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The states of 28 tyrosyl residues of thermolysin have been characterized by means of pH-
jump studies and nitration with tetranitromethane. The ionization states of phenolic groups
of the tyrosyl residues have also been estimated by spectrophotometric titration of the
absorption change at 295 nm. The ionization of 16 tyrosyl residues was completed within 16
s after a pH-jump, and these residues are considered to be located on the surface of
thermolysin. On the other hand, the ionization of the other 12 residues required 15 s to 10
min, suggesting the occurrence of a conformational change which leads to the exposure of
the buried tyrosyl residues to the solvent. Sixteen tyrosyl residues were nitrated and
categorized into three classes according to reactivity. The second-order rate constants of the
respective classes of tyrosyl residues for nitration were evaluated as 3.32, 0.62, and 0.18
M~'-min~!, and their apparent pK, values were estimated to be 10.2, 11.4, and 11.8. Tyrosyl
residues in the first class were considered to be located almost freely on the surface, while

those in the second and third classes might be in constrained states.
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Thermolysin [EC 3.4.24.27] is a thermostable neutral
metalloproteinase produced in the culture broth of Bacillus
thermoproteolyticus (1, 2). It requires essentially one zinc
ion for enzyme activity and four calcium ions for structural
stability (3-5), and specifically catalyzes the hydrolysis of
peptide bonds involving hydrophobic amino acid residues,
especially at the P1’ site (6) [nomenclature according to
Schechter and Berger (7)]. The amino acid sequence (8, 9)
and refined three-dimensional structure (10) are available,
and the kinetic mechanism of the reaction has been pro-
posed (11, 12). Thermolysin has 28 tyrosyl residues per
molecule, widely spread over the whole amino acid se-
quence (8). Generally, tyrosyl residues in a protein have a
characteristic absorption in the ultraviolet region and can
be selectively modified by tetranitromethane (TNM). TNM
introduces a nitro group into the phenol ring of tyrosine,
generating 3-nitrotyrosine, which causes changes in the
spectrum and pK, of the residue (13). Thus, nitration of
tyrosyl residues can be used to probe the microenviron-
ment of the residues (13, 14).

We have reported remarkable activation of thermolysin
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by high concentrations (I-5) of neutral salts in the hydroly-
sis and synthesis of N-carbobenzoxy-L-aspartyl-L-phenyl-
alanine methyl ester (ZAPM), a precursor of a synthetic
sweetener, as well as in the hydrolysis of FA-dipeptide
amides with different amino acids at the scissile bond (15-
17). The activation is dependent on the species of salt, and
is brought about most effectively by NaCl and NaBr. The
activity increases apparently in an exponential fashion with
increasing salt concentration, and the activation is due
entirely to an increase in the molecular activity, k.
Interestingly, the degree of activation is not dependent on
the hydrophobicity of the amino acids at the scissile bond of
the substrates. We have previously observed a characteris-
tic absorption difference spectrum on mixing thermolysin
with NaCl and NaBr, suggesting a conformational change of
the enzyme upon interaction with the salts (15, 18). The
activation may correlate with the difference spectrum.

The cause of the salt activation of thermolysin is current-
ly not known. It has been suggested in the cases of some
enzymes active in high salt concentrations that the salt-
dependent behavior is related to their electrostatic prop-
erties (19-21). It is therefore of interest to investigate
whether the characteristics of the surface of thermolysin
are involved in the cause of the activation. In the present
paper, we explore the structural features and surface
properties of thermolysin in solution by examining the
changes in state of the tyrosyl residues upon nitration and
pH-dependent ionization.

EXPERIMENTAL PROCEDURES

Materials—A three-times crystallized and lyophilized
preparation of thermolysin (Lot TSBA51; 8360 proteinase
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units/mg according to the supplier) was purchased from
Daiwa Kasei, Osaka. This preparation was used without
further purification. The thermolysin solution was filtered
with a Millipore membrane filter, Type HA (pore size 0.45
xm), before use. The concentration was determined
spectrophotometrically using an absorbance value A (1 mg/
ml) at 277 nm of 1.83 (15) and a molecular mass of 34.6
kDa (8). All other reagents were of reagent grade, pur-
chased from Nacalai Tesque (Kyoto).

Ultraviolet (UV) Difference Absorption Spectra—UV
difference absorption spectra observed on the mixing of
thermolysin with various alkaline solutions were measured
with a Shimadzu UV-2200 spectrophotometer at 25°C. Two
sets of quartz cells in tandem with a 1-cm light path were
used (14, 18). Difference spectra were measured at 3h
after mixing thermolysin with the alkaline solutions at
25°C. The final concentration of thermolysin was 3.9 uM.

pH-Jump—Equal volumes of aqueous unbuffered ther-
molysin solution and NaOH of various concentrations were
mixed to induce a pH-jump at 25°C (22, 23). The standardi-
zation of NaOH solution was performed by using oxalic
acid. The absorption change induced by the pH-jump was
followed at 245 nm with a Shimadzu UV-2200 spectro-
photometer. The final pH of the solution was determined in
the pH range below pH 12.5 by a Hitachi-Horiba F-5 pH
meter, and estimated by calculation in the pH range above
pH 12. The concentration of N-acetyl-L-tyrosine ethyl
ester (AcTyrOEt) was determined spectrophotometrically
using the molar absorption coefficient &;7.5=1.34X10°
M~'ecm™ at 25°C (14). The number of ionized tyrosyl
residues was determined from the molar absorption differ-
ence obtained for the ionization of AcTyrOEt, Adexs=
11.0x10° M 'scm™' and Jezs =2.33 X 10° M~ !ecm™! (14).
The apparent first-order rate constant, k., for the absorp-
tion curve induced by the pH-jump was estimated from a
Guggenheim plot (24).

Spectrophotometric Titration of Tyrosyl Residues—The
titration of phenolic hydroxyl groups of tyrosyl residues in
thermolysin was performed spectrophotometrically by
measuring the absorptivity difference at 295 nm between
the alkaline and neutral solutions at pH 7.0. Forty mil-
limolar glycine-NaOH buffer was used for the entire pH
range employed. NaCl was added to maintain the ionic
strength of solutions at 0.2 M. The final concentration of
protein used for the titration was 1.85 uM. The optical
measurement was made within 10 min after the prepara-
tion of the alkaline sample.

For the titration in the presence of GdnHCI, 0.2 ml of a
thermolysin solution at pH 7.0 was mixed with 2ml of a
mixture of 0.5 N NaOH and 0.5 M NaCl containing 4.2 M
guanidinium hydrochloride (GdnHCI), giving the desired
pH values. The mixture was allowed to stand for 30 min at
25°C before spectrophotometric measurements. The final
protein concentration was 3.5 xM. Molar absorptivity
difference at 295 nm between the alkaline and neutral
solutions is considered to be unaffected by the presence of
3.8 M GdnHCI (14).

Evaluation of Data for Spectrophotometric Titration—
The titration data in a given pH range were evaluated
stepwise by fitting to a theoretical ionization curve based on
the following equation,
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AE:AEmax/(1+[H+]/K) (1)

where Jdemax 18 the molar absorptivity difference after
complete ionization of all tyrosines, K is the apparent
ionization constant, and Je is the molar absorptivity
difference at a given pH value. Direct curve-fitting was
performed using a home-made program to obtain the Jdenax
value and the apparent K value, K,,;. The iterative curve-
fitting was carried out stepwise so that the deviation
between the raw data and the theoretical equation in a
confined region was minimized. The number of ionized
tyrosyl residues in the protein was calculated from the
Aemnex value using a value for deggs of 2.33X10° M~'ecm™!
for the ionization of a single phenolic group (14).

Nitration of AcTyrOEt—AcTyrOEt (0.11 mM) was
mixed with an 80-fold molar excess of TNM in 40 mM
Tris-HCI buffer (pH 8.0) containing 10 mM CaCl, at 25°C.
The reaction was followed spectrophotometrically by
measuring the increase in absorbance at 350 nm due to the
formation of N-acetyl-3-nitrotyrosine ethyl ester (13).
The increase in absorbance due to degradation of TNM in
the alkaline buffer was subtracted as a blank from the
reaction curve monitored by using a double tandem cell
system (14). The concentration of N-acetyl-3-nitrotyro-
sine ethyl ester produced was determined spectrophoto-
metrically using the molar absorption coeflicient of nitro-
formate [C(NO,);"], &50=14.4X10°M~!+cm™!, on the
assumption that the increase in absorbance corresponds to
the formation of 1 mol of nitroformate/mol of AcTyrOEt
(13).

Nitration of Thermolysin—Nitration of thermolysin was
performed by adding an appropriate portion of 1 or 10%
solution of TNM in methanol to the protein solution (7-9
1M) in 40 mM Tris-HCI buffer containing 10 mM CaCl;,
pH 8.0. The reaction mixture was maintained at 25°C for a
suitable period of time and the reaction was terminated by
gel-filtration on a Bio-Gel P-4 column {1.5 cm (diameter) X
25 cm] equilibrated with the same buffer. The degree of
nitration was determined from the absorbance at 381 nm (a
nitrophenol-nitrophenolate isosbestic point of 3-nitro-L-
tyrosine), using the molar absorption coefficient of 2.2 X 10°
M~tecm™ (13, 25). The concentration of nitrated thermo-
lysin was determined by measuring the absorbance of the
protein preparation at 275 nm, pH 8.0 by using the molar
absorption coefficient for native thermolysin, &,,5 =62.25 X
10° M~'.cm™!, according to the procedures described previ-
ously (15, 26).

RESULTS

Time-Dependence of Phenolic Ionization by pH-Jump—
Difference spectra of thermolysin in alkaline solution were
observed against the solution at pH 7.0 (Fig. 1). The
difference spectra show maxima around 245 and 295 nm,
indicating the ionization of phenolic hydroxyl groups of
tyrosyl residues. The number of ionizable tyrosyl residues
at pH 13.1 was calculated to be 27.8, being in good agree-
ment with the result of amino acid analysis, 28. Figure 2
shows time courses of the change in absorption difference at
245 nm (4A,,;) due to mixing thermolysin with alkaline
solutions. No change could be detected within 15 s after
pH-jump. The contribution of ionization of sulfhydryl
groups to the change does not need to be considered because
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thermolysin has no cysteine residues. No time-dependent
change was observed below pH 12.1, although the total
change increased with increasing pH value. Above pH 12.1,
however, a time-dependent change was observed. The rate
of the change increased as the pH was increased, and the
time-dependent change was completed within 15 s at pH
12.6. The number of tyrosyl residues involved in the
time-dependent ionization was estimated to be 12 from the
changes in the absorption difference at 10 min observed at
pH above 12.1, and their pK, value was supposed to be
above 12.2. The apparent first-order rate constants, Eapp8
were determined for the time-dependent curves: 1.9 1072
s~!'at pH 12.2, 2.1x107*s ' at pH 12.25, 6.2X 107387 " at
pH 12.3, 21 x10° s ' at pH 12.4, and 89x10%s~! at pH
12.5. Figure 3 shows the pH-dependence of log ks, where
the slope reflects the number of tyrosyl residues cooper-
atively involved in the conformational changes (22, 23).
The slope was evaluated to be 5.94 +0.05, suggesting that
6 tyrosyl residues buried in the native enzyme were

| { 1 1
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Fig. 1. pH-difference spectra of thermolysin at alkaline pH. A:
pH 13.1. B: pH 11.2. C: pH 10.5. The pH of thermolysin solution in
the reference cell was 7.0. The thermolysin concentration was 3.9 M
in a mixture of 1 M NaOH and 1 M NaCl (A), and in 40 mM glycine-
NaOH buffer containing 0.2 M NaCl (B and C), at 25°C.
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Fig. 2. Time courses of absorption change of thermolysin at
245 nm upon pH-jump-up. An aqueous solution of thermolysin was
mixed with NaOH solution at 25°C. The final enzyme concentration
was 3.5 uM. The figures indicated are the final pH after pH-jump-up.
The absorption change within 15 s after the pH-jump could not be
recorded.
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cooperatively exposed to the water medium.
Spectrophotometric Titration of Phenolic Hydroxyl
Groups—Molar absorption difference at 295 nm between
neutral and alkaline solutions of thermolysin is plotted
against pH (Fig. 4). Curve A represents the ionization of the
tyrosyl phenolic groups measured within 10 min after the
preparation of the alkaline sample. Curve D shows the
phenolic hydroxyl ionization in the presence of 3.8 M
GdnHCI 30 min after the mixing of the enzyme and alkaline
buffer at 25°C. From the fitting analysis, there appeared to
be three stages of ionization, as shown in Fig. 4. Fitting to
curve A was performed in the range of pH 9-10.5 with a
correlation coefficient of 94.4%, and yielded a theoretical
curve A’ for 7.4 phenolic groups with pK, 10.2. Subtraction
of curve A’ from the experimental points of curve A gave
curve B, to which the second fitting was successively carried
out up to pH 11.6, and a theoretical curve B’ was obtained
for 6.2 groups with pK, 11.4 with a correlation of 89.2%.
The third fitting to curve C given by subtracting curve B’
from curve B was finally performed up to pH 12.1 with a
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Fig. 3. pH dependence of the apparent first-order rate con-
stant, k,,, for the time-dependent phase in the absorbance
change of thermolysin after pH-jump. The apparent first-order
rate constants were obtained from Guggenheim plots.
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Fig. 4. Spectrophotometric titration curves of thermolysin. A
(O): Titration curve. The concentration of thermolysin was 1.85 u M.
A’: A theoretical ionization curve for 7.4 tyrosyl residues with pK,
10.2. B (O): Difference between experimental values of A and
theoretical values of A’. B’: A theoretical ionization curve for 6.2
tyrosyl residues with pK, 11.4. C (a): Difference between B and B'.
C’: A theoretical ionization curve for 3.2 tyrosyl residues with pK,
11.8. D (O) in inset: Titration in the presence of 3.8 M GdnHCI. The
line is a theoretical curve for 28 tyrosyl residues with pK, 10.4.
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correlation of 91.9%, and a theoretical curve C' was
obtained for 3.2 groups with pK, 11.8. Curve D was fitted
to a theoretical ionization curve for 28.0+0.3 phenolic
groups with pK, 10.4+0.1.

Reactivity of Tyrosyl Residues with TNM—As shown in
Fig. 5, the reaction of AcTyrOEt with TNM followed simple
pseudo-first-order kinetics represented by the following
equation.

In{([NO;-AcTyrOEt]owa
— [NO,-AcTyrOEt].)/ [NO,-AcTyrOEt) o}
= kapp .t (2)

(NO;-AcTyrOEt] o) represents the total concentration of
nitrated AcTyrOEt at time oo, and is equal to the initial
concentration of AcTyrOEt. [NO,-AcTyrOEt], is the
concentration of nitrated AcTyrOEt at a given time, ¢. The
apparent first-order rate constant, k,;,, was evaluated to be
16.7(£0.2) X107 min~! from the slope of the straight line
by the least-squares method. Since the initial concentration
of TNM was 8.4 mM, the second-order rate constant for the
nitration of AcTyrOEt was calculated to be 1.99(40.02)
M-!'.min~'. It is noteworthy that there is a slight discrep-
ancy between the formation of the nitrated AcTyrOEt
(open circles) and the theoretical curve expressing a
pseudo-first-order reaction (solid line) in the time range of
0-40 min (Fig. 5). Self-association of AcTyrOEt could be
the cause of this phenomenon.

-AcTyrOEt] (uM), O
8 8 8 8 B

INO,
3
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Fig. 5. Time course of the nitration of AcTyrOEt with TNM.
The nitration was carried out with 80-fold molar excess of TNM in 40
mM Tris-HCl buffer at pH 8.0, 25°C. The molar concentration of
nitrated AcTyrOEt is shown by open circles, and the pseudo-first-
order plot, by open squares. The line drawn on the open circles
represents a theoretical curve.
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Figure 6A shows the progress of nitration as a function of
the molar ratio of TNM to thermolysin, [TNM]}/[TLN],
ranging from 20 to 1,930 in 40 mM Tris-HCl buffer
containing 10 mM CaCl,, pH 8.0. [TLN] indicates initial
concentration of native thermolysin in the reaction mix-
ture. The degree of nitration increased with increasing
ratio, and reached the level corresponding to 9 nitrotyrosyl
residues per molecule at [TNM]/(TLN] of 1,930. Nitra-
tion proceeded as a function of time in a range of O to 15h
at 25°C at [TNM]/[TLN] of 2,000 (Fig. 6B), and reached
the saturation level, corresponding to 16 nitrotyrosyl
residues per molecule, within 15 h. When the molar ratio of
[TNM]/(TLN] was 2,000, the molar ratio of TNM to
tyrosyl residue to be nitrated in thermolysin, [TNM]/
[TYR], for the nitrated thermolysin was calculated to be
125. Since [TNM]»{TYR], nitration of thermolysin was

)max-(NOZ-Tyr)t

(NO,-Tyr

01 1 1 1 1
0 200 400 600 800 1000

Time (min)

Fig. 7. Analysis of the reaction of 7 uM thermolysin with 14
mM TNM by means of a semi-logarithmic plot. The analysis was
carried out as described in “EXPERIMENTAL PROCEDURES.” A
(O): original curve, which represents the difference between the
numbers of tyrosyl residues nitrated maximally [((NO;-TyT)ma:), 16,
and of tyrosyl residues nitrated at a given time [(NO,-Tyr),]. A’
(------): extrapolated portion of the final slope of the original curve. B
(D): difference values of the original and extrapolated curve. B’ (------):
extrapolated portion of the final slope of curve B. C (A): difference
values of curves B and B".
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Fig. 6. (A) Nitration of thermo-
lysin with TNM. The reaction was
o o | carried out by adding an appropriate
volume of 1% methanolic TNM solu-
tion in 40 mM Tris-HC] buffer (pH
8.0) containing 10 mM CaCl, for 1 h
at 25°C. The initial concentrations of
native thermolysin in mixed solu-
. tion were 8.0-8.7 uM. (B) Time
course of the nitration of thermo-
lysin. The initial concentrations of
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native thermolysin and TNM in
mixed solution were 7 uM and 14
mM, respectively. The reaction was
carried out under the same conditions as above.
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TABLE I. The states of the tyrosyl residues of thermolysin.

pH jump pH titration Nitration
No. Class pK. No. ’;fi’f_,')' No.
Ionizable 1 10.2 7.4 3.32 5.8
at pH12.1 16 I 11.4 6.2 0.562 6.9
within 158 m 11.8 3.2 0.18 3.4
Ionizable

at pH 12.2-12.6 6 - - - -

in 1558-10 min
Not-ionizable

at pH 12.6 in

10 min

assumed to follow pseudo-first-order kinetics. However,
the reaction did not give a simple pseudo-first-order curve
(Fig. 7). On the assumption that several classes of reacting
tyrosyl residues exist, each having a specific reaction rate
constant, the following equation for the second-order
reaction can be written:

—k+t=1/[TNM]+In(1-n,/N.) 3

where [TNM] is the molar concentration of TNM, n, is the
number of nitrated tyrosyl residues of the ith class at time
t, N, is the maximal number of nitrated tyrosyl residues of
the ith class when the reaction has proceeded to completion,
and k, is the second-order rate constant for the ith class.
Equation 3 is converted to

n;=N;+(1—exp(— k- [TNM]- 1)) (4)

If the three reactions occur simultaneously, the following
equation is derived for the slowest reaction, i.e. the third
one (i=3).

—ky+t=1/[TNM] +(In(Nnex — 1) —1n N) (5

where Np.x and n are the maximal number of nitrated
tyrosyl residues and the number at time ¢, respectively.
Since Npeax corresponds to 16 and [TNM] is 1.4 X 10> Min
the present experiment, Eq. 5 gives

In(16—n)=—0.014-k-¢+1In N, (6)

The straight line based on Eq. 6 was first fitted to the
original reaction curve A. The values of In(16—n) in the
extrapolated line A’ were subtracted from the correspond-
ing values in the original curve A. These difference values
were plotted semi-logarithmically and gave curve B. Since
curve B deviated from a straight line, B’, the previous
procedure was repeated. The second set of difference values
giving curve C was made to fit a straight line. From the
best-fit straight lines representing component pseudo-first-
order reactions in Fig. 7, the second-order rate constant and
the number of each class of tyrosyl residues were deter-
mined, respectively, tobe k, =3.32 M~'emin~'and N, =5.8
for the first class, k,=0.52 M~'-min~! and N,=6.9 for the
second class, and k& =0.18 M~!'+min~! and N; =3.4 for the
third class.

The results on the states of the 28 total tyrosyl residues
of thermolysin are summarized in Table I. The pH-jump
experiment suggests that 16 tyrosyl residues are located on
the surface of thermolysin. The pH-dependent ionization
and nitration indicate that 16 residues can be classified into
3 independent groups. These results are in good accord with
each other, and suggest that the 16 residues are accessible
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to the solvent and can be classified according to their
ionizability and reactivity to nitration. The most reactive
6-7 residues are in class I, another 6-7 are in class II, and
the other 3 are in class III. The 12 buried residues are
classified into two groups; 6 are ionized during incubation at
pH 12.2-12.6 for 15s-10 min, and the other 6 are not
ionized during incubation at pH 12.6 for 10 min.

DISCUSSION

Conformational Changes Due to pH-Jump—Tyrosyl
residues of enzymes have characteristic spectrophotomet-
ric properties due to ionization and have been used as
probes in conformational studies of proteins (22, 23, 27).
In the present study, we focused primarily on investigating
the states of tyrosyl residues of thermolysin in solution. A
pH-jump method which is based on spectrophotometric
changes with time in the alkaline region was used to observe
the ionization of the tyrosyl residues. This observation
allowed us to separate two phases of ionization. One was
time-independent and the other, time-dependent. The
time-dependent phase of ionization observed above pH
12.1 is considered to be attributable to a conformational
change, resulting in exposure to the solvent of tyrosyl
residues that were originally buried in the native structure.
These results are consistent with our unpublished observa-
tion that thermolysin which had been incubated at pH 4-12
for 30 min showed full activity in the hydrolysis of N-[3-
(2-furyl)acryloyl]glycyl-L-leucine amide in 40 mM Tris-
HCI1 buffer, pH 7.5, and that autolysis was not detected
during incubation at pH 6-12 for 2h (Lee, S.-B., unpub-
lished observations). The CD spectrum of thermolysin at
pH 12 is almost the same as that at neutral pH (Kuzuya, K.
and Inouye, K., unpublished observations), suggesting that
the conformation of the enzyme is not much changed in the
pH range from 7 to 12.

Ionization of tyrosyl residues exposed to the solvent isin
general too fast to be detected with a conventional spectro-
photometer and thus the time-dependent change in absorp-
tion reflects the change in the environmental state of
tyrosyl residues. The number of tyrosyl residues involved
in the exposure due to the conformational change was
evaluated to be about 12. At the final stage of the denatura-
tion process of thermolysin with 3.8 M GdnHCI, 28 tyrosyl
residues were detected. This suggests complete unfolding
of the enzyme in the denaturation process. Tyr-83 and
Tyr-84 are considered to exist in the internal «-helix of
thermolysin (10). The plot of log kupp vs. pH in Fig. 3 gives
a straight line with a slope of about 6. This value is
noticeably larger than that for pepsin (0.5) and corresponds
approximately to the mean value of the slopes for bacterial
a-amylase (1.0-11.5) (22, 23). The time-independent
phase of ionization in Fig. 2 does not show whether or not
the tyrosyl residues in this phase are totally exposed to the
solvent in the intact state, since conformational changes, if
they occur, within the dead time (15 8) can not be observed
in the present detection method. In order to examine this
point, nitration of tyrosyl residues on the surface of ther-
molysin with TNM was performed.

Classification of Tyrosyl Residues by Reactivity with
TNM—In the reaction of thermolysin with TNM, which
reacts with exposed tyrosyl residues, tyrosyl residues in
the time-independent phase (Fig. 2) could be nitrated as
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shown in Fig. 6B. Thus, 16 out of 28 total tyrosyl residues
of thermolysin are exposed on the surface in solution and
can react with TNM. This result indicates that the tyrosyl
residues in thermolysin tend to exist on the surface as well
as in the interior; this tendency has been observed in
subtilisins as well (28). The surface tyrosyl residues in
thermolysin are individually situated in different electro-
static and hydrophobic microenvironments and are classi-
fied into three groups of ionization state. These surface
tyrosyl residues can be categorized according to their
reactivity with TNM, which is dependent on the ionization
state of the residues. The surface tyrosyl residues are also
expected to follow first-order kinetics for nitration, when
the exposed residues are nitrated independently, as sug-
gested for trypsinogen in the previous report (29). The
surface tyrosyl residues of thermolysin were divided into
three classes (Fig. 7). The second-order rate constant (3.32
M 'emin™") of the first class of 6 tyrosyl residues is slightly
lower than that (6.0 and 6.7 M~'«min~') for trypsin and
trypsinogen (29). The second (7 tyrosyl residues) and third
(3 tyrosyl residues) classes, accounting for 10 out of 16
residues exposed on the surface, show rather low reactiv-
ity, corresponding to 17% (0.52 M~'-min~!) and 7% (0.18
M~'emin™!) of the rate constant of the first class, respec-
tively. This fact suggests that the microenvironments of
the second and third classes of tyrosyl residues are nega-
tively charged and/or hydrophobic. The pK, value, 10.2 of
the first class of tyrosyl residues is slightly higher than that
(pK, 9.7) observed with Streptomyces subtilisin inhibitor
and subtilisin BPN’. This pK, value, together with the
lower rate constant of the first class for nitration, suggests
that tyrosyl residues in the first class of thermolysin are not
entirely free on the surface, but are slightly constrained.
The higher pK, values, 11.4 and 11.8, of the second and the
third classes may reflect microenvironments unfavorable to
ionization. The states of tyrosyl residues on the surface of
thermolysin were estimated on the basis of an X-ray
crystallographic analysis (10). Five residues (Tyr-75, 110,
211, 251, and 296) are within 3-7 A of positively charged
groups and are expected to ionize more easily than the
others. The accessibility to water of Tyr-24 and 27 is higher
than 90%, and no negatively charged residues are present
around them. Accordingly, they might be in the first class.
Tyr-66, 193, 217, and 274 are close to negatively charged
groups (within 3-5 A), and their ionization is considered to
be fairly suppressed. They might be candidates for the
third class. Thus, the remaining residues such as Tyr-46,
151, 157, 179, 221, and 242, whose accessibility to water
was calculated to be 40%, might belong to the second class.

Identification of the nitrated tyrosyl residues and the
effect of nitration on the salt-activation of thermolysin are
in progress. Recently, we found that the degree of activa-
tion of thermolysin by the addition of NaCl decreased with
increasing degree of nitration of tyrosyl residues, whereas
the degree of activation recovered to the level of native
thermolysin when the nitrated tyrosyl residues were
aminated (Lee, S.-B. and Inouye, K., unpublished observa-
tions). These observations suggest that the ionization states
of the tyrosyl residues of thermolysin are closely related to
the halophilic properties of this enzyme.
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