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Summary

Prolidase (E.C.3.4.13.9) cleaves iminodipeptides. Proli-
dase deficiency (PD; McKusick 170100) is an autosomal
recessive disorder with highly variable penetrance. We
have identified two novel alleles in the prolidase gene
(PEPD) by direct sequencing of PCR-amplified cDNA
from a PD individual asymptomatic at age 11 years: a
551G-+A transition in exon 8 (R184Q) and a 833G--A
transition in exon 12 (G278D). To assess the biochemi-
cal phenotypes of these and two previously identified
PEPD mutations (G448R and delE452), we have de-
signed a transient-expression system for prolidase in
COS-1 cells. The enzyme was expressed as a fusion pro-
tein carrying an N-terminal tag, the HA1 epitope of
influenza hemagglutinin, allowing its immunological
discrimination from the endogenous enzyme with a
monoclonal antibody. Expression of the R184Q muta-
tion produced 7.4% of control enzymatic activity
whereas the expression of the G278D, G448R, and
delE452 mutations produced inactive enzymes. Western
analysis of the R184Q, G278D, and G448R prolidases
revealed stable immunoreactive material whereas the
delE452 prolidase was not detectable. Pulse-chase meta-
bolic labeling of cells followed by immunoprecipitation
revealed that the delE452 mutant protein was synthe-
sized but had an increased rate of degradation.

Introduction

Prolidase is an enzyme that hydrolyzes dipeptides with
carboxy-terminal proline or hydroxyproline. It is a ho-
modimeric, cytosolic, ubiquitous enzyme with a specific
requirement for manganese (Davis and Smith 1957; Sjos-
trom et al. 1973). Prolidase plays a major role in the
recycling of proline formed during the final stages of
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degradation of collagen and dietary proteins (Jackson
et al. 1975; Powell and Maniscalco 1976). Prolidase
deficiency (PD) is a rare autosomal recessive disorder
with highly variable expressivity. The phenotype most
frequently involves chronic skin ulcers, mental retarda-
tion, and recurrent infections. The age at onset of the
disease varies, from birth to 22 years of age, and some
cases are asymptomatic (Phang et al. 1995). The proli-
dase gene (PEPD), contains 15 exons spanning >130 kb
of DNA (Tanoue et al. 1990) and is located on chromo-
some 19pl3.2, and the 2.2-kb mRNA encodes a poly-
peptide of 493 amino acids (Endo et al. 1989). Elucida-
tion of the cDNA sequence has allowed the search for
mutations in PD individuals. Elsewhere we have de-
scribed four mutant PEPD alleles associated with the
disease (Ledoux et al. 1994), and two novel alleles are
reported here. We have developed a novel expression
system to study mutant PEPD alleles by using COS-1
cells and have determined that four of these mutations
are responsible for the enzyme deficiency. Furthermore,
we have determined which of two mutant alleles in an
asymptomatic compound heterozygote is benign.

Material and Methods

Cell Strains
Cultured fibroblasts and COS-1 cells were grown in

Eagle's minimal essential medium (BRL) supplemented
with 10% FCS and Dulbecco's minimal essential me-
dium (BRL) containing 10% FBS, respectively. Biochem-
ical, phenotypic, and genotypic data on the cell lines
described in this study have been reported elsewhere
(Jackson et al. 1975; Gray et al. 1983; Boright et al.
1989; Ledoux et al. 1994). Mutation analysis was per-
formed on strain WG1077 from the Repository of Mu-
tant Cell Strains, Montreal Children's Hospital.

Reverse Transcription-PCR Amplification and Direct
Sequencing
RNA was isolated and reverse transcribed, and the

entire coding region of the prolidase cDNA was ampli-
fied as four overlapping fragments, as described else-
where (Ledoux et al. 1994). The PCR products were gel
purified and directly sequenced by use of the dsDNA
cycle sequencing system (BRL).
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Construction of the Expression Vector
Nucleotides 1-1591 of the prolidase cDNA were PCR

amplified with primers carrying 5' overhang sequences
containing restriction sites immediately adjacent to the
cDNA and were subcloned into plasmid BluescriptII
(Stratagene). The resulting plasmid was digested with
Xbal and BamHI, and the insert was subcloned into the
expression vector pSVL (Pharmacia) to create pFX3. A
cassette encoding a triple repeat of the HA1 epitope of
hemagglutinin of the influenza virus, carrying an ATG
start codon, was ligated into linearized pFX3. This vec-
tor had been digested with XbaI, to cut immediately
upstream of the start codon, and treated with mung-
bean nuclease, to remove the overhang. The resulting
plasmid pPROL contained the entire coding region of
prolidase and 109 bases of the 3' UTR, in frame with
a cassette encoding the triplicated HA1 epitope on the
5' side.
Mutagenesis
The transformer site-directed mutagenesis kit from

Clontech was used to create the mutant expression vec-
tors. The pFX3 vector served as the wild-type DNA
template. Mutagenic primers of 28-33 bp were used to
introduce the following mutations: 551G-+A (R184Q),
833G--A (G278D), 1342G-,A (G448R), and del-
GAG1354-1356 (delE452). Mutant expression vectors
were created by substituting short restriction fragments
from pPROL with the corresponding mutagenized frag-
ments. The nucleotide sequence and orientation of the
substituted fragments were confirmed by sequencing.
Each plasmid was purified by two rounds of CsCI/ethid-
ium bromide centrifugation.
Transient Expression of HA 1-Prolidase in COS- 1 Cells
COS-1 cells were harvested when they reached -60%

confluence. Approximately 107 cells were transfected
with 10 gg of either wild-type or mutant prolidase ex-
pression vector in 0.5 ml of medium. Two micrograms
of the plasmid pCMVPGal, which harbors the P-galac-
tosidase gene of Escherichia coli, was cotransfected to
standardize for transfection efficiency. A mock transfec-
tant was prepared by transfection with pSVL and
pCMVf-Gal. Electroporation was performed with a
BioRad GenePulser set at infinite capacitance, 280 V,
and 960 jF. Cells were harvested 64 h posttransfection.
Cells were resuspended in 0.25 M Tris pH 7.8, and
lysates were prepared by three rounds of freezing and
thawing. Protein concentration was measured by use of
the Folin-Ciocalteu reagent. f-Galactosidase activity
was assayed by use of a fluorogenic substrate (Sambrook
et al. 1989).
Prolidase Assay

Prolidase activity was measured as by Myara et al.
(1982). Transfected enzymatic activity was distin-

guished from endogenous COS activity by immunopre-
cipitation with a monoclonal antibody against influenza
hemagglutinin. Cell extracts containing 20,g of protein
were preincubated 16 h in preincubation buffer (50 mM
Tris pH 7.8 and 1 mM MnCl2) at 37°C, the standard
method of activation of prolidase. One microliter of raw
ascites fluid containing the monoclonal antibody 12CA5
(Babco) raised against the HA1 epitope was added, and
extracts incubated at 4°C for 1 h. Twenty-five microli-
ters of Staphylococcus aureus protein A centrifuged and
resuspended in the same volume of preincubation buffer
were added, and extracts were incubated at 4°C for 1
h. The mixture was centrifuged at 15,000 g for 20 s.
The pellet was washed twice with 50 mM Tris pH 7.8
and was resuspended in preincubation buffer. Prolidase
activity in resuspended pellets was assayed as above.
One unit of prolidase activity is defined as the amount of
enzyme that releases 1,mol of proline/h under standard
conditions.

Metabolic Labeling
Metabolic labeling of transfected COS-1 cells was per-

formed 64 h after transfection in 75-cm2 tissue-culture
flasks. Cells were starved for 1 h in methionine-free me-
dium and then were labeled for 3 h with 0.5 mCi Trans-
[35S]-L-methionine (>1,000 Ci/mmol; NEN). In some
cases, a 5-h chase was carried out by replacing the me-
dium with new medium supplemented with unlabeled
methionine. Immunoprecipitation of cell lysates with the
anti-HA1 antibody was performed according to the
method of Proia et al. (1984).

Western Analysis
Fifty micrograms of protein from transfected cell ly-

sates were separated by 12% SDS-PAGE and were trans-
ferred to nitrocellulose membranes (Hybond-C extra;
Amersham). Prolidase was detected by use of a 1:5,000
dilution of anti-HA1 (primary) antibody and the ECL
Western Blotting kit (Amersham), according to the man-
ufacturer's protocol.

Results

Identification of Mutations
Mutation analysis was performed on the cultured

skin-fibroblast cell line of an asymptomatic PD individ-
ual with iminodipeptiduria. Direct sequencing revealed
two nucleotide substitutions: a 551G-+A transition in
exon 8, resulting in an R184Q substitution (fig. 1), and
a 833G-+A transition in exon 12, resulting in a G278D
substitution (fig. 2). The presence, on sequencing gels,
of both the normal and the mutated base at positions
551 and 833 of the cDNA indicated that the proband
is a genetic compound for two mutant alleles on homol-
ogous chromosomes. No other alterations were found
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Figure 1 Nucleotide sequence analysis of normal and mutant
PCR-amplified cDNA. The patient is heterozygous for the 551G-A
allele (R184Q).

by sequencing the complete coding region. Direct se-
quencing of amplified parental cDNAs showed that the
551G-+A allele was paternal and that the 833G-+A allele
was maternal (data not shown).

Prolidase Expression in COS- 1 Cells
The effect that the R184Q, and G278D, and G448R

substitutions and the E452 deletion had on prolidase
was measured by expression analysis in COS-1 cells.
After transfection of COS-1 cells with the HA1-proli-
dase fusion gene, prolidase activity in the cell lysates
was 18.7 and 53.7 units/mg for mock and wild-type
transfectants, respectively. The difference between the
two activities, corresponding to the activity of the en-
zyme expressed from the transfected wild-type cDNA,
was twofold greater than the endogenous activity. After
immunoprecipitation with anti-HA1 antibody, 88% of
the human prolidase activity expressed in wild-type
transfectants (30.8 units/mg) was recovered in the im-
munoprecipitates (fig. 3). Immunoprecipitable activity
in mock transfected cells was <0.48 units/mg. Recovery
of human prolidase activity was not improved by eluting
the enzyme from the immunoprecipitates with the HA1
peptide.
The R184Q mutant enzyme had 7.4% of wild-type

activity (2.3 units/mg) (fig. 3). No enzyme activity was
detected in cells transfected with the G278D, G448R,
and the delE452 mutant cDNAs (fig. 3). Cotransfection
with a reporter gene produced P-galactosidase activities
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Figure 3 Expression of wild-type and mutant PEPD alleles in
COS-1 cells. Prolidase activity was measured on resuspended pellets
after immunoprecipitation with anti-HA1 antibody.

in the wild-type and mutant transfectants that were
93%-100% of that found in the mock transfect. Be-
cause of the narrow variation, prolidase-activity values
were not adjusted.
We investigated expression of normal and mutant

cDNAs in transfected cell extracts by western analysis
using anti-HA1 antibody (fig. 4). A normal amount of
immunoreactive protein, of the expected size (60 kD),
was detected in COS-1 cells transfected with wild-type
or mutant cDNAs for R184Q, G278D, and G448R al-
leles. Cells transfected with cDNA carrying the delE452
mutation produced undetectable or barely detectable
amounts of immunoreactive protein. Pulse-chase studies
suggested that the delE452 protein was synthesized but
unstable. The level of mutant protein after a 5-h chase
was drastically reduced. The level of wild-type protein
remained unchanged during the 5-h chase (fig. 5).

Discussion

Neonatal screening for PD has identified asymptom-
atic individuals with the metabolic features of the disor-
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Figure 2 Nucleotide sequence analysis of normal and mutant
PCR-amplified cDNA. The patient is heterozygous for the 833G-'A
allele (G278D).

Figure 4 Western blot analysis of COS-1 cells expressing the
60-kD HAl-prolidase fusion polypeptide. An antibody directed
against the HA1 epitope was used. Fifty micrograms of protein from
extracts of mock-transfected cells (lane 1) and from cells transfected
with vectors harboring the wild-type cDNA (lane 2), the R184Q allele
(lane 3), the G278D allele (lane 4), the G448R allele (lane 5), and the
delE452 allele (lane 6) were loaded onto a 12% polyacrylamide gel.
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Figure 5 SDS-PAGE of immunoprecipitated HAl-prolidase
from labeled COS-1 cells transfected with normal and delE452 PEPD
cDNAs. Cells were labeled for 3 h and then were chased for either 0
or 5 h. Cells were then lysed, and the expressed HAl-prolidase fusion
polypeptide was immunoprecipitated with an anti-HA1 antibody.

der (Lemieux et al. 1984; Naughten et al. 1984). Since
prolidase-deficient sibs with different ages at onset have
been reported (Umemura 1978; Isemura et al. 1979), it
is not certain how long these individuals will remain
symptom free. Accordingly, we have developed a system
to express human PEPD alleles in COS cells, in order
to assess the contribution of PEPD mutations to the
occurrence of the clinical disorder.
The principal difficulty in expressing mutant human

genes encoding "housekeeping" functions is that the
host cell expresses the same enzymes, thereby preventing
accurate estimation of low levels of residual enzymatic
activity that are associated with the expression of mu-
tant human genes. Therefore, we constructed an expres-
sion vector encoding a chimeric protein that incorpo-
rated the influenza hemagglutinin epitope at the N-
terminus of the human prolidase polypeptide. The
choice of epitope was dictated by the commercial avail-
ability of a highly specific monoclonal antibody directed
against influenza hemagglutinin.
Human prolidase expressed from the pSVL vector

produced enzymatic activity threefold greater than that
in mock-transfected COS cells. Western analysis of wild-
type transfectants, using anti human prolidase as pri-
mary antibody, detected both endogenous (COS en-
zyme) and chimeric (expressed) prolidase, producing
band intensities that were proportional to enzymatic ac-
tivity (data not shown), indicating that the N-terminal
epitope does not interfere with the catalytic function of
the enzyme. Recovery of human enzyme after anti-HA
antibody immunoprecipitation was virtually complete.
Addition of a cassette encoding the HA1 epitope to any
gene thus may be a general method for heterologous
gene expression where the protein product is not re-
quired to cross the internal membrane systems of the
cell.
The asymptomatic proband previously had been

shown to have 8.2% of normal prolidase activity in
cultured fibroblasts (Boright et al 1989). A severely af-
fected patient carrying PEPD null alleles (WG1298) also
showed a similar level of residual fibroblast prolidase
activity, indicating that low levels of fibroblast prolidase

do not reliably predict clinical outcome. In our studies,
one of the alleles found in the asymptomatic proband,
R184Q, confers 7.4% residual activity, in contrast to
the two alleles G448R and delE452, both known to
cause the severe form of the disorder, and the G278D
mutation, which are associated with undetectable en-
zyme activity in COS transfectants. The more precise
genotype-phenotype correlation, obtained by measure-
ment of immunoprecipitated human prolidase expressed
in COS cells, is likely to be related to the presence, in
human fibroblasts, of variable amounts of prolidase II
(Butterworth and Priestman 1985), an unrelated imi-
dodipeptidase that does not appear to modify the clinical
phenotype.
The putative active site of prolidase is formed by six

core 5-strands (Bazan et al. 1994; Mock and Liu 1995).
Five highly conserved residues within these n-motifs
bind active-site metal ions. The G278D and G448R mu-
tations occur within these P-motifs, and both introduce
charged side chains in close proximity to-and on the
same surface as-the negatively charged metal-binding
residues D276 and E452. These substitutions do not
affect the stability of the catalytically inactive enzyme.
We speculate that steric and/or electronic hindrance af-
fecting the function of the metal-binding residues might
explain the prolidase-activity loss associated with these
mutations. The delE452 mutation removes one of the
metal-coordinating residues; however, it is likely that
the destabilizing effect of this mutation is due to the
reversal of polarity in the distribution of residues within
the 5-motif proximal to the mutation.
The mutation R184Q occurs in a nonconserved re-

gion of the protein, distal from the active site. Therefore,
it is not surprising that the enzyme remains partially
active. These studies provide further evidence for the
validity of the current structural model of prolidase.
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