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“The recovery of eniymic activity in pressure-inactivated Taka-ﬁmyhse
A .and its enhancement by a moderate pressure treatment were examin-
ed. The enzyme concentration, . pH, temp_eraturé, and ionic stréngth
influence. the, velocity of the recovery of activity to a great extent. The
recovery was found to be favored by a high concentration of enzyme,
neutral pH, a terxiperature ~of about 30°C, and a low ionic strengh.
" Treatment at a moderate pressure of 600-4000 kg ‘per square cé’nt\imeter
of ‘the high pressure-inactivated Taka-Amylase A enhanced the recovery.
The recovery of the partially inactivated Taka-amylase . A (compression
at 7500 or 6000 kg per square centimeter for 10 minutes) was greater -
than that- of the completely inactivated Taka- Amylase A (compression
at 9500 kg per square centimeter for 10 minutes). Below 1200 kg per
_ square centimeter the extent of the recovéry increased as the pressure
increased, but above 1200 kg per square centimeter the extent of - the
recovery gradually decreased. Taka- amylase A inactivated by prolonged
compression at 9500 kg per square centimeter at 30° did. not recover
enzymic activity on standing at gtmqspherlc pressure, but the dgtlvyty
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of this inactivated enzyme could be partly recovered by treatment at a
moderate pressure. Some kinetic parameters of the recovering reaction
were calculated.

- In our previous paper (1) it was reported that taka-amylase A
(TAA) (Aspergillus oryzae @-amylase) (EC. 3. 2. 1. 1.] is inac-
tivated by compression up to 10,000 kg per square centimeter,
and the pressure inactivation is dependent on pH, temperature,
and ionic strength as well as on the magnitude of the pressure.
The process of inactivation, and activation of the rate process
were calculated. The recovery of activity in pressure-inactivated
enzyme on release of the pressure was investigated.

Recently, Isemura and his co-workers reported that some

denatured proteins, including TAA, can revert to the native
state when the denaturant is removed (2), but the recovery of
pressure-inactivated enzyme has not been observed except with
TAA. It seemed to be worthwhile to study recovery of activityA
of pressure-inactivated TAA in detail, since recovery of activity
is not only an unusual phenomeno'n but also provides informa-
tion on the mechanism of the pressure inactivation of TAA
itself. Moreover, it is well known that the molar volume of a
protein increases when the protein is denatured and that its
recovery from denaturation causes the volume to decrease. In
fact, Tongur et al. (3) found that recovery of heat-denatured
protein is accelerated by a moderate pressure treatment. it
seemed possible, therefore, that the recovery of pressure-inécti-
vated TAA might be enhanced by a moderate pressure treat-
ment.

The recovery of pressure-inactivated TAA after the pressure
was released, and the effect on the reacti\}ation of recompression
under a moderate pressure were investigated in the present

work.



EXPERIMENTAL

MATERIALS

Thrice-crystallized TAA was prepared from Taka-diastase Sankyo according
to the method of Akabori ef al. (4). Rivanol treatment was repeated twice to
minimize the contamination of acid Taka-protease (5). Aqueous TAA solution
was dialyzed thoroughly against 0.1 M potassium chloride and stored as a stock.
solution (TAA concehtration about 5% in a refrigerator. The concentration
of TAA was estimated spectrophotometrically, assuming the extinction of TAA

l/a

o :
in water to be E ~° = 22.1 at 2785 A. In each experiment, the stock solution.

was usually dlluted with distilled water to give a concentration of 2 X 1078%

PROCEDURES

The high pressure apparatusv'and the procedures for inactivation were the:
same as previously reported (6). The Apparatus (Fig. 1), which is suited for

" Fig. 1. Schematic layout of moderate pressure
apparatus. (A) Reaction vessel; (B) Bourdon-
type pressure gauge; (C) injection pump; (D)
hand pump; (E, F, G) high-pressure valves; (H)
thermostat. ' '

relatively low pressures (up to 2000 kg per square centimeter), was used in the
study of the effect of recompression at moderate pressure. An aqueous solution
of TAA was sealed into a polyvinylchloride sack and set in the high pressure
chamber. JAfter a compression under defined conditions (usually for 10 minutes.
at 9500 kg per square centimeter at 30°), the sack was taken out. The  in-
-activated samples were diluted threefold with a suitable buffer (0.05 M tris
buffer above pH 7.0 or-0.05 M acetete buffer below pH 7.0). Therefore the
~enzyme ‘concentration of the inactivated -samples was 6.7 X 107%%, except
in experiments of the effet of initial concentration of TAA where the buffer
concentration was over 0.033 M. One portion of the inactivated samples was



kept under atmospheric pressure, and the other was placed in the pressure
chamber and recompressed at a pressure ranging from 600 to 4000 kg per
square centimeter. In the case of activity measurements, the sample was diluted
tenfold with distilled water to give a concentration of 6.7 X 107* %. Amylase
activity was measured with soluble starch as the substrate at pH 5.3 and 30°
by determination of the dextrinizing power with dinitrosalicylic acid acording.
to the method of Noelting and Bernfeld (7): 1 ml of enzyme solution was
mixed with 1 ml of 1% soluble starch solution at pH 5.3 preheated in the
thermostat at 30. After incubating for exactly 3 minutes, the enzyme reaction
was stopped with 1 ml of 1% dinitrosalicylic acid reagent. The mixture was
boil d for 5 minutes and then cooled. After the solution was diluted tenfold
with distilled water, the optical density was measured at 530 mu. Under these
«conditions the increase in optical density can be taken directly as a measure
of enzyme activity because the relation enzyme ‘activity and optical density is
linear. o

RESULTS

HIGH-PRESSURE INACTIVATION OF TAA
The pressure dependence of the loss of énzymic activity is
shown in Fig. 2. Unbuffered aqueous solutions of TAA (2 X 10-3
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Fig. 2. Inactivation curves of TAA by pressure.
Unbuffered aqueous solutioas of TAA (2x107°%)
were compressed for 30 minutes at various press-
ures at 30° (—QO—). The time course of the inacti-
vation under 2000 kg per square centimeter
(—(D—), 3000 kg per square centimeter (—Q)—)
and 4000 kg per square centimeter (—@—) at 30°
was also examined. '



"7) weére compressed for 10 minutes at various pressures at 30°,
and time courses of the inactivation under 2000, 3000, and 4000

kg per square centlmeter at 30° were also examined. The

inactivation becomes notlceable in ‘60 minutes at about 3000 kg
per square centimeter is 1ap1d above 6000 kg per square centl- 4
meter ‘and 1s complete in 10 mmutes at about 9500 kg per square
’centlmeter The completely inactivated TAA used in this study
was obtained by exposure to 9500 kg square centimeter for 10
minutes at 30° except where otherwise indicated; this material
would not reactrvate on standlng under atmosphere pressure at
30°.

EI FLC T OF INITIAL CO\TCF\' TRATION OF

l

ENZYME ON THE RIACII\H\IIO\‘

One 9% of unbuffered aqueous solutions of TAA were com-
pletely inactivated by pressure, as described above' 'A’fter the
pressure was teleased, samples were diluted to various concent-
ratlons with tris buffer (pH 7.5 final concentration of buffer,
0.03 M). A portion of. each sample was allowed to stand at at-
mospheric pressure at. 30° and the other was recompressed at
. 800 kg per square:centimeter at 30°. After 60 minutes the enzy-
matic activity was measured. The results are shown in. Fig. 3.
The extent of the reactivation is dependent on the initial con-
_ cen'tration of TAA both at atmospherie pressure and atl800 kg
per square centimeter: the higher the concentration_ the more

extensive the reactivation.
EFFECT OF PRESSURE MAGNITUDE
OF RECOMPRESSION

The pressure-inactivated TAA solution was recompressed un-

der pressures up tQ'4000 kg'per' squar.e,oenti_mete_r' at 30° for 20
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Fig. 3. The effect of the initial concentration of
TAA on the recovery. One 9% unbuffered aqueous
TAA solution was compressed for 10 minutes at
9500 kg per square centimeters at 30° and then
diluted to each concentration indicated with tris
buffer of pH 7.5 (final concentration 0.03 M). The
inactivated TAA solutions were recompressed at
800 kg per square centimeter (—@—) or kept
under atmospheric pressure (—Q—) for 60 min-
utes, at 30°.
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Fig. 4. The effect of pressure magnitude on the
reactivation. ~ Unbuffered aqueous solutions of
TAA (2 X 1072 %) were compressed for 10 minutes
at 9500 kg per square centimeter at 30° and then
diluted threefold with 0.05 M tris buff of pH 7.5.
The inadtivated TAA solution was redompr.ssed
for 20 minute (—O—) and 60 minutes (—@—)
under various pressures up to 4000 kg per square
centimeter at 30°.



or 60 minutes.. The results are shown in Fig. 4. The extent of
" the reactivation is enhanced by pressures up to 800—1000 kg
per - square centlmeter However, beyond 1200 kg per square
centimeter or so the extent of reactivation seems gradually to

lessen.

EFFECT OF pH

Pressure-inactivated, unbuffered aqueous solutions of TAA
were adjusted to various pH values with tris buffer (above pH'
7.-0) or'acetate, buffer (below pH 7.0)'.‘ A portion of the sample
was reco.mpresse‘d_at 800 kg pur square centimeter at 30° and .
the other was kept standing at 30° under 'atmospheric pressue
for 60 minutes. AThe results are shown in.Fig. 5. The reactivation

is dependent on pH; the optimal pH for reactivation is in the
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Fig. 5. The effedt of, pH on the reactivation.
Unbuffered aqueous solutions of TAA (2%X1072%)
were compressed for 10 minutes . at 9500 kg per
square centimeter at 30° and then diluted therefold
with 0.05 M tris buffer (above pH 7.0) or 0.05 M
‘acetate buffer (below pH 7.0). The inacti&ated
TAA solution was recompressed at 800 kg per

_ square centimeter (—@—) or kept under atmos-
pheric pressure (—O—) for 60 minutes at 30°.

+



neutral range in both cases.

EFFECT OF TEMPERATURE AND AMOUNT

OF INACTIVATION

Portions of completely inactivated TAA and partially inacti-
vated TAA (7500 and 6000 kg per square centimeter for 10
minutes at 30°) were kept'standing under atmospheric pressure,
and other portions of these same samples were recompressed at
800 kg per square centimeter at various temperatures. The

results are shown in Fig. 6. The extent of reactivation increases
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Fig. 6. Time course of the reactivation of com-
pletely and partially inactivated TAA. Unbuffered
aqueous solutions of TAA (2X1073%) were com-
pressed for 10 minutes at 30°C. at a pressure of
9500 (circles), 7500 (squares), and 6000 kg per
square centimeter (triangles) and then diluted
threefold with 0.05 M tris buffer of pH 7.5. The
inactivated -TAA solutions were recompressed at
800 kg per square centimeter. or kept under at-
mospheric pressure at each temperature indicated
up to 40°.
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,‘as_ the té‘mperature incfeases up to 30°, but beyond 30° ."it"'is
deér‘eas_ed. Retompression ét'SOO kg per‘ square centimeter
".,ehhanced the reactivation over the -whole temperatlire range
studied. Although reactivation is not observed under atmos-
pheric pressure at 40°, moderatejrecomp‘r'ession is still effective
at this temperature.' The activity regained is larger when in-
‘activat'ic'm is week (as seen in fF-ig. 6); activities after 60 min-
utes under recompréssioh at 800 kg pei’ sduare‘centimeter at 30°
are 100, 70, and 45% when the ori’ginalﬂcompression was at 6000,

" 7500, and 9500 kg per square centimeter, respectively.

SoME KINETIC PARAMETERS

The velocity constants k’ were calculated from the slopes of
" the first order plots shown in Fig. 7. Values of k’ and other
parameters of the kin.eti’cs of recovery are listed in Tables I
and II. '

ACTIVITY, per cent
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Fig. 7. First order plots of the reactivation.
All symbols are the same as those in Fig. 6.



TABLE 1

KINETICS OF THE RECOVERY OFPRESSURE
-INACTIVATED TAA AT-pH 7.5°

* % 4S5*
Gaoa | Teme | (Ko | ey | ey | deay | R
cm) mole) | mole) | mole) deg)
0 10 3.6x107° 22 : —56
6.7 6.7
0 20 5.1x107® 23 —57
4.3 4.3
0 30 6.5x107° 24 —65
600 30 9.8x107° '
800 20 7.8X107° 23 —44.
10.6 10.0
800 30 1.4%x107* _ 23 —43
' —6.4 | - —~7.0 ‘
800 40 1.0%107¢ 24 —100
1200 30 1.5%x107*
1500 30 1.4x107*

*Concentration of enzyme, 0.67 X 1073 %

TABLE 1I

MOLAR VOLUME CHANGE OF ACTIVATION, 4V*,
IN THE RECOVERY PROCESS AT pH

7.5 AT 30°C*
Pressure : aV'*
(kg/sq cm) (cc/mole)
0~600 —6.0
600~800 —18.1
800~1200 . 1.1
1200~1500 1.6

*Concentration of enzyme, 2/3 X 1072 %5.
"EFFECT OF IONIC STRENGTH
To unbuffered aqueous solutions of completely inactivated

— 10 —
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TAA, sddium éhl—oride solution was added to give -co‘ncentration
of 1, 10-1, 1072, and .10-3 mole per liter. The final enzyme
concentration was alWays kept 58 X 1073 %. - The solution was
kept at 30° for 20 minutes or 60 minutes under recompression
of 800 kg per square centimeter or under atmdsphe'ric pressure,
and enzymic activity was then measured in each solution. The

-results are shown in Fig. 8. Under atmospheric pressure, reacti-
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Fig. 8. The effect of ionic strength on the re-
activation. To unbuffered aqueous solutions of
TAA (2 X 1073%) compressed for 10 minutes at
9500 kg per square centimeter at 30°, sodium
chloride was added to give each ionic strength .
indicated. The completely inactivaued TAA (2/3
X107 %) was kept under atmospheric pressure
.at 30° for 20minutes (—O-—) and 60 minutes
(—@—) or recompressed at 800 kg per square
centimeter at 30° for 20 minutes (—&—) and 60
minutes (—(@®—). '

.vation takes place toh a small extent 'in the presence of a small
concentration of salt, though it is almost independent of the"
inoic strength above 10-3 mole per liter. On the other hand,
a moderéte recompression markedly inéreasésLthe recovery o‘nly

at the lower ionic ‘strengths.



ErrecT or COMPRESSION TIME

FOR INACTIVATION

Unbuffered agueous solutions of TAA were compressed under
9500 kg per square centimeter at 30° for two different times,
10 and 60 minutes. After the pressure was ;eleased, the pH was
adjusted to 7.5 with tris buffer. The sample solutions thus
prepared were kept at 30° under atmospheric pressure or under
recompression at 800 kg per square centimeter. Enzymic activity
was then measured at several times. The results are shown in
Fig. 9. (Unbufferéd TAA inactivated by 9500 kg per square
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Fig. 9. The effect of compression time for in-
activation on reactivation. Unbuffered aqueous
TAA solutions (2 X 1078 %) were compressed for
10 or 60 minutes at 9500 kg per square centimeter
at 30° and then diluted threefold with 0.05 M tris
buffer of pH 7.5. The inactivated TAA solutions
were used for reactivation. Plots show the time
course of the reactivation under atmospheric press-
ure at 30° of the TAA inactivated by compression
for 10 minutes (—O—) and 60 minutes (—0O—),
and under recompression at 800 kg per square
centimeter at 30° for 10 minutes (—:B—) and 60
minuues (—@ ).



‘centimeter for 10 minutes at 30° would not reactivate on stand- .
ing under atmospheric. pressure ; how.ever,»'-presence“ of bvuffer
(pH 7.5) was responsible for reactivation.) The rate of the
_reactivation decreased with increasing compression time for
inactivation. | After compression for 60 minutes at.9500 kg per
' square centimete, the activity of TAA no longer recovered
under atmospheric pressure; however,” moderate recompressien

of the same inactivated TAA caused a distinct reactivation.

DISCUSSION

On the basis of the loss and recovery of enzyme activity on
high- pressure treatment up to 10 000 kg per Square centimeter,
‘we can class;fy enzymes into four groups: (I) completely in-
activated and irreversible: (II) .completely 1nac_t1vateduand
. reversible (at,leasr partially); (III). incompletely inactivated |
and irreversible; énd (IV) incompletely inactivated andﬁre'ver.si.-
ble. Several enzymes eut:h as salivary' amylase (8), barley B-
amylase (9), and bacterial @-amylase .(10) belong to type I,
- whereas trypsn- (11), _chymotrypsin. (12), and, bacterial Al-
proteinase (13) belong to type ‘III. No ‘enzyme _whi'ch.belongs :
to type IV is definitely known at present. Trypsin, chymotryp-
sin, and bacterial Al-proteinase may, however, belong to -this
type; it is difficult to be sure because of autodlgestlon

According to our experlmental results TAA is of type II

under certain conditions. On campression for a short period (less

. than 60 mmutes) at 9500 kg per square centimeter, the act1v1ty

of TAA falls to zero, but when the pressure is released the
“activity is recovered to a con51deable extent. The extent of -
recovery of act1v1ty is dependent on the initial. concentration
of enzyme, pH, and temperature, but almost independent of
ionic strength 'abOVe a certain value, at least under atmospheric

pressure.



We have found that a re-treatment under moderate pressure
of pressure-inactivated TAA enhanced the recovery. As describ-
ed in this paper, it is generally accepted that the molar volune
of proteins increases on denaturation and decreases on 'renatu-
ration. Below 800 kg per square centimeter in the recompression
4V* may be accounted for in view of the over-all volume change
of activation in the recovery process. A moderate recompression
may assist the folding of the protein which has been unfolded
by very high pressure. Within this pressure range 4V* is nega-
tive and its absolute magnitude increases with increasing press-
ure: but above about 1200 kg per quare centimeter other con-
formational changes which are unfavorable to recovery may
occur on the unfolded TAA, though a pressure up to 2000 kg
per square centimeter (cf. Fig. 2) does not cause inactivation.
If this is so, 4V* for the process of reactivation becomes posi-
tive, and enhancement of the reactivation may be decreased
with increasing ‘pressure. Above 3000 kg per square centimeter
the pressure inactivation can occur by a prolonged compression,
as shown in Fig. 2; a decrease in the extent of the reactivation
is then to be expected. .

As shown in Fig. 6, the extent of recouery is larger when
inactivation is weak. This result is as expected because in the
weak inactivation the conformational change of the protein
molecule itself is presumed to be small, so that the recovery
of enzyme activity as well as conformation is readily occurred.
Prolonged compression at very high pressure, for example, 60
minutes at 9500 kg per square centimeter, as shown in Fig. 9,
makes the inactivation at atmospheric pressure irreversible,
though recompression at a moderate pressure causes reactivation.
In the case of compression for 10 minutes at the same pressure,
the activity is recovered gradually despite the complete initial

loss of activity. This result may be explained if the conforma-



tion of the TAA molecule, may be changed so drastically by a
prolonged compression that the recovery to the native form is
impossible even when _the pressure is released. - These results
sﬁggest that the recovery of enzymic activity may be d,epen'd'ent

upon' the re-establishment of the molecular conformation of the
enzyme molecule as a whole. ‘ '

As shown in Fig. 6, the réactivation proceeds well up to.30°,
above which temp,e'ra"cure ‘the extent of the reactivation decrea-
ses. In our preliminary exper_in_lents, prolonged standing of TAA

in buffered solution (pH 7.5 with 0.03 M tris buffer) at 40°
| indicates a s'low heat inactivation. The reactivation of.pressu.re-
inactivated TAA may be prevented by th.is heat inac‘ti\}'ation at
- a temperature abdvé 30°. The most favorable range of pH for
.the reactivation is that of neutral pH. Takagi el al. (14, 15)

suggested that c‘arbozgylate—phenolic hydrogén bonds play a part
in stabilizing the native structure of TAA, that these bonds
cannot be formed below pH 5.5, and that folding becpme‘s im-
possible above pH 9.5. In the present invesctigation, results
obtained on the pH effect are the same as the results on the
recovery of ac'i_d-denatured and urea-denatured TAA (16, 17).
- As shown in Fig. 8 the reactivation of pressure-inactivated TAA
‘under atmospheric pressure is influenced by salt concéntrafions
below 10-3 mole per liter at least. But by recompression at. 800
kg per square centimeter, the }reactiva‘tion is noticeably retarded’
by incfeasing the salt concentration. Seemingly, the existence
of a considerable concentration of salt prevents .the unfolded

enzyme molecule from being refolded to the enzymatically active .
‘canformation by recompression, at a moderate pressure.

. Unlike the results obtained in heat inactivation (18), it has
. been observed during pressure inactivation that the higher the
“initial concentration of TAA more extensive is thé reaction.

This difference may offer some clues to indicate the difference



in the inactivation mechanisms by heat.

A fuller interpretation of the relationship between enzymatic
activity and molecular conformation will be postponed until the
éompletion of work in which some physicdchemical properties

are being investigated, as well as activity.
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