The reactions were extracted with phenol/
chloroform and were then ethanol-precipitated. Approx. two-
fifths of each reaction was digested using the enzyme Pmll
(New England Biolabs, Beverly, MA, U.S.A.) and the DNA
fragments were analysed on a 2 % (w/v) agarose gel containing
1 ng of ethidium bromide/ml.

Computer analysis
Nucleotide sequence data were analysed on the Oxford Uni-

versity VAX/VMS cluster. Pairwise alignments were carried out
using the ALIGN program (Dayhoff et al., 1983). Scores were
based on 100 random runs, bias + 6 to the mutation data matrix
and a gap penalty of 6. The regions aligned were defined using
the exon/intron boundaries of the human properdin gene in
combination with the alignment analysis of Smith et al. (1991).

RESULTS

Isolation and characterization of clones containing the properdin
gene

Screening of a human genomic EMBL-3 library, using radio-
labelled mouse cDNA-derived probes, yielded one clone, AG3,
which hybridized to both 5'-end and 3'-end probes (Goundis &
Reid, 1988). Southern-blot analysis indicated that this clone
contained the majority of the coding sequence of the properdin

Sall Cos4XP
SallF - - - - - - - - - - - - - - -IBg/ll

BgIl FI EcoRl EcoRl subclone of XG3
EcoRI I---------Z-II--I----------

Thrombospondin repeats, TSRs
L N 1 2 3 4 56N 6C-C

n ru- _ -
Overlapping nested deletions of -200 bp

- ~ ~ - ~-~~ -~ - 3 - 0 0 - -
1 kb

Fig. 1. Sequencing strategy and schematic representation ofthe exon/intron
boundaries of the properdin gene

A partial human genomic clone AG3 was isolated using mouse-
derived cDNA probes and a fragment of this clone was used to
isolate the cosmid clone Cos4XP. Subclones ofAG3 and Cos4XP are
indicated by dashed lines. Restriction mapping in combination with
Southern-blot analysis indicated that the gene was located to one

end of the - 40 kb insert of Cos4XP (the Sail site lies in the cosmid
polylinker). Approx. 8.2 kb of sequence was generated using syn-
thetic oligonucleotide primers and a series of clones generated by
nested deletions, as summarized in the lower section of the Figure.
Exons are represented by boxes. Exonic regions which are translated
are represented by filled boxes with the region of the protein coded
for by the exon indicated above the box (L, leader; N, N-terminus;
6N, N-terminal region of TSR6; 6C, C-terminal region of TSR6; C,
C-terminus). Exonic regions which are not translated are indicated
by open boxes. The scale of the figure is indicated by the 1 kb bar.
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gene, with both the 5'-end and 3'-end probes hybridizing to the
same, - 6.7 kb, EcoRI fragment. No signal, however, was
obtained using radiolabelled 5'-oligo indicating that the extreme
5'-end of the properdin coding region was missing from this
clone.
The AG3 DNA was digested with Hinfl and the fragments

subcloned into the PvuII site of the pAT/PvuII/8 vector. The
subclones were screened using the mouse cDNA 5'-end and 3'-
end probes. One positive clone for each probe was sequenced,
generating the genomic probes 5/6 (0.8 kb) and 3/10 (0.3 kb),
which contain exonic sequence coding for residues 50-153 and
351-387 of the mature protein respectively.
Probe 5/6 was used to screen a human genomic cosmid library

derived from the cell line GM1416B (NIGMS Human Genetic
Mutant Cell Repository, 1990) which contains four X
chromosomes in addition to a full complement of the remaining
chromosomes. A single positive clone, Cos4XP, was identified.
Southern-blot analysis, using the 5/6, 3/10, 5'-oligo and 3'-oligo
probes, indicated that this clone contained the complete coding
sequence of mature properdin. In combination with restriction
mapping data the blotting analysis indicated that this sequence
was < 7.5 kb long with the 5'-end of the coding sequence located
within 3.5 kb of the cosmid cloning site. The strategy used to
generate 8.2 kb of sequence data, extending from the cosmid
cloning site, through the properdin gene, to a point - 0.5 kb
downstream of the properdin stop codon is summarized in Fig.
1. The sequence generated is detailed in Fig. 2.
The translation start site of the properdin gene, indicated in

Fig. 2 and previously suggested by Nolan et al. (1991), is
preceded 16 codons upstream by an in-frame translation stop
codon. Three further methionine codons are located upstream in
the 5' untranslated region of the gene, two in frame and one out
of frame with the assigned start codon. Each of these upstream
methionine codons, however, is followed, less than 20 codons
downstream, by an in-frame termination codon. Nucleotides in
the vicinity of the assigned start codon are consistent with
reported nucleotide bias for translation start codons (Cavener
& Ray, 1991; Kozak, 1991) and translation from this site would
generate 27 amino acids of a typical leader peptide sequence (von
Heijne, 1983).

Intron/exon structure of the properdin gene
The exon/intron boundaries of the protein coding regions of

the properdin gene were identified by comparison with previously
reported cDNA and partial protein sequence data (Reid &
Gagnon, 1981; Goundis, 1988; Nolan et al., 1991) and by this
comparison it was demonstrated that the coding sequence of the
gene is organized into nine exons, which span 5.5 kb of DNA
(Figs. 1 and 2). The boundaries of a further intron-interrupting
sequence, encoding the 5' untranslated region of the gene, were
detected by a combination of PCR and sequence analysis; and
major and minor transcription start sites were identified by primer
extension analysis (Fig. 2), such that the human properdin gene
is organized into 10 exons which span 6 kb of the genome.
The first exon ofthe human properdin gene contains a sequence

which is transcribed, but which is not translated. A further 65
bases of untranslated sequence, the translation start site and
sequence encoding 24 amino acids of leader peptide are included
in the second exon. The last three residues of the leader peptide
sequence and the 49-amino-acid N-terminal region of the mature
protein are encoded by the third exon, with the TSRs 1-5 then
each encoded by a separate exon. The first 38 amino acids of
TSR6 (TSR6-N) are encoded by one exon, while the remainder
of TSR6 (TSR6-C) is included with the sequence coding for the
29-amino acid C-terminal region in the final exon (Figs. 1 and 2).
The coding sequence terminates with a stop codon, TAA,
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t gagptwgag-tt st gec-ctcaacetaggt tgggoctcccag gg 7gttco ctgg-tcgatgtgaaggagccttggagetat
gatt te tt tt------ agagagggtaatgttcatccttttcttcttcstatacatcacactagattagtgactattccagatogtggqgggctgae atctgggaa
ggat oggtcagcgg9t 9 ---_gttagagtatt t gc--gttgagtgagargaggag- gg ct Sp tgtwggg ttcctagtggg
ataataCcagt&&gacttt tggwgctgagcttgta&gtggaggaga tggettggtgggecagggattt--- LtgWccttgaatgtg aca&ggattgggttttttcctggragg
eagtggaaaggatata aggtatatattt c catgccacataacattac cgc tttattgagc cttgcttgtgtcagccctgatctagcatttacetgattaatcatttatcetcat
tcaacecgtgaggtgagrtattatattaatttcctaccattatcattt gtggagg-cagagacgctgaagget ttgec-atatcatatgt g gt-gtg gtst__

390 400
P T V 3 ZI V X G Q G Z KC N

_g&&aaatagccctcggetatagcaggcactc&taagaattgaatgcattettgecttcctgagattatcocttcogttcctc=cccecotatgcctc gGCCCACCGT _G
410 420 430 440

V T IU G R P L P R C Z Z L Q G Q L V V R R P C KL V P a c D P Z E E Z L
7651 TGAC C S GCTGCCACGGTCTGAGGkGCT T C TACTCTCTTGaSCAAACCCT-- :C CTctcttctcctcactctg gccc
7801 cctgaccttcca&catcAataactagectcttcgagttcgtctacgattectta cctattcoccttcccc&&gt&ggtgatagcatctc t gggc&&ccgcacg cgggrccagacacagcagectg
7951 ttgcga --c gtattttccactgtggtcgcaggttggcaggagtgaagcgagtgtgcagteccagcctctcaccgccgctgrc atcoc &atgtctgggccotgcgcagcccocttagagcctc gggoageccqggeagttcctc
2101 tgcagagctccgcgrtt-cgtttectgattggstcttgtettgtcaggcatsattgttgattggccggtgcttgttcgttgtcttcctecttggacctccct&gattcc&cacenvo

Fig. 2. Sequence of the human properdin gene

The - 8.2 kb of nucleotidc sequcnce data generatcd during this study arc shown, numbered on the left, with nucleotide I corresponding to the Sall
site of the Cos4XP polylinker. Nucleotidcs which composc cxonic sequences are writtcn in upper casc while the remainder are written in lower case.

Approx. 50/g of RNA isolated from PMA-stimulated U937 cells was reverse-transcribed using the oligonucleotide primer K89/10O (antisense,
2475-2454) and the extension product was used as a template in PCR analysis. When PCR was performed using K89/10 in combination with
primer E91/04 (1881-1900), but not E91/03 (1696-1715) or D91/01 (1942-1060), an - 280 bp product was generated which was cloned and
sequenced to identify the boundaries of the 219 bp intron located within the sequence encoding the 5' untranslated region of the properdin gene.
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Human properdin gene

followed 43 bp downstream (a discrepancy with the reported
cDNA sequence involving a two base insertion in the 3' un-
translated region of the genomic sequence was found to be the
result of an error in the preparation of the cDNA paper) by a
typical polyadenylation signal AATAAA (Proudfoot &
Brownlee, 1976) (Fig. 2). All the intron/exon boundaries conform
to the 'GT/AG rule' and correspond well to the accepted 5'-
donor and 3'-acceptor splice signal consensus sequences es-
tablished for vertebrate genes (Krainer & Maniatis, 1988) (Fig.
3). Both phase 1 and phase 2 intron/exon boundaries are
encountered, as are both symmetrical and asymmetrical exons
(Patthy, 1987). TSRs 2-5 are encoded by symmetrical, phase
1-1 exons while the remaining exons are asymmetrical.
Comparison of the exonic DNA sequence with that of the

previously reported human cDNA sequence (Nolan et al., 1991)
revealed a single base substitution in codon 430. Sequencing the
termini of three further A clones, isolated from the same PMA-
stimulated U937 library as the previously reported cDNA clone,
indicated both forms of this codon in this male-derived cell line
(American Type Culture Collection, 1991). The substitution
occurs in a Pmll restriction site in the genomic sequence and
analysis, using Pmll, of DNA amplified from 15 unrelated male
individuals, indicated that the genomic sequence is correct with
a His residue at position 430. The genomic sequence is also
consistent with the reported human protein sequence data
(Goundis, 1988).

Alignment analysis of N- and C-terminal regions of repeat 6
Pairwise alignments were performed with the N- and C-

terminal regions of repeats 2 and 6 against the corresponding
regions of the TSRs shown in the alignment analysis of Smith et
al. (1991) (only those from subgroup 1 are shown in Table 1).
The exon/intron boundaries of exon 6N (Fig. 1), coding for the
first 38 amino acids of TSR6, were used to define the N-terminal
region of repeat 6 (TSR6-N). The alignment analysis of Smith et
al. (1991) was used to define the end of the C-terminal region of
repeat 6 (TSR6-C) and also to divide the remaining repeats in a
consistent manner. The scores obtained from TSR6-N are
consistent with those from the equivalent region ofTSR2, TSR2-
N, indicating that repeat 6 is TSR-like over this region. However,
the scores from TSR6-C are significantly lower than those
obtained for TSR2-C clearly showing that repeat 6 shows no
similarity to a TSR-like sequence over this region.

DISCUSSION

A cosmid clone, Cos4XP, has been isolated and shown to
contain the complete coding sequence for the human properdin
gene located to one end of the - 40 kb insert (Fig. 1). Approx.
8.2 kb of sequence data has been obtained from this region and
indicates that the human properdin gene is arranged in 'O exons
which span - 6 kb of the genome.

Transcription of the properdin gene can be initiated from one
of two sites: a primary site, generating the majority of properdin

transcripts, which results in a 5' untranslated region of 238 bases
and a secondary site, which results in a 5' untranslated region of
241-242 bases (Fig. 2). The sequence of the primary site more
closely resembles reported nucleotide biases for transcription
start sites than does the sequence of the secondary site (Corden
et al., 1980).
The nucleotide environment of the translation start codon is

consistent with nucleotide biases for this region reported by
Cavener & Ray (1991) and the assigned start codon is preceded
16 codons upstream by an in-frame stop codon. Three short open
reading frames (ORFs) are located in the 5' untranslated region
of the properdin mRNA transcripts, which is unusual as trans-
lation in up to 90% of vertebrate mRNA transcripts is initiated
uniquely from the firstAUG codon (Kozak, 1989). The ability of
eukaryotic ribosomes to re-initiate after translating a small 5'
ORF and the tendency of the 40 S ribosomal subunit to scan
through AUG codons in a weak context have been used to
explain how ribosomes can initiate from an AUG codon other
than the first, but the occurrence of upstream AUG codons
almost always reduces the efficiency of initiation from down-
stream codons (Kozak, 1989, 1991). Translation from the
assigned start codon would generate 27 amino acids of typical
leader peptide sequence preceding the N-terminal residue of the
mature protein (Reid & Gagnon, 1981; von Heijne, 1983). The
gene terminates with a stop codon, TAA, which is followed
43 bp downstream by a typical polyadenylation signal AATAAA
(Proudfoot & Brownlee, 1976).

Properdin, like many of the other complement components,
belongs to a growing family of modular proteins (Goundis &
Reid, 1988; Reid & Day, 1989). This family of proteins have
apparently been constructed from a common pool of structural
units or modules (Patthy, 1985; Doolittle, 1985). Particular
module types are identified on the basis of a framework of
conserved residues and disulphide linkage patterns. Recent
structural analysis of a number of individual modules indicates
that these modules do form independently folding units which
could conceivably be duplicated and shuffled between different
protein environments [see references in Day & Baron, 1991 and
Baron et al., 1991]. It has been proposed that a mechanism of
exon shuffling may have been responsible for this process in
evolution, with each module being coded for by a discrete exon
which is introduced or deleted from a gene by intronic re-
combination events (Patthy, 1987).
Over 80% of the properdin sequence has previously been

suggested to be composed of tandemly repeated TSR motifs,
each - 60 amino acids long (Goundis & Reid, 1988). The TSR
consensus sequence is based largely on six invariant cysteine and
three tryptophan residues, and although the disulphide linkage
pattern is not known it is assumed to be intramodular, consistent
with other consensus sequences and with the assumption that the
TSR forms an independently folding unit. Repeat 4 is the only
TSR of human properdin which contains the VTCG sequence
motif implicated in cell binding (Rich et al., 1990; Prater et al.,
1991). This motif is conserved in the equivalent TSR of mouse

The 5' extremes of four clones generated by RACE PCR analysis using the primer K91/19 (antisense, 1921-1901) are indicated by K>. Primer
extension analysis using the primer B91/08 (antisense, 2250-2221) generated a major extension product corresponding to a 5' untranslated region
of 238 bases and a minor product corresponding to a 5' untranslated region of 241 to 242 bases. The positions corresponding to the maximum
lengths seen for the major primer extension products are indicated by overlining and are considered to represent the transcription start sites of
the human properdin gene. The nucleotide environment of the primary site of transcription initiation resembles the start site consensus
YYCAYYYYY in which A represents the initiation site (Corden et al., 1980). No TATA or CAAT boxes were identified in the vicinity of the
transcription start sites. Regions with sequence similarity to the Alu repeat consensus sequence (Jurka & Smith, 1988) were identified in the
upstream sequence and within the final intron, and are indicated by underlining. The derived protein sequence is shown above the exons with the
mature protein sequence written in upper case and the leader peptide sequence written in lower case and numbered negatively. The single, potential,
N-linked glycosylation site, at Asn-401, is indicated as $ and the stop codon is indicated by *. The polyadenylation signal has been underlined and
is written in lower-case italics.
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Intron

tgattcccagI

cctgttacagi
ttctccacag

tctcccacag

cccaccacag

cctccaacagI
gtctctgcag

ctcattgcagI

aatgcctcag

Exon

Exon
phase

Intron 5' 31

Untranslated--TCTGG gtgagaattt
2 1

GAGCCT--Leader--ACA GI gtgagggggt
3

GC TCA--N-term-TGC AG gttaggggga 1
4

G TCC---TSR 1---CCT G gtgaggagga 2
5

AG ATG--TSR 2---CCC A gtgagtgagg 1
6

CA CAC--TSR 3---CCA G gtacaccagg 1

TG GCT--TSR 4---CCT G gtcagcatct 1
8

TG GAT--TSR 5---CCC T gtgagtgtcc 1
9

TG AAA--TSR 6N-TAC CC gtgagtgaga 1
10

G CCC---TSR 6c+C-term 2

1

2

1

1

1

1

1

2

Fig. 3. Exon/intron boundaries of the human properdin gene
The regions coded for by the exons 1-10 are indicated below the
exon number. The exon sequence is shown in upper case with the
flanking intron sequence shown in lower case. The phase of the exon
boundaries refers to the position of the boundaries relative to the
final triplet codon of the exon. A phase 1 boundary lies between the
first and second bases of the codon while a phase 2 boundary lies
between the second and third bases (Patthy, 1987). Abbreviations
used: N-term, N-terminal; TSR-6N, N-terminal region of repeat 6;
TSR-6c, C-terminal region of repeat 6; C-term, C-terminal.

properdin (Goundis & Reid, 1988), but whether it is functionally
relevant in properdin is not yet known. It will be interesting to
see how the VTCG sequence is arranged on the three-dimensional
structure of the TSR module.

Before this paper, the exon/intron boundaries of 10 TSRs had
been described. The three repeats of a human TS (Wolf et al.,
1990) and two murine TSs (Bornstein et al., 1991a,b) have been
demonstrated to be encoded by discrete exons which are sym-
metrical with respect to the phase of their boundaries (phase
1-1) (Patthy, 1987). Repeats 2-5 of human properdin are also
encoded by discrete, phase 1-1 exons, a structure consistent with
the hypothesis that exon shuffling was involved in the evol-
utionary positioning of these modules. Shuffling of independently
folding units minimizes any folding problems in the new protein
environment. Symmetrical exons facilitate successful shuffling in
that they can be shuffled into or out of introns of the same phase
class without disrupting the reading frame. There is apparently a
bias for phase 1-1 exons in modular proteins as no clear examples
of modular exchange involving 2-2 or 0-0 modules have been
reported. The reason for this bias is not yet apparent (Patthy,
1991a). Repeat 1 of properdin is again coded for by a discrete
exon, but the boundaries are asymmetrical, phase 2-1. The
coding sequence of the sixth repeat is interrupted by a phase 2
intron and although the N-terminus of the module is defined by
a boundary, the C-terminus of the repeat is not. The coding
sequence of the TSR of C9 is interrupted by a phase 0 intron and
neither of the termini of the module is defined by boundaries
(Marazziti et al., 1988). The lack of symmetrical exons defining
the boundaries of these TSRs, however, does not rule out an
involvement ofexon shuffling in their evolutionary history. Gene
structures are not static, and it may be that post-shuffling events
have obscured the original exon/intron boundaries, generated as
a result of the exon shuffling event, with the result that these
modules have now been effectively immobilized in their present
protein environment (Patthy, 1991b).
The elucidation of these exon/intron boundaries, described

above, has enabled the N- and C-termini of the TSR module to
be defined and this information has facilitated refinement of

Table 1. Percentage pairwise alignment of N- and C-terminal regions of
TSRs

The results of pairwise alignment analyses are shown in which the N-
and C-terminal regions of TSRs 2 (TSR2-N and TSR2-C) and 6
(TSR6-N and TSR6-C) of human properdin were each aligned
against the equivalent regions of the TSRs indicated in column 1
(TSRI-6, human properdin; mTSRl-6, mouse properdin; TS I-III,
human thrombospondin; TRAP and C6 I, the first TSR of C6),
which constitute subgroup 1 of the TSR sequences reported by
Smith et al. (1991). The alignments were carried out using the
ALIGN program (Dayhoff et al., 1983). Scores were based on 100
random runs, bias +6 to the mutation data matrix and a gap
penalty of 6. For each set of alignments a maximum score was
obtained by aligning the relevant region against itself, and the scores
are represented as a percentage of the maximum score. Negative
alignment scores are represented as negative percentages. The six
TSR modules of human and mouse properdin, the three TSR
modules ofhuman TS, the TSR modules of the terminal complement
components and the TSR module of the malaria parasite protein
TRAP have also been aligned in a pairwise manner (Nolan, 1991).
The highest alignment scores were obtained between the TSR
modules of human properdin and the corresponding module of
mouse properdin, as would be expected if the exons encoding the
TSR modules of properdin were each positioned within the gene
before the evolutionary branch point of the murine and human
species.

Alignment of TSRs (%)

TSR6-N TSR2-N TSR6-C TSR2-C

TSRI 30.0 39.8 -9.5 35.4
TSR2 38.6 100.0 7.6 100.0
TSR3 40.5 44.4 3.6 45.0
TSR4 32.8 50.2 7.7 51.2
TSR5 32.6 37.4 13.4 54.3
TSR6 100.0 40.6 100.0 7.4
mTSRl 31.0 50.3 -8.6 33.1
mTSR2 46.7 83.6 10.2 79.8
mTSR3 33.6 40.6 13.7 38.9
mTSR4 34.2 45.4 9.1 55.8
mTSR5 36.2 33.3 -2.3 49.8
mTSR6 82.5 52.1 69.6 13.4
TS I 38.4 38.2 -5.4 15.9
TS II 45.5 53.8 8.4 47.0
TS III 55.1 50.7 4.8 44.7
TRAP 25.0 37.8 1.9 22.1
C6 I 19.0 28.8 20.7 20.4
Average 35.9 42.9 5.0 32.6

previous alignment analyses. Smith et al. (1991) have reported
the alignment of 31 TSRs using these boundaries, and although
the N-terminal region to repeat 6 of properdin fits this alignment
analysis well, the C-terminal region appeared to diverge away
from the consensus sequence (Table 1). It may be that a
mutational event, such as an intron insertion event, occurred
within an exon encoding an intact repeat 6 such that the C-
terminal region of the sixth repeat was lost. Any folding problems
generated by such an event may have been averted by the
proximity of the properdin C-terminal region.

Properdin deficiency has been reported in three forms: total
properdin deficiency, partial properdin deficiency and having a
dysfunctional properdin molecule (Sjoholm, 1990). All these
conditions are inherited as recessive X-linked traits and pre-
dispose to life-threatening, fulminant meningococcal infections.
So far it has not been possible to characterize the underlying
genetic lesion in any of the reported cases. Although Alu repeat
sequences, such as those identified upstream of the properdin
gene and within the final intron of the gene (Fig. 2), have been
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reported to induce rearrangements such as deletions, as in the
case of the low-density-lipoprotein receptor and Cl inhibitor
genes (Lehrman et al., 1987; Tosi et al., 1989), gross deletions of
the properdin gene in deficient patients have not been detected
(Nolan et al., 1989). In the case of the X-linked dysfunctional
form of the protein a defect in the structural properdin gene is
directly implied. The recently reported polymorphic dinucleotide
repeat sequence, identified - 15 kb downstream from the pro-
perdin gene in Cos4XP (Coleman et al., 1991), provides a means
for detecting individuals within a family who have inherited the
defective gene (Kolble et al., 1991) and, in combination with this
method of detection, the present report of the properdin gene
sequence should be of considerable assistance to studies
investigating the underlying genetic defects responsible for the
different forms of properdin deficiency.

This work was funded by the Medical Research Council, U.K.
J.M.G.H. is supported by a Wellcome Trust Prize Studentship. We
thank Beryl Moffat for tissue culture work, Dr. A. J. Day for advice on
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this manuscript.
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