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Abstract 

Considering the electrostatic potential of active site, four mutants of thermolysin (EC 3.4.24.4) are designed in an attempt 
to change the optimum pH of the hydrolytic activity toward acidic regions. On the basis of the numerical calculation of the 
electrostatic potential in the thermolysin molecule, Asp213 is targeted to be replaced by a basic residue, His, Lys, Arg or a 
neutral one, Asn. The mutant enzymes are produced in Bacillus subtilis as a host using the method of site-directed 
mutagenesis and their optimum pH values for hydrolyzing a synthetic substrate furylacryloyl-Gly-L-Leu-NH, are found to 
be lowered by 0.2-0.4 pH units with reference to the wild type enzyme. The p1 shifts of the mutants are evaluated. Neither 
optimum pH nor pI shift can be explained by the contribution of the pK change only at the mutation site. We find a clear 
negative correlation between the activities at pH 7.0 and the pI values among the four mutants and wild-type enzyme. It 
suggests that the contribution of pK shift of other residues must be taken into account in order to explain the activity 
change. Little change of thermal stability is observed among the mutants and wild type enzymes. 

Kqvwords: Thermolysin; Activity: Electrostatic potential; Optimum pH; pI 

1. Introduction 

Thermolysin (EC 3.4.24.4) is one of the most 
interesting enzymes both in scientific and prac- 
tical fields, because of its extremely high ther- 
mal stability and relatively narrow specificity 
[ 1,2]. Its amino acid sequence [3,4] and three-di- 
mensional structure to 1.6 angstrom resolution 
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[5] has been solved. The thermal stability has 
been explained in terms of its structure [5], 
while four calcium ions have also been revealed 
to be essential for the structural stability [6]. 
The mechanism of catalysis was proposed 
through the crystallographic studies of sub- 
strate-thermolysin complexes [7- 111. 

A number of neutral proteases which are 
homologous to thermolysin are known. Some of 
their genes have been cloned [ 12- 161 and sev- 
eral studies on the structure-function and struc- 
ture-stability relationships have been done by 
means of site directed mutagenesis [ 17-221. The 
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structural gene of thermolysin has been cloned 
from two closely related microorganisms: Bacil- 
lus stearothermophilus [ 131 and B. thermopro- 
teolyticus rokko [23,24]. In fact, it was shown 
that the two genes are identical both in the 
nucleotide sequence and in the amino acid se- 
quence of the product protein [25]. 

There are several possible approaches to clar- 
ify the structure-function relationship lying in 
protein molecules by protein engineering. We 
aimed to control the pH-dependence of the ac- 
tivity of thermolysin, because this has practical 
as well as scientific meanings: it is useful if the 
optimum pH can be shifted toward the acidic 
region so that the enzymatic reaction can be 
achieved in an industrial process. One of the 
most important industrial applications of ther- 
molysin is its use in the enzymatic synthesis of 
aspartame, such as, for instance, being practiced 
at Holland Sweetener Company (a joint venture 
company of TOSOH and DSM). The methyl 
esters of the materials are more stable in weakly 
acidic pH than at the optimum pH of ther- 
molysin. 

In order to change the optimum pH, we must 
select the target residues to be mutated, which 
are expected to affect the electrostatic environ- 
ment of the active site. We do not change the 
residue(s) of the active site directly, as their 
replacement would have a fatal effect on the 
activity. 

The protonation-deprotonation equilibrium of 
an ionizable residue depends on the electrostatic 
potential at the residue itself. The midpoint of 
protonation-deprotonation state, i.e. pK, is 
shifted toward lower pH if the electrostatic po- 
tential is raised, and vice versa [26-281. Ther- 
molysin shows the highest activity at the neutral 
pH, which is presumably determined by the 
protonation states of the two residues at the 
active site, Glu143 and His231: the condition 
where thermolysin is active is that Glu143 is 
deprotonated to have a negative charge and 
His231 is protonated to have a positive charge. 
Both the deprotonated form of Glu143 and the 
protonated form of His231 are expected to pro- 

vide the transition-state stabilization for the en- 
zymatic reaction. 

In previous papers [29,30], we have reported 
the highly activated mutants on the mutation 
site where the amino acid replacement is ex- 
pected to affect the electrostatic environment at 
Glu143. Negative correlation between the activ- 
ity and the thermal stability was observed. In 
this paper, we focused on the mutation site 
which is expected to affect the electrostatic 
potential around His 23 1. It was found that the 
present mutants show an interesting correlation 
between their physical property and activity 
while the mutants may not be useful for the 
direct industrial application. 

Our strategy is: (1) to find the most influen- 
tial residues on His23 1, based upon the numeri- 
cal calculation of the electrostatic potential in 
thermolysin; (2) to introduce a positive charge 
at one of these residues by site-directed mutage- 
nesis to raise the electrostatic potential at 
His231, and (3) to evaluate the structure-func- 
tion relationship precisely [30]. 

2. Materials and methods 

2.1. Protein engineering of thermolysin 

The mutagenesis of Asp213 of thermolysin 
was performed by using the Ml3 phage mutage- 
nesis method [31]. The plasmid pUCTZ55 was 
prepared from the plasmid pMK1 [32], which 
was the expression plasmid of nprM in B. 
subtilis, by digesting with PstI and BamHI and 
by cloning the 3.5 kb fragment into the plasmid 
puc9. 

The single-stranded template DNA was pre- 
pared by cloning the 550 bp fragment obtained 
by digestion of pUCTZ55 with SphI and BcZI, 
into phage M13mpl8. The mutagenic oligonu- 
cleotides used for the replacement of the 213th 
residue are shown in Table 1. The mutagenesis 
reaction was performed by using the T7-GEN in 
vitro mutagenesis kit (United States Biochemi- 
cals). The mutations were confirmed by se- 
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Table 1 
Sequences of the mutagenic oligonucleotides a 

D213N S’AAGTATGGTAATCCAGATCAC3 
D213H S’AAGTATGGTCATCCAGATCAC3’ 
D213K S’AAGTATGGTAAACCAGATCAC3’ 
D213R SAAGTATGGTCGTCCAGATCAC3 

a The triplets for the 2 13th residues arc in italics. 

quencing each of the phage DNAs prepared 
from a number of mutant plaques. 

The double-stranded DNA of the mutated 
Ml3 phage was excised with SphI and AatI 
and used to replace the corresponding region of 
the plasmid pUCTZ55. 

A large fragment of pMK1 digested with 
BamHI and the plasmid pUCTZ55(mutant) di- 
gested with BamHI were ligated and directly 
used to transform the B. subtilis MT-2 strain. 
Kanamycin resistant colonies were selected on 
LC agar plate (10 g/l Bactotryptone, 5 g/l 
yeast extract, 5 g/l NaCl, 10 g/l casein and 7 
g/l agar). Secretion of mutant thermolysins was 
detected by halos around colonies. 

The recombinant B. subtilis (mutant) was 
stored at - 80°C with 20% of glycerol. For 
getting mutant thermolysin, the recombinant B. 
subtilis was inoculated into 2 X L medium (20 
g/l of Bactotryptone, 10 g/l of Yeast extract 
and 5 g/l of NaCl, pH 7.0) in several culture 
flasks. During 20 h cultivation at 37°C and 200 
rpm, the mutant thermolysin was secreted into 
the culture medium. 

The culture broth was centrifuged at 8000 
rpm for 30 min to remove bacteria, and ammo- 
nium sulfate was added to the supernatant to 
attain 60% saturation. The precipitate was re- 
covered by centrifugation to give crude enzyme. 

2.2. Purification of mutant enzymes 

Each crude sample was purified on an open 
column (7 mm ID X 12 cm) packed with a 
hydrophobic interaction chromatography sup- 
port Butyl-Toyopearl-650s (TOSOH). The 
column was eluted with 20 mM Tris/HCl buffer 
(pH 9.01 containing 10 mM CaCl, at the flow 

rate of about 2 ml/min. The fractions with the 
hydrolytic activity against casein were com- 
bined, and the protein was precipitated with 
60% saturation of ammonium sulfate. The sam- 
ple was further purified with a gel filtration 
column G20OOSW (21.5 mm ID x 30 cm, 
Tosoh) eluted with 20 mM Tris/HCl buffer (pH 
7.5) containing 10 mM CaCl, at the flow rate 
of 2 ml/min. In order to prevent the autolysis, 
zinc-chelating reagent o-phenanthroline (AI- 
drich) was added immediately to the fractions 
and the sample solution was stored at 4°C. The 
solution condition was changed with an ultrafil- 
tration device Centriprep- 10 (Amicon) immedi- 
ately before use. The purity of the sample was 
checked to be a single band with the isoelectric 
focusing gel IEF4-6.5 on the PhastSystem 
(Pharmacia LKB 1. The concentration of mutants 
was determined optically assuming that the mo- 
lar extinction coefficient at 280 nm is 6.63 X 10’ 
cm2 mol- ’ that was obtained for the wild type 
[331. 

2.3. Measurement of the hydrolytic acticity 
against FAGLA 

We have developed an automated enzyme 
assay system which comprises an ultraviolet 
spectrophotometer UB35 (JASCO) and a per- 
sonal computer PC-9801 (NEC) to store the 
data. For the measurement of the hydrolytic 
activity of thermolysin and its mutants, a chro- 
mogenic synthetic substrate, furylacryloyl- 
glycyl-L-leucine amide (FAGLA) (Bachem) was 
used in the present study. FAGLA was dis- 
solved in 0.2 M Tris/maleate buffer containing 
10 mM CaCl, at various pH. 2 ml of the 
FAGLA solution was pre-incubated in a cuvette 
at 37°C for 5 min. The stock enzyme solution 
was 20 mM Tris/HCl buffer, pH 7.5, contain- 
ing 10 mM CaCl, and 0.2 mM o-phenanthro- 
line. The 20 ~1 zinc solution (5 mM ZnSO,) 
was added to the 200 ~1 of the enzyme solution 
and pre-incubated for 5 min. The solution was 
added to the FAGLA solution in the cuvette 



194 Y. Miki et al./ Journal of Molecular Catalysis B: Enzymatic 1 (1996) 191-199 

under stirring to start the enzyme reaction. The 
final concentration of FAGLA was 1.8 mM and 
that of the enzyme was varied from 0.05 PM to 
0.2 PM for the efficiency of the analysis. The 
time evolution of decomposition of FAGLA 
was monitored at 345 nm, where the molar 
extinction coefficient difference is - 3.17 X lo5 
cm* mol-’ [34]. The data were analyzed sys- 
tematically to give the kinetic parameter k,,/K, 
[29]. No dependence of enzyme concentration 
was observed for determining the enzymatic 
parameter under the present condition. 

2.4. Determination of the isoelectric point 

The isoelectric point, p1, of the enzymes was 
determined using an automated gel elec- 
trophoresis system, PhastSystem (Pharmacia 
LKB), with the isoelectric focusing gel plate 
IEF4-6.5. The sample buffer condition was the 
same as used for the measurement of the hydro- 
lytic activity. 1 ~1 each of the samples was 
loaded on the gel plate with 8-well applicator. 
After the electrophoresis, proteins were fixed 
with 20% (w/v> trichloroacetic acid and stained 
with 0.02% Coomassie Brilliant Blue R250 
(Sigma) containing 0.01% CuSO,. The p1 value 
of each sample was determined by interpolation 
with reference to the p1 standard proteins 
(Pharmacia LKB): glucose oxidase (4.15), soy- 
bean trypsin inhibitor (4.55), P-lactoglobulin A 
(5.201, bovine carbonic anhydrase B (5.85) and 
human carbonic anhydrase B (6.551, p1 values 
being indicated in the parentheses. 

2.5. Measurement of the thermal stability 

The thermal denaturation of the enzymes was 
measured on the differential scanning calorime- 
try device, MCS (Micro&l). Because the denat- 
uration of thermolysin follows an irreversible 
process and the thermal transition depends on 
the heating rate, we define the index of the 
thermal stability with the peak temperature of 
the transition curve, Tp, obtained by raising the 
sample temperature from 10°C to 105°C at the 

rate of 1 K/mm [29]. The sample buffer used 
was 50 mM HEPES (pH 8.28) containing 10 
mM CaCl, and 0.1 PM ZnSO,. The concentra- 
tion of the sample was typically about 0.5 
mg/ml 

3. Results and discussion 

3.1. Calculation of electrostatic potential in the 
thermolysin molecule 

The electrostatic potential in the thermolysin 
molecule was calculated numerically [35,36] us- 
ing its atomic coordinates which are available 
from the Brookhaven Protein Data Bank with 
the entry code 3TLN [5]. The FORTRAN pro- 
gram that was kindly given by Dr. Haruki 
Nakamura [35] was transferred to and executed 
on the workstation Titan 750 (Kubota Com- 
puter). 

We have used an efficient technique by which 
the CPU time is drastically reduced. If we check 
how large each of the residues affects the elec- 
trostatic potential around the active site, 315 
sets of calculations should naively be performed 
(there are 316 residues in thermolysin), which 
requires far too much CPU time. This can be 
drastically reduced by using the Green’s re- 
ciprocity theorem [36]. According to it, the fol- 
lowing relationship holds between charges i and 

rPi(rj) = :9j(ri) 
J 

where cpi(rj) is the potential at the position of 
charge j produced by the charge i, and qi is the 
quantity of the charge i, etc. This relationship 
implies that the contribution of one charge to 
the electrostatic potential at the other one can be 
obtained by calculating inversely the electro- 
static potential produced by the latter at the 
former’s position. Therefore, only a single set of 
calculation is needed, where charges are put on 
the atoms of His231 alone and all the other 
charges are set to zero. 
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The most effective charge that maximizes 
cpi( rj) should maximize the product, qicpj( r,), 
because qj is the common value. We calculate 
each product for 3 15 residues. Using the results 
of calculation, we made a list of electrostatic 
contribution of each of the 3 15 residues to 
His23 1. 

One large negative contribution by Asp213 is 
recognized in the procedure mentioned above. 
This position is completely exposed to the sol- 
vent, so it would seem easy to change any large 
amino acid such as Arg. We thought it of 
interest to replace this site with a positive or a 
neutral amino acid, His, Lys, Arg and Asn to 
change the electrostatic potential on this active 
site. 

3.2. Electrostatic effect of replacement of 
Asp21 3 (calculation) 

To study the electrostatic influence of the 
replacement of Asp213 to His, Lys, Arg or Asn, 
we estimated the pK shifts of all the other 
ionizable residues, which should be caused by 
the change of electrostatic potential around them. 
The coordinates of the mutated residues were 
estimated using energy minimization with a pro- 
gram QUANTA/CHARMm (Molecular Simu- 
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Fig. 1. pK shift vs. distance. For all the ionizable residues, except 
Lys213 itself, in the mutant D213K, the calculated pK-shifts are 
plotted against the distances from Lys213. The types of the amino 
acids are indicated with symbols: Asp (A ), Arg ( - ), Glu (A ), 
Lys (0) and His (ml. The points for Glu166, Aspl70, Arg203 
and His231 are labeled in the figure. 

lation) on IRIS 4D/80GT (Silicon Graphics) 
fixing the coordinates of all the other residues. 

For all these mutant and wild-type molecules 
and for all the ionizable residues, protonation 
energy E”(i) were calculated, where i and m 
denote an ionizable residue and the mutant 
species, respectively: for example, i represents 
His 23 1 and m represents the mutant D2 13H 
The protonation energy is estimated as the prod- 
uct of obtained electrostatic potential at the 
ionizable residue and its charge difference be- 
tween ionized and not-ionized states. Difference 
of the protonation energy of residue i between 
wild-type and a mutant m, E”(i) -- P”(i) = 
AE’Y i), directly relates to the pK shift, Ap K, 
of residue i caused by the mutation of residue 
m [37] as: 

1 AEm 
APKV) = -= RT 

Fig. 1 shows ApK vs. the distance d be- 
tween Lys2 13 and the specified residue for the 
D213K mutant. The distance is calculated using 
the center of mass of each side chain. Since + 2 
charge is introduced at the 213th site, p K shifts 
are negative for almost all residues. It should be 
noted that the replacement of Asp21 3 to Lys 
largely affects some ionizable residues as well 
as His231. As all these residues are located 
within a short range from Lys213, this relation- 
ship between d and ApK is reasonable, since 
AE is approximately proportional to 1 /d for 
those residues which are very close to the 213th 
residue. Among these residues the largest ef- 
fects are exerted on Aspl70, Arg203 and 
Glu 166. It is known that Glu 166 and Asp 170 
interact indirectly with active site: Glu 166 coor- 
dinates to the zinc ion which is essential for the 
activity and Asp 170 makes a hydrogen bond 
with His142 which coordinates to the zinc ion 
h381. 

We found that the tendencies mentioned 
above are almost the same for the other mutants 
(data not shown) and that there are quantita- 
tively some differences between them. As shown 
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Table 2 
pK-shifts of Asp170 (calculation) 

Mutant ApK = db 

D213N 2.4 9.6 
D213H 4.6 9.5 
D213R 6.0 8.8 
D213K 7.1 8.6 

a pK-shift of Asp170 caused by the substitution of Asp213. 
b Side-chain-side-chain distance between the 213th residue and 
Asp170 (A). 

in Table 2, the order of ApK(Asp170) for them 
is: 
D213N < D213H < D213R < D213K 
It is intuitively clear that ApK(Asp170) for the 
three basic-amino-acid mutants are larger than 
that for D213N because the former are added 
two units of charge at the mutation site while 
the latter has only one additive positive charge. 
The order among the basic-amino-acid mutants 
is also consistently explainable by considering 
the distance d (Table 2, column 3): as the side 
chain of the 213th residue protrudes into the 
proximity of Asp170 and the charge is located 
at the end of the chain, the residue with a longer 
side chain has a larger effect on Aspl70. The 
same discussion is relevant to the relationship 

Fig. 2. Three-dimensional structure around the 213th site. The 
213th His (H213) of D213H mutant and the 213th Arg (R213) of 
D213R mutant are illustrated with some other residues which 
appear in the text: the 166th Glu (E166). the 170th Asp (D170), 
the 203rd Arg (R203) and the 231st His (H231). Three backbone 
fragments that contain these residues are also plotted. Only (Y- 
carbons are shown for the backbone chains. The structure was 
estimated from the wild type structure using energy minimization 
(see text for details). 

between d and pK shift for Arg203, Glu166 
and His231 and the order of the estimated elec- 
trostatic effect is the same around these four 
sites (data not shown). These sites are displayed 
with the mutated residue in Fig. 2. 

3.3. pH dependence of hydrolytic activity 

For all the mutants and wild-type enzyme, we 
measured the activity to hydrolyze FAGLA at 
various pH. Fig. 3 compares the pH-dependence 
of the activity which is represented by the ki- 
netic parameter k,,/K,. Statistical error in the 
parameter obtained is within 1% or less [29]. 
The pH-profiles of the activity are similar in 
shape with reduced amplitude for these mutant 
enzymes. It should be noticed that the optimum 
pH is successfully lowered in all these mutants: 
the shifts are 0.4 pH-units for D213H and 0.2 
units for the others, D213N, D213K and D213R. 
The order of the optimum pH shift, however, 
does not correlate to the estimated electrostatic 
effect discussed above. 

Another characteristic noticeable in Fig. 3 is 
the degree of reduction of activity. The order of 
the activity at the neutral or higher pH region is 
D213H < D213R < D213K < D213N < wild- 

25 

5 6 7 8 9 

PH 
Fig. 3. pH-dependence of activity. Kinetic parameters, k,,, /Km, 
in hydrolyzing the synthetic substrate furylacryloyl-glycyl+ 
leucine amide (FAGLA) at various pH are plotted. The reaction 
condition is: 1.8 mM FAGLA in 0.2 M Tris/maleate buffer at 
various pH, containing 10 mM CaCl,; concentration of protease 
ranges from 0.05 PM to 0.2 PM; temperature is 37°C. 
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type. The reduction of activity is related to the 
shift of the optimum pH: those mutant enzymes 
with the lower optimum pH have the lower 
activity. In addition, it is noticeable that the 
activity of D213H is enhanced in the lower pH 
region in comparison to the wild-type enzyme. 

3.4. Comparison of the pl shifts 

Table 3 lists the experimental values of p1 of 
the mutants, which were determined by interpo- 
lation with reference to the p1 markers. We have 
found that the pIs of all the mutants are shifted 
toward higher pH. The order of the p1 shifts 
relative to the wild type is D213N < D213K < 
D213R < D213H. It is reasonable that the p1 
shift of D213N is the smallest, because the 
charge difference is smallest in D213N. The 
order of the p1 shifts among the three mutants, 
D213K, D213R, D213H, however, can not be 
explained by the simple model assuming that all 
the pK values of the ionizable residues are not 
changed by the mutation. 

This difference between the observation and 
the calculation suggests that pK, of some 
residues are affected by the mutation at the 
213th site. One of the residues whose pK, are 
expected to be affected is Aspl70. Since the 
influence of the mutation from D213 to Lys is 
estimated to be the largest among the mutants 
(Table 21, the p K of Asp170 of D213K may be 
the smallest. Among the three basic-amino-acid 
mutants (D213H, D213R, D213K), the smallest 
p K may indicate the smallest p1. It suggests 
that the order of the pIs of these mutants is 
D213K < D213R < D213H: the order is the 

Table 3 
Calculated and observed values of pI 

wild type 
D213N 
D213K 
D2 13R 
D213H 

PI,, PI,,,, 

4.97 5.03 
5.04 5.17 
5.23 5.33 
5.27 5.33 
5.31 5.30 

60 

40 D21 

4.9 5.0 5.1 5.2 5.3 

PI 
Fig. 4. Correlation between pI and activity. The measured pI 
values are plotted against the relative hydrolytic activity against 
FAGLA at pH 7.0 for each enzyme. The activities are indicated in 
percentage with reference to that of wild-type thermolysin. The 
linear fitting revealed a high correlation with R = -- 0.99. 

same as the experimentally observed among 
these mutants (Table 3). 

As the p K shift of Asp170 may affect the 
electrostatic potential around the residue and 
change the pK of other residues, which is con- 
sidered as a secondary effect of the mutation, 
the secondary or higher effect may be necessary 
to estimate the p1 shift precisely. The precise 
evaluation of p1 shift, however, is a complicated 
task and out of range of this paper. We did not 
evaluate the secondary effect quantitatively in 
this work and do not discuss about it in detail. 

Fig. 4 shows the correlation plot of the activ- 
ity vs. p1 for the mutants and wild-type ther- 
molysin. A clear negative correlation (R = 
-0.99) can be seen in these parameters. It may 
not seem to be easy to understand that the 
overall electrostatic property such as p1 relates 
to the enzymatic activity directly, and it may 
suggest that there is a hidden mechanism that 
relates both the p1 and the activity. 

As p1 shift is caused by the p K shifts of the 
ionizable residues, the negative correlation may 
suggest that the pK shift of some residues 
affects the activity. One of the candidates whose 
p K are affected by the mutation at the 2 13th 
site and whose p K shift affect the enzymatic 
activity strongly may be Asp170 whose side 
chain makes a hydrogen bond with that of 
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I I I - I 
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40 60 80 100 

Temperature (“C) 
i0 

Fig. 5. Comparison of the thermal stability. The thermal stability 
of the mutants and wild-type thermolysin is measured with the 
differential scanning calorimetry device, MCS (Micro&l). Each 
chart is a single trace from 10°C to 105°C at the rate of 1 K/mitt. 
The sample buffer used is 50 mM HEPES (pH 8.28) containing 10 
mM CaCl, and 0.1 PM ZnSO,. 

His142 that coordinates to the zinc ion at the 
active site. 

3.5. Thermal stability of the mutants 

In the previous paper we reported that an- 
other series of thermolysin mutants lost their 
thermal stability upon the single substitution at 
the 119th site [29], and concluded that the sta- 
bility is largely influenced by a hydrogen bond 
broken by the mutation. On the other hand, the 
electrostatic contribution to the stability of the 
previous study was not obvious. 

We have found that the series of D213-re- 
placed thermolysins has almost the same ther- 
mal stability with wild-type enzyme (Fig. 5). 
Even the drastic amino acid replacement from 
acidic to basic amino acids has little influence 
on the thermal stability of thermolysin. It indi- 
cates that these replacements do not perturb its 
unfolding process. 
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