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Prolyl endopeptidases have potential for treating coeliac sprue,
a disease of the intestine caused by proteolytically resistant
peptides from proline-rich prolamins of wheat, barley and rye.
We compared the properties of three similar bacterial prolyl en-
dopeptidases, including the known enzymes from Flavobacterium
meningosepticum (FM) and Sphingomonas capsulate (SC) and a
novel enzyme from Myxococcus xanthus (MX). These enzymes
were interrogated with reference chromogenic substrates, as well
as two related gluten peptides (PQPQLPYPQPQLP and LQL-
QPFPQPQLPYPQPQLPYPQPQLPYPQPQPF), believed to play
a key role in coeliac sprue pathogenesis. In vitro and in vivo studies
were conducted to evaluate the activity, specificity and acid/
protease stability of the enzymes. All peptidases were relatively
resistant to acid, pancreatic proteases and membrane peptidases of
the small intestinal mucosa. Although their activities against ref-
erence substrates were similar, the enzymes exhibited substantial
differences with respect to chain length and subsite specificity. SC

hydrolysed PQPQLPYPQPQLP well, but had negligible activity
against LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF. In
contrast, the FM and MX peptidases cleaved both substrates,
although the FM enzyme acted more rapidly on LQLQPFPQP-
QLPYPQPQLPYPQPQLPYPQPQPF than MX. Whereas the FM
enzyme showed a preference for Pro–Gln bonds, SC cleaved both
Pro–Gln and Pro–Tyr bonds with comparable efficiency, and MX
had a modest preference for Pro–(Tyr/Phe) sites over Pro–Gln
sites. While a more comprehensive understanding of sequence
and chain-length specificity may be needed to assess the relative
utility of alternative prolyl endopeptidases for treating coeliac
sprue, our present work has illustrated the diverse nature of this
class of enzymes from the standpoint of proteolysing complex
substrates such as gluten.

Key words: coeliac sprue, chain-length specificity, gliadin pep-
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INTRODUCTION

Prolyl endopeptidases, or prolyl oligopeptidases, are a family of
serine proteases with the unique ability to hydrolyse the peptide
bond on the carboxyl side of a proline residue. These proline-
specific enzymes are widely distributed in bacteria, fungi, animals
and plants [1–5]. The isolation, cloning and heterologous ex-
pression of several prolyl endopeptidases have been reported,
including those from Flavobacterium meningosepticum [3,5],
Sphingomonas capsulate [1], Aeromonas hydrophila [6], porcine
brain [2] and human T-lymphocytes [7]. These proteolytic
enzymes are not only important in physiological processes, but
also have considerable potential in biochemical and clinical
applications [8]. Since most serine endoproteases are unable to
hydrolyse proline residues, proline specific proteases may be
therapeutic keys in digestive diseases. In the case of small in-
testinal disease, coeliac sprue, proline-rich gluten peptides from
wheat, rye and barley are relatively resistant to gastrointestinal
digestion, and therefore remain in the intestinal lumen to elicit im-
munopathology in genetically susceptible individuals [9]. Prolyl
endopeptidase-catalysed endoproteolytic cleavage of these harm-
ful peptides has been proposed to accelerate their clearance
[10,11]. A key prerequisite of this therapeutically attractive con-
cept is to obtain a fundamental understanding of the physical and
chemical properties of this family of enzymes.

Crystal structures of the porcine prolyl endopeptidase and its
mutated derivatives have revealed a unique two-domain architec-
ture of the enzyme, comprising a catalytic domain and a propeller

domain [12–15]. It has been suggested that the activity of prolyl
endopeptidase is restricted to oligopeptides comprising no more
than 30 amino acid residues [14], possibly by a gating filter
mechanism [12]. However, most kinetic studies on prolyl endo-
peptidases have utilized short synthetic substrates, typically con-
sisting of 2–4 residues [1,5,7,16]. A few studies have used longer
peptide substrates, although these too have fewer than 10 residues
[15]. Since many immunogenic peptides in gluten are longer
than 10 residues, including a recently identified 33-amino-acid
peptide [11], it is of interest to understand the activity of prolyl
endopeptidases against substrates with various lengths.

To gain further insight into the similarities and differences
between naturally occurring prolyl endopeptidases, we have sys-
tematically compared the properties of three similar enzymes from
different bacterial sources. Our studies have utilized two known
recombinant enzymes from Flavobacterium meningosepticum
(FM) and Sphingomonas capsulata (SC), and a novel one from
Myxococcus xanthus (MX) that we have expressed for the first
time as a heterologous recombinant protein. Previous reports on
the FM and SC prolyl endopeptidases had focused mainly on the
cloning, sequencing and limited active site probing of the FM en-
zyme [17]. In the present study, the enzymic activities of these
enzymes were quantitatively analysed using model substrates, as
well as key gluten-derived peptides with important physiological
relevance to coeliac sprue pathogenesis, PQPQLPYPQPQLP and
LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF (33-mer). The
peptide PQPQLPYPQPQLP contains an epitope found in α-
gliadins that has been shown to play an immunodominant role,
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causing T-cell response to gluten in many coeliac sprue patients
[11,18–21]. It cannot be cleaved by gastric or pancreatic pro-
teases and is highly resistant to digestion by intestinal BBM (brush
border membrane) peptidases, with only dipeptidyl carboxy-
peptidase I able to act upon it at a very limited rate [10]. Thus
the efficiency of intestinal metabolism of this peptide can be ex-
pected to improve in the presence of an exogenous prolyl endo-
peptidase. The 33-mer peptide was selected as an essential probe
for the present studies, because it is an unusually stable physio-
logically derived product of gastric and pancreatic digestion of
α-gliadin, and strongly stimulates proliferation of T-cells from
virtually all coeliac sprue patients tested to date [11]. The endo-
proteolytic breakdown of this 33-mer peptide represents an
especially challenging goal for an exogenous prolyl endopep-
tidase in the detoxification of gluten in coeliac patients. We have
probed the influence of substrate chain length, pH, pancreatic
proteases and intestinal BBM peptidases on the activity of each
enzyme. Both in vivo and ex vivo experiments were performed as
part of these studies.

EXPERIMENTAL

Cloning of prolyl endopeptidase genes

Genes were amplified from the genomic DNA from the corres-
ponding bacterial strains (F. meningosepticum: A.T.C.C. 13253;
S. capsulata: A.T.C.C. 14666; M. xanthus: A.T.C.C. 25232). The
sequence of the putative MX prolyl endopeptidase is available
from the NCBI database (accession number AAD31004). Oligo-
nucleotides used for PCR amplification included (with the
restriction site underlined): (1) FM first half: 5′-AAC CAA
TCA TAT GAA GTA CAA CAA ACT TTC TGT G (NdeI),
5′-GAT AAA AAC GGA AAG CTT GTA AGG GC (HindIII);
FM second half: 5′-GCC CTT ACA AGC TTT CCG TTT TTA
TC (HindIII) and 5′-CCC TTA ATT TTC AAA TTT TAG
CTC GAG TTT ATG ATT TAT A (SacI); (2) SC first half: 5′-AGG
ATA TCC ATA TGA AGA ACC GCT TGT GG (NdeI), 5′-GAC
AAC CTC GAA TCC GTC GGC ATT G (HinfI); SC second
half: 5′-CAA TGC CGA CGG ATT CGA GGT TGT C (HinfI),
5′-CGC GGG GAC CTC GAG TAG AAA CTG (SacI); (3) MX:
5′-CT CCC CAT ATG TCC TAC CCG GCG ACC (NdeI) and
5′-GTG GCG GCG CAG GGC CGC AAG CTT CCC AAG CG
(HindIII). The amplified genes were cloned into a pET28b plasmid
(Novagen).

Expression and purification of prolyl endopeptidases

Expression plasmids were introduced via transformation into
Escherichia coli BL21(DE3) cells. Transformants were grown at
37 ◦C, and induced in the presence of 100 µM IPTG (isopropyl
β-D-thiogalactoside) at 22 ◦C overnight. Low temperature in-
duction was found to improve the yield of active enzyme.

All purification steps were performed at 4 ◦C unless noted
otherwise. Since FM and SC enzymes naturally possess a signal
sequence, they are secreted into the periplasmic space of E. coli.
A modified osmotic shock protocol (EMD Biosciences, San
Diego, CA, U.S.A.) was therefore used to obtain an enriched
protein lysate containing either protein. Cell pellets (4 litres of
culture) were resuspended in 30 ml of 30 mM Tris/HCl, pH 8,
20 % sucrose and 1 mM EDTA, and stirred slowly at room tem-
perature (25 ◦C) for 10 min. The suspension was centrifuged at
10 000 g for 15 min, and the cell pellet was resuspended in ice-
cold distilled water and stirred slowly on ice for 10 min. The
shocked cells were then centrifuged again at 40 000–50 000 g
for 30 min. The supernatant containing the periplasmic proteins
was treated for 1–2 h with 1 M NaCl solution (to a final concen-

tration of 300 mM NaCl), 1 M imidazole solution (to a final con-
centration 5 mM imidazole) and 1 ml of Ni-NTA (Ni2+-nitrilo-
triacetate) resin (Qiagen). The crude protein was then loaded on
to a column containing additional 1 ml of Ni-NTA resin. After
thorough wash steps using the wash buffer (50 mM phosphate
buffer/300 mM NaCl, pH 7.0) with 0–10 mM imidazole, the pro-
tein was eluted with 150 mM imidazole, 50 mM phosphate and
300 mM NaCl, pH 8. The FM peptidase was further purified on
a FPLC system (Amersham Pharmacia, Piscataway, NJ, U.S.A.)
through a HiTrap-SP cation exchange column. Prior to application
on the HiTrap-SP column, the protein was exchanged into 20 mM
phosphate buffer (pH 7). Following injection, prolyl endopepti-
dase was eluted with a salt gradient from 20 mM phosphate, pH 7
(buffer A) to 20 mM phosphate/500 mM NaCl, pH 7 (buffer B)
at a flow rate of 1 ml/min. MX prolyl endopeptidase, a cytosolic
protein, was initially purified from a whole-cell lysate via Ni-NTA
affinity chromatography (as above). The protein was further puri-
fied on a Superdex 200 gel filtration column (Amersham) with an
isocratic gradient of 20 mM Hepes/2 mM dithiothreitol, pH 7.0,
at 1 ml/min.

Activity assays

Post-proline cleavage activity was measured using Z-Gly-Pro-
pNA and Suc-Ala-Pro-pNa (Z-, benzyloxycarbonyl-; -pNA,
-p-nitroanilide; Suc-, succinyl-) (Bachem, Torrance, CA, U.S.A.).
Z-Gly-Pro-pNA was dissolved in a PBS/water/dioxane (8:1.2:0.8,
by vol.) assay mixture [22]. The concentration of Z-Gly-Pro-pNA
was varied from 100–600 µM. Although the substrate Z-Gly-Pro-
pNA was effective in detecting enzyme activity, its insolubility
at higher concentrations precluded kinetic measurements under
substrate-saturated conditions. In contrast, Suc-Ala-Pro-pNA
[16], had the advantage of high water solubility at all pH values
tested, and was therefore a preferred substrate for kinetic studies.

Hydrolysis of Suc-Ala-Pro-pNA by the FM, SC and MX pep-
tidases was monitored in a reaction mixture (300 µl) con-
sisting of 30 µl of 10 × PBS buffer, a final concentration of
0.01–0.02 µM enzyme, and Suc-Ala-Pro-pNA (5 mM stock) at
final concentrations between 100 µM to 4 mM. The release of the
pNa was spectrophotometrically detected at a wavelength of
410 nm. The initial velocity of the reaction was determined by the
increase in absorbance at 410 nm, which was used to calculate
KM and kcat according to the Michaelis–Menten relationship.

For measurement of the influence of pH on the enzyme activity,
a series of pH buffer solutions were prepared using 100 mM
sodium phosphate for pH values from 6.0 to 8.0. Reaction mix-
tures (300 µl) consisted of 30 µl of 10 × pH buffer, final concen-
tration of 0.01 µM enzyme, and Suc-Ala-Pro-pNA to final con-
centrations between 100 µM to 4 mM.

pH stability

The ability to retain enzyme activity after exposure to acidic en-
vironments was determined. Hydrochloric acid solutions (10 µl)
at pH values between 1.5 to 4.0 were mixed with 1 µl of en-
zyme for 10 – 20 min. The acidic mixtures were then neutralized
with 40 µl of 10 × PBS solution, 60 µl of 5 mM substrate to
a final volume of 300 µl. The recovered enzyme activity was
measured spectrophotometrically and compared with non-acid
treated controls under identical conditions.

Gastric and pancreatic protease stability

In a 96-well U-bottomed plate, 5 µl of 2 × reaction solution
(40 mM Na2HPO4, pH 6.5 for pancreatic enzymes or 20 mM HCl
for pepsin) was placed, and 1 µl of the degrading enzyme (either
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1 mg/ml pepsin or a cocktail of 1 mg/ml trypsin, 1 mg/ml chymo-
trypsin, 0.2 mg/ml elastase and 0.2 mg/ml carboxypeptidase A)
followed by 4 µl of prolyl endopeptidase (5–10 units/ml) were
added. The plate was incubated at 37 ◦C for various times (e.g. 0,
5, 10, 20 and 30 min), with 190 µl of substrate solution [2 µl of
Z-Gly-Pro-pNA (16.8 mg/ml in dioxane), 14 µl of dioxane, 24 µl
of water, 150 µl of 10 mM PBS buffer, pH 7.5] added to each
well. Absorption was measured at 410 nm for 1 to 2 min every
10 s to assay residual activity. Each buffer also contained 5 mg/ml
gluten. Untreated gluten was used for pepsin, whereas gluten
previously proteolysed with pepsin/0.01 M HCl, pH 2.0, (1:50,
w/w), for 2 h at 37 ◦C was used for all other enzymes. Wells
containing acid (pH 2.0) were neutralized by addition of 10 µl of
0.1 M NaOH before addition of the substrate. Enzyme activities
are expressed as a percentage of the maximum activity, typically
observed at the zero time point.

Substrate specificity

In addition to the reference substrates above, enzyme specificity
was also evaluated using two immunogenic peptides derived from
the sequence of α-gliadin proteins in gluten. Both peptides were
synthesized using solid-phase peptide synthesis. The peptide
PQPQLPYPQPQLP contains the immunodominant αII-epitope
[20], and is resistant to proteolysis by pepsin or any pancreatic
enzyme [9]. Prolyl endopeptidase specificity toward this substrate
was assessed in a competitive assay in which 100 µM PQPQ-
LPYPQPQLP and 100 µM Suc-Ala-Pro-pNA were mixed and
allowed to react with 0.02 µM enzyme at 25 ◦C. The initial
velocity of Suc-Ala-Pro-pNA cleavage was measured spectropho-
tometrically, whereas the initial velocity of PQPQLPYPQPQLP
hydrolysis was determined via HPLC. The apparent specificity,
kcat/KM, for the hydrolysis of PQPQLPYPQPQLP could be deter-
mined based on the known kcat/KM of the enzyme for Suc-Ala-
Pro-pNA and the observed reaction rates of the two substrates, as
follows:

(kcat/KM)A = (kcat/KM)B

[B]

[A]

vA

vB

where A is PQPQLPYPQPQLP and B is Suc-Ala-Pro-pNA.
In addition to PQPQLPYPQPQLP, the specificity of prolyl

endopeptidase for the more complex, but physiologically relev-
ant, peptide LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF
(33-mer [11]) was also assessed. Proteolysis reactions were per-
formed at 37 ◦C in PBS buffer with 5–100 µM peptide and
0.1 µM enzyme for time periods of 1 min–4 h. The decrease in
substrate concentration, as well as concomitant intermediate and
product build-up, were monitored with HPLC analysis. Reverse-
phase HPLC was performed on a system consisting of Beckman or
Rainin Dynamax SD-200, a Varian 340 UV detector set at 215 nm
and 280 nm. Solvent A was water with 0.1 % TFA (trifluoroacetic
acid) and solvent B was acetonitrile with 0.1 % TFA. The gradient
used was: 0–5 % B in 0–15 min, 5–30 % B in 15–30 min, 30–
100 % B in 30–35 min, 100 % B for 5 min; flow rate, 1 ml/min.
Separation was performed on a 4.6 mm × 150 mm reverse-phase
C-18 column (Vydac, Hesperia, CA, U.S.A.). Samples were cen-
trifuged for 10 min at 13 400 g, prior to injection of 10–100 µl
of the supernatant.

Both PQPQLPYPQPQLP and the 33-mer peptide have mul-
tiple post-proline endoproteolytic sites. Thus multiple peptides
accumulate during the course of the reaction, some of which
are secondary substrates in themselves. Electrospray ionization
trap MS/MS coupled with a UV HPLC (LCQ Classic/Surveyor;
Thermo-Finnigan) was used to identify the preferred cleavage
sites in PQPQLPYPQPQLP and the 33-mer.

For further evaluation of the proteolysis of the 33-mer and
PQPQLPYPQPQLP in the appropriate physiological environ-
ment, gluten (30 g/l) was suspended in 0.01 M HCl (pH 2.0) and
incubated in the presence of pepsin (600 mg/l) for 2 h at 37 ◦C.
The resulting solution was neutralized using 10 M NaOH and di-
luted to 10 g/l in a phosphate buffer (40 mM, pH 6.5). An aliquot
of this suspension (25 µl) was then supplemented with the 33-mer
(0.1 mg/ml), PQPQLPYPQPQLP (0.08 mM), trypsin (0.1 mg/
ml), chymotrypsin (0.1 mg/ml), elastase (0.02 mg/ml) and car-
boxypeptidase A (0.02 mg/ml). Prolyl endopeptidase (FM or MX;
1×, 500 m-unit/ml; 5×, 2.5 units/ml; 10×, 5 units/ml) and rat
intestinal surface BBMs [1×, 40 m-unit/ml; 2×, 80 m-unit/ml,
DPP IV (dipeptidyl peptidase IV) activity] were added to a total
volume of 150 µl. The mixture was incubated at 37 ◦C and 25 µl
aliquots were taken at 0, 5, 10, 30 and 60 min and immediately
heat deactivated. To examine the chain-length specificity of indi-
vidual prolyl endopeptidases, we performed competitive reactions
containing both gluten-derived peptides, subjected the reaction
mixture to reverse-phase HPLC, and monitored the disap-
pearance of each substrate as a function of time. The peak areas
of the 33-mer (32.5 min), PQPQLPYPQPQLP (27.5 min) were
integrated.

In vivo endopeptidase activity

An adult (female or male) rat was anesthetized and maintained at
36–37 ◦C during the entire surgical procedure. The peritoneal cav-
ity was opened, and a small incision was made at the beginning and
the end of a 15–20 cm jejunum segment. Polyethylene catheters
were inserted and secured at either end. The input catheter was
connected to a pump-driven syringe filled with the experimental
solution. The jejunum segment was perfused initially with PBS
buffer to remove any residual debris at a flow rate of 0.4 ml/min.
Purified peptide solutions (peptide concentration ranges from 25–
100 µM) were then perfused at 0.4 ml/min through the jejunum
segment with a 10–40 min residence time. In the case of a co-
perfusion, the input catheter was connected to two syringes, one
with a peptide solution and the other with the prolyl endopeptidase
solution (concentration ranges from 50–500 µ-unit/µl), which
were injected simultaneously. Fluid from the output catheter was
collected into small centrifuge tubes in solid CO2 for subsequent
analysis. The collected digestive products were analysed by HPLC
on a C18 column.

RESULTS

Prolyl endopeptidase protein expression

FM and SC enzymes have their own signal sequences, and were
therefore expressed as secreted soluble enzymes in the peri-
plasmic space of E. coli. A simple freeze–thaw lysis procedure led
to recovery of periplasmic protein without significant contamin-
ation by cytoplasmic proteins. In contrast, MX lacks a native
signal sequence, and was therefore expressed as a cytoplasmic
protein. Prolyl endopeptidase was purified from each lysate by
Ni-NTA affinity purification, followed by a second chromatogra-
phic step. The yields of active FM, SC and MX prolyl endopep-
tidases were 1 mg/l, 60 mg/l and 30 mg/l respectively. The purity
of the various enzymes was determined by SDS/PAGE to be
> 90 % (Supplementary Figure 1, http://www.BiochemJ.org/bj/
383/bj3830311add.htm).

Kinetic analysis with reference substrates

The activity of each prolyl endopeptidase was initially evaluated
using the standard chromogenic substrate Suc-Ala-Pro-pNA.
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Table 1 Kinetic parameters for Suc-Ala-Pro-pNA hydrolysis by FM, MX and
SC prolyl endopeptidases

For details, see Supplementary Figure 2 (http://www.BiochemJ.org/bj/383/bj3830311add.htm)
and the text.

Enzyme k cat (s−1) K M (mM) k cat/K M (mM−1/s−1)

FM 39 +− 6 1 +− 0.02 44 +− 7
MX 46 +− 5 0.4 +− 0.03 122 +− 23
SC 149 +− 5 2 +− 0.01 70 +− 2

Table 2 Effect of pH on the catalytic-centre activity (‘turnover number’)
(k cat) and specificity (k cat/K M) of FM, MX and SC prolyl endopeptidases

Phosphate buffer was used for all assays. n.d., not determined due to inability to saturate the
enzyme at substrate concentrations up to 1 mM. Units: k cat , s−1; k cat/K M, mM−1 · s−1.

pH . . . 6 7 8

Enzyme k cat k cat/K M k cat k cat/K M k cat k cat/K M

FM n.d. 17 +− 3 30 +− 2 30 +− 12 30 +− 2 34 +− 13
MX n.d. 49 +− 6 48 +− 6 97 +− 26 61 +− 4 63 +− 21
SC n.d. 45 +− 5 75 +− 9 55 +− 21 n.d. 24 +− 2

Release of the pNA was detected at A410, and kinetic data was
fitted to the Michaelis–Menten equation (Supplementary Figure 2,
http://www.BiochemJ.org/bj/383/bj3830311add.htm). Suc-Ala-
Pro-pNA was selected as a reference substrate instead of the
more commonly used Z-Gly-Pro-pNA due to the low solubility
of the latter substrate, which necessitated use of co-solvents. The
calculated kcat and KM values of FM, MX and SC prolyl endo-
peptidases for Suc-Ala-Pro-pNA are shown in Table 1. While
these enzymes all exhibited a level of activity comparable with
that of a serine protease, the MX enzyme had a higher specificity
than FM, whereas SC had an intermediate level of specificity. The
higher specificity of the MX peptidase could be attributed mainly
to its higher affinity for the substrate, as reflected in the KM.

Enzyme activity versus pH

The luminal environment of the duodenum is approximately at
pH 6–7. Therefore, a therapeutically useful prolyl endopeptidase
must retain high specific activity at that pH. The kcat and kcat/KM

of each enzyme were titrated in the pH range 6–8 using Suc-Ala-
Pro-pNA, (Table 2). In all cases the kcat/KM was optimal at or near
pH 7.

Prolyl endopeptidase stability

Although orally administered therapeutic proteins can be formul-
ated to protect them from the acidic and proteolytic environment
of the stomach [23], intrinsic acid stability of a prolyl endo-
peptidase is likely to be a desirable characteristic in its use as a
therapeutic agent for coeliac sprue. We therefore evaluated the
extent to which the activity of each enzyme remained intact after
10 min of incubation at selected pH values between 1.6 and 3.9.
Within this pH range, FM retained 50–70% of its original activity;
MX retained 70–90% activity, and SC retained 30–80% activ-
ity. Thus, although all prolyl endopeptidases appear to be mod-
erately acid stable, the MX prolyl endopeptidase is most versatile.

Since therapeutic efficacy would require a prolyl endopeptidase
to act upon gluten in conjunction with pancreatic proteases that

Figure 1 Resistance of the FM and the MX prolyl endopeptidases to
inactivation by gastric and pancreatic enzymes

Pancreatic enzyme stability was evaluated by treating 5 units/ml of the FM and the MX
enzymes with 1 mg/ml trypsin, 1 mg/ml chymotrypsin, 0.2 mg/ml elastase and 0.2 mg/ml
carboxypeptidase A (40 mM phosphate, pH 6.5). Pepsin stability (gastric) was tested by treating
FM and MX (5 units/ml) with 1 mg/ml pepsin (pH 2, 20 mM HCl).

are secreted into the duodenum, the resistance of the FM and MX
peptidases toward both gastric and pancreatic enzymes was
evaluated. For this we pre-incubated the enzymes with physio-
logical quantities of either pepsin (at pH 2) or a cocktail compris-
ing trypsin, chymotrypsin, elastase and carboxypeptidase A (at
pH 6.5). As seen in Figure 1, both FM and MX were highly
susceptible to pepsin-catalysed proteolysis, whereas they ap-
peared to be remarkably stable to destruction in the presence
of physiological quantities of the pancreatic enzymes.

Kinetic analysis using PQPQLPYPQPQLP as a substrate

The immunogenic peptide PQPQLPYPQPQLP is a recurring se-
quence in α-gliadins, and is resistant to proteolysis by gastric and
pancreatic proteases. It is also highly resistant to digestion by
intestinal brush border peptidases, with only DCP1 (dipeptidyl
carboxypeptidase I) able to act upon it [10]. Treatment of this
peptide with prolyl endopeptidase results in cleavage at internal
proline residues, which in turn generates new recognition sites for
brush border aminopeptidases. Thus, PQPQLPYPQPQLP re-
presents a good test substrate to probe the specificity of prolyl
endopeptidases.

The kcat/KM values of each enzyme were determined in an assay
mixture containing PQPQLPYPQPQLP, as well as Suc-Ala-Pro-
pNA as a competing substrate. The rates of disappearance of both
substrates were determined by independent detection methods.
The initial rate of disappearance of PQPQLPYPQPQLP was
measured by HPLC, whereas the rate of consumption of Suc-
Ala-Pro-pNA was measured spectrophotometrically. The kcat/KM

values for the gluten peptide were found to be 228 +− 17 (FM),
480 +− 60 (MX) and 430 +− 80 (SC). Both the FM and MX
peptidases had a 5-fold higher specificity for the gluten peptide
as compared with the chromogenic substrate, whereas the SC pep-
tidase showed a 7-fold increase in specificity for the gluten
peptide. This increase in specificity suggests that longer peptides
may provide additional anchors at the catalytic site, a hypothesis
that is consistent with the observation that Ala-Pro-pNA (which
lacks an N-terminal Suc- or Z- group) did not react with any of
the prolyl endopeptidases (L. Shan, unpublished work).

To analyse the regiospecificity of hydrolysis of PQPQLPYPQ-
PQLP by individual prolyl endopeptidases, samples correspond-
ing to early time points were further analysed by LC–MS/MS. The
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Figure 2 Site specificity of PQPQLPYPQPQLP hydrolysis by individual prolyl
endopeptidasess

UV HPLC (215 nm) traces are shown for each reaction mixture. Initial cleavage fragments
(100 µM PQPQLPYPQPQLP, 0.1 µM enzyme, t = 5 min) were identified by tandem MS. The
starting material PQPQLPYPQPQLP and the cleavage fragments (A, PQPQLPYP; B, YPQPQLP;
C, PQPQLP; D, QPQLP) are indicated in the traces. AU, arbitrary units of absorbance.

results, shown in Figure 2, revealed that each enzyme has unique
subsite preferences. While the preferred site of cleavage by FM
was at the PQPQLPPYP↓QPQLP position (cleavage site indi-
cated by the arrow), MX preferentially cleaved the same pep-
tide at the PQPQLP↓YPQPQLP position. SC had comparable
preference for either site of cleavage. All enzymes preferentially
cleaved the peptide at a proline located near the middle of the
sequence, highlighting their functional difference from prolyl-
specific exopeptidases such as DPP IV.

Chain-length tolerance and selectivity

It has been suggested that prolyl endopeptidases from the serine
protease family are limited with regard to chain lengths of poten-
tial substrates [12]. To test this hypothesis in the context of the
three bacterial prolyl endopeptidases studied here, we compared
their hydrolytic activities with a physiologically relevant 33-mer
peptide sequence from wheat gliadin [10,11], LQLQPFPQPQ-
LPYPQPQLPYPQPQLPYPQPQPF (Figure 3A). The FM en-
zyme (0.1 µM) was able to hydrolyse 10 µM of the 33-mer in
approx. 2–3 min, whereas the SC peptidase required >1 h to reach
a comparable end point (results not shown). Based on initial rates,
the FM enzyme was estimated to act 5-fold faster on the 33-mer
than the MX enzyme, and >20-fold faster than the SC peptidase.
Thus SC appears to have a severe chain-length restriction for long
peptide substrates.

The intermediates and products from hydrolysis of the 33-mer
by the FM and MX prolyl endopeptidases were analysed by
LC–MS/MS (Figures 3B and 3C). Several features are noteworthy.
First, even at relatively early time points, the digestion products
of MX were predominantly small fragments, whereas FM
digestion yielded a significant pool of long intermediates such as
LQLQPFPQPQLPYPQPQLP, LQLQPFPQPQLPYP and LQLQ-
PFPQPQLP. Thus, although both prolyl endopeptidases are able
to effectively proteolyse the 33-mer, they have distinct hydrolytic
patterns on this complex substrate. In particular, either the MX
peptidase appears to be processive (i.e. for each 33-mer substrate
molecule, it sequentially cleaves all the preferred sites in the

chain prior to release), or alternatively the enzyme has a strong
bias toward shorter chain substrates. It could also be noted that
the C-terminal fragments generated by the two enzymes are dif-
ferent (QPQPF for FM, and YPQPQPF for MX). This finding is
consistent with observed subsite preference in the case of PQPQ-
LPYPQPQLP digestion.

To directly investigate chain-length selectivity of the three en-
zymes, we co-incubated PQPQLPYPQPQLP and the 33-mer pep-
tide with each prolyl endopeptidase (Supplementary Figure 3,
http://www.BiochemJ.org/bj/383/bj3830311add.htm), Both the
SC and MX enzymes showed a clear preference for the 13-mer
peptide, whereas FM showed comparable selectivity for both pep-
tides.

To further evaluate the substrate preferences, PQPQPLPYPQ-
PQLP and the 33-mer were mixed with pepsin-treated gluten,
and allowed to react with pancreatic enzymes in the presence
of BBM and either FM or MX enzymes. As seen in the HPLC
traces (Figures 4A and 4B), the 33-mer had the longest reten-
tion time, whereas PQPQLPYPQPQLP and other medium-length
gluten peptides eluted earlier. Here too FM proteolysed PQPQ-
LPYPQPQLP, the 33-mer and other gluten peptides at comparable
rates (Figure 4A). In the MX digestion, PQPQLPYPQPQLP and
other smaller peptides were rapidly broken down (in 10 min),
whereas hydrolysis of the 33-mer occurred at a slower rate (Fig-
ure 4B).

In vivo hydrolysis

To validate the implications of the above biochemical observations
for peptide digestion in the intact small intestine, each prolyl endo-
peptidase was co-perfused in the rat jejunum with the 33-mer pep-
tide substrate, and the effluent collected at a distance of 15–20 cm
from the point of perfusion was analysed. In this live animal
model, the impact of concerted action of the perfused (luminal)
enzyme and the brush border (surface) peptidases is assessed. As
shown by the in vitro results above, while the BBM enzymes were
insufficient to process the 33-mer, FM promoted more complete
breakdown of the 33-mer than both MX and SC (Figure 5). Within
an enzyme dose range of 50–500 µ-unit/µl, the extent of 33-mer
hydrolysis increased with increasing dose (results not shown),
demonstrating that higher doses of prolyl endopeptidase could
accelerate gluten breakdown in the mammalian gut.

DISCUSSION

Coeliac sprue is a severe immune disease of the small intestine for
which no therapeutic option to a strict life-long gluten-exclusion
diet is currently available. Although gluten proteins from food
grains such as wheat, rye and barley are important components of
a nutritious diet, they can be highly toxic to patients suffering from
coeliac sprue. In light of recent findings that related the strong
antigenicity of gliadin peptides to their exceptional digestive
resistance [10,11], prolyl endopeptidases, a class of enzymes
not ordinarily involved in the intra-intestinal digestion of dietary
proteins, were identified as a potentially interesting family of
enzymes for oral coeliac sprue therapy. Understanding the pro-
perties of these enzymes is an essential prerequisite for such
use. In our study, prolyl endopeptidases from three bacterial
sources were selected and expressed in E. coli as recombinant
proteins, and were subsequently purified and characterized. Two
of these enzymes (from FM and SC) have been reported previously
[1,8,22], whereas the third enzyme (from MX) represents a new
member of the prolyl endopeptidase family.

In order to examine the endoproteolytic properties of these
enzymes, it is important to utilize peptide substrates with internal

c© 2004 Biochemical Society



316 L. Shan and others

Figure 3 Hydrolysis of the 33-mer peptide by FM, MX and SC prolyl endopeptidases

(A) Time dependence of hydrolysis in the presence of 10 µM substrate and 0.1 µM enzyme. The substrate appears as a doublet at a retention time of approx. 18 min, due to the presence of
equal quantities of the 32-mer from which the N-terminal leucine residue is deleted; presence of this contaminant does not affect analysis. From the residual peak areas, the rates of substrate
(33-mer + 32-mer) disappearance were calculated as 2.3 µM/min (FM), 0.43 µM/min (MX) and 0.07 µM/min (SC). (B) Initial cleavage fragments observed due to hydrolysis by the FM enzyme
(t = 1 min) and the MX enzyme (t = 5 min). (C) Summary of initial cleavage fragments from FM and MX prolyl endopeptidases catalysed hydrolysis of the 33-mer substrate. MW, molecular mass.

cleavage sites. Although model substrates such as Z-Gly-Pro-pNA
or Suc-Ala-Pro-pNA have been frequently used to identify and
characterize prolyl endopeptidases [5,8,13,16,22], these sub-
strates alone do not provide adequate insight to differentiate
endopeptidases from each other or from proline-specific amino-
peptidases (such as DPP IV). In the context of coeliac sprue, two

peptides (PQPQLPYPQPQLP and LQLQPFPQPQLPYPQPQL-
PYPQPQLPYPQPQPF) have been recognized as useful probes
for studying the fundamental properties of prolyl endopeptidases,
as well as for their potential for detoxifying gluten.

Our investigations into the molecular recognition features of
three bacterial prolyl endopeptidases for gluten peptides have
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Figure 4 Competitive proteolysis of PQPQLPYPQPQLP (50 µM) and the
33-mer peptide (10 µM) in the presence of 30 mg/ml pepsin-treated gluten

This complex mixture of substrates was treated under physiological conditions with a mixture
of pancreatic enzymes (trypsin, chymotrypsin, carboxypeptidase and elastase), BBM enzymes
(derived from rat small intestine) and either (A) FM or (B) MX. For details, see the text.

revealed at least two interesting and potentially important char-
acteristics of these enzymes. First, although all three enzymes
tested here exhibited high specific activity against reference chro-
mogenic substrates (Table 1 and Supplementary Figure 2, http://
www.BiochemJ.org/bj/383/bj3830311add.htm), they showed re-
markable differences in chain-length specificity (Figures 3A–3C).
Whereas the SC and MX enzymes had higher specificity for PQ-
PQLPYPQPQLP than FM, the reverse was true for the longer
33-mer gliadin peptide (Figure 3A), especially in the case of SC,
which had extremely poor activity against the 33-mer. Structural
and biochemical analysis led to the proposal that the activity of
prolyl endopeptidases is limited to substrates containing fewer
than 30 amino acid residues [14]. In that light, the activity
of the MX enzyme and especially the FM enzyme against the
33-mer peptide is surprising. The broad chain length tolerance
of the FM peptidase is vividly demonstrated in competitive
in vitro and in vivo assays (Figures 4 and 5, and Supplementary
Figure 3, http://www.BiochemJ.org/bj/383/bj3830311add.htm),
where the FM peptidase was able to process longer and shorter
substrates at comparable rates. Secondly sequence analysis of the
major proteolytic products derived from both gliadin substrates
demonstrated that the prolyl endopeptidase had distinct subsite
specificity, as well as regiospecificity, in the context of the
longer repetitive sequence. For example, the FM enzyme pre-
ferentially cleaved at PQPQLPYP↓QPQLP, whereas the MX
enzyme preferred the PQPQLP↓YPQPQLP site, and SC had com-

Figure 5 Proteolysis of the 33-mer peptide (5 µM) co-perfused with
individual prolyl endopeptidases (0.1 µM) in the small intestinal lumen
of an anesthetized rat

Each enzyme-substrate mixture was introduced via a catheter into a 15–20 cm segment of the
upper jejunum. Samples were collected at the other end of the segment, and analysed by UV
HPLC (at a wavelength of 215 nm). The control without any prolyl endopeptidases is shown in
the top trace. AU, arbitrary units.

parable activity toward either site (Figure 2). Similarly, sequence
analysis of initial hydrolytic products of the 33-mer peptide under-
scored regiochemical differences between FM and MX peptidases
(Figures 3A–3C). Whereas the MX enzyme treatment generated
fragments mostly of 4–5 residues (presumably processed se-
quentially from both termini), FM yielded longer intermediates
(presumably as a result of a preferential cleavage near the centre
of the peptide). Thus the active sites of these enzymes are clearly
different, which in turn has potential implications for the use of
these enzymes in the detoxification of dietary gluten of a coeliac
sprue patient. A more thorough mapping of sequence and chain-
length specificity of these enzymes would facilitate identification
of a therapeutic candidate that is most well suited for cleaving the
major inflammatory epitopes in whole gluten.

In addition to analysing substrate specificity, we have also in-
vestigated other therapeutically relevant properties of the three
prolyl endopeptidases. They include pH dependence of en-
zyme activity, acid tolerance of the protein and resistance towards
inactivation by gastric, pancreatic and intestinal proteases/pep-
tidases. All enzymes have a pH activity profile that is well
matched to the mildly acidic environment of the upper small in-
testine (pH 6–7) (Table 2). They also appear to be moderately
stable toward acid exposure as well as pancreatic protease (but
not pepsin) action, with MX being the most stable (Figure 1). The
enzymes also retain activity in the intact small intestinal lumen
of a rat, indicative of their stability toward both intestinal secre-
tions, as well as BBM peptidases (Figure 5). Together, these pro-
perties suggest that the prolyl endopeptidases evaluated in this
study could be used as prophylactic agents for treating coeliac
sprue, so long as they can be formulated to protect them from
gastric inactivation by an enteric coating which rapidly hydrolyses
when both enzyme and food are emptied into the weakly acidic
environment of the upper small intestine. Finally, the expression
levels of these enzymes vary significantly in recombinant E. coli.
Specifically, in comparison to the FM enzyme, the expression
levels of SC and MX prolyl endopeptidases were substantially
superior.

Future studies on this family of proteases are likely to benefit
from high resolution structural and mechanistic efforts, as have
been recently pioneered by Polgar and co-workers in the context
of the porcine brain prolyl endopeptidase [12–14,24,25]. The
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porcine brain enzyme has a di-domain architecture, including an
unusual β-propeller domain that appears to regulate proteolysis.
Pairwise sequence alignments between this structurally character-
ized enzyme and FM, MX and SC prolyl endopeptidases reveal
39% (49%), 36% (45%) and 40% (48%) identity (similarity)
respectively. These alignments also suggest that the bacterial
prolyl endopeptidases comprise a catalytic and a β-propeller
domain. Since their active sites are predicted to lie near the inter-
face between the two domains, mutagenesis at the inter-domain
interface could alter protein dynamics and in turn affect substrate
tolerance and specificity.

In summary, this report on the comparative biochemical
analysis of three bacterial prolyl endopeptidases has shed light on
several properties that are relevant for their potential use in coeliac
sprue therapy. A comprehensive evaluation of such therapeutic
use would require, among other aspects, a more extensive ana-
lysis of their specificity toward other known immunogenic gluten
epitopes [21,26,27], as well as their stability in the presence of
bile salts and buffer components ordinarily found in the gut.
Nonetheless, our results provide a solid starting point for future
protein engineering efforts aimed at enzyme optimization. We
also note that this family of serine proteases includes numerous
other putative homologues whose cDNAs have been sequenced,
but whose gene products remain to be characterized. In light of
the favourable properties of the MX prolyl endopeptidase, which
was expressed and characterized for the first time as part of the
present study, it would be useful to screen additional wild-type
enzymes.
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