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Fluorescence Energy Transfer between Metal Ions in Thermolysin.

Thermal Denaturation Studies'

Shakoor M. Khan, Edward R. Birnbaum, and Dennis W. Darnall*

ABSTRACT: Thermolysin derivatives have been prepared with
one zinc ion, two calcium ions, and one terbium ion. Excitation
of this derivative at 280 nm results in emission of visible Tb3+
fluorescence at 545 nm. When Co?* is substituted for the
Zn%t the Tb3* emission is quenched due to energy transfer
between the Co2* and Tb3+. Distances have been calculated
between the two metal ion binding sites assuming a dipole-
dipole mechanism for energy transfer (Berner, V. G., et al.
(1975) Biochem. Biophys. Res. Commun. 66, 763; Horrocks,
W. D., Jr., et al. (1975) Proc. Natl. Acad. Sci. U.S.A. 72,
4764). We have extended these studies by following the
Co2*-Tb3* distances as a function of temperature. We have
found a gradual increase in the distance between the two metal
ions that ranges from nearly 14 A at 25 °C to nearly 22 A at

Thcrmolysin is a neutral metalloendopeptidase isolated from
the thermophilic organism Bacillus thermoproteolyticus
Rokko which has an unusual stability toward thermal dena-
turation (Endo, 1962; Matsumara, 1967). The amino acid
sequence (Titani et al., 1972) and three-dimensional structure
have been determined (Matthews et al., 1974, and references
therein). The protein consists of two distinct lobes with the
active site of the enzyme lying in the cleft formed by these two
lobes. A zinc ion, essential for enzyme activity, lies at the base
of the cleft while 4 calcium ions presumably provide structural
stability.

In recent years, paramagnetic, chromophoric metal ions
such as trivalent lanthanide ions have proven useful as a
structural probe in the study of structure-function relation-
ships in proteins and enzymes (Darnall & Birnbaum 1970).
In the particular case of thermolysin, the calcium ions at sites
1 and 2 have been replaced by a single lanthanide ion while still
maintaining calcium ions at sites 3 and 4 (Matthews &
Weaver, 1974). Similarly, the zinc ion can be replaced by a
cobalt ion without affecting the conformation of the protein
(Holmquist & Vallee, 1974). Making use of these substitu-
tions, fluorescence spectroscopy has been used to determine
a distance of 13.6 A between the calcium sites 1 and 2 and the
zinc binding site (Berner et al., 1975; Horrocks et al., 1975).
These measurements agree well with the distance obtained
from X-ray crystallographic measurements. In this present
study we have used the same method to monitor the increase
in the distance between these two metal sites as a function of
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temperatures above 80 °C. Conventional techniques for
measuring conformational changes in proteins (tryptophan-
tyrosine fluorescence, optical rotation or enzyme activities)
show little or no change in the protein structure up to 70 °C.
At higher temperature drastic changes in thermolysin prop-
erties indicate an extensive unfolding of the protein. In contrast
to the optical rotation, fluorescence, and activity measure-
ments, viscosity measurements indicate changes in the protein
structure at temperatures well below 70 °C, and these changes
correspond rather well with the distance changes between the
Co?* and Tb3*. This indicates that both the viscosity and
fluorescence energy transfer experiments are detecting changes
in the protein structure which are not detectable by the other
techniques.

temperature. To our knowledge this is the first study where the
distance between two sites on a protein can be quantified as the
protein is thermally unfolded. Activity, ORD, and viscosity
measurements have been carried out to compare the results
from fluorescence energy transfer measurements with the more
typical measures of conformational changes in proteins.

Methods

Activity. The activity of thermolysin was measured by
monitoring the decrease of 3-(2-furylacryloyl)glycyl-L-leu-
cinamide (FAGLA)! absorbance at 322 nm at constant tem-
perature (Khan & Darnall, 1978). To obtain a temperature
profile, the following procedure was used: 3 mL of FAGLA
(5.0 X 1073 M) in 0.01 M Hepes buffer, 0.01 M CaCl,, 1.0M
NaClat pH 7.5 was placed in the 1-cm pathlength sample cell
at the desired temperature. A similar concentration of FAGLA
was placed in the reference cell to partially balance the high
initial absorbance of FAGLA at these concentrations. After
10 min, a 50-uL aliquot of a 2 X 10~3 M thermolysin solution
which had been incubated at the same temperature for the
same length of time was added to the FAGLA solution in the
sample compartment. Within 10 s after mixing, the decrease
in absorbance at 322 nm was followed as a function of time.
A fresh sample of enzyme was allowed to equilibrate for a
10-min period at each particular temperature.

Fluorescence. An Aminco-Bowman ratio spectropho-
tofluorimeter with a thermostated cell compartment was used
for all fluorescence measurements. In a typical experiment,
200 pL of the enzyme solution was placed in a 3-mm fluores-

! Abbreviations used: FAGLA. 3-(2-furylacryloylglycyl-L-leu-
cinamide; Hepes, N-2-hydroxyethylpiperazine-V’-2-ethanesulfonic
acid.

© 1978 American Chemical Society
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FIGURE 1: Temperature dependence of Th3* fluorescence in Zn2*-Th3+
thermolysin (@--@), and in Co?*-Tb3* thermolysin (A—aA). Distances
(O—0) were calculated between the cobalt and terbium binding sites in
thermolysin as a function of temperature from the terbium fluorescence
data using eq | and 2. Protein concentrations in both samples were 5.0 X
10~6 M. Unless otherwise indicated, the protein in this and all following
figures is dissolved in 0.01 M Hepes buffer containing 0.01 M CaCl,, 1.0
M NaCl at pH 7.5. The protein was excited at 280 nm and the Tb3*+
emission was followed at 545 nm.

cence cell and allowed to equilibrate in the spectrophotometer
for 10 min at a given temperature, after which time the spec-
trum was recorded.

ORD. A Cary 60 spectropolarimeter was used with ther-
mostated 1-cm pathlength cells. The protein sample was
equilibrated for 10 min at the chosen temperature after which
the rotation was measured. The cell was maintained in the
same position for all experiments to minimize artifacts.

Viscosity. Cannon-Funske viscometers were used to measure
viscosity as a function of both concentration and temperature.
In the temperature study, two viscometers were used, both
immersed in the same temperature bath. The ratio of flow of
4 mL of buffer in one viscometer vs. 4 mL of an enzyme solu-
tion in the other viscometer was used to determine specific
viscosity as a function of temperature. All solutions were
equilibrated for 10 min before measuring the flow rate. The
ratio of the flow rates of the two viscometers with the same
buffer solution was determined at 25 °C to correct for differ-
ences between viscometers. Flow times were measured using
a VWR Vanlab timer with an accuracy of 0.1 s. The times-used
in the calculations were an average of at least three runs. No
deterioration of the sample after several runs was observed.

Temperature Control. Lauda circulating baths were used
to control the temperature of all solutions in this study. The
temperature in the particular cell was measured using a
Tele-thermometer YSI Model 4256. Effective temperature
control was within £0.1 °C.

Preparation of Different Metallo Derivatives of Therm-
olysin. Different metallo derivatives of thermolysin were
prepared basically as previously described (Berner et al., 1975;
Horrocks et al., 1975). Thermolysin, obtained from Sigma, was
recrystallized according to Holmquist & Vallee (1974). The
recrystallized thermolysin was dissolved in a buffer system
consisting of 5 M NaBr, 0.01 M Hepes buffer, 0.01 M CaCl,
at pH 7.5. The zinc-free enzyme was prepared by dialysis
against three changes of a solution of 0.01 M Hepes, 0.01 M
CaCl,, 1.0 M NacCl, 2 X 1073 M o-phenanthroline, pH 7.5,
4 °C. This was followed by dialysis against three changes of
the same buffer solution without the o-phenanthroline. This
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results in a thermolysin preparation which has no zinc but still
retains the full complement of Ca2*. The Zn2*+-Tb3*+-ther-
molysin (i.e., thermolysin with one zinc ion, two calcium ions
at sites 3 and 4, and one terbium ion located at calcium sites
1 and 2) and the Co?*-Tb3*-thermolysin were prepared from
the above preparation by adding stoichiometric amounts of
Zn?* or Co?* o the zinc free enzyme followed by the addition
of a 15-fold excess of Tb3*. The solutions were then allowed
to equilibrate for at least 12 h. The Zn2*-Tb3* derivative can
also be prepared by adding a 15-fold excess of Tb3* directly
to zinc-containing thermolysin.

Theory

Energy transfer between a fluorescent lanthanide ion as a
donor and an absorbing cobalt ion as an acceptor has been
shown to proceed via a dipole-dipole mechanism described by
the Forster theory (Forster, 1966; Berner et al., 1975). Under
conditions where the Co?* ion quenches the Tb?* ion fluo-
rescence of Co?*-Tb3*-thermolysin compared with the Tb**
fluorescence of the analogous Zn2*-Tb3* enzyme, the amount
of quenching is related to the distance between the two ions,
R, by the following equation:

Feox+_tpi+ 1

=] -T=——— (1)
M
R

where Fcg2+_Tpi+ i the terbium fluorescence intensity of
Co2*-Tb3*-thermolysin, Fz,2+_Tp3+ is the terbium fluores-
cence intensity of Zn2*+-Tb3*-thermolysin, 7 is the fraction
of energy transfer between the donor-acceptor pair, and Ry
is the distance (in A) at which the energy transfer is 50% ef-
ficient. Ry is defined by eq 2:

Ro=9.79 X 103(Jn—%k2Q)'/¢ (2)

The critical transfer distance, Ry, is dependent on: J, the in-
tegrated spectral overlap between the fluorescence spectrum
of the donor, Tb3*, and the absorption spectrum of the ac-
ceptor, Co?™; n, the refractive index; k, the relative orientation
of the two dipoles; 0, the quantum efficiency of the donor in
the absence of energy transfer. The effect of temperature on
each of these parameters and the consequent effect on the
calculated distance R between the Co?* and Tb3* ions bound
to thermolysin will be considered later. A more detailed de-
scription of the Forster theory and the parameters contained
in eq 1 and 2 can be found in Berner et al. (1975), Horrocks
et al. (1975), and references therein.

Fzo+ o3+

Results

Th3* Fluorescence. The intensity of the Tb3* fluorescence
at 545 nm in Co2*-Tb3*-thermolysin is quenched compared
with Zn2*-Tb3*-thermolysin. As has been discussed previ-
ously, by making use of the Forster theory (eq 1 and 2}, the
distance between the two metal ions when bound to therm-
olysin was determined to be ~14 A at room temperature
(Berner et al., 1975; Horrocks et al., 1975). In the present work
we have measured the change in the quenching of the Tb3+*
fluorescence as a function of temperature and using the same
relationships calculated the change in the distance between the
two metal ions as a function of temperature. Figure 1 shows
how the relative terbium fluorescence of Zn2*-Tb3*-ther-
molysin and Co2+-Tb3*-thermolysin changes as a function
of temperature. Taking the ratio of these fluorescent intensities
at each temperature and utilizing eq 1 and 2, the distance be-
tween the metal ions was calculated, assuming no temperature
dependence for Rg (vide infra). These results, showing an in-
crease in distance with an increase in temperature, are plotted
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in Figure 1. Above ~70 °C the difference between the Tb*+
fluorescence of the Zn2*-Tb3*- and Co?*-Tb**-thermolysins
is very small, and the error in the distance calculation can be
correspondingly large.

The distance measurements calculated in this manner are
apt to be in error if (1) any of the parameters in eq 2 has a large
temperature dependence, ot (2) if the binding of Tb** or Co2+
is seriously affected by increasing temperature, so that the
protein-metal ion complex is no longer stoichiometric at the
higher temperatures. In order to discount the latter possibility,
thermolysin was titrated with Tb3* at 25 and 80 °C (Figure
2). Both plots show that the Tb3* fluorescence increases until
the Tbh3+-thermolysin ratio reaches 1:1, after which there is
no further increase. This is consistent with the premise that at
least under the conditions of these experiments, the thermolysin
is fully bound with Tb3+ at the higher temperatures. Likewise
Figure 2 shows that titration of Tb3*-thermolysin at 25 and
80 °C with Co?* results in a quenching of Tb3* fluorescence
and that the maximum quenching occurs at a Co2*-thermo-
lysin ratio of 1:1, after which Tb3* fluorescence is unaffected
by further cobalt additions. This also indicates that the protein
has a fully bound complement of cobalt at 80 °C. These data
are consistent with previous results (Dahlquist et al., 1975;
Fontana et al., 1977) which indicate that the protein still
maintains these two metal ion binding sites, even at elevated
temperatures where the protein begins to unfold.

The four parameters used to calculate Ry in eq 2 which may
have a significant temperature dependence are: n, the refrac-
tive index; J, the spectral overlap integral; Q, the quantum
yield of Tb3+; and k, the orientation factor. The refractive
index of water only changes from 1.33 at 20 °C to 1.32 at 100
°C (Weast, 1974) and the temperature effect is negligible in
the calculation of Ro. The quantum yield of the Tb?*-protein
complex could not be measured directly (Berner et al., 1975;

Horrocks et al., 1975); however, quantum yield measurements

of Tb3+ complexes of citrate and EDTA showed no significant
changes between 25 and 90 °C and therefore the quantum
yield of the Tb3* when bound to the protein would not be ex-
pected to change either. The orientation factor, k2, was taken
to be 2/3 since the Co?* absorption band in the region of
overlap with the terbium emission results from slightly split
components of a triply degenerate transition corresponding
effectively to an isotropically distributed acceptor moment
(Berner etal., 1975; Horrocks et al., 1975) at 25 °C. The jus-
tification for using this value at higher temperatures is also
valid. The value of J, the spectral overlap integral, can be af-
fected by either the Tb3* fluorescence or Co2* absorption
spectrum. Since the shape of the Tb3+ thermolysin fluores-
cence and quantum yield of the model compounds show no
change with temperature, there is no affect on the value of J.
However, there is a change in the extinction coefficient of the
cobalt-thermolysin visible absorption with temperature. At
25 °C we measured the absorptivity at 555 nm of the Co2+-
thermolysin complex to be 58 M~! cm~! in close agreement
with the values of Berner et al. (1975). This value is somewhat
lower than that obtained by Holmquist & Vallee (1974). At
80 °C the molar extinction coefficient drops to 22 M~! cm~!.
However, even this relatively large change in the extinction
coefficient results in only a 10% error in the calculation of the
distances. As a result, the data plotted in Figure 2 were plotted
without compensating for the change in the Co2*-thermolysin
extinction coefficient with temperature.

An additional complicating factor in the distance calcula-
tions would occur if the protein was aggregating at the higher
temperatures. In order to investigate the possibilities of
aggregation, gel filtration of the native enzyme on Sephadex
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FIGURE 2: Titration of Zn2*-thermolysin with Tb3+ at 25 °C (O0—0O)
and at 80 °C (O—O0) and titration of Tb3*-thermolysin (no zinc) with
Co?* at 25 °C (m—m) and at 80 °C (@ —@). Protein concentration was
5.0 X 10~6 M. The spectrofluorimeter sensitivity settings and slit widths
were different at the two temperatures, so the relative fluorescence in-
tensities between the two tem.peratures cannot be compared directly.
Excitation wavelength was at 280 nm and emission was followed at 545
nm. The decrease in fluorescence at 545 nm as the cobalt concentration
is increased reflects the quenching of Tb** emission by Co2+.

G-75(0.01 M Hepes, 0.01 M CaCl,, 1.0 M NaCl, pH 7.5, 82
°C) was carried out, and no detectable species with a molecular
weight higher than native monomeric thermolysin was ob-
served. In fact initial experiments at low flow rates through the
Sephadex G-75 column indicated the presence of lower mo-
lecular weight fragments, due presumably to autolysis of the
enzyme at the high temperature. Supporting evidence for this
came from the fact that the amount of thermolysin fragments
of low molecular weight decreased dramatically when the
column flow rate was increased in a later experiment.

The above considerations tend to indicate that the data in
Figure 1 reflect a real distance change between the metal sites
in the protein as a function of temperature. We have therefore
tried to correlate this distance change with more conventional
techniques of following conformation changes in proteins, e.g.,
protein fluorescence, ORD, and viscosity.

Intrinsic Fluorescence. Since the fluorescence we observe
for Tb3* bound to thermolysin is enhanced by energy transfer
from one or more of the protein tryptophans to the Tb3+ (al-
lowing us to excite at 280 nm), it was of interest to see if the
difference in the effect of temperature on the Tb3+ fluorescence
of the Zn?*- and Co?*-substituted enzymes was due to changes
in the tryptophan fluorescence of these enzymes, resulting in
different relative amounts of energy transfer (i.e., enhance-
ment) at different temperatures, rather than due to changes
in the quenching efficiency of the Co2* ion. The intrinsic flu-
orescence of the protein occurs at 338 nm when excited at 280
nm. Figure 3 shows the temperature dependence of the intrinsic
fluorescence of the two different metal ion bound proteins from
20 to 90 °C. The monotonic decrease of the protein fluores-
cence from 20 to 70 °C for both the Zn2+-Tb3+ and Co?*-
Tb3* enzymes is consistent with the normal temperature-
dependent collisional quenching of tryptophan moieties ex-
posed to solvent (Guilbault, 1973). The much more rapid de-
crease in fluorescence intensity after 70 °C is suggestive of an
unfolding of the emzyme structure causing additional trypto-
phans to be exposed to the solvent and is similar to that ob-
served by Fontana et al. (1977) for thermolysin. The fact that
the two plots are essentially identical suggests that the amount
of energy transfer from tryptophan to Tb3* in the Zn2+-Tb3+-
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FIGURE 3. Intrinsic fluoresceuce inlensity of Zn?*-Tb** (@ —@) and
Co?*-Tb3* (a—a) thermolysin as a function of temperature. Excitation
wavelength was at 280 nm and the emission was followed at 338 nm.
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FIGURE 4: Activity of thermolysin as a function of temperature. The
activity is expressed as k/E where & is the first-order rate constant and £
is the enzyme concentration.

and Co?*-Tb3*-thermolysins is the same at any given tem-
perature. However, since there is no observable quenching of
the tryptophan fluorescence by Tb?* in thermolysin compared
with Ca2*, the possibility that there may be different amounts
of energy transfer in the two enzyme systems cannot be com-
pletely ruled out.

ORD Measurements. The temperature dependence of the
circular dichroic spectra of thermolysin and apothermolysin
has been measured previously (Fontana et al., 1975). It was
shown in that study that Ca?* at 10 mM levels protects ther-
molysin from heat denaturation and/or autolysis up to ~75
°C. However, these studies were carried out by continuously
increasing the temperature on a single sample from 30 to 85
°C, rather than a 10-min incubation period of a fresh sample
ata given temperature. In order to more directly compare our
fluorescence work, we have measured the ORD spectra of these
various metallo thermolysin derivatives as a function of tem-
perature using the same conditions as the fluorescence work.
The ORD spectrum of Zn?+-Ca2*-thermolysin has a negative
peak at 233 nm and the UV spectrum in this region is essen-
tially unchanged for the Zn2*-Tb** and Co2+-Tb3* enzymes.
Since this peak is expected to be sensitive to conformational
changes, we followed the optical rotation at 233 nm as a
function of temperature for the following three metallo ther-
molysin derivatives: Zn2*-Ca2*-thermolysin, Zn2*-
Tb3*-thermolysin, and Co?*-Tb3*—thermolysin. All three
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temperature curves are essentially the same, and it is clear that
at least for a 10-min incubation period all three enzymes are
stable up to 70 °C after which a substantial conformational
change begins to occur.

Activity Measurements. The activity of thermolysin was
measured using the modified procedure of Khan & Darnall
{1978). First-order rate constants were determined by the
Kezdy method (Kezdy et al., 1958). Activity is expressed as
kobsa/ [E] in units of M~' min~' where k is the first-order rate
constant and [E] is the enzyme concentration. The plot of ac-
tivity vs. temperature is shown in Figure 4 for Zn2*-Tb3*-
thermolysin. The gradual increase in activity of the enzyme
up to 70 °C is consistent with the endothermic AH for the
hydrolysis of FAGLA. At temperatures higher than 70 °C
where the enzyme begins to unfold, the catalytic activity is lost
at a rate that exceeds the enthalpy effect.

Viscosity Measurements. Viscosity is a hydrodynamic
property which is sensitive to the shape of the macromolecule.
The intrinsic viscosity was determined as well as the temper-
ature dependence of the reduced viscosity. Intrinsic viscosity,
[n], was determined at two temperatures, 25 and 93 °C, using
Huggin’s equation shown below (Huggins, 1942):

i;ﬂ= (n] + k[n]%c (3)

where 7 is the specific viscosity, ¢ is the protein concentration,
and k is the Huggin’s constant. A plot of n,p/c vs. ¢ should be
a straight line whose slope is a measure of the interaction be-
tween macromolecule and solvent and whose y intercept is the
intrinsic viscosity. Figure 5 shows plots of nyp/c vs. ¢ at 25 and
93 °C. Thevalue [7] = 5.3 mL /g at 25 °C, although a bit high,
is typical for a roughly globular protein while the value [n] =
30.5mL/g at 93 °C is more typical of an unfolded, random coil
protein. The fact that the slope of the line is positive at 25 °C
and negative at 93 °C is of interest. Negative slopes of n,p/¢
vs. ¢ have been observed before and explanations for such be-
havior have included simple aggregation, or protein-protein
interactions which cause the protein to become more globular
in nature (OQosawa, 1971; Fuoss & Eldeison, 1951). Neither
of these explanations can account for the negative slopes we
observed, since gel-filtration experiments have ruled out the
possibility of aggregation at high temperatures.
Reversibility. Reversibility of the thermal unfolding of
thermolysin was examined using activity, intrinsic protein
fluorescence, ORD, and viscosity measurements. Solutions
were heated to the desired temperature for 10 min and cooled
to 25 °C and physical parameters were measured. Heating for
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FIGURE 6: Temperature dependence of fraction of thermolysin molecules
unfolded as a function of temperature. (@ —@®) Represent fraction ob-
tained from ORD. (A—A) Represent fraction obtained from intrinsic
fluorescence. (O—0) Represent fraction obtained from activity.

10 min at 70 °C or lower, followed by cooling, gave complete
reversal of the physical parameter changes as judged by all four
techniques. Heating at 80 °C for 10 min followed by cooling
showed 87-88% reversal as judged by ORD and fluorescence
measurements. However heating at 90 °C followed by cooling
showed only a 35-45% reversal of the ORD, activity, and
fluorescence parameters. It is of interest to note that viscosity
measurements indicated a nearly 100% reversal over the entire
temperature range.

Discussion

Thermal denaturation curves were constructed following
the equation below, where F\ is the fraction unfolded (Pace,
1975).

_Y-r;

Yo~ Y,

Y is the value of the property at temperature 7, Y, is the value
for the property of the native protein at the lowest temperature
measured (25 °C), and Y, is the value of the property after
heating for 20 min at the highest temperature measured which
in most cases was 95 °C. In order to construct these curves
using the intrinsic protein fluorescence and enzyme activities
as parameters, corrections were made for the temperature
dependence of the fluorescence and activities by extrapolating
the data taken from the 25-60 °C range. Deviations from this
normal temperature dependence above 60 °C were then used
to calculate the unfolding curves. The resulting data are shown
in Figure 6. The enzyme activity, tryptophan fluorescence, and
protein ORD all show very little change with temperature up
to 70 °C, followed by a rapid unfolding of the protein with a
transition temperature near 80 °C. This corresponds well to
UV absorption measurements (Dahlquist et al., 1976) as well
as CD measurements observed by others (Fontana et al., 1975).
On the other hand, both the Co2+-Tb3* distances and viscosity
show very similar variations with temperature in the range
from 25 to 70 °C (Figure 7).

The different temperature behavior observed for the dif-
ferent experimental techniques can be explained by a consid-
eration of the three-dimensional structure of thermolysin. The
enzyme is comprised of two major lobes with the zinc located
toward the bottom of one lobe near the hinge point between the
two halves of the molecule. The double calcium site (in which
Tb3* is bound) is located in the half of the molecule not con-
taining zinc and toward the upper side of that lobe (Matthews

Fy
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FIGURE 7: Temperature dependence of reduced viscosity and Co?*-Tb**
distance in thermolysin, Left-hand scale is the reduced viscosity which was
calculated from the relative viscosity using the method of Holocomb &
Van Holde (1962). Right-hand scale is the distance in angstroms which
is replot of Figure 2. (@ —®) Represent reduced viscosity; (A—A) rep-
resent cobalt-terbium distances.

& Weaver, 1974). From 25 to 70 °C our measurements show
that the Co?*-Tb3* distance and the viscosity gradually in-
creases, whereas intrinsic protein fluorescence, ORD, and
activity measurement show no changes. The distance mea-
surement suggests that the two lobes of the protein are sepa-
rating with increasing temperature as shown below, resulting
in an increase in the Co?*-Tb3* distance. This change need
not be a large one, since Figure 1 shows that up to 60 °C the
Co2*-Tb3* distance changes by only 3 A.

T

Corresponding to the distance change detected by Tb3*
fluorescence is the change monitored by viscosity. Since vis-
cosity is sensitive to shape changes, the viscosity changes ob-
served below 60 °C may correspond to a change in the asym-
metry of the molecule as indicated above. On the other hand
it is not possible to separate shape changes and hydration
changes from these data, so that the viscosity measurements
may also reflect changes in hydration as a function of tem-
perature. In either case, both the viscosity and distance mea-
surements would be sensitive to this “hinge-like” action of
thermolysin.

If the two lobes of the protein partially separate as the
temperature is raised toward 70 °C, it is possible that changes
in the intrinsic protein fluorescence, UV absorption, ORD, and
activity may not be sensitive to this protein structural alter-
ation. The first two properties depend primarily on the envi-
ronment of the tryptophan moieties. There is only a single
tryptophan close to the cleft of thermolysin and inspection of
the model of thermolysin derived from X-ray coordinates
(Colman et al., 1972; Matthews et al., 1974), while not con-
clusive, suggests that this tryptophan is sufficiently buried so
that its environment will not undergo a significant change for
relatively small movements of the hinge. Thus both the intrinsic
protein fluorescence and the UV absorption may not be sen-
sitive to small changes in the separations of the two lobes of
thermolysin. Similarly since only a very small peptide region
of the protein is involved in the hinge, the ORD would also not
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be expected to be sensitive to the hinge action, so long as the
conformation of the backbone in each lobe remains relatively
constant.

1t would appear from examination of the model that, if the
two parts of the molecule are indeed opening as the tempera-
ture is raised to 70 °C, then the activity of the enzyme should
be severely affected. Our activity measurements show no such
effect; however, since these measurements are necessarily
carried out in the presence of substrate, it may be that binding
of a substrate or inhibitor will oppose any change in Co2*-
Tb3+ distances. Experiments are presently in progress to de-
termine the effect that inhibitors have on the measured dis-
tance between the two metal ions as the temperature is in-
creased.

Above 70 °C all techniques, i.e., intrinsic protein fluores-
cence, ORD, activity, metal distances, and viscosity, show
drastic conformational changes are occurring in the protein.
This follows in agreement with Fontana et al. (1977) and
Dahlquist et al. (1976) who observed transitions in protein
absorbance and fluorescence at these same temperatures.
These changes can undoubtedly be ascribed to an overall
general unfolding of the protein.

The fact that we observe changes in viscosity and distance
measurements at temperatures where no changes are observed
in protein fluorescence or ORD indicates at the very least that
the unfolding of thermolysin cannot be described by a simple
two-state theory, i.e., N = D.

Our distance measurements showed a change of only ~3 A
in the Co2*-Tb3* distance as the temperature was increased
from 25 to 70 °C. However, this rather small distance change
resulted from rather large quenching changes of Tb?* fluo-
rescence. Since the distance has a sixth order dependence on
the quenching, the large change in quenching corresponds to
a smal} change in distance which points out the sensitivity of
the method for following small distance changes.

The maximum distance that we obtained between Tb3+ and
Co?* was 20-21 A at 90 °C. It should be mentioned that there
is considerable error in the measurements at the higher tem-
peratures. Because the intrinsic protein fluorescence, i.c.,
tryptophan fluorescence, decreases rapidly at the higher
temperatures, the Tb3* fluorescence also becomes quite small
at the high temperatures. This makes the measurement of any
Tb3* quenching by cobalt difficult and hence the distances
above 80 °C may be even larger than what we report. It should
also be noted that, if more than one species exists in solution
with different Co2+-Tb3* distances, the distance calculated
between the metal ions by the fluorescence method will be an
average which is very heavily weighted toward the species with
the shortest distance. Again this is because of the sixth order
dependence of the quenching on the donor-acceptor dis-
tances.

BIOCHEMISTRY

KHAN, BIRNBAUM, AND DARNALL

Acknowledgment

We would like to thank Molybdenum Corporation of
America for providing samples of rare earth oxides.

References

Berner, V. G,, Darnall, D. W., & Birnbaum, E. R. (1975)
Biochem. Biophys. Res. Commun. 66, 763.

Colman, P. M., Jansonius, J. N., & Matthews, B. W. (1972)
J. Mol. Biol. 70, 701.

Dahlquist, F. W., Long, J. W., & Bigbee, W. L. (1976) Bio-
chemistry 15, 1103.

Darnall, D. W., & Birnbaum, E. R. (1970) J. Biol. Chem. 245,
6484,

Endo, S. (1962) J. Ferment. Technol. 40, 346.

Fontana, A., Boccu, E., & Veronese, F. M. (1975) in Enzymes
and Proteins from Thermophilic Microorganisms (Zuber,
H., Ed.) p 55, Birkhauser Verlag, Basel.

Fontana, A., Vita, C., Boccu, E., & Veronese, F. M. (1977)
Biochem. J. 165, 539.

Forster, T. (1966) in Modern Quantum Chemistry (Sinanoglu,
0., Ed.) Vol. 3, p 93, Academic Press, New York, N.Y.

Fuoss, R. M., & Edelson, D. (1951) J. Polym. Sci. 6, 523.

Guilbault, G. B. (1973) Practical Fluorescence, Marcel
Dekker, New York, N.Y.

Holmquist, B., & Vallee, B. L. (1974) J. Biol. Chem. 249,
4601,

Holocomb, D. N., & Van Holde, K. E. (1962) J. Phys. Chem.
66, 1999,

Horrocks, W. D., Jr., Holmquist, B., & Vallee, B. L. (1975)
Proc. Natl. Acad. Sci. U.S.A. 72, 4764.

Huggins, M. L. (1942) J. Phys. Chem. 64, 2716.

Kezdy, F. J., Jaz, J., & Bruylants, A. (1958) Bull. Soc. Chim.
Belg. 67, 687.

Khan, S. M., & Darnall, D. W. (1978) Anal. Biochem. 86,
332

Matsumara, H. (1967) in Molecular Mechanisms of Tem-
perature Adaption (Prosser, C. L., Ed.) p 283, American
Association for Advancement of Science, Washington,
D.C.

Matthews, B. W., & Weaver, L. H. (1974) Biochemistry I3,
1719,

Matthews, B. W., Weaver, L. H., & Kester, W. R. (1974) J.
Mol. Biol. 249, 8030.

Qosawa, F. (1971) Polyelectrolytes, Marcel Dekker, New
York, N.Y.

Pace, C. N. (1975) CRC Crit. Rev. Biochem. 3, 1.

Titani, K., Hermodson, M. A., Erickson, L. H., Walsh, K. A,
& Neurath, H. (1972) Nature (London) New Biol. 238,
35.

Weast, R. C. (1974) Handbook of Chemistry and Physics,
CRC, Cleveland, Ohio.



