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Abstract Sixteen microsatellite markers, including tw .

described here, were used to construct a high-resolutigfoduction
map of the 1932 region encompassing the regulator of the . . .
complement activationrRCA) gene cluster. ThRRCAgenes omplement is a major defence gnd clearance system |n.the
are a group of related genes coding for plasma aRlpodstream. Its efficacy as an innate defence mechanism

membrane associated proteins that collectively contr‘?}‘f?amst microbia_tl infections depends largely on a set of
-dggulatory proteins that modulate complement activation

and prevent non-specific damage to host tissues (reviewed

here the location of two new genes within tRE€A gene | . :
cluster. These genes aRFKFB2 that maps 15 kilobases!n Law and Reid 1995). Many of these regulatory proteins

(kb) upstream of th€4BPBgene, and a gene located 4 kpnteract With C3 or C4 derivati\_/es and are encoded by
downstream of4BPA which seems to code for the 7200¢10Sely linked genes that constitute the regulator of the
M: component of the signal recognition partic®@RP72. cqrr:jplgment ?Ct'ggt'onRCﬁ) gene (r:;géter (Rodgluez de
Neither of these two genes is related structurally or fung=>" oda etﬁ'll 5). Inf urr]nans HCA gene cluster is |
tionally to theRCAgenes. In addition, our map shows th cated on the long arm of chromosome 1 (1g32; Weis et al.
centromere-telomere orientation of tB&BPB/MCPlink- 987) and includes the genes coding for membrane cofactor
age group, which is: centromeRFKFB2-C4BPB-C4BPA- Protein MCP, CD46), C3b/C4ab receptorCR1, CD35),
SRP72-C4BPAL1-C4BPALBlomere, and outlines an in-C3d9 receptor ¢R2 CD21), decay-accelerating factor

| with a sianifi f le-mal P itfief(DAF, CD55), C4b-binding proteinG4BPA and C4BPB,
terval with a significant female-male recombination diffe gﬁd factor H [HF1) (Pardo-Manuel de Villena et al. 1990)].

ﬁg;:se which suggests the presence of a female-spec everal lines of evidence indicate that thd®€A genes
pot(s) of recombination. ) S

share a common ancestor from which they originated by
multiple events of gene duplication (Hourcade et al. 1989).
Moreover, generation of new genes in fREAgene cluster
may be a still ongoing process. This is supported by the
discovery of a number of genes in the humR@A gene
cluster which are relatively-recent events of duplication.
These duplicated genes have either an unknown function or
The microsatellite data reported in this paper have been submittedase clearly pseudogenes and includ€4BPAL1 and
the genome data base (gdb) and have been assigned the accessiq@4BPAL2 duplications of theC4BPAgene that originated
numbers 474538153703 and 4745353153703 50—-70 million years ago (Sanchez-Corral et al. 1993;
D. Heine-Suer - M. A. Diaz-Guillen - S. Rodriguez de Cordobas() Pardo-Manuel et al. 1995FHL1, FHRZ and FHR3 that

Departamento de InmunolagiCentro de Investigaciones Bigioas are duplications of thelF1 gene (Zipf_el a_nd Sherka 1994);
(CSIC), C/Velazeves 144, 28006, Madrid and Unidad de Pawmlogi @ahd MCPL1and CR1L1that are duplications dfICP and

Molecular Fundacio Jimenez Diaz Avda. Reyes Chtos 2, CRY, respectively (Hourcade et al. 1990, 1992).
28040, Madrid, Spain In accordance with their evolutionary origin, all of the
F. Pardo-Manuel de Villena humanRCA genes are placed in tandem within two gene
Fels Institute for Cancer Research and Molecular Biology, Temple groups that have not been physically linked yet. The two
gﬂi'l‘;%rgl"{]is;g‘gi’kgf g":dbcé'f' 3307 North Broad St., groupings are an approximately 900 kilobase (kb) DNA
P T segment that contains the following genes in a head-to-
M. Robledo- J. Beritez o tail arrangement: 5C4BPB-C4BPA-C4BPAL1-C4BPAL2-
Senvicio de Gertiza, Fundacin Jimmez Daz, DAF-CR2-CR1-MCPL1-CR1L1-MC®- (Pardo-Manuel et

Avda. Reyes Catizos 2, 28040, Madrid, Spain
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al. 1990), and a 650 kb DNA segment that contditisl Linkage analysis

andFHR2, as well as the gene coding for the b-subunit of . . . .
Statistical support for the construction of the map was obtained as

the coagulation Factor XIIIK13B, Rey-Campos et al. t;o,s we knew the position db1S412, D1S477, D1S510, D1S456,
1990; Sherka et al. 1995). D1S249andD1S245with a lod score= 3 (1000:1 odds) support from
The particular mechanisms that underlie gene dupliclaur previous maps (Murray et al. 1994; Gyapay et al. 1994; Sander
tion are not clear, but unequal recombination certainly ha§%‘-tﬁ995? Dib et 6!|t-_ 1996). The COIHS'Stent Offli(erlng of these martlﬁef_s
. . e same positions in several maps makes any errors in their
role. _Interestmgly, the 1q3_2 re_glon has b_een found sitioning very unlikely. These maps allowed us to use the known
contain a chromosome fragile site and to display frequegtier to position other markers using the CMAP function of the
allelic loss in breast and male germ cell tumours (MatheMNKAGE package (Lathrop et al. 1984). To do this we fixed the
et al. 1994; Hoggard et al. 1995; Turecki et al. 1995). Tayder 0fD1S412, D1S477, D1S510, D1S456, D1S248D1S24%nd
determine whether frequent chromosome breakage érl)ﬁ?rted the rest of the markers in a stepwise fashion into this skeletal

| I hioh duplicati te BICA map using the CMAP program. In this manner we were able to
0ss, as well as a high duplication rate genes, getermine the position within the map with a 1:1000 odds ratio the

could be caused by common mechanisms, we developgwing markers:CACNL1A3, F13B, PFKFB2 (D1S3705), C4BPB,
new markers and constructed a high-resolution genetic PA (D1S3704)and REN Although markers foICR1, DAF,and
of theRCAregion that we analyzed searching for recompfi1 showed a lod score Jower than 3, we positioned them by a
nation hotspots. _ reakpo!nt analysis of the pedlg_rees. Mlcrosa_tellltes and RFLP gene
information was used to determine the most likely haplotypes of the
parents in each family by minimizing the number of double crossovers.
This information allowed us to determine the position of the break-
points in each recombinant individual. The genetic position found in

Materials and methods this way for CR1, DAF,andHF1 is in agreement with their physical
position (Rey-Campos et al. 1988; Rey-Campos et al. 1990). Genetic
New microsatellite isolation and typing distances were calculated with the CILINK function and converted to

Haldane centimorgans with the MAPFUN utility of the LINKAGE

Several restriction endonucleases were used to digest the DNAP&pgram.
AEMBL3 phages of a genomic contig that includes t6dBPB,
C4BPA, C4BPAL1, C4BPAL2and DAF genes (Pardo-Manuel de
Villena and Rodmgyuez de Codoba 1995). (CA) microsatellites were
detected by Southern blot analysis of these digestions using adC AResults
dsDNA probe. Bands hybridizing with such a probe were subcloneaa

into a pBluescript SK+ plasmid and sequenced on an ABI PRISM 3g -

automatic sequencer with a dye terminator cycle sequencing NEW genes within the RCA gene cluster
(Perkin-Elmer Cetus, Norwalk, CT).

Random sequencing of a 350 RMEMBL3 phage contig

that includes th€4BPB, CABPA, C4BPAL1, C4BPAL#hd

DAF genes (Pardo-Manuel de Villena and Rgdez de

We typed a total of 18 Caucasian families and 128 individuals feOrdoba 1995), allowed us to identify and characterize two
construct a high-resolution map between 3B gene and the new genes within this region, of which the structure and
microsatellite markeiD1S245 Nine of these families were Chosensequence will be reported elsewhere. These two genes are

because they were known to be informative for the segregation of ; _ oL _
RCAgenes (Rodguez de Codoba and Rubinstein 1986). All families heart isozyme of the 6-Phosphofructo-2-kinase/Fruc

are composed of both parents and at least three children. Two pedigl@&€-2,6-biophosphatase  bifunctional enzyni=KFB2)
include three generations. Markers foR1, DAFandHF1 are RFLP (reviewed in Pilkis et al. 1995), and a gene that shares a
markers that were developed in our laboratory and used in previagsry high similarity to the @nis familiaris 72000 Mr

studies (Rodguez de Codoba et al. 1985; Rey-Campos et al. 1987 ; o ; > ra.
The following (CA) microsatellites were selected from previouéc.Omponent of the signal recognition particlBRP72 re

publications:D15245, D15249, D1S306, D15412, D15456, D154/€Wed in Lutcke 1995), which suggests that it is the human
and D1S510(Gyapay et al. 1994)CACNL1A3(Gregg et al. 1993); homologue. Neither of these two genes has a structural,
C4BPB(Velasco et al. 1992); anél3B (Nishimura and Murray 1992); functional, or evolutionary relationship with th&CA
REN (Edwards et al. 1991)D1S3705and D1S3704are new micro- genes.PFKFB2 is involved in the regulation of a key
satellites described in this paper. . . -

step in glycolysis and theSRP72product is part of a

multimeric complex which mediates the attachment of
PCR and RFLP markers conditions ribosomes and translocation of secretory or membrane

proteins into the rough endoplasmatic reticulum. The

Amplification was performed in a total volume of 1@ containing ; ; i
50 ng of genomic DNA, 5 pM of each primer, 1 unitTdgpolymerase PFKFB2 gene was previously mapped to 1q31 by in situ

(Perkin-Elmer Cetus), 25QM of dATP, dGTP and dTTP, 1QM of hybridization with a rat gene probe (Hilliker et al. 1991).
dCTP, 0.1l of a32P-dCTP at 3000 Ci/mM, 1.5 mM MgClI2, 50 mm However, we found this gene to be located 15 kb upstream
KCl, and 10 mM Tris-HCI (pH 8.3). Amplification conditions were oneof the C4BPBgene, which places it in the 1932 instead of
cycle at 94°C for 4 min, 55°C for 1 min, 72°C for 1 min, followed by ' the 1931 region.

30 cycles of 9£C for 45 s and 58C for 40 s. Samples were resolved

on 6% polyacrylamide sequencing gels. Restriction fragment length

polymorphism (RFLP) analysis was performed as described in Ra\few microsatellites within the RCA gene cluster
Campos and co-workers (1987).

Families and genetic markers

PFKFB2 contains two (CA) dinucleotide microsatellites
within introns 7 and 9. BLAST and BIOSCAN similarity
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Table 1 Characterization of the new microsatellite markers

Microsatellite Repeat Location Primer sequences Allele sizes Allele frequencies Het PIC
Intron 9
DIS3705 (CAN of the F: gggaaaaaataccaatagccaagtc 146 0.50
PFKFB2 R: catacacatgagtctgtgcattgca 148 0.002 0.48 0.37
gene 156 0.47
152 0.028
Intron 1 154 0.485
DIS3704 (CA)n of the F: catggttatgcacgttgtcc 156 0.057
C4BPA R: cttagagcttgggcaaactg 158 0.014 0.70 0.68
gene 164 0.114
168 0.171
170 0.085
172 0.042

Het: Expected heterozygosity

searches indicated that the microsatellite found withimot typed in this study, its position in the map reported by
intron 7 had already been characterized and included Dib and co-workers (1996) is in general agreement with the
the Genethon genetic map with the namb&S2727(Dib map reported here.

et al. 1996). The microsatellite within intron 9 had not been

previously described and has been assigned the name

D1S3705(Table 1). The C4BPA gene also contains aHigh-resolution map of the RCA region

previously undescribed (CAmicrosatellite, located within

the first intron and named1S3704(Table 1). Another Sixteen different markers, including those described here
microsatellite, which we include in the genetic map and calir the first time, were used to construct a genetic linkage
hereC4BPB is located 29 nucleotides downstream of the 3nap of theRCAregion. Nine of these markers correspond

end of theC4BPBgene, within the 4.17 kb interval between

the C4BPB and C4BPA genes. TheC4BPB microsatellite

; i iy 1 Fromleft to right: Cytogenetic map of human chromosome 1,
had been previously reported and was described by Velagg()-averaged genetic map B13B-D1S245egion, and physical map

and CO'WO,rkerS (1993). Table 1_ShOWS primer seqUeNClayeerpFKFB2andMCP. Brackets indicate the region to which each
polymorphism, and heterozygosity rates for B&S3704 map locates in the previous map. All markers except those with an
and D1S3705microsatellites. Heterozygosity rates weresteriskwere positioned with a log= 3 supportHF1, CR1,and DAF
calculated by typing a total of 76 chromosomes for th#ere positioned by breakpoint analysis, as described in Materials and

- . . _ methods. Physical map of tl@BPB/MCPinterval (Pardo-Manuel de
C4BPAmicrosatellite and 96 for th@FKFB2 microsatel Villena et al. 1996) has been modified to include tAEKFB2 and

lite. Physical positions foD1S2727 D1S3704 D1S3705 srp72genes (nderlined and microsatellitesD1S2727 D1S3704
andC4BPBare shown in Figure 1. Althougil1S272&vas D1S3705andC4BPB

T —t F138, HF1*, D1S412
53 ,
D182727 (CA)n |
" PFKFB
—1— CACNL1A3 D1S3705 (CA)n
25 C4BPB (GA)n i cesPB
1p —- p15477, D15306 D183704 (CAn | ceBPa
! SRP72
' o4 > C4BPAL1
: ii- c4BPAL2
L —1— p1s510
3.5
B I . DAF
10— p1s24s, D15456
3.1 CR2
—1— PFKFB2, C4BPB, C4BPA
lq 3.0 | CcRr1
—~+4— DAF*, CR1* /

200 kb

=~ D1S245

30.2 cM
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Fig. 2 Pedigree of a family in

which a recombination event was D ( )

detected betweeBAF and

PFKFB2 (D1S3705)An addi- 207 208

tional microsatellite D1S471

was added to insure the correct

typing of this family.D1S471and

D1S245show no recombination ZZ;’;B

and are physically linked (Chu- CACNL1A3

makov et al. 1995; Dib et al. REN

1996) D1S456
D18249

PFKFB2
C4BPA
DAF
D1S245
D18471
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to genes. Six of these gene-related markers are microsabvsterall lower recombination rate (20.8 cM) in males than in
lites that map within, or very close to genes and thrdemales (39.7 cM). The genetic distance found for the
correspond to RFLPs hybridized with gene-specific probésterval betweenC4BPB/MCPand HF1/F13B was found
The other seven markers are not known to be gene relatedbe 22.5 cM, which is larger than that of 7 cM previously
Thirteen of these markers were positioned with a lod scareported (Rodguez de Cadoba et al. 1988). We have no
= 3 support into the sex-averaged skeletal map provideddhvious explanation for such a difference. However, since
Figure 1. OnlyDAF, CR1,and HF1 could not be placed our current results are based on a much larger number of
with this lod score support into the map. However, we werigformative meioses and markers, we consider the later
able to order these markers by determining the most likebgtimate to be more accurate. Recombination differences
parental haplotypes and the precise location of the bredleween sexes were found in four intervalst3B-CAC-
points by minimizing recombination events and doubldL1A3, CACNL1A3-D1S477, D1S477-D1S510, D1S249-
crossovers. For example, Figure 2 shows a pedigree WRRKFB2 (D1S3705) The interval betweenCACNL1A3
two breakpoints: one located betweBPAAF and PFKFB2 and D1S510was found to have a significantly higher
and the other betweeDAF and D1S245 The position of recombination rate in females than in maleg € 4.1;
DAF within the genetic map and physical map data allowR<0.05). In addition, theD1S249-PFKFB2 (D1S3705)
us to determine that th&€C4BPB/MCP cluster has an was found to recombine in females (6.6 cM), but no
orientation centromer®1S249-PFKFB2-C4BPB-C4BPA-recombinants were found in males. On the other hand,
SRP72-C4BPAL1-C4BPAL2-DAF-CR2-CR1-MCPL1-CRImales show a higher recombination rate than females
L1-MCP-D1S245elomere. We detected no recombinatiobetween F13B and CANCL1A3. Differences between
events betweeDAF and CR1, or betweerHF1 andF13B sexes in these two last intervals were not found to be
in the families analyzed. Such lack of recombination is istatistically significant.
consonance with the fact th@R1and DAF are separated
by less than 200 kb (Rey-Campos et al. 1987), andHitft
and F13B have been both mapped to a 650 kb DNAMiscussion
fragment (Rey-Campos et al. 1990).

The total length of the sex averaged map is of 30\e present here a high resolution map of the 1q32 region,
Haldane cM (Fig. 1). Sex-specific maps (Fig. 3), show &ncluding theRCAgene cluster, which integrates two new
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Male Female patibility complex of the mouse (Shiroishi et al. 1991). In
this study, we found significant differences between males
F13B F13B and females in the interval betweeBACNL1A3 and

D1S510,and such a difference suggests that a female-
L cacnL1a3  Specific hotspot or hotspots are active within this interval.
No data are available regarding gene duplication events in
this genomic region. However, this region has been asso-
ciated with allelic loss in breast cancer and male germ cell
— D1s477 tumours (Hoggard et al. 1995; Mathew et al. 1994).
Recently, several efforts have been made to develop a
physical contig of the human genome and integrate cyto-
genetic, genetic and physical data (Chumakov et al. 1995;
Bray-Ward et al. 1996). These maps, however, are still
incomplete in many regions of the genome and present
— D15510 numerous gaps. For example, a recently described YAC
contig of the human genome presents at least four gaps in
— REN, D12 the 132 region betweeR13B and D1S245(Chumakov
et al. 1995). A high resolution genetic map provides a good
starting point to be able to complete a physical map of the
RCAregion by providing a high density of markers that will
— PFKFB2 allow the construction of correct physical contigs without
chimerisms or gaps. The map presented here adds to the

CACNL1A3 -
D18477

D1S8510 —
REN ——
D1S8249, PFKFB2 -

DAF

D1S245

| pAF information about the organization of the 1932 genomic
region and is relevant not only to tiRCAgenes, but also to
61 several types of cancer. As mentioned above, loss of
heterozygosity has been reported for the 1g32 region
_ D15245 aroundD1S249and RENin breast cancer and male germ

cell tumors (Hoggard et al. 1995; Mathew et al. 1994). This
loss is considered to indicate the presence of a tumour
39.7 cM suppressor gene within the region that is deleted. A detailed
map and new markers arourlEN and D1S249 may
facilitate the localization and cloning of such a gene.

Fig. 3 Sex-specific maps of thE13B-D1S245nterval
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