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1. INTRODUCTION

Themmolysin (EC 3.4.24.4) is a thermostable,
calcium-binding zinc metalloendopeptidase ex-
creted by the thermophile Bacillus thermoproteo-
Iyticus. An understanding of the thermostability
of this molecule is relevant to the general question
of the molecular basis of thermophily as well as to
current attempts to understand the mechanistic
details of protein folding-unfolding processes. A
number of thermostable proteins and enzymes
from thermophilic microorganisms have been
identified and have become the focus of intense
interest.>* Of these, thermolysin is the enzyme
characterized in most detail. Its physicochemical
properties,> amino acid sequence,® and three-
dimensional structure to a nominal resolution of
2.3 A*7 have all been reported. Recently, the
mode of binding of a number of dipeptide
inhibitors®® and the naturally occurring inhibitor
phosphoramidon®® to thermolysin has been deter-
mined by X-ray crystallography. These results
indicate the probable mode of binding extended
substrates to themmolysin and also suggest a
mechanism that is similar to one of the alternative
mechanisms for peptide hydrolysis by carboxy-

peptidase A as suggested by Lipscomb and co-
workers.®” In this review we will focus on the
structural and functional roles played by metal
ions bound to thermolysin.

2. GENERAL DESCRIPTION
OF THE MOLECULE

2.1. The Polypeptide Backbone

The overall conformation of the molecule
(immolecular weight 34,600) shows a folding in two
distinct lobes (Figure 1) with most of the helical
secondary structure in the carboxy-terminal half
and most of the §-structure in the amino-terminal
half of the molecule. Novel features of the
structure include a y-turn®*7:*® and a short
sequence, Asp 226; Asn 227; Gly 228; Gly 229, of
left-handed «-helix which is the first to be ob-
served in a globular protein.

2.2. The Metal Binding Sites

The two lobes of the molecule are separated by
a deep cleft across the middle of the molecule. A
zinc ion is bound at the bottom of this cleft; it is
coordinated by the side chains of Glu 166, His
142, and His 146 (Figure 2A). The presence of one
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FIGURE 1. Perspective drawing illustrating the backbone conformation of the
thermolysin molecule. The zinc (©) and calcium ions (e) are also indicated.
(Adapted from Colman, P. M., Jansonius, J. N., and Matthews, B. W., J. Mol.

Biol., 70,701, 1972. With permission.)

tightly bound zinc per mole of enzyme, essential
for catalytic activity and previously demonstrated
by solution studies,® is thus confirmed and charac-
terizes thermolysin as a zinc metalloenzyme,
showing neutral endopeptidase activity.'® In-
terestingly, the approximately tetrahedral coor-
dination of the zinc ion, with a water molecule
acting as a fourth ligand, is similar to that of the
active site zinc of carboxypeptidase A, which
employs the same ligands (Glu 72, His 69, His 196,
H,0).5:735

X-Ray crystallographic studies have also
demonstrated the presence of four calcium binding
sites in the thermolysin structure® "*'? in agree-
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ment with solution studies.!®+!'! These calcium

ions, binding in positions relatively distant from
the active site zinc ion (Table 1), are not impor-
tant for the enzymatic activity, but play a signifi-
cant role in stabilizing the structure of the
molecule. Their contribution to the kinetic
thermal stability of thermolysin has recently been
elucidated in some detail®® (see Section 4.5). The
four sites are denoted as follows:® S(1), the inner
of the double site; S(2), the outer of the double
site; S(3), the single site at Asp 57; and S(4), the
single site at Asp 200. The two calcium ions
present in the double site bind very close together
(Figure 2B and Table 1). They share the coordina-
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FIGURE 2. (A) The zinc-binding site; (B) the calcium-binding double site S(1)-S(2); (C) Site S(3); (D) Site S(4). (Figure
2a from Colman, P. M., Jansonius, J. N., and Matthews, B. W, J. Mol. Biol., 70,701, 1972. With permission. Figures 2b,
2¢, and 2d adapted from Matthews, B. W. and Weaver, L. H., Biochemistry, 13,1719, 1974. With permission.)
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FIGURE 2C

4

FIGURE 2D

TABLE 1
Ion-Ton Distances (A) in Thermolysin?

Ca(l) Ca(2) Ca(3) Ca(4)
Ca(2) 3.7
Ca(3) 29.6 28.7
Ca(4) 10.9 11.7 29.6
Zn 13.7 17.2 29.9 19.1

4Calculated from the coordinates given by Matthews
etal’

CRC Critical Reviews in Biochemistry

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

tion of three carboxyl groups (Glu 177, Asp 185,
and Glu 190) which act as bridging ligands
between the two ions, thus creating a single site
accommodating fwo ions. The inner calcium ion,
€Ca(1), is shielded from the solvent and in addition
to the bridging ligands is coordinated by the
carboxyl group of Asp 138, the backbone
carbonyl oxygen of Glu 187, and an internal water
molecule. The outer calcium ion, Ca(2), is addi-
tionally coordinated by the backbone carbonyl
oxygen of Asn 183 and two water molecules.” The
coordination of both calcium ions is distorted
octahedral. From a structural point of view, the
double site seems to be positioned at a strategic
position in the thermolysin molecule. It is located
near the cleft that runs between the two lobes of
the molecule and provides a connection between
them.” The other two calcium ions, Ca(3) and
Ca(4), are each bound in a single, extended loop of
polypeptide chain. The roughly octahedral coor-
dination of Ca(3) is provided by the carboxyl
groups of Asp 57 and Asp 59, the backbone
cartbonyl oxygen of Glu 61, and three water
molecules (Figure 2C). Similarly, Ca(4) is coor-
dinated by the backbone carbonyl oxygens of Tyr
193, Thr 194, and Ile 197; the hydroxyl group of
Thr 194, the carboxyl of Asp 200, and two water
molecules (Figure 2D).

It is clear that the structural features of the five
metal binding sites in thermolysin have been
elucidated in considerable detail; the atomic
coordinates having been reported for the structure
refined to a nominal resolution of 2.3 A.” These
data, together with the possibility of focusing on
specific sites by suitable metal ion substitutions as
described below (Section 4.3), place thermolysin
in a unique position for the study of the roles of
metal jons in protein structure.

3. THE ACTIVE SITE ZINC ION

3.1. Inhibition by Zinc Chelating Agents

It can be readily demonstrated that bound zinc
is essential for enzymatic activity since chelating
agents which bind zinc but not calcium ions
inhibit thermolysin. For all of the chelating
inhibitors examined thus far,®>!* the inhibition
appears to operate by a single predominant
mechanism in which the inhibitor lowers the free

zinc concentration by chelation to levels below the
dissociation constant of the zinc-emzyme com-
plex. The other possibility is inhibition by forma-
tion of a ternary inhibitor-zinc-enzyme complex.
The following suggests that the first of these two
possibilities is operative:

1. The free inhibitor concentration at half
maximal inhibition (K ) decreases proportionately
with the dissociation constants of the complexes
that are known to form between the zinc ion and a
range of chelating inhibitors.' *>!®

2. Upon dialysis of holothermolysin*
against inhibitor solutions of sufficiently high
concentration, inactive apothermolysin** is
indeed obtained.

3. In the case of 1,10-phenanthroline,
attempts to spectrophotometrically detect a
ternary complex even as an intermediate in the
inhibition process were unsuccessful'® in contrast
to other zinc metalloenzymes.37-38

The insignificant contribution of mixed com-
plexes to the inhibition has also been established
by kinetic methods for the inhibitor 1,10-phenan-
throline." 7»1® The rates of hydrolysis of the syn-
thetic substrate furylacryloylglycyl-L-leucinamide
(FAGLA) in the presence (v) and absence (v,) of
1,10-phenanthroline can be expressed by Equa-
tion 1:'7

v 2
(v -V ‘31+KZH1, [L]T+KZnL1 KZnL2 (L]t

o

*KznL, KzaL, Kznp, [L]§F$

=Kznp (2] - Kgnp [E]Té> )

where [L]t, [Zn] ¢, and [E] 1 are the total 1,10-
phenanthroline, zin¢ ion, and thermolysin concen-
trations, respectively; KZnL, ,KZnL2 ,and KZnL3
are the known stability constants of the zinc-1,10-
phenanthroline complexes formed;'*»'® and
Kz, p is the stability constant of the zinc-enzyme
complex under the given experimental conditions.
K7, can be determined by measuring v, and v
as a function of [L}y at constant, known [E]r

*The enzyme form binding 1 mol of zinc and 4 mol of calcium ions per mole.

**The zinc-free enzyme form binding 4 mol of calcium per mole.
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and [Zn]y and plotting the data according to
Equation 1. This leads to K, p = 2.1 X 10"}
M™ at pH 7.50, 25°C, and ionic strength 0.1.'7
The high value of K, |, ensures complete satura-
tion of the active site and full enzymatic acti-
vity of thermolysin at very low free zinc levels
(1078 to 107° M).

One can also derive from Equation 1 how the
total inhibitor concentration at half maximal
inhibition ([L] = Ky, v/v, = 0.5) depends on
[Zn] 1 and [E] .

;KZnL, Ki+Kzn, Kzar, Ki
*Kznr, Kznr, Kz, K?%
“Kzne 207 - 05Ky p (Elp -1 2

Equation 2 provides a quantitative expression for
the finding'*>'7 that K; depends on [Zn]| and
[E] r. Equations 1 and 2 do not apply when there
is a significant contribution of mixed complexes to
the inhibition."'”

3.2. The Conformation of Apothermolysin

The conformational changes that accompany
the dissociation of the zinc ion from the active site
are very small. A 2.3-A resolution electron density
difference map between native thermolysin and
thermolysin crystals soaked in 1,10-phenan-
throline solution shows very little perturbation of
the protein structure upon removal of the zinc and
suggests only small localized adjustments in the
three zinc ligands (His 142, His 146, and Glu 166)
and in the side chains of Glu 143 and His 231.7 In
solution, the similarity of the structures of holo-
and apothermolysin is indicated by the absence of
detectable differences in the peptide and aromatic
circular dichroism spectra.'® A small confor-
mational adjustment can be shown, however, by
UV difference spectroscopy in the aromatic region
of the spectrum; the absorbance of apother-
molysin at 288 nm decreases slightly upon
addition of zinc.'*

(Ae==-230M""' em™)
3.3. Replacement of Zinc by Other Metal Ions
Apart from the zinc ion, a number of other

metal ions can be incorporated in the active site of
thermolysin by stoichiometric addition to the
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apoenzyme. The Co®" and Mn** derivatives are
particularly interesting because of their char-
acteristic- spectral properties (sections 3.5 and 5).
Interestingly, whereas the reconstituted holo-
enzyme displays 100% enzymatic activity, the
Co*" and Mn*" derivatives show 200 and 10% of
the holoenzyme activities, respectively, when
assayed with FAGLA.'* From enzyme assays with
varying concentrations of Zn** and Co** present in
the solution, the stability constant of the Co**-
enzyme complex has been estimated to be
600-fold smaller than that of holothermolysin.'*
A similar ratio between the stability constants of
the Zn®* and Co?' derivatives was found for
carboxypeptidase A,'° further illustrating the
similar chelating properties of the active sites of
these two enzymes. Addition of Fe*' to apo-
thermolysin restores 60% of the holoenzyme
activity.'* In contrast to the Co*"- and Mn**-
induced activities, the Fe?* activity is observed
only after addition of a 30-told molar excess of
Fe?*. Although a much larger number of other
ions has been tested (Mg®*, Cr**, Ni**, Cu**, Mo®*,
Pb?*, Hg?, Cd*, Fe*, Nd*, Pr*, and Dy’),
none restores activity.'® Although this may
simply reflect a failure of the given ion to bind to
the active site of the apoenzyme, X-ray crystal-
lographic studies have shown full occupancy of the
active site in the Hg®" derivative.” The Hg®" site
does not coincide exactly with the Zn*" site in
holothermolysin, but is displaced from it by
approximately 0.7 A.

3.4. Inhibition of Thermolysin by Metal Ions and
the Mechanism of Enzyme Action
Holothermolysin is inhibitied by concentrations
of Zn*" in excess of 10 7° M°+'*. This inhibition is
the result of binding to a second zinc binding site.
The latter site has a stability constant of approxi-
mately 10° M™! under the conditions examined
(25°C, pH 7.50).°>'* The dual role played by zinc
leads to the bell-shaped pZn-activity profile shown
in Figure 3, which has been calculated for the
range 2.0 < pZn < 14.0 using the binding
constants K; = 2.1 X 10'! M7! and K, = 10°
M -! for the active site’ 7 and second zinc binding
site, respectively. The location of the second zinc
site is suggested by the X-ray crystallographic
identification of a site at His 231 which binds Hg*"
as well as Ag".%>7 Both Ag” and Hg?" are known to
reversibly inhibit holothermolysin activity, which
suggests that Zn** inhibits by binding at the same
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FIGURE 3. The pZn-activity profile calculated from K, = 2.1 x 10'' M

and K, = 10° M.

site and implicates His 231 in the catalytic
mechanism.* The observation that mercury com-
pounds protect the protein against covalent in-
hibition by ethoxyformic anhydride further impli-
cates His 231 in the proposed mechanism of
thermolysin.” Chemical modification with ethoxy-
formic anhydride indicates that a single peptide
residue with a pKa of 7.6 is essential for enzyme
activity. Although a modified peptide could not be
identified by peptide-mapping techniques, it is
thought to be an-active site histidine.*?*% OFf the
three histidine residues in the active site, only His
231 is free to participate in the catalytic
mechanism; His 142 and His 146 are coordinated
to the essential zinc atom. It is proposed® (Figure
4) that the protonated form of His 231 could serve
as a proton donor to the amino nitrogen of the
peptide undergoing cleavage. Sundberg and
Martin®® have pointed out, however, that the
peptide nitrogen in the ground state cannot act as
a proton acceptor. The proposed proton transfer
from His 231 to the nitrogen of the scissile peptide

bond must, therefore, occur in the transition state
in which both the nitrogen and the carbonyl
carbon of the hydrolysed peptide are tetrahedral.
The tunction of His 231 is thought to be similar to
that of Tyr 248 in carboxypeptidase A: otherwise,
the active site residues of carboxypeptidase A and
thermolysin are remarkably similar.®® Both
enzymes have one glutamy! residue, Glu 270 and
Glu 143, respectively, located in precisely the
same spatial relation to the active site zinc atom,
which is similarly coordinated in both enzymes.
The proposed function of this glutamyl resi-
due’*3 is that of a generalized base attacking
nucleophilically, via a water molecule, the car-
bonyl carbon of the susceptible peptide bond,
which in turn is polarized by coordination of its
oxygen to the zinc.? The transfer of a proton from
Tyr 248 in carboxypeptidase A or from His 231 in
thermolysin is thought to complete the scission of
the substrate peptide bond. The active sites of
both enzymes have a hydrophobic pocket (iden-
tified crystallographically by the binding of com-

*Holothermolysin is reversibly inhibited by Hg2+ which replaces the active site zinc ion or binds to His 231 or both.
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FIGURE 4. Comparison of the proposed mechanisms of action of carboxypeptidase A. {From Pangburn, M. K. and

Walsh, J. A., Biochemistry, 14, 4050, 1975. With permission.)

petitive inhibitors) and an arginine (Arg) residue.
In carboxypeptidase A, Arg 145 forms a salt
bridge with the C-terminal carboxyl group of the
substrate and thus presumably assists in its binding
and orientation; the function of Arg 203 in
thermolysin, an endopeptidase, is unclear. Re-
cently, considerable support for these mechanistic
proposals has been adduced by Matthews and
co-workers from their studies of the binding of a
number of dipeptide inhibitors®® and the
naturally occurring inhibitor phosphoramidon.®®
The observed binding of the latter resembles that
of the presumed transition state and provides
further evidence supporting the mechanism in
which Glu 143, acting as a general base, promotes
the attack of water on the carbonyl carbon, rather
than the alternative mechanism in which Glu 143
attacks the carbonyl carbon directly, forming an
anhydride intermediate.”” Recently, Werber®® has
suggested that the water molecule bound to the
active site zinc in thermolysin may play a role
analogous to that proposed for the zinc-bound
water molecule in carbonic anhydrase.

3.5. Spectroscopic Studies of Manganese (II) and
Cobalt (1) Thermolysin

It is well known that for a variety of systems,
replacement of the optically transparent Zn** by
either Co® or Mn?" yields derivatives with con-
siderably more spectral information. Co**-
thermolysin displays a characteristic absorption
spectrum in the visible region. The spectrum

8 CRC Critical Reviews in Biochemistry

(Figure 5) is characterized by a maximum at 555
nm (¢ = 90 M/cm) and a broad shoulder near 500
nm.'? The transitions are optically active, the molar
ellipticity being positive with maxima: [0) 540 =
1080° and [0] 550 =879° em? /dmol. The magnetic
CD spectrum of Co**-thermolysin exhibits major
negative bands at 580 and 510 nm with [0],, =
~3500 and [6]y = -1300° cm?®/dmol at 40 kG,
respectively.'* The spectra shown in Figure S all
disappear when Co®" is replaced by Zn*". Based on
the conclusions of other studies,*' they indicate
that the coordination of the cobalt ion at the
active site has a distorted tetrahedral geometry'*
in agreement with X-ray diffraction results.®*” The
profound changes in the spectra observed upon
binding the compctitive inhibitor S-phenylpro-
pionyl-L-phenylalanine (Figure 5, dotted lines)
indicate that the latter binds at the active site and
interacts with the cobalt. The overall coordination
geometry of the cobalt is not affected by the
inhibitor binding, however.!*

The incorporation of 1 mol of the paramagnetic
Mn** ion per mole of apothermolysin can readily
be shown by electron spin resonance studies.”’
Nuclear magnetic resonance (NMR) studies have
also shown that a single exchangeable water
molecule binds in the first coordination sphere of
Mn?*. This result is consistent with the X-ray
crystallographic data’ and is similar to that
obtained from NMR studies of Mn**-carboxypep-
tidase. The magnetic resonance correlation time
for the interaction between H, O and Mn®* in both
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FIGURE 5. Magnetic circular dichroism, [6], absorption, e, and circular di-
chroism, [@] (inset), spectra of cobalt thermolysin, 2.23 X 10 in 3 M NaBr,
pH 6.8 in the absence (—) and presence (---) of the competitive inhibitor s-
phenylpropionyl-L-phenylalanine, 0.025 M. MCD measured at 40 kG and ex-
pressed in degrees cm? decimole ' G *'. (From Holmquist, B. and Vallee, B. L.,
J. Biol. Chem., 249, 4601, 1974. With permission.)

systems is determined mainly by the electron spin
relaxation time, 7.. The field-dependent 7, has
nearly identical values for the two enzymes.??s*!
These results serve as a further illustration of the
conformational homology of the active sites of the
two enzymes. Studies of the effect of inhibitor
binding on the water relaxation rate enhancement
by the bound Mn* ion show that the water
molecule is displaced completely by phenylalanyl-
L-phenylalanylamide, but not by the inhibitor
carbobenzoxy-L-phenylalanine. This indicates the
possibility of different binding modes for the
latter reversible inhibitor.2® The latter possibility

has been confirmed by direct X-ray crystal-
lographic determination of the mode of binding of
these inhibitors.®*

4. THE BOUND CALCIUM IONS

4.1. Preliminary Considerations

Thermolysin offers a unique opportunity to
study the role of bound calcium ions in protein
structure, since the structures of its four calcium
binding sites have been elucidated in detail by
X-ray crystallographic methods.®>7>'* The sites,
which are located in different parts of the mole-
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cule, are clearly nonidentical in size* and the
number and disposition of binding ligands involved
(Figures 2B, 2C, and 2D), implying that a given
bound calcium ion may not necessarily play the
same role as the others. In principle, therfore, one
may expect to be able to distinguish the different
sites and resolve the roles of each by appropriate
methods. How can such an objective be achieved?

Of the various strategies one can adopt, the
following appears to be the most informative.
First, one determines the equilibrium calcium-
binding isotherm. If the calcium affinities of the
structurally distinct sites are significantly dif-
ferent, they can be resolved in this way. Second,
one probes the changes in the equilibrium con-
formation of the molecule that are coupled to the
binding of calcium ions. A variety of techniques
including absorption, fluorescence, and CD spec-
troscopy,”® can be used for this purpose. Com-
bining the data in this way with the structural data
may lead to an understanding of specific binding
sites in terms of their affinity for calcium. The
replacement of calcium by ions that substitute
isomorphously, e.g., Sr**, Ba*", and especially the
lanthanides,?¢>*°™* 3 may also provide a further
resolution of the roles of the various sites, par-
ticularly when a given ion can substitute specifi-
cally at certain sites and not others, e.g., Eu®* at
S(1).6:7512

Having obtained a measure of the affinities of
the various sites, one can then interpret the
modulating effects of calcium in a variety of
reactions, e.g., hydrogen exchange, autolytic
degradation, thermal or chemical denaturation.
The results obtained so far with the approach
outlined above are presented in the next sections
and discussed in the context of the available
structural information.

4.2. Studies on Calcium Binding and Coupled
Conformational Changes

One of the problems in quantitative studies of
the binding of calcium ions to thermolysin is that
their removal increases the susceptibility of the
enzyme to autolytic degradation.''>*? It is
essential, therefore, that inactive thermolysin
preparations be used for the binding analysis. This
has been achieved by including the zinc-chelating
agent tetraethylene pentamine (TEP) in the equi-

librating buffer, thus converting holothermolysin
to the inactive apoenzyme.'' TEP does not
chelate calcium significantly. The binding data
presented in Figure 6 have been obtained by
equilibrium gel filtation at 25 and 6°C''»?? under
otherwise identical conditions (see legend to
Figure 6). Since only small conformational
changes are associated with the removal of the
active site zinc ion (Section 3.2), it seems reason-
able to infer that these data may also reflect the
calcium-binding behavior of the holoenzyme. The
data at 25°C show that all four sites are saturated
at free calcium ion concentrations above 10 ™% M
indicating that each has a high affinity for calcium.
Below 107% M dissociation occurs; two calcium
ions dissociate in the rather narrow span of only
one pCa®* unit (4 < pCa®* < 5). At pCa® < 5.0,
the isotherm appears to flatten, indicating that the
other two calcium ions are of still higher affinity.
Unfortunately, the calcium-binding isotherm can-
not be evaluated at pCa** < 5 since thermolysin
appears to precipitate under these conditions. The
binding data have been analyzed by the present
authors on the assumption that only two of the
four calcium ions dissociate in the range 4.0 <
pCa®* < 5.0.'' The latter analysis leads to a
parabolic Scatchard plot (Figure 7) and a linear
Hill plot (Figure 8) with a slope of 2.0, indicating
that these two ions bind with complete positive
cooperativity with an overall binding constant of
2.8 X 10° M72.'! The pCa*" dependence of the
spectral perturbations, observed upon dissociation
of calcium in the range 4.0 < pCa®" < 5.0, can be
described by the same binding constant as that
obtained in the analysis of the binding isotherm.
This suggests that the conformational change,
which causes the observed spectral perturbation, is
coupled to the dissociation of these ions. The
magnitude of the spectral perturbations suggests
that the conformational change is small, which is
indicated by the absence of calcium-dependent
changes in the sedimentation coefficient and the
peptide CD of thermolysin.?* Also, the spectral
titrations (Figure 9), which reflect the calcium-
coupled conformational changes, are complete at
pCa*" > 5.0. The inference that only two calcium
ions dissociate in the range 4.0 < pCa* < 5.0
therefore appears to be reasonable.

A more extensive treatment of the binding data

#Qize” is here defined as the average distance (A) from the bound calcium ion to the liganding atoms: S(1), 2.87;S(2),

3.13; 8(3), 2.48; S(4), 2.53.
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FIGURE 6. Calcium-binding isotherms of apothermolysin in 0.1 M NaCl, 0.01 M tetraethyl-

enepentamine, pH 9.0 at 25°C!" (e) and 6°C*? (0).
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FIGURE 7. Scatchard plot using the data of I'igure 6(a), for the range 0.1 <
(Bog2r — 2) < 1.9. The error bars have been calculated from the measured
standard deviation in DCa“ (£0.08). The curve is the theoretical Scatchard plot
for the case of complete positive cooperative binding of two calcium ions: y =
[Kx(2 - x)]'/2 where y = x/¢; x = Tgv — 2,and K = 2.8 x 10° M %, (From
Voordouw, G. and Roche, R. S., Biochemistry, 13,5017, 1974. With permission.)
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FIGURE 8. Hill plot using the data from Figure 6(a) for the range 0.2 < (Doy2+ ~ 2) < 1.8. The line
drawn has a slope of 2.0. The error bars have been calculated as in Figure 7.
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FIGURE 9. Dependence of the difference molar ellipticity at 278 nm, A[8], ,, in degrees cm? per
decimole (0) and the difference molar extinction coefficient at 290 nm. Ae, 4, in (M cm) ™' (=), on
pCa?**. Differences are for apothermolysin with pCa?** = 4.0 as reference in 0.1 M NaCl - 0.01 M
TEP (pH 9.00). (From Voordouw, G. and Roche, R. S., Biochemistry, 14, 4667, 1975.)
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than that given previously,'' which includes all

the calcium ions, can be based on the following
binding isotherm:

- ~ 2K,Zcz+ K,C K,C
Vea?t 1+K, ,C? 1+K,C 1+K.C

(3)

where C is the free calcium ion concentration, and
it has been assumed that two calcium ions bind
with complete positive cooperativity (K; ,) and
two bind independently (K; and Ky). A very
satisfactory fit is obtained, using K; , = 2.8 X 10°
M-""" and K; = K, = 3.2 X 10° M™", which
accounts for all of the available data (Figure 6,
Curve a). The assumption that K5 = K4 has been
made for simplicity since the lack of data in the
range 0 < vp,2+ < 1.8 does not allow a more
detailed analysis. These constants could well differ
by several orders of magnitude. It should be
stressed that the binding constants in Equation 3
are site binding constants, and, as such, K, ,
implies an identification of the double site,
S(1)-S(2), with the locus of the cooperative
binding. Although there is no direct evidence for
the latter identification, plausible arguments,
based on the known structure of the double site
and spectral perturbation data, have been re-
ported' '>2* and are reviewed below.

If one assumes an independent-site binding
model, the expression for the corresponding iso-
therm becomes: ’

- 4 K
VC_ 2+ =

a i%11+KiC )

It is seen that this model cannot account for
all the binding data obtained at 25°C even if
one makes the unrealistic assumption that all
calcium-binding sites, which have been shown to
be structurally distinct,®*”>!? have the same in-
trinsic association constant, K; = 1.5 X 10° M~}
(Figure 6, Curve b). Significant deviations from
the experimental data occur both at pCa®" < 4.8
and pCa** > 5.1 for the latter model. Allowing
different values for the constants K; in order to be
consistent with the known structural differences
between the sites tends to spread the binding
isotherm along the pCa*" axis and further increases
the deviations between experiment and theory. It
can thus be concluded that at 25°C, the binding of
two calcium ions in the range 4.0 < pCa®** < 5.0 is
best described by a model in which they bind with

14 CRC Critical Reviews in Biochemistry

complete positive cooperativity. Elsewhere,''?#

we have proposed that cooperative binding occurs
at the calcium-binding double site (Figure 2B).
This proposal is consistent with the spectral
perturbations observed (Figure 9), which suggest
that the binding of the two calcium ions perturbs a
tryptophan residue.?* The molecule contains only
three Trp residues, one of which (Trp 186) is
flanked by two calcium-chelating groups (Asp 185
and Glu 187) of the S(1)-S(2) double site. There-
fore, it seems reasonable to infer that this site
binds its two calcium ions with complete positive
cooperativity. The observed cooperativity is thus
likely to be caused by the possibility that the
double site is not stable at pH 9.0 with just a single
calcium ion bound at site S(1).

The binding data obtained at 6.0°C*? clearly
show a shift along the pCa®" axis from those
obtained at 25°C'' (Figure 6). The binding
isotherm is shifted to lower pCa®* values, indicat-
ing that the affinity decreases with decreasing
temperature. The enthalpy of calcium binding thus
appears to be positive in this temperature range.
The data at 6°C have been fitted satisfactorily to
an independent-binding site model*? (Equation 4,
all K; =2.0 X 10* M™") as shown in Figure 6,
Curve d. The data can, however, be fitted equally
well to Equation 3 using K, » = 1.6 X 10° M7*
and K3 =K, = 5.0X 10* M~ (Figure 6, Curve c).
Unfortunately, accurate data in the range 3.0 <
pCa®* < 4.0, which would determine whether the
cooperative-binding model is also to be preferred
at this temperature, are lacking.

Further insights into the relative affinities of
the sites have been obtained qualitatively from
studies in which thermolysin crystals were soaked
in solutions varying in EDTA concentration at pH
7.2%% in the presence of the reversible inhibitor
phosphoramidon.?® Difference electron density
maps obtained under conditions in which calcium
dissociates from the protein suggest that Ca(2)
dissociates first, followed by Ca(4) and Ca(3). No
dissociation was observed from site S(1). These
results suggest the following order for the calcium
binding constants: K; >> K3 > K4 > K,. These
observations lead to the suggestion®® that the
observed cooperative dissociation' ' comprises
Ca(2) and Ca(4) rather than Ca(2) and Ca(1).

However, in view of the rather different experi-
mental conditions under which the two sets of
results were obtained (crystal vs. solution, holo- vs.
apoenzyme, pH 7.2 vs. pH 9.0), they may not
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necessarily be inconsistent with each other. Two
possibilities should be considered. First there may
be a significant pH dependence of the calcium
affinity at each binding site. Second, the co-
operativity may also be pH dependent. One can
envisage, for example, that in order for the double
site to be stable with just a single ion bound at site
S(1), the residual electrostatic repulsive forces
between the charged carboxy! groups in the site
have to be eliminated. This can be accomplished
by: (1) increasing the charge on the single ion in
site S(1) - the double site is, in fact, stable with a
single trivalent lanthanide bound at S(1);'? or (2)
binding of a proton to a carboxyl group in the
double site not participating in the coordination of
the ion at S(1) — this may provide stabilization
when a single divalent ion is bound at this site. The
latter possibility will obviously depend on the pKa
of the given carboxyl group, and the pH of the
solution and suggests a pH-dependent co-
operativity.

It is clear that much more work on the
calcium-binding isotherm of thermolysin is re-
quired to distinguish definitively between the
various possibilities outlined above. The greatest
challenge undoubtedly lies in developing new
methods to stabilize the enzyme against self-
degradation, which would then allow studies to be
carried out in a wider range of temperature and
pH. Apart from the obvious possibilities of
reversible or irreversible covalent inhibition or the
preparation of apoenzyme (which most probably
will never be completely satisfactory), the im-
mobilization of the enzyme on a solid support
may provide a useful alternative approach to the
stability problem.

4.3. Replacement of Calcium by Other lons

X-Ray crystallographic studies have shown that
all four of the calcium ions bound by thermolysin
can be replaced by a variety of other ions. The
alkaline earth ions Ba*" and Sr** displace all four
calcium ions at least partly when they are present
at sufficiently high concentrations. Difference
electron density maps suggest that these ions bind
in identical positions at sites S(1}, S(3), and S(4),
but that they bind at site S(2) in a position about
0.5 A further away from site S(1) than Ca*" does.
The rare earth ions replace calcium at sites S(1),
S(3), and S(4) with high occupancy, but the
calcium bound at site S(2) is displaced without

n

*p= 3

(2o Pi= PO+ K L+ K, L2 )= Pox??

0

substitution.®>7>!? It is interesting to note that
the single europium ion at site S(1) must bind with
very high affinity since it cannot be removed with
EDTA.?7 The affinity of site S(1) for lanthanides
is apparently much higher than the affinity of the
double site for both Ca(1) and Ca(2). This leads to
displacement of calcium even when the free
lanthanide concentration is low relative to the free
calcium concentration. The situation is reversed in
the case of sites S(3) and S(4), where a high excess
of free lanthanide ions is required for replacement.
These differences allow the calcium ions of the
double site to be specifically replaced by a single
lanthanide at site S(1) to yield a thermolysin
molecule binding one Zn?*, two Ca®*, and one Y>*
(Eu®*, Tb**) per mole* 72? (ie., Zn-Eu(1)-Ca(3)-
Ca(4)-thermolysin). The rate of displacement of
Ca(1) and Ca(2) from the double site by a single
Tb®, which can be followed by fluorescence
spectroscopy (Section 5), suggests that the rate of
dissociation of the double site is on the minute
time scale. One interesting replacement study that
remains to be done is to determine whether
bivalent lanthanides such as Eu®*, which is thought
to be an excellent isomorph for Ca**,*¢ do indeed
occupy both sites S(1) and S(2) and not, like the
trivalent lanthanides, just site S(1).

4.4. Stabilization of Macromolecular Conforma-
tion by Ligand Binding

It is clear from the previous sections that a wide
variety of studies can provide insights into the
structural and functional roles played by various
ions binding at the different metal-binding sites in
thermolysin. In particular, the stabilizing role of
calcium in the structure of native thermolysin is of
considerable interest.>#>?7>*3 The role played by
bound ligand in the stability of macromolecular
structure is most usefully discussed within the
rationale of the general theory of macromolecular
binding. In this section, we will reformulate the
theory for thermolysin.

In any ligand-macromolecule equilibrium, an
important quantity to consider is the binding
polynomial £.*° This is the summation of the
concentrations of all the macromolecular species
present in solution which are expressed as pro-
ducts of the binding constants and free concen-
trations of the ligands participating in the forma-
tion of the ligand-macromolecular complex
species, and divided by the concentration of the
unliganded form.* For independent sites, the
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polynomial can be factorized, the number of
irreducible factors being equal to the number of
linkage groups present.>°

For holothermolysin, assuming no interaction
for all site-site pairs except for the double site,*
S(1)-S(2), the five metal-binding sites provide four
linkage groups, and the ion-binding polynomial is
given by:

z=
(IT+K, 5 Crd( *’-K"2 Céa) (1 +K; Cep) (1 +K, Cy)

(5)

where it has been assumed that concentrations are
equal to activities, and Cy, and C¢, are the free
zinc and calcium ion concentrations, respectively.
When ions other than zinc and calcium are present
in solution which compete for specific sites, the
factor of X corresponding to the linkage group for
a given site is expanded to include terms associated
with the competitive-binding process. For
instance, when cobalt jons are also present in
solution, the factor (1 + Ky i C5 ) is replaced by
(1+ KZnE CZn t KCoE CCo)'

The finding that the double site S(1)-S(2) can
bind a single lanthanide ion at S(1) with complete
saturation (Kg,p Cp, > K, Cg,) without
substitution at sites S(3) and S(4)'? is extremely
interesting and suggests ‘that under these condi-
tions, the ion-binding polynomial can be approxi-
mated by

=

1+ Kynp Czn) 1+ Kpyp Cpy) (14K, Cop) (14K, C
(6)

The binding polynomial X is the central function
from which many important quantities can be
derived; for example, the average number of moles
of ion i binding per mole of thermolysin, v;, at
constant (or zero) concentration of all other ions j,
is generally given by

- <8 in L) N
5 =
B VAN

where we assume again that all activities are equal
to concentrations c;, G- Thus, differentiation of
Equation 5 with respect to C, leads to Equation
3 (Section 4.2) for the calcium-binding isotherm.
Provided the zinc and calcium sites are truly
independent and, hence, comprise different link-
age groups as suggested in Equation 35, the dif-
ferentiation does not have to be performed at
constant Cy, to obtain Equation 3. Similar
differentiation of Equation 6 leads to

s o Kl | KaCe
Ca™ " T¥K,Cy 1+ K,Cy

(8)

indicating that the binding of calcium to sites S(3)
and S(4) may be investigated specifically in the
absence of calcium binding to the double site
under appropriate experimental conditions. This
could well be exploited in order to further resolve
the different sites with respect to their calcium
affinity.

The contribution of ion i to the binding free
energy** is given by

AG;=-RT (i 7idinc 9

which can be evaluated by plotting the data (v;, In
¢;) and determining the area under the resulting
curve. The total binding free energy AG,, for the
different ions is obtained by summation of the
various AG; contributions. Thus, Equations 7 and
9 offer the opportunity to investigate the thermo-
dynamic contributions of a specific ion even in a
mixture of many others. The role of specific ions
in reactions involving a change in the conforma-
tion of thermolysin can also be investigated.

Consider two conformations, the native (N) and
some denatured (D) conformation, respectively,
both of which have their own characteristic
binding polynomial, £y and Zp. The average
numbers of moles of i bound per mole of N or D,
’;i,N or ’;i,Da as well as the binding free energy
contributions of ion i to the chemical potentials of
N and D, AG; y and AG; py, can readily be written
in a manner analogous to Equations 7 and 9. The
apparent equilibrium constant, K, in the N ¢ D
conversion can be expressed in terms of the
intrinsic constant, in the absence of ion binding at

*Kinetic studies suggest a small positive interaction free energy between the active site zinc ion and the calcium-binding
double site.24 This possibility will be ignored for the remainder of the discussion.

**The binding free energy is given by AG, =-RTIn .7°
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low free ion concentration, K;, and the binding
polynomials, 2y and Zpy, as:

=
K=K, 5% (10)

The question of whether a given ion i influences
the N < D conversion can be answered by
measuring K as a function of the concentration of
ion i at constant concentration of all the other

ions. One uses the fundamental relation (Equation
1 1):3 0-33

(1 +Kp 70 Czn) A+ Kp ;5 CEa) 1+ Kp 3 Cip) (1 + Kpy 4 Cry)

aln K - S e
(a inc > L TWMETp CUNT AN {an
i ¢ iFi

which indicates that the stope (m) of a (In K vs. In
¢; plot is equal to the difference Av;) in the
average number of moles of i bound per mole of N
and D. The size of the cooperative unit can thus be
estimated by measuring the ion dependence of
reactions involving conformational changes.

In the case of holothermolysin, for example, a
general expression for K is obtained by combining
Equations 5 and 10

K=K,

where Kpy 74, Ky zy, etc. are the association
constants for the conformation D and N respec-
tively. If the cooperative unit is small, affecting,
for instance, only site S(3), while the affinities of
all the other sites remain unchanged (i.e., Kp 7, =
KN,z n» €tc.), Equation 12 reduces to

(+Kpy 5 Cyp)

TR e (13)

K =K;

Equations 10 to 13 can also be applied to rates of
denaturation reactions, provided that one can

k

(1 KN zn Czn) (1 + K19 CEp) (1 + Ky 3 Coy) (14 Ky g Cy)

(1 + Ky 70 Cpp) (1 # Ky 5 CEp) (1 + Ky 3 Cip) (1 + Ky 4 Coy)

(12)

regard the reaction as an equilibrium between N
and the activated intermediate (X) as suggested by
absolute reaction rate theory.** In the latter
application, Equations 10 to 13 are replaced by
Equations 14 to 18.

- =X
Kovs =K1 5 (14)
oin k
<___‘ﬁ) =m = AP (15)
Ol /e i

(4 + Ky 3Ccy)

k., =k X3 Cal
obs =K1 {77 Kn,3 Cca)

an

where k. and Kk are the rate constants for a
given rate process in the presence and absence of
bound ions, respectively.

The stabilization of N relative to D or X by ion
iis given by

A(AG) = AG; - AGy, =RT (1 apding (18)

4.5. The Stabilizing Role of Bound Calcium Ions

From the previous section, it is seen that a
quantitative delineation of the roles of the various
metal ions bound by thermolysin is possible by
measuring the ion dependence of reactions which
involve changes in protein conformation and an

=k
0P (1 4+ Ky 70 Czn) (1 + Ky g 5 Chy) (1+ Ky 3 Cg) (1 + K4 Cea)

(16)

associated change in the affinity of one or more of
the protein metal-binding sites. As an example,
consider two reactions: the mechanisms of which
are thought to involve similar changes in the
conformation of the protein: (a) hydrogen ex-
change and (b) proteolysis. For both types of
reactions, a given section of the polypeptide chain
is thought to unfold before it can react.**>*¢ The
overall rate constant, k, is generally written as the
product of the equilibrium constant governing the
unfolding, K, and the actual rate constant, k3, for
the exchange or proteolysis step.

(19
The calcium dependencies of the rates of hydrogen
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exchange and autoproteolysis of thermolysin have
been investigated and show very different
results.”® Whereas the hydrogen exchange rate
shows little or no dependence on pCa?, it is found
that the rate of autoproteolysis depends strongly
on pCa®, in a manner suggesting that all the
constants Kp ; », Kp3, and Kp 4 are small and
that sites S(1)-S(2), S(3), and S(4) are of low
affinity in the autolysis substrate (see Equation 12
and Reference 24). Hence, small conformational
fluctuations suffice to expose exchangeable
hydrogens, but large conformational changes, to
which large decreases in calcium affinity are
coupled, are necessary to transform the thermo-
lysin molecule into a conformation which is
susceptible to proteolysis. We can, therefore,
suggest that while the bound calcium ions “allow”
small conformational fluctuations, i.e., those
required for hydrogen exchange, they “lock” the
native fold by lowering the probability of highly
unfolded structures. The degree of flexibility
allowed in a given region of the structure of
thermolysin could, in principle, be estimated by
measuring the pCa** dependence of reactions in
which specific residues of that region are modified
with a set of reagents of increasing bulkiness. Since
the conformational change necessary to make a
given residue available for reaction depends on
both the location of the residue and the size of the
reagent, there will be a critical size beyond which
reaction via calcium-independent fluctuations is no
longer possible, but has to be facilitated by large,
cooperative, and calcium-dependent conforma-
tional changes. The larger the critical size of the
reagent, the greater the flexibility of the given
sector of the protein in terms of possible solvent
exposure or reagent penetration. Finally, we should
point out that we do not doubt that there are am-
ide hydrogens; for instance, those which are deeply
buried in the protein matrix which show calcium-
dependent exchange kinetics. However, they are
undetectable on the time scale of the exchange
experiments which we have conducted.?* To
study their exchange rates on a reasonably acces-
sible time scale, one would have to conduct the
hydrogen-exchange experiments under conditions
close to those favoring denaturation of the
molecule. However, such experiments cannot
conveniently be done for thermolysin in solution
without considerable autolysis of the molecule.

The fact that the various metal ions bind to
thermolysin in different regions of the molecule

18 CRC Critical Reviews in Biochemistry

makes a study of the ion dependence of denatura-
tion rates and equilibria extremely interesting,
since each bound ion serves as an indicator of the
conformational integrity of its binding site and the
associated region of the molecule. Equilibrium
denaturation studies are difficult to perform in the
case of thermolysin since they are invariably
hampered by the autolytic degradation of the
molecule.?” Studies have been performed, how-
ever, on the ion dependence of the rate of purely
thermal denaturation of thermolysin by moni-
toring the first-order, irreversible decrease in the
enzymatic activity.?* The dependence of the rate
on the free calcium ion concentration is shown in
Figure 10, which follows Equation 17, and shows
that the native conformation is protected from
inactivation by only a single ion binding in excess
to N since m = Av,2+ = -1.2% This single calcium
ion contributes considerably to the stabilization of
the native structure: A(AGg,.+) (Equation 18)
and has been estimated to be -8.1 kcal/mol.®3
Values for A(AG(,..) for a number of other
calcium-binding proteolytic enzymes were found
to be on the average threefold smaller.®>? Since the
intrinsic stability of the polypeptide chain of
thermolysin (measured at very low Cc, where
there is no stabilization due to bound calcium) is
lower than any of the other calcium-binding
proteases studied, one may attribute the well-
known thermal stability of thermolysin to this
particular bound calcium ion.>* It is not known at
the present time whether the same results are
obtained when some other property such as
absorbance is used to monitor the isothermal rate
of the denaturation reaction; however, from
experiments employing a continuous increase in
temperature while monitoring the absorbance at
286 nm, the dependence of the “melting” tem-
perature, Ty, on the free calcium ion concentra-
tion indicates a Avi .. of -1 to -2 for the
observed denaturation reaction.?” The free zinc
ion concentration does not seem to influence the
rate of inactivation (A';Zn“ = (), since apo- and
holothermolysin are inactivated at the same
rate.!*>33 Also, when the calcium ions at sites
S(1) and S(2) are replaced by a single europium
binding at S(1), the melting profile of the resulting
[Zn-Eu(1)-Ca(3)-Ca(4)] -thermolysin is the same as
that of holothermolysin.?” These results indicate
that the single critical calcium which provides the
dominant stabilizing influence against purely
thermal unfolding of thermolysin (Figure 10) may
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FIGURE 10. Thermal denaturation of thermolysin (3.0 X 10°% M) at 80°C
in 0.05 M tris (pH 7.0 at 80°C) and various concentrations of NaCl and CaCl,
such that their combined ionic strength is 0.05. The logarithm?* of the first-
order rate constant (per second) log k is plotted against pCa®*. The solid

(1 + KxC)
LI+ kNO)
using the condition KyC >> 1; (KI/KN) =309 X 1077 sec™* M™* and KX =
600 M. Ky and Ky are the binding constants for the calcium ion to the criti-
cal site in the native conformation (N) and the activated intermediate rate (X),
respectively. The conditions KyC >> 1 simply implies that the site in N is satu-
rated in the entire range for which data are presented. This site®® has an esti-
mated Ky (80°C) = 107 to 10° M ! ; hence, no dissociation is likely in the range

obs?

line has been obtained from the relation k= (cf. Equation 16)

[Ca®] =107 to 10°° M.

be quite remote from both the active site zinc ion
and the double site [S(1)-S(2)]. The calcium
binding at S(3) near the amino terminal of the
molecule is, therefore, a likely candidate. In the
case of purely thermal denaturation, the unfolding
of thermolysin may initiate at the N-terminal, with
a large coupled change in the calcium affinity at
site. $(3)**+>7 before or as the process passes
through the activated intermediate stage. In
contrast, the thermal denaturation rates in 8 M
urea (pH 7.0, 50°C) were found to depend on
changes in the affinities of rwo calcium ions.*?
The latter conclusion is based on the fact that the
slope of the first-order rate constant for thermal
denaturation in 8 M urea vs. pCa®* approaches the
value m = -2 (Figure 11). A numerical fitting of
the experimental data to Equations 16 and 17

yields values for the calcium-binding constants Ky
and Ky. However, no conclusions can be drawn
from these values concemning the identity of the
calcium sites which stabilize the molecule against
denaturation under these conditions.

In concluding this discussion of the stabilizing
role played by bound metal ions, it is worth
emphasizing that only a beginning has been made
in establishing a deeper understanding of the roles
played by individual ions at their specific sites in
the thermolysin molecule. The numbers of calcium
ions playing a stabilizing role vary considerably
with the type of rate process: none are involved in
regulating the rate of exchange of many of the
exchangeable hydrogens,?* all four stabilize
against aufolysis, two protect the native structure
from thermal denaturation in urea,** and only a
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FIGURE 11. Thermal denaturation of thermolysin (3 X 107% M) at 50°C in 8 M urca, 0.05 M tris
pH 7.0 at 50°C, and various concentrations of NaCl and CaCl, such that their combined ionic strength
is 0.05. The logarithm of the first order rate constant (per second), log K, ps- I8 plotted against pCa®*.

The solid line is calculated for k

Kn=5x10°M™,

single calcium ion reduces the rates of purely
thermal denaturation. It will be interesting to see
whether the present indications** that the double
site is not the locus that governs purely thermal
unfolding will be substantiated in the future. This
site, by virtue of its apparently strategic location,
was proposed as a most probable stabilizing
influence against thermal denaturation of ther-
molysin.®*” If the purely thermal unfolding rates
are indeed independent of the occupancies of both
the zinc site and the calcium-binding double site,
then it follows from the discussion of Section 4.4
(Equations 16 and 17) that the refolding rates
have to show a dependence on the occupancy of
these sites. The double site and/or zinc site may
then act as nucleation centers for the folding of
thermolysin into its native conformation. Such a
role for these ions would be consistent with the
fact that the coordinating ligands of these sites are
close together in the amino acid sequence of the
protein.

20 CRC Critical Reviews in Biochemistry

(1 + KxC)?
obs I (L + KNC)?

with k; = 0.82 sec 7', Ky = 2200 M, and

5. STUDIES OF SITE-SITE
ENERGY TRANSFER

A specific fluorescent probe can be introduced
into the structure of thermolysin by taking ad-
vantage of the fact that a single terbium ion
binding at site S(1) can replace Ca(l) and Ca(2)
without replacement of Ca(3) and Ca(4).'* The
resulting  {Zn-Tb(1)-Ca(3)-Ca(4)]-thermolysin
derivative exhibits markedly enhanced terbium
fluorescence upon excitation at 280 nm due to
efficient Trp to Tb(IIl) energy transfer.?® The
emission spectrum contains four well-resolved
bands corresponding to 4f shell transitions of the
terbium ion: 489 nm (°Ds = "Fg), 545 am (°D,
> "Fs), 587 nm (°D,s - "F,), and 620 nm (° Dy
- "F3). The most intense band is the one centered
at 545 nm. When the active site zinc ion is also
specifically substituted by a cobalt ion, producing
the [Co-Tb(1)-Ca(3)-Ca(4)]-thermolysin deriva-
tive, a considerable quenching of the terbium
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fluorescence is observed due to the operation of a
Trp-Tb(1II)-Co(1I) energy transfer relay with
dipole-dipole radiationless energy transfer between
terbium as donor and cobalt as acceptor.?®:?°
Analysis of the fluorescence data on the basis of
Forster theory yields a Co-S(1) site-site distance of
13.7 A%? in good agreement with the Zn-S(1)
distance obtained by X-ray crystallography (Table
1). These elegant studies show how subtle inter-
actions between the two groups of ion binding
sites present in the thermolysin molecule may be
monitored and used as probes of the relative
integrity of the various parts of the molecule. The
latter possibilities for the further exploration of
the structural and functional roles played by metal
ions in thermolysin are by no means exhausted,
and one can anticipate many interesting results
from future work.
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