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1, INTRODUCTION 

Enzymes isolated from the hyperthermophilic eubacte- 
rium Thermoroga mrrrlrims have been shown to exhibit 
extreme intrinsic thermal stability [ 1,2], For glyceral- 
dehydc-3-phosphate dchydrogenase (GAPDH), the on- 
ly enzyme which has been purified to homogeneity and 
characterized in detail, the thermal transition occurs at 
= 11O’C. Due to the limited data base and the high 
‘phylogenetic noise’ connected with the comparison of 
homologous sequences, presently, the thermal stability 
of proteins cannot be correlated with either their amino 
acid composition or their primary structure [3]. 

In the present study, attempts were made to isolate 
and characterize ctnylases from the hyperthermophilic 
eubacterium Thermoroga marititna with two aims. (i) 
Thermotoga maritima uses starch as a substrate; its 
catabolism requires amylase activity which - in contrast 
to other microorganisms such as Bacillus licheniformis 
- is not observed in the growth medium. Thus, the ques- 
tion arises how the macromolecular substrate is taken 
up by the bacterium; it cannot pass through the chan- 
nels of the ‘toga porins’. (ii) Starch forms a major source 
of carbohydrate in industrial processes. In technological 
applications, extremely thermophilic enzymes may be ad- 
vantageous. Because of its hyperthermophilic nature, and 
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its ability to grow on media containing starch as nutrient, 
Thermoroga maritima is expected to be well-suited to 
search for thermally stable amylases, 

The following questions will be addressed. Where is 
amylase activity localized, what are the enzymatic 
characteristics of Thertnoroga amylases(s), how do Yher- 
motoga amylases compare with a-amylase from Bacillus 
licheniformis? 

2. MATERIALS AND METHODS 

2, I, Ch?lJlicds 
DEAE-cellulose (DE 52), Mono-Q, phcnyl-Scpharosc, butyl- 

Sepharose and metal-chclaling Scpharosc were purchased from What- 
man (Maidstone) and Pharmacia (Uppsala), respectively. Affinity 
chromatography made use of cyclohcptaamylose (Sigma, St, Louis) 
and acarbose (Merck, Darmstadt), covalently coupled to epoxy- and 
aminohexyl-Sepharose (Pharmacia, Uppsala). 2,rl.Dinitrosalicylic acid 
was purchased from Sigma (St, Louis), DNase and lysozymc were prod- 
ucts of Boehringer (Mannheim), All other chemicals were analytical- 
grade substances from Merck (Darmstadt). n-Amylase from Bacillus 
licheniforrnis was a kind gift of Dr. Mattheijsen, Gent. 

2.2. Cu/tivation of Thermotoga maritima 
Cultivation of Themoroga muririmo (MSBS, DSM strain 3109) 

followed the procedure described by Huber et al, [4]. Cells were 
harvested in the stationary phase of growth and stored at - 7O’C. 

2 I 3. Enzyme assay 
Amylase activity was assayed by a modified 2,4-dinitrosalicylic acid 

(DNSA) method of Bernfeld [S]. monitoring the formation of new, 
free hemiacetal groups at the site of hydrolysis. Enzyme preparations 
(75 ,ui) were incubated with a iblo solution of Zuikowsky starch in i3# 
(150~1) and 24 mM triethanolamine buffer pH 5.8 + 2 mM CaClz 
(75 pl) for 20 min at 8O’C. The enzyme-reaction mixture was stopped 
with 1% DNSA in 0,4 N NaOH (3OO/tl), followed by boiling for 5 
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Spinning down cells of Thrrmsfsgu r~urr3CImu in their 
statianrrry phase of youth yields the supernalant devoid 
of measurable amylaae aclivity; taking the retal activity 
hefter opening the eclls in a Fteneh Prets as IBOC, leais 
than 1% ermylasc activity is found in thr grwth medium, 
In rantrwI using the same 100% ri:ferener, 85% of the 
total: activity is accessible in the surface of the intact (non- 
lysed) cells, indicating that the major part of amylases 
must be loeelised in the ‘toga’, i.e. the outer sheath of 
the cell, Sedimentation in a 30% Pereoll gradient yields 
Z 80% of the membrane* and cell-fcagmcnt-nssociatcd 
amylase activity in the fractions containing the outer 
sheath of the cell. 

Lysozyme treatment (1 mg/ml, 10 min incubation at 
20°C) destroys a thin murein layer stabilizing the pro- 
toplast. The cells become coccoid, exhibiting intace 
eytoplasmic membranes with the ‘toga’ detached (Fig. 
1). Using this approach, no amylase activity is set free, 
thus excluding the ‘pcriplasmic space’ as potential site 
of amylase action. Since Zulkowsky starch (used as a 
standard substrate in the assay) has an average molecular 
mass of 5000 Da, one would assume that the substrate 

Fig. 1, 7%erntnloga tnarifina after lysozyme treatment. I mg/ml lysozyme, 10 min incubation at 20°C. 
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is unable to pass through the pores of the ‘toga’ (W. 
Baumcistcr and FL Rachel, personal communication). 
Therefore, we conclude that the major part of the 
amylase activity must be associated with the surface layer 
of the bacterium such that the active site of the enzyme 

12 34 12 
Fig. 2. Electrophoretic characterization of Thennofoga amylases. 
(A) SDS polyacrylamide gel electrophoresis (12% acrylamide). Slot 1: 
M, standards (kDa) from top. to bottom: phosphorylase b (94), 
bovine serumalbumin (67) ovalbumin (43), carbonic anhydrase (30), 
trypsin inhibitor (20-l), a.lactalbumin (14.4); slot 2, 3, 4: ru-amylase 
from B. MeniSonnb, and amylase fractions 1 and I1 from Tlzw- 
motogu maritima, respectively. (B) Native polyacrylamide gel elec- 
trophoresis (8-25% acrylamide). Slots 1,2: fractions I and II from 
Titefnfofoga maritima, Open and closed arrows point to the location 
of amylases from Thermotoga’maritima ancl 13. licheniformis as 
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determined by ativity staining. 

Fig. 3. Amylase activity at different temperature in the enzymatic 
assay. Incubation: 20 min at optimal PI-I. (A) 7”. maritima fraction 
I (@), pH 5.5; T. moritima fraction II (u), pH 6.0. (IS) B. lichenifor- 

mis cv-amylase (A), pH B.S. 
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is accessible for its substrate, facing the outside of the 
C@ll. 

3,2. Appmuches ro arnylase purlfkation 
The expression level of amylase activity in Thertnorogu 

rnaritima is extremely low. Starting from the maximum 
yield of cells obtained from 300 liter culture (= 120 g), 
the total amount of amylases is of the order of 0.5 mg 
(calculated with the specific activi?v of Bcnillus 
lichenifortnis wamylase). Faced with adsorption pro- 
blems, this is too low to allow the isolation of the en- 
zyrne in pure form, especially because the total activity 
belongs to at least two different enzymes with different 
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substrate specificities (ret: below). As a consequence, only 
partial purification of the enzyme(s) could be ac- 
complished, In order to be able to yerform extensive 
atudics of the physicochcmicnl properties, cloning of’ the 
genes will be required, 

Table I gives a schematic diagram of the purification, 
The following characterization refers to the enzymes 
eluting from the acarbose column at 0.1 M and 1.0 M 
NaCl as fraction I and fraction II, respectively. Fig. 2 
ilIustrates the result of SDS and native polyacrylamidc 
gel electrophoresis experiments using Coomassie blue and 
activity staining to characterize the enzymes. For activi- 
ty staining, SDS was removed by rinsing the gels with 
standard buffer (see Materials and Methods). As 
becomes clear from the position of the bands, fraction 
I of the Thermoroga arnylase shows a molecular mass 
close to the value obtained for the BaciN14s lichemfor- 
rnis enzyme (Mr = 60 kDa). Fraction II cannot be rcac- 
tivated after SDS-polyacrylamide gel electrophoresis. 
Native gels yield two active bands for fraction I and one 
for fraction II. 

3,s. Characrerizatio,t and cotnparison wirh cr-um_ylrrse 
frotn Bacillus licheniformis 

In contrast to cr-amylase from Bacillus licheniformis, 

Temperature PC) 

Fig. 4. Transitions of thermal inactivation, Incubation time: 30 min; 
standard test: 20 min at 45°C and EO”C, respectively. Symbols as in 

Fig. 3. 

the amylases from %~rrrtarogcr trrsrt’ritw exhibit signi& 
cant catalytic activity only at elevated temperature. As 
shown in Fig. 3 this is r\ttributable to the exceedingly high 
activation energies of the Thertno~ogu enzymes ws corn- 
pared co the &WI/us enzyme (Table. II). Beyond 8S°C 
thermal denaturation occurs, so that reasol:abte turnover 
of the Therrnoroga amylases is only observed between 
70 and 100°C, i.e. in the range of viability of the 
microorganism. Obviously, in the case of Thermo~ogcr 
marifinta, one of the reasons for the requirement for high 
cemperncux is the fact that the breakdown of nutrients 
only works at sufficiently high temperatures, The enzyme 
from Bacillus licheniformis shows a much lower accivn- 
tion energy so that activity can be measured even at room 
temperature, in accordance with the mcsophilic or 
moderately thermophilic nature of the organism. 

As shown by heat inactivation experiments where the 
residual activity at the respective temperatures was 
measured in the absence and in the prcs?;lce of trypsin 
[ 10, I 11, thermal inactivation of the Thertnotoga amylnses 
is irreversible, Thus, thermodynamic stability parameters 
from equilibrium transitions are inaccessible. In order 
to give a semi-quantitative measure of the thermal stabili- 
ty of the enzymes, final values of residual activity after 
sufficiently, long incubation were applied to characterize 
the ‘transition midpoints’ of heat denaturation. The 7”~ 
values for o+amylase from Bacillus licheniformis and for 
the Thermoroga enzymes are S§“C and = 90”C, rcspec- 
tively (Fig, 4). 

The pH profiles for enzyme catalyses are given in Fig. 
5; compared to the Bacillus amylase, the Thermotogn 
amylase exhibit a slight shift toward the acidic pH range. 
This cannot be correlated with differences in specifici- 
ty, since fractions I and II obviously differ in this respect. 
As taken from the Ca2 ’ dependence and the hydrolysis 
of specific substrates, fraction I is a ,&amylase, while 
fraction II shows both a-amylase and glucoamylase ac- 
tivity (Table II). Attempts to confirm the findings of the 
catalytic experiments by specific binding studies using 
inhibitors and antibodies failed: tendamistat, a potent 
cu-amylase inhibitor, does not bind to the Thermotoa 
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rttcrrilinrs c?nzymes; the ~RIIIC trol$s I?sr an rw-amylase an. 
tibody produced against human salivary Lu-amylase. 
Whrcher this is caused by structural differences of the 
enzymes, or whether fraction 11 consists mainly of 
glucoamylase, thus hiding rY-spr;lPic effects, remains 
open, 
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