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SUMMARY

Pepsinogens (PGA) are the inactive precursors of pepsin, the major
acid protease found in the stomach. The PGA gene family exhibits
polymorphic variation in human populations that can either be demon-
strated by electrophoretic analysis of the proteins or by analysis of the
respective genes with cDNA probes. Here, we describe the interrela-
tionships between the most common pepsinogen protein phenotypes
and the corresponding pepsinogen haplotypes (A, B, and C) contain-
ing different combinations of the PGA3, PGA4, and PGA5 genes. We
propose that this unusual genetic variation involving haplotypes that
contain three, two, and one genes, respectively, is the result of mo-
lecular evolution by gene duplication.

INTRODUCTION

At the protein level, human pepsinogens (PGA) exhibit polymorphic variation
in the pepsin activities derived from the electrophoretically distinguishable
isozymogens Pg 2, Pg 3, Pg 4, and Pg 5 [1-4]. Recently, a multigene complex
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containing variable numbers of pepsinogen genes was localized to the centro-
meric region of human chromosome 11 using PGA cDNA probes [5, 6]. Among
individuals exhibiting the BB phenotype characterized by the absence of the Pg
5 isozymogen, Taggart et al. [5] reported the concurrent absence of specific
EcoRI PGA fragments detected with a human PGA cDNA probe. These studies
suggested that haplotypes on chromosome 11 containing different combina-
tions of the individual PGA genes (PGA3, PGA4, and PGA5) determined the
previously described protein polymorphism.
To examine the molecular organization and structure of these haplotypes and

thus the basis for the common polymorphic variation of pepsinogen, we exam-
ined informative families that were segregating for the hypothesized A, B, and
C haplotypes. The pepsinogen protein phenotypes were determined by poly-
acrylamide gel electrophoresis (PAGE) and compared to the corresponding
restriction fragment length polymorphism detected by hybridization of EcoRI-
digested DNA with PGA gene probes. The results of these studies are consis-
tent with the hypothesis that three PGA haplotypes (A, B, and C) contain three
genes (PGAS-PGA4-PGA3), two genes (PGA4-PGA3), and one gene (PGA4),
respectively. Close linkage of PGA with distal 11 short arm markers was ex-
cluded, a finding consistent with the centromeric location (p1 1-qi 3) of the PGA
complex as indicated by somatic cell hybrid studies [5, 6]. The human pepsino-
gen gene family is highly polymorphic, both at the protein and DNA level, and
will be an invaluable marker for linkage analysis of chromosome 11.

MATERIALS AND METHODS

Pepsinogen Protein Phenotypes

Urine samples were stored unfrozen at 41C until analysis by polyacrylamide gel elec-
trophoresis [7]. The pepsinogen phenotypes were classified according to the criteria
described by Taggart et al. [2]. Additional rare phenotypes beyond those studied in the
present report are suspected to result from additional haplotypes (containing different
PGA gene combinations) and are not described here.

Restriction Fragment Length Polymorphism

DNA was isolated from whole blood and subjected to restriction enzyme digestion
following the manufacturer's protocols, except that the final concentration of bovine
serum albumin was 50 [ug/ml. The procedures for digestion ofDNA, gel electrophoresis,
Southern transfer, and detection of PGA DNA fragments by hybridization with nick-
translated probes were as described [5, 8]. Agarose gel concentrations varied between
0.5% and 0.8%. The restriction enzymes employed were: AvalI, BamHI, BglII, EcoRI,
HaeIII, HindIlI, KpnI, MstI, MstII, PstI, PvuII, SmaI, TaqI, and XmaI. Only EcoRI
and TaqI revealed polymorphic restriction fragment variation. The probes used for
detection of insulin (INS), catalase (CAT), and ,B-hemoglobin (HBBC) have been de-
scribed [9-11].

Linkage Analysis
Families informative for pepsinogen (PGA), insulin (INS), catalase (CAT), and I-

hemoglobin (HBBC) were analyzed for linkage by the likelihood method of Elston and
Stewart [12] using the computer program LIPED as described by Ott [13]. The frequencies
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of the PGA haplotypes were determined from a previous population survey of the
pepsinogen protein polymorphism: A = .54, B = .37, and C = .06 [2].

RESULTS

Comparison of Protein Phenotypes and PGA Restriction Fragment
Length Polymorphism

Hybridization analysis of EcoRI-digested DNA from the five most common
pepsinogen phenotypes (AA, AB, BB, AC, and BC) with the pepsinogen probe
specific for exons 3-8 is shown in figure 1. There were five EcoRI fragments
observed among these phenotypes (22, 17.8, 17.2, and 13.5, and a 3.9-kilobase
[kb] doublet). The pepsinogen AA and AB phenotypes contained four of these
EcoRI restriction fragments (17.8, 17.2, 13.5, and 3.9 kb). In comparison, the
BB phenotype did not contain the 13.5-kb fragment and exhibited a reduced
autoradiographic intensity of the 3.9-kb fragment. The specific association be-
tween the absence of Pg 5 isozymogen in the BB phenotype and the autoradio-
graphic intensity variation of the 13.5- and 3.9-kb fragments when compared to
the AA and AB phenotypes has been noted previously and was confirmed in the
present study (table 1). In contrast, the AC and BC phenotypes contained an

FIG. 1.-The urinary pepsinogen phenotypes AA, AB, BB, AC, and BC (upper) and the corre-
sponding EcoRI restriction fragments detected with pepsinogen cDNA probes (lower). Urine sam-
ples were separated by polyacrylamide gel electrophoresis and stained for pepsin-derived activity
as described in MATERIALS AND METHODS. The individual Pg 2-Pg 5 isozymogens are indicated. DNA
from each phenotype was isolated from whole blood, digested with EcoRI, subjected to agarose gel
electrophoresis, transferred to nitrocellulose, and hybridized to 32P-labeled PGA cDNA probe as
described in MATERIALS AND METHODS. The location of the 22-, 17.8-, 17.2-, 13.5-, and 3.9-kb frag-
ments are indicated.
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TABLE I

RELATIONSHIPS BETWEEN PEPSINOGEN PHENOTYPES AND PGA RESTRICTION FRAGMENTS

PGA RESTRICTION FRAGMENTS (kb)
PROTEIN INDIVIDUALS
PHENOTYPE EXAMINED 22 17.8 17.2 13.5 3.9

AA ............. 11 + + + +
AB ............ 17 + + + +
BB ............. 6 + + +
AC ............ 4 + + + + +
BC ............ 3 + + + +

NOTE: + refers to the presence of the particular fragment. The 3.9-kb fragment is a doublet resulting from two
distinct PGA genes.

additional 22-kb EcoRI fragment to that observed in the corresponding homo-
zygous AA (17.8, 17.2, 13.5, and 3.9 kb) and BB (17.8, 17.2, and 3.9 kb)
fragment patterns (fig. 1). This additional 22-kb fragment was observed only
among the AC and BC individuals (table 1).

Restriction Analysis ofPGA EcoRI Fragments

To determine the composition of the distinctive EcoRI restriction fragment
patterns observed among the A, B, and C haplotype containing phenotypes, we
performed hybridization analysis with exon specific probes (fig. 2). This analy-
sis provided for the alignment of fragments with regard to a PGA genomic clone
[14]. The 22- and 17.8-kb fragments hybridized to both the exon 3-5 and exon
6-8 probes, which suggested their size heterogeneity resulted from variation at
the 5' region of two distinct genes. Conversely, the 17.2- and 13.5-kb fragments
hybridized only with the exon 3-5 probe and the 3.9-kb doublet hybridized only
with the exon 6-8 probe. These studies indicated the compositions of the A, B,
and C haplotypes as diagrammed in figure 2 (lower). The C haplotype contains
a single PGA4 gene (22 kb), the B haplotype contains a PGA4 and PGA3 gene
(17.8, 17.2, and 3.9 kb), whereas the A haplotype contains a PGAS, a PGA4,
and a PGA3 gene (17.8, 17.2, 13.5, and 3.9 kb). The distribution of observed
restriction fragment patterns among the AA, AB, BB, AC, and BC individuals
examined in the present study (table 1) was completely consistent with previ-
ous predictions [5].

Linkage Analysis ofPGA with Chromosome 11 Markers
Linkage studies were conducted with the chromosome lip markers INS,

HBBC, and CAT (table 2) since initial studies suggested a chromosome 11
location. In order of most distal to proximal location on the short arm of
chromosome 11, linkage of PGA was excluded with: HBBC at 0 < .24, INS at
0 < .12, and CAT at 0 = .03. The findings of these studies were consistent with
the localization of the PGA family on the proximal short arm or long arm
location as previously suggested by studies of somatic cell hybrids.
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RESTRICTION ANALYSIS OF PEPSINOGEN GENES
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FIG. 2.-Analysis of pepsinogen restriction fragments with exon-specific probes (upper) and the
PGA haplotypes (lower). The restriction fragments identified in the pepsinogen phenotypes (fig. 2)
were hybridized with probes specific for exons 3-5 and 6-8 as described [5]. The fragments were
aligned relative to the published pepsinogen genomic clone [14]. The EcoRI sites on the fragments
are indicated (E). The 5' EcoRI site in the PGA genomic clone is an artifactual result of the cloning
procedure used for construction of the library. The predicted composition of the pepsinogen A, B,
and C haplotypes with regard to the PGA3, PGA4, and PGA5 genes are indicated.

DISCUSSION

Pepsinogen is an unusual protein polymorphism in that the observed varia-
tion is primarily the result of variation in the copy number of three genes,
PGA3, PGA4, and PGA5, each of which produces an electrophoretically distin-
guishable protein. Studies ofhuman x mouse somatic cell hybrids, informative
for each human chromosome, with PGA cDNA probes demonstrated that a
complex containing variable numbers of PGA genes was located in the cen-
tromeric region of human chromosome 11 [5, 6]. Preliminary comparisons be-
tween the EcoRI restriction fragment patterns detected by hybridization with

TABLE 2

LINKAGE ANALYSIS OF PGA WITH CHROMOSOME lp MARKERS

Omale = Ofemale
TEST
LOCUS .05 .10 .15 .20 .25 .30 FAMILIES INDIVIDUALS

HBBC.. -* -* -* -* - 1.75 - 1.14 7 75
INS -* -2.57 -1.25 -.57 -.23 -.07 7 79
CAT ... -1.20 .09 .61 .78 .77 .65 7 79

* Refers to a lod score that excluded linkage (< - 2).
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PGA cDNA probes from AA, AB, and BB pepsinogen phenotypes suggested
that variation in the number ofPGA genes was associated with the polymorphic
protein variation in a specific fashion [5]. The intensity variation of one isozy-
mogen, Pg 5, as associated with the absence of a 13.5-kb fragment and the
reduced autoradiographic intensity of a 3.9-kb fragment. The studies reported
here confirm and expand these initial suggestive studies of the AA, AB, and BB
phenotypes to include the AC and BC phenotypes, respectively. We have
presented evidence that these phenotypes are the result of polymorphic varia-
tion in the copy number of genes encoding the pepsinogen Pg 3, Pg 4, and Pg 5
isozymogens. Specifically, the A haplotype (PGA3, PGA4, and PGA5), the B
haplotype (PGA3 and PGA4), and the C haplotype (PGA4) contain three, two,
and one genes, respectively.
Our current understanding of the pepsinogen protein polymorphism is that

each PGA gene encodes a specific protein: Pg 3, Pg 4, or Pg 5, respectively [15,
16]. Intracellular posttranslational modification (probably deamidation of gluta-
mine or asparagine) of these primary gene products gives rise to a minor, more
anodally migrating, electrophoretic fraction. Thus, it is not surprising that such
complex protein patterns can result from the interaction of the genetic hap-
lotype variation with the posttranslational modification(s). Immunochemical
differences between these proteins have been identified using isozymogen
specific monoclonal antibodies [15]. These unique antibodies have provided for
the division of the previously immunochemically indistinguishable proteins into
two subclasses and have led to the purification and characterization of the
Pg 3, Pg 4, and Pg 5 isozymogens [16]. Net ionic charge differences between
isozymogens have been identified in the activation and pepsin regions of the
molecules. The functional differences between the proteins have not yet been
extensively examined; however, preliminary studies have indicated differences
between the activation of Pg 5 and Pg 3 to their corresponding pepsins [15]. It is
also interesting to note the large differences between the frequency of the
individual A, B, and C haplotypes in the U.S., Oriental, and Northern Euro-
pean populations [1-4, 17]. The absence of the BB phenotype has been re-
ported in the Oriental population in Hawaii, and two surveys of Northern
European populations have reported an increased frequency of phenotypes
containing the C haplotype. Future investigations of the structural variation of
the PGA gene family with PGA cDNA gene probes will provide for the detailed
characterization of the structural heterogeneity and lead to identification of
additional pepsinogen haplotypes containing different combinations of PGA
genes than those described here. The ability to examine the PGA variation at
both the protein and gene level increases the potential for assessment of their
function in the digestion of dietary protein and their role in ulcer disease.
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