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Abstract Thimet oligopeptidase (EC 3.4.24.15; TOP) is a
Zn(II) endopeptidase implicated in physiological regulation of
processes involving neuropeptides. The present study clari¢es
the active site structure and mechanism of catalysis of TOP.
The enzyme exhibited a bell-shaped pH dependence of activity
having an acidic limb due to a protonation event with a pKa of
5.7 and a basic limb with pKa of 8.8. The acidic limb can be
attributed to protonation of a residue a¡ecting kcat while the
alkaline limb may be due to conformational change. Mutation
of Tyr612 to Phe resulted in more than 400-fold decrease in
activity. This result, supported by modeling studies, implicates
Tyr612 in transition state stabilization analogous to the role of
His231 of thermolysin.
4 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Thimet oligopeptidase (TOP) is a 78-kDa endopeptidase
(EC 3.4.24.15) that hydrolyzes important neuropeptides in-
cluding bradykinin, neurotensin, somatostatin, and gonado-
tropin-releasing hormone [1^6]. The primary sequence of
TOP places it within the class of zinc metalloendopeptidases
that includes neurolysin, neutral endopeptidase, and angioten-
sin-converting enzyme [7,8]. Of these, neurolysin is its closest
homolog, sharing s 60% sequence identity [9]. The active site
of neurolysin also bears similarity to that of thermolysin es-
pecially in terms of Zn(II) coordination [10]. In thermolysin
an active site residue, His231, has been proposed to stabilize
the developing negative charge in the transition state by
H-bond formation [11]. Based on the X-ray structure [10],
Tyr613 in neurolysin (Tyr612 in TOP) occupies a similar po-
sition and is proposed to play a similar kinetic role.
In order to gain further insight into the mechanism of TOP

and to establish the unique role of Tyr612, we have studied
the activity of the wild-type TOP (WT TOP) and of a Tyr612-
Phe variant as a function of pH. The experimental results are
supported by homology modeling of TOP using neurolysin as
the template structure. The model has been evaluated and the
resulting structure used in conjunction with experiments to
clarify the mechanism and active site structure of TOP.

2. Materials and methods

2.1. Materials
Glutathione Sepharose, Sephacryl S-200, and PD-10 columns were

obtained from Amersham Pharmacia Biotech (Piscataway, NJ, USA).
The 7-methoxycoumarin-4-acetyl-Pro-Leu-Gly-Pro-Lys-dinitrophenol
(MCA) £uorescent substrate was obtained from Bachem (King of
Prussia, PA, USA). All other reagents were purchased from Sigma
Chemical Co (St. Louis, MO, USA).

2.2. Recombinant TOP
TOP (accession number P24155) was expressed and puri¢ed, and

site-directed mutagenesis performed using the TOP expression vector,
GEX-24.15 as previously described [12]. Prokaryotic codon usage
rules were used to prevent the use of rare codons that may hinder
expression of the mutant proteins. At least two independent prepara-
tions of WT protein and Tyr612Phe TOP were puri¢ed and charac-
terized, with similar homogeneity, yields, and kinetic parameters. The
enzyme concentration was determined using the molar extinction co-
e⁄cient O280 = 73.11 mM31 cm31, calculated based on the amino acid
content of the protein using the automated ProtParam Tool on the
SWISS ExPASy server [13]. In order to verify structural integrity of
the recombinant proteins, far-ultraviolet circular dichroism (UV CD)
and £uorescence analyses were carried out using an AVIV 60DS spec-
tropolarimeter and Cary Eclipse spectro£uorimeter. Spectra of the
mutated protein Tyr612Phe TOP normalized for protein concentra-
tion indicated no alterations in the net conformation of the mutant as
compared to WT (data not shown).

2.3. Homology modeling
The three-dimensional structure of TOP was modeled to the fold of

neurolysin using atomic coordinates (Protein Data Bank, 1I1I.pdb)
from the recently determined X-ray crystal structure of neurolysin
[10]. The initial model was generated in SWISS PDBviewer version
3.72 [14^16] using the program Magic-Fit in the viewer software suite
and re¢ned and evaluated both by visual inspection and using the
software provided in SWISS PDBviewer version 3.72.

2.4. Kinetic assays
All kinetic assays were performed using a Cary Eclipse spectro-

£uorimeter. Cleavage of the £uorogenic MCA substrate [17] was
monitored by the increase in emission at 400 nm over time using a
Vex of 325 nm. Less than 10% of the substrate was consumed assuring
¢rst-order kinetics of the reaction. Assays were performed in duplicate
at 37 and 25‡C in 25 mM Bis^Tris, in 25 mM Tris, and in 25 mM
CHES bu¡er with each adjusted to a conductivity of 15 mS/cm2 with
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NaCl and containing 0.15 mM dithiothreitol (DTT). MCA substrate
concentration was calculated based on the molar extinction coe⁄cient
O365 (17.3 mM31 cm31) of the 2,4-dinitrophenol. The change in £uo-
rescence intensity over time was converted to rate of product forma-
tion using a standard curve calculated for the peptide product,
7-methoxycoumarin-4-acetyl-Pro-Leu-OH. Additional measures were
taken to insure that the observed changes in activity over the exper-
imental pH range were due to protonation events in the active site and
not artifacts of protein denaturation or loss of Zn(II). First, to rule
out any change due to denaturation, the activity of the protein incu-
bated and assayed at pH 7.3 was compared to protein that was incu-
bated at the pH extremes for 10^15 min and then assayed at pH 7.3
(data not shown). No di¡erence in the protein activity was observed
under these conditions. Second, all activity assays were performed in
the presence of 1 WM Zn(II) added to the bu¡er.
The pseudo-¢rst-order rate constant, k, of enzyme activity was de-

termined under conditions in which [E]I[S]IKm and calculated
from the slope of the linear least squares ¢t to the graph of initial
substrate concentration (WM) vs. rate of product formation (WM/s).
Each plot was de¢ned by four to ¢ve points and had an r2 value of at
least 0.99. The kinetic parameters, Vmax and Km, were determined
using a hyperbolic ¢t (rate =Vmax[S]/(Km+[S])) to the plot of substrate
concentration (WM) vs. rate of product formation (WM/s) and by
Eadie^Hofstee plots under conditions in which [S] is above and below
Km. Analysis of the pH dependence of the kinetic parameters was
done by a non-linear least squares ¢t of the data points to Eqs. 1
and 2. All ¢tting procedures were performed using the program
T-curve (SPSS Inc).

2.5. Intrinsic £uorescence
Intrinsic (Trp) £uorescence of both WT and Tyr612Phe TOP was

measured in 25 mM Tris bu¡ers, at pH values from 7.2 to 9.6, con-
ductivity 15 mS/cm2, containing DTT. Fluorescence was monitored at
25‡C for each sample, Vex = 280 nm, emission from 300 to 475 nm.
Protein concentration was 0.6 WM for WT and 1.0 WM for Tyr612Phe
TOP.

3. Results

3.1. Activity of the Tyr612Phe mutant
Summarized in Table 1 are the resulting kinetic parameters,

kcat, Km, and kcat/Km, derived from Michaelis^Menten plots
for cleavage of the MCA substrate by WT TOP and Tyr612-
Phe TOP at pH 7.8 in Tris bu¡er with 10 mM CaCl2. The
conservative change of removing the hydroxyl group from Tyr
results in a 400-fold decrease in kcat/Km. Furthermore, this
change is entirely due to a decrease in catalytic rate. The ap-
parent binding of the substrate is only marginally a¡ected by
the mutation, while kcat decreases by greater than 350-fold.
To illustrate further that the e¡ect of the Tyr to Phe muta-

tion is catalytic and not structural, we determined the e¡ect of
the mutation on the binding of the TOP-speci¢c inhibitor, N-
[1-(RS)-carboxy-3-phenylpropyl]-Ala-Ala-Tyr-p-aminobenzo-
ate (cFP). The resulting KI values, determined over a 10-fold
range in inhibitor concentration, are listed in Table 1. The
a⁄nity for cFP decreases by only 2-fold as a result of the
mutation.

3.2. Dependence of the kinetic parameters on pH
Enzymatic activity was determined as a function of pH.

Shown in Fig. 1a is the pH dependence of kcat/Km for TOP

activity over a pH range from 5.2 to 9.5 in 25 mM Bis^Tris or
Tris bu¡er. The curve is bell-shaped, as has been observed for
other classes of metallopeptidases [18^21] with a plateau in
activity between pH 6.5 and 8. Curve ¢tting of the data to
the equation

kapp ¼ klim

1þ 10pKa acidic3pH þ 10pH3pKa alkaline
ð1Þ

Table 1
Kinetic parameters of WT TOP and Y612F TOP at pH 7.8

Protein kcat/Km (WM31 s31) kcat (s31) Km (WM) KI cFP (nM)

WT TOP 2.2U0.1 9.9 U 0.4 4.6 U 0.4 14.2U 0.1
Y612F 0.0053U 0.0001 0.027U 0.002 5.1 U 0.5 29.8U 0.3

Fig. 1. pH dependence of the kinetic parameters for MCA hydroly-
sis by TOP. Shown are the pH-dependent changes in a: kcat/Km, b:
kcat, and c: Km for WT TOP (circles), WT TOP with 10 mM CaCl2
(squares), and Tyr612Phe TOP (triangles). Activity assays were car-
ried out in 25 mM Bis^Tris bu¡er (gray ¢lled); 25 mM Tris bu¡er
(black ¢lled), and 25 mM CHES (open), all containing 0.15 mM
DTT and with conductivity of 15 mS/cm2. The dotted lines repre-
sent the non-linear least squares ¢t of the data to Eq. 1. Solid lines
represent the non-linear least squares ¢t of the data to Eq. 2. The
pKa values derived for the ionization of groups limiting in catalysis
are listed in Table 2.
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in which klim is the limiting kinetic parameter, yielded the pKa

values (Table 2) for the residues responsible for the acidic and
alkaline limbs of the curve. The acidic limb occurs at
pKa acidic = 5.7 which is similar to those for thermolysin and
carboxypeptidase A (CPA) [19,20]. The alkaline limb occurs
at pKa alkaline = 8.8. This is distinct from that of thermolysin
(pKa = 8.0) but closer to that of CPA (pKa = 9.0) [18,21]. A
similar pro¢le was obtained for WT TOP at 25‡C. Although
the values of kinetic parameters varied with temperature, the
pKa value corresponding to the alkaline limb under this set of
conditions was 9.3U 0.7 (data not shown).
The plots of pH vs. kcat/Km for the Tyr612 mutant and WT

TOP, both in the presence of 10 mM CaCl2, are shown in Fig.
1a and summarized in Table 2. Previous studies indicated that
activity of TOP with the MCA substrate is enhanced at least
2-fold by the addition of CaCl2 in the reaction bu¡er [17].
Since the activity of the mutant is signi¢cantly less than that
of the WT TOP, CaCl2 was included in the reaction bu¡er.
The mutant and WT exhibited similar decreases in the acidic
and alkaline limbs, and with the addition of 10 mM CaCl2,
the acidic limb of the WT enzyme shifted. Below pH 6.5, the
determined rate constants deviate from the least squares ¢t
line obtained using Eq. 1 (Fig. 1a, dotted line). Better results
were obtained if three ionizations were considered using the
equation

kapp ¼
klim1 þ klim210pH3pKa acidic2

1þ 10pKa acidic13pH þ 10pH3pKa acidic2ð1þ 10pH3pKa alkalineÞ ð2Þ

in which klim1 and klim2 are the limiting kinetic parameters for
the ¢rst (pKa acidic1) and second (pKa acidic2) ionization steps.
The resulting curve, shown as a solid line in Fig. 2, yields
pKa values of 5.9, 7.3, and 8.9 as summarized in Table 2.
The dependence of the individual kinetic constants Km and

kcat with respect to pH was also examined (Fig. 1b and c). The
results demonstrate that as pH is increased, both Km and kcat
increase. This ¢nding is consistent with a bell-shaped kinetic
pro¢le, since at low pH binding is tighter but kcat is smaller,
and conversely at higher pH kcat is increased but the substrate
a⁄nity becomes weaker. Fig. 1b shows that kcat increases with
increasing pH to a plateau between pH 8.5 and 9.0. Similar to
the trend observed for kcat/Km over the same pH range, the
acidic limb of the data can be ¢tted to a single ionization step
only if the points below pH 6.5 are disregarded. A better ¢t to
the data is obtained if two pKa values are considered in the
acidic limb using Eq. 2. This yields pKa values of 5.8, 7.9 and
8.9 as listed in Table 2. These match well to the pKa values
determined for the pH vs. kcat/Km pro¢les without (pKa = 5.7
and 8.8) and with calcium (pKa = 5.9, 7.3, 8.9).
The pH dependence of Km when CaCl2 is used in the bu¡er

di¡ers signi¢cantly from that observed without calcium. Fig.
1c shows that calcium increases the a⁄nity of TOP for the
MCA substrate, resulting in a better than 2-fold decrease in
Km over the pH range from 7 to above 9. However, proceed-
ing from pH 7 to 5, Km begins to rise back to the level without
calcium. For instance, at pH 7.0 the Km with calcium is 4 WM
compared to V10 WM without. At pH 5.8 however, Km under
both conditions is V10 WM.

3.3. E¡ect of pH on intrinsic £uorescence
Fig. 2 contains the results of Trp £uorescence of the WT

and Tyr162Phe mutant enzymes from pH 7.8 to 9.6. Both
forms of the enzyme displayed a decrease in £uorescence in-
tensity at high pH. The pKa of the decline for WT was
9.4U 0.1, and for the mutant was 9.3U 0.3.

4. Discussion

Though much biochemical data have been reported for
TOP, very little evidence has been gathered about the struc-
ture of the protein. A detailed study comparing the crystal
structure of neurolysin [10], a homolog of TOP sharing
s 60% sequence identity and nearly 80% sequence similarity
to TOP, has recently been published [22] ; however, that work
focused mainly on substrate recognition rather than catalytic
mechanism. In the present study, a molecular model of the
TOP active site has been generated to aid in the analysis of
the experimental results. A diagram of the active site of TOP

Table 2
pH dependence of kinetic parameters

Ca2þ Equation pKa acidic1 pKa acidic2 pKa alkaline

WT TOP
kcat/Km 3 1 5.7U 0.2 8.8U 0.2
kcat/Km

a + 1 6.9U 0.3 8.9U 0.2
kcatKm + 2 5.9U 0.6 7.3 U 0.3 8.9U 0.1
kcat + 2 5.8U 0.5 7.9 U 0.4 8.9U 0.2
Y612F TOP
kcat/Km

a + 1 6.7U 0.3 9.0U 0.2
aFit in pH range 6.5^9.6.

Fig. 2. Intrinsic £uorescence change of WT (closed diamonds) and
Tyr612Phe (open squares) TOP as a function of pH. Solid lines rep-
resent the ¢t of the data points to a sigmoidal function. Data were
normalized to known £uorescence intensity at pH 8.0.
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as modeled is shown in Fig. 3 overlaid onto the active site of
thermolysin determined by X-ray di¡raction [23]. Despite the
lack of sequence homology between thermolysin and TOP
there is a striking conservation predicted in their secondary,
and hence tertiary structures, especially in their active sites.
The pH dependence of TOP activity supports an active site

structure as shown in Fig. 3. The bell-shaped pH pro¢le of
kcat/Km shown in Fig. 1a is similar to those obtained for
thermolysin and CPA [18^21]. The acidic limb in Fig. 1a in-
dicates that a residue with a pKa of 5.7 is important for ca-
talysis (see Table 2). The same pH dependence is observed in
thermolysin and CPA (pKa1 = 5.3 and 6.0, respectively) and
this ionization is usually assigned to the Glu in the HisGluX-
aaXaaHis motif (analogous to Glu474 in TOP) [24]. Based on
the crystal structure of thermolysin bound to several inhibi-
tors, this Glu residue is believed to accept an H-bond from the
water nucleophile and then transfer the proton to the leaving
amine [11]. Protonation of this residue (or the Glu-water unit)
as the pH is lowered results in a decrease in kcat [20]. The
results in Fig. 1a,b de¢nitively show that the acidic limb of
the pH vs. kcat/Km pro¢le is associated with a residue a¡ecting
kcat. The ¢rst ionization at pH 5.7 in the plots of pH vs. kcat/
Km, under both sets of conditions (i.e. with and without
CaCl2) appears in the pH dependence of kcat. This ionization
can thus be assigned to a Glu474-water unit in TOP. This
result adds additional evidence that a Glu residue is the third
Zn(II) ligand since a His3Zn(II)OH2 coordination sphere
would exhibit an elevated pKa for the Glu-water unit in the
acidic limb.
The second ionization (see Table 2) observed in the acidic

limb of the kcat/Km and kcat pro¢les with CaCl2 present in the
bu¡er is more di⁄cult to assign. Though calcium increases the
a⁄nity of TOP for the MCA substrate [17], this could be an
electrostatic e¡ect neutralizing the net charge on the protein
and allowing more e⁄cient binding of the very non-polar
MCA substrate. However, with the pH dependence of kcat,
calcium must be playing an additional role. As seen in Fig.
1b, calcium has the greatest e¡ect on kcat at pH levels above 8,
but this e¡ect drops o¡ due to the protonation of a group
with a pKa between 7 and 8. For this reason it seems unlikely
that it is due to the protonation of a protein-based ligand to

Ca(II), since these would be oxyanion based and not likely
have pKa’s within this range. Therefore, a calcium-bound
water may be participating in the transfer of protons during
the reaction. At high pH the deprotonated water bound to
calcium is able to accept protons during the reaction mecha-
nism. As the pH falls below 8, this calcium-bound hydroxide
becomes protonated and can no longer participate in the
mechanism, but may enhance ligand binding. As the pH falls
below 6.5, Km rises to the value observed without calcium,
V10 WM (Fig. 1c). Thus, as shown in Fig. 1a, kcat/Km is
identical with or without calcium at pH 5.3. Further study
is needed to determine the exact role and number of calcium
ions involved in enhancing the activity of TOP towards the
MCA substrate.
A de¢nitive structure^function role is now established for

Tyr612 in the mechanism of TOP. The model predicts that the
side chain oxygen of Tyr612 is within 5.4 AW of the active site
Zn(II). Based on X-ray crystallography, a role in substrate
binding and transition state stabilization has been proposed
for the equivalent Tyr residue in neurolysin and also more
recently in a thermostable carboxypeptidase [25], although
no kinetic evidence has yet been presented to support that
role. Tyr612 is in a similar position with respect to the active
site as His231 in thermolysin [10], displaying the alternate
position of the zinc-bound water (Fig. 3) [11,23]. In thermo-
lysin, the tetrahedral transition state intermediate formed at
the carbonyl carbon of the scissile peptide bond is stabilized
by an H-bond from His231. In the thermolysin-like enzyme
from Bacillus stearothermophillus, mutation of this residue to
Phe leads to a 430- to 500-fold decrease in kcat/Km and re-
moves the pH dependence in the alkaline limb of the enzyme’s
pH vs. kcat/Km pro¢le, which normally occurs at pH 8.0 [26].
Likewise, an identical 400-fold drop in kcat/Km is associated
with mutating Tyr612 to Phe in TOP. This leads to a vvG for
removal of the Tyr hydroxyl of 3.7 kcal/mol, identical to the
value observed in thermolysin and similar enzymes [26,27].
The active site of thermolysin also contains a Tyr residue

(Tyr157) that has been implicated in transition state stabiliza-
tion, and substitution of Phe for this Tyr residue decreases
activity approximately 200-fold [28] compared to the 500
times reduction in activity with His231 mutants [26]. Both

Fig. 3. Comparison of the active sites of thermolysin (light gray) and TOP model (dark gray). Shown are the three protein-based Zn(II) li-
gands, two water molecules present in the X-ray crystal structure of thermolysin, the Glu residues proposed to be involved in crucial H-bond
interactions with the nucleophilic water, and Tyr612 and His231, the residues proposed to stabilize the developing negative charge in the transi-
tion state by H-bond donation [11,23]. Residue numbers for thermolysin are shown in parentheses.
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Tyr157 and His231 may be involved in transition state stabi-
lization. However, Tyr157 lies on the opposite side of the
transition state intermediate in comparison to His231 (and
Tyr612 in TOP). His231 of thermolysin is conserved in the
primary structure of both TOP and neurolysin but not in the
tertiary structure of neurolysin [10] (or as modeled for TOP).
However, the position, geometry, and loss in activity upon
mutation of Tyr612 of TOP are comparable to those of
His231 in thermolysin, strongly suggesting that Tyr612 plays
a similar mechanistic role in peptide hydrolysis by donating a
hydrogen bond to the transition state intermediate.
Because of the involvement of both His and Tyr residues in

thermolysin, another related metalloprotease, astacin, may
represent a better model for the role of Tyr in TOP’s active
site [10]. In astacin, a single Tyr residue (Tyr149) is thought to
stabilize the transition state [29], donating a hydrogen bond as
we propose for TOP. However, the situation for astacin is
complicated by the fact that Tyr149 acts as a ¢fth ligand
for the active site zinc, and must undergo rearrangement be-
fore substrate binding and catalysis [30]. It is interesting to
note that although Tyr has not been shown to be a Zn(II)
ligand in neurolysin or TOP, based on the model presented
here (Fig. 3), Tyr612 must undergo some reorganization upon
substrate binding in order to perform its role in transition
state stabilization.
In contrast to the situation for thermolysin, the alkaline

limb in the pH dependence of kcat/Km is not lost upon remov-
al of Tyr612. Both WT TOP and the Tyr612 mutant of TOP
(Fig. 1) show a decrease in activity at high pH associated with
a residue having a pKa of 8.9. Thus, Tyr612 must have a
normal pKa of 10 which is outside of the pH range used in
this study. This is consistent with the microenvironment of
Tyr612: in the absence of substrate, the hydroxyl group of
Tyr612 would be surrounded by solvent and not hydrogen
bonded to other residues thereby lowering its pKa. Fluores-
cence pro¢les (Fig. 2) suggest that the loss in activity at alka-
line pH is due to a conformational change in the enzyme
rather than a deprotonation event. The pKa of the decline
in £uorescence corresponds to the pKa of the alkaline limb
of the activity pro¢le, and suggests a basis for the loss in
activity.
In conclusion, this study represents kinetic evidence that the

mechanism of peptide hydrolysis by TOP, a mammalian neu-
ropeptide processing enzyme, is similar to that previously
postulated for bacterial thermolysin-like enzymes. As with
those enzymes, Glu474 of the HisGluXaaXaaHis motif serves
to deprotonate the incoming water nucleophile. Upon attack
by the nucleophile, the double bond of the peptide carbonyl
breaks and a crucial amino acid in the active site is available
to donate a hydrogen bond, thus stabilizing the developing
negative charge on the C-terminal oxygen in the transition
state. Furthermore, the identi¢cation of Tyr612 in TOP as
the amino acid corresponding in function to the classic histi-
dine in thermolysin-like enzymes clari¢es the mechanism of
this group of enzymes. Since submission of this work, a report
has appeared demonstrating the e¡ect of mutation of Tyr612
in TOP and Tyr613 in neurolysin [31].
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