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Abstract Serralysin is a bacterial Zn-endopeptidase
which has been considered a virulence factor to cause
tissue damage and anaphylactic response. It contains a
coordinated Tyr that is unique to the astacin-like Zn
enzymes. The coordinated Tyr has been proposed to
play an important role in the action of this endopepti-
dase family. Several metal-substituted derivatives of
serralysin (including Mn?", Co**, Ni*, Cu’", and
Cd**  derivatives) are found to exhibit significant
activities. Particularly, the Co- and Cu-substituted
derivatives exhibit much higher activities than the native
serralysin toward the hydrolysis of the tripeptide mimic
benzoyl-Arg-p-nitroanilide, i.e., 35 and 49 times higher
in k¢, and 33 and 26 times in k¢,/K,,, respectively. Such
remarkably higher activities of metal-substituted deriv-
atives, especially the Cu derivative, than that of the
native Zn enzyme are rare in the literature, reflecting the
uniqueness of this enzyme among all Zn enzymes. The
significantly different k.,  yet similar K, values among
the several metal derivatives suggests that the metal
center is involved in catalysis, but not necessarily in the
binding of the substrate, whereas the dramatically dif-
ferent inhibition constants for Arg-hydroxamate binding
to the metal-substituted derivatives indicates direct
binding of this inhibitor to the metal center. The activ-
ity-pH profiles of serralysin and its Co®>" and Cu®"
derivatives and the optical-pH profile of Cu-serralysin
have been obtained, in which the decrease in activity at
higher pH values was found to be associated with a
dramatic increase in the Tyr-to-Cu?" charge transfer
transitions. This observation suggests that the binding of
Tyr216 to the metal is inhibitory. A metal-centered
mechanism is proposed for serralysin catalysis based on
the results presented here, in which the detachment of
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the coordinated Tyr and formation of a H-bond with the
transition-state complex are considered essential for the
stabilization of the transition state.
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Introduction

Many zinc endopeptidases contain an extended metal-
binding motif HExxHxxGxxH, comprised of the three
coordinated His residues and a glutamate general base
[1, 2, 3, 4]. These peptidases include the astacin family
[5, 6, 7, 8], snake venom zinc endopeptidases [9], the
extracellular metalloproteinases from Serratia [10],
Pseudomonas [11], and Erwinia [12], and the matrixins
[13]. The crystal structures of these peptidases reveal
significant topological similarities, including the zinc-
binding site and a “Met-turn” region [14], in spite of
their low sequence homology. The astacin family in-
cludes a number of members [5, 6, 7, 8], such as astacin
from crustacean digestive fluid [15, 16], mammalian
membrane-bound meprins [17], bone morphogenetic
protein-1 [18], Drosophila tolloid [19], and embryonic
hatching proteins from the medakafish Oryzias [20, 21]
and sea urchin [22]. The extracellular Zn endopeptidases
from Serratia, Pseudomonas, and Erwinia are also very
closely related to the astacin members in terms of the
structure of their active site domain [10, 11, 12, 23, 24,
25]. The active-site Zn*" in these proteases is bound
to three His residues, a Tyr side chain, and a water
molecule (Fig. 1).

These metallopeptidases are the only group of Zn
proteins that contain a coordinated Tyr. This Tyr has
been suggested to play a significant role in the action of
these enzymes, in stabilizing the enzyme-substrate (ES)
and the transition-state (ES*) complexes via H-bonding
with the substrate on the basis of crystallographic [26,
27], kinetic [28], and spectroscopic studies [29]. The co-
ordinated Tyr is also found to detach from the metal
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Fig. 1. A stereo view of the active site of serralysin according to
the crystal structure at pH 6.3 (Protein Data Bank code 1SAT;
ISRP has essentially the same structure), viewed from the top of
the active-site crevice. The coordinated water molecule is shown as
a small sphere, which is H-bonded to Glul77 and the O, of the
coordinated Tyr216. The ligands are arranged in a distorted
trigonal bipyramidal geometry, in which His176, His186, and the
water molecule are the equatorial ligands, and His180 and Tyr216
are the axial ligands. The distances between the Zn’" and the
imidazole ligands range from 2.17 A to 2.21 A, the water to Zn>"
distance is 1.95 A, and the Tyr216(O,)-Zn bond length is 2.75 A.
Two structures of inhibitor-bound serralysin, ISMP and 1AF0, can
also be retrieved from the PDB. The corresponding coordinated
ligands in astacin (clockwise) are His102, His96, His92, Glu93, and
Tyr149 (PDB code last)

center upon inhibitor binding and forms a hydrogen
bond with the inhibitor [26, 27, 29]. This might also be
the case during catalysis, in which the detached Tyr is H-
bonded with an oxygen of the transition-state gem-dio-
late. A recent site-directed mutagenesis study of astacin
[30] showed that the substitution of an Ala for the co-
ordinated Tyr resulted in 107 times decrease in k., but
only a small change in K, (2.7 times decrease), which
demonstrated the importance of the coordinated Tyr in
the action of astacin that may also be the case in other
analogous enzymes such as serralysin. However, a
coordinated phenolate has been demonstrated to sig-
nificantly decrease the Lewis acidity of the metal center,
as reflected by the increase in the pK, of the coordinated
water (=2 units) above neutral pH [31, 32, 33].
Consequently, the coordinated phenolate of Tyr in the
astacin-like families is supposed to be inhibitory in
metal-centered hydrolysis. Nevertheless, the effective
catalysis of these enzymes around neutral pH [28, 34]
suggests that either the enzymes follow a metal-centered
mechanism in a unique way or they may take a com-
pletely different catalytic pathway. Further investigation
is thus needed to clarify the mechanism of these endo-
peptidases.

Bacterial endopeptidases act as virulence factors that
may cause necrotic or hemorrhagic tissue damage, which
in turn triggers the production of the anaphylactic and
inflammatory histamine and bradykinin [35]. Serralysin
is a 50-kDa zinc endopeptidase, excreted by the oppor-
tunistic pathogen Serratia marcescens [36]. The structure
of serralysin consists of two domains, the N-terminal
domain active site and the unique C-terminal pf-roll

601

domain with seven calcium-binding sites [10]. The
structure of the proteolytic domain is very similar to that
of astacin [14], with the active-site zinc ion coordinated
to three His residues (His176, 180, and 186), Tyr216, and
a water molecule in a trigonal bipyramidal geometry
(Fig. 1). The water molecule is located within hydrogen-
bonding distance to Tyr216-O, and Glul77-O;. This
Glu is believed to serve as a general base, analogous to
Glul43 in thermolysin [37], Glu270 in carboxypeptidase
A [38], and the corresponding Glu in several other
metallopeptidases [39].

Our previous study of astacin has demonstrated that
the highly active Co- and Cu-astacins could be used as
model systems for mechanistic study of the native en-
zyme [29]. Therefore, metal-substituted derivatives of
the astacin-like endopeptidase serralysin are expected to
be good model systems for study of the mechanism of
serralysin catalysis. Several metal ions, including Mn* ™,
Co*", Ni**, Cu**, Zn*>", and Cd>", are found to
activate serralysin to great extents. The Co?" and the
Cu’" derivatives exhibit extraordinarily high activities
toward a tripeptide mimic (33 and 26 times, respectively,
higher than the native enzyme in terms of kg, /Ky),
which, along with the native enzyme, have been studied
by means of kinetic and optical techniques to provide
further insight into the mechanism of this enzyme.

Methods and materials

Materials and preparation of enzyme

Metal ion solutions were prepared directly from atomic absorption
standards (>99.99%; Fisher Chemical) or from corresponding
metal salts (99.95%; Sigma-Aldrich, St. Louis, Mo.) standardized
against standard EDTA using xylenol orange as an indicator. All
the buffers, N-a-benzoyl-L-Arg-p-nitroanilide (BR-pNA), casein, L-
Arg-hydroxamate (Arg-NHOH), 1,10-phenanthroline, and EDTA
were purchased from Sigma-Aldrich. Serralysin purchased from
Sigma has a purity of greater than 95% based on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), which
was further purified with gel filtration (2.5 cmx90 cm, Sephadex G-
50-Fine, Sigma) to remove trace impurity, and its concentration
determined according to A;;/b =12 [40]. The procedure for the
preparation of apo-serralysin followed that of apo-astacin [41],
with the presence of 1.0 mM CacCl, in the solutions. The activity of
apo-serralysin was consistently less than 2% of native serralysin
activity against BR-pNA. Metal-substituted derivatives of serraly-
sin were prepared by stoichiometric addition of corresponding
metal ion solutions to apo enzyme in 0.02 M MES buffer at pH 6.0
in the presence of 1.0 mM Ca®™". The activity of apo-serralysin is
not affected by Ca>™, suggesting that Ca>" is not directly involved
in catalysis.

Enzyme assays and kinetic measurements

Serralysin favors a substrate containing at least three residues from
the C-terminus [42]. It can also cleave trypsin-specific small pep-
tides such as the tripeptide mimic BR-pNA, but not the dipeptides
Arg-Tyr or Lys-Ala that can be hydrolyzed by trypsin [36]. For
activity assay, the hydrolysis of 0.4 mM BR-pNA in 0.1 M HEPES
buffer at pH 7.0 and 20 °C was determined on a Varian Cary 3
spectrophotometer. A 0.02 M buffer solution containing 2%
DMSO and 2 mM Ca(NO;), was used to avoid the precipitation of
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the substrate BR-pNA. The presence of 2% DMSO does not affect
the activity.

For kinetic studies, the hydrolytic rates of 0.15-4 mM substrate
solution were determined by monitoring the release of p-nitroani-
line at 405 nm (10,150 M ! em ') in 0.1 M HEPES buffer at pH 7.0
and 30 °C in the presence of 2 mM Ca(NOs),. The k., and Ky,
values were obtained by non-linear fitting of the data to the hy-
perbolic Michaelis-Menten equation, rate= ke, [Eol[S]/(Km +[S)]),
with [Eg] the enzyme concentration and [S] the substrate concen-
tration. The buffers used in the pH-dependent kinetics were acetate
(pH 5.0), MES (pH 5.5-6.5), HEPES (pH 7.0-8.0), TAPS
(pH 8.5-9.5), and CAPS (pH 9-10). The inhibition pattern of Arg-
NHOH is determined by means of Michaelis-Menten kinetics, with
inhibitor concentration of 0.001-1.00 mM. For a mixed inhibition
pattern [43], the specific inhibition constant K. for the dissociation
of the enzyme-inhibitor complex (EI) can be obtained from the
equation:

app app __ Vmax/Km
Vmax/Km 1+[I}/1(1(, (1)
and the catalytic inhibition constant K, for the dissociation of the
inhibitor from the enzyme-substrate-inhibitor ternary complex
(ES]) is obtained according to:

Vaax = Vinax /(1 + [1]/Kiu) (2)

Metal-free casein was prepared by dialyzing four times a casein
solution against 1 L of 0.1 M HEPES at pH 7.0 containing 5 mM
EDTA, and then four times against the buffer to remove EDTA.
The initial rate of casein hydrolysis was measured according to the
literature [15]. A metal-free heat-denatured casein solution (1.0%)
was mixed with 0.2 pM enzyme and incubated at 30 °C. An
amount of 0.5 mL was taken every 4 min, to which 0.5 mL of 10%
trichloroacetic acid was added, then followed by removal of un-
hydrolyzed casein precipitate with centrifugation. The control was
prepared in the same way except that the enzyme was added after
the acid. The absorbance at 280 nm of the supernatant was mea-
sured against the control, and fitted to a pseudo-first-order rate law
to afford the observed rate constant, kgps.

Results and discussion
Metal-substituted derivatives of serralysin

Metal substitution is a convenient method for probing
the structures and catalytic mechanisms of metallopro-

teins by means of spectroscopic techniques [44]. Thus,
the spectroscopically inert Zn>" ion in serralysin is
replaced with other metal ions for the study of this
protease. All the metal ions tested, including Co>",
Cu’™, Ni?", Zn?*, Cd>", and Mn?", can activate apo-
serralysin to great extents toward the hydrolysis of BR-
pNA and casein (Table 1). The native Zn-serralysin
shows the highest pseudo-first-order activity toward
casein hydrolysis (Fig. 2A). Although the activations by
Ni*", Cd*", and Mn”?" are much smaller than that by
the native enzyme, it is still quite significant as the auto-
hydrolytic rate of casein under the assay conditions is
not detectable. The activities of the metal-substituted
derivatives toward BR-pNA hydrolysis are quite signif-
icant, particularly the Co?" and Cu?" derivatives. The
relative activities of Co- and Cu-serralysin in terms of
keat and ke, /K, are much greater than those of any
metal-substituted derivatives of Zn enzymes ever
reported [44]. Moreover, their endopeptidase activities
are also quite significant (81% and 13%, respectively).
The Lewis acidity of the metal ions is the key factor in
metal-centered hydrolysis, in which the pK, of the co-
ordinated water is significantly lowered to assist its nu-
cleophilic attack on the scissile bond at neutral pH.
Consequently, several synthetic Cu®>" complexes with
high Lewis acidity have been demonstrated to catalyze
hydrolytic reactions [45, 46, 47]. A few Cu® " -substituted
Zn hydrolases, including Aeromonas aminopeptidase
(aAP) [48], astacin [53], and serralysin, also exhibit sig-
nificant activities, which further corroborates the theory.
Di-Cu-aAP exhibits only 5% and 9%, respectively, ac-
tivities in terms of k¢, and k,/K,, toward the hydrolysis
of the specific substrate Leu-pNA [48], while Cu® " -ast-
acin shows 37% activity in terms of kg, /K, toward
succinyl-tri-Ala-pNA hydrolysis [53]. Despite the high
Lewis acidity of Cu?", almost all Cu®"-substituted de-
rivatives of Zn hydrolytic enzymes are inactive or exhibit
much lower activities than the native enzymes [32, 44]. It
is still not clear why Cu®* cannot activate most metal-
lohydrolases. It might be attributed to the geometric
distortion of the Cu®?" center due to the Jahn-Teller

Table 1. Activation of apo serralysin® by metal ions in 0.1 M HEPES and 2 mM Ca(NOs), at pH 7.0 and 30 °C

Casein BR-pNA
kobs ACthlty K keat kcat/Km % ACth]ty
103 min™! % mM st Y
kcat kcat/Km
Zn>t 70+3 100 0.65+0.05 0.037+£0.002 57 100 100
(0.78)° (0.044)°
Co** 57+1 81 0.70+0.20 1.3+0.4 1860 3500 3300
(0.88)° (1.8)°
Cu?” 8.9+0.3 13 1.2+0.5 1.8+0.4 1500 4900 2600
. (0.92)° (2.5
i 4.7+0.2 6.7 1.67+£0.12 0.187+0.013 112 505 197
2+ 42+0.2 6.0 1.24+0.13 0.012+0.001 9.6 32 17
Mn?* 2.6+£0.2 3.7 1.44+0.13 0.029+£0.001 20.1 78 35

“Enzyme concentrations are 3.0, 0.50, 0.50, 0.48, 2.4, and 2.4 uM for Zn?t, Co?t, Cu?t, Ni?", Cd>", and Mn? " derivatives, respectively

Pk’ for substrate inhibition
°k’ .a1 for substrate inhibition
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Fig. 2. A The hydrolysis of 1.0% casein by 0.20 M Zn-, Co-, Cu-,
Ni-, Cd-, and Mn-serralysin (from top to bottom). The solid traces
are the best fits to a pseudo-first-order rate law, which afford the
rate constant ks for each derivative (Table 1). B Fitting of BR-
PNA hydrolysis by Co-serralysin to the Michaelis-Menten kinetics
(solid trace) and the best fit for a substrate inhibition pattern
(dotted trace). The slight substrate inhibition pattern is also shown
in the linear Lineweaver-Burk plot (inset)

effect, which can decrease the nucleophilicity of the at-
tacking coordinated water if it is positioned at the axial
positions. Unfortunately, the lack of activity hinders
mechanistic study of the Cu®>" derivatives by means of
kinetic methods. Therefore, the highly active Cu-serral-
ysin can serve as a prototype to gain further insight into
serralysin catalysis and to provide more information
about Cu’?*-centered hydrolytic reactions.

Conversely, full or higher activities are usually
observed for Co? " -substituted derivatives of Zn*" en-
zymes [44, 49], such as aminopeptidase [48, 50], carb-
oxypeptidase A [51], and astacin [53]. This has been
attributed to the similar coordination chemistry of Co?*
and Zn?" [44, 49]. However, the much higher activity of
Co? " -serralysin than that of the native enzyme (Table 1)
is still seldom seen among all Co®”-substituted Zn
enzymes [44, 48, 49, 50, 51, 53]. It is worth noting that
Co-serralysin also exhibits a nearly full endopeptidase
activity (81%) toward denatured casein (Fig. I,
Table 1), which justifies well its use as a mechanistic
model for serralysin action.

While the K, values of the metal-substituted deriva-
tives differ by only 2.5 fold, the k., values differ sig-
nificantly by ~150 fold (Table 1). The very different k.,
values reflect that the metal ion is essential in catalysis,
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i.e., a metal-centered catalysis, whereas the similar K,
values suggest that the metal ion might not be involved
in direct substrate binding other than electrostatic in-
teractions. Similar results were previously observed for
metal-substituted derivatives of carboxypeptidase A
[51], in which the different k.,; values are indicative of
the involvement of the metal center in catalysis and the
similar K;,, values in peptide hydrolysis are attributed to
the lack of direct substrate binding to the metal center,
whereas the significantly different K, values in ester
hydrolysis suggest the importance of metal in substrate
binding. Since K, is not the dissociation constant for
substrate binding, it can only serve as a rough indicator
for substrate binding.

Michaelis-Menten kinetic analysis of serralysin ca-
talysis reveals that the rate decreases slightly at high
substrate concentrations as represented by the Co” ™"
derivative (Fig. 2B, Table 1), suggesting the possible
presence of substrate inhibition [43]. In this case, the
enzyme can bind a second substrate molecule S’ to yield
an inactive ES-S” complex with a substrate inhibition
constant of K;, and the rate law becomes: rate =k’.,[S]/
(K'm+[S]+[S]?/Ky), in which k’c, and K’,, are the
counterparts of the Michaelis-Menten parameters in
substrate-inhibition kinetics [43]. The substrate inhibi-
tion is much weaker than the productive substrate
binding (<10 times); thus the reaction can be approxi-
mated to follow the regular Michaelis-Menten kinetics.

Electronic spectra of Co”" - and Cu?"-serralysin

Introduction of 1 equivalent of Co®>" or Cu®>" to apo-
serralysin affords the corresponding metal-substituted
derivatives with characteristic electronic transitions. The
electronic spectrum of Co“-serral]ysin has maximum
absorption at 506 nm (78 M 'cm ') and shoulders at
ca. 470 and 530 nm (Fig. 3A), attributed to the d-d
transitions of the Co®” center. This spectrum is similar
to that of Co® " -astacin [41] with a trigonal bipyramidal
geometry [53], reflecting that the Co®" in serralysin
probably has the same geometry. The molar absorptivity
in the range between that of a tetrahedral (>150
M ! em ™) and an octahedral geometry (<60 M ' cm ™!
[49] supports a trigonal bipyramidal geometry, although
the low magnitude cannot completely exclude a
distorted octahedral geometry in solution.

Three absorption bands are detected for Cu®* -ser-
ralysin between 300 and 800 nm at pH 8.8 (Fig. 3B,
dashed traces). The absorption at 725 nm (128 M !
cm ') can be assigned to the d-d transition of the Cu®"
center, similar to that of Cu?"-thermolysin (e730=90
M ' ecm ') with a tetragonally distorted Cu®>" center
[52]. The transitions at 320 and 454 nm with much
higher intensities of 1070 and 1283 M ' cm ™, respec-
tively, are due to tyrosinate-to-Cu®" charge transfer
(CT) transitions as observed in Cu-astacin at 325 and
445 (1900 M ' ecm ') nm [53]. In the crystal structure of
Cu®"-astacin, the Cu’" center retains a distorted
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trigonal bipyramidal geometry as in the native enzyme
[53] (cf. Fig. 1). However, the EPR spectrum of
Cu? " -astacin in frozen solution exhibits g, > g, features,
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Fig. 3. The electronic spectra (Varian Cary 3E) of serralysin (0.20—
0.65 mM) in 20 mM MES buffer at pH 5.5 in the presence of
2 mM Ca(NOs), upon binding of 1 equiv Co*>* (A) and Cu>" (B)
and referenced against apo-serralysin. There is no change in the
spectra with more than 1 equiv metal ion added. The dashed trace
in B is the spectrum obtained in 20 mM TAPS buffer at pH 8.8
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Fig. 4. Arg-NHOH inhibition of A 2.4-uM Zn-, B 0.48-uM Co-,
and C 0.48-uM Cu-serralysin at pH 7.0 in 0.1 M HEPES buffer in
the presence of 2 mM Ca(NOs), expressed as the Lineweaver-Burk
plots. The inhibitor concentrations are 0.0, 0.2, 0.8, and 1.6 mM in
A, 0.0, 5.0, and 10.0 uM in B, and 0.0, 1.25, and 2.50 uM in C. The
kinetic parameters k¢, and K, are obtained from direct fitting of
the data to the Michaelis-Menten equation, from which the specific
inhibition constant K. and the catalytic inhibition constant K, are
obtained (Table 2)

suggesting a tetragonally distorted Cu®>" coordination
sphere in solution or a very weak axial ligand field [29,
53]. Our preliminary study of Cu-serralysin also revealed
g >g. features, suggesting a tetragonally distorted
Cu®”" center (Park HI, Angerhofer A, Ming L-J,
unpublished observations).

Inhibition by L-Arg-hydroxamate

The inhibitions of Zn**-, Co?"-, and Cu”"-serralysin
by the metal chelating inhibitor L-Arg-hydroxamate
(Arg-NHOH) at pH 7.0 display a mixed pattern (Fig. 4)
with significantly different inhibition constants Kj. and
K;, (Table 2), whereas their K, values for the hydrolysis
of BR-pNA are very close to each other (Table 1). These
results indicate that while the substrate does not seem to
bind to the metal center, the inhibitor binds directly to
the metal ion. A recent crystallographic study of inhib-
itor binding of serralysin showed that the inhibitor Leu-
Ala-hydroxamate is bound directly to the active-site
metal (Baumann U, unpublished results, with the
structure deposited in the Protein Data Bank, PDB code
1af0). The observation of a mixed inhibition pattern and
substrate inhibition suggests the presence of an alter-
native site for inhibitor and the substrate binding in the
ES complex to form the ES-I and ES-S ternary
complexes, respectively.

The CT transition in Cu® " -serralysin at 454 nm can
serve as an indicator for the metal-binding status of
Tyr216. Upon addition of 1 equivalent of Arg-NHOH
to Cu-serralysin at pH 5.5, the weak charge transfer
transition is abolished nearly completely whereas the d-d
transition is intact. However, the decrease in the CT
intensity upon the addition of the inhibitor is less dra-
matic at pH 8.8, along with a very small shift of the d-d
transition to 720 nm (Fig. 5). The results indicate that
the coordinated Tyr is detached upon inhibitor binding,
as observed in a previous study of Cu-astacin [29]. The
gradual decrease in the CT intensity at pH 8.8 upon
inhibitor binding can be described by the following
equilibrium:

Serralysin (boundTyr)+1 = I—Serralysin (detached Tyr)
(3)

with the assumption that the binding of one inhibitor
molecule (I) to the metal results in a concomitant de-
tachment of the coordinated Tyr. The binding of any

Table 2. Ionization constants from pH profiles of k.,./ K, and k., of Zn-, Co-, and Cu-serralysin and inhibition constants of Arg-NHOH
for the hydrolysis of BR-pNA in 0.1 M HEPES buffer and 2 mM Ca(NO3), at pH 7.0 and 30 °C

keat keat/ Kin Inhibition constants

klim (Sil) pKal pKuZ klim (Mil Sil) pKal pKaZ Kic (HM) Kiu (HM) Ksi (mM)
Zn 0.040 £0.0035.334+0.18 9.09+0.17 59.0+4.0 5.74+0.14 894+0.14 560=+10 2570+£230 19
Co 1.71+£0.13 6.41+0.14 9.20+0.15 1700+90 6.20+0.11 9.09+0.11 7.57+0.02 10.4+0.3 7.7
Cu 2.8+0.3 597+£0.14 7.74+0.13 2130+£200 6.30£0.07 7.32+£0.07 1.40+0.12 2.79+0.14 8.5
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Fig. 5. Titration of 0.20 mM Cu-serralysin at pH 8.8 with Arg-
NHOH (from top to bottom: 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.50, 1.75,
2.0,2.5,3.0,3.5,4.0,4.5, 5.0, 6.0, and 7.0 equivalents). The spectra
were referenced against the apo-serralysin spectrum under the same
conditions. The inset shows the change in the absorption intensity
at 454 nm with an increasing amount of Arg-NHOH. The solid
trace is the best fit of the absorption at 454 nm to Eq. 3, which
gives an apparent association constant K,,,= 5.6x10° M. Addi-
tion of 1 equiv of Arg-NHOH to Cu-serralysin at pH 5.5 (Fig. 3B)
completely abolishes the CT transitions, but the d-d transition
remains intact

other Arg-NHOH molecule to the enzyme that does not
displace the Tyr, if it existed, would not influence the CT
transitions. A fitting of the CT intensity with respect to
inhibitor concentration according to the equilibrium
without including [H "] gives an apparent association
constant of 5.6x10° M ! for Arg-NHOH binding to
Cu’ " -serralysin at pH 8.8 (Fig. 5, inset). The pH influ-
ence on Tyr binding can be further corroborated by
comparing the binding of Arg-NHOH at pH 8.8 with
that in inhibition study at pH 7.0. The specific inhibition
constant K. at pH 7.0 can be converted into an appar-
ent association constant of 7.1x10° M. The value is
much higher than that at pH 8.8, indicating that
protonation of Tyr216 at lower pH assists the binding of
the inhibitor Arg-NHOH.

pH dependence of the activities of Zn-, Co-,
and Cu-serralysin

The kinetic parameters K, and k., for Zn-, Co-, and
Cu-serralysin toward BR-pNA hydrolysis were deter-
mined within pH 5.0-10.0. Plots of k. /Ky, and ke
versus pH exhibit bell-shaped curves for all derivatives
(Fig. 6), indicating the involvement of at least two ion-
izable groups in the action of serralysin. The data are
fitted to a two-ionization process [43, 54, 55] to give two
ionization constants, pK,; and pK,,, and the intrinsic
pH-independent rate constant k&, gTable 2 and Fig. 6).
The coordination spheres of the Zn**, Co®*, and Cu®"
derivatives in the crystal structures of the analogous
enzyme astacin are very similar [53], which suggests that

Fig. 6. pH dependence of k¢, and ke /Ky, for the hydrolysis of
BR-pNA by Zn- (A and D), Co- (B and E), and Cu-serralysin (C
and F). The solid lines are the best fits to the equation

k= knm/(l + %) <1 + [IEE]) to afford the two pK, values reported
in Table 2 for k=key or keat/Kn. The keo/Kn-pH profile of
Cu-serralysin can also be reasonably fitted to a three-ionization

process (dotted)

the difference in pK, values of the three metal derivatives
of serralysin is possibly attributable to their different
Lewis acidities, but not due to a significant structural
change in the coordination sphere.

The low pK,, approaching pK,; seriously affects the
activity of Cu-serralysin, causing a dramatic decrease in
maximum activity, i.e., k. /K, decreases from the
intrinsic maximum value of 2130 to the fitted maximum
value of 1220 M ' ecm ! at pH 7.0, whereas the values
for Zn- and for Co-serralysin are not significantly
changed (i.e., 60 versus 57 and 1700 versus 1420
M em ™, respectively; Table 2 and Fig. 6). In this situ-
ation, only 57% Cu-serralysin is active, which makes this
derivative much more efficient than the native enzyme
(i.e., kcat/Km of Cu-serralysin becomes 46 times higher
than that of the native enzyme in terms of the active form
of the enzyme). The sharp decrease in k,, of Cu-serralysin
at high pH suggests the possibility of another ionization.
A fitting of the data to a three-ionization process gives pK,
values of 6.19+0.05, 7.51+£0.07, and 8.40+0.24, and
kiim= 1780490 M ' s™! (Fig. 6C, dotted trace).

For the ionizable groups to be influenced by the metal
ion, they must be either located very close to or coor-
dinated to the metal ion. Hence, the best candidates are
Tyr216, the metal-bound water, and Glul77 that is
H-bonded to the coordinated water (Fig. 1). Such a
“metallotriad” framework of M—OH.."OO0C- is
analogous to the triad Ser — OH...His...”OOC- in ser-
ine hydrolases, with the nucleophile sandwiched by a
Lewis acid (M) and a Lewis base (carboxylate). This
“metallotriad” framework has been demonstrated to
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effectively increase the nucleophilicity of the coordinated
water in metallohydrolases [39], including thermolysin
[37], matrilysin [56, 57], and carboxypeptidase A [38].
However, some previous studies [58, 59] suggested that a
general base (e.g., Tyr216 in serralysin [28]), instead of
the metal center, in the active site might serve to activate
a non-coordinated water molecule for nucleophilic at-
tack following a reverse protonation process [54, 55],
i.e., the pK,; of the general base is greater than the pK,»
of the general acid (cf. Fig. 7). The very narrow activity-
pH profiles of Cu-serralysin (Fig. 6C, D) suggest a
possible presence of a reverse protonation process [60].

According to the discussion above, there are four
possible ways for the assignment of the general base
(pKa1) and acid (pK,») associated with the increase and

| T 1 T |
| PKiy P |
O VG L N AR A
= r a 7 ]
c Tyr 24 ~ 2 HyO
= H0) 25
% | (H,0) A (Tyr)
3 T
K . P
9 -0»0»07o»orortfo%1"%75»7.'»"»4"%»._.'.?2»0ro»o»o»o».»o-
© H,O A_.-A A-._A Tyr
Fes . . (H,0
St (Tyr): .“( 20)
general general
i base pK,, acid pK,, 1
l l l L l

pH

Fig. 7. Schematic presentation of the four possible roles of the
coordinated water and Tyr216 in pH-dependent activity of
serralysin with four different assignments in which Tyr216 is
assigned to be (from top to bottom) the general acid and base in a
reverse protonation process, and the general acid and base in a
normal protonation process. The pH-activity profile (solid curve)
has been deconvoluted to show the general base whose deproto-
nation enhances the activity and the general acid whose deproto-
nation decreases the activity in a normal protonation process with
pKa> > pKa (filled circles) and a reverse protonation process with
pKa1 > pKax (open triangles). The second and the fourth assign-
ments (from the top) are excluded by mutagenesis studies of the
analogous astacin and the first and the fourth assignments are
excluded based on optical and crystallographic studies, which leave
the only possible assignment to be the third assignment in which
the coordinated water and Tyr216 serve as the general base and
acid associated with pK,; and pK,,, respectively, in a normal
protonation process (bold labels). Note that the intrinsic rate
constant ky, is much larger in the case of a reverse protonation
process

decrease in activity, respectively, as represented by the
simulated trace in Fig. 7 (solid trace), with the coordi-
nated water serving as the nucleophile (associated with
pK,;) or Tyr216 being the general base (labeled in pa-
rentheses) in either a normal protonation process (filled
circles) or a reverse protonation process (open triangles).
The deprotonation of Tyr216 and its coordination to the
metal is considered inhibitory when water serves as the
nucleophile.

The pK,; values are close to those found for the co-
ordinated water in the “metallotriad” of carboxypepti-
dase A and its Co>" derivative, ie., 6.3 and 5.6,
respectively [61], and thermolysin (5.1) [62], suggesting
the pK,; in serralysin is possibly attributable to the co-
ordinated water. However, the pK, of a coordinated
water is significantly increased by about three units (may
reach >10) in Zn>" and Co®>" complexes when a co-
ordinated phenolate group is present [29, 31, 32, 33].
From these studies, it seems consistent, yet not conclu-
sive, to assign pKj,; to the phenol group of Tyr216 and
pK.» to a coordinated water, as proposed in the previous
study [28].

The recent study of the Tyrl49—Phe and the
Glu93—Ala mutants of the analogous astacin shows
that the coordinated Tyr149 is not indispensable for
catalysis, whereas Glu93 is [30]. The ~100-fold decrease
in kg, for the mutant YI149F is equivalent to
~12 kJ mol ! increase in the Gibbs free energy of acti-
vation at 303 K, which can be due to the loss of one H-
bonding stabilization. The lack of activity in the E93A
mutant demonstrates the importance of Glu93 in the
“metallotriad” in activation and orientation of the nu-
cleophilic coordinated water in astacin. The coordinated
Tyr should be indispensable if it was serving as the
water-activating general base; however, this is not the
case. Taking into consideration the structural similarity
between serralysin and astacin, the general base with K,
cannot be assigned to Tyr216 in serralysin in either a
normal or a reverse protonation process. In order to
gain further insight into the mechanism, it is important
to assign the ionization constants. Thus, the pK, values
have been further investigated by monitoring the
pH-dependent change of the Tyr-to-Cu?* CT transi-
tions in Cu-serralysin.

pH dependence of CT transitions in Cu-serralysin

The CT transitions do not exhibit full intensities at
neutral and lower pH values (~135-500 versus 1400 M !
cm ') (Figs. 3B and 8), indicating that they are pH de-
pendent. The Tyr(phenolate)-to-Cu®* CT transitions in
Cu-serralysin changes with pH in a sigmoidal manner
(Fig. 8). Thus, the change can be described by a single-
ionization process expressed in Egs. 4 and 5 for Tyr216
ion2iz+ation and simultaneous binding to the active site
Cu "

&= ¢y + & fp (4)
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Fig. 8. The change in the intensity of the CT transition of Cu-
serralysin at 454 nm with pH. The fitting of the sigmoidal profile to
a single deprotonation process gives a poor fit (Eq. 4, dashed trace).
The data can be much better fitted to a two-ionization process
(Eq. 6, solid trace) or a two-ionization process in the presence of a
tautomerism (Eq. 11, dotted lines). The dashed bell-shaped curve is
the best fit for the k.,/Kn-pH profile of Cu-serralysin from Fig. 6C

pH = pK, + log( Jo ) (5)
1 —fo

where ¢, and ¢, are the molar absorptivities at 454 nm
due to the background and the Cu-bound Tyr, respec-
tively, and f, is the mole fraction of the bound form of
Tyr216. The fitting gives ¢,=189 and e,=1125 M
cm !, and a pK, value of 7.41 for the deprotonation of
Tyr216. However, the data do not fit well to this single-
ionization model (Fig. 8, dashed trace).

Since the side chain of Tyr216 is H-bonded to the
coordinated water [10, 24, 25], its deprotonation and
binding to the metal should be affected by the ionization
of the coordinated water and reflected by its CT inten-
sity. The data are indeed better fitted to a two-ionization
process described by Eqs. 6, 7, 8, 9 with a fixed
pK.1 =6.30 (consistent with that in the pH profile of
keat/Kin) to afford pK,,=7.90£0.06, ¢,=24+25,
€w="580%50, and ¢,=1360+30 M cm™' (Fig. 7, solid
trace), in which f,, f, and f;, are the mole fractions of
the unbound, first deprotonated form, and the Tyr-
bound form, respectively. The magnitude of the change
in molar absorptivity associated with pK,, is only half of
that associated with pK,, (i.e., 500 versus 1000). Since
pK,» is associated with a more pronounced change, it
seems more reasonable to be assigned to the ionization

of Tyr216 and binding to the Cu”" center:

8:5u+5wfw+8bfb (6)

SotfwtHh=1 (7)

pH = pKai + log (fw) (8)
_ Jo

pH = pK,» + log( 2> ©)

Since the pK, values observed from the pH
dependence of k., /K., may reflect the pK, values of
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Fig. 9. A proposed metal-centered “metallotriad”’ mechanism for
serralysin catalysis. In this mechanism the deprotonation of the
coordinated water (associated with K,;) activates the enzyme,
whereas the deprotonation of Tyr216 and its binding to the metal
center (associated with K,,) are considered non-productive. The
dotted lines represent possible electrostatic interactions, and the
ladder lines indicate hydrogen bonds. The Zn-O,(Tyr) distance of
2.75 A at pH 6.3 (above pK,; but below pK,,) may represent a very
weak coordination bond

the free enzyme and/or the substrate [43, 54, 55, 63],
they are thus comparable to those obtained from the
pH profile of the CT transitions (Fig. 8). The averaged
pK, of 7.41 from the one-pK, fitting and the second
ionization constant of pK,=7.9 from the two-pK,
fitting in the optical study are more consistent with
pKao (7.32 and 7.51) rather than pK,; (6.30) in the pH
profile of k.. /Kn. Although the data can be reason-
ably fitted to the above two-ionization process, the
similar 4., throughout the titration suggests that it is
likely to have only one species that affords the CT
instead of two.

The presence of a H-bond between the coordinated
water and Tyr216 [10, 25] in the crystal structures
suggests that the deprotonation of the coordinated
water may affect the CT transitions via a tautomeric
equilibrium (K) with Tyr216, as shown below
(cf. Fig. 9):

K.
M(Tyr — OH)(H,0) = |M(Tyr — O — H...”OH)

= M(Tyr— O ..H — OH)

K
= M(TyrO )(OH") (10)
Fitting of the absorptivity-pH profile to the two-
ionization process in the presence of the tautomerism
with a fixed pK,; =6.30 and an assumption that the only
chromophore is the coordinated Tyr (e,) gives
pK.p=7.58£0.05, K=0.59+0.09, and ¢,=0%43
(background) and e,=1370+50 M ' ecm™' (Fig. 8, dot-
ted trace). In this fitting, Eq. 6 is replaced with Eq. 11:
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K 1
XK+ 1jath 1+1/b+K/b+1jab

(11)

in which a=10P"PXa! and p=10PHPX32 The pK,, value
of 7.58 is close to the pK,, obtained in the activity-pH
profiles. In this case, the change in CT intensity associ-
ated with pK,, is 2.4 times larger than that with pK,,,
consistent with the assignment of pK,, to Tyr216. The
ionization of Tyr and concomitant binding to the metal
ion are thus considered to contribute to the decrease in
activity at higher pH values. The CT intensity is slightly
influenced by the ionization of pK,;, suggesting that this
ionization cannot be due to the remote non-coordinating
Glu since it has no direct interaction with Tyr216 to
affect the CT. The crystal structure of Zn-serralysin at
pH 6.3 (a value greater than pK,, and less than pK,,)
reveals a short Zn-water distance of 1.95 A and a long
Zn-Tyr216 distance of 2.75 A [10]. These bond lengths
are consistent with a deprotonated water and a proto-
nated Tyr216 at pH 6.3, thus excluding the assignment
of pK,» to the coordinated water in normal protonation
process or pK,; to the water in reverse protonation
process, which is also consistent with our assignment.
Combining the studies described above with the muta-
genesis studies of the analogous astacin [30] and the
crystal structure of serralysin, the only possible assign-
ment is that pK,; and pK,, are associated with the co-
ordinated water and Tyr216, respectively, in a normal
protonation process (bold labels in Fig. 7).

The close relationship between the coordinated water
and the coordinated Tyr216 is also shown by comparing
the different metal derivatives of serralysin and the
analogous astacin. The shorter metal-(O,)Tyr bond
length of 2.10 A in the analogous Cu-astacin than that
in Zn-astacin (2.54 A) [53] and the stronger Lewis
acidity of Cu?" than that of Zn>" suggest that the Tyr
in the Cu®" derivative should exhibit a lower pK, than
that in the Zn?>" derivative. The stronger binding of the
negatively charged Tyr to the metal center should de-
crease the Lewis acidity of the metal center, which
should result in a significant increase in the pK, value of
the coordinated water, as observed in the studies of
metal complexes [31, 32, 33]. Therefore, the higher pK,;
and lower pK,, values in Cu-serralysin relative to those
in Zn-serralysin (Table 2) are also consistent with the
assignment of pK,; and pK,, to the coordinated water
and Tyr216, respectively. Since the difference in the pK,
values between Zn- and Co-serralysin is not as dramatic,
such analysis was not attempted for these two
derivatives.

E=¢&y + &

Mechanism for serralysin

A recent study of Zn®"-serralysin suggests that the
coordinated Tyr216 (assigned to a pK,; of 4.8) serves as
the general base [28]. The coordinated water is proposed

to be displaced upon substrate binding. This displaced
water or a solvent water molecule is activated by the
coordinated Tyr216 via a H-bonding interaction with
the phenolate O,, then followed by nucleophilic attack
on the scissile bond. The decrease in activity at high pH
was attributed to the deprotonation of a coordinated
His residue or formation of a “‘non-displaceable Zn(II)-
OH”. Although this mechanism seems consistent with
the experimental observations, it can be challenged by
the facts that (1) the very acidic coordinated Tyr216
yields O, with a low Lewis basicity which may not ef-
fectively activate a water to perform nucleophilic attack;
(2) the Zn?>"-coordinated OH is not difficult to be dis-
placed as Zn”>" is kinetically labile; (3) the coordinated
Tyr is displaced by transition-state analogues and in-
hibitors [26, 27, 29], which might also be the case during
catalysis; (4) the two ionization constants pK,; and pK,»
are best assigned to the coordinated water and Tyr216,
respectively, in a normal protonation process according
to our study presented here.

A metal-centered mechanism (described in Fig. 9) is
thus proposed for the action of serralysin. In this
mechanism, the deprotonation of the coordinated water
accounts for the increase in activity, whereas the de-
protonation of Tyr216 and its coordination to the metal
are believed to be inhibitory. The deprotonation of the
coordinated water (with pK,;) to form the active enzyme
is further assisted by the general base Glul77 via the
“metallotriad” framework (Fig. 9, top structures). An
electrostatic interaction of the scissile peptidyl carbonyl
of the substrate with the active site metal may enhance
the polarity of the carbonyl group for nucleophilic
attack, which may be associated with a partial breakage
of the metal-Tyr216 interaction to afford a pseudo-six-
coordinate transient state (A in Fig. 9). The expansion
of the coordination sphere of the active-site metal may
accommodate steric crowding generated by substrate
binding, which has been suggested to occur in carb-
oxypeptidase A [38, 64, 65, 66, 67], thermolysin [37], and
collagenase [68, 69]. Since Cu®" prefers a tetragonally
distorted octahedral coordination sphere due to the
presence of the Jahn-Teller effect, the expansion of the
coordination sphere to six-coordination seems to pro-
vide a low-energy pathway for the reaction to take place.

The detachment of Tyr (step @), which is suggested in
inhibition studies (Fig. 5 and [26, 29]), is accompanied
by nucleophilic attack on the substrate (step b) by the
coordinated hydroxide to form the gem-diolate transi-
tion state (B). Since the substrate may not form a co-
ordination bond with the metal in the ES complex, a
complete detachment of Tyr216 from the metal coordi-
nation sphere may take place only after or during
nucleophilic attack on the substrate (steps a and b). The
detachment of the coordinated Tyr may entitle the metal
to “regain” its Lewis acidity for water activation, as
reflected by a slight decrease in the pK,; of the coordi-
nated water in the k,-pH profile of the ES complex
(Table 2). The transition state ES* complex (B) is
stabilized by the unbound Tyr via H-bonding to con-



tribute ~20 kJ mol ! stabilization energy, which is fol-
lowed by bond cleavage and product release to complete
the catalytic cycle. When the Tyr is completely deprot-
onated at high pH, it coordinates to the metal center and
forms an inactive enzyme lacking the H-bonding stabi-
lization at the stages A and B.

We report here a mechanistic study of the astacin-like
metalloendopeptidase  serralysin by the wuse of
metal-substitution, optical, and kinetic methods. A
metal-centered mechanism has emerged, in which the
coordinated  hydroxide in the “metallotriad”
M—OH...Glul77 serves as the nucleophile and binding
of Tyr216 to the metal is inhibitory. This mechanism
may be applicable to the description of other astacin-like
endopeptidases containing a coordinated Tyr. More-
over, the spectroscopically and magnetically accessible
highly active Co- and Cu-serralysin can serve as proto-
types to provide further insight into the mechanistic
roles of the coordinated water and the coordinated Tyr
by the use of spectroscopic and magnetic resonance
techniques. The high activity of Cu-serralysin also sug-
gests that the active site of this enzyme can serve as an
ideal blueprint for the design of metal complexes in fu-
ture studies of the emerging Cu-centered hydrolytic
chemistry [45].
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