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Proteases comprise a significant proportion of those
proteins which have been subject to detailed
characterisation amino acid sequence and high resolu

lion crystallographic analysis. The extent of research
interest in proteolytic enzymes reflects both their

historical status, and the practical advantages of pro-
teases as research subjects available in quantity, ex
trace lu tar etc. widely occurring.

Since 1952, a variety of proteases from thermophilic
organisms have been isolated and characterised. In par.

licu lar, the extracellu lar protease Thermolysin from
Bacillus thermoproteolytious has been subjected to

numerous detailed kinetic1 and structural studies2.

However, to date, there have been no extensive studies

on proteolytic enzymes from extreme thermophiles,

although a number of reports of their existence have ap

peared3'4. The work reported here on Caldolysin, the ex

tracellular protease from the extreme thermophile, Ther

mus aquaticus strain T3515-8, thus appears to be the

first detailed characterisation of a protease from an ex

tremely thermophil ic caldoactive bacterium.

OCCURRENCE AND PURIFICATION
Thermus aquaticus strain T-351, an aerobic, non

motile, non-sporulating, gram-negative rod, was initially

isolated from hot alkaline pools in the Rotorua thermal

area and has since been shown to actively grow in viva

at temperatures up to 100°C. Caldolysin is present at a

concentration of up to 2 mg 1 in the supernatant of

cultures grown at 75°C.

Purification of Caldolysin is carried out by a se

quence involving ammonium sulphate precipitation,

DEAE-cellu lose ion exchange, Sephadex SP-C25 ion ex

change, affinity chromatography on carbobenzoxy-D

phenylalanine-tetraethylenetetramine-Sepharose 4B,

and gel filtration chromatography with Sephadex G75.

The yield of fully purified enzyme is routinely of the

order of 50 per cent.
With a specific activity of 21,000 Proteolytic Units per

mg PU mg at 75°C using casein as substrate,

purified Caldolysin is one of the most active protease

known Table 1. This is probably due in part to

denaturation of protein substrates at high temperatures

and a resulting Increase in their susceptibility to pro
teolytic attack. Highly active mesophilic proteases

such as Bacillus subtilis neutral protease 10 denature
when heated above about 60°C, thus precluding the at-*
tainment of as high an activity as Caldolysin.

PROPERTIES
Proteases can normally be designated as being Acid,

Serine, Thiol, or Metal-chelator-sensitive types12. In
hibitor sensitivity is one of the primary classification

tools Table 2. Further sub-classification is determined
by pH optimum and other characteristics.

Since treatment with 25mM o-phenanthroline two
hours, 75°C did not significantly reduce the activity of
Caldolysin Table 2, it appeared that no zinc ion was

present in the molecule c.f., In Thermolysin, a catalytic
zinc ion was rapidly chelated by 0.2mM

o-phenanthroline at 25°C 13. However, analysis of
purified Caldolysin by atomic absorption spectroscopy
indicated that both before and after dialysis against the
chelating agent EDTA zinc was present in a
stoiciometry of approximately one atom per protein
molecule. Furthermore, the zinc was retained against
EDTA dialysis even after Caldolysin was inactivated by
autoclaving, suggesting an inaccessible location for

the zinc ion within the protease. It is not yet known
whether the zinc has either a stabilising or activity-
related role.
The response of Caldolysin to EDTA and EGTA Table

2 suggested that calcium was implicated in either the
activity or stability of the enzyme. However pretreat

ment of Caldolysin with EDTA did not impair catalytic
function, but activity was then rapidly and irreversibly
lost after heating to 75°C. Calcium is thus present as a
molecular stabilising agent.
The specificity of metal ion binding to Caldolysin was

investigated by reconstitution of the apoenzyme
calcium removed by dialysis against EDTA with solu
tions of calcium, zinc, strontium, magnesium, cobalt
barium, variadyl and copper salts. With the exception o

the vanadyl ion, Khoo, Daniel, Cowan and Morgan, un
published results, in no case was more than 40 per cent
of the calcium-conferred stability regenerated, sug
gesting that none of the other metal ions could fully
-satisfy the structural requirements of the calcium bind
ing sites. V02+, however, was able to provide almost
100 per cent of the calcium-conferred stability.
Reconstitution of solutions of the apoenzyme with
10mM calcium, 10mM, zinc and a mixture of both
calcium and zinc each 10mM yielded half-lives at 90°C
of 59 mm, 6 mm and 24 mm respectively. These results
indicate that zinc is capable of competing for the
calcium sites N.B. crystal ionic radii: Ca - 0.99A°; Zn
*0.74A°, but in doing so, provides little molecular
stabilisation.

The lack of response of Caldolysin to the specific in
hibitors of the serine, thiol and acid protease classes
Table 2 Implies that it cannot be assigned to these
groups.

The classification of Caldolysin as a metal-chelator
sensitive lytic protease 12 was established by the
discovery that the enzyme was capable of lysing
bacterial cells. Caldolysin was shown to lyse 16 of the
18 strains of Gram-negative bacteria tested, but was
unable to completely lyse any of 12 strains of Gram-

Table 1. The specific activities of thermophilic and
mesophilic proteases.

Protease Temperature Specific Reference
Activity

°C PU mg

75 21,000

75 38,450

35 12,930

Caldolysin

Tok 3 Protease

Thermolysin
B. sub ti/is

neutral protoase
Papa in

Chymotrypsin
Try ps In

Pronase

-b

-c

30 13,600
30 2,550

30 1,813

30 1,653
40 1,250

10

10

10
10

11

a. 1 PU = 1 i g tyrosine released per minute from ca
sein under specified assay conditions.

b. Saravani, Cowan, Daniel and Morgan, unpublished
results.

c. Calculated from data provided in Matsubara'.
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positive bacteria, four Gram-positive strains were par
tially lysed. This marked specificity for Gram-negative
organisms is uncharacteristic of most lytic enzymes
since the outer layers of lipoprotein and lipopolysac
charide of Gram-negative cell walls normally prevents
access of lytic enzymes to the underlying pep
tidoglycan14.

In a comparison Table 3 of some of the physical and
biochemical characteristics of Caldolysin with those of

Thermolysin and the lytic proteases from Sorangium

and Myxobacter the proteases which most closely
resemble Caldolysin, it is evident that no general
similarity exists. However, there are some points of

equivalence:
* the lytic and proteolytic specificities of Caldolysin
and a-lytic protease are comparable;
* both Caldolysin and Myxobacter AL-i lytic protease
possess the unusual characteristic of a minimum
substrate size limit both will hydrolyse pentaglycine
and tetraglycine but not triglycine or diglycine;

* the metal Ion requirements and inhibitor responses of
Caldolysin and Myxobacter AL-i lytic protease are
similar.

Neither the lytic proteases nor Thermolysin possess
the degree of thermostability shown by Caldolysin see
below. Furthermore, Caldoysin demonstrates an
unusually high carbohydrate content.

THERMOSTABILITY

Thermostability data for Caldolysin, apocaldolysin
and a variety of proteases from thermophilic and
mesophilic sources are presented in Table 4. Not only
does Caldolysin possess a greater degree of thermal
stability than any other characterised protease from a
thermophilic organism, but the stability of the apoen
zyme, although greatly reduced, is still of the same
order as that of many proteases from mesophilic
organisms. Calcium stabilisation, such as observed in
Caldolysin, is a feature of many of the enzymes listed in
Table 4.

In Caldolysin, a large proportion of the total energy of
stabilisation of the molecule about 50 per cent is deriv
ed from the presence of calcium iOflS°. These are
presumably located as linking agents in crucial salt-
bridges on the molecule surface.

In solution, proteolytic enzymes can lose activity
from autolysis, thermal denaturation, or a combination

of the two, depending on the incubation temperature.
An analysis of the kinetics of activity loss in solutions
of Caldolysin has shown that at 90°C and above, ther
mal denaturation is the major factor, while at lower
temperatures, autolysis is responsible. This conclusion
Is confirmed by the presence of a major discontinuity at
about 90°C in the Arrhenius plot for Caldolysin, sug
gesting that significant structural changes occur at this

temperature.

STABILITY TO OTHER REAGEHTS
Caldolysin is very stable in the presence of

detergents and other denaturing agents Table 5.
Hydrogen-bonding disrupting agents urea and
guanidine hydrochloride and cystine cleavage reagents
dithiothreitol and mercaptoethanol result in a substan
tial destabilisation at 75°C, whereas sodium
dodecylsuiphate SDS; an anionic detergent known to
dissociate hydrophobic bonds 26 is less effective. The
contribution of disulphide bonds Ca. 6 to the total
energy of stabilisation of Caldolysin at 75°C has been
calculated to be approximately 30 per cent, a value con
sistent with the results in Table 5.

Table 2. The effect of inhibitors on the activity of
Caldolysin.
Class Inhibitor Concentration % Inhibi

tion

Th i ol-enzyme
inhibitor

of protease
activity
14%

0

Acid-protease

inhibitor

0

Serine-protease Phenylmethyl 2.0mM

inhibitor sulphonyl 0.5mM

fluoride
p-Chloro 5.0mM
mercuri

benzoate

Diazo- 0.015mM
norleucine

methyl ester

Trypsin Soybean 1.0 mg m11

Inhibitor trypsin

inhibitor

Metal chelator EDTA

0

0

Calcium-

10.0mM

1.0mM
0.1mM

EGTAa 10.0mM
1.0mM

25.0mM

specific chelator

Zinc-specific

chelator

68%

40%
0

45%

18%

0o-phen
ant hr

ol i ne

a. Ethylene glycol-bis- -amino ethyl ether
N, N'-tetra acetic acid.

Table 3. A comparison of the properties of some proteases.
Property Myxobacter AL-i Sorangium proteases

protease 1,10,16 1,17 1

19,778Molecular weight 13,500
Carbohydrate
content 1.3%
Cystine residues 2
Esterase
activity
Lytic activity

3

19,000

Thermolysin 61 Caldolysin

No
Predominantly
Gram-positive

2

37,500

Elastase
activity
Specificity

Yes
Gram-Negative

0

0

20,500

Yes, specificity
unknown

12%
4-6

Small a.a. on
either side of
splitting point

No
No

Yes
Small aliphatic
a.a. on C side of
splitting point

Size limit in
active site
Metal ion
cofactors
Inhibitors

4 residues

No
Gram-negative

Yes
Lysine on amino
side of splitting
point

No

possibly Zn None

Hydrophobic
or bulky a.a.
on amino side of
splitting point
No

EDTA, citrate, DIFP
phosphate 102M

1 Zn

Yes
Small aliphatic
a.a. on either
side of splitting
point
4 residues

1 Zn, 4 Ca

Properties similar in all of the above proteases: p1 values, 8-10, pH optima, 7.5-9.0.

1 Zn, Ca

EDTA,o-pherian
th rol i ne

EDTA, EGTA
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Table 4. The thermostability of Proteases from Ther
mophilic and Mesophilic organisms.

Caldolysin Thermus T.351 0.5
E 30

Protease Bacillus

caldol yt i cus
E

Thermolysin B. thermo- 1.0
proteolytFcus

T
Lytic proteaseM icromono- 0.5-0.75

spora vulgaris T
Thermomy- Malbranciiea 2
colase pulohella T
Neutral B. stearother- 5
protease mophilus T

Alkaline Asperglllus 0.1
protease sydowi M
Bromelain Ananas 0.3

comosus M
Neutral B. subtilis 0.25
protease M
Lytic proteaseMyxobacter 5.7
AL-i M
Pepsin C Porcine M 1.2
Apocaldolysinlhej-mus 1.0

T-351 E 5.5

a. E - extreme thermophile; T thermophile; M
-mesophile. Conditions of incubation pH, ionic
strength, etc vary between the examples. However,

conditions are normally chosen to maximise ther

mostability. Calcium is present, where required, in all

cases except apocaldolysin.

Table 5. The effect of denaturing agents on the

stability of Caldolysin.

Denaturing Activity loss at Half-life at 75°C

agent added 18°C

40% after 30

weeks

none after 18

hours

25% after 31

hours

none after 67

hours

8M urea + 120mM

mercaptoethanol none after 72

hours

10mM dithio- 16% after 8

threitol hours

It has been suggested 28 that the acceleration of Ox
idative processes in the high temperature environments
of thermophilic organisms should provide selective

pressures to decrease the level of sulphur amino acids
and hence cystine residues within the proteins of these

organisms. This proposal is not supported by the

results presented.
We are currently investigating several other pro-

teases from extreme thermophiles. These differ con

siderably from one another arid the only common

features we have been able to distinguish so far are

high specific activity and thermostability. It seems like-

ly that the proteases from extremely thermophilic
bacteria will display the same variation as proteases
from mesophiles, both in enzyme characteristics and in
the mechanisms responsible for thermostability. The
stabilisation of thermophilic proteins has been in
vestigated in some detail in recent years 27 and it has
been shown that no one single mechanism is responsi
ble.
The major contributing factors to the thermostability

of Caldolysin are calcium binding and disulphide bon
ding. However, these mechanisms are by no means
characteristic of all thermophilic enzymes 27,28

The thermostability, detergent stability and high ac
tivity of Caldolysin may render this enzyme potentially
valuable in industrial applications. The advantages of
operating enzymatic hydrolysis processes at high
temperatures have been previously outlined29.
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Enzyme

name
Source

a
Half-life at: I
hours °C

95

80
193 75
8 80

Ref

3

80 9

80 18

73 19

65 20

55 21

55 22

61 23

50 15

25 24
50
35

None

1% SDS

6M guanidine

HCI

8M urea

193 hours

5 hours

59 mm

53 mm

26 mm

53 hours

124! December 1982 / ChemIstry in New Zealand



26 H. Zuber., ed. Birkhauser Verlag, Basel. 121-133
1976.

27. R.E. Amelunxeri, and A.L. Murdock, Crit. Rev.
Microbiol. 6, 343 1978.

28 D.A. Cowan, and R.M. Daniel, unpublished results.
29 R.M. Daniel, D.A. Cowan, and H.W. Morgan,

Chemistry in New Zealand 45, 94 1981.

Don Cowan is a post-doctoral research fellow with
the thermophile group at the University of Waikato. He
graduated BSc from Waikato in 1975, MSc Hons in

1977, and DPhil in 1980. His current research is in the
field of the enzymology of extremely thermophilic
bacteria.

Roy Daniel is senior lecturer in biochemistry at the

University of Waikato. He graduated in Chemistry, BSc

Hons at the University of Leicester in 1965 and Ph.D. in

biochemistry in 1968 at the same university. After work
ing as a post doctoral fellow at the Agriculture
Research Unit for Nitrogen Fixation at the University of

Sussex and the Division of Plant Industry, CSIRO,
Canberra, he took up a lectureship in the Department of

Cell Biology, University of Glasgow in 1971. He has

been at Waikato since 1975.

Hugh Morgan is senior lecturer in biological sciences

at the University of Waikato. After graduating BSc

Hons in agricultural botany at the University of Wales,

Aberystwyth in 1965, he completed his PhD in soil

microbiology at the University of Guelph, Canada in

1970. He was awarded an ICI post doctoral fellowship to

work at the Macaulay Institute for Soil Research, Aber

deen prior to taking up the lectureship at Waikato in

1972.

D. Cowan R. Daniel

H. Morgan

Chemistry in New Zealand! December 1982 /125


