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The molecular mechanisms responsible for the unusual stability of enzymes isolated from thermophilic microorganisms are much 
more complex and subtle than was originally thought. In particular, a general mechanism cannot be proposed, since individual 
enzymes can be stabii by specific molecular interactions and forces. The results of studies on thermophilic enaymes obtained in 
recent yews in our laboratory will be summarized, with particular emphasis being placed on those obtained with thermolysin, a stable 
metalloendopeptidase isolated from Baeiliuc thermoproteo/yticw Fragmentation of tbermolysin by limited proteolysis by added 
protease (subtilisin) or autolysis mediated by heat or the ion-chelating agent EDTA leads to quite selective peptide bond fissions, 
allowing isolation of ‘nicked’ thermolysin species, Correlation of the sites of proteolytic cleavage with the known three-dimensional 
structure of tbermolysin alknved us to infer some of the key characteristics of the structure, folding, dynamics and stability of the 
thermolysin molecule. The potential utility of these and other studies on themtophilic enzymes in devising strategies for enhancing 
the stability of mesophilic enzymes using genetic engineering techniques is discussed. 

1. Introduction 

Much attention in research has been devoted in 
recent years to enzymes and proteins isolated from 
thermophilic microorganisms growing optimally at 
60-9O’C [l-7]. These numerous studies on the 
functional and molecular properties of thermo- 
philic enzymes have clearly established that these 
enzymes are generally much more resistant to heat 
and most common protein denaturants than their 
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counterparts from mesophilic sources [8]. The in- 
terest of biochemists has so far been focused prim- 
arily on the structure-function-stability properties 
of thermophilic enzymes, with the general aim of 
determining the molecular mechanisms responsi- 
ble for their unusual stability. More recently, since 
enzyme stability is one important parameter in the 
field of enzyme technology [9], potentialities and 
advantages of thermopbilic enzymes for practical 
applications are becoming more clearly recognized 
[lo-151. 

In this article, some general properties and 
characteristics of thermophilic enzymes are dis- 
cussed, with special emphasis on the structure-sta- 
bility-folding-dynamic properties of thermolysin, a 
stable metalloendopeptidase isolated from Bucil- 
lw themoprotedyticw [16,17]. There is a vast 
amount of literature available on the isolation and 
characterization of thermophilic enzymes, with 
articles covering a wide range of aspects and inter- 
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ests, and therefore the reader may find herewith a 
somewhat personal selection of issues covered and 
literature references. More detailed accounts on 
the various functional and molecular aspects of 
thermophilic enzymes (and microorgar@ms) are 
available [l-7,10-15]. 

2. Molecular nwchnisms of thermostability 

Thermophilic enzymes are not at alI unique 
with respect to their structuraI properties, but are 
‘typical’ proteins characterized by an intrinsic sta- 
bility, even if in some cases, e.g., a-amylase [18] 
and thermolysin [19-211, protein thermal stability 
can be achieved extrinsically by addition of suita- 
ble effecters (metal ions, coenzymes, etc.). All 
current evidence indicates that the enhanced sta- 
bility of thermophilic enzymes cannot be attri- 
buted to a common determinant, but is the result 
of a variety of stabilizing effects including hydro- 
phobic interactions, ionic and hydrogen bonding, 
disulfide bonds, metal binding, etc., much the 
same as has already been observed with mesophilic 
proteins. A quantitative analysis of all these fac- 
tors involved in protein stability appears to be 
very complicated, since a large number of stabiliz- 
ing effects must be considered. Considering that 
the net free energy of stabilization of a protein 
(mesophilic and thermophilic) is numerically quite 
small, usually of the order of 5-15 kcal/mol and 
that the stabilization provided by a single hydro- 
gen bond or salt bridge is of the order .of l-3 
kcal/mol [22-251, it is clear that interaction en- 
ergies of this magnitude can arise in different 
ways through appropriate combinations of the 
weak bonds commonly involved in stabilizing pro- 
teins. On this basis, there is little hope that a 
universal molecular mechanism of thermostability 
can be found, since different proteins may be 
stabilized in different ways. 

Initial efforts of explaining thermostability were 
carried out by comparing the amino acid composi- 
tion of two groups of proteins, one from thermo- 
philic and the other from mesophilic organisms. 
Hydrophobicity has been believed to play a role in 
thermostabilization, considering that the strength 
of hydrophobic interactions increases as a func- 

tion of temperature, at least up to 60-85OC [26]. 
Thus, it was anticipated that thermophihc proteins 
were, in general, more hydrophobic than corre- 
sponding mesophihc proteins. A good correlation 
has been found between certain macroscopic 
parameters calculated from the amino acid com- 
position of approx. 20 mesophilic vs. thermophilic 
proteins from closely related species [27]. These 
were the hydrophobic index, the ratio of polar to 
nonpolar residues, the Arg/(Arg + Lys) ratio, plus 
the % potential a-helix or p-sheet (a-index or 
/Gndex). The aliphatic index (the relative volume 
of a protein occupied by residues with ahphatic 
side chains: Ala, Val, Ile and Leu) also appears to 
be related to thermal stability [28]. A parameter 
related to the average residue volume and hydro- 
phobicity also correlates with the transition tem- 
perature of 14 nonthermophilic proteins [29]. 
However, there efforts to relate intrinsic thermo- 
stability to hydrophobicity do not seem to be 
convincing [ 301. 

A much more fruitful approach has been a 
detailed examination of sets of homologous pro- 
teins from therrnophilic and mesophilic sources in 
terms of ammo acid sequences and three-dimen- 
sional structures. Perutz and Raidt [31] compared 
the structures of various clostridial ferredoxins 
from thermophihc and mesophilic sources and 
were able to attribute thermostability mainly to 
the formation of a few additional salt bridges in 
the thermophilic ferredoxin. Walker et al. [32-341 
observed that the B. stearothermophilus 
glyceraldehyde-3-phosphate dehydrogenase con- 
tains more arginines than the lobster enzyme and 
that two of these extra argiuines form salt bridges 
across the subunit interface stabilizing the tetra- 
merit structure of the thermophilic enzyme. The 
dehydrogenase from the extreme thermophile 
Thermus aquaticus, which is even more thermosta- 
ble, shows a greater number of intersubunit and 
surface salt bridges; however, with this enzyme it 
was recognized that thermal stabilization is 
achieved through both ionic and hydrophobic in- 
teractions [34]. Argos et al. 1351, on the basis of a 
comparative analysis of sequences and structures 
of the thermophihc and mesophihc molecules of 
ferredoxin; glyceraldehyde-3-phosphate dehydro- 
genase and lactate dehydrogenase, proposed that 
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thermal stability can be achieved by the addition 
of many small changes throughout the molecule 
without significant alterations in the backbone 
conformation. These changes serve to increase the 
external hydrophobic&y, stabilize helices and in- 
crease internal residue packing arrangements, It 
was observed that therrnophilic enzymes are char- 
acterized by a significant preference for Ala, Thr 
and Arg. 

The most clearcut demonstration that subtEe 
structuraJ~+ifferences between a tbermophilic and 
a mesopluhc protein are sufficient to account for 
&+ r$a&d stability came from the analysis of 
a.series of temperaturesensitive mutants of phage 
lysozyme [36-401, @-galactosidase from E. cofi 
[41] and the cr-subunit of tryptophan syntbetase 
[42]. These studies showed that a substantial effect 
in thermal stability of a protein can be achieved 
simply by a single amino acid residue substitution 
in the protein polypeptide chain. Matthews and 
co-workers [36] showed that replacement of an 
arginine by a histidine in lysozyme from the 
bacteriophage T4 does not affect the three-dimen- 
sional structure of the protein but lowers its melt- 
ing temperature by about 14” C. More recently, 
many other mutants of T4 phage lysozyme that 
differ from the wild type in stability have been 
obtained and the detailed structural and physi- 
cochemical analysis of these mutants is in progress 
[37-401. Several other protein systems differing in 
a single amino acid residue and stability have been 
described [43-461. 

3. Rigidity and catalytic efficiency of tbermophilic 
enzymes 

It is known that the static picture of globular 
proteins derived from crystallographic analyses 
represents an average structure, since proteins arc 
dynamic molecules characterized by fluctuations 
of specific loops of the polypeptide chain, as clearly 
emphasized in recent years by numerous studies 
employing a number of physicochemical tech- 
niques and theoretical calculations [47-501. It has 
been found that thermostable proteins from ther- 
mophiles are quite rigid molecules at room tem- 
perature with respect to their mesophihc counter- 

parts, as a direct consequence of the ‘clamping’ 
effect of protein structure brought about by the 
interactions and forces stabilizing thermophihc 
proteins. The rigidity of these proteins was clearly 
established using proteolytic enzymes as probes of 
structure. In fact, it is a general notion that pro- 
teases attack native globular proteins only if 
specific chain loops are characterized by availabil- 
ity at the protein surface and at the same time if 
they show the proper degree of adaptability at the 
active site of the protease (see also below). Several 
thermophihc enzymes, including 6-phosphogluco 
ate dehydrogenase from B. steurorhennophilur [8], 
asparaginase from a Thermur species 1511 and a 
glucosidase from B. thermogkosidicw [52], were 
found much more resistant to the action of several 
proteolytic enzymes with respect to mesophilic 
counterparts. The results of proteolysis experi- 
ments, together with those obtained using spectro- 
scopic techniques [53-551, indicate that there is an 
inverse correlation between flexibility (motility) 
and thermal stabiity of protein molecules. 

The rigidity of thermophilic enzymes has an 
adverse effect on their catalytic efficiency, since 
the appropriate degree of flexibility is required for 
enzyme catalysis [47-50,56,57]. In fact, consider- 
ing that the rates of enzyme reactions normally 
double on being performed at a temperature 10 o C 
higher, one would expect that thermophilic en- 
zymes should have an extremely high activity at 
tbermophilic temperatures. In contrast, it has been 
observed that the specific activity of thermophilic 
enzymes is considerably less than would be predic- 
ted from the specific activity of their mesophihc 
counterparts [3,58]. Consequently, since a thermo- 
philic enzyme is less effective at lower tempera- 
tures, it seems that an increase in thermostability 
brings about a reduction in catalytic efficiency, 
and vice versa. The reduced efficiency of thermo- 
philic enzymes is compensated by the higher tem- 
perature of their habitat, so that similar specific 
activities are observed for both thermophihc and 
mesopbilic enzymes at their respective tempera- 
ture optima. Only at the normal temperatures of 
the organism from which they are derived are 
thennopbilic enzymes sufficiently flexible to ‘be 
fully active and yet rigid enough not to be dena- 
tured [30]. This low catalytic efficiency of therrno- 
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philic enzymes at room temperature has often 
been observed [3,30,58]. A strict inverse correla- 
tion between specific activity and optimum of 
activity (i.e., thermostability) has been observed in 
the case of enolase from mesophilic (rabbit and 
yeast) and thermophilic (T. aquaticus and Ther- 
mu.s X-Z) sources [59] and, more recently, with 
four mutants of kanamycin nucleotidyltransferase 
WI* 

4. Tlmmdysin 

Thermolysin is an exceptionally thermostable 
neutral metalloendopeptidase of molecular mass 
34.6 kDa isolated from B. thermoproteolyticus 
[16,17]. This enzyme is constituted by a single 
polypeptide chain of 316 amino acid residues, 
lacking thiol or disulfide bonds, containing a cata- 
lytically essential ZI?’ and four calcium ions 
[60-641. Kinetic studies have shown that thertno- 
lysin possesses quite broad substrate specificity, 
hydrolyzing preferentially peptide bonds on the 
ammo side of hydrophobic amino acid residues 
[64]. Because of its unusual stability to heat, ther- 
molysin was a suitable molecule for carrying out 
structural studies to elucidate the molecular basis 
of thennostability of tbermophilic enzymes. To 
this end, the three-dimensional structure of ther- 
molysin was determined by X-ray methods 
[65-671, this being the first complete structure 
determination of a protein from a thermopbilic 
source. This structural analysis allowed Matthews 
and co-workers [65-681 to conclude, for the first 
time, that thermophilic enzymes do not possess 
special structural features compared to their 
mesophihc counterparts and that, in the case of 
thermolysin, ionic interactions and calcium bind- 
ing appear to play a major role in determining 
protein stability. Recently, the structure of ther- 
molysin has been refined to a nominal resolution 
.of 1.6 8, [69] and the mode of binding of a number 
of inhibitors has been determined by X-ray crys- 
tallography [70-731. Thus, tbermolysin can be 
listed among the most well characterized enzyme 
molecules, making this protein an interesting 
model for studying structure-function rela- 
tionships as well as folding and stability properties 
of proteins. 

5. Domains and subdomains in thermolysin 

The wealth of structural data of proteins cur- 
rently available allows a description of the struc- 
ture of a globular protein in a hierarchic fashion, 
ranging from elements of secondary structure 
(he&es, sheets) to subdomains, domains and whole 
protein [74-781. The word domain of a protein is 
currently used to indicate large subassemblies of 
secondary structure elements which appear tightly 
packed in the crystal structure of globular pro- 
teins. Protein domains are almost invariably seen 
in globular proteins with more than about 100 
amino acids and such domains often appear rather 
well separated form each other, so that protein 
molecules appear to be constituted of lobes. Ther- 
molysin shows a quite peculiar bilobal mor- 
phology, with two distinct domains of equal size 
(residues 1-157 and 158-316) and the active site 
located at the interface between them [65,74]. The 
NH,-terminal domain is mainly p-pleated sheet 

Fig. 1. Backbone diagram of the tJwrmo&n crystallographic 
structure. The zinc (0) and calcium ions (0) an also indicated 

(taken from ref. 66). 
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and the CWH-terminal one mainly a-helical (see 
fig. 1). 

Wetlaufer [74] was the fist to emphasize the 
structural role of domains in globular proteins and 
to propose that domains could represent intcr- 
mediates in the folding process of protein mole- 
cules. It is conceivable to suggest that specific 
segments of an unfolded polypeptide chain first 
refold to individual domains, which then associate 
and interact to give the final tertiary structure, 
much the same as do subunits in oligomeric pro- 
teins. The major implication of this model of 
protein folding by a mechanism of modular as- 
sembly is that isolated protein fragments corre- 
sponding to domains in the intact protein are 
expected to be able to fold into a native-like 
structure independently from the rest of the poly- 
peptide chain, resembling in their properties a 
low-molecular-mass globular protein [79]. Indeed, 
this possibility was tested experimentally in our 
laboratory using fragments of thermolysin ob- 
tained by cyanogen bromide cleavage of the pro- 
tein at the level of the two methionine residues in 
positions 120 and 205 of the polypeptide chain of 
316 amino acid residues [80-831. Fragments l-120, 
121-205 and 206-316 were thus prepared [80]. By 
using a small amount of reagent and shorter reac- 
tion times it was also possible to prepare the 
‘overlapping’ fragments l-205 and 121-316 
[84,85]. All these fragments have been isolated to 
homogeneity and their conformational properties 
investigated [80,83]. Overall, the results obtained 
established that protein fragments corresponding 
to domains, as well as subdomains (folding units 
or supersecondary structures), can refold into a 
native-like and stable structure. 

The most detailed studies were carried out on 
fragment 121-316 [84], comprising entirely the 
‘all-ar’ CWH-terminal domain 158-316, as welI 
as fragment 206-316 [82,83]. Both fragments are 
able to refold in aqueous solution at neutral pH 
into a structure with native-like characteristics, as 
judged from circular dichroism (CD) measure- 
ments and immunochemical properties using rab- 
bit anti-thermolysin antibodies [83,84]. The values 
for the a-helix content of fragments 121-316 and 
206-316, calculated from far-ultraviolet CD spec- 
tra [86,87], were in essential agreement with those 

expected for a native-like structure of the frag- 
ments and calculated from the known three-di- 
mensional structure of thermolysin. Furthermore, 
the recognition and precipitation of anti-thermo- 
lysin antibodies observed with both fragments are 
indicative of a close structural relationship be- 
tween fragments and intact native thermolysin 
[80,81,88]. In fact, antibodies elicited towards a 
globular protein are specific for antigenic determi- 
nants which are located in the more exposed re- 
gions of the protein molecule and thus able to 
probe similarities of important details (loops, 
corners) of the three-dimensional structure in the 
isolated fragments and the native parent protein 
[89,90]. 

In order to establish the minimum size for a 
COOH-terminal fragment of thermolysin capable 
of independent folding, fragment 206-316 was 
subjected to limited proteolysis by subtihsin 
[91,92]. The main component of the proteolytic 
mixture was a fragment of approx. 6 kDa which 
was purified by gel filtration and shown to corre- 
spond to sequence 255-316. Also fragment 
255-316 was shown to be capable of inde@ndent, 
native-like folding in aqueous solution at neutral 
pH, signifying that it is possible to isolate stable 
supersecondary structures (subdomains or folding 
units) from globular proteins. 

Protein fragments possessing domain character- 
istics are .expected to behave like low-molecular- 
mass globular proteins, i.e., to show cooperativity 
of unfolding transitions. Indeed, even the smaller 
folded .fragment 255-316 [91,92] shows cooper- 
ative and reversible thermal unfolding. The ther- 
mal stability of this fragment (T,‘, 65 o C) appears 
quite remarkable when one considers its small size 
and the fact that it is a simple polypeptide chain 
of 62 amino acid residues, lacking disulfide bridges, 
cofactors and strongly bound ions, alI characteris- 
tics well known to contribute significantly to the 
folding and stability of protein structures. 

It is of interest to relate the folding properties 
of CWH-terminal fragments of therrnolysin to 
the predicted locations of subdomains in the 
CWH-terminal structural domain (residues 158- 
316) of thermolysin using computer algorithms 
[78,93,94]. These predictions, based on the X-ray 
structure of thermolysin, all identified a subdo- 
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main comprising roughly residues 240-316 [78,93], 
constituted by the assembly of the three COOH- 
terminal helices (see fig. 1). Rashin [94] computed 
the location of stable subdomains with native-like 
conformation in the COOH-terminal portion of 
the thermolysin molecule on the basis of surface 
area measurements and predicted that subfrag- 
ments 214-316, 235-316, 255-316, and perhaps 
also 285-316, should have a good chance of show- 
ing independent folding. Overall, the folding prop- 
erties of the COOH-terminal fragments of therm* 
lysin are in essential agreement with these predic- 
tions. 

6. Limited prctteolysis and autolysis of thermolysin 

In analogy to all enzymatic reactions, the pro- 
teolytic cleavage of a polypeptide chain occurs 
only if the site of cleavage can bind and adapt 
itself in a specific way to the stereochemistry of 
the active site of This is difficult to 

oteins, whereas de- 
more susceptible to 
of cases, an extraor- 
hydrolysis of a very 

onds in a native globu- 
observed and this selective 

peptide bond fissi n has been termed ‘limited 
proteolysis’ [96]. It s conceivable to suggest that 
the sites of limited 4 roteolysis in a native globular 
protein are dictated solely by the stereochemistry 
of the protein substrate, if a protease of low 
specificity is employed. In addition, some motility 
of the substrate protein at the site of cleavage 
would be required for a proper adaptation to the 
active site of the protease [97,98]. 

With the aim of probing the structure and 
cQmunics of thermolysin using the limited protecl- 
ysis approach and, hopefully, to prepare nicked 
thermolysin species of structural and functional 
interest, we have carried out a number of experi- 
ments of limited proteolysis of thermolysin under 
different experimental conditions and by addition 
of an external protease (subtilisin) [!39] or by au- 
tolysis mediated by heat [lOO] or EDTA [loll. 
Indeed, the pattern of protein fragmentation thus 
obtained allowed ame to infer some molecular 

aspects of the protein-protein recognition processes 
underlying the proteolytic event [102,103]. 

6.1. Thermo&sin S 

Incubation of thermolysin at pH 9-10 in the 
presence of 10 mM CaCl, for 2 days at room 
temperature with subtilisin at a molar ratio of 
50 : 1 leads to a derivative possessing lower ( - 3%) 
but intrinsic catalytic activity [99]. This derivative, 
called thermolysin S, was isolated by an affinity 
chromatographic step on SepharoseGly-n-Phe 
[104]. It was found that thermolysin S results from 
a tight association of two polypeptide fragments 
of apparent molecular masses 24 and 10 kDa. 
Dissociation of the complex was achieved under 
strong denaturing conditions, such as gel filtration 
on a column equilibrated and eluted with 5 M 
guanidine hydrochloride. The positions of the clip 
sites were defined by amino acid analysis, end- 
group determination and amino acid sequencing 
of the isolated fragments and shown to lie be- 
tween Thr-4 and Ser-5, between Thr-224 and Gln- 
225, and also between Ghr-225 and Asp-226. 
Thermolysin S, which is therefore a stable com- 
plex of fragments 5-224(225) and 225(226)-316, 
shows a shift in optimum pH of about 1 unit 
towards the acid range with respect to intact ther- 
molysin and a K, that remains essentially un- 
changed with FAGLA as substrate. Inhibitors of 
thermolysin such as ethoxyformic anhydride and 
Zn2+ also inactivate the nicked enzyme. The over- 
all conformational properties of thermolysin S 
appear very similar to those of the parent native 
enzyme, as judged by CD measurements and by 
the fact that rabbit antiserum against native ther- 
molysin recognizes and precipitates thermolysin S, 
as detected by immunodiffusion. The lower activ- 
ity of thermolysin S with respect to thermolysin 
can be related to the fact that cleavage occurs near 
the A@’ residue interacting with His23*, involved 
in the catalytic function of the enzyme [105]. 

6.2. EDTA-mediate+ auto&s 
/, 

X-ray crystallographic studies [65-671 have 
demonstrated the prese;pce of the functional Zn*+ 
and four calcium-binding sites in the thermolysin 



A. Fontuna /Thermophilic enzymes 187 

molecule, in agreement with solution studies (ref. 
20 and references cited therein). Two of the four 
calcium ions, Ca(l) and Ca(Z), form a double site 
in which the interatomic distance between them is 
only 3.8 A; the two single sites, Ca(3) and Ca(4), 
involve binding at Asg7 and Asp”“, respectively 
[20,65-671 (see fig 1). The role of calcium in both 
the thermal denaturation [62] and autolysis [19] of 
thermolysin has been the subject of intensive 
investigation 1201. However, the detailed molecular 
understanding of this role is timplicated by the 
presence of four binding sites and by the fact that 
calcium ions can stabilize the overall three-dimen- 
sional structure of the thermolysin molecule 
and/or prevent autolytig degradation of the en- 
zyme. Characterization of- the pattern of fragmen- 
tation (autolysis) of thermolysin in the presence of 
the metal-chelating agent EDTA allowed some 
key indications to be obtained about the molecu- 
lar mechanism of stabilization of thermolysin by 
calcium ions [loll. 

Incubation of thermolysin at pH 7.2 in the 
presence of 10 mM EDTA and 1.5 mM CaCl, 
produces fast enzyme inactivation, as a result of 
almost quantitative autolysis. The nicked protein 
is a folded species, composed of three tightly 
associated protein fragments and which can be 
isolated by gel-filtration chromatography [loll. 
Dissociation of this complex +nd isolation of the 
individual fragments can be achieved under dena- 
turing conditions, such as gel filtration on a col- 
umn equilibrated with 5 M guanidine hydrochlo- 
ride or reverse-phase HPLC under acidic condi- 
tions. Amino acid composition and sequence 
analyses of these fragments established that the 
nicked protein is composed of fragments 1-196, 
197-204 and 205-316. In the presence of a lower 
(1 mM instead of 10 mM) EDTA concentration, it 
was observed that thermolysin is additionally 
cleaved at peptide bonds 129-130 and 187-188 
[102]. 

The rapid autolysis of thermolysin in the pres- 
ence of EDTA at neutral pH can be viewed in 
terms of removal of the calcium ion(s) from the 
metalloenzyme leading to some changes in protein 
structure and of removal of the functional Zn2+ 
leading to enzyme inactivation. At the initial stages 
of the chelation reaction, the remaining active 

enzyme could attack a calcium-depleted, folded 
enzyme species, but highly susceptible to proteo- 
lytic attack. The selective cleavage of the peptide 
bonds Gly196-Ile’97 and Ser2W-Met205 by autoly- 
sis of thermolysin when dissolved in the presence 
of 10 mM EDTA implies that the corresponding 
chain loop 195-205 becomes exposed and flexible 
in the presence of the metal chelating agent. This 
proposal appears to be rather well founded, con- 
sidering previous data on the binding affinity for 
calcium ions of thermolysin. Matthews and co- 
workers [68] determined the relative binding affin- 
ities of the four calcium ions in thermolysin by 
soaking protein crystals in the presence of differ- 
ent concentrations of EDTA and subsequently 
identifying the calcium ions being removed from 
the protein by this procedure using difference 
Fourier analysis. It was found, for example, that 
thermolysin crystals lose two calcium ions in the 
presence of 5 mM CaCl, and 5 mM EDTA. 
Interestingly, complete removal of all four calcium 
ions could not be achieved even in the presence of 
an excess of chelating agent. The results of these 
experiments allowed Matthews et al. [68] to pro- 
pose the following ranking of binding affinities for 
the four calcium ions: Ca(1) B Ca(3) > Ca(4) 2 
Ca(2). The results of the present study are in line 
with these previous findings, since they demon- 
strate that fast and selective gutolysis occurs at the 
chain loop NO-205 involved in binding Ca(4) in 
native thermolysin; this ion is bound to the back- 
bone carbonyl of oxygen of Tyr193, Thr’” and 
IlelW, the hydroxyl group of Thr194, the carboxyl 
group of Asp200 and two water molecules. Actu- 
ally, Voordouw and Roche [20,106] studied 
calcium binding of thermolysin in solution and 
found that at free calcium concentrations of about 
5 X 1W5 M two calcium ions dissociated simulta- 
neously from the enzyme and argued that they 
were the Ca(1) and Ca(2) ions of the double site. 
On the other hand, current data identify Ca(4) in 
the earlier events of ion dissociation from the 
protein and substantiate the proposal advanced by 
Matthews et al. [67,68] that the fun&an of Ca(4) 
could be to protect the corresponding binding 
loop against autolysis. The binding site of Ca(4) is 
within the most ~extended region of irregular con- 
formation in the thermolysin molecule, so that, in 



188 A. Fontana/ll#emtophilic enzymes 

the absence of calcium, this portion of the mole- 
cule becomes more flexible and a more suitable 
site of autolytic attack. 

The EDTA-mediated fragmentation of thermo- 
lysin identifies, among the four protein-bound 
calcium ions, Ca(4) as a major stabilizer of the 
thermolysin molecule against autolysis. In this 
context, it is of interest to recall that neutral 
protease from B, subtilis was found by ammo acid 
sequence analysis to be homologous to thermo- 
lysin and to share many properties in common, 
including ion binding, similar specificity, molecu- 
lar mass, and even mechanism of action 
[105,107,108]. Many of the ligands associated with 
zinc and calcium binding are present in both 
proteins at identical loci of the polypeptide chain, 
However, it has been found that the B. subtilis 
protease binds fewer calcium ions than thermo- 
lysin, in agreement with the fact that the binding 
sites for Ca(4) cannot exist in neutral protease due 
to the exchange of A$@’ in tbermolysin with 
P&“’ in neutral protease and the deletion of the 
other three residues of the chelating loop [107]. 
The major difference between the two proteases 
lies in their thermal stability, since neutral pro- 
tease is inactivated at a temperature of about 
25°C below that of thertnolysin [108]. Thus, the 
results of sequence analysis and those of EDTA- 
mediated autolysis seem to indicate that Ca(4) of 
thermolysm plays a major role in stabilizing ther- 
molysin with respect to B. subtilis neutral pro- 
tease. 

6.3. l7rennal autolysis 

Thermolysin can be induced to autolyze almost 
quantitatively when dissolved at a relatively high 
protein concentration (1 mg/ml) in SO mM Tris- 
HCl buffer, containing 10 mM CaCl,, pH 9.0, 
and heated at 55’ C for 48 h [100,102]. Analysis of 
the reaction mixture by SDS-polyacrylamide gel 
electrophoresis showed that the fragmentation 
pattern is quite specific, since only a few protein 
fragments of 24, 17, 10 and 7 kDa are visible in 
the gel. When an aliquot of the proteolytic mix- 
ture was applied to a Sephadex G-75 column, 
eluted with 10 mM Tris-HCl buffer, pH 9.0, con- 
taming 10 mM CaCl,, two peaks of protein 
material were eluted from the column. The first 

peak contained an aggregated (most likely di- 
merit), three-fragment complex constituted by 
fragments of 17, 10 and 7 kDa, while the second 
contained, besides these fragments, an additional 
fragment of 24 lcDa and also some intact thermo- 
lysin. The individual fragments produced by ther- 
mal autolysis of thermolysin were isolated to ho- 
mogeneity by HPLC and their identity established 
by amino acid analysis after acid hydrolysis and 
sequencing. Comparison of all these data with the 
known ammo acid sequence of thermolysin [60] 
allowed unambiguous identification of fragments 
1-221, l-154(155), 155(156)-221 and 224-316 as 
those produced (and isolated) by thermal autolysis 
of thermolysin. Interestingly, reverssphase HPLC 
allowed separation of fragment l-154 from frag- 
ment l-155, i.e., this technique was efficient in 
separating peptide components differing in size by 
a single amino acid residue, Le&” (unpublished 
results). 

6.4. Correlation of sites of proteo!ysis with the 
three-dimensional structure of thermolysin 

Fig. 2 shows schematically the sites of cleavage 
in the polypeptide chain of thermolysm observed 
by proteolysis with sub&in or by autolysis medi- 
ated by heat or EDTA. The selectivity with which 
limited proteolysis occurs in the thermolysin mole 
cule, as indicated by the small number of frag- 
ments generated, appears to be quite striking. 
Considering the broad specificity of both subtili- 
sin [109] and thermolysin [64], conformational fea- 
tures of the globular protein substrate clearly must 
dictate the sites of attack on the protein surface. A 
careful inspection of the three-dimensional struc- 
ture of intact therrnolysin (fig. 1) provides evi- 
dence that the observed sites of cleavage of the 
thermolysin structure are located at exposed loops 
(turns or bends) of the thermolysin polypeptide 
chain, never within segments of ordered secondary 
structure. For example, thermal autolysis leads to 
fission at peptide bonds 154-155 and 155-156, 
located on a loop connecting two helical segments, 
and also at loop 220-226. Subtilisin also cleaves at 
this loop, as well as at the amino-terminus. In the 
presence of EDTA, which removes looser calcium 
ion(s) from the metalloprotein [19,68], fission oc- 
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S, SUBTILISIN CLEAVAVE: T. THERMAL AUTOLYSIS: A, EDTA IHM-NTOLYSIS; Al, EDTA 10 MM-AUTOLYSIS 

Fig. 2. Schematic representation of the ammo acid sequoncea at the sites of limited proteolysis by sub&in (S) and autolysis by heat 
(T) or in the p-ce of EDTA (A and A,). Details of the experimental conditions employed to cleave thermolysm by subtilisin and 
to isolate the nicked species thermolysin S have been reported [99]. Autolysis of thennolysin upon heating [NO] or in the presence of 
10 mM EDTA [loll or 1 t&f EDTA [102] leads to quite selective peptide bond fissions and formation of thermolysin nicked species 
constituted by two as well as three fragmenta assceiated in stable complexes. The sites of cleavage have been determined by isolation 
and characterization in terms of ammo acid composition and sequences of all the thermolysin fragments produced by proteolysis and 
comparing these data with the known ammo acid sequence of thermolysin [60]. S, site of cleavage of the thermolysin polypeptide 
chain by subtilisin; A, cleavage by autolysis in the presence of 1.5 mM C&l, and 1 mM EDTA; A,, cleavage by autolysis in the 

presence of 1.5 mM CaCl, and 10 mM EDTA; T, cleavage by thermal autolysis. 

curs at peptide bond 129-130, located on a surface seem to be the loci on the protein structure more 
turn,, and at a long surface loop 180-210, held in easily recognised by the protease active site. 
place by calcium ions in the native molecule [20]. The loops which are easily attacked and cleaved 
Thus, exposed loops of the thermolysin molecule by the protease are characterized by high segmen- 
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Fig. 3. Plot of the average main-&in temperature factors (solid line) along the polypeptide chain of thermolysin (adapted from refs. 
69 and 102). Bars at the bottom of the figure indicate segments of secondary structure (helixes and stranda). Arrows denote sites of 
limited proteolysia or autolysis of thermolysin observed under different experimental conditions. Symbols (S, T, A and A,) used to 

indicate sites of cleavage under different experimentaI conditions are those listed in the legend to fig. 2. 
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tal mobility, as given by the crystallographically 
determined thermal motion of the polypeptide 
chain of thermolysin. Fig. 3 shows the average 
mean-square displacement of C,-carbons along the 
thermolysin polypeptide chain, providing a graphic 
image of the segmental mobility of the thermo- 
lysin molecule [69,110-1121. In this figure, loca- 
tions of elements of regular secondary structure 
(a-helix and B-sheet) and of the peptide bonds 
cleaved by limited proteolysis are indicated. The 
most notable features of the graph in fig, 3 are 
that highest mobility occurs ‘in the vicinity of 
residues 128, 180 and 225, as well as the amino 
and carboxyl termini’ [69] and not in regions of 
regular secondary structure. The correlation be- 
tween sites of highest mobility and those of limited 
proteolysis appears to be quite striking. All clea- 
vage. sites are observed not within segments of 
regular secondary structure (such as helices), but 
at loops or .tums characterized by highest flexibil- 
ity. The majority of cleavage sites OCCUT within the 
most extended region of irregular conformation in 
the thermolysin molecule (region 180-230). Thus, 
taking the structure (fig. 1) and dynamic (fig. 3) 
features of the thermolysin molecule together, it 
can be concluded that the protein-protein recogni- 
tion process between the protease and the globular 
protein substrate occurs at exposed and jlexibZe 
loops. This observation is in keeping with the 
notion of a .‘functional’ role of loops in globular 
proteins, since loops are involved in several funda- 
mental processes, such as phosphorylation, gly- 
cosylation, ion bmding, antigenicity, hydroxyl- 
ation, etc. [113]. In addition, introns in the 
eukaryotic gene3 of proteins are mainly located at 
boundaries between secondary structure elements, 
i.e., at loops or bends between domains and sub- 
domains [114,115]. 

The ,results of th&e studies of limited proteol- 
ysis of thermolysin put on a firm basis the general 
notion [98] that limited proteolysis of a globular 
protein would be expected to occur at surface 
loops and random segments of polypeptide chains 
or at flexible hinges between protein domains 
rather than at internal loci or rigid elements of 
secondary structure such as helices or pleated 
sheets. The major result of the present study is 
that it emphasizes that segmental mobility is an 

essential part of the proteolytic event. One may 
envision the overall process of proteolysis in which 
the initial interaction of the globular protein with 
the protease involves recognition of a specific 
amino acid sequence of that site, after which some 
local conformational change takes place in order 
to make the idealized transition state of the clea- 
vage reaction. Of note is the fact that the proteo- 
lytic process involves binding, at the active site of 
the protease, at primary and secondary sites, of 
peptide segments comprising, on average, six to 
eight amino acid residues [116,117]. 

7. Condusions and perqmtiva 

The reason for the continuing interest in ther- 
mophiIic enzymes is related not only to the scien- 
tific curiosity of understanding the molecular 
mechanisms by which these macromolecules main- 
tain their structure and function at high tempera- 
ture, but also to the practical applications and 
developments connected with enzyme technology. 
Since the metabolic activities of thermophiIic 
bacteria are similar to those of the mesophilic 
ones, it is expected that any enzyme already found 
in a mesophilic bacterium will most likely also be 
found in a thermophilic one. Thus, considering the 
wide variety of bacteria living in extreme environ- 
ments at about 100” C or above, it appears that 
there is an unlimited variety of stable enzymes 
that can be isolated and successfully used in bio- 
technology. 

Genetic engineering techniques currently em- 
ployed to facilitate production and usefulness of 
mesophilic enzymes, are also applicable to ther- 
mophilic enzymes. In fact, it has been demon- 
strated that genes fro& thermophiles can be .ex- 
pressed in mesophiles such as E. coli, resulting in 
the production of thermostable enzymes [44,46, 
118-1211, thus again demonstrating the intrinsic 
stability of thermophilic enzymes. It is also of 
interest to observe that, since the cellular proteins 
of E. coli are heat-denatured and precipitated, 
heat treatment of the E. coli cell extract contain- 
ing the thermostable enzyme can provide a simple 
system for a partial and easy purification of the 
desired enzyme [119]. 
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One major goal of current protein engineering 
studies is to improve enzyme properties such as 
resistance to heat, extremes of pH, organic 
solvents, proteolytic enzymes, etc. [122-1241. A 
limitation to the successful design of these new 
enzyme properties by site-directed mutagenesis is 
that the effects of amino acid replacements are not 
easy to predict and thus it is difficult to decide 
which amino acid substitutions should be made. 
In this respect, knowledge of structure-function- 
stability relationships in thermophilic enzymes 
would be of great help in gaining an under- 
standing of the rules. followed by nature in en- 
hancing the enzyme stability and thus in devising 
strategies for improving mesophilic enzymes pre- 
sently used in biotechnology. 

Thermophilic microorganisms could be very 
important vehicles for the production of stable 
enzymes using genetic engineering methods. In 
fact, a method has been described [45] for rapidly 
generating thermostable enzyme variants by intro- 
ducing the gene coding for a given mesophilic 
enzyme into a thermophile (B. steurothermophiZus) 
and then selecting variants retaining the enzymatic 
activity at the higher growth temperatures of the 
thermophile. Using this procedure, thermostable 
variants of kanamycin nucleotidyltransferae have 
been successfully produced involving single amino 
acid replacements with respect to the wild-type 
enzyme [45]. 
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