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Summary

The PRB2/ 1 fusion gene is produced by homologous and unequal crossing-over between PRB1 and PRB2
genes that code for basic salivary proline-rich proteins (PRPs). To determine the molecular basis for the
PRB2/1 fusion gene, the DNA sequence was determined for the PRB2/1 gene and was compared with those
of the PRB1 and PRB2 genes. From these comparisons, the crossing-over is postulated to occur in a 743-bp
region of identity, with only 1-bp mismatch between the PRB1 and PRB2 genes, in the third intron outside
the coding region of the two genes. This region of virtual complete identity is the largest found between
any of the six closely linked PRB genes and may facilitate recombination. Since the coding region of PRB1
is completely absent from the PRB2/1 gene, salivas from two white PRB2/1 homozygotes were studied to

determine which polymorphic PRPs were missing from the salivas. Polymorphic PRPs Pe, PmF, PmS, and Ps
were found to be missing from the salivas. However, a white individual lacking the same salivary PRPs is
a PRB2/1 heterozygote with one PRB1 allele. The explanation for the missing salivary proteins in this
individual is unknown. The PRB2/1 gene is relatively frequent in several populations of unrelated individu-
als, including American blacks (n = 41), American Utah whites (n = 76), and mainland Chinese (n = 131), with
gene frequencies of .22, .06, and .09, respectively. Evidence for the occurrence of PRB1 /2 heterozygotes is
also presented.

Introduction

The human salivary proline-rich proteins (PRPs) are
determined by six closely linked genes on chromosome
12p13.2, genes that can be divided into two major
families on the basis of the sensitivities of the DNA
sequences to the restriction enzymes HaeIII and BstNI
(Maeda 1985; Maeda et al. 1985; Azen and Maeda
1988). The HaeIII-type genes, PRH1 and PRH2, code
for acidic PRPs (Maeda 1985; Maeda et al. 1985; Kim
and Maeda 1986; Azen et al. 1987). Four BstNI-type
genes can be subdivided into two subgroups: PRB1
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and PRB2, which code for basic PRPs, and PRB3 and
PRB4, which code for heavily glycosylated basic PRPs
(Maeda 1985; Maeda et al. 1985; Lyons et al. 1988a;
Azen et al. 1990). Several salivary proteins have been
assigned to the different PRP genes (Lyons et al.
1988a; Minaguchi and Bennick 1989; Kauffman et al.
1991). Multiple PRPs can be produced by a single
PRP gene through mechanisms of allelic variations,
posttranslational proteolytic cleavages, and differen-
tial RNA processing (Maeda et al. 1985). The six PRP
genes have been physically linked, and the PRP gene
cluster spans at least 700 kbp, with the most likely
order from 5' to 3' being PRB2, PRB1, PRB4, PRH2,
PRB3, and PRH1 (Kim et al. 1990). Frequent intra-
genic homologous and unequal crossovers within the
tandemly repeated sequences of the third exon of PRP
genes result in frequent-length polymorphisms (Azen
et al. 1984; Lyons et al. 1988b).

Evidence of presumed intergenic crossing-over be-
tween PRB1 and PRB2 was first found among mem-
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bers of Utah reference pedigrees (O'Connell et al.
1987). From genomic Southern analysis, Lyons et al.
(1988b) determined that one individual was appar-
ently a homozygote for a fusion gene. Comparison
of the restriction map of this fusion gene with the
restriction maps of the PRB1 and PRB2 genes showed
that the 5' region of the fusion gene is identical to the
5' region ofPRB2 and includes the third exon ofPRB2.
The restriction map of the region 3' to exon 3 in the
fusion gene is identical to that of PRB1. Therefore,
this fusion gene was named PRB2/ 1.
To determine the molecular basis for the presumed

intergenic crossing-over event, we cloned, sequenced,
and compared the PRB2/1 gene from the same indi-
vidual (8136) studied by Lyons et al. (1988b) with the
PRB1 and PRB2 genes that were previously sequenced
(H.-S. Kim, unpublished data). In order to assign spe-
cific protein products to the PRB1 gene, we studied
salivas from two PRB2/1 homozygotes to determine
which polymorphic PRPs were missing from the sali-
vas, since the coding region of PRB1 is absent from
the PRB2/1 gene. We also determined the approxi-
mate gene frequencies of PRB2/1 in American black,
American Utah white, and mainland Chinese popula-
tions. Evidence for the occurrence of PRB1 /2 hetero-
zygotes is also presented.

Material and Methods

Cloning and Sequencing the PRB2/1 Fusion Gene

The PRB2/ 1 gene from the white PRB2 / 1 homozy-
gote (8136) was cloned as a 17-kbp HindIII fragment
from a size-fractionated library in lambda bacterio-
phage Charon 40 (Dunn and Blattner 1987). The
PRB1 and PRB2 genes were previously (H.-S. Kim,
unpublished data) cloned as 17-kbp and 12-kbp
HindIII fragments, respectively, into bacteriophage
Charon 35 (Loenen and Blattner 1983). Recombinant
bacteriophage clones were detected by hybridization
to the Hinfl 980 PRP probe (from the tandemly re-
peated sequences of exon 3 of PRB1 [Azen et al.
1984]), which hybridizes to exon 3 regions of all six
PRP genes (Maeda 1985). The BamHI/HindIII frag-
ments containing the entire PRB1, PRB2, and PRB2/1
genes were then subcloned into the plasmid pUC18
(Messing 1983) (plasmid clones are bracketed in fig.
lb) for subsequent DNA sequencing by the method of
Maxam and Gilbert (1977). For the three genes,
100% of both strands was sequenced, and sequencing
was done from multiple sites by using different restric-

tion endonucleases, so that sequences overlapped all
cleavage sites. The sequence of the PRB2/ 1 gene was
determined from the 5' BamHI site to the EcoRI site
just 5' to exon 4, as shown in figure lb (striped bar).
The sequences of the PRB1 and PRB2 genes were pre-
viously determined (H.-S. Kim, unpublished data)
from the 5' BamHI site to positions just 3' to exon 4,
as shown in figure lb (striped bars). Sequence data
were analyzed using software provided by the Univer-
sity of Wisconsin Genetics Computer Group (Dever-
eux et al. 1984).

Southern Blot Analysis of Genomic DNAs for PRP Genes

DNA samples isolated from peripheral blood leuko-
cytes were completely digested with EcoRI, BamHI,
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Figure I Postulated crossing-over event in the PRP gene
complex, and restriction maps of PRB1, PRB2, and PRB2/ 1 genes.
(a), Postulated crossing-over event in the PRPgene complex, leading
to PRB2/1 and PRB1/2 fusion genes, shown schematically. Bi,
B2, B3, and B4 represent PRB1, PRB2, PRB3, and PRB4 genes,
respectively. H1 and H2 represent PRH1 and PRH2 genes, respec-
tively. Lines a and b represent the crossing-over between DNA
strands in the region of the PRP gene complex. Lines c and d show
the PRB2/1 and PRB1/2 fusion gene chromosomes, respectively.
(b), Restriction maps, cloning, and sequencing strategy for PRB1,
PRB2, and PRB2/1 genes. The postulated crossing-over region is
indicated by "X". The Hinfl 980 PRP probe is shown below the
PRB2/1 map. Lines a show restriction maps. H = HindIll; Bg =
BglII; E = EcoRI; and B = BamHI. The broken lines between the
3' HindIII and 3' BamHI sites indicate that this region has not been
mapped. Also, in order to facilitate presentation of the map, the
length of this region, although known, is not in scale. From genomic
mapping experiments, the hybridizing PRB1 and PRB2 BamHI frag-
ments were determined to be 22 kbp and 15 kbp, respectively.
Exons are denoted by blackened boxes. Lines b show phage clones
(thin lines) spanning the PRPgenes and plasmid clones (in parenthe-
ses). Striped bars show the regions sequenced.
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and/or HindIII, and the Southern blots were hybrid-
ized to the Hinfl 980 PRP probe according to methods
described elsewhere (Vanin et al. 1983; Azen et al.
1984). Three populations of unrelated individuals
were studied. These included 76 American whites
(Utah samples), 131 Chinese (mainland China), and
41 American blacks.

Electrophoretic Analysis of Salivary PRP Polymorphisms

Parotid salivary proteins were electrophoresed in
several gel systems and were typed for PRP polymor-
phisms as described elsewhere (methods are summa-
rized by Azen 1989). In brief, acidic PRPs were typed
in isoelectric focusing gels, pH 3.5-5.2 (Azen and
Denniston 1981); basic and glycosylated PRPs were
typed in 10% SDS and acid/Tris-citrate polyacryl-
amide gels (Azen and Yu 1984a, 1984b; Azen 1989)
and acid/lactate polyacrylamide gels, pH 2.4 (Azen et
al. 1979; Azen and Denniston 1980).

Results

Molecular Analysis of the PRB2/1 Fusion Gene

The postulated crossing-over event between PRB2
and PRB1 genes in the PRP gene complex leading to
the PRB2/ 1 and PRB1 /2 fusion genes is schematically
shown (fig. la). The PRB2/1 chromosome has dele-
tions of both the normal PRB1 and PRB2 genes (fig.
la, line c), whereas both these genes plus the PRB1 /2
fusion gene are present on the PRB1 /2 chromosome
(fig. la, line d). The comparison oftheDNA sequences
of PRB1 and PRB2 genes (H.-S. Kim, unpublished
data) showed several interesting features (schemati-
cally shown in fig. 2). Exons 1 and 2 of PRB1 and
PRB2 genes are identical, and the 500-bp region up-
stream from exon 1 differs by a single base. However,
exon 3 of PRB1 and PRB2 genes shows 21 (2.3%)

nucleotide differences among 913 bp compared. In-
tron 3 of the two genes shows the largest region of
homology wherein the crossover is postulated to occur
(homologous region is indicated by interrupted hori-
zontal lines in fig. 2). Within this 743-bp homologous
region there is only 1-bp mismatch.

Figure 3 shows a comparison of the PRB2/ 1 fus-
ion gene and PRB1 and PRB2 genes in the region im-
mediately surrounding and including the postulated
crossing-over. The 5' region of PRB2/1 is identical to
that of PRB2 (with the exception of a single nt differ-
ence at PRB2 nucleotide position (nt) 4664, indicated
by an asterisk) until nt 4964. The DNA sequences of
PRB1, PRB2, and PRB2/1 genes are identical (with
the exception of the 1-bp mismatch mentioned above)
from PRB2 nt 4221 to PRB2 nt 4963 (this region is
boxed in fig. 3). TheDNA sequence ofPRB2 / 1 further
3' to PRB2 nt 4963 is identical to that of PRB1. Since
the fusion gene shows the same "C" nucleotide as
PRB1 (and not the "T" nucleotide of PRB2) at position
4664, the crossing-over most likely occurred in PRB2
nt 4221-4663. However, it could have occurred in
PRB2 nt 4664-4963, if the single-nucleotide differ-
ence at position 4664 arose as a mutation after the
crossing-over event.

The PRB2/1 Fusion Gene Is Common in Three
Different Populations

It is normal for the six PRP genes to be represented
by hybridizing bands at six different locations, after a
Southern blot analysis of EcoRI-, HindIII-, and
BamHI-digested DNAs by the Hinfl 980 PRP probe
(Maeda 1985). The bands at these different locations
are often seen as closely spaced doublets that represent
heterozygosity for frequent length polymorphisms (see
examples in figs. 4 and 5). From the diagram of the
crossover between PRB1 and PRB2 genes (fig. la), as
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Figure 2 Diagrammatic comparison of aligned PRB1 and PRB2 genes, to emphasize differences and identities. The nucleotide
sequences of the two aligned genes are represented by horizontal lines, and their exons are shown as black bars (H.-S. Kim et al., unpublished
data). Nucleotide differences between the genes are denoted by long vertical lines between the horizontal lines. Length differences are denoted
by short vertical lines between the two horizontal lines, as well as by second small vertical lines close to the genes. The gap in exon 3 of
PRB1 represents a length difference compared with PRB2. The postulated 743-bp region of crossing-over in intron 3 (also the largest region
of identity), which results in the PRB2/1 and PRB1/2 genes, is indicated by horizontal dashed lines.
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PRB2 AACAAGATCC AT. TTGTAACAAATCCCTCM TTCGATGAAACMATTCCMATAATCTGTCTAGTTGTTG c A TA 4285

PRB2/ 1 AACAAGATCC . ATA. TTGTAACAAATCCTCTAAA TTCTGATGAAACAAAATTCCATAACTGTCTTAAGTTGTGTTGGCMCAAGGAAGTAGTA

PRBI AACAAGATCCTATATTTGTAACAAA. . CTCTTT ATTCTGATGAAACAAAATTCCAAATACTGTCTTAAGTTGTGTT G AAGTAGT 41212

PRB2 CCATGT1TC5TCTCSGCGTCTGTSTTCTGTCACCTG ACCTCCATT TTTCC TGCTGTTGCCCA 4385

PRB2/1 CCATGTTCSCTCTGGCGCTCTGTTTTCTGTGAC CTAACCTCCATTT SSSTT CCTG CTGTTGCT>GTCCT CC

PRBI CCATGTTCTCTCTGGCGCTCTGTTTTCTGTGCACAAACTGAAACCTCCC TTAAAGTTTTCCTG&GCACTGTTGCTCGTCCTGCCCACACCA 4312

PRB2 GCCTCTTGAGTCCAGTATT4CCTGCCAGTGGrccC$G5ACT5TTC GCAGCTAAATGGTGTCSCATTTSTCAATTCTTACTGTCAATAAGTACATG TT 44 S
11111 liiiliii11111|11|1111111,1 lilil~lll IiIiIIIDIiIIIIIIIIiIIJiIIIIIIIIiIIIIiIIIIIXIIItIiIIIIIiIiIIiI

PRB2/ 1 GCCTCTTGAGTCCAGTATTCCTGCCAAGTGGTCCCTGAACTTTCAGCAGCTWATGGTGTCTCATTTTTCAAMTTCTTACTGTTCAATnAGTACATGATT

PRB1 GCCTCTTGAGTCCAGTATTCCTGCCAAGTGGTCCCTGAACTTCAGCAGCTAAATGGTGTCTCATTTTTCAAATTCTTACTGTTCAATMGTACATGATT 4412

PRB2 AAGCTAACAAAAAATTCTAATGCAMTGGAMTATGAATCTAATMAGGCATGACTCATCCTACCTGCCTCCCCTCCTTCAGAAAACTGCCACTG 4585
Il il III 1111I 11111tIlIIIII 111 11111IIIIugluulilu~llIIuIl~IIIIIIIIIIIII I11111 III~III1IIlIIIlII III 1111

PRB2 /1 AAGCTAACAAATATCTATGCAATGGAAATATGMiTTAATTTAAGCTGACTATCCTACCTGCCCTCCTT TG"CCACTG

PRBI1 AAGCTAACAAAATATCTAAGCATGG TATGATCTATTTA CA TCTA CCG=CCCCTCCTC ACT CTG 4512

PRB2 TTAACTTTATGGCATCTTCTGTTTGAAATMTTATGTGGTACATAGACnCTAaTATTfTCcCCCCAGACTAATACTATAATTTATATTCAGGrACAT 4685

PRB2/ 1 TTAACTTTATGGCATCTTCTGTTTGAAATATTTATGTGTACATAGACAACTAGMTATTTTTCCCCCAGAACTAATACCATAATlTATATTCAGGTACAT
1111111111111111|11811 11 ItIBIIIIIIIIIII IIIIIIIBIIIJIIIIII1IISIIIFIIIIIIIIIIIIIIJIIIIIIgIIIIIIIIIIIIII1I

PRB1 TT1CTTTATGG ATCTCTGTTTATATTTATGTGATAAACTAGTATTTTCC CA CTATACCTATTTATATTC TACT 4612

PRB1ATITTAGTCTTTA TACATTTCT TTTCCACATCGTCTATG GTAGCTTCAGGT CTTGTTTTTACATT 4785

P1RB2/1 ATGTTAGTCATTTAAAAAATACATTTCTTTGAAAATTTCCACATACGTCTATGAAGCTMGTAGTCTCTTCAGTGGTTATCTGTTTGTTTTACCATTT

PRB1 471TTAGTCATTT2AAlTACTTCTTTGAAATTTCCATACGTCTATGACTAGTAATCTCTCAGTGTTATCTTTTGTTTTTACCATTT 4712

PRB2 TA4TACTACTCCATTATGTG885TGCACCGTATTTCTTTACCATCSGTGTCACTGGA GTGTCGCT TGTTATTATGTT 885

PRB2/J1 TATACTACTCCATTATGTGGCTGCACCGTGATTTCTTTAACCAATCTGTGTCACTGGCCTGAGGGTGGTTTCAGCTTCTCACTGTTATSAAATGTTliii11 |llIIIIIIIIIII I81 IIIIIIIIIIIIIl~IIiIIIIIIIIIIIIIiIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII1

PRB1 TATACTACTCCATTATGTGGCTGCACCGTGATTTCTTT&ACCAATCTGTGTCACTGGACACTGAGGGTGGTTTCAGCTTCTCACTGTATAAAATATGTT 4812

PR82 :CAGTTCCCATCTGTGTAAATATATCTGTGAACAAATTCAGCAGCGC GTAATAACAAGCTAAGAATGATCT T CC TAG 4985
IliIIIIDIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIl~IIIIIIIIIIIIIIIIAIIIIIIufflllub I 111111 III DIII 11

PRB21/1 CCAGTTCCCATCTGTGTAAATATATCTGTGAACAAATTCAGCAGCAAGTAATAACAAGCTAAGAATGATTCTG TT TCACGTAAGGAACAATTTG
Il111111111111111111111111l11I111111llfiilleiliiliil ill l IIIIIIIlllIIIIIIIIIIIIII I I1I 11111111 1|11 111 I19111

PRB1 CAGTTCCCATCTGTGTAAATATATCTGTGAACAAATTCAGCAGCAAGTAATMAAdGCTAAGAATGATCTTCTGTT ATCACGTAAGGAACAATTTG 4912

2RB2 GAGCACATTTCGTGCAAGGGCATCC8GAGGAACACACAGTGAACTCGGGAGG5ACACAGAGGTG GGA a TG GCTA 5085

PRB2/1 GAGCACATTTTGTGCAGGGATCCAGAGTGAACACACAAATTAGGG GGAACCAGGAGTAGAAGGATGG AAGaGATGCTTCNA

P1RB1 GAGCACATTTTGTGCAAGGGCATCCAAAGAGTGMCACACAAAAAATTAGGGAGGAACACAGGAGGTAGAAGGGGATGGGGAGAGAGGATGGGCTCTCA 5012

Figure 3 DNA sequence comparisons of PRB1, PRB2, and PRB2/1 genes. DNA sequences of aligned PRB1, PRB2, and PRB2/1
genes in the region of the postulated crossing-over in intron 3 of PRB1 and PRB2 genes are shown. The sequence and numbering of
nucleotides for PRB1 and PRB2 genes will be reported elsewhere (H.-S. Kim, unpublished data). The 743-bp region of identity of the three
genes (with 1-bp mismatch, shown by an asterisk), in which crossing-over is postulated to occur, is boxed. The DNA sequence of the
PRB2/ 1 gene 5' to this region is identical to that of the PRB2 gene, but, 3' to this region, it is identical to that of the PRB1 gene. Identical
nucleotides are tied by vertical lines.

well as from the restriction map comparing PRB1, band is missing, and the PRB2/1 band migrates to
PRB2, and PRB2/ 1 genes (fig. lb), the following char- the same position as the 4.0-kbp PRB2 band. In the
acterizes the Southern blot analysis of PRB2/1 gene HindIII and BamHI digests, the 12-kbp and 15-kbp
homozygotes: in the EcoRI digest, the 6.5-kbp PRB1 PRB2 bands are missing, and the PRB2/1 band mi-
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Figure 5 Southern blot analysis of endonuclease-digested ge-

nomic DNA of a Madison white (MVO) who is a PRB2/ 1 heterozy-
gote. The Southern blot is hybridized to the Hinfl 980 PRP probe.
Lane 1, MVO who is a PRB2/ 1 heterozygote with one PRB1 allele.
Lane 2, White PRB2/1 homozygote (8136). Lane 3, "Normal"
PRB1 heterozygote with two different length PRB1 alleles. Closely
spaced doublet bands, as seen at B1, B3, and B4 positions (best seen

in the EcoRI digest), represent heterozygous length polymorphisms.
Symbols are as defined in figs. 1 and 4.

grates to the same position as the 17-kbp and 22-kbp
PRB1 bands. Thus, PRB2/1 homozygotes are scored
by the absence of the normal PRB1 band in EcoRI
digests and are confirmed by the absence of the normal
PRB2 band in HindIII and/or BamHI digests.
Examples of Southern blot analysis of all of the

PRB2/ 1 homozygotes found in the populations stud-
ied are shown in figure 4 (two whites, lanes A2 and
A3; two blacks, lanes Bi and B2; and one Chinese,
lane C2). An example of a known PRB2/1 heterozy-
gote (from the white Utah population) with one PRB1
allele is shown in figure 4, lane Al, and examples of
a "normal" PRB1 heterozygote with two different-
length PRB1 alleles (best seen in the EcoRI digest) are

shown in figure 4, lanes B3 and Cl.
PRB2/1 gene frequencies in American black and

mainland Chinese populations were estimated from
the number of PRB2/1 homozygotes. Among 41
blacks there were 2 PRB2/1 homozygotes, and the
PRB2/ 1 gene frequency was estimated to be approxi-
mately .22. Among 131 Chinese, there was 1 homozy-
gote, and the PRB2/1 gene frequency was estimated

to be approximately .09. A more accurate estimate
of gene frequency for PRB2/1 in the American Utah
whites was obtained from the number of PRB2/ 1 ho-
mozygotes (two) plus heterozygotes (five). After
Southern blot analysis of EcoRI-digested DNAs, the
five PRB2/ 1 heterozygote samples from the American
Utah whites were primarily ascertained by abnormal
segregation of their PRB1 polymorphisms in family
studies. The PRB2/1 heterozygote genotypes were
then confirmed by densitometric analysis of the auto-
radiograms from the above Southern blots, where a
single band (representing one PRB1 allele) of approxi-
mately one-half normal intensity was seen at the PRB1
position. In a typical family, the father shows an ap-
parent type 1,1 (arbitrary designation for two PRB1
alleles of the same size), and the mother is a type 1,2
(PRB1 alleles of different sizes). However, one of the
children from the mating is an apparent type 2,2. After
nonpaternity is excluded by testing the samples with
many other polymorphic markers, the father's correct
PRB1 type is 1,0 and the child's type is 2,0. This re-
sult indicates the segregation of a "null" in these fami-
lies. This abnormal pattern of segregation was seen
in five families, and one PRB2/1 heterozygote was
chosen from each family for inclusion in the popula-
tion analysis.

Densitometric scans were performed on these fami-
lies, and the suspected PRB2/1 heterozygotes (with
one PRB1 allele) were compared with a "normal"
PRB1 heterozygote with two PRB1 alleles at the PRB1
position. After normalization to the PRB2 gene signal
as an internal loading standard, the ratio of the signal
at the PRB1 position of the "normal" PRB1 heterozy-
gote to each of the five PRB2/ 1 heterozygotes used in
the population study was 1.9, 1.8, 2.4, 1.9, and 2.4,
respectively, for the five comparisons. This result sup-
ports the assigned PRB2 / 1 heterozygote genotype for
the five samples. The stringent method for ascertain-
ing the PRB2/ 1 heterozygotes probably leads to a con-
servative estimate for the PRB2/1 gene frequency,
since some PRB2/1 heterozygotes may have been
missed if informative family data were not available
for some samples. Among the 76 whites, there were
2 PRB2/ 1 homozygotes and 5 PRB2/ 1 heterozygotes,
with a PRB2 / 1 gene frequency estimated to be ap-
proximately .06.

Evidence for the Occurrence of PRBI/2 Heterozygotes

After Southern blot analysis of EcoRI-digested
DNAs, a PRB1 /2 homozygote would be expected to
show four gene copy signals (two from PRB1 and two
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from PRB1 /2) at the PRB1 position (see fig. la and
b), and the signal may be distributed over one or more
polymorphic bands. We have not recognized the
PRB1 /2 homozygote genotype in the Utah popula-
tion. However, if the number ofPRB1 / 2 homozygotes
is expected to be approximately equal to the number
of PRB2/1 homozygotes in the same population (2/
76), then failure to see the PRB1 /2 homozygotes (0/
76) may have occurred by chance.
However, we have evidence for the occurrence of

the PRB1 /2 heterozygote type. This evidence includes
Southern blot analysis and densitometry of families
from the Utah population and restriction analysis of a
cloned candidate PRB1 /2 gene from a Madison white
individual. After Southern blot analysis of EcoRI-
digested DNAs, the PRB1 /2 heterozygote genotype
would be expected to show three gene signals (two
PRB1 and one PRB1 /2) at the PRB1 position (see fig.
la and b), which may be distributed over one, two,
or three polymorphic bands. Three families showed
individuals with three gene signals at the PRB1 posi-
tion. As an example, in one family, the mother's poly-
morphic PRB1 type is 1,2-3 and the father is type
0,2. Southern blot analysis and densitometry show the
PRB1 pattern of a child to be a type 2,2-3 (three gene
copies) with a signal 2.6 times the intensity of the
father's PRB1-type signal (a PRB2/1 heterozygote
with one gene copy). Further evidence for the occur-
rence of the PRB1 / 2 gene was obtained from study of
a Madison white. After Southern blot analysis of the
EcoRI-digested DNA, this individual was found to
possess a PRB1 length polymorphism with three
PRB1-type gene copies distributed over two bands
(two copies at one band and one copy at the other
band), compared with a "normal" PRB1 heterozygote
with two different-length PRB1-type copies (one copy
at each band). Densitometric analysis of bands at the
PRB1 position gave a signal intensity ratio, of the pre-
sumed PRB1/2 heterozygote (three gene copies)/
"normal" PRB1 heterozygote (two gene copies), of
1.6. Restriction mapping, with EcoRI and HindIlI, of
a cloned PRB1-type gene from this individual showed
a pattern characteristic of the PRB1 / 2 gene (represent-
ing one of the three PRB1 -type gene copies seen on the
Southern analysis).

Pe, Pm, and Ps Polymorphic PRPs Are Absent from Salivas
of Two Utah White PRB2/1 Homozygotes and a Madison
White (MVO) Who Is Probably PRB2/1 Heterozygotic

Figure 6 shows a protein-stained Western blot (from
an SDS gel) of the salivas of four individuals. The Pe,

+
Poe.

IB-4v
Pow.

LB-1w-
Pc[

PmS-

PrPitfDb[

Ps--I

Amy[
GI[ 1

1 Z 3 4
Figure 6 Salivary PRPs of two Utah white PRB2/ 1 homozy-
gotes and MVO who is a PRB2/ 1 heterozygote. A protein-stained
Western blot of an SDS gel is shown. Lane 1, Control, Pe +, PmS +,
and Ps 1. The saliva is also PmF + (not shown). Lane 2, White
PRB2/ 1 homozygote (8483), Pe-, PmS-, PsO. Lane 3, White PRB2/
1 homozygote (8136), Pe-, PmS-, PsO. Lane 4,MVO who is proba-
bly a PRB2/1 heterozygote, Pe-, PmS-, PsO. PmF is also missing
from salivas of the two PRB2/1 homozygotes and MVO (not
shown). Other salivary PRPs shown that are present in all the sam-
ples include basic PRPs (Po, IB-4, IB-1, and Pc), the glycosylated
PRP (Gl), and some acidic PRPs (Pr, PIF, and Db). Amylase (Amy)
is also present in all the samples.

PmS, and Ps polymorphic PRPs (coded by PRB1) are
missing from the salivas of two Utah white PRB2/1
homozygotes, 8136 and 8483 (fig. 6, lanes 2 and 3,
respectively). The PmF protein (coded by PRB1) is
also missing (not shown). Other salivary PRPs that are
present in all the samples include basic PRPs (Po, IB-4,
IB-1, and Pc), the glycosylated PRP (Gl), and some
acidic PRPs (Pr, PIF, and Db). The basic PRP IB-7 is
present in all the samples (not shown). Amylase is also
present. Salivas from the above two PRB2 / 1 homozy-
gotes were typed for other salivary polymorphic PRPs
(not shown) and were both found to be Pr 1-1 (coded

848



Proline-rich Protein Fusion Gene

by PRH2), Db + and PIF + (both coded by PRH1),
GI 1-3 (coded by PRB3), and CON 1 + (coded by
PRB4).
The salivary proteins of MVO are shown in figure

6, lane 4. The Pe, PmS, and Ps proteins are missing
from the saliva. The PmF protein is also missing (not
shown). Saliva was also typed for other salivary PRP
polymorphisms (not shown) and was found to be Pr
1-1, Db+, PIF+, Gl 2-3, and CON 1+.

Figure 5 shows a Southern blot analysis with the
Hinfl 980 PRP probe of EcoRI- and BamHI-digested
DNAs of three individuals, including MVO. In the
EcoRI digest, densitometric analysis of the PRB1 hy-
bridization signal of MVO (figure 5, lane 1), com-
pared with that of a "normal" PRB1 heterozygote with
two different-length PRB1 alleles (fig. 5, lane 3 in left
panel), shows that MVO is a PRB2/1 heterozygote
with one PRB1 allele, and supportive family segrega-
tion data are available. Thus, in the EcoRI digest,
when hybridization signals at the PRB1 position of
both individuals are normalized to those of PRB4 for
each individual and are compared, the PRB1 signal of
the "normal" PRB1 heterozygote (two PRB1 alleles) is
2.4 times the PRB1 signal ofMVO (presumed to have
one PRB1 allele). Since MVO is not a PRB2I 1 homo-
zygote and has one PRB1 allele, there must be some
other explanation for the absence of Pe, PmS, PmF,
and Ps proteins from the saliva of this individual.

Discussion

Previously, Lyons et al. (1988b) described homolo-
gous and unequal intragenic crossing-over (facilitated
by tandemly repeated sequences in exon 3 of PRP
genes) that leads to frequent length polymorphisms.
We now report homologous and unequal crossing-
over between PRB1 and PRB2 genes that is probably
facilitated by a 743-bp region of identity with 1-bp
mismatch in the third intron of the two genes. When
the DNA sequences of all six PRP genes are compared
(Kim et al., unpublished data), this region of virtual
complete identity is the largest found and may be the
main factor that accounts for the occurrence of the
PRB2/ 1 fusion gene. Indeed, among the three sub-
groups of PRP genes, the nucleotide sequences of the
PRB1 and PRB2 genes are the most closely related and
have the most recent evolutionary divergence (3.3%
overall sequence differences), compared with PRB3
and PRB4 genes (9.8% overall sequence differences)
and PRH1 and PRH2 genes (8.7% overall sequence

differences) (Kim and Maeda 1986; H.-S. Kim, un-
published data). An additional factor that might facili-
tate unequal and homologous crossing-over between
PRB1 and PRB2 genes is the physical ordering between
PRP genes within the six-member gene complex. PRB1
and PRB2 genes are physically adjacent members of
the PRP gene complex and are separated by about 60
kbp (Kim et al. 1990).
A similar mechanism of intergenic recombination

occurs between other related genes, such as members
of the 1-like globin gene family, with the Lepore hemo-
globins as an example. Metzenberg et al. (1991) pre-
sented data indicating that unequal Lepore crossovers
are more likely to occur in relatively large stretches of
sequence identity between 8- and ,B-globin genes. The
consensus of many studies in mammalian cells (re-
viewed by Bollag et al. 1989; Metzenberg et al. 1991)
is that approximately 200 bp of identity are required
for efficient recombination. This condition is met for
the postulated crossing-over region in the third introns
between PRB1 and PRB2 genes, with identical se-
quences extending 443 bp 5' and 299 bp 3' to the 1-bp
mismatch. The crossing-over most likely occurred in
the 443-bp 5' region of identity, although it could
have occurred in the 3' region if the single nucleotide
difference arose as a mutation after the crossing-over
event.
Kim et al. (1990) have proposed an evolutionary

model for the PRP genes. This model includes four
recombinational events, and the generation of PRB1
and PRB2 genes from their precursor may be the most
recent event. To explain the 743-bp region of virtual
complete identity in the third introns of PRB1 and
PRB2 genes, we postulate that a gene conversion event
(as proposed for the third exons of the PRH1 and
PRH2 genes [Kim and Maeda 1986]) may have oc-
curred sometime after this most recent gene duplica-
tion. Unlike the Lepore-type fusion genes, where selec-
tion due to malaria may account in part for their
population frequencies (reviewed by Weatherall and
Clegg [1981]), there is no apparent selection for the
PRB2/ 1 fusion gene. Thus, the relatively high PRB2I
1 gene frequencies in several populations may be
mainly due to recurring crossing-over mutations facili-
tated by the relatively large region of identity between
PRB1 and PRB2 genes.
The PRB2/ 1 homozygote is easy to recognize on

genomic Southern blots, because of a loss of a PRB1
or PRB2 hybridizing band (see figs. 4 and 5). By con-
trast, the PRB1 /2 homozygote would be more difficult
to recognize, since it would be predicted not to show
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an absent or unique band on Southern blot analysis
(see fig. la and b). However, there is no a priori reason
why the alternative crossover product (PRB1 /2) would
not exist. Although we did not find the PRB1 /2
homozygote type, we provided evidence for the occur-
rence of the PRB1 /2 heterozygote type from Southern
blot analysis and densitometry in families from the
Utah population and from a restriction analysis of a
cloned candidate PRB1 /2 gene from a Madison white.
The segregation of "normal" (noncrossover), PRB1 /

2 and PRB2/ 1 chromosomes in the population results
in different PRB1 copy numbers in different individu-
als. Some individuals with PRB1 copy numbers vary-
ing from 0 to 4 might show a corresponding copy-
dependent variation in production of PRB1-coded
salivary proteins, which varies from 0 to 2 (with 1
representing the production of two expressed PRB1
alleles). However, this postulated correlation between
PRB1 copy number and gene expression may not be
strict in the population, since, as will be discussed,
some PRB1 alleles (for undetermined reasons) may not
be expressed.
The assignment of the numerous PRPs to their cog-

nate genes is of continued interest. Since the crossing-
over leading to the PRB2/ 1 fusion gene occurs in the
third intron beyond the coding region of PRB1, the
PRB2/ 1 gene is nonproductive for PRB1 products and
thus, in the homozygous state, may lead to null sali-
vary PRP phenotypes for those proteins coded by
PRB1. This led us to determine which PRPs were miss-
ing from the salivas of PRB2/1 homozygotes. Lyons
et al. (1988a) and Minaguchi and Bennick (1989) pre-
viously (on the basis of PRP and decoded DNA se-
quence comparisons) assigned the Pe (DEAEII-2),
PmF (IB-9, P-E), and PmS (IB-6) polymorphic proteins
to PRB1. Kauffman et al. (1991) found the IB-4 and
IB-7 proteins to be encoded in PRB2. The work of
Lyons et al. (1 988a) suggests that the PmS protein may
also be encoded in PRB2; however, the presence of a
potential proteolytic cut site in the decoded amino acid
sequence of PmS makes it unlikely that an intact PmS
protein would be produced by PRB2. Although amino
acid sequence data were not available, Lyons et al.
(1 988a) tentatively assigned the Ps protein to the PRB2
gene, on the basis of (a) an amino acid composition
resembling that of either the PRB1 or PRB2 gene and
(b) a weak reaction of the protein to the periodic acid-
Schiff reagent, which may indicate the presence of car-
bohydrate. In this regard, the PRB2 gene, but not the
PRB1 gene, contains N-linked glycosylation sites.
However, when the partial amino acid sequence data
from the Ps protein are compared with the decoded

DNA sequences of PRB1 and PRB2 genes, the indica-
tion is that the Ps protein is coded by the PRB1 gene
(E. A. Azen and R. Niece, unpublished data). Thus, in
the homozygous state, the PRB2/ 1 gene (as predicted)
may lead to PsO, Pm - , and Pe - null salivary pheno-
types as shown in figure 6. Since the PRB2 coding
region is present in the PRB2/1 gene, the IB-4 and
IB-7 proteins coded by PRB2 are present as expected
in PRB2/1 homozygotes.
However, the occurrence of the PRB2/ 1 gene may

not be the only explanation for the PsO, Pm-, and Pe-
salivary protein phenotypes, for the following rea-
sons: First (assuming the PRP gene frequencies are
similar in the two populations), we compared by x2
analysis the proportions of homozygotes for Pe- (19 /
317), PsO (14/150), and PmF- (101/140) protein
phenotypes in a previously studied Madison white
population (Azen and Denniston 1980; Azen and Yu
1 984a) with the smaller proportion of PRB2/ 1 homo-
zygotes (2/76) herein reported in the Utah white pop-
ulation. Borderline significant or highly significant
differences were found for PsO/PRB2/1 and PmF-/
PRB2/ 1 comparisons (P = .06 and < .0001, respec-
tively). Second, we show in this paper an example of
a Madison white subject (MVO) who possesses the
PsO, Pm-, and Pe- salivary PRP phenotypes (fig. 6) yet
who, on the basis of Southern blot and densitometric
analysis of the DNA, is a PRB2/1 heterozygote with
one PRB1 allele (fig. 5). We do not know the reason
for the PsO, Pm-, and Pe- phenotypes in subjectMVO
but speculate that there may be one or more as yet
undetermined mutations in the PRB1 gene of this indi-
vidual.
Lyons et al. (1 988a) have suggested one mechanism

to account for the frequent null alleles among basic
PRP polymorphisms. Nucleotide analysis of a PRB1
allele coding for the PmF- and PmS- phenotypes
showed an alteration in the proteolytic cleavage site
of the precursor protein. The PmF and PmS proteins
are normally seen when cleavage occurs, but, in the
absence of cleavage, the larger precursor protein may
not be resolved electrophoretically. Another mecha-
nism for producing null alleles among basic PRPs is
the recently described single-nucleotide insertion in
exon 3 of the PRB3 gene (coding for the Gl protein),
which leads to a frameshift with a premature termina-
tion codon that causes an apparent lack ofgene expres-
sion (Azen et al. 1990). Thus, it seems likely that other
interesting mutations will be found to explain frequent
null phenotypes among salivary PRPs, especially Po -
and CON - (from the PRB4 gene) and Pm-, Pe-, and
PsO (from the PRB1 gene).
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