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ABSTRACT: The relationship of the salt-activation of thermolysin and the thermodynamic properties was inves-

tigated by using DSC and high-pressure spectrofluorometry. As previously reported [Holmquist and Vallee, Biochem-

istry, 15, 101 (1976), Fukuda and Kunugi, Biocatalysis, 2, 225 (1989)], 1:1 salts such as Naþ and Kþ with Cl� or Br�

showed monotonous increase in the activity, and the rankings of rate increase at 2M were Naþ � Kþ > Ca2þ > Mg2þ

and Cl� � Br� > I� � SO4
2� >SCN�. In the presence of salt, thermolysin showed lower peak temperature in DSC,

and the instability was in the order of SCN� > I� > Br� > Cl� and Ca2þ > Mg2þ > Naþ > Kþ. By addition of

0.5M NaBr, the contour map of the peak intensity of thermolysin intrinsic fluorescence became much simpler, and

the contour shifted to lower temperature. The ��V values of the transition decreased with increasing salt at lower con-

centration range, but then increased at higher concentration, especially at higher temperature. Thus �V became more

negative with increasing temperature. These results are discussed with respect to the ion distribution among the low-

and high-density water phases in the protein solution, and the surface charge, hydration, and flexibility of enzyme pro-

tein, especially at the transition state of the catalysis. [doi:10.1295/polymj.PJ2006106]
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Specific functions performed by protein is realized
by its hierarchical structures. A change or a collapse
of the higher-order structure results in a loss of the
function. Thus stability of proteins and enzymes is
the main concern of the researchers on proteins in var-
ious fields, from very fundamental to industrial or
clinical applications.1–10 The term ‘‘denaturation’’ in-
dicates the functional aspects, but, at the same time,
it means structural changes. The relations between
higher-order structures and the functions of proteins
are usually studied by observing the influence of some
physical and/or chemical factors, which affect the
protein structure, upon the function, such as non-
physiological temperature, pH, pressure, and various
additives.
The coexistence of various salts, or electrolytes,

also strongly affects the protein structure,11–17 through
directly acting on the dissociating groups of the pro-
tein surface (shifting the actual pKa of the groups or
shielding the inter-ionic interactions), or rather indi-
rectly through changing the static and dynamic states
of the surroundings or the hydrating waters.18–24

Thermolysin [EC.3.4.24.27], a metal protease from
a moderately thermophilic bacteria (Bacillus thermo-
proteolyticus, Rokko) contains a catalytic Zn2þ ion
and four Ca2þ in the protein.25–31 Thermolysin and
its homologues are know to be strongly affected by
the coexistence of inert salt: solubilization27 and acti-

vation.32 This enzyme is also activated by application
of high hydrostatic pressure.33,34 Kunugi et al. report-
ed the cooperative effects of inert salt and high
hydrostatic pressure,35 on the catalytic activity and
explained the results in terms of hydration changes
caused by the two perturbation agents. However, there
are few information on the structure-related properties
of this enzyme in the presence of salt.36,37 In this
report, we have examined the relationship of salt-
activation of thermolysin and its changes in some
thermodynamic properties, mainly by using differ-
ential calorimetry and high pressure spectrofluoro-
metry.

EXPERIMENTAL

Materials
Thermolysin was purchased from Sigma (St. Louis,

Mo. USA). N-Furylacryloyl-glycyl-leucineamide (Fua-
Gly-LeuNH2), N-furylacryloyl-glycyl-leucyl-alanine
(Fua-Gly-Leu-Aa), and N-furylacryloyl-glycyl-phen-
ylalanineamide (Fua-Gly-PheNH2) were purchased
from the Peptide Institute (Minoo, Japan) or Bachem
AG (Bubendorf, Switzerland). Other chemicals such
as Mes and Hepes buffers were of commercially
available reagent grade obtained from Wako Pure
Chemicals (Osaka, Japan) or Nacalai Tesque (Kyoto,
Japan).
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Methods
Absorbance The concentrations of thermolysin

was determined by UV-absorbance spectroscopy
and by kinetic assay under our standard conditions
(pH 6.5, [50mM Hepes/NaOH], 10mM CaCl2, 2%
Me2SO, and 100mM KBr)38,39 against a dipeptide
substrate, Fua-Gly-LeuNH2. The steady state kinetics
and protein absorbance measurements were performed
using an ultraviolet/visible spectrophotometer U-
2200 (Shimadzu: Kyoto, Japan). For hydrolytic reac-
tions, the absorbance decrease in the furylacryloyl-
peptides following cleavage of the peptide bond
adjacent to the acylated amino acid was monitored
at 320–340 nm. The apparent second-order rate con-
stant (kcat=Km(app): apparent specificity constant40)
was measured at pH 7.0 (10mM Hepes/NaOH]) and
calculated from the initial velocity under the pseudo-
first-order rate conditions with low substrate concen-
trations, within less than 5% conversion.
The 4th derivative absorbance analysis was

evaluated by the shift-method,41,42 by using a single-
beam spectrophotometer (Multispec 1500, Shimadzu),
equipped with an optical cell with two sapphire
windows containing a quartz inner optical cell
(diameter ¼ 10mm). Sample solution temperature in
the cell was detected by a Pt resistance thermometer
and controlled by a Peltier-type thermoregulator.
Fluorescence Fluorescence spectra were measured

on a spectrofluorometer (RF-5300, Shimadzu Co.,
Kyoto, Japan). Fluorescence under high pressure was
monitored in a quartz inner optical cell (diameter ¼
10mm) settled in an optical high pressure vessel with
three sapphire windows (TERAMECS Co. Kyoto,
Japan). The whole vessel was located in the sample
chamber of a spectrofluorometer. The external pres-
sure was applied with a high-pressure hand pump
equipped with an intensifier (ratio 8.5:1) (Teramecs);
the pressure medium was deionized water, and was
monitored by a Bourdon tube-type pressure gauge.
Thermostated water was circulating through the vessel
block and the temperature of water inside the vessel
was detected by a Cu-constantan thermocouple.
Differential Scanning Calorimetry (DSC) DSC

was performed by a high-sensitive DSC meter, Nano-
DSC II Model 6100 (Calorimetric Science Co.,
Lindon, USA). About 0.3mL of an aqueous solution
of thermolysin was introduced to the sample tube of
the apparatus and the temperature-scanning rate was
usually 1K/min. The scanning rate effects on the
obtained thermodynamic parameters were preliminary
tested and checked. Although thermal denaturation
of thermolysin is an irreversible process and the
obtained thermogram was reported to be scanning-
rate-dependent,43 1K/min or slower scanning gave
practically no difference under our experimental con-

ditions. The approximate van’t Hoff enthalpy (�HvH)
was calculated with the following equation.44

�HvH ¼ 4RT2
t ðCp

max=�HÞ ð1Þ

where Tt, Cp
max and �H are the peak temperature,

maximum Cp, and enthalpy change of transition, as
integrated from the thermogram, respectively. The co-
operative number (n) is the ratio of �H and �HvH,
which indicates the (average) number of cooperative
units or domains in one protein molecule.

RESULTS

Salt Activation
Thermolysin activity is strongly affected by the co-

existence of inert salt. The previous study by our
group on this subject35 covered two potassium salts
of monovalent anion (Br� and Cl�), two chloride salts
of divalent cation (Ca2þ and Mg2þ), and two sulfate
salts (Kþ and Naþ). As the first stage of the present
study, we have added four sodium salts (Cl�, Br�,
I�, and SCN�), and two bromide salts of divalent cat-
ions (Ca2þ and Mg2þ) to be examined for salt-activa-
tion ability. Figure 1 shows the result of the effects of
these salts on the apparent specificity constant of ther-
molysin by using Fua-Gly-PheNH2 as the substrate.
The previously reported results35 on six mineral salts
are re-plotted for the comparison. The 1:1 salts of
Naþ and Kþ with Cl� or Br� showed monotonous in-
crease in relative activity within the range of applied
concentration. Addition of 3M KCl or NaCl, e.g., ac-
celerated the hydrolytic rate to more than 4-times. The
salts of divalent cations (Mg2þ and Ca2þ) with Cl� or
Br� showed rather concaved dependence and three of
them showed maxima within the measured concentra-
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Figure 1. Effects of various salts on the apparent catalytic

activity (specificity constant) of thermolysin. , NaCl; , NaBr;

, NaI; , NaSCN; , CaBr2; , MgBr2. —— KCl, - - - -

KBr; – – – CaCl2, –�–�– MgCl2, –��–��– K2SO4, � � � � � � Na2SO4.

[thermolysin] = 0.6 mM, [Fua-Gly-PheNH2] = 30 mM. pH ¼ 7

(Hepes/NaOH) and at 25 �C. Curves are arbitrary. KCl, KBr;

CaCl2, MgCl2, K2SO4, and Na2SO4 were reproduced from ref 35.
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tion range. NaI showed some plateau and NaSCN
showed only very small activation leading to a disac-
tivation at higher concentrations. The order of rate
increase at 2M addition of each salt is: CaCl2 >
NaBr � KCl > NaCl > KBr � NaI > MgBr2 >
CaBr2 > MgCl2 � NaSCN. If we compare the results
in terms of ‘normality,’ as in the original discussion
for the protein precipitating ability of salts,45 the rank-
ing at 2N becomes CaCl2 > NaBr � KCl > NaCl �
KBr > NaI � Na2SO4 >MgCl2 > CaBr2 >MgBr2 >
NaSCN. When cationic and anionic contributions are
separately evaluated, the rankings are: Naþ � Kþ >
Ca2þ > Mg2þ for cations and Cl� � Br� > I� �
SO4

2� > SCN� for anions.

Thermal Stability
Figure 2 shows the examples of DSC thermogram

for thermolysin in the presence of various salts at
2M concentration. The thermodynamic parameters
calculated from the obtained thermograms are listed
in Table I. In the presence of salt, thermolysin showed
generally lower stability (lower peak temperature, Tt)
than the control, except for NaCl, which caused prac-

tically no changes in the thermal stability. Instability
was acquired in the order of SCN� > I� > Br� >
Cl� for anions and Ca2þ > Mg2þ > Naþ > Kþ for
cations.
For NaCl, NaBr, and CaBr2, the salt concentration

dependence of Tt, �H, �S, and �Cp was investigated
and the results are shown in Figure 3. As mentioned
above, NaCl caused almost no changes in Tt, but
�H increased with the concentration of NaCl and
�S compensated this change. NaBr slightly decreased
Tt, almost linearly with its concentration, and the
changes in �H (and �S) were rather small. With ad-
dition of small amount of CaBr2, while the changes in
Tt were not large, �H increased sensitively, and then
further addition of this salt decreased both Tt and �H,
giving concaved feature for �H. For all three slats,
�Cp increased with increasing salt concentration.
Certain increase was observed at rather low concen-
trations of the salts, and the change for CaCl2 at high-
er concentration was very large. NaBr caused the least
�Cp change among the three.

Effects of Salt on Intrinsic Fluorescence and 4th
Derivative UV Absorbance Spectra
The intrinsic fluorescence of thermolysin changed

with the addition of salt. Figure 4a shows the fluores-
cence spectra in the presence of 2M Na salt. Some
salt such as NaSCN increased the intensity, but no
evident shift in the peak wavelength was observed.
Changes in the chromophore environment of pro-

teins can also be detected by measuring 4th derivative
UV absorbance spectra.46,47 Figure 4b shows the NaBr
concentration dependence of the 4th derivative UV
absorbance spectrum measured at 25 �C. Although
the fluorescence intensity did not show remarkable
changes for NaBr, the peak intensities of this spectrum
showed slight increase with additions of NaBr, but
practically no peak-shifts were observed up to 1M.
4th derivative UV spectra within this wavelength

range mainly reflect Trp and Tyr residues. There are
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Figure 2. Examples of DSC thermograms in the presence of

various salts. —— 2M NaBr, - - - - 2M NaCl, – – – 2M NaI,

–�–�– 2M NaSCN, –��–��– 1.5M Na2SO4, � � � � � � control (0.02M
NaBr). [thermolysin] = 22 mM, pH ¼ 7 (Hepes/NaOH).

Table I. Thermodynamic parameters of thermal transition of thermolysin calculated

from DSC data in the presence of various salts

Added
Salt�

Tt
/�C

�Hcal

/kJmol�1

�S

/kJmol�1 K�1

Cp(Tt)

/kJmol�1 K�1

�HvH

/kJmol�1 �Hcal=�HvH

NaBr 83.5 993 2.79 67.5 287 3.5

NaI 80.5 755 2.14 63.8 351 2.2

NaCl 88.5 960 2.66 68.4 309 3.1

NaSCN 71.0 563 1.64 65.9 461 1.2

Na2SO4 79.0 843 2.39 56.5 276 3.1

KBr 84.5 975 2.73 55.5 242 4.0

CaBr2 67.0 972 2.86 72.2 286 3.4

MgBr2 74.5 1125 3.24 101.1 361 3.1

none 88.1 977 2.70 83.3 370 2.6

�[salt] ¼ 2M, except for Na2SO4 (1.5M).
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three Trp and 28Tyr residues in thermolysin.48 Trp
residues are mainly detected at wavelengths higher
than 290 nm and Tyr residues are mainly reflected
by changes in wavelengths lower than 280 nm. To
cancel out the effects of the solvent refractive index
and others, the amplitude difference of adjacent max-
imum and minimum peaks was normalized by the cor-
responding change in free Tyr and Trp solutions, and
an approximate 30% increase in peak intensity was
observed at 1M NaBr. Thus, for both residues, some
slight changes in the local chromophore environment
towards lower dielectric constants41 (apolar environ-
ment) seemed to occur under these conditions.

Pressure Dependence of Intrinsic Fluorescence
In order to study the pressure-stability of thermoly-

sin in the presence of salt (NaBr, NaCl), the intrinsic
fluorescence spectrum was measured with excitation

at 290 nm under various pressures (every 50MPa from
0.1MPa to 400MPa) and temperatures (every 5 �C
from 0 �C to 40 �C). The fluorescence peak wave-
length red-shifted (Figure 5a) and the peak intensity
decreased (Figure 5b) with increasing pressure. The
results for 0.5M NaBr are shown in Figure 6a, as a
contour map of the peak intensity. The previously
published result for 0.02M NaBr49 is re-plotted in
Figure 6b, for comparison. At lower concentrations
of NaBr, thermolysin showed rather circular contours
and contours showing positive dP/dT values were ob-
served in the range of low temperatures and high pres-
sures, which was interpreted as the participation of a
pressure-assisted low-temperature (cold) denaturation
of the protein.50 At higher concentrations of NaBr
(0.5M), however, the contours became rather simple
and showed mostly negative dP/dT values in the
measured range of pressure and temperature, as if
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Figure 4. Effects of salt on the intrinsic fluorescence (a) and the 4th derivative UV spectrum (b) of thermolysin. a; —— 2M NaBr,

- - - - 2M NaCl, – – – 2M NaI, –�–�– 2M NaSCN, –��–��– 0.02M NaBr. b; — 0.01M NaBr, - - - - 0.05M NaBr, – – – 0.2M NaBr, –�–�–
1M NaBr. [thermolysin] = 7 mM, pH 7 (10mM HEPES/NaOH), at 25 �C.
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the contour of the lower NaBr concentration shifted
towards the lower temperature.
The obtained pressure dependence of the intensity

data was analyzed by assuming a simple two state
transition model (between the native (N) and the dena-
tured (D) states) using the following equation, and the
�V values of the transition were evaluated at each
temperature.

[D]/([D]+[N]) ¼ fexp½ð�Gð0:1 PaÞ � P�VÞ=RT�g
=f1þ exp½ð�Gð0:1 PaÞ � P�VÞ=RT�g ð2Þ

As some examples curves were shown in Figure 5b,
the obtained data were well regressed by this equa-
tion. Data shown in Figure 7a highlight the salt con-
centration dependence of the obtained �V values.
More or less �V decreased at lower ion concentra-
tions, and then increased at higher concentrations at
higher temperatures. Thus, curves were concave.
The temperature dependence of �V for 0.5M NaBr
is shown in Figure 7b. Since the higher pressure
causes denaturation, �V is always a negative value,
and it becomes more negative with increasing temper-
ature. Thus, the half-denaturation pressure was below
100MPa above 50 �C, while it was higher than 250
MPa at temperatures below 20 �C. The slope of
the curve, indicating @�V/@T = absolute expansivity
(��), was about �0:5 (mLmol�1 K�1) at lower tem-
peratures and approximated �2 (mLmol�1K�1) at
higher temperatures.

DISCUSSION

Effects from the addition of salts on the structure
and the function of proteins, including enzymes, have
been studied for over 100 years, since the pioneering
work by Hofmeister45 concerning the ranking of the
salting-out effect.11–17,24 Even though in recent years,
a number of excellent reviews have been published,
a full understanding of the events surrounding (salt

effects or salting in or out) has yet to be completed.
Very simply, protein precipitation by adding (in-

creasing concentrations of) salt (salting out) is ex-
plained by the strong hydration of ions near the pro-
tein surface which removes water from solvated
protein and increases the effective concentration of
the protein. Thus the greatest effect is given by the
most strongly hydrated ions. On the contrary, protein
salting in, an increase in protein solubility by adding
lower concentrations of salt, can be explained as re-
sulting from counter ion binding on protein and the
higher protein net charge, in which the greatest effect
is given by the most weakly hydrated ions.
The events are far more complicated, however, and

various researchers have revealed that the effects from
salt addition on solvated protein depend on several
interactions and factors such as; hydration of ions
and proteins, water dipole, electrostatic interactions,
internal pressure, and van der Waals forces etc.17

The effectiveness and, in some cases, even the direc-
tion of the effects are very much dependent on the
property of the individual protein.
A useful and schematic understanding of salt effects

is given by considering the partitioning of ionic spe-
cies into two water phases,24 depending on the density
of water caused by the effects on water structure and
clathrates. The water near the protein boundary has a
lower density (low-density water: LDW) than the bulk
water (high-density water: HDW), and the hydration
strength and valence ions affect the partitioning of
ions into these two phases.
Strongly hydrating ions, both cations and anions,

are excluded from the LDW phase and weakly hydrat-
ing ions accumulate in the LDW. Contributions that
stabilize the protein structure are large for strong hyd-
rating anions and weak hydration cations, while an
inverse combination exerts a destabilizing effect. For
many salts, the addition of a lower concentration leads
to a salting-in effect via ionic strength, but higher con-
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pH 7.0 (10mM HEPES/NaOH).
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centrations clearly reveal ion-specificities. For ions
partitioned in LDW, rather specific interactions with
dissociative or polar residues and with the peptide
groups on the protein must also be considered.
Besides the Hofmeister series, several physico-

chemical properties, such as ionic volume, the Jones-

Dole B-coefficient of water viscosity, the entropy of
the ionic hydration, the surface tension etc have been
used to explain the effects of ions on water structure
and protein solubility.18–24 In most of these properties,
Naþ and Cl� are positioned in the middle of the
sequence. In other words, NaCl has somehow neutral
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or intermediate effects; Naþ and Cl� being borderline
on the strong and weak sides of ionic hydration. With
the exception of the sulfate anion, the ions examined
in this study are medium to strong hydrating cations
and medium to weak hydrating anions, and rankings
for the catalytic activation and stability of thermoly-
sin observed are consistent with the Hofmeister
series. Thus, when the acceleration factors at 2M salt
concentrations were plotted against the apparent Tt
values, they exhibited a positive correlation (R2 ¼
0:84), as shown in Figure 8. The salt causing a larger
instability showed a lower acceleration at 2M concen-
trations, although the control (acceleration factor = 1)
did not fall on the correlation line.
Salt effects on the catalytic activity of thermolysin

and related metal proteases were first reported by
Holmquist and Vallee.32 Fukuda and Kunugi reported
that the catalytic activity of these enzymes increased
upon an increase in high hydrostatic pressure of 100–
200MPa,33 and the authors clarified that the salt ef-
fects and pressure seemed to be additive or coopera-
tive.35 The aforementioned results were commonly
explained by assuming that the surface charges and
polar groups newly exposed at the transient state of
the catalytic pathway were stabilized by changes in
the hydration state and counter ion binding.4,51

The solvent-accessible surface area of thermolysin
is around 13000 Å2, while 54% and 23% of the sur-
face is covered by polar and ionic amino acids, re-
spectively, as calculated on the basis of published data
from the crystal structure and the solvent-accessible
surface of each amino acid residue.
As for surface charges and enzyme activity, de

Kreij et al. reported very interesting results on site
specific mutations of a thermolysin-like protease.52

When N116, Q119, D150, and Q226 were replaced
by D, R, Q, and R, respectively, with increasing þ2
net charges in positions not directly affecting the en-
zyme catalytic site, mutants exhibited almost 4-times
higher catalytic activity than the wild type enzyme.
With additional site directed mutagenesis, though
somehow specific to the individual position of the mu-
tation, a higher activity was obtained by increasing
positive net charges, indicating that the ionic and
polar residues on this enzyme surface substantially
contribute to the catalytic activity, through changes
in the number of hydration and the flexibility of the
protein, especially at the transition state.
The electrostatic potential of the thermolysin sur-

face for different ionic concentrations is shown in
Figure 9 for the case of NaBr. The binding of mono-
cation on free thermolysin at high ionic concentrations
is evident. The neutralization of surface anions stabil-
izes the protein, and to a much higher extent in the
transition state, which results in salt activation.

The effects of high pressure on the stability and
function of proteins has attracted keen attention from
various aspects.10,55–59 Leberman and Soper indicated
that ions destroy the natural hydrogen bonding net-
work of water and display effects similar to those
seen when the temperature or pressure is increased.18

Actually ions lower the pressure required to form
high pressure ice VII.60 4M NaCl equivalents with
140MPa.
Since thermolysin is substantially activated by high

hydrostatic pressures, activation volumes (�Vz) are
large and negative, from �50mLmol�1 (at 10 �C) to
close to �100mLmol�1 (at 45 �C).34 The aforemen-
tioned volume values are larger than those for the
structural transition of the enzyme (Figure 7). On
the contrary the activation enthalpy and the activa-
tion entropy are rather small (5 kJmol�1 and �100
Jmol�1 K�1, respectively, at 25 �C;33 around 5% of
�H and �S of protein denaturation (Table I). The
temperature dependence of the �Vz was almost line-
ar, and the activation (absolute) expansivity is rather
small (��z ¼ ð@�Vz=@TÞP = ca. �1mLmol�1 K�1

at 0.1MPa),34 which corresponds to the absolute ex-
pansivity (��) of the protein (�0:5 to �2mLmol�1

K�1). The pressure dependence of the fluorescence
change of thermolysin was rationally reproduced by
a simple equation such as eq 2, and the pressure
dependence of the apparent �V value (¼ ��T,
isothermal compressibility) is small (within �0:01
mLmol�1 MPa�1). This is in contrast to the rather
large ��z observed by the kinetic analysis of the cat-
alytic reaction (�0:5 � �1mLmol�1 MPa�1).34 Ac-
cording to statistical thermodynamics,61,62 the volume
fluctuation of protein (�Vrms) is related to the protein
volume (Vp) and �T (�Vrms ¼ ðkTVp�TÞ1=2) and the
transition state seems to have a much larger flexibility
than the free enzyme. Recently, the importance of
fluctuations and dynamics of enzymes in their catalyt-
ic process has been emphasized.58,63,64 The salt-activa-
tion of thermolysin seems to be accomplished by an
increase in the flexibility of the transition state com-
plex, through hydration changes and counter-ion bind-
ing. Both pressure- and salt-activation of thermolysin
are substantially substrate-dependent,32,34 and there-
fore the dynamic properties of the transient state (ac-
tivated) complex between the enzyme and the sub-
strate seems to be highly influenced by hydration/
dehydration.
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