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Effects of Intense Noncavitating Ultrasound 
on Selected Enzymes* 

F. Dt:Nu t•,•n R. M. M.sc•.v_oo t 

Biophysical Research Laboratory, L•Kversily of Illinois, Urbana, Illinois 61801 

The denaturation of enzymes in solution by eavitating ultrasound has been reported previously. This report 
presents the results of an extensive study of the effects of noncavitating ultrasound on solutions of ot-chymo- 
tr3t)sin, tr3psln, aldolase, lactate dehydrogenase, and rlbonuclease. In one set of experiments, the solutions 
were irradiated and then analyzed to determine the effects on the physical and chemical properties of the 
enzyme molecules. Irradiations were carried out at different pit values and temperatures using 1-MHz 
ultrasound at an intensity of 75 W/cm •-, 10-mln continuous exposure, and 11-MHz ultrasound at an intensity 
of 1000 W/cm a, 2000 0. l-sec pulses. Analytical procedures employed included measurements of enzyme 
activity, specific optical rotation, uv absorption spectrum, and sedimentation coefficient. In a second set 
of experiments, enzyme-catalyzed reactions were irradiated with ultrasound and simultaneously nmnitored 
spectrophotometrieally. Ultrasound in the intensity range 0.5-35 W/cm a at the frequencies 1, 9, and 27 MHz 
were employed with the temperature and pH held constant. Comparison of the results of this study with 
those from studies employing cavitation shows that cavitation is a necessary condition for ultrasonic 
denaturation of the five enzymes of this study. 

INTRODUCTION 

T is well known that microorganisms and celhfiar structures of higher organisms can be damaged 
extensively when subjected to ultrasonic cavitation. x 
It is less widely appreciated that selective alteration can 
be produced in tissue of the mammalian central nervous 
system by intense noncavitating ultrasound. a Develop- 
ments in this latter field have provided ml advantageous 
lesion-making method for neuroanatomical research, a 
and ultimately a versatile brain modifying means for 
therapy? However, the need for a more adequate 
explanation of the physical mechanisms of interaction 
of intense noncavit•ting ultrasound and tissue struc- 
tures remains. Experhnentation with mammals has 
shown that physiological change.•, e.g., limb paralysis, • 
resulting from intense ultrasonic irradiation of the spinal 
cord can be detected within seconds after exposure to 
a 1-see pulse but that histological evidence of tissue 
alteration does not appear until approximately 10 rain 

* Portions of this work were extracted frmn the thesis submitted 
by the first-named author iu partial fulfillment of the requirelnents 
for the PhD degree in biophysics, University of Illinois, Urbana, 
1966. 

•' Present address: Dep. of Biochem., School of Basic Med. Sci., 
Univ. of Tennessee, Memphis, Tenn. 38104 

x I. W. El'piner, Ultrasound: Physical, Chemical, and Biological 
Effects (Consultants Bureau, Inc., New York, 1964), pp. 149-231. 

e W. J. Fry, Advan. Biol. Meal. Phys. 6, 281-348 (1958). 
a W. J. Fry, F. J. FD- , R. Malek, aud J. W. Pankau, J. Acoust. 

Soc. Amer. 36, 1795-1835 (1964). 
• W. J. Fry and R. Meyers, Confinia Neurol. 22, 315-327 (1962). 
• F. Dunn, Amer. J. Phys. Med. 37, 148-151 (1958). 
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after irradiation, with progressive lesion formation 
following. • It has been established, for such interactions, 
that cavitation. • the temperature increase occurring in 
the irradiated region of thespecimen, • m•d unidirectional 
forces that might produce elastic failure of structural 
components when displacements from equilibrium posi- 
tions occur, 7 are not responsible for the observed tissue 
changes. The temporary absence of detectable structural 
alterations in a functionally altered tissue suggested that 
the primary site of actiou of the ultrasound was a sub- 
nficroscopic structure, possibly a macromolecule. Re- 
ports that organic polymers, s the enzymes trypsin ø and 
a-amylase, •ø and DXA u could be degraded or denattired 
by exposure of solutions of these pol.vmers to intense 
noncavitating ultrasound strengthened this suggestion. 

In the •tudy reported here, the enzymes a-chymotryp- 
sin, trypsin, aldolase, lactate dehydrogenase, and ribo- 
nuclease were selected for a detailed investigation of the 
intcrtrctions of noncavitating ultrasound with proteins 
in solution. The selection of enzymes was prmnpted by 

• J. W. Barnard, W. J. Fry, F. J. Fry, and R. F. Krumins, 
Comp. Xeurol. 103, 459 484 (1955). 

* F. Dunn, J. Acoust. Soe. Amer. 29, 395-396 (1957). 
s H. W. Melville and A. J. R. Murray, Trans. Faxaday Soc. 

46, 996--1009 (1950). 
• V. Stefanovic, I. Kostlc, M. Bresjanac, and D. Zivanovic, 

Bull. Soc. Chim. Belgrade 24, 175-178 (1959). 
•0 V. Stefanovic, A. Djukanovic, K. Velasevic, and D. Zivanovic, 

Experientia 14, 486-487 (1960). 
n S. A. Hawley, R. M. Macleod, and F. Dunn, J. Acoust. Soc. 

Amer. 35, 1285-1287 (1963). 
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several considerations. First, calculations based on 
acoustic absorption data for protein solutions •2-•4 indi- 
cate that sufficient energy is available for the inactiva- 
lion of enzyme molecules. 15 Seeoral, previous investiga- 
tions ø.1ø indicated that enzymes were susceptible to 
inactivation by noncavitating ultrasound. Third. en- 
zyme inactivation is a pkmsible explanation for the 
effects of intense noncavitating ultrasound on tissues of 
the mammalian central nervous system s since the vital 
activities of each cell depend upon the normal function- 
ing of its enzymes. Fourth, it was felt that more could 
be learned by studying these relatively well-character- 
ized proteins than any other class of biomacromolecules, 
e.g., their specific catalytic abilities are very sensitive 
to any alteration of structure that effects the "active 
site," and this provides a sensitive indicator for even 
very subtle changes in the nature of the enzyme's 
conformation. In addition, denaturation often is reliably 
reflected by changes in such physicochemical properties 
as sedimentation behavior, optical rotation, and the nv 
absorption spectrum. Finally, the selected enzymes 
were available in purified form, thus homogeneous 
samples of tmiform size, shape, and molecular weight 
were studied rather than distributions of these charac- 
teristics. 

Two types of studies were conducted. First, enzyme 
solutions were irradiated with intense noncavitating 
ultrasound and subseqnently analyzed by varioos tech- 
niques (uv absorption spectra, optical rotation, sedi- 
mentation velocity analysis, chromatography) for 
changes in the physical and chemical properties of the 
enzymes. Temperature and pH of the solutions were 
varied in some cases to determine the effects of these 

variables on the interaction phenomena. Second, irradia- 
tions were carried out during enzyme-catalyzed reac- 
tions and these reactions were monitored continnously 
to determine whether reversible chtmges in enzyme 
structure occur that are completed too rapidly for 
detection by the above-inentioned techniqnes. 

I. MATERIALS AND METHODS 

A. Biochemical Materials and Methods of Analysis 

All inorganic reagents were prepared from reagent- 
grade chemicals using distilled deionized water. 

Trypsin (2X crystallized), a-chymotrypsin (3X crys- 
tallized), aldolase (2J( crystallized froin rabbit muscle), 
and lactate dehydrogenase (2X crystallized from rabbit 
muscle) were obtained from the Worthingtoa liiochem- 
ical Corpon•tion. Bovine pancreatic ribonuclease (3X 
crystallized) was obtained from the Sigma Chemical 
Company. All the enzymes were used as obtained, with- 
out further purification. Fructose-1, 6 diphosphate and 

n 151. L. Carstcnsen and H. P. Schwan, J. Acoust. Soc. Amer. 
31,305-311 (1959). 

•a p. D. Edmonds, Blochim. Biophys. Acta 6,t, 216-219 (1962). 
n S. A. Hawley, PhD thesis in biophysics, Univ. of Illinois, 

Urbana, Ill. (1967). 
•a R. M. Macleod, Phil thesis in lfiophysics, Univ. of Illira)is, 

Urb•,na, Ill. (1966). 

sodium pyruvate were obtained from Mann Research 
Laboratories. Redneed nicotinamide-adenine dinucleo- 

tide (NADH2) was obtained from P-L Biochemicals, 
Inc., and cytidine 2':3' cyclic phosphate was obtained 
from Schwarz Bio Research, Inc. N-acetyl-L-tyrosine 
ethyl ester (ATEE) and N-bcnzoyl-L-arginine ethyl 
ester (BAEE) were obtained as "Determatubes" from 
the Worthington Biochemical Corporation. 

Tris[-tris (hydroxymethyl)aminomethane• buffer • and 
phosphate buffer •7 were prepared according to estab- 
lished procedures. 

Trypsin, TM a-chymotrypsin, •s aldolase, • lactate dehy- 
drogenase, 2ø and ribonuclease • activities were assayed 
spectrophotometrically with a Beckman DU spectro- 
photometer equipped with a thermostated (25.0 ø 
4-0.1øC) cuvette cmnpartment and a Sargent SRL re- 
corder. Enz)qne concentrations were determined spec- 
trophotometrically, using published absorptivities for 
trypsin, • a-chymotrypsin, • aldolase, 22 lactate dehydro- 
genase, 2a and rfi)onuclease.- 

All pH measurements were made with a Beckman 
Zeromatic pH meter. 

Ultraviolet absorption spectra, in the wavelength 
range 240 320 n]• were read either with the Beckman 
DU spectrophotometer nsed for activity assays (with- 
out the recorder) or with a Cary model 14 automatic 
scanning and recording spectrophotometer. 

Optical rotation measurements were made with a 
Rudolph model 70 precision polarimeter rising a 10.00- 
cm microtube (0.7-ml w)lnme) and a filtered sodium- 
vapor light source. 

Sedimentation velocity analyses were performed with 
a Spinco model E analytical ultracentrifuge equipped 
with schlieren optics and a RTIC unit. An An-D rotor 
was employed in all experiments. Both a standard cell 
with a Kel-F centerpiece and a valve-type synthetic 
boundary cell were used. The rotor speed setting for all 
experiments was 56 100 rpm. The photographic plates 
were measured with a comparator and sedimentation 
coefficients were determined in the usual way. • The 
sedimentation coefficients were converted to the stan- 
dard conditions of water as solvent and 20øC. 

1• E. M. Crook, A. 1'. _Mathias, and B. R. Robin, Blochem. J. 
74, 234-238 (1960). 

t7 (3. Go•nori, Melhods in ]':nzymology, S. P. Colowick and X. O. 
Kaplan, Eds. (Academic Press Inc., New York, 1955), Vol. I. 
pp. 138-146. 

•a G. W. Schwert and Y. Takenaka, Biochem. Biophys. Acta 
16, 570-575 (1955). 

•"V. Jagannathan, K. Singh, and M. Damodaran, Blochem. J. 
63, 94-105 (1956). 

20 A. Kornberg, .l[elhods in Enzymology, S. P. Colowick and 
N. O. Kaplan, Eds. (Academic Press Inc., New York, 1955), 
Vol. 1, pp. 441-443. 

• B.C. W. Hummel, Can. J. Biochem. Playsiol. 37, 1393-1399 
(1959). 

2g'l'. Baranowski and T. Niederland, J. Biol. Chem. 180, 
543-551 (1949). 

•a j. B. Nellands, J. Bio]. Chem. 199, 373-381 (1952). 
•4j. j. }lermans and II. A. Sheraga, J. Amer. (;hem. Soc. 83, 

3283 3292 (1961). 
z• H. K. Schachman, Methods in Enzymology (Academic Press 

Inc., New York, 1957), Vol. IV, pp. 32-71. 
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Thin-layer chromatography experiments were per- 
formed using the Eastman Chromagram Developing 
apparatus and Eastman Chromagram Sheets, type 
K301R. The solvent system used was n-butanol: acetic 
acid: water (3:1:1). Spots were located first by examin- 
ing under uv light and then by spraying with a solution 
of ninhydrin in absolute ethanol (0.3g/100ml), and 
heating at 90øC for 15 min. 

B. Ultrasonic Instrumentation: Irradiation 

of Enzyme Solutions 

Two basically similar ultrasonic systems were em- 
ployed, each consisting of an X-cut quartz transducer 
having a fundamental thickness resonant frequency of 
1 MHz intimately coupled by a thin layer of oil to a 
planoconcave polystyrene lens. The sound trausmitting 
medium for all experiments was degassed distilled 
water. Each system contained a castor oil acoustic 
absorption chamber, separatcd from the transmitting 
medium by an acoustically transparent rubber mem- 
brane, in order to assure that all specimens were 
exposed to traveling-wave fields only. Both systems 
were provided with mechanical three-coordinate posi- 
tioning devices enabling the specimen container to be 
located in the focal voltime of the sound beam within 

q-0.01 cm in each orthogonal direction. For System A, 
the specimen container is moved while the transducer 
remains fixed in space, and for System B, the specimen 
container is placed at a fixed position and the transdncer 
is moved. The transducer of System A was l«-in. in 
diameter and driven by a power amplifier (capable of 
delivering approximately 8000 V to the quartz plate) 
controlled by a signal generator. The transducer of 
System B was 2•-in. in diameter and excited by an elec- 
tronic driver possessing a feedback arrangement to 
ensure constant predetermined voltage applied to the 
quartz plate and, consequently, a constant acoustic 
intensity in the specimen chamber. The focal volume 
(the volume over which the acoustic intensity is not less 
than one-half of the peak value) is a function of the 
sound wavelength 2s and at 1 MHz was detemfined ex- 
perimentally to be approximately 0.5 cm in diameter and 
1 cm long while at 11 MHz, the corresponding values are 
0.05 and 0.3 cm, respectively. With the very high 
intensities employed with System B, it was necessary 
to use a pulsing regime in order that the aconstic leus 
not overheat and alter its focal properties. Thus, an 
automated arrangement was used whereby the trans- 
ducer delivered a 0.1-sec pulse every 6 sec. At 11 MHz, 
complete automation was employed because the com- 
bination of small focal volume and short irradiation 

time required that many pulses be given to ensure that 
an appreciable fraction of tile sample be irradiated. 
The sample size for this system was 2 mi. Experiments 
with suspensions of small particles showed that a 

•a W. J. Fry and F. Dunn, Physical T•:d•niques in Bidogical 
Research, W. L. Nastuk, Ed. (Academic Press Inc., New York, 
1962), Vol. 4, Chap. 6, pp. 261-394. 

0.1-sec pulse resulted in energetic particle motion inside 
the sample container. Thus, since the acoustic pulse 
provided good stirring and since there was 5.9 sec 
between pulses, it appears to be a good assumption 
that complete mixing occurred after each pulse. With 
this assumption of complete mixing, a conservative 
estimate of 2 mm • in the focal volume, and a total 
volume of 2 ml, calculation shows that after 2000 pulses 
the probability of every particle being in the focal 
volume at least once is 0.86. 

C. Sample Containers 

For System A, where the focal volume at 1 MHz was 
about 0.8 ml, sample containers were made of Pyrex 
tubing 32 mm long and 16 mm in i.d. (volume about 
6.4 ml). A groove was gronnd on the outside of each end 
of tile tube to a depth sufficient to hold a •-•-in.-thick 
O ring. Both ends of the tube were closed with pieces 
of 0.0005-iu.-thick Saran, which were clamped in place 
with tile O rings. With practice, it is possible to fill 
this container with degassed sample solution and to 
close it so that air is not trapped inside. For the vertical 
System B, the containers xvere similar but of lesser 
volume (2.0 ml) and were made of Pyrex tubing of 
9-ram i.d. and 32 nun long. The ends were closed in 
the manner described above. Each type of container 
was clasped in a small three-fingered laboratory clamp 
for mounting. The position of the focal volume in the 
transmitting medium was located by the thermocouple 
probe method. 2• The acoustic intensity in the focal 
volume was determined by the radiation pressure 
technique. 2• 

D. Equipment for Direct Irradiation 
of Enzyme Activity Assays 

An instrument designed especially for the purpose of 
monitoring the ultrasonically irradiated enzyme-cata- 
lyzed reactions was constructed to fit a Beckman model 
DU spectrophotometer. The cuvette compartment of 
this spectrophotometer was replaced by an ultrasonic ir- 
radiation system consisting of: (a) a 1-MHz X-cut 
quartz transducer, the piezoelectric element which 
produces ultrasound when excited electrically; (b) a 
right circular cylindrical reaction cell of stainless steel, 
volume approximately 20 ml, with quartz windows to 
transmit the spectrophotometer light beam normal to 
the direction of ultrasonic wave propagation, and with 
water from a constant temperature bath circulating 
through its walls; and (c) an acoustic absorption 
chamber (filled with castor oil and separated from the 
reaction cell by a 0.001-in.-thick polyethylene mem- 
brane) whose function is to ensure the absence of 
standing waves by absorbing all incident acoustic 
energy. The uv light passing through the reaction cell 
was detected by a 1P28 photomultiplier tube and the 
electrical output was fed through a Beckman energy 
recording adapter to a Sargent model SRL recorder 
which was equipped with logarithmic gears to give a 
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plot of absorbance versus time. The slope of the absorb- 
ance-versus4ime curve gives the rate of the enzyme- 
catalyzed reaction and was converted, using the appro- 
priate definition for a tinit of activity, to the specific 
activity of the enzyme. More detailed specifications and 
a description of the construction of the system are 
given elsewhere. is 

E. Degassing Procedure 

Below 10 MHz, the aconstic intensity cavitation 
threshold for water containing dis.•olved gas is lower 
than for degassed water. -•s Data for tile aconstic- 
intensity cavitation threshold for most aqueous solu- 
tions are not avMlable, but the general principle that 
the threshold increases with viscosity u7 means that the 
data for water can be considered minirotan values for 

aqueous solutions more viscous than water. Thus, to 
avokl cavilorion for nllrasonic frequem'ics below 1(} 
MHz, the sample solution should be degassed and 1he 
intensity kept below tile acoustic cavitation threshold 
for degassed water. 

Degassing was carried ot, t iu a vacnun! desiccalor 
using a laboratory vacuum pump. Tile sample solution, 
7-20 ml depending on the sample container size and tile 
number of samples, was placed in a 50-ml Erlenmeyer 
flask and the flask was covered with a piece of perforated 
Parsfilm to prevent loss of the sample due to the 
splashing and foaming that occur during degassing. 
The flask was then placed in the vacuum desiccator 
and degasseal for 10 min. All the visibly detectable 
degassing was usually completed within g min. After 
10 rain under vacuum, the desiccator was slowly 
brought to atmospheric pressure, the sample solution 
was removed and the volume lost due to evaporation 
of water was replaced by carefully adding degassed 
distilled water. 

II. EXPERIMENTAL PROCEDURE 

A. Enzymes in Solution: Irradiations and Analyses 

The composition of the enzyme solutions studied, 
the characteristics of the ultrasound to which they were 
exposed, and the analyses of the irradiated solutions 
are given in Table 1. 

The solutions were alegassed, the sample containers 
were lilled and po.4tioned in the focal volume of the 
ultrasonic irradiation systems and for each experiment, 
a second container was filled and placed in the trans- 
initting medium compartment, but out of the sound 
beam, to serve as a control. Following irradiation, 
samples and controls were refrigerated at 5øC until 
the varions analyses could be performed. Appropriate 
dilutions of aliquots of the irradiated ,ampies and con- 
trols were assaved for enzvnuttic act ivity and the uther 
properties given in Tz•ble I. 

The restilts of the analyses presented in Table I 
show that there are no siguilicant differences between 

• T. F. Hueter and R. H. Bolt, Sonks (John Wiley & Sons, 
Inc., Xew York, 1955,1, pp. 225 241. 

the irradiated samples and their nnirradiated controls 
in an 3 ' of the experiments and, thus, the enzymes are 
unaffected in any permanent way by the intense non- 
cavitating ultrasound. A more detailed consideration 
of each enzyme follows. 

Alpha-chymotrypsin is known to be most stable 
solution at pH 3 4 and at temperatures in the range 
0 ø-5øC; a-ch_vnlotrypsin solutions of higher pH and 
solutions stored at higher temperattires tindergo gradual 
autolysis? These facts explain whv the specific activi- 
ties observed for both sample and' control in Expts. 3 
and 4 (Table I) are less than the corresponding activities 
at the same pH valnes but lower temperatures in Expts. 
1 and 2. Additional control samples for Expt. 3 (pH 3.0) 
and Expt. 4 (pH 7.13, which were degassed but not 
subjected to the 33-h irradiation time at 37øC showed 
the same specilic activities as the controls for Ex•pt. 2 
(pH 3.0) and Expt. 1 (pll 7.13, respectively. The 
interesting conclusion drawn from these results is that 
a-chymotrypsin is not affected by intense noncavitatlng 
ultrasound even tinder conditions that cause gradual 
denaturation of the enzyme. The Ao_so ,,,• and the ratio 
A ..,so ,,,•,/A •sa ,,,, for 1:100 dilutions of irradiated sample 
and control are given in Table I in order to compare the 
absorption spectra. The sample spectra were essentially 
congruent to those of the controls and this congruence 
is reflected in the near identity of the Aaso m• and 
A._,s0 ,,,•/A o. so ,,,• values. In the a-chymotrypsin expert- 
memo, the specific optical rotations of the irradiated 
samples consistently showed slightly more levorotation 
than the controls. The accepted value of Jolt) for 
a-chymotrypsin in 0.1M N'aC1, pH 3 is [a-Iz>=--66ø? 
The discrepancy between this value and the values for 
the control in Table i is probably mostly due to the 
difference in the method used for determining concen- 
tration, viz., for the valne reported in the literature, 
concentrations were determined by a micro-Kjeldahl 
method assuming the a-chymotrypsin to be 16.06% 
nitrogen; the a-chymotrypsin concentrations in Table 
I were deternfined spectrophotometrically using an 
absorptivity at 282 mt• for a-chymotrypsin of 1.85/cra/ 
rag/mi. •t However, it is not unusual for ['aJo values 
reported by different investigators for proteins under 
similax conditions to differ slightly. aø When proteins 
are denatured, they usually show a large increase in 
levorotation. If ce-chymotrypsin is denatured with 8.1I 
urea in 0.1aft NaCI, pH 3, ['a]z>=- 111.67 Therefore, 
though the small differences between the specific 
rotations of a-chymotrypsin samples and controls in 
Table I were consistently' found, because they are small 
differences they are not interpreted as evidence of de- 
naturation. In the sedilnentatlon velocity analysis of 
Expt. 1, the irradiated sample and control, which were 

.,s M. Kinritz and J. 1t. Northrup, J. Gem Physiol. 18, 433-458 
(I935). 

a•J. A. Schdlman, Cornpt. Rend. Trax'. Lab. Carlsberg 
450-461 (195•). 

•oP. Urnes and P. Doly, Advan. l'mtein Chem. 16, 401-544 
and 486-489 (19613. 
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dialyzed versns cold (approximately 5øC), 0.1M XaCI 
(pH 6.5) before sedlment;,tion, display identical sedi- 
mentation behavior; not ouly are the sedimentation 
coefficients nearly equal, but the schlieren patterns are 
congruent. The value of s._,o.w is reasonable for the pH 
and concentration of the solutions? In Expt. 4, the 
sedimentation coefficient of the irradiated sample was 
determined in tris buffer, pH 7.1, and, as expected, a• it 
is less than the sedimentation cocfficlents of the sample 
and control in Expt. 1 at pH 6.5. 

The specific activities and uv absorption spectra of 
the irradiated samples are identical to those of the 
controls in all experiments with trypsin. The specific 
optical rotations of samples and controls do not differ 
significantly and since trypsin is reported to have a 
Ea]D =-40 ø at pit 5.2 and a laiD=--69 ø at pH 1.3, 
the values at pH 7.1 and pH 3 given in Table I seem 
reasonable. The sedimentation coefficients for Expt•. 5 
and 7 though approximately equal, are not character- 
istic of native trypsin. The sa0.•o for 1% trypsin in tris 
buffer should he approximately 2.35 S(S= 10 -•a sec) 
and for 1% trypsin in 0.1 h r NaCI, pit 3, s•0.• should be 
approximately 2.45 S? The low s•0.•o valne has been 
reported before aa and is attributed to changes in molecu- 
lar size due to autolysis. The chauges in size, however, 
do not make trypsin susceptible to damage by intense 
noncavitating ultrasound siuce tile controls were essen- 
tially the same as the irradiated sl,mples. In Expt. 7, 
exposure to a temperature of 37øC lowered the specific 
activity of trypsin but trypsin did not greutly affect 
the other properties of the enzyme. Tbis was shown by 
analysis of a second control for Expt. 7, which was 
degassed but not subjected to the 3} h at 37øC. The 
results of the analyses on this "degassed only" control, 
for comparison with the reslilts in Table I •[re: specific 
activity= 5950 AAo. a• m.u/n, lnl,,,• enzyme., A28a •,,1• (of 1:1(10 
dil.) = 0.132, ,! •,a ,•/A • ,•, = 2.68, ]-a]r• '-':'øc = -- 58 ø, 
s•_0.•= 1.53 S. The heated control and heated irradiated 
sample each have 64% of the specific activity of this 
control and, thus, as with a-chymotrypsin, intense non- 
cavitating ultrasound did not affect the enzy'me even 
in an environment that gradually denatures it. The 
sedimentation patterns for experiments revealed that 
the boundary is asymmetric to the slower sedimenting 
side of the peak and broaden• during sedimentation in 
each case. This indicates that the enzyme solutions 
were heterogeneous, as would be expected if antoly•is 
occurred. 

The specific activities and uv absorption spectra for 
irradiated LDH samples and their controls were identi- 
cal for both experiments in 'fable I. The irradiated 
•ample and control of Expt. 9 were slightly tnrbid. This 
turbidity caused an abnormally high absorp!im• in the 

a• G. W. Schwert, J. Biol. Chem. 179, 655 664 (1949). 
aa L. W. Cunningham, Jr., F. Tietze, N.M. Green, and 

Neurath, Discussions Faraday Soc. 13, 58 67 (1953). 
aa F. F. Nord and M. Bier, Biochlm. Biophys. Acta 12, 56-66 

(1953). 

240-260 mt• region of the uv absorption spectra, which 
in turn yielded low values for the •4-•o m•/A_,.•o • ratios. 
The turbid solutions were centrifuged at 24 000 g for 
10 rain to obtain clear solutions for optical rotation 
studies. The specific optical rotation results given are 
close to a reported value of --43 ø for LDH in pH 5.6, 
19% saturated (NH.•)• SO•? The irradiated sample 
and control of Expt. 8 shiny tile same sedimentation 
behavior. The solutions were sedimented in 17% 
saturated (NH4), S0• and at this high salt concentra- 
tion, LDH is disassociated into two subunits each of 
molecular weight approximately 72000. a• The s,.•, 
values found for LDH subunits (at a concentration of 
8.19 mg/ml) are in agreemeut with a reported value of 
s•0.•,= 5.5 S (at a concentration of 2.6 mg/ml) for, if 
the s•0.w of the subunits decreases with increasing 
concentration (as does undissociated LDH), then an 
Sxo.•, at 8.19 mg/ml should be slightly lower than one 
for a 2.6-mg/ml solution. as 

The irradiated aldolase sample and its control have 
identical specific activities and uv absorption spectra. 
The specific formations are very nearly equal and are 
close to a reported value •ot]o = -- 23ø? The sedimenta- 
tion behavior of irradiated sample and control (both 
dialyzed versus 0.1M NaCI, pH 6.5 prior to sedimenta- 
tion) were also practically identical but the sedimenta- 
tion coefficients were lower than the value 6.80S a• 

expected for the concentration and pH of the solutions 
indicating the possibility of a slight expansion of the 
aldolase molecules. Such an expansion could have 
occurred siuce the sample •md control were held at 
24.4øC for 3• h duriu,,, the irradiation. That partial 
denaturation d•,cs occur in the s•unple and control was 
shown by analysis of Ihe native solution and a control 
that was immcdiatd 3 refrigerated after degassing. 
The results of these analyses are shown in Table II. 

During degassing, surf•tce denaturation was observed 
to cause a small amount of flocculent precit. itate. The 
precipitate removed some protein from solution and this 
is the rea•son tile degasseal-only control, heated control, 
and irradiated s:tmple are slightly less concentrated 
than the native solution (see A,0 ,,,• results). The sur- 
face denamration also accounts for the specific activity 
of the &gassed only control being lower than that of 
the native solution. The solutions held at 24.4øC for 

3} h have a lower specific activity than the alegassed 
only control as well as lower sedimentation coefficients 
but, as with previously discussed enzymes, although 
aldolase is unstable in the irradiation environment it 

still was not damaged by intense noncavitating ultra- 
sonnd. 

The results for ribonuclease in Table I, with the 
exception of the specific optical rotation of the irradiated 

a• B. Jirgensons, Arch. Biochem. Biophys. 85, 532-539 (1959). 
a• D. B. S. Millar, J. Biol. Chem. 231, 2135-2139 (1962). 
ao E. Stellwagen and H. K. Schachman, Biochem. 1, 1056-1069 

(1962). 
a• j. F. Taylor and C. Lowry, Blochim. Biophys. Acta 20, 

109-111 (1956). 
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TabLE II. Biochemical analyses of additional aldolase controls. 

Specific activity A 2an ,,• 
Aldolase sample (AA •.40 •t•iat• e•v,•) A•,o m•(1:100 dil.) A•ao mr S20,•X10 TM (sec) 

Degassed only control 12 0.11210 3.07 6.48 
Native 13 0.10a. 3.08 6.50 

sample, all indicate that the irradialed sample and con- 
trol solutions were identical. The [aJo = -68 ø observed 
for the ribonuclease control agrees well with the re- 
ported value --73.3ø? Explaining the [a]o of the 
irradiated sample is difficult, because all reported 
denaturations of ribonuclease, e.g., by oxidation, re- 
duction, high pH, or 8M urea, aø give substantial 
increases in levorotation, and this sample exhibits a 
decrease in levorotation. 

Since some of the solutions of Table I were dialyzed 
prior to sedimentation velocity analysis, it was neces- 
sary to determine if amino acids or small peptides were 
cleaved from the enzyme molecules, either by the 
ultrasonic treatment or, in the case of trypsin and 
a-chymotrypsin, by autolysis. Thus, some of the ir- 
radiated samples and controls were analyzed by thin- 
layer chromatography. The limit of detection for most 
amino acids by thin-layer chromatography is lower than 
0.1 #g? Ten micrograms of each enzyme were applied 
in small spots to the thin layers and several amino 
acids in 1-•tg quantities were sinfilarly applied for com- 
parison purposes. Trypsin and a-chymotrspsin solu- 
tions gave some faintly ninhydrin positive areas 
distributed between the origin and approximately two- 
thirds the distance to the solvent front. The irradiated 

samples and controls gave identical patterns and color 
intensities, indicating that only autolysis was responsi- 
ble for the material detected. None of the other enzymes 
displayed any evidence of degradation. 

B. Enzyme-Catalyzed Reactions 

The following procedure was employed for observing 
the effects of noncavitating ultrasound on enzs•ne- 
catalyzed reactions. The electronic components were 
tuned up with distilled water in the irradiation cell; 
the distilled water was then replaced with the degassed 
substrate for the reaction to be studied. After setting 
the absorbance at some arbitrarily selected position on 
the recorder chart, the substrate was irradiated for 1 
min, in the absence of enzyme, to determine whether 
ultrasonic irradiation produced any change in absorb- 
ance, i.e., affected the substrate. The temperature was 
monitored during the irradiation with a thermistor 
probe inserted in the filling hole of the sample irradiation 
cell. When assured that irradiation had no effect upon 
the substrate (other than the effects due to light 
diffraction or temperature change, which will be discus- 
sed later), the enzyme was added to start the reaction. 
After the reaction had proceeded 1 min, the ultrasound 

a• F. I{. White, Jr., J. Biol. Chem. 236, 1353-1360 (1961). 
a• K. Randerath, Titin Layer Chromatography (Academic Press 

Inc., New York, 1965), pp. 96-97. 
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was turned on for 1 rain while the spectrophotometric- 
ally monitored rate of reaction, AA/I, was recorded con- 
tinuously on the chart paper. After 1 min of ultrasonic 
irradiation, the ultrasound was turned off and the reac- 
tion was allowed to continue as long as the reaction 
rate remained linear. The temperature was monitored 
continuously and any changes were noted on the re- 
corder chart. Delivery of the enzyme, a careful stirring 
of the reaction mixture, and positioning the thermistor 
probe in the filling hole of the reaction irradiation cell 
could all be accomplished in 20 sec or less. Degassing 
the substrate for the 1-Mllz irradiations v-as a precau- 
tion taken to ensure the absence of cavitation, although 
the intensity employed at 1 MHz was below the cavita- 
tion threshold for aerated water. If cavitation had 

occurred in the reaction mixture, it would have been 
detected because the cavitation bubbles scatter light 
causing an erratic increase in absorbance. 

Several interrelated factors had to be considered in 

the selection of the procedure outlined above, and the 
following remarks describe the instrumental limitations 
from which the procedure evolved. The rate of an 
enzyme-catalyzed reaction depends on the concentra- 
tions of enzyme and substrate and on the temperature 
and pH of the reaction mixture. Temperature and pH 
are held constant according to the conditions specified 
by the definitions for a unit of catalytic activity. The 
sensitivity of the spectrophotometer limits the range 
of substrate concentrations that may be used, and 
within the useful range, preliminary experiments were 
carried out to determine the best combination of enzyme 
and substrate concentrations that yields a suitable 
first-order reaction for study. The criteria for suitability 
are a reaction whose rate is sufficient to enable detection 

of a change in rate of 5% or less, and a reaction that 
remains first order for at least 3 min. Three minutes is 
considered a minimum time for the reaction to remain 
first order because it is desirable to be able to observe 
the reaction for one minute both before and after a 

1-min ultrasonic irradiation. Irradiations longer than 
1 min usually were undesirable at the intensities em- 
ployed, since they resulted in te•nperature increases 
that could not be brought back to the initial value 
before the reaction ceased to be first order. Since 

enzyme-catalyzed reactions are temperature-dependent, 
approximately doubling in rate for a 10øC temperature 
increase, it was desirable not only to maintain constant 
temperature during a given enzyme assay but also to 
assay at tl•e same temperature when comparing the 
activities of different samples. If, in addition, the 
enzyme-catalyzed reaction is ultrasonically irradiated, 



INTENSE NONCAVITATING ['LTRASOUXD 

TAnLE IlI. Conditions of the irradiated reactions. 

ON ENZYMES 

Enzyme .ag l';nzyme assaved .%ul)strate ctmc. pH 
<• (;h3 motry[)sh• 10 
TrYl)Sin 10 
l,actate dchyclrogcnasc 0,62 

Alth)htsc 10 

Ril)onucleasc 100 

2.89X l0 LIt A'['I';['; 7.0 
7.22X 10-:'M BA]';I'; 7.0 
3.4,•X 10 LI[ l)5ruvatc 7.4 
6.90X 10 a•ll X:\I)tt.,, 
4X 10-:Ll/ I"ructose-l, 6-dil)hosphatc 7.3 
2.3X 10 a.ll Hydraxinc sulfate 
0.1 mg<ml cytidine 2': 3' phosphate 7.1 
(4.6834 10 4,1I) 

it is necessary [o monitor the temperature throuc•hout 
the reactiou t)ccause absorption of ultrasound by the 
reaction mixture produces a temperature risc. By limit- 
ing the irradialion times to 1 111[11, intcnsitic• higher 
than 35 W.'cm" eouId be employed and the reaction 
mixture in the thcrmostatcd h'radiatMn cell couM still 

be quickly rest½3:'cd to its initial temperature after 
irradiation. 

Two [)hcllOlllClla that complicatcd the interpretation 
of the rcsu[t• were a substrate absorbance change with 
increased temperature and the l)ebve Sears effect. 

Temperature increases, due to •[coustic absorption, 
changed the light absorbance (•.I/•T) of solutions of 
ATEE, BAEE, cx'tidinc 2':3' cyclic phosphate and 
solutions of their reaction products. [:or the maximum 
temperature increases produecd during irradiation, the 
observed •.1 was approximately 36•, of the total change 
observed in the assay. However, sinco the original 
temperature was quickly re established after the acous 
tic exposure and since irradiation of subsirate alonc 
had previously provided knowledge of the time course 
of •1. • T, dnc offcots of •.1 • T xvcrc roarlily separated 
from other ultras(mic effects on l]•o read ion rate. It 

was particularly easy to detect the effect of •<I/AT in 
the case of the c•-ch 3 motryi:sin assay since the assay 
prodnoes a decrease of .1 •:•7 ,,• while •A/•7' i)roduccs 
an increase. 

The diffraction of light passing through a transparent 
mediuln that is also transmitting a beam of parallel 
ultrasonic waves is known as the Dcbye Sears effect? 
Diffraction occurs as a result of the slight differences in 
refractive index between the ahernate regions of com- 
pression aud ratcriterion in the medium and, hence, the 
ultrasonic waves may be considered a three dimcusional 
diffraction grating traveling with the speed of soui•d. 
However, since the speed of light is much greater than 
the speed of sotrod, the diffraction grating is effectively 
stati()nar 3. In the rcsuhing diffraction pattern, the 
light intensity of the zcroth-or(lcr line is inversely 
l)roportiona[ lo the acoustic intensity, i.e., the greater 
the acoustic intensity, the greater is the proportion of 
light diverted from the zeroth-order tt) higher orders. TM 
I)ebyc-Sears diffraction could affect the forin of the 
experimental results, since the acoustic intensity is 
sufl}cient to diffract light into higher orders that do 
not reach the detector and the result on the recorder 

•"J. Blitz, l"und•tme•zhtls •( Ultr(ts(mnd •Buttcrworth and Co. 
(Pul)lishers) f.t<l., I.ondon, 1963•, pp. 137 141. 

chart is an apparent increase in absorption. However, 
these diffraction effects presented no di•cultv in the 
interpretation of data in this study, since they merely 
produce an abrupt displacement of the absorbance to 
a higher level marking the commencement of ultrasonic 
irradiation. The reaction rate, aA/l, continues to be 
recorded, but displaced by a fixed amount. When the 
ultrasound was turned off, the absorbance abruptly 
decreases by this same amount while the reaction 
continues. 

Table I1 t gives lhc arnotrot of enz)me, the substrate 
concentration, and the pH in the ultrasonically irradia- 
ted rcaclion mixture. 

The restfits of the ultrasonic irradiations of the 

ZVlnc-catah-zed rcaclions are listed, according to the 
frequency and intensity employed, in Table IV. All the 
irradi•uions were continuous for t rain and tlne sample 
irradiation cell was maintained, except for the brief 
temperature rise indicated, at 25.0ø•0.1øC. The t•MHz 
uhrasound and the lowest inlensity (0.5 W/cm s) at 
9 M Hz (for the first four enzymes of Table V) were 
generated t)v a crv•tal with a 1 MHz fundamental 
resomm[ frc(tucncy. The higher intensities at 9 and 
27 MHz were generated by a crystal with a 9-MHz 
fundamental resonant frequency. 

It is seen lhat none of these irradiations (Table IV) 
had any effect on the enzyme-catalyzed reactions. 

III. CONCLUSIONS 

The resnits of this study lead to the following con- 
clusions. Irradiation of approximately 1% solutions of 
a-chymotrypsin, trypsin, lactate dehydrogenase, aldo- 
last, and ribonuclease with noncavitating ultrasound 
at dose levels sufficient to cause extensive structural 

and functional damage in tissues, has no effect on either 
the structure or function of the enzymes. That the 
catalytic function of the five enzymes was nnaffected 
by intense noncavitating ultrasound was demonstrated 
in two ways: The approximately 1% solutions showed 
full catalytic aMIitv when assaved after irradiation and 

irradiations failed to inhibit (he enzymes while they 
were in the process of catalyzing a reaction. Structural 
integrity of the irradiated enzyme samples was demon- 
strated by the lack of any significant differences be- 
tween the uv absorption spectra, specific rotations, 
sedimentation coefficients, and thin-layer chromato- 
graphic analyses of the irradiated samples and unir- 
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TABLE IV. Effects of intense noncavitating ultrasound on enzyme-catalyzed reactions (l-rain continuous irradiations at 25øC). 

Enzyme of the I:requency Intensity Max. temp. rise (• Native 
irradiated reaction (MHz) (W:cm'-') during irradiation (øC) activit3 

t•-Chymotryl)sin I 5 0.5 1(}0 
9 0.5, 3, 23 <0. l, 0.5, 2.5 100 100 100 

27 1 1.0 100 

Trypsin I 5 0.5 100 
9 0.5, 4, 23 <0.1,0.7, 3.3 100 I00 100 

27 1 1.0 100 

Lactate dehydrogenase 1 5 0.5 100 
9 0.5, 14, 39 <0.1, 0.7, 1.5 100 100 100 

27 1 1.2 100 
Aldolase 1 5 0.5 100 

9 0.5, 12, 37 <0.1, 0.8, 1.5 100 100 100 
27 1 1.2 100 

Ribonuc]ease 9 14, 39 0.8, 1.7 100 100 
27 1 1.0 100 

radiated controls. Since the denaturation of the enzymes 

studied in this paper by cavitating ultrasound has been 
shown in other reports, 4t it is concluded that cavitation 
is a necessary condition for damage to be produced by 
ultrasound in the five enzyme solutions i• vitro of this 
study. 

These conclusions raise several points worthy of 
further discussion. First, the inability of intense non- 
cavitating ultrasound to damage the enzymes, particu- 
larly trypsin solutions, contradicts the findings of other 
investigators2 A recent study 42 carried out in conjunc- 
tion with the work reporteel here has shown that the 
reported inactivation of trypsin • and a-amylase tø were 
not due directly to an interaction between the ultra- 
sonic waves and the protein molecules in solutions, but 
rather to an unspecitied reaction between the solution 
and rubber materials employed in the specimen con- 
tainer. 

Another interesting aspect of the results obtained with 
intense noncavitating ultrasound is the fact that, des- 
pite the expected absorption of acoustic energy being 
many times greater than the energy required to de- 
nature the enzymes, the mechanisms of absorption and 
dissipation of this energy apparently do not involve 
permanent changes in the enzyme molecules nor detect- 
able transient changes that in any way affect the 
normal functioning of the enzyme i•z vitro. The results 
suggest that the mechanism of acoustic energy absorp- 
tion does not involve great changes in the secondary and 
tertiary structure of the enzyme molecules, and this 
information may be useful to investigators studying 
the mechanisms of acoustic absorption by polymers in 
solution. 

The •nolecular biological approach in studying the 
interactions of intense noncavitating ultrasound with 
biological structures has revealed that DNA TM can be 
degraded i•z vitro, but enzymes cannot. Degradation of 
DNA in vivo cannot account for the effects observed in 

4•R. M. Macleod and F. Dunn, J. Acoust. Soc. Amer. 42, 
527-529 (1967). 

4•R. M. Macleod and F. Dunn, J. Acoust. Soc. Amer. 40, 
1202-1203 (1966). 
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irradiated tissues since it is unlikely that the loss of 
cellular control processes invoMng DNA would result 
in the rapid functional changes observed. The inactiva- 
tion of enzymes would provide a more reasonable 
explanation for the rapidly appearing effects in tissues 
since they are more directly concerned in the chemical 
reactions essential to the cell's survival. The fact that 

intense noncavitating ullrasound has no effect on 
enzymes i;• vitro does not necessarily imply that there 
are no interactions in the cellular environment. Some 

enzymes, such as the enzymes of the Krebs cycle 
(which are located in mitochondria), apparently are 
structuralIv organized in groups. In the case of the 
Krebs cycle, the enzymes are closely associated with, 
and possibly bound to, the cristae of the mitochondria? 
Thus, it is possible that in this structured environment, 
an enzyme may be more susceptible to denaturation by' 
intense noncavitating ultrasound either directly or by 
some indirect mechanism involving the adjacent struc 
tures. Use of histochemical techniques 44 may prove use 
ful for future studies of the effects of intense noncavitat- 

ing ultrasonnd on enzymes it• vivo. 
It is felt that the most promising future research 

into the nature of the interactions between intense 

noncavitating ultrasound and tissue will deal with those 
levels of biological structure that lie between the molec- 
ular level and structures observable with the light 
microscope. A study of the effects of intense noncavitat- 
ing ultrasound on the properties of me•nbranes would 
be useful not only because membranes are a ubiquitous 
structural feature of cells, being found around the 
nucleus and as a part of such cellular organelles as 
mitochondria, endoplasmic reticulum, etc., but also 
because of the importance of excitable membranes in 
nervous tissue. 
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