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Hydrolysis and condensation reactions of peptides catalyzed
by thermolysin can be reversibly controlled by on/off ultrasound
irradiation depending on its frequency region.

The flexibility and conformational mobility of proteins may
be one of essential factors for enzyme catalyses,1 however, little
mechanical evidence has been demonstrated. For example, a
time scale of conformational motions of a loop domain that cov-
ers the substrate and co-enzyme binding sites of dihydrofolate
reductase (DHFR) is close to that of the turnover number of
DHFR.2,3 Kitahara et al. have succeeded in controlling the hinge
motion of active site of DHFR with static pressure.4 It is well
known in polymer science that polymer solutions also absorb
sound or ultrasound waves depending on their molecular weight
and modes of mechanical relaxations of polymer molecules.5

This fact strongly suggests that not only the static structure but
also site-directed conformational motions of proteins can be con-
trolled by periodic pressure fluctuation such as ultrasound irradi-
ation. Thus, ultrasound waves from kHz to MHz can be a good
candidate to perturb loops or domain structures of proteins and
control enzyme activities in solution.6

In this communication, we report that enzymatic activities
(hydrolysis and condensation) of thermolysin can be controlled
reversibly by ultrasound irradiation with different wavelengths
in solution. The reasons why we chose thermolysin, a thermosta-
ble zinc endopeptidase from Bacillus thermoproteolytics Rokko,
is that its enzymatic activity can be changed by a single mutation
of amino acids7 or by adding organic solvents8 due to the flexi-
bility change of domains in proteins.

A schematic illustration of experimental setup and reaction
schemes is shown in Figure 1. A PZT (Pb(ZrxTi1�x)O3) oscilla-
tor with resonant frequency at 500 kHz was used to generate the
ultrasound, and the frequency (10–1000 kHz) and generation
power (1Vp{p) of the square-waves were regulated with a
function synthesizer. Oscillating characteristics of the oscillator
was measured with a network analyzer and a laser Doppler
vibrometer in water solution. We did not use the 200–500 kHz
region to avoid non-linear responses of the oscillator. For the hy-
drolysis reaction, N-carbobenzyloxy-L-aspartic acid-L-phenyl-
alanine methyl ester (Z-aspartheme; ZAPM) was used as a sub-
strate. In addition, N-carbobenzyloxy-L-aspartic acid (Z-Asp)
and L-phenylalanine methyl ester (Phe-OMe) were used as sub-
strates for the condensation reaction. Reactions were followed
by HPLC (solvent: water/CH3CN = 3:1; flow rate: 1mLmin�1;
column: Xterra MSC8, 4:6� 150mm; Waters HPLC 600 with
dual UV detector). Initial reaction rates (less than 10% of con-
version) were obtained from the slope without ultrasound irradi-
ation (Voff) and under its irradiation (Von) for 1–2 h (Figure 1).
The reaction rate could revert to the original value after stopping
the irradiation. The uncatalyzed hydrolysis and condensation

rates were negligibly small (less than 1%). The temperature of
a reaction cell (4mL volume) did not change within �0.01 �C
during the ultrasound irradiation for 1 to 2 h. The reaction mix-
ture was sufficiently stirred with a magnetic bar to avoid any ef-
fects of ultrasound irradiation on diffusion of reaction mixtures.

The relative reactivity (Von=Voff) of thermolysin at frequen-
cies of 10–200 kHz and 500–1000 kHz (the active spectra of
thermolysin under ultrasound irradiation) in both hydrolysis
and condensation reactions are summarized in Figure 2. In the
high-frequency region (500–1000 kHz), both hydrolysis and
condensation reactions were accelerated with 1.0–1.2 times,
especially at frequencies between 500 and 700 kHz and near
850 kHz. In contrast, only the condensation reaction was activat-
ed in the low frequency region with 1.0–1.1 times, especially
at 100–150 kHz. Furthermore, the hydrolysis reaction was sup-
pressed in the same region. This suppression effect suggests
that the ultrasound effect does not always positively accelerate
enzyme reactions.

Lower frequency ultrasound absorption of 100–150 kHz
generally corresponds to the kinetic relaxation of a high molecu-
lar weight polymer (MW: 104–106).5 Therefore, it seems reason-
able to suppose that the large domain of an enzyme can be modu-
lated by these frequency areas. Thermolysin is demonstrated
from crystallographic studies to have two main large domains
and the active site is located in a groove between these two do-
mains.7 Therefore, different ultrasound effects on the condensa-
tion and the hydrolysis in the low frequency region may be a re-
sult of mechanical distinction of the substance binding and prod-
uct release caused by the enzyme motion in each reaction. It is

Figure 1. Schematic illustrations of ultrasound irradiation on
thermolysin-catalyzed hydrolysis and condensation reactions,
and typical time courses of hydrolysis of ZAPM catalyzed by
thermolysin without ultrasound irradiation (Voff) and under its ir-
radiation (Von) at 100 kHz and 1V for 1 h. [ZAPM] = 2.5mM,
[thermolysin] = 0.75mM, 20 �C, 50mM MES buffer (pH 6.2),
5mM MgCl2, 2mM ZnCl2.
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worth indicating that the hydrolysis reaction was distinctively
activated with a 60 kHz ultrasound perhaps due to another
sub-mode motion or another domain motion at this frequency.
In order to know the effect of ultrasound on substrate binding
and/or product release of enzymes, we measured the binding
of inhibitors to thermolysin.

Phosphoramidon, N-(�-L-rhamnopyranosyloxyphospho)-L-
leucyl-L-tryptophan, is known to bind to zinc at the active site
of thermolysin via phosphoramidate oxygen.9,10 The phosphor-
amidate coordination at the inhibitor-enzyme complex is close
to the geometry of the transition state of the ZAPM substrate
to this enzyme. Given the structural similarity, we expected this
inhibitor to act as a substrate mimic of the hydrolysis reaction.
Since phosphoramidon has a triptophan moiety, the inhibitor
binding can be monitored with the fluorescence spectroscopy.11

The time course of fluorescence at 360 nm indicating the phos-
phoramidon binding to thermolysin could be mathematically fit-
ted with single exponential functions (first-order binding kinet-
ics). The relative binding rates (Von=Voff) with and without ultra-
sound irradiation at different frequencies are shown in Figure 3.
Although it is difficult to observe any distinguishable tendency
of phosphoramidon binding to the enzyme with ultrasound wave
irradiation in the high-frequency region, the substrate binding is
somewhat suppressed at the low frequency region centered at
100 kHz. Nevertheless, the phosphoramidon binding rate is
somewhat accelerated at 60 kHz. These results are consistent
with the active spectrum of the hydrolysis reaction of ZAPM
(Figure 2a). Since the phosphoramidon inhibitor is recognized
by thermolysin as the ZAPM substrate of the hydrolysis reaction,
both the suppression at 100–150 kHz and the acceleration at
60 kHz of the inhibitor binding are in good agreement with
those suppression (100–150 kHz) and acceleration (60 kHz) of
the ZAPM hydrolysis. Thus, the ultrasound irradiation at 100–
150 kHz induces the release of the ZAPM hydrolysis substrate
(the suppression of the hydrolysis) and the release of the conden-
sation product (the acceleration of condensation), via the domain
fluctuation or the static structure transition of thermolysin in the
low frequency region due to the ultrasound.

In conclusion, we could control the thermolysin activity
(both hydrolysis and condensation) by ultrasound irradiation
depending on its frequency region. Thus, at the low frequency
region of 100–150 kHz, the condensation was accelerated but

the hydrolysis was decelerated probably due to the inaccessibil-
ity and/or the release of a ZAMP substrate by motions of large
domains. In the high-frequency region (500–1000 KHz), both
the hydrolysis and condensation reactions were accelerated
probably due to the perturbation of small segments such as active
site residues. We believe that these sound/ultrasound effects on
enzyme activities will launch novel techniques for domain
specific control of enzyme functions.
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Figure 3. Ultrasound frequency dependences on the relative
reaction rates (Von=Voff) of binding of phosphoroamidon to ther-
molysin in the (a) low and (b) high frequency regions. Data were
collected at least three times at the same frequency as shown in
error bars. At several frequencies, the obtained data were con-
verged and the error bars were hidden by the plot marks. Applied
voltage: 1V, [phosphoroamidon] = 1.3mM, [thermolysin] =
0.55mM, 20 �C, 50mM Tris buffer (pH 7.5), 10mM CaCl2.

Figure 2. Ultrasound frequency dependences on the relative re-
action rates (Von=Voff) of hydrolysis ( ) and condensation ( )
catalyzed by thermolysin in the (a) low and (b) high frequency
regions. Applied voltage: 1V, For hydrolysis, [ZAPM] = 2.5
mM and [thermolysin] = 0.75mM, For condensation, [Z-Asp]
= [Phe-OMe] = 0.15M and [thermolysin] = 2.9mM, 20 �C,
50mM MES buffer (pH 6.2), 5mM CaCl2.
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