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The active site of thermolysin is composed of one zinc ion and five polypeptide
regions [N-terminal sheet (Asn112-Trp115), a-helix 1 (Val139-Thr149), C-terminal loop
1 (Asp150-Gly162), a-helix 2 (Alal63-Vall76) and C-terminal loop 2 (GIn225-Ser234)].
To explore their catalytic roles, we introduced single amino-acid substitutions into
these regions by site-directed mutagenesis and examined their effects on the activity
and stability. Seventy variants, in which one of the twelve residues (Alal13, Phell4,
Trpl15, Aspl150, Tyrl57, Gly162, Ile168, Ser169, Aspl170, Asn227, Val230 and Ser234)
was replaced, were produced in Escherichia coli. The hydrolytic activities of
thermolysin for N-[3-(2-furyl)acryloyl]-Gly-L-Leu amide (FAGLA) and casein revealed
that the N-terminal sheet and a-helix 2 were critical in catalysis and the C-terminal
loops 1 and 2 were in substrate recognition. Twelve variants were active for both
substrates. In the hydrolysis of FAGLA and N-carbobenzoxy-L-Asp-L-Phe methyl ester,
the k../K,, values of the D150E (in which Asp150 is replaced with Glu) and I1168A
variants were 2-3 times higher than those of the wild-type (WT) enzyme. Thermal
inactivation of thermolysin at 80°C was greatly suppressed with the D150H, D150W,
I168A, 1168H, N227A, N227H and S234A. The evidence might provide the insights into

the activation and stabilization of thermolysin.
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Abbreviations: FAGLA, N-[3-(2-furyDacryloyl]-glycyl-L-leucine amide; ZDFM, N-carbobenzoxy-L-aspartyl-

L-phenylalanine methyl ester.

INTRODUCTION

Thermolysin [EC 3.4.24.27] is a thermostable neutral
metalloproteinase produced in the culture broth of
Bacillus thermoproteolyticus (1-3). It requires one zinc
ion for enzyme activity and four calcium ions for struc-
tural stability (4-6), and catalyses specifically the hydro-
lysis of peptide bonds containing hydrophobic amino acid
residues (7, 8). Thermolysin consists of 316 amino acid
residues, and the amino acid sequence was determined (9).
Based on the structural data (10-12), thermolysin consists
of a B-rich N-terminal domain and an o-helical C-terminal
domain.

Thermolysin is widely used for the peptide bond for-
mation through reverse reaction of hydrolysis, in partic-
ular N-carbobenzoxy-L-aspartyl-L-phenylalanine methyl
ester (ZDFM), a precursor of an artificial sweetener
aspartame, from N-carbobenzoxy-L-aspartic acid (ZD)
and L-phenylalanine methyl ester (FM) (13, 14). There-
fore, the improvement of its activity and stability and
the modification of its pH-activity profile are important
subjects (15). For example, the ZDFM synthesis by
thermolysin is carried out at pH 5-6 to prevent the
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hydrolysis of the methylester of FM and ZDFM, while the
optimum pH of thermolysin activity is around 7 (16). We
have examined the effects of the solvent composition on
the activity and stability of thermolysin, and have
reported the remarkable activation (8, 14, 17-20) and
stabilization (17) by high concentrations of neutral salts.
Thermolysin activity increases in an exponential fashion
with increasing salt concentration (8, 14, 19, 20). Accord-
ingly, we have defined thermolysin as the most represen-
tative halophilic and thermophilic enzyme (17, 18). Site-
directed mutagenesis experiments of thermolysin have
generated a number of variants with improved activity
and/or stability. The L144S, D150W and N227H variants
(in which the active-site residues Leul44, Aspl50 and
Asn227 are replaced with Ser, Trp and His, respectively)
were improved in thermolysin activity (16, 21); the G8C/
N60C/S65P variant (Gly8, Asn60 and Ser65 in the
N-terminal region are replaced with Cys, Cys and Pro,
respectively, to introduce a disulfide bridge between the
positions 8 and 60) (21), the L155A variant (the auto-
degradation-site residue Leul55 in the active site is
replaced with Ala) (22, 23) and the S53D variant (Ser53
in the N-terminal region is replaced with Asp to stabilize
the Ca®* ion) (24) were improved in stability; the G8C/
N60C/S65P/1.144S variant (21) was improved in both
activity and stability; the N112D (the active-site residue
Asnl12 is replaced with Asp) (25) and Q225A variants
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(the active-site surface residue GIn225 is replaced with
Ala) (26) were modified in the pH-activity profile. One of
the obstacles of the site-directed mutagenesis study of
thermolysin is that thermolysin is produced as pre-
proenzyme (27, 28), and thus thermolysin variants
cannot be produced if they lose the autocatalytic digestion
activity. Actually, the N112A, N112K, N112H and N112R
variants were not produced in the conventional Escher-
ichia coli expression method (25). It was revealed that this
obstacle was overcome by expressing the mature sequence
and pro-sequence of thermolysin in E. coli as independent
polypeptides (29).

The active site of thermolysin is composed of five
polypeptide regions (hereinafter named N-terminal
sheet, a-helices 1 and 2, and C-terminal loops 1 and 2)
and they form a deep cleft (Fig. 1). The a-helix 1 contains
the zinc-binding consensus sequence H#?EXXH™® and
connects the N- and C-terminal domains. Glul43 is a
candidate for the ionizable residue responsible for the pK,
value observed in the acidic side of the bell-shaped
pH-dependence curve of the activity, k../Kn (8, 18) and
both His142 and His146 chelate the active-site zinc ion. In
order to explore the catalytic roles of the four polypeptide
regions other than the o-helix 1, three residues were
selected from each region and replaced with Ala, Asp, Glu,
His, Lys and Arg. The thermolysin variants thus designed
were expressed in E. coli and characterized for catalytic
activities and thermal stabilities in the hydrolysis of
casein, N-[3-(2-furyl)acryloyl]-glycyl-L-leucine = amide
(FAGLA), a widely used substrate for thermolysin (14,
30) and ZDFM (13, 14).

MATERIALS AND METHODS

Materials—Casein (Lot WKL1761) was purchased from
Wako Pure Chemical (Osaka, Japan). FAGLA (Lot
111K1764) was purchased from Sigma (St Louis, MO).
The concentration of FAGLA was determined spectro-
photometrically using the molar absorption coefficient,
e345=T66 M tem™! (14, 30). ZDFM was prepared as
described previously (14). The concentration of ZDFM
was determined using the molar absorption coefficient,
£957=387TM 'em ' (14).

Bacterial Strains, Plasmids and Transformation—E.
coli K12 JM109 [recAl, endAl, gyrA96, thi, hsdR17,
supE44, relAl, A(lac-proAB), F'(traD36, proAB* lac™,
lacZAM15)] was used. pTMP1 is an expression plasmid
that co-expresses the mature sequence of thermolysin
containing the pelB leader sequence at its N-terminus and
the pre-prosequence of thermolysin, as described pre-
viously (29). Site-directed mutagenesis was carried out
using a Quikchange™ site-directed mutagenesis kit
(Stratagene, La Jolla, CA). The nucleotide sequences of
mutated thermolysin genes were verified by a Shimadzu
DNA sequencer DSQ-2000 (Kyoto, Japan). JM109 cells
were transformed with each of the resulted plasmids and
cultured in L broth. Ampicillin was used at the concentra-
tion of 50 pg/ml.

Characterization of Thermolysins in the Culture
Supernatants—For seed culture, 5ml of L broth in a
20 ml test tube was inoculated with the glycerol stock of
the transformed JM109 cells and grown with shaking at
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37°C for 12h. The culture (0.05ml) was diluted 100 times
with 5ml of L broth in a 20 ml test tube and grown with
shaking at 37°C for 48 h. The supernatant was collected by
the centrifugation at 20,400 x g for 3min at 4°C and was
subjected to SDS-PAGE and the hydrolysis of casein and
FAGLA.

Production of Thermolysin Variants—Production of
thermolysin was performed as described earlier (28, 29,
31). Briefly, for seed culture, 5ml of L broth in a 20 ml test
tube was inoculated with the glycerol stock of the
transformed JM109 cells and grown with shaking at
37°C for 12h. The culture (5ml) was diluted 100 times
with 500ml of L broth in a 11 flask and incubated under
the conditions at 37°C for 48 h, with 0.1% (w/v) anti-form
A (Sigma) and vigorous aeration by an air-pump. The
variants were purified to homogeneity by sequential
column-chromatography procedures of the supernatant
of E. coli cultures with hydrophobic-interaction chromato-
graphy followed by affinity chromatography. Prior to
kinetic measurements, the preparations were desalted
using pre-packed PD-10 gel filtration columns (Amersham
Biosciences, Uppsala, Sweden).

SDS-PAGE—SDS-PAGE was performed in a 12.5%
polyacrylamide gel under reducing conditions according to
the method of Laemmli (32). A constant current of 40 mA
was applied for 40 min. Supernatants were reduced by
treatment with 2.5% 2-mercaptoethanol at 100°C for
10min. Proteins were stained with Coomassie Brilliant
Blue R-250. The molecular-mass marker kit consisting of
rabbit muscle phosphorylase b (97.4kDa), bovine serum
albumin (66.3kDa), rabbit muscle aldolase (42.4kDa),
bovine erythrocyte carbonic anhydrase (30.0kDa), soy-
bean trypsin inhibitor (20.1kDa) and hen egg-white
lysozyme (14.4kDa) was a product of Daiichi Pure
Chemicals (Tokyo, Japan).

Hydrolysis of Casein—The casein-hydrolyzing activity
was determined according to the methods described
previously (3, 26). The thermolysin solution (0.5 ml) were
added to 1.5 ml of a solution containing 1.33% (w/v) casein
and 40 mM Tris—HCI (pH 7.5) and incubated at 25°C for
30 min. The reaction was stopped by the addition of 2 ml of
a solution containing 0.11 M trichloroacetic acid, 0.22 M
sodium acetate and 0.33 M acetic acid. After 1 h incubation
at 25°C, the reaction mixture was filtered through
Whatman No. 2 filter paper (70 mm in diameter) and the
absorbance (Ag75) at 275 nm was measured. One proteo-
lytic unit (PU) of activity is defined as the amount of
enzyme activity needed to liberate a quantity of acid
soluble peptides corresponding to an increase in Agy7s of
0.0074 (Ag7s of 1 g of tyrosine)/min.

Spectrophotometric Analysis of the Thermolysin-
Catalysed Hydrolysis of FAGLA—The thermolysin-cata-
lysed hydrolysis of FAGLA was measured following the
decrease in absorbance (Asys) at 345nm (8, 14). The
amount of FAGLA hydrolysed was evaluated using the
molar absorption difference due to hydrolysis,
Aesgs=—310Mlem ™, at 25°C (8, 14, 30). The reaction
was carried out in 40 mM acetate-NaOH buffer at pH 4.0—
5.5, 40mM MES-NaOH buffer at pH 5.5-7.0, 40 mM
HEPES-NaOH buffer at pH 7.0-8.5 and TAPS-NaOH
buffer at pH 8.0-9.0, each of which containing 10 mM
CaCl,, at 25°C. The hydrolysis was carried out under
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Fig. 1. Close-up view of the active site of thermolysin.
The structure is based on Protein Data Bank number 8TLN
(37). Protein is displayed by flat ribbon. (A) Five active-site
regions. N, al, C1, 02 and C2 denote the N-terminal sheet
(Asn112-Trpl15), the a-helix 1 (Val139-Thr149), the C-terminal

Vol. 145, No. 1, 2009

105

pseudo-first-order conditions, where the substrate con-
centration is much lower than the Michaelis constant (K,,,)
(>30mM) (14) because of the sparing solubility (<6 mM) of
FAGLA (8, 14, 30). Under the conditions, the kinetic
parameters, K, and the molecular activity (k.q:), cannot
be determined separately and the enzyme activity was
evaluated by the specificity constant (k../K,). The
intrinsic kea/Kn [(Reat/Km)ol and the proton dissociation
constants (K., and K,») for the bell-shaped pH-dependence
of the activity (k../K,) were calculated from Eq. 1 by a
non-linear least-squares regression method with Kaleida
Graph Version 3.5 (Synergy Software, Essex, VT).

(@) — (kcat/Km)O
K ) s {14 ([H]/Ke1) + (Ke2/[H]}

In this equation, (kcat/Kmops @and [H] mean the k../K,
value observed and the proton concentration, respectively,
at a specified pH, and K,; and K. correspond to the pK,’s
in the acidic and alkaline sides of the pH-dependence
curve of (keat/Km)obs-

Spectrophotometric Analysis of the Thermolysin-
Catalysed Hydrolysis of ZDFM—Thermolysin-catalysed
hydrolysis of ZDFM was measured by following the
decrease in absorbance (Aggs) at 224nm (14). The
amount of ZDFM hydrolysed was evaluated wusing
the molar absorption difference due to hydrolysis,
Agogy=—493M lem™1, at 25°C (14). The reaction was
carried out with thermolysin in 40 mM Tris—HCI (pH 7.5)
buffer containing 10mM CaCl, at 25°C. The kinetic
parameters, k., and K, were determined with Kaleida
Graph Version 3.5, based on the Michaelis-Menten
equation using the non-linear least-squares methods (33).

Thermal Inactivation of Thermolysin—Thermolysin
(0.5-8uM) in 40mM HEPES-NaOH (pH 7.5) buffer
containing 10mM CaCl, was incubated at 80°C for a
specified time. Then, it was incubated at 25°C for 1 min.
The remaining activity of the thermolysin toward FAGLA
hydrolysis was determined as described above. Assuming
that the thermal inactivation of thermolysin is irrever-
sible and consists of only one step (34), the first-order rate
constant, ks, of the thermal inactivation was evaluated
by plotting logarithm of the residual activity (keay/Kn)
against the time of thermal treatment.

1

RESULTS

Design of Thermolysin Variants—To explore the cata-
Iytic role of the N-terminal sheet, the a-helix 2 and the
C-terminal loops 1 and 2 at the active site of thermolysin,
we selected three residues to be mutated from each of the
four regions, based on the criteria that the C, atoms locate
<12 A far from the active-site zinc ion (Fig. 1). Glu1l66 and
His231 were excluded from the selection because the
former chelates the active-site zinc ion and the latter is

loop 1 (Asp150-Gly162), the a-helix 2 (Ala163-Vall76) and the
C-terminal loop 2 (GIn225-Ser234), respectively. (B) Mutated
amino-acid residues. The mutated amino-acid residues are
displayed ball and stick. Distances from the C, to the active-
site zinc ion (A): Alal13, 8.6; Phell4, 6.9; Trpl15, 7.9; Asp150,
11.7; Tyr157, 9.4; Gly162, 9.2; 1le168, 8.6; Ser169, 5.9; Aspl70,
7.5; Asn227, 11.9; Val230, 8.6 and Ser234, 9.9.
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thought to be the ionizable residue responsible for the
pK. of the pH-dependence of the activity (2, 3, 15). The
twelve residues thus selected were changed into either one
of negatively charged amino acids (Asp or Glu), positively
charged ones (His, Lys or Arg), or an uncharged one (Ala).
This strategy is based on our previous evidences that the
mutation Ser53—Asp enhanced the thermal stability
presumably by stabilizing the surface loop region through
electrostatic interaction between the introduced Asp53
and Lys45 (24) and that the mutation Asn112— Asp shift
the optimal pH to the alkaline side presumably by
stabilizing the protonation of the ionizing residue respon-
sible for pK.; (25). We anticipated that this strategy
might not only unveil the catalytic role of each polypeptide
region in the active site of thermolysin but also generate
some variants which are improved in activity and/or
stability or modified in the pH-activity profile. The
thermolysin D150W variant, which was previously
shown to be more active than the wild-type (WT)
thermolysin (16), was also constructed for comparison.

Characterization of the 70 Thermolysin Variants Using
the Culture Supernatants of the E. coli Transformants—
E. coli cells were transformed with the expression
plasmids for WT thermolysin and its 70 variants. Each
transformant was cultured in a test tube and harvested.
The culture supernatants were first analysed by SDS—
PAGE. The results with Alal13 variants showed that the
34 kDa protein band corresponding to the mature thermo-
lysin was detected for all variants (Fig. 2A). The expres-
sion levels of most of the variants were comparable to that
of the WT enzyme, but those with the mutations at the
positions of 162, 168, 169 and 170 were substantially
reduced (data not shown).

Table 1 shows the hydrolytic activities for casein and
FAGLA of the thermolysin in the culture supernatants.
Neither of the activities was detected for most of the
variants with the mutation at the N-terminal sheet and
the a-helix 2 (15 out of 17 and 14 out of 17, respectively).
On the other hand, the activity only for casein was
detected for considerable numbers of variants with the
mutation at the C-terminal loops 1 and 2 (7 out of 18 and 8
out of 18, respectively). Therefore, it was suggested that
the N-terminal sheet and the o-helix 2 might be critical in
catalysis, while the C-terminal loops 1 and 2 were
important in substrate specificity. As for the variants
lacking the activity, the possibility that they might be
impaired in folding into the active form due to the
mutation introduced could not be eliminated. The effect
of the mutation on the thermolysin folding should be
examined precisely, although we selected the variants
which have activity to subject them to analyse the
relationship of the mutation with the activity and stability
of thermolysin.

Production of 12  Thermolysin  Variants to
Homogeneity—For further characterization, twelve ther-
molysin variants (F114A, F114H, D150A, D150E, D150H,
D150W, 1168A, 1168H, S169A, N227A, N227H and S234A)
out of the 70 variants which retained hydrolytic activities
for both FAGLA and casein were produced in the E. coli
expression system (29). Starting from 350-400ml of
culture supernatants, the yields of the purified enzyme
variants were in the range of 0.2-2.7mg, less than or
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Fig. 2. Coomassie Brilliant Blue-stained 12.5% SDS-poly-
acrylamide gels. (A) Expression of thermolysin variants.
The marker proteins (lanes 1 and 11), native thermolysin
purified from B. thermoproteolyticus (lanes 2 and 10), the
supernatants of E. coli cells transformed with pUC19 (lane 3),
the expression plasmid for wild-type thermolysin (lane 4),
A113D (lane 5), A113E (lane 6), A113H (lane 7), A113K (lane
8), and A113R (lane 9). (B) Purification of thermolysin variants.
The marker proteins (lane 1), native thermolysin purified from
B. thermoproteolyticus (lane 2), the supernatant of E. coli cells
transformed with the expression plasmid for F114A (lane 3),
active fractions of hydrophobic-interaction chromatography
(lane 4), and active fractions of Gly-p-Phe affinity chromato-
graphy, which is purified F114A variant (lane 5). The arrow
indicates the band corresponding to mature thermolysin.

comparable to that (2.4 mg) of WT thermolysin. The SDS—
PAGE pattern of the F114A variant at each purification
stage is shown, as an example, in Fig. 2B. The purified
F114A variant yielded a single band with a molecular
mass of 34 kDa. The purities of other variants were almost
the same as that of F114A (data not shown). CD spectra of
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Table 1. Casein- and FAGLA-hydrolytic activities at 25°C of the culture supernatant of E. coli transformants expressing
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thermolysins.
Activity Activity Activity Activity

c® F® C F C F C F
Wild-type 100 100
a. N-terminal sheet b. a-helix 2 c. C-terminal loop 1 d. C-terminal loop 2
A113D 0 0 1168A 69 125 D150A 131 81 N227A 72 28
Al13E 0 0 1168D 0 0 D150E 128 228 N227D 11 0
Al113H 0 0 T1168E 0 0 D150H 105 37 N227E 36 0
Al113K 0 0 1168H 13 35 D150K 51 0 N227H 19 19
Al13R 0 0 1168K 0 0 D150R 44 0 N227K 29 0
F114A 28 8 1168R 0 0 D150W 81 60 N227R 55 0
F114D 0 0 S169A 112 64 Y157A 11 0 V230A 17 0
F114E 0 0 S169D 0 0 Y157D 1 0 V230D 0 0
F114H 18 20 S169E 0 0 Y157E 13 0 V230E 0 0
F114K 0 0 S169H 0 0 Y157H 24 0 V230H 0 0
F114R 0 0 S169K 0 0 Y157K 7 0 V230K 3 0
W115A 0 0 S169R 0 0 Y157R 0 0 V230R 6 12
W115D 0 0 D170A 0 0 G162A 0 0 S234A 88 17
W115E 0 0 D170E 0 0 G162D 0 0 S234D 5 0
W115H 0 0 D170H 0 0 G162E 0 0 S234E 4 7
W115K 0 0 D170K 0 0 G162H 0 0 S234H 32 0
WI115R 0 0 D170R 0 0 G162K 0 0 S234K 0 0

G162R 0 0 S234R 0 0

The casein- and FAGLA-hydrolytic reactions were carried out with the culture supernatant at the concentration of 1.25-5 and 5% (v/v),
respectively. The average values of triplicate determination, which are relative to that of the wild-type thermolysin, are indicated.

Casein-hydrolysis (units/ml). "FAGLA-hydrolysis (uM).

the variants at 195-260 nm were essentially the same as
that of the WT enzyme, suggesting that significant
conformational change was not induced in thermolysin
by mutation (data not shown).

Hydrolytic Activities of the Variants for Casein, FAGLA
and ZDFM—The specific activity of the thermolysin-
catalysed hydrolysis of casein at pH 7.5, at 25°C is shown
in Table 2. All thermolysin variants can be classified
into two groups: the specific activities of six variants were
80-110% of that of WT thermolysin, and those of the other
six were 30—60%.

The pH-dependence of k/K, of the thermolysin-
catalysed hydrolysis of FAGLA at 25°C is shown in
Fig. 3A. The (ke/Kwm)o, pKei and pK.s values are
summarized in Table 3. All plots showed bell-shaped
curves with the optimal pH around 7. The (k..v/Kw)o
values of the D150E and I168A variants were 280% and
230% of that of WT thermolysin, respectively and those of
the other ten variants were in the range of 10-110%. The
pK., values of the F114H and D150H were 5.7+ 0.0 and
5.8+ 0.0, higher by 0.4+0.0 and 0.5+0.0 units, respec-
tively, than that of the WT enzyme. These differences in
pK.. are comparable to that (0.440.1 units) of the
previously reported variant, N112D (25). The pK,.
values of the F114H and D150H and the pK,; and pKes
values of the other 10 variants were almost identical with
those of WT thermolysin.

ZDFM is the substrate to which the Michaelis—Menten
kinetics is applicable to determine k., and K,,, separately.
The dependence of the initial reaction rate (vo) of the
thermolysin-catalysed hydrolysis of ZDFM at pH 7.5, at
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Table 2. Specific activity of the wild-type thermolysin and
the variants in the hydrolysis of casein at 25°C.

Thermolysin Specific activity (units/mg)
Wild-type 10800 £ 1900 (1.0
F114A 11400 £ 700 (1.1
F114H 3400+ 100 (0.3)
D150A 8900 + 600 (0.8)
D150E 9300 +200 (0.9)
D150H 8400 + 1200 (0.8)
D150W 6200+ 100 (0.6)
1168A 6800 + 600 (0.6)
1168H 4200 £ 200 (0.4)
S169A 8900 + 200 (0.8)
N227A 5500+ 300 (0.5)
N227H 11800 + 2400 (1.1)
S234A 4200+0 (0.4)
L1448 4900+0 (0.5)
G8C/N60C/S65P/L1445* 5400+0 (0.5)

The average of triplicate determination with SD values is shown.
Numbers in parentheses indicate the values relative to the wild-type
thermolysin. “Ref. 21.

25°C on the substrate concentration is shown in Fig. 3B.
All plots showed saturated profiles, and the k., and K,
values were determined separately (Table 4). The k¢./Kn,
values of the D150E, D150W, N227H and 1168A variants
were 280%, 180%, 160% and 140% of that of WT
thermolysin, respectively. Their k., and K, values were
in the range of 160-550% and 110-310% of those of the
WT enzyme, respectively. Therefore, the increase in their
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Fig. 3. Characterization of the thermolysin variants.
(A) Effect of pH on the initial reaction rate (v,) in the
thermolysin-catalysed hydrolysis of FAGLA. The reaction was
carried out with the initial concentrations of enzyme and FAGLA
of 25-400nM and 400 uM, respectively, at 25°C. The v, observed
at the optimal pH is denoted by vyax. (B) Dependence on the
substrate concentration of v, in the thermolysin-catalysed hydro-
lysis of ZDFM. The reaction was carried out with the initial
enzyme concentration ([E],) of 25-400nM at 25°C. v/ /[E], is
plotted against the ZDFM concentration. (C) Thermal inactivation
of thermolysins. Thermolysin (0.5-8 uM) in 40mM HEPES-
NaOH (pH 7.5) buffer containing 10 mM CaCl, was incubated at
80°C for a specified time. The FAGLA-hydrolytic reaction was
carried out with the initial concentrations of enzyme and FAGLA
of 25-400nM and 400 uM, respectively, at 25°C. The remaining
activity (k../K.,) was expressed as the relative value to that [wild-
type (WT) thermolysin, 34,000M~'s~%; F114H, 15,000M s~ ;
D150H, 10,000M~'s™%; D150E, 55,000M s, I168H,
17,000 M~ 1s7%; and I168A, 51,000 M 1s~!] of the intact enzyme
and plotted against the incubation time. Symbols for the WT and
mutated thermolysin variants: WT thermolysin, open circle;
F114H, cross; D150H, open square; D150E, closed square;
I1168H, open triangle; and 1168A, closed triangle. Error bars
indicate SD values.
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keat/ Ky values can be ascribed to the increase in k., by the
mutations. The k.,/K,, values of the other eight variants
were in the range of 10-120% of that of WT thermolysin.
These results also indicate that, like the previously
reported highly active thermolysin variants, L.L144S and
G8C/N60C/S65P/L.144S (21), the D150E and I168A var-
iants were more active than WT thermolysin in the
hydrolysis of both FAGLA and ZDFM.

NaCl-Induced Activation of Thermolysin in the
Hydrolysis of FAGLA—We have reported that thermo-
lysin activity increases with increasing concentration of
neutral salts such as NaCl and that the degree of the
NaCl-induced activation, which is defined as the ratio of
the k../K,, value at 4 M NaCl to that at 0 M NaCl, is in the
range of 13-15 (18). Table 5 shows the k /K., values at 0
and 4 M NaCl in the hydrolysis of FAGLA and the degrees
of the NaCl-induced activation. The degrees of the
activation of the F114A, F114H and D150W variants
were in the range of 120-130% of that of WT thermolysin.
Those of the D150E and I168A were in the range of
60-70% of that of the WT enzyme, which is almost
comparable to that of the thermolysin G8C/N60C/S65P/
L144S variant (40%) (21). Those of the other seven
variants were in the range of 60—-100% of that of the WT
enzyme.

Thermal Stability of Thermolysin Variants—Figure 3C
shows the time-dependence of the thermal inactivation of
the thermolysin variants at 80°C. The inactivation
followed pseudo-first-order kinetics. The observed first-
order rate constants, k., for the thermal inactivation of
WT thermolysin and its variants are summarized in
Table 6. The k.,s values of the following seven variants,
D150H, D150W, I168A, I168H, N227A, N227H and
S234A, were in the range of 30-50% of that of WT
thermolysin, indicating that the stability of these variants
were much improved. The ks values of the other five
variants were in the range of 70-120% of that of the WT.
Taken together, the thermolysin I1168A variant, like the
G8C/N60C/S65P/L144S (21), has higher activity and
stability than WT thermolysin.

DISCUSSION

Role of Each Polypeptide Region in the Active Site of
Thermolysin—In this study, various mutations were
introduced into polypeptide regions at the active site
of thermolysin. Most of the mutations (>80%) at the
N-terminal sheet and o-helix 2 regions abolished the
hydrolytic activities for casein and FAGLA while con-
siderable numbers of mutations (about 40%) at the
C-terminal loops 1 and 2 abolished the activity for
FAGLA, but retained that for casein (Table 1). The results
provide the catalytic role of each polypeptide region in the
active site of thermolysin: the N-terminal sheet and
a-helix 2 are critical in catalysis and the C-terminal
loops 1 and 2 are ciritcal in substrate recognition.

The o-helix 2 (Ala1l63—Vall76) is the longest a-helix in
thermolysin, stretching from the active site to the
molecular surface of the other side. The active sites of
Streptomyces caespitosus neutral protease (ScNP) and
human matrix metalloproteinase 7 (matrilysin or
MMP-7), the small metalloproteinases with molecular
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Table 3. pK, values and intrinsic Ekca/Kpy [(Rcat/Km)ol of the
wild-type thermolysin and the variants in the hydrolysis

of FAGLA at 25°C.
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Table 5. Degree of salt-induced activation of the wild-type
thermolysin and the variants in the hydrolysis of FAGLA
at 25°C.

Thermolysin pKo1 pKe2 (keat/Km)o

x 107 M's™)
Wild-type 5.3+0.0 (0.0) 8.3+0.0 (0.0) 4.0+£0.1 (1.0
F114A 5.0+0.1 (-0.3) 8.440.1 (+0.1) 0.7+0.0 (0.2)
F114H 5.7+£0.0 (+0.4) 8.1+0.0 (-0.2) 2.0+0.0 (0.5)
D150A 5.1+0.1 (-0.2) 8.04+0.1 (-0.3) 3.8+0.1 (1.0
D150E 5.240.1 (-0.1) 8.24+0.0 (-0.1) 11.04+0.0 (2.8)
D150H 5.8+0.0 (+0.5) 8.2+0.0 (-0.1) 1.6+0.0 (0.4)
D150W 5.1+0.1 (-0.2) 8.14+0.1 (-0.2) 2.8+0.1 (0.7)
1168A 5.4+0.1 (+0.1) 8.1+0.1 (-0.2) 9.1+0.4 (2.3)
1168H 55+0.1 (+0.2) 8.24+0.1 (-0.1) 4.4+0.1(1.1)
S169A 5.5+0.0 (+0.2) 8.3+0.0 (0.0) 2.7+0.1 (0.7)
N227A 52+0.1 (-0.1) 8.4+0.1 (+0.1) 1.5+0.1 (0.4)
N227H 5.3+0.0 (0.0) 8.4+0.0 (+0.1) 4.1+0.1 (1.0
S234A 5.240.1 (-0.1) 8.1+0.1 (-0.2) 0.4+0.0 (0.1)
N112D* 5.7+£0.1 (+0.4) 8.1+0.0 (-0.2) 2.44+0.0 (0.6)
L1448 5240.1 (-0.1) 8.5+0.1 (+0.2) 22.2+0.7 (5.6)
G8C/N60C/ 5.3+0.4 (0.0) 8.3+0.1 (0.0) 24.7+0.7 (6.2)

S65P/L1448"

The average of triplicate determination with SD values is shown.
Numbers in parentheses indicate ApK. compared to the wild-type
thermolysin and the (kca/Km)o relative to the wild-type thermolysin.
“Ref. 25. "Ref. 21.

Table 4. Kinetic parameters of the wild-type thermolysin

Thermolysin Feat/Km x 1074 (M71s7h) (B/A)
0M NaCl (A) 4M NaCl (B)
Wild-type 3.1+0.0 (1.0) 5142 (1.0) 16 (1.0)
F114A 0.4+0.0 (0.1) 8+0 (0.2) 19 (1.2)
F114H 1.5+0.0 (0.5) 31+3 (0.6) 20 (1.3)
D150A 2.44+0.1(0.8) 35+2 (0.7) 15 (0.9)
D150E 7.4+0.1 (2.4) 6740 (1.3) 9 (0.6)
D150H 1.3+0.0 (0.4) 20+1 (0.4) 16 (1.0)
D150W 1.8+0.1 (0.6) 37+2 (0.7) 21 (1.3)
1168A 7.0+0.2 (2.3) 79+6 (1.5) 11 (0.7)
1168H 3.0+0.2 (1.0) 41+5 (0.8) 13 (0.8)
S169A 2.24+0.1 (0.7) 27+1 (0.5) 13 (0.8)
N227A 1.2+0.1 (0.4) 16+1 (0.3) 13 (0.8)
N227H 3.1+0.1 (1.0) 49+1 (1.0) 16 (1.0)
S234A 0.3+0.0 (0.1) 3+0(0.1) 10 (0.6)
G8C/N60C/ 19.24+04 (6.2) 138+1 (2.7) 7 (0.4)
S65P/1.144S*

The reaction was carried out in 40 mM HEPES-NaOH buffer at pH
7.5 containing 10mM CaCl,, at 25°C. The average of triplicate
determination with SD value is shown. Numbers in parentheses
indicate values relative to the wild-type thermolysin. “Ref. 21.

Table 6. Thermal stability of the wild-type thermolysin
and the variants.

and the variants in the hydrolysis of ZDFM at 25°C. Thermolysin Fops x 10% (s7)

Thermolysin K, (mM) Reat (sH keat/Kim (mM™'s™) Wild-type 83+1.0 (1.0)
Wild-type 0.40+0.03 (1.0)  4.8+0.1 (1.0) 11.9+0.7 (1.0) F114A 8.6+1.1 (1.0
F114A 0.31+0.07 (0.8)  0.8+0.1 (0.2) 2.44+0.4 (0.2) F114H 6.24+04 0.7)
F114H 0.56+0.11 (1.4)  1.6+0.1(0.3) 2.9+0.3 (0.2) D150A 9.2+0.3 (1.1)
D150A 1.28+0.08 (3.2) 14.0+0.5 (2.9) 11.0+0 (0.9) D150E 10.1+0.9 (1.2)
D150E 0.50+0.05 (1.3) 16.5+0.7 (3.4) 33.1+2.1 (2.8) D150H 4.0+0.2 (0.5)
D150H 1.34+0.06 (3.4) 13.0+£0.4 (2.7) 9.7+0.2 (0.8) D150W 4.0+0.3 (0.5)
D150W 1.24+0.07 (3.1) 26.1+0.8 (5.4) 21.1+0.5 (1.8) 1168A 45+0.3 (0.5)
1168A 0.46+0.03 (1.2)  7.7+0.2 (1.6) 16.840.7 (1.4) 1168H 29404 (0.3)
1168H 0.35+0.06 (0.9)  4.8+0.3 (1.0) 13.8+1.6 (1.2) S169A 5.7+0.6 0.7
S169A 0.44+0.04 (1.1)  3.240.1 (0.7) 7.34+0.4 (0.6) N227A 3.04+0.2 0.4)
N227A 0.91+£0.27 (2.3)  3.0+0.5 (0.6) 3.3+0.5 (0.3) N227H 3.4+0.3 (0.4)
N227H 0.53+£0.07 (1.3)  10.0+0.6 (2.1) 19.1+1.5 (1.6) S234A 3.0+0.2 (0.4)
S234A 0.57+0.04 (1.4)  0.4+0.0 (0.1) 0.8+0.0 (0.1) L1448" 8.6+0.6 (1.0)
11448* 0.06+0.04 (0.2)  6.7+0.5 (1.4) 112+14 (9.4) G8C/N60C/S65P/L144S" 4.7+0.5 (0.6)
G8C/N60C/ 0.10+0.05 (0.3)  7.0+0.5 (1.5) 70+14 (5.9) S53D° 4.6+0.2 (0.6)

S65P/L.1448?

The average of triplicate determination with SD value is shown.
Numbers in parentheses indicate values relative to the wild-type
thermolysin. “Ref. 21.

masses of 14 and 19kDa, respectively, do not have such
a-helix as the a-helix 2 of thermolysin, and thus their
active sites are formed with shallow clefts (35) while that
of thermolysin is with a deep cleft. Glul66 chelates the
catalytic zinc ion, but the roles of other residues in the
a-helix 2 have not been known. Our results suggest that
introduction of charges at the a-helix 2 may change the
position of this o-helix and alter the active-site electro-
static geometry, resulting in the loss of the activity in most
of the variants

Vol. 145, No. 1, 2009

%kobs i the observed first-order rate constant for the thermal
inactivation at 80°C. The average of triplicate determination with
SD value is shown. Numbers in parentheses indicate values relative to
the wild-type thermolysin. °Ref. 21. °Ref. 24.

The N-terminal sheet (Asn112-Trp115) forms the S2’,
S1’ and S2 subsites at the active site [the subsites and the
corresponding residues in the substrates were designated
based upon the nomenclature of Schechter, I. and Berger,
A. (36)]. Crystallographic studies (37-39) have proposed
the hydrogen bonds between the atoms in the N-terminal
sheet and substrate, which are ND2 of Asn112 and O of
the P2’ residue, OD1 of Asn112 and N of the P2’ residue, O
of Alal13 and N of the P1’ residue, N of Trp115 and O of
the P2 residue, and O of Trp115 and N of the P2 residue.
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Our results suggest that these hydrogen bonds are crucial
for the activity and are easily affected by the mutation at
the N-terminal sheet. In other words, the side chains of
the N-terminal sheet determine the structure of the
protein backbone which enables the substrate to bind
the active site. Our results are also consistent with our
previous result that the mutation of Tyr115 into aromatic
residues, Phe or Tyr, did not affect much, but that into Val
or Leu abolished the activity (40).

The C-terminal loops 1 (Aspl50-Gly162) and 2
(GIn225-Ser234) are located on the other side of the
N-terminal sheet. The former connects the o-helices 1
and 2. Our results suggest that these two regions are
responsible for substrate specificity; however, such prop-
erty has not been reported. The relative K, values of
the variants at Aspl50, Asn227 and Ser234 to that
of WT thermolysin in the hydrolysis of ZDFM were in
the range of 1.3-3.4, suggesting that these residues
are involved in the ZDFM recognition. However, it has
been reported that these residues are not involved in
the substrate recognition by crystallographic studies.
For example, in the complexes of thermolysin with its
representative inhibitors N-(a-L-rhamnopyranosyl-
oxyhydroxyphosphinyl)-L-leucyl-L-tryptophan (phosphora-
midon) or N-phosphoryl-L-leucinamide (P-Leu-NHy), the
side chain of the P1’ residue, Leu, is accommodated in the
space formed by several residues such as Phe130, Val139
and Leul99 and that the rhamnosyl moiety, which
corresponds to the P1 residue, does not interact with
any residues of thermolysin (41). This crystallographic
study suggests that neither residue in the C-terminal
loops 1 and 2 are involved in the substrate recognition.
Accordingly, we speculate that some residues at the
C-terminal loops 1 and 2 may move during catalysis so
to interact with substrate. It should also be noted that
Tyr157 has been believed to stabilize the transition state
based on the crystallographic studies (37-39). However,
five out of six variants with the mutation at Tyrl57
retained the activity although it is much lower than that
of WT thermolysin (Table 1).

Modifying the pH-dependence of Thermolysin by Site-
Directed Mutagenesis—The mutations of Phell4 and
Asp150 into histidine residues resulted in an increase in
pKe1 by 0.4 and 0.5 units, respectively (Table 2). However,
the results are contradictory to our hypothesis that
introduction of a positive charge into the active site may
shift the optimal pH to the acidic side by suppressing the
protonation of the ionizing residue responsible for pK.,;,
which may be assigned to Glu143 or the zinc-bound water
(8, 18). This hypothesis is based on our previous result
that the mutation of Asn112 to Asp resulted in an increase
in pK.1 by 0.4 units (25). Therefore, the mechanism of the
pK.1 shift observed in this study is not clear. However,
it is interesting to note that the hydrolytic activities
(keat/Kyy) of the N112D variant for FAGLA and ZDFM are
60% and 0.2%, respectively, in comparison with those of
WT thermolysin, whereas those of the D150H variant are
40% and 80%, respectively. FAGLA is a neutral substrate
while ZDFM is negatively charged. The relative values of
the ZDFM-hydrolytic activities of the N112D and D150H
compared to their FAGLA-hydrolytic activities are 0.0033
and 2.0, respectively, suggesting that the introduced
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negative and positive charges at the positions 112 and
150, respectively, affect not only the protonation of the
ionizing residue responsible for pK,; but also the recogni-
tion of the side chain of the P1 residue of the substrate.

Improving the Activity and Stability of Thermolysin by
Site-directed Mutagenesis—Taken together the results
previously reported (16, 21-24) and presented in this
study, the three single-point mutations of Leul44 to Ser
(L1448S), Asp150 to Glu (D150E) and Ile168 to Ala (I168A)
increase thermolysin activity; the triple-point mutation
G8C/N60C/S65P and three single-point mutations S53D,
L155A and I168A increase the stability. Leul44 and
I1e168 lie in the a-helices 1 and 2, respectively, and are
buried in the interior of the protein. We speculate the
mutations L144S and I168A increase the flexibility of
thermolysin by decreasing the density of the inner part of
the molecule. The activation mechanism of the mutation
D150E is not clear. However, it is interesting to note that,
in casein hydrolysis, the specific activities of the L144S
and [168A variants are 50% and 60%, respectively, of that
of WT thermolysin, but that of D150E is 90%, indicating
that the mutations L144S and I168A decrease the
hydrolytic activity for protein substrates while the muta-
tion of D150E hardly affects it. Such decrease in the
proteolytic activity is observed in other mutations (Fig. 4).
Although the correlation between the activities for two
dipeptidyl substrates, FAGLA and ZDFM, was consider-
ably strong (r=0.84), the correlation between those for
FAGLA and casein was weak (r=0.20).

It has been suggested that the salt-induced activation of
thermolysin results from combination of two effects,
namely, the decrease in dielectric constant of the reaction
medium by high concentration of salt and the interaction
between ions of salt and charges on the surface of the
enzyme (14, 17-20). Weak and negative correlation
(r=—0.54) was observed between the activity and the
degree of the NaCl-induced activation in the hydrolysis of
FAGLA (Fig. 4C). However, it is noteworthy that the
degree of the activation at x M NaCl of the GEC/N60C/
S65P/1.144S variant is 1.7° (21), and this value is
comparable to that (1.9%) of WT thermolysin (I8),
suggesting that the salt-induced activation cannot be
replaced by introducing mutations into the active site. To
explore the mechanism of the salt-induced activation,
crystallographic analysis of thermolysin in the presence of
4 M NaCl is currently underway, and we recently reported
the preliminary results (42).

Stabilization of thermolysin by the mutation G8C/
N60C/S65P might be due to the introduction of a disulfide
bridge between the positions 8 and 60, and that by the
mutation S53D due to the statistic interaction between
Lys45 and the introduced Asp53. These effects may
restrict unfolding of the surface loop (residues 55-69)
and stabilize the CaZ* ion bound at the CaZ*-binding site
III (43). Stabilization by the mutation L155A might be due
to suppressing the autodegradation observed at the
peptide bond between Gly154-Leul55 in WT thermolysin
(22, 23). On the other hand, the stabilizing mechanism of
the mutations D150H, D150W, 1168A, 1168H, N227A,
N227H and S234A is not clear. However, weak correlation
(r=0.51) was observed between the specific activity in
casein hydrolysis and the first-order rate constant,
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kobs, Observed for the thermal inactivation at 80°C
(Fig. 4D). It is generally known that there is a compromise
between activity and stability for various enzymes
(44, 45). Indeed, the specific activity and the kg, value
of the I168A variant were 60% and 50% of those of
WT thermolysin, respectively (Tables 2 and 6). Such a
property was observed in the D150A and D150E variants,
both of which did not display a drop in the activity of
casein hydrolysis (Table 2). Interestingly, the specific
activity in casein hydrolysis and the £k, value of
the N227H variant were 110% and 40% of those of
WT thermolysin, respectively (Tables 2 and 6). It also
exhibited 1.6-fold higher ZDFM-catalytic activity than WT
thermolysin (Table 4), which is coincident with the
previous reports (16, 21), suggesting that the mutation
Asn227—His is effective to improve the performance
of thermolysin. Regarding the activity and stability of
thermolysin, it should be noted that we found the
activation-and-inhibition dual effects of cobalt ion on
thermolysin. Cobalt ion activates thermolysin by repla-
cing the catalytic Zn?* ion but it also destabilizes
thermolysin by replacing the Ca®" ions functioning for
structural stability. Thus, thermolysin is easily inacti-
vated by autodegradation in the presence of Co®",
although it can be suppressed by the addition of higher
concentration of Ca?* ion probably by stabilizing the
Ca?*-binding sites (46, 47).

In this study, some thermolysin variants which were
improved in activity and/or stability or modified in the
pH-activity profile were obtained. Although rational
design of enzyme based on the structural data or the
computer modeling was anticipated, it is now generally
known that the results of mutagenesis study are unpre-
dictable. Indeed, site-directed mutagenesis study of sub-
tilisin BPN’ (composed of 275 amino-acid residues) has
been done at almost every amino-acid residue to generate
the enzyme of industrial use (48). The same approach has
been applied also to lysozyme (49). In thermolysin, the
combination of the mutations should be an attractive
strategy for further improving its activity and stability.
Mutational effects on enzymes are non-additive, in some

Fig. 4. Comparison of the activity, stability and the
degree of NaCl-induced activation of the thermolysin
variants. (A) Comparison of the ZDFM-hydrolytic activity with
the FAGLA-hydrolytic activity. (B) Comparison of the casein-
hydrolytic activity with the FAGLA-hydrolytic activity. (C)
Comparison of the degree of NaCl-induced activation at 4 M
NaCl in the hydrolysis of FAGLA with the FAGLA-hydrolytic
activity. (D) Comparison of the first-order rate constant, ks, of
the thermal inactivation at 80°C with the casein-hydrolytic
activity. The values of the casein-, FAGLA- and ZDFM-
hydrolytic activities at pH 7.5, the degree of NaCl-induced
activation at 4 M NaCl in the hydrolysis of FAGLA at pH 7.5,
and the k., of the thermal inactivation at 80°C for WT
thermolysin and its 12 variants are cited from Tables 2, 3, 4,
5 and 6, respectively. Symbols for the wild-type (WT) and
mutated thermolysin variants: WT thermolysin, open circle;
F114A, open square; F114H, open diamond; D150A, open
triangle; D150E, open inverted triangle; D150H, grey square;
D150W, grey diamond; I168A, grey triangle; I1168H, grey
inverted triangle; S169A, closed square; N227A, closed diamond,
N227H, closed triangle; and S234A, closed inverted triangle.
The lines are drawn by the linear least-squares-regression.
The regression coefficient, r, is: (A) 0.84; (B) 0.20; (C) —0.54;
and (D) 0.51.
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cases (50, 51). However, we previously demonstrated that
the single-point mutation of L.144S and the triple-point
one G8C/N60C/S65P are independent (21). Study with the
mutational combination will provide not only extremely
active and stable thermolysin variants but also a clue
useful for understanding the catalytic mechanism, ther-
mostability and halophilicity of thermolysin.
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