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Abstract Neurolysin (EP24.16) and thimet oligopeptidase
(EP24.15) are closely related metalloendopeptidases. Site-di-
rected mutagenesis of Tyr613 (EP24.16) or Tyr612 (EP24.15)
to either Phe or Ala promoted a strong reduction of kcat/KM
for both enzymes. These data suggest the importance of both
hydroxyl group and aromatic ring at this speci¢c position during
substrate hydrolysis by these peptidases. Furthermore, the
EP24.15 A607G mutant showed a kcat/KM of 2UU105 M31

s31 for the Abz-GFSIFRQ-EDDnp substrate, similar to that
of EP24.16 (kcat/KM = 3UU105 M31 s31) which contains Gly
at the corresponding position; the wild type EP24.15 has a
kcat/KM of 2.5UU104 M31 s31 for this substrate.
5 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Neurolysin (EC 3.4.24.16; EP24.16) and thimet oligopepti-
dase (EC 3.4.24.15; EP24.15) were initially detected in and
puri¢ed from rat brain homogenates [1,2]. EP24.15 and
EP24.16 are zinc-dependent peptidases, members of the metal-
lopeptidase M3 family, containing in the primary sequence the
HEXXH motif [3,4]. In the 3D structure of EP24.16 the cata-
lytic center is located in a deep channel, which limits the
access to only short peptides [5,6]. This selectivity for oligo-
peptides as substrates was also veri¢ed for EP24.15 [6^8].
Moreover, the high primary sequence identity found for these
related peptidases, which are up to 65% identical [4], allows
the assumption that these enzyme also share the same pattern
of folding [9].
Detailed analyses of substrate speci¢city for EP24.16 and

EP24.15 have been reported using internally quenched £uoro-

genic peptides derived from bradykinin [6] or neurotensin [10].
An outstanding feature of the hydrolytic activities of EP24.16
and EP24.15 on these substrates was the variability of the
cleavage sites [6]. This behavior was interpreted as the ability
of the substrates to bind at di¡erent subsites in the catalytic
center [6]. The 3D structure determination of EP24.16 sup-
ports the view of a broad speci¢city for these enzymes [9],
suggesting the possibility of a reorganization of £exible loops
in the enzyme peptide binding site to accommodate the sub-
strates [5,9]. Furthermore, an overview of the EP24.16 crystal
structure revealed that the phenolic group of the Tyr613 resi-
due1 is facing the metal ion from the catalytic center [5].
Similarly, an EP24.15 structure-based model suggested that
the corresponding Tyr612 residue is also positioned close to
the catalytic center zinc ion [9].
In the present work we report the mutation of this Tyr

residue positioned close to the active center to either Phe or
Ala, on both EP24.16 and EP24.15. Our data suggest that
both the hydroxyl group and the aromatic ring of this speci¢c
Tyr residue are important for substrate catalysis by these
peptidases. In addition, we have demonstrated that Ala607 is
an important residue to drive the substrate speci¢city of
EP24.15, directly interacting with the substrate and/or chang-
ing the £exibility of the loop which is in position to interact
with the P1 residue from the substrate [5,9].

2. Materials and methods

2.1. Site-directed mutagenesis and protein expression
The QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,

CA, USA) was used to introduce speci¢c point mutations in the wild
type EP24.15 or EP24.16 cDNA, as previously described [11]. Point
mutations were speci¢ed as Y612F, Y612A and A607G for EP24.15,
and Y613F and Y613A for EP24.16. Expression and puri¢cation of
the wild type or mutant proteins for biochemical characterization
were done in Escherichia coli, using the pGEX4T-2 plasmid (Amer-
sham Pharmacia Biotech), as previously described [12], with all en-
zymes stored at 380‡C for subsequent analysis.

2.2. Enzyme activity assay and determination of kinetic parameters
The kinetic parameters for hydrolysis of the substrates were deter-
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Tyr611 [23].
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mined by initial rate measurements. The hydrolysis of the £uorogenic
substrates was done at 37‡C in 50 mM Tris^HCl bu¡er pH 7.4 con-
taining 100 mM NaCl and followed by measuring the £uorescence at
Vem = 420 nm and Vex = 320 nm in a Hitachi F-2000 spectro£uorome-
ter. The 1 cm path length cuvette containing 2 ml of the substrate
solution was placed in a thermostatically controlled cell compartment
for 5 min before the enzyme solution was added (for EP24.15 an
additional preincubation time of 5 min with 0.5 mM of dithiothreitol
was applied after enzyme addition) and the increase in £uorescence
with time was continuously recorded for 5^10 min. The slope was
converted into mol hydrolyzed substrate per minute based on the
£uorescence curves of standard peptide solutions before and after
total enzymatic hydrolysis. The concentration of the peptide solutions
was obtained by colorimetric determination of the 2,4-dinitrophenyl
group (17 300 M31 cm31, extinction coe⁄cient at 365 nm). The en-
zyme concentration for initial rate determination was chosen at a level
to hydrolyze less than 5% of the substrate present. The inner ¢lter
e¡ect was corrected using an empirical equation as previously de-
scribed [13]. The kinetic parameters were calculated according Wilkin-
son [14], as well as by using Eadie^Hofstee plots. All the obtained
data were ¢tted to non-linear least square equations, using Gra¢t v.
3.0 from Erithacus Software.

2.3. Determination of cleaved bonds
The cleaved bonds were identi¢ed by isolation of the fragments by

high performance liquid chromatography and the retention times of
the products fragments were compared with authentic synthetic se-
quences and/or by molecular weight, which was determined by matrix
assisted laser desorption ionization/time of £ight mass spectrometry
and/or by peptide sequencing, using a protein sequencer PPSQ-23
(Shimadzu Tokyo, Japan).

2.4. Circular dichroism (CD)
CD spectra were recorded on a Jasco J-810 spectropolarimeter with

a Peltier system of cell temperature control. The system was routinely
calibrated with an aqueous solution of twice crystallized d-10 cam-
phorsulfonic acid. Ellipticity is reported as mean residue molar ellip-
ticity, [a] (deg cm2 dmol31). The spectrometer conditions were typi-
cally 100 mdeg sensitivity; 0.2 nm resolution; 4 s response time;
20 nm/min scan rate, 7 accumulations at 37‡C.

2.5. Protein concentration
For the CD experiments [15], protein concentrations were deter-

mined as described by Gill and von Hippel [16]. For the SDS^
PAGE protein concentration were determined by the Bradford assay
[17] using bovine serum albumin as standard.

3. Results

Isopropyl-L-D-thiogalactose induction of transformed
DH5K E. coli cells triggers a time-dependent overexpression
of speci¢c proteins, the apparent molecular weight of which
corresponds to the calculated mass (V110 kDa) of EP24.15
or EP24.16 fused with glutathione S-transferase (GST). The
maximal production of the fusion proteins similarly reaches a
plateau after 4 h. Proteolytic removal of GST and subsequent
puri¢cation of the recombinant proteins allow the recovery of
apparently homogeneous peptidases, as suggested by SDS^

PAGE analysis (Fig. 1). The production yield (V0.5 mg/l of
culture) was similar for all expressed proteins, suggesting that
none of the mutations signi¢cantly a¡ected the relative levels
of EP24.15 or EP24.16 expression in DH5K E. coli.
In order to verify the structural integrity of the recombinant

proteins, we performed far-UV CD analysis for all the en-
zymes produced in the present work. The obtained CD spec-
tra for the mutants were compared with the spectra obtained
for the wild type enzymes. The ¢nal CD spectra for the mu-
tated proteins A607G, Y612F, Y612A, Y613F and Y613A
were similar to that of the corresponding wild type enzyme,
which shows a predominance of K-helical structure (data not
shown). For the EP24.16, the results obtained from the de-
convolution of the CD data, using the CDNN program [18],
are consistent with the helix content observed in the enzyme
crystal structure [5]. Similarly, the CD spectrum obtained for
EP24.15 in the same conditions indicated 45% K-helix content,
consistent with consensus secondary structure predictions ob-
tained from di¡erent algorithms (data not shown) [19]. More-
over, we also veri¢ed similar thermal stability between the
wild type and the corresponding mutant enzymes analyzed
herein (data not shown).
The EP24.15 and EP24.16 mutated proteins Y612F,

Y612A, Y613F and Y613A were assayed with the internally
quenched £uorogenic substrate QF7 (ortho-aminobenzoic acid

Fig. 1. SDS^PAGE of wild type and mutated EP24.15 and EP24.16.
SDS^PAGE (8%) followed by Coomassie blue staining showing the
homogeneity of the wild type and mutated EP24.15 and EP24.16
enzymes (15 Wg each) obtained after single step a⁄nity chromatog-
raphy on a Sepharose-GST column.

Table 1
Comparative analyses of the kinetic constants for the hydrolysis of the Abz-GGFLRRV-EDDnp (QF7) substrate by either the wild type (WT)
or mutated enzymes

Enzyme (M) kcat (s31) KM (M) kcat/KM (M31 s31) QF7 substrate (M)

EP24.15 WTa (1U1039) 0.70 1.7U1036 4.0U105 1U1037^1U1035

Y612F (5U1038) 5.7U1033 2.4U1036 2.4U103 1U1037^1U1035

Y612A (3.7U1037) 6.6U1034 7.1U1036 94 1U1037^2U1035

EP24.16 WTa (1U1039) 2.0 2.2U1036 9U105 1U1037^1U1035

Y613F (4.2U1038) 7.8U1033 1.2U1036 6.5U103 1U1037^1U1035

Y613A (3.4U1037) 2.5U1034 2.8U1036 89 1U1037^1U1035

aOur previously published results [22]. The QF7 substrate was hydrolyzed at the Leu-Arg peptide bond.
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(Abz)-GGFLRRV-N-(2,4-dinitrophenyl) ethylenediamine
(EDDnp)) in order to compare their hydrolytic activity with
that of the wild type enzymes. kcat/KM reductions of 138- and
10 112-fold for the EP24.16 mutants Y613F and Y613A, re-
spectively, were observed in comparison to the wild type en-
zyme (Table 1). Similarly, the EP24.15 mutants Y612F and
Y612A hydrolyzed the QF7 substrate 167- and 4255-fold, re-
spectively, less e⁄ciently than the wild type enzyme (Table 1).
These di¡erences in the kcat/KM ratio were mainly due to a
reduction of kcat (Table 1). However, for the EP24.15 Y612A
mutant a four-fold increase in the KM (7.1U1036 M) com-
pared to the wild type EP24.15 (1.7U1036 M) was observed
(Table 1).
The EP24.15 mutant A607G was assayed with both QF7

and Abz-GFSIFRQ-EDDnp substrates. We have previously
reported that the peptide Abz-GFSIFRQ-EDDnp was a bet-
ter competitive inhibitor than substrate for the EP24.15, using
an enzyme concentration up to 1U1038 M [6,22]. In the
present work, we increased the EP24.15 enzyme concentration
¢ve-fold to obtain the kinetic parameters for the Abz-
GFSIFRQ-EDDnp substrate (Table 2). The A607G mutant,
like the wild type EP24.15, hydrolyzed this substrate at the
Ile-Phe bond (Table 2). However, the A607G mutant shows a
kcat 10 times higher than wild type EP24.15, with no signi¢-
cant changes in the KM values (Table 2). The kcat/KM value
obtained for the EP24.15 A607G mutant (2U105 M31 s31 ;
Table 2) is similar to that previously described for the wild
type EP24.16 (3U105 M31 s31) [6].

4. Discussion

A major ¢nding of our present study is the demonstration
that a speci¢c Tyr residue in the vicinity of the catalytic site of
both EP2415 and EP24.16 actively participates in peptide sub-
strate hydrolysis. We have also shown here that Ala607 plays
an important role in EP24.15 substrate speci¢city.
The Tyr613 residue on EP24.16 is close to the catalytic zinc

ion from the active site (Fig. 2), similarly to Tyr612 in the
EP24.15 [5,9]. Such proximity to the active center suggested
this residue is in a position to contribute to the catalytic mech-
anism of EP24.16 and EP24.15, as previously suggested for
Tyr157 from thermolysin [20] or Tyr149 from astacin [21].
However, di¡erent from thermolysin, a nearby His residue
(His231 in thermolysin) is absent in both the EP24.15 and
EP24.16 active centers [5]. In this context, the catalytic mech-
anism of EP24.16 and EP24.15 may be more related to that of
astacin. In astacin, Tyr149 is thought to be important both for
substrate binding and for transition state stabilization [21].
Thus, we are showing for the ¢rst time that a speci¢c amino
acid residue outside the zinc binding HEXXH+E motif is
directly involved in substrate hydrolysis by both EP24.15
and EP24.16. Similarly to what occurs in astacin and also in
thermolysin, in EP24.15 and EP24.16 the hydroxyl group
from this Tyr could be important to stabilize the oxyanion
intermediate formed after nucleophilic attack by the water
molecule [20,21].
Interestingly, there are di¡erences in the mutants in which

the Tyr residue was replaced by Phe, compared to the ones
where the same Tyr residue was replaced by Ala. Substitution
of Tyr612 (EP24.15) or Tyr613 (EP24.16) by Phe reduced by
two orders of magnitude the degradation of the £uorogenic
QF7 substrate. However, substitution of this Tyr by Ala, on
both enzymes, reduced hydrolysis of the QF7 substrate by up
to four orders of magnitude (Table 1). Therefore, it seems that
both the hydroxyl group and the aromatic ring of this Tyr are
important for substrate catalysis by both EP24.15 and
EP24.16. The corresponding Tyr residue is conserved among
the peptidases belonging to the M3 family of metallopepti-
dases, including oligopeptidase F from Lactococcus lactis
[23]. Interestingly, no enzymatic activity has been reported
for the oligopeptidase F from Listeria monocytogenes and
from Listeria innocua and four other unassigned peptidases
from the M3 family that have a Phe residue in the place of
this Tyr residue [23]. Altogether, these observations suggest
that this amino acid residue could be important for the cata-
lytic mechanism of other members of the M3 family of metal-
lopeptidases.
It has been suggested that the broad substrate speci¢city of

this enzyme can be attributed to the fact that the substrate
binding region of this peptidase is lined with £exible loops [5].
Among these potential substrate binding regions of EP24.16 it

Table 2
Comparative kinetic constants for the hydrolysis of substrates Abz-GFSIFRQ-EDDnp and Abz-GGFLRRV-EDDnp (QF7) by wild type (WT)
EP24.15 or its A607G mutant

Substrate EP24.15 (M) kcat (s31) KM (M) kcat/KM (M31 s31) Substrates (M)

Abz-GGFLsRRV-EDDnp (QF7) WTa (1U1039) 0.70 1.7U1036 40U104 1 U1037^1U1035

A607G (1U10310) 3.1 4.4U1036 70U104 1U1037^1.5U1035

Abz-GFSIsFRQ-EDDnp WT (5U1038) 0.010 0.4U1036 2.5U104 1U1037^5U1036

A607G (7U1039) 0.099 0.5U1036 2U105 1U1037^5U1036

aOur previously published results [22].

Fig. 2. Details of the EP24.16 active site region. The nearby disor-
dered loop shown in blue corresponds to residues 600^612. The
Tyr613 residue was the one mutated to either Phe or Ala. Gly608

from EP24.16 corresponds to Ala607 on EP24.15, which was mu-
tated herein to Gly (A607G). The green sphere represents the cata-
lytic zinc ion.
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is interesting to note the presence of a loop composed of
residues 600^612 (Fig. 2). This region presents a high average
temperature factor, and the high content of Gly residues (¢ve
in 12 residues) is thought to contribute to the £exibility of this
portion of EP24.16 [5,9]. Furthermore, this loop is the most
probable portion of the enzyme to interact with the amino
acid residue located at the P1 position of the peptide sub-
strates. This suggestion has been corroborated by modeling
of a substrate molecule of neurotensin in the EP24.16 active
site [5]. One of the major di¡erences found in the speci¢city of
these enzymes was the better acceptance by EP24.16 of sub-
strates containing Ile at the P1 position [6]. The unique di¡er-
ence found in this loop for these two peptidases is the pres-
ence of Ala607 on EP24.15 in the place of Gly608 on EP24.16.
We then produced an EP24.15 mutant (A607G) that hydro-
lyzed peptide Abz-GFSIFRQ-EDDnp at the Ile^Phe bond (Ile
residue at the P1 position), more e⁄ciently than wild type
EP24.15 (Table 2), and with kcat/KM similar to that of wild
type EP24.16 [6]. These data suggest that Ala607 is an impor-
tant residue to drive the substrate speci¢city of EP24.15, prob-
ably by direct interaction with the substrate or by changing
the £exibility of the loop, which is in a position to interact
with the P1 residue of the substrate [5,9]. In addition, the
modeling of a substrate (neurotensin) in the active site of
EP24.16 indicates Tyr606 (conserved in the EP24.15 sequence)
as the most probable residue that interacts with the P1 side
chain of the substrate [5]. It is interesting that the constant
that could represent the enzyme a⁄nity by the substrate re-
mained the same for either the wild type EP24.15 (KM =
Ki = 0.4U1036 M) or the A607G mutant (KM =0.5U1036

M) (Table 2). It means that the accommodation of the P1
substrate residue corresponds more to a catalytic step, possi-
bly through a structural rearrangement of the substrate bind-
ing region in the enzyme that does not account for the KM
constant. Moreover, a high and positive entropy of activation
has been described for the hydrolysis of the QF7 and related
substrates by both EP24.15 and EP24.16 [22], which can be
interpreted as a structural rearrangement during the catalysis
of peptide substrates by these two peptidases.
In conclusion, the present report has demonstrated the par-

ticipation of speci¢c amino acid residues in the speci¢city and
catalytic mechanism of both EP24.15 and EP24.16.
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