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Abstract

Gene conversion -- the substitution of genetic material from another gene -- is recognized as the
underlying cause of a growing number of genetic diseases. While in most cases conversion takes
place between a normal gene and its pseudogene, here we report an occurrence of disease-associated
gene conversion between two functional genes. Chronic pancreatitis in childhood is frequently
associated with mutations of the cationic trypsinogen gene (serine protease 1; PRSS1). We have
analyzed PRSS1 in 1106 patients with chronic pancreatitis, and identified a novel conversion event
affecting exon 2 and the subsequent intron. The recombination replaced at least 289 nucleotides with
the paralogous sequence from the anionic trypsinogen gene (serine protease 2; PRSS2), and resulted
in the PRSS1 mutations ¢.86A>T and ¢.161A>G, causing the amino acid substitutions N29I and
N54S, respectively. Analysis of the recombinant N291-N54S double mutant cationic trypsinogen
revealed increased autocatalytic activation, which was solely due to the N291 mutation. In conclusion,
we have demonstrated that gene conversion between two functional paralogous trypsinogen genes
can occur and cause genetically determined chronic pancreatitis.
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INTRODUCTION

The term “gene conversion” describes a non-reciprocal exchange of genetic information
between homologous DNA sequences. The donor gene(s) remain unmodified while an acceptor
gene acquires the DNA sequence from the first gene within the recombined segment (Flajnik,
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2002). Gene conversion events are essential for the evolution of gene families and have been
implicated in a growing number of genetic diseases which include congenital adrenal
hyperplasia (OMIM #201910), Gaucher disease (OMIM #230800), von Willebrand disease
(OMIM #193400), polycystic kidney disease (OMIM #601313) and Shwachman-Diamond
syndrome (OMIM #260400). In the majority of cases, the donor gene is a duplicated
pseudogene, which accumulated mutations over time and recombination of the mutated
sequences with the normal gene results in the pathogenic genotype.

Mutations of the PRSS1 gene (protease, serine, 1; OMIM #276000) encoding human cationic
trypsinogen are associated with chronic pancreatitis. The R122H and N291 mutations are
frequently found in hereditary pancreatitis (OMIM #167800) families, whereas other mutations
associated with sporadic chronic pancreatitis cases are rare but diverse (Whitcomb et al.,
1996; Gorry et al., 1997; Witt et al., 1999; Teich, 2001). Trypsinogen genes are tandemly
repeated within the T-cell-receptor beta (TCR-beta) locus (Rowen et al., 1996). This is a hot
spot for gene conversion events to generate a broad variety of TCR-beta genes (Flajnik,
2002). Therefore, conversion mutations within the interpolated trypsinogen gene family are
very likely. This mechanism, which was first suggested for the N291 mutation (Chen and Férec,
2000b), is evident in case of the R122H mutation associated with the ¢.365 366 GC>AT di-
nucleotide substitution, but remains speculative for the single-nucleotide substitutions causing
mutations R122H (c.365G>A), N29I (c.86A>T) and A16V (c.47C>T) (Chen and Férec,
2000a; Chenetal., 2000). In this report, we prove this concept by describing the clinical, genetic
and biochemical properties of a large gene conversion event between the anionic trypsinogen
gene (PRSS2, donor gene) and the cationic trypsinogen gene (PRSS1, acceptor gene), which
resulted in a novel mutant cationic trypsinogen protein and chronic pancreatitis.

METHODS AND MATERIALS

Case report

We report on a girl who presented at 6 years of age with chronic abdominal pain. Initially, a
pancreatic pseudocyst was diagnosed. The cyst was drained operatively by retrocolic
cystojejunostomy. Extensive anamnestic and metabolic work-up for drugs, trauma,
parathormone, serum triglycerides, pilocarpine iontophoresis as well as detailed viral serology
did not reveal any abnormality. The patient has no relatives with chronic pancreatitis or
pancreatic cancer. Within two years of presentation, the patient had two severe episodes of
acute pancreatitis. Endoscopic retrograde pancreaticography at 8 years of age demonstrated an
irregular pancreatic duct, which led into another large pseudocyst in the pancreatic tail. The
pancreatic tail was resected. At 11 years of age pancreaticolithiasis and portal vein thrombosis
were diagnosed. The latter caused splenomegaly and mild thrombocytopenia. At present, the
16 year-old patient is well with pancreatic enzyme supplementation. She complains of
occasional abdominal pain, but has not required hospitalisation during the last years. Glucose
tolerance is not impaired. So far, the clinical course of chronic pancreatitis in the index patient
was severe, but self-limiting. Her German mother is well, whereas her father is said to be Italian,
but remains unknown.

Genotyping of the cationic trypsinogen gene

Local ethics committee approval and informed consent of the patient and her mother was
obtained before analysis. Leukocyte DNA was extracted from anti-coagulated blood. The
coding sequences of PRSS1 (RefSeq: NM_002769.2) and PRSS2 (protease, serine 2, OMIM
#601564; RefSeq NM_002770.2) were amplified and subsequently sequenced as described
previously (Teich et al., 2002). The N34S mutation of the SPINK1 gene (serine protease
inhibitor, Kazal type 1, OMIM #167790), which is frequently associated with sporadic chronic
pancreatitis, has been investigated as described recently (Witt et al., 2000; Teich et al., 2002).

Hum Mutat. Author manuscript; available in PMC 2009 September 25.
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For PCR amplification of exon 2 of the PRSS1 gene, we have used reverse primers (PCR
primers B and D), which bind to both the PRSS1 and PRSS2 sequences, and completely
PRSS1-specific forward primers (PCR primers A and C), ensuring that only PRSS1 is amplified
(Table 1, Fig 2; Supplementary Fig S1). Primer pair A—B was used for routine amplifications,
whereas primer pair C-D was used to evaluate the 3’ border of the gene conversion. PCR
products were sequenced using sequencing primers I and I1, which can anneal to both PRSS1
and PRSS2 sequences (Table 1, Fig 2, Supplementary Fig S1). PCR and sequencing reactions
were carried out at 57° and 62°C annealing temperature, respectively.

Recombinant expression of trypsinogen mutants

RESULTS

Construction of the expression plasmid harboring the human cationic trypsinogen gene
(PRSS1) was described previously (Sahin-T6th, 2000; Sahin-T6th and Téth, 2000). Mutations
N29I and N54S were introduced into the cationic trypsinogen gene by oligonucleotide-directed
site-specific mutagenesis using the overlap-extension two-step PCR mutagenesis method.
Small scale expression, in vitro refolding and affinity-purification of human trypsinogens was
carried out as reported previously (Sahin-Téth, 2000; Sahin-T6th and Téth, 2000; Kukor et al.,
2003). Properties of wild-type and mutant trypsinogens were compared in activation
experiments using the physiological activator enterokinase; or the potentially pathological
activators trypsin (autoactivation) and cathepsin B. Active trypsins were further characterized
with respect to catalytic activity, autocatalytic degradation (autolysis) and inhibition by the
physiological inhibitor SPINK1. For experimental details see (Kukor et al., 2003; Teich et al.,
2004).

In our index patient, direct DNA sequencing of exon 2 of the PRSS1 gene revealed that the
wild type sequence changes at nucleotide ¢.86 (based on cDNA sequence) to a mixed sequence,
which contains 22 heterozygous sequence differences (Supplementary Fig S1). This
phenomenon stops at nucleotide 175 after the end of exon 2 (IVS2+175). Subtraction of the
overlaid sequence from the PRSS1 (RefSeq NM_002769.2) sequence revealed the
corresponding PRSS2 (RefSeq NM_002770.2) gene sequence (Fig 1; GenBank accession
number AY605657). This indicates a conversion mutation affecting exon 2 and intron 2
between the PRSS2 gene (donor) and the PRSS1 gene (acceptor). Due to the high degree of
similarity between the two genes, the 5” and 3’ conversion break points could not be located
to two distinct nucleotides. The PRSS1 and PRSS2 sequences are identical between 1VS1-34
and ¢.85 (5° conversion border) and IVS2+175 and 1VS2+263 (3* conversion border),
respectively. The region between the conversion borders, which is the minimal converted
sequence, is 289 nucleotides in length. It exhibits 92 percent identity between the PRSS1 and
PRSS2 genes. Figure 2 shows a schematic alignment of the PRSS1 gene with the corresponding
PRSS2 sequence in the converted region.

The conversion results in six exonic and sixteen intronic nucleotide substitutions. Four of the
six exonic substitutions are “silent”, as they do not alter the PRSS1 amino acid sequence. At
nucleotide position 86, an A>T transversion substitutes asparagine by isoleucine (N291) and
at position 161, an A>G transition substitutes asparagine by serine (N54S). Thus, the amino
acid sequence of PRSS1 exon 2 is converted completely to the PRSS2 sequence. The remainder
of the PRSS1 gene is without further abnormalities, the PRSS2 gene is wild type. The presence
of the novel mutation has been excluded in 1105 further patients with chronic pancreatitis and
the mother of the index patient by direct DNA sequencing of exon 2 and flanking intronic
sequences. The SPINK1-N34S mutation was not present in the index patient and her mother.

Recombinant cationic trypsinogen double-mutant N291-N54S showed increased susceptibility
for spontaneous activation to trypsin (Figure 3). When compared to the common hereditary-
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pancreatitis associated N291 mutant, the degree of increased autoactivation was identical,
indicating that the N291 mutation is solely responsible for the phenotypic change in the N29I-
N54S double mutant. In agreement with this notion, the N54S mutation alone had no effect on
the autocatalytic activation of cationic trypsinogen (not shown). Activation of the double-
mutant N291-N54S by enterokinase or cathepsin B was normal. Catalytic parameters of wild-
type cationic trypsin (Keat 67 = 1.2 571 Kpy 26 £ 1.2 uM; Kear/ Ky 2.6*10% s72 M 1) and double-
mutant N291-N54S trypsin (Kear 64.5 = 1.7 571; Ky 21.3 1.5 uM; Keat/ Ky 3.0¥10% s M)
were essentially identical, as determined on the N-CBZ-Gly-Pro-Arg-pNA chromogenic
peptide substrate. Similarly, inhibition by SPINK1 and autocatalytic degradation of the active
N291-N54S trypsin were indistinguishable from wild type cationic trypsin (not shown).

DISCUSSION

We report a unique gene-conversion mutation, which effectively leads to the complete
replacement of exon 2 of the PRSS1 gene (acceptor gene) by the corresponding PRSS2 sequence
(donor gene). This observation proves that gene conversion is a relevant mechanism for the
development of pancreatitis-associated trypsinogen mutations (Chen and Férec, 20004, b). The
generally accepted minimum homology requirement for a conversion mutation to occur is
about 200 nt homologous sequence both at the start and at the end of the converted gene
fragment. The conversion rate is directly proportional to the extent of homology and even a
single-nucleotide difference between the donor and acceptor sequences may reduce the
probability of a conversion significantly (Waldman and Liskay, 1988; Liskay et al., 1987). In
our case, the 5” and 3’ conversion borders count 79 and 89 nucleotides only, respectively. The
fact that recombination occurred despite the shortness of both of these homologous regions
may be explained by the “conversion-provoking” genetic environment within the T-cell-
receptor beta gene complex (Chen and Férec, 2003).

At the protein level, the gene-conversion event introduces two mutations into cationic
trypsinogen. One of these, N29I, is also frequently found in hereditary pancreatitis, and
previous biochemical analysis indicated that the mutation causes increased autocatalytic
activation of cationic trypsinogen (Sahin-T6th, 2000; Sahin-T6th and T6th, 2000; Szilagyi et
al., 2001). Similarly, a higher propensity for autoactivation was observed with a number of
other pancreatitis-associated mutants (N29T, R122H, D19A, D22G, K23R), indicating that
autoactivation represents a risk factor for premature, intra-pancreatic trypsin-generation, which
is believed to be the triggering event of hereditary pancreatitis (Sahin-T6th, 2000; Sahin-T6th
and Téth, 2000; Teich et al., 2000; Chen et al., 2003). Biochemical characterization of the
N291-N54S double mutant revealed no difference from the previously investigated N29I
mutant, indicating that the N54S mutation has no additional deleterious effect.

During the last years, the impact of gene conversion has been established in many human
diseases (see introduction). In most of these, the disease associated mutations in the functional
genes have been copied from their highly homologous pseudogenes (Collier et al., 1993;
Eikenboom et al, 1994, Watnick etal., 1998). A recent and relevant example is the Shwachman-
Diamond syndrome, an autosomal recessive syndrome which includes exocrine pancreatic
insufficiency. This condition is associated with a germline conversion in the Shwachman-
Bodian-Diamond Syndrome gene with faulty sequences from the similar, but non-functional,
pseudogene (Boocock et al., 2003). In contrast, the donor gene of the conversion mutation
reported here is the anionic trypsinogen gene, a functionally important gene of the exocrine
pancreas. Thus, our results highlight a unique example of how gene conversions between two
normal genes can result in a novel, disease-associated allele.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

PRSS1
protease, serine, 1, cationic trypsinogen
PRSS2
protease, serine, 2, anionic trypsinogen
SPINK1
serine protease inhibitor, Kazal type 1
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Figure 1.

Schematic representation of the conversion mutation within the human trypsinogen gene family
at the TCR-beta locus on chromosome 7g35. Each gene represents a tandem 10-kb repeat

(Rowen et al., 1996). A region comprising parts of exon 2 and intron 2 of the PRSS1 acceptor
gene is converted by the PRSS2 donor gene. The PRSS2 gene remains unaltered (adapted from

Chen et al., 2001).
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sequencing primer I
tgatcaccaggggtggcagagctccctcecccttgectagectcactgtgettgttaaggatttctaattagcagaaagcaa

Frrrerrrerrr et eerrer rreerrrerrerrrrerrr o rrrerrre et e e e e rr rrrnd
tgatcaccagggctggcagecgectcceccececcttgectagectcactgagettgttaaggttttctaattagecaggaagecag

tcacaggctgggagcgccacccctaacatgctattgacttgecttectecectteccatecteccactccagTTGCTGCCCCCT

Crrrrerrerrererrrerrrrerrererrert rerrrrrer et e e ettt et e
ccacaggctgggagcgccacccectaacatgctactgacttgecttctececctteccatecteccactccagTTGCTGCCCCCT

sequencing primer II

TTGATGATGATGACAAGATCGTTGGGGGCTACAACTGTGAGGAGAATTCTGTCCCCTACCAGGTGTCCCTGAATTCTGGC

R R R R R R R AR R R RN
TTGATGATGATGACAAGATCGTTGGGGGCTACHTCTGTGAGGAGAATTCTGTCCCCTACCAGGTGTCCTTGAATTCTGGC

TACCACTTCTGTGGTGGCTCCCTCATCAACGAACAGTGGGTGGTATCAGCAGGCCACTGCTACAAGTCgtaagtgtgggy

CErrrererer et rerrrrrrrrr et e e e e e e e e e e
TACCACTTCTGCGGTGGCTCCCTCATCAGCGAACAGTGGGTGGTGTCAGCAGGTCACTGCTACAAGTCgtaagtgtgggg

Ccceccgactgcaaagcectcceccggceccagtcectgectgggagagettggettcagecccagggaactactgaggttgggtaagat

R R R R R R
cccctgactgcaaaactcccageccaggctgectgggagagecttggattcageccagggaagtactgaggttgggtaggac

ggatgggagaggtggtggagaagaaaacttgttggcagctgcggactctccagagcagagagtgaacacaagacaggaac
R e N R
ggacgagagagatggtggaaaagaaaacttgttggcagcagctgactctccagagcagagagtgaacacaagacaggaag

ctlctcacacccaggcaaatccatgaaacagcaagggttgtggtcataaaagcaggcagggatgatcttggggtggtgaga

AP rrr et r e e e e e e e e e e e e e e e e e e e e
cclctcacacccaggcaaatccatgaaacagcaagggttgtggtcataaaagcaggcagggatgatcttggggtggtgaga

gctagtgagaaaagcaggcaagtatcttttgctggttagctacacattaaagccaactaagaaagactttttaaaaatac

FEEEEEEEEEr treerrr reer rrrrrrrrrrrrrrrrerrrrrrrerrrrr eerrr et rrrrr e
gctagtgagaagagcaggctagta|cttttgctggttagctacacattaaagccacctaagaatgagtacttaaaaatac

agatgcctttgtcctatcccagggcaattaagtcaaaattttcaggaagagggtgtgaatatcagtgagaattttacact

A R R R R R R N R
tgatccctgtgttctatcccagggcaattaactcaaaattatcaggaagagggtgtgaatatcagtgagtatttcacact

PCR primer B reverse PCR primer D reverse
ctacctctgctaactgtagagtgtatagacagagctgagaactgctgcctacaccaagaactctcaaacctgagtatgca

CErrrrrrr rrrrrrrerererrrrrrrrerrrrrrererrrrrr e e e e e e
ctacctctggtaactgtagagtgtatagacagagctgagaactgctgcectacaccaagaactcttaaacctgagtatgcea

tcagaac

RN

tcagaac

Figure 2.

Alignment of the PRSS1 gene between ¢.41-148 (1VVS1-148) and ¢.200+499 (IVS2+499) with
the corresponding PRSS2 sequence. Exon 2 is shown in capital letters. Positions of the forward
sequencing primers and reverse PCR primers B and D are underlined. Forward PCR primers
A and C are not shown, as these anneal upstream of the sequence region displayed here. The
maximal converted region is highlighted in gray; the minimal converted region is framed.
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Figure 3.

Autocatalytic activation of wild type (PRSS1), single-mutant (N291) and double-mutant (N291-
N54S) cationic trypsinogen. 2 uM trypsinogen (final concentration, in a final volume of 100
uL) was incubated at 37 °C, in 0.1 M Tris-HCI (pH 8.0, upper panel) or 0.1 M Na-acetate buffer
(pH 5.0, lower panel), in the presence of 2 mg/mL bovine serum albumin. Aliquots of 2 uL
were withdrawn from reaction mixtures at indicated times and trypsin activity was determined
with 0.14 mM N-CBZ-Gly-Pro-Arg-p-nitroanilide (final concentration). Activity was
expressed as percentage of the potential total activity, which was determined on similar
zymogen samples activated with bovine enterokinase at 22 °C in 0.1 M Tris-HCI (pH 8.0), 2
mg/mL bovine serum albumin and 1 mM CacCl,.
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