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The modes of Mg2+ binding to SMase from Bacillus cereus were studied on the basis of the
changes in the tryptophyl fluorescence intensity. This enzyme was shown to possess at least
two binding sites for Mg2+ with low and high affinities. The effects of Mg2+ binding on the
enzymatic activity and structural stability of the enzyme molecule were also studied. The
results indicated that the binding of Mg2+ to the low-affinity site was essential for the
catalysis, but was independent of the substrate binding to the enzyme. It was also indicated
that the alkaline denaturation of the enzyme was partly prevented by the Mg2+ binding,
whereas no significant protective effect was observed against the denaturation by urea. The
pH dependence of the kinetic parameters for the hydrolysis of micellar HNP and mixed
micellar SM with Triton X-100 (1:10), catalyzed by SMase from B. cereus, was studied in
the presence of a large amount of Mg*+ to saturate both the low- and high-affinity sites. The
pH dependence curves of the logarithm of 1/-Km for these two kinds of substrates were
similar in shape to each other, and showed a single transition. On the other hand, the shapes
of the pH dependence curves of the logarithm of k^t for these two kinds of substrates were
different from each other. The pH dependence curve for micellar HNP showed three
transitions and, counting from the acidic end of the pH region, the first and third transitions
having tangent lines with slopes of +1 and —1, respectively. On the other hand, the curve
for mixed micellar SM with Triton X-100 showed one large transition with a slope of +1
(the first transition) and a very small transition (the third transition). On the basis of the
present results and the three-dimensional structure of bovine pancreatic DNase I, which
has a primary structure similar to that of B. cereus SMase, we proposed a catalytic
mechanism for B. cereus SMase based on general-base catalysis.

Key words: catalytic mechanism, denaturation, enzyme kinetics, Mg*+ binding, sphingo-
myelinase.

Sphingomyelinases (SMases, EC 3.1.4.12, sphingomyelin neutral Mg^-dependent SMases, may regulate the intra-
cholinephosphohydrolase) catalyze the hydrolysis of sphin- cellular levels of ceramide and subsequent ceramide-
gomyelin (SM) to yield ceramide and phosphorylcholine mediated responses (3). Among these five types of SMases,
(1). Ceramide formed through the activation of SMase may an acidic SMase has been cloned (4). Recently, the cloning
function as a second messenger in mediating cell growth, of a neutral Mg2+-dependent SMase was also reported (5).
differentiation, stress responses, and apoptosis (2). In Bacterial SMases have been found to be kinds of exotox-
mammalian cells, five types of SMases have been ins from pathogenic bacteria, and have been established to
described, i.e. acidic, acidic Zn2+-dependent, neutral be hemolysins (2). The gene of Bacillus cereus SMase was
Mg2+-dependent, neutral Mg*+-independent, and alkaline cloned and its amino acid sequence was deduced from the
SMases. Two of these types of SMases, the acidic and nucleotide sequence of the gene (6). The mature form of the

enzyme is composed of 306 amino acid residues, having a
'A part of this work was supported by Grante-in-Aid for the molecular weight of 34kDa. In the presence of CaJ+ or
Encouragement of Young Scientists to S.F. and one for Scientific Mn2+, the enzyme is able to be adsorbed specifically to the
Research to K.I. from the Ministry of Education, Science, Sports and erythrocyte membrane, while Mg*+ extremely enhances
Culture of Japan. the hemolytic activity together with the breakdown of SM
'To whom correspondence should be addressed. Tel: +81-726-90- {1) Although B. cereus SMase is different in size from
SSionrS0^^^^^^ know, m a Z a l i a n SMases, it has been considered to be a
phorylcholine; SM, sphingomyelin; SMase, sphingomyelinase. useful tool for tissue culture experiments in order to induce

elevation of the cellular ceramide level in an attempt to
© 1998 by The Japanese Biochemical Society. mimic the biological effect of activation of cellular SMases
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(7-10).
Chemical modifications of B. cereus SMase suggested

that acidic amino acid residues such as Asp and Glu are
involved in the catalytic and adsorptive activities of the
enzyme (11). Mutational analyses suggested that Asp 126
and Asp 156 are involved in the substrate recognition, and
that Asp 295, His 151, and His 296 are essential for the
hydrolytic activity (12, 13). Although its three-dimension-
al structure has not been determined yet, Matsuo et al.
predicted the three-dimensional structure of B. cereus
SMase using a protein fold recognition method, which
suggested that SMase adopts a structure similar to that of
bovine pancreatic DNase 1(14). According to this predicted
structure, several amino acid residues involved in catalysis
and specific recognition of the substrate were proposed.
This proposal was in good agreement with the results of
mutational analysis.

Recently, the cloning of neutral Mg2+-dependent SMases
from mouse and man was studied (5). The results suggest-
ed that the sequences of these proteins were totally con-
served with the residues important for the Mg*+ binding
and for the catalysis of a large family of Mg2+-dependent
phosphodiesterases as well as bovine DNase I and B. cereus
SMase.

In the present study, we investigated the effects of Mg2"1"
binding on the enzyme activity and structural stability, and
also the pH dependence of the kinetic parameters for the
hydrolysis of micellar 2-hexadecanoylamino-4-nitrophen-
ylphosphorylcholine (HNP) and mixed micellar SM with
Triton X-100. We will discuss the participation of ionizable
groups in the substrate binding and catalysis, and the
catalytic mechanism of SMase.

MATERIALS AND METHODS

Materials—Sphingomyelin (SM) from bovine brain, 2-
(JV-hexadecanoylamino)-4-nitrophenylphosphocholine
(HNP) and Triton X-100 were obtained from Sigma.
Extra-pure MgCl2«6H2O and NaCl were obtained from
Wako Pure Chemicals and Matsunaga Chemicals, respec-
tively.

Preparation of SMase—SMase from B. cereus was
prepared by a method similar to that of Tomita et al. (15)
or obtained from Higeta Shooyu. The homogeneity of the
prepared and purchased enzymes was confirmed by SDS-
PAGE, amino acid analysis, N-terminal sequencing, and
reversed-phase HPLC. The elution patterns on reversed-
phase HPLC chromatography of the lysyl endopeptidase-
digested peptides derived from S-pyridylethylated deriva-
tives of the prepared and purchased SMases were practi-
cally the same. We also confirmed that the two enzymes
have the same enzymatic activity.

The final preparation of the purified enzyme was applied
on a column of Sephadex G-100 in order to remove a small
amount of aggregated proteins and to replace the solvent
with that of a constant ionic strength of 0.2. The purchased
preparation of SMase was dissolved in a 8 M urea solution,
and then dialyzed against 0.2 M NaCl and centrifuged. The
resulting supernatant was applied on a column of Sephadex
G-100.

The enzyme concentration was determined spectro-
photometrically based on the molar absorption coefficient
of 5.82X104 M"'«cm~' at 280 nm, which had been calcu-

-6 -5
logC,(M)

Fig. 1. Determination of the critical micellar concentration
(cmc) of HNP. The surface tension of a HNP solution in 50 mM Tris-
HC1 buffer (pH 7.3) containing 4 mM Mg*+ at 37'C and ionic strength
0.2 was plotted as a function of the logarithm of the molar concentra-
tion of H N P , c;.

lated from its Tyr and Trp contents (6), and the respective
molar absorption coefficients of 1.4x10* and 5.5 X103

M^-cm"1 at 280nm (16). The final enzyme solution was
stored at - 4 'C .

Fluorescence Measurements—The tryptophyl fluores-
cence spectra were recorded at 25'C and ionic strength 0.2
with a Hitachi model 850 fluorescence spectrophotometer
equipped with a spectral corrector. The slit widths for the
excitation and emission beams were 2.0 and 10.0 nm,
respectively. The excitation wavelength for the measure-
ments was 290 nm. The fluorescence of a reference solution
of iV-acetyl-L-tryptophanamide (Sigma) was measured
just before and after measurement of the sample solution,
in order to correct for small instrumental fluctuations. The
observed fluorescence spectrum was corrected by subtract-
ing the spectrum of a blank solution, which lacked the
protein. The final concentration of protein was 1X 10~7 M.

Determination of the Binding Molar Ratio of Mg2+ to
SMase—The binding molar ratio of Mg2* to SMase was
determined by the equilibrium dialysis method in 20 mM
MES buffer at pH 6.0, 25"C, and ionic strength 0.2. One
hundred microliters of an enzyme solution containing Mg2"1"
was separated from 100 jx 1 of a Mg2+ solution with a dialysis
membrane, Spectra/Por (Spectrum, molecular weight
cut-off, 12-14 kDa). After reaching equilibration in 24 h at
25'C, the Mg2'1" concentration in both solutions was deter-
mined with an atomic absorption/flame emission spectro-
photometer AA-670 (Shimadzu) at 286 nm, which had been
calibrated with a standard solution of Mg2'1' (Wako Pure
Chemicals).

Circular Dichroism (CD) Measurements—CD spectra
were recorded in the far-ultraviolet region at 37'C and ionic
strength 0.2 with a Jasco model J-500A spectropolar-
imeter, which had been calibrated with a standard solution
of ammonium d-camphorsulfonate (Katayama Chemicals).
A cell of 0.1 or 0.2 cm pathlength was used for the
measurements. The protein concentrations were 0.04-0.05
mg/ml. The mean residue ellipticity, [8], was obtained
with the equation: [0] = (100x 6)/(lx c), where 6 is the
observed ellipticity in degrees, / the pathlength of the cell
in centimeters, and c the residue molar concentration of
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protein. An average residue weight of 112 was used to
calculate the residue molar concentration.

Determination of the Critical Micellar Concentration
(one) of HNP—The surface tension of a HNP solution in 50
mM Tris-HCl buffer (pH 7.3) containing 4 mM Mg2"1" was
measured at 37*C and ionic strength 0.2 with a Du Noily's
tensionmeter. Figure 1 shows the surface tension as a
function of the logarithm of the molar concentration of
HNP, Cg. Thecmc value was determined to be 3.1 /*Mfrom
the break in the titration curve. All the experiments below
were therefore performed with a concentration of HNP
above the cmc (where HNPs are in micellar states).

SMase Activity Measurements—The hydrolysis of HNP
catalyzed by SMase was measured according to the method
of Gal et al (17) at 37'C and ionic strength 0.2. Enzymatic
hydrolysis was initiated by the addition of 5-10//I of the
enzyme stock solution to 100 /x\ of the substrate solution
containing a given concentration of Mg2+. After the reaction
mixture had been incubated for appropriate times, 3 ml of
0.1 M glycine-NaOH buffer (pH 10.5) was added so as to
quench the enzyme reaction. The absorbance at 410 nm of
the solution was measured and the enzyme activity was
calculated using the molar absorption coefficient of 2'-hy-
droxy-5'-nitrohexadecananilide, c = 1.49x 104 M'^cm"1 ,
at 410 nm.

The hydrolysis of mixed micellar SM with Triton X-100
catalyzed by SMase was followed at 25'C and ionic strength
0.2 by the pH-stat assay method using a system consisting
of a Radiometer PHM 82 standard pH meter, a TTT 80
titrator, and an ABU 80 autoburette. The substrate solu-
tions containing various concentrations of MgCl2 were
transferred to separate cells, and then the pH of the
solutions was adjusted to desired values by the addition of
small volumes of a 10 mM NaOH solution. To these
solutions, 10-20 /A of the enzyme stock solution was added
and then the released phosphorylcholine was titrated with
10 mM NaOH under a nitrogen stream so as to keep the pH
at the initial value. At pH values below 7, the observed
titration volumes are the apparent values, since the phos-
phate moiety of the released phosphorylcholine molecule
would not completely dissociate in this pH range. The
observed titration volumes were therefore corrected by use
of the degree of dissociation, a, of phosphorylcholine at a
given pH value: a = l/(l + 10p«-pH), where p # ( = 5.72) is
the dissociation constant (18).

Buffer Solutions—The assay solutions, which were used
for the experiments for the fluorescence spectra, CD spec-
tra, and enzyme activity toward micellar HNP, contained
buffer components at final concentrations of 45, 20, and 45
mM, respectively. The buffer components used were acetic
acid, 2-morpholinoethanesulfonate (MES), 2-[4-(2-hy-
droxyethyl)-2-piperazinyl]ethanesulfonate (HEPES), N-
tris-(hydroxymethyl)methyl-3-aminopropanesulfonate
(TAPS), and A^-cyclohexyl-2-hydroxy-3-aminopropane-
sulfonate (CAPSO), all of which were from Nacalai Tesque
(Kyoto). The buffer solutions were prepared with NaCl
added to give 0.2 ionic strength. The final pH values of the
protein solutions were read at 25 or 37*C with a Radiometer
PHM 82 pH meter.

RESULTS

Binding of Mg2* to SMase—The inset in Fig. 2 compares

the fluorescence spectra, with excitation at 290 nm, of B.
cereus SMase in the presence and absence of Mg2"1" at 25'C,
pH 6.0, and ionic strength 0.2. The fluorescence maximum
at 340 nm decreased slightly in intensity as Mg2* bound to
the enzyme.

Figure 2 shows the decrease in the fluorescence intensity
at 340 nm, \AF\, and the initial velocity of the hydrolysis of
micellar HNP in the presence of a saturating amount of it,
v, plotted as a function of the logarithm of the molar
concentration of Mg2*, CM. Since the change in the fluores-
cence intensity on the addition of Mg2"1" was very small (see
inset in Fig. 2), the measurement was carefully performed.
In the Mg2+-dependence curve of | AF\, two distinct transi-
tions were observed, suggesting the existence of at least
two binding sites for Mg*+ with high and low affinities. If
each of these binding sites can bind one molecule of Mg2*,
the interaction scheme can be expressed as

EMM(l.l); EM(0,l)

EM(l,0) ~E(0,0) ,

where E and M represent the enzyme and Mg2"1", respective-
ly. EM and EMM represent the enzyme complex with one
and two molecules of Mg2'1', respectively. The first and
second numerals in parentheses indicate the states of the
two distinct binding sites for Mg2"1'; 1 and 0 indicate their
respective bound and unbound states, kfMM and fcfMM are the
microscopic dissociation constants of Mg2"1" from EMM(1,1)
to EM(O,1) and EM(l,0), respectively, and kf? and Af!" are
those from EM(0,l) and EM(l,0) to E(0,0), respectively.

The \AF\ value observed at a given molar concentration

-8

Fig. 2. Fluorescence change at 340 nm, with excitation at 290
nm, of B. cereus SMase, \JF\ (o), on the addition of Mg"+ at 25'C,
pH6.0, and ionic strength 0.2, plotted as a function of the
logarithm of the total concentration of Mg2*, Q,. This figure also
shows the change in the initial velocity of the hydrolysis of HNP, v
(•), catalyzed by SMase in the presence of saturating amounts of the
substrate at 37"C, pH 6.0, and ionic strength 0.2. The inset shows the
fluorescence spectra of SMase, with excitation at 290 nm and
measured at 25"C, pH 6.0, and ionic strength 0.2.1, apoenzyme in the
presence of 0.1 mMEDTA; 2, the Mg*+-complex in the presence of 47
mM Mg1*; 3, iV-acetyl-L-tryptophanamide at the same molar concen-
tration as the tryptophan in the enzyme molecule.
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of Mg2*, CM, can be expressed as

C»3
I i CM i .

(1)

where KEMM and KEM are the macroscopic dissociation
constants of Mg2* from EMM to EM[ = EM(l,0) + EM(0,
1)], and from EM to E, respectively. A and B are the
constants expressed as

A=

and

| I

B =_ \/SFf
EMM . J^EM I

(2)

(3)

where |4FEM<I,O)|, \dFEMm)\, and |Z/FEMH<U>| are the limiting
values of \rfF\ for the microscopic complex forms of EM(1,
0), EM(0,l), and EMM(l,l), respectively. The solid curve
shown in Fig. 2 is the most probable theoretical one, drawn
according to Eq. 1 by use of the parameters, 1/KEMM =
2.1xlO 2 M-\ l/K^M = 5.0xl0 eM-1 , A=7.3xlO'M- 1 ,

Since the dissociation constant of Mg2* for the high-
affinity site was of the order of less than fj. M, its value could
not be estimated accurately. But, the existence of this
high-affinity site was confirmed by the equilibrium dialysis
method. After reaching equilibration in 24 h, the concen-
trations of Mg2* in the solutions in the compartment
containing 22.3 piM enzyme and in that lacking the enzyme
were determined to be 202 and 181 piM, respectively, from
which the concentration of Mg2* bound to the enzyme was
calculated to be 21 /*M, indicating that about one Mg2"1"
molecule is bound to one enzyme molecule at an equilib-
rium concentration of 181 //M Mg2+ (log CM = - 3.74). This
result suggests that one Mg2"1" molecule can occupy this
high-affinity binding site below this Mg2"1" concentration.
The number of Mg2* molecules bound to the low-affinity
site could not be determined by this method, since SMase
can not be dissolved at the concentration of more than 50
fxM required for this purpose.

Effect of Mg2* on the Denaturation of SMase by Urea—
Figure 3A shows the tryptophyl fluorescence spectra of B.
cereus SMase in the presence of 1.0 mM EDTA at several
concentrations of urea at 25*C, pH 6.0, and ionic strength
0.2, after the solutions had been stood for 24 h at room

temperature. The fluorescence intensity decreased and the
fluorescence maxima red-shifted as the concentration of
urea increased. The spectrum in the presence of 7.5 M urea
was similar to that of iV-acetyl-L-tryptophanamide at the
same molar concentration as the tryptophyl residues of the
SMase molecule (B. cereus SMase contains 6 Trp residues),
indicating complete denaturation of this protein.

Figure 3B shows the effect of Mg2* on the urea denatura-
tion of B. cereus SMase studied by using the changes in the
tryptophyl fluorescence intensity. SMase was completely
denaturated with 6 M urea. The denaturation curves of
SMase in the presence of 0.7 and 53 mM Mg2* were shown
to be essentially the same as that in the absence of Mg2*.

Stability of SMase as to pH Change—The far-ultra-
violet CD spectrum of B. cereus SMase, in the presence of
1.0 mM EDTA at pH 6.83, 37"C and ionic strength 0.2, is
shown in the inset in Fig. 4. Figure 4 also shows the pH
dependence of the negative ellipticity at 222 run of this
enzyme.

Above pH 9.0 and below pH 5.0, the negative ellipticity
decreased with time, indicating protein denaturation.

7

PH

10

Fig. 4. pH dependence of the negative ellipticity at 222 nm of
B. cereus SMase in the presence of 1.0 mM EDTA (circles), 1.1
tM Mg2+ (squares), and 22 mM Mg*+ (triangles) at 3TC and ionic
strength 0.2. The filled symbols indicate the data after 30 min. The
inset shows the CD spectrum in the presence of 1.0 mM EDTA at
37"C, pH 6.83, and ionic strength 0.2.

Fig. 3. Effect of Mg*+ on the denaturation of B.
cereus SMase by urea. The solutions were allowed
to stand for 24 h at room temperature. A: Fluores-
cence spectra of SMase, with excitation at 290 nm
and measured at 25'C, pH 6.0, and ionic strength 0.2
in the presence of 1.0 mM EDTA. 1, 0 M urea; 2, 3.5
M urea; 3, 7.5 M urea; 4, iV-acetyl-L-tryptophan-
amide at the same molar concentration as the trypto-
phan in the enzyme molecule. B: Urea denaturation
curves for SMase in the presence of 0 mM (C), 0.7
mM (A), and 53 mM (•) Mg1* at 25'C, pH 6.0, and
ionic strength 0.2. The fluorescence intensity, with
excitation at 290 nm, was measured at 340 nm.
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Denaturation of this protein above pH 9.0 was prevented in
the presence of 22.2 mM Mg2*, but not in the presence of
1.1 // M Mg*+. In the acid pH range, the effect of Mg2"1" on the
structural stability of SMase as to pH change could not be
studied, since the binding constants of Mg2* were too small
below pH 5.0 (described below).

All the experiments below were therefore performed in
the pH range of 5.0 to 9.0, in which this enzyme is
structurally stable.

Effect of Mg*+ on the Enzymatic Hydrolysis of HNP and
SM—Figure 5A shows Lineweaver-Burk plots for the
hydrolysis of micellar HNP by B. cereus SMase at 37°C, pH
6.0, and ionic strength 0.2 in the presence of various
concentrations of Mg*+. Figure 6A shows plots similar to
those in Fig. 5A for mixed micellar SM with Triton X-100
(1:10) used as a substrate at 25'C. The Mg2+ concentrations
used were enough to saturate the high-affinity binding site
for Mg2"1" (see Fig. 2). The apparent maximum velocity,
VmS , and apparent Michaelis constant, K^9, values were
determined from the respective hyperbolic curves of
velocity data by means of nonlinear regression analysis.

For both substrates, V£,pa
p
x increased with an increase in

the concentration of Mg2* whereas K™p remained un-
changed.

A putative interaction scheme can be expressed as

EM

EMS;

EMM

L M M S

EMMS (or EMSM) —

S. Fujii et al.

— » EMM + P,

where E, M, S, and P represent the enzyme, Mg2*, sub-
strate, and product, respectively. EM and EMS represent
the enzyme-Mg2+ complex and enzyme-Mg2+-substrate
complex, respectively, where the high-affinity binding site
for Mg2+ is occupied. EMM and EMMS represent the
respective Mg*+ complexes, where both the high- and
low-affinity binding sites for Mg2"1" are saturated. KtMM and
KEMSM are the dissociation constants of Mg2* as to the
low-affinity site of the enzyme-Mg2+ complex (EMM) and
the enzyme-8ubstrate-Mg2+ complex (EMSM), respective-
ly. KEMS and KEMMS are the dissociation constants of
substrate as to the EMS and EMMS complexes, respective-
ly. Among these dissociation constants, a linked relation-
ship, KEMM-KEMMS = KEMS-KEMSH, exists. The kinetic pa-
rameters, KT/V^x and 1/ VZ"*, which were obtained at
a given molar concentration of Mg2"1", CM, can thus be
expressed with the equations:

p
1
oc
c

- si

"a
hoE
a

1

0.12

0.09

0.06

0.03

7 .//
- 7 ,

/ ~S

-3 - 2 - 1 0 1
IIC, (mM"1)

-1 -0.5 0
1/CM

0.5

Fig. 5. Effect of Mg*+ on the kinetics of the
hydrolysis of micellar HNP, catalyzed by B.
cereus SMase at 3TC, pH 6.0, and ionic strength
0.2. A: Line weaver-Burk plots of the kinetic data in
the presence of 6.67 mM (o), 3.33 mM (•), 1.67 mM
(A), and 1.11 mM (A) Mg3*. B: The reciprocal of the
apparent maximum velocity, 1/V%& (•), and the
apparent parameter, KH"'/V15& (O), were each
plotted as a function of the reciprocal of Mg"+ con-
centration, 1/Qi, according to Eqs. 4 and 5, respec-
tively.

-3 - 2 - 1 0 1

1/C, (mM"1)

-0.8 -0.4 0.0 0.4

l/CM(mM"')

0.8

Fig. 6. Effect of Mg"+ on the kinetics of the hy-
drolysis of mixed micellar SM with Triton X-100
(1:10), catalyzed by B. cereus SMase at 25"C, pH
6.0, and ionic strength 0.2. A: Lineweaver-Burk
plots of the kinetic data in the presence of 6.67 mM
(O), 3.33 mM (•), and 1.67 mM (A). B: The recipro-
cal of the apparent mmimnm velocity, 1/ VKE (•),
and the apparent parameter, K$V/V%£1 (o), were
each plotted as a function of 1/Q, according to Eqs. 4
and 5, respectively.
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_Km-KEMM

'max

and

(4)

(5)

where K^ and Vmtx are the Michaelis constant and maxi-
mum velocity when the enzyme is saturated with Mg2* at
both the high- and low-affinity binding sites. The parame-
ter, Km, may correspond to ifEMMS, which appears in the
interaction scheme, described above. Figures 5B and 6B
show the Km

m/ d and 1/ V X values for the two kinds of
substrates plotted as a function of 1/ Qu according to Eqs. 4
and 5, respectively.

From the plots in Fig. 5B, the values of 1/KEMM and 1/
KEMSM were determined to be 1.9±0.5x 10* M"1 and 2.2±
0.7 X102 M~\ respectively. From the plots in Fig. 6B, as
corresponding values, similar values were obtained: 0.73 +
O.sexKFM"1 and 0.90±0.47xl02M-', respectively,
although a different substrate, SM, was used. All these
values approximately agreed with those determined on
fluorescence measurement (Fig. 2).

pH Dependence of the Binding Constants of Mg2* as to
the Low-Affinity Site—As the concentration of Mg2* in-
creased, the fluorescence intensity of B. cereus SMase
slightly decreased (see inset in Fig. 2). By using this
decrease in the fluorescence intensity at 340 nm, \AF\, the
binding constant of Mg2* as to the low-affinity site, 1/XEMM,
could be determined according to Eq. 1. To obtain this kind
of binding constant efficiently and precisely at various pH
values, the experiments were performed solely in the range
of Mg2* concentrations in which Mg2"1" bound to the low-
affinity site, and the data were analyzed according to the
equation:

(6)

where |ZJFEMM| is the limiting value of \AF\ for the complete
Mg2* complex with both the binding sites being saturated
with Mg2*. CM is the molar concentration of free Mg2*,
which could be replaced by the total molar concentration of
Mg2"1", since the molar concentration of protein was far

lower than the total molar concentration of Mg2*.
Figure 7A shows the data at three pH values, plotted

according to Eq. 6. The l/ifEMM and I/JFEMMI values were
determined from the negative slopes of the straight lines
and from the intercepts on the abscissas, respectively.

Figure 7, B and C, shows double reciprocal plots of the
initial velocity and Mg2* concentration for the hydrolysis of
micellar HNP catalyzed by SMase at 3TC and ionic
strength 0.2. Since the experiment was performed at
substrate concentrations which can practically saturate the
enzyme, the initial velocity could be replaced by VSXi in
Eq. 5. The binding constants of Mg2* as to the low-affinity
binding site of the enzyme-Mg2+-substrate complex, 1/
ifEMSM, and the Vmnx values were determined from the
intercepts on the abscissa and ordinate, respectively.

Figure 8 shows the pH dependence of the logarithm of the
binding constant of Mg2"1" as to the low-affinity binding site
of SMase determined from Fig. 7. This figure also includes

5 6 7 8 9

Fig. 8. pH dependence of the logarithm of the binding constant
of Mg"+ as to the low-affinity site of B. cereus SMase. The l/KEmt

(•) and 1/KEHS'i (o) data were obtained from the Scatchard plots in
Fig. 7A, and the double reciprocal plots in Fig. 7, B and C, respective-
ly. The data indicated by triangles and squares were obtained from
the double reciprocal plots in Figs. 5B and 6B, respectively, and the
filled and open symbols represent 1/KEMM and 1/KEMSM, respectively.
The I/if81"1 (•) value was obtained from the data in Fig. 2.

Fig. 7. Determination of the binding constant of
Mg1+ as to the low-affinity site of B. cereus SMase. A:
Scatchard plots of the changes in the fluorescence inten-
sities at 340 nm, \AF\, with the molar concentration of
Mg1*, Cu, at 25*C and ionic strength 0.2. • , pH 8.31; A ,
pH 7.92; • , pH 7.44. B and C: Double reciprocal plots of
the initial velocity, v, and Mg1* concentration, Cu, for the
hydrolysis of micellar HNP catalyzed by SMase in the
presence of saturating amounts of the substrate at 37*C
and ionic strength 0.2. G, pH 8.0; A, pH 6.0; C, pH 5.0.
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the binding constants determined in the experiments at pH
5.0, 6.0, and 8.0 shown in Figs. 2, 5, and 6. In the pH range
studied, the binding of Mg2* to the low-affinity binding site
was confirmed to be independent of the substrate binding to
the enzyme, since the 1/KEMM and \/KEMSM values were
very similar to each other at individual pH values.

pH Dependence of the Kinetic Parameters for the Hy-
drolysis of Micellar HNP and Mixed MiceUar SM with
Triton X-100—Figure 9 shows the pH dependence of the
logarithm of I/Km for the enzymatic hydrolysis of micellar
HNP, catalyzed by B. cereus SMase at 37*C and ionic
strength 0.2 in the presence of Mg2*, which can practically
saturate both the low- and high-affinity binding sites. This
figure also shows similar data for mixed micellar SM with
Triton X-100 (1:10) at 25'C. The i&i values could be
directly replaced by the K%?p values, which had been
determined from the respective hyperbolic curves of
velocity vs. substrate concentration by nonlinear regression
analysis, since the substrate binding was independent of the
Mg2* binding, as described above (Figs. 5 and 6). The pH
dependence curves for the two substrates showed a single
transition between pH 6 and 7, suggesting the participation
of one ionizable group.

An interaction scheme for analyzing this pH dependence
of substrate binding might be expressed as

EM2

KDt>as

EMjS " EM2SH (or EM2HSX

where EM2 and EM2H represent the microscopic forms of
the deprotonated and protonated enzyme-Mg2+ complexes
having Mg2+-suturated high- and low-affinity binding sites,
respectively. EM2S and EM2SH represent the microscopic
forms of the deprotonated and protonated enzyme-Mg2"1"-
substrate complexes, respectively. KEMlS and KEUtHS are the
dissociation constants of the substrate as to EM2S and its

protonated form (EM2HS), respectively. K™1" and
are the dissociation constants of the protons as to EM2H and
EM2SH, respectively. The logarithm of l/Ka, obtained at
a given pH value may therefore be expressed as

+ 1

+ 1
(7)

where I/km is the limiting value of 1/iCn when the ionizable
group in question is completely deprotonated ( = l/iCEMlS).

The solid and broken curves in Fig. 9 are the most
probable theoretical ones, drawn according to Eq. 7 using
the parameters of pfCEM'SH = 6.05, pKEM'H = 6.81, and 1/
Ain = 1.00xl04M-1 for micellar HNP, and pKeMlSH = 6.06,
pifEM»H = 6 8 1 a n d i/Ain = 9 .7 ix l0 3 M- 1 for mixed micel-
lar SM with Triton X-100, respectively.

Figure 10 shows the pH dependence of the logarithm of
km for the enzymatic hydrolysis of micellar HNP catalyzed
by B. cereus SMase at 37'C and ionic strength 0.2 in the
presence of a practically saturating amount of Mg2"1". This
figure also shows similar data for mixed micellar SM with
Triton X-100 (1:10) at 25"C. The kg? values, which had
been determined from the respective hyperbolic curves of
velocity vs. substrate concentration by nonlinear regression
analysis, were corrected to the values, km, for the complete
Mg2"1" complexes by using the KEMM( = KEMSM) values, which
had been obtained from Fig. 8.

The pH dependence curve of At»t for the micellar HNP
showed three transitions, below pH 6, between pH 6.5 and
7, and above pH 7.5, respectively, suggesting the participa-
tion of three ionizable groups. The first large transition
below pH 6, which was also observed for the other kind of
substrate (mixed micellar SM with Triton X-100), has a
tangent line with a slope of + 1 , and the ionizable group
participating in this transition seems to be crucially impor-
tant for catalysis.

Regarding the ionization states of the three groups in
question, there are eight microscopic forms of the enzyme-
Mg2*-substrate complex: EM2SH3(1,1,1), EM2SH2(l,l,0),

4.0

5 3.0

2.0

1.0

PH

Fig. 9. pH dependence of the logarithm of 1/Km for the hydro-
lysis of micellar HNP (O) and mixed micellar SM with Triton
X-100 (1:10) (•), catalyzed by B. cereus SMase at a Mg*+

concentration enough to saturate both the high- and low affinity
binding sites at ionic strength 0.2. The solid and broken curves for
HNP and SM, respectively, are the theoretical ones constructed
according to Eq. 7 using the parameters given in the text.

pH

Fig. 10. pH dependence of the logarithm of l /*c t for the
hydrolysis of micellar HNP (O) and mixed micellar SM with
Triton X-100 (1:10) (•), catalyzed by B. cereus SMase at a Mg1*
concentration enough to saturate both the high- and low-affinity
binding sites at ionic strength 0.2. The solid and broken curves for
HNP and SM, respectively, are the theoretical ones constructed
according to Eq. 8 mring the parameters given in the text.
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EM2SH2(1,O,1), EM.SH^O.l.l), EM2SH(l,0,0), EM2SH-
(0,1,0), EM2SH(0,0,l), and EM2S(0,0,0), where the first,
second, and third numerals in parentheses represent the
ionization states of the three ionizable groups participating
in the transitions below pH 6, between pH 6.5 and 7, and
above pH 7.5, respectively; 1 and 0 indicate their respec-
tive protonated and deprotonated states. Among these
eight molecular complexes, only four species having the
deprotonated form of the first ionizable group, EM2SH2-
(0,1,1), EM2SH(0,l,0), EM2SH(0,0,l), and EM2S(O,O,O),
were assumed to produce the product, with rate constants
of tau> k»«, taw, and feaM, respectively, since the
protonated state of this group seemed to be inactive as to
catalysis toward both the substrates. Figure 11 shows the
reaction scheme proposed.

The logarithm of tat observed at a given pH value may
therefore be expressed as

log- A-[H*]'+B-[H*]+C
151

".(8)

where K*"*"', K™'5"', and K*"1™' are the macroscopic
dissociation constants of the protons as to the three ioniz-
able groups in question of the enzyme-Mg2+-substrate
complex. A, B, and C are the respective constants express-
ed as

A =

B =

and

tat,i
LEMiSHi. LEMiSH >
«12 'Kl23

E H
13

i

T

C=tat,4>

0)

(10)

(ID
where kff?'SH' is the microscopic dissociation constant of the
protons as to EM2SH2(0,l,l) to EM2SH(0,0,l), and ^ ^
and ^3

l S H are those as to EM2SH(0,l,0) and EM2SH(0,0,l)
to EM2S(0,0,0), respectively.

In the case of micellar HNP used as a substrate, the
transitions above pH 7.5 involving in the third ionizable
group seemed to have a tangent line with a slope of — 1.
Therefore, only two microscopic forms having deprotonat-
ed and protonated forms of the respective first and third
ionizable groups, EM2SH2(0,l,l) andEM2SH(0,0,l), were
assumed to produce the product, and tat.2 and tam in Eqs.
10 and 11 could be neglected. By assuming that the pK
value of the second ionizable group is the same as the pK

M^HjO,!,! E + P

EM,SH,(l,0,l)

EMJSH,(I,1,O:

EM,SH(1,0,0)-

E + P

•EM,S (0,0,0)

Fig. 11. A scheme for the product formation from four of the
eight microscopic forms of the enzyroe-Mgt+-substrate complex,
in which both the low- and high-affinity Mg*+ binding sites are
saturated.

value of the enzyme-Mg^-substrate complex, KEMlSHl =
6.05, which had been determined from the pH dependence
data for 1/K*, parameters pR™'™; pif™15"', A, and B
were determined to be 5.85, 7.60, 4.88xlO16M" l-min"1,
and 4.68 X10* M"'-min"', respectively, according to Eq. 8,
where B was substituted with tau/fcfis*5" and C was
neglected.

In the case of mixed micellar SM with Triton X-100, only
one large transition having a tangent line with a slope of + 1
was observed below pH 6, Le. no clear large transitions
were observed in the alkaline pH region. Nevertheless, we
assumed that the three ionizable groups participate in the
catalytic activity toward mixed micellar SM with Triton
X-100, since the catalytic mechanism should be common
regardless of the substrate used. The data were similarly
analyzed according to Eq. 8, by assuming that the complex
with the deprotonated form of the third group is active in
catalysis to form the product. By including in Eq. 8,
•̂EM.SH.̂ g 06, which had been determined from the pH

dependence of 1 / iC, and KaitSH' = 5.85 and KEM'Sii> = 7.60,
which had been determined from the pH dependence of tat
for the hydrolysis of micellar HNP, parameters A, B, and C
were determined to be 1.30xl016M-2-min-\ 3.33X1010

M"1'inin"1, and 1.64X104 min"1, respectively.
The solid and broken curves in Fig. 10 are the most

probable theoretical ones, and they well fit the pH depen-
dence data for both the substrates.

DISCUSSION

Mg2* Binding of B. cereus SMase—Since the enzyme
activity of B. cereus SMase requires the binding of Mg2* to
the enzyme (1), we determined the binding constant of
Mg2* on the basis of the changes in the tryptophyl fluores-
cence intensity. As can be seen from Fig. 2, this enzyme was
shown to have at least two binding sites for Mg2* with
binding constants of 2.1 X10' and about 5.0 X10' M -1 at pH
6.0. To confirm the existence of such a high-affinity site for
Mg2*, equilibrium dialysis experiments were performed in
the presence of about 0.2 mM Mg2*, and the high-affinity
site was proved to be practically saturated with one
molecule of Mg2*.

In order to clarify the role of the Mg2* binding in the
catalytic action of B. cereus SMase, enzyme activities were
measured in the presence of various concentrations of
Mg2*. As can be seen from Fig. 2, the enzymatic activity of
SMase paralleled the extent of Mg2* binding to the low-
affinity binding site and almost completely disappeared in
the presence of Mg2* below 0.1 mM, suggesting that the
binding of Mg2* to the low-affinity site is essential for the
catalysis. As can be seen from Figs. 5 and 6, the binding of
either substrate (HNP or SM) to B. cereus SMase is
essentially independent of the Mg2* binding to the low-
affinity site of the enzyme. The Mg2* binding to the low-
affinity site is also independent of the substrate binding
(Fig. 8).

The effects of Mg2* on the structural stability of B. cereus
SMase as to urea and alkaline denaturation were studied.
As can be seen from Fig. 3, even in the presence of
saturating amounts of Mg2*, the urea denaturation curves
were unchanged at pH 6.0. On the other hand, the alkaline
denaturation was dependent on the incubation time, and
was prevented by the presence of 22.2 mM Mg2*, with

Vol. 124, No. 6, 1998
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Fig. 12. The proposed catalytic mechanism of B. cereus SMase on the basis of general-base catalysis.

which both the low- and high-affinity binding sites are
saturated with Mg2"1" (Fig. 4). These results suggest that the
Mg*+ binding prevents the alkaline denaturation accom-
panied by the change in the electrostatic interactions, but
not the urea denaturation accompanied by the change in the
hydrophobic interactions.

Catalytic Function of B. cereus SMase—la the present
study, we examined the pH dependence of the logarithms of
I/Km and A t̂ for the hydrolysis of two kinds of substrates,
micellar HNP and mixed micellar SM with Triton X-100,
catalyzed by B. cereus SMase. As can be seen from Fig. 9,
the curves of 1/iCn for the two kinds of substrates were
very similar in shape to each other and showed a single
transition, suggesting the participation of an ionizable
group with a pK value of 6.81. The pK values shifted to
6.05 and 6.06 on the binding of HNP and SM, respectively,
indicating that the deprotonation of this ionizable group
enhances the binding of both types of substrates. This
ionizable group was assigned as Asp 126, since a mutant
SMase (D126G) whose Asp 126 had been converted to a
glycine residue showed no transitions in the pH dependence
curve of 1/K^ (Fujii et aL, to be published).

As can be seen from Fig. 10, the pH dependence curves of
feat for micellar HNP and mixed micellar SM with Triton
X-100 were different in shape from each other. The curve
for HNP showed three distinct transitions, Le. below pH 6,
between pH 6.5 and 7, and above pH 7.5, respectively. The
first and third transitions have tangent lines with slopes
of + 1 and — 1, respectively. On the other hand, the curve
for SM showed one large transition below pH 6 having a
tangent line with a slope of + 1 , and no clear large transi-
tions were observed in the alkaline pH region. This suggest-
ed that the curve for SM could be analyzed by assuming the
participation of only two ionizable groups. Nevertheless,
we analyzed the pH dependence data of k»t for both the
substrates on the same assumption for HNP that the three
ionizable groups participate in the catalytic activity, since
the catalytic mechanism should be common regardless of
the substrate used. The ionizable group participating in the
second transition in the pH dependence curve of kat was
assigned to Asp 126, since the pH dependence curve of km
of D126G SMase showed no corresponding transition (Fujii
et aL, to be published). Therefore, as the pif™15"1 value
required for analysis of this pH dependence curve of km
(Eq. 8 and Fig. 10), the pK value of the enzyme-Mg2*-
substrate complex (pKMlSH) which had been determined
from the pH dependence of I/Km (Eq. 7 and Fig. 9) was
used.

The three-dimensional structures of none of the types of
SMases has been solved yet. Recently, Matsuo et aL (14)
predicted the three-dimensional structure of B. cereus
SMase using a protein fold recognition method based on the
structure of bovine pancreatic DNase I, which has the most

compatible sequence with SMase and catalyzes the hydro-
lysis of phosphoester bonds like SMase. From the results of
their X-ray crystallographic study, Weston et al. (19)
proposed that His 252 of DNase I acts as a general base to
accept a proton from a water molecule, which then, as a
nucleophUe, attacks the phosphoryl group; and His 134
functions as a general acid to protonate the leaving oxygen
of the phosphoester. Sequence comparison revealed that
His 252 and His 134 of bovine DNase I correspond to His
296 and His 151, respectively, in B. cereus SMase, which
are conserved in all bacterial SMases (14). By site-directed
mutagenesis, each of these two His residues of B. cereus
SMase was substituted with Ala, and the hydrolytic activ-
ities of the resultant mutant SMases (H151A and H296A)
toward SM and HNP as substrates were found to be
extremely low in comparison with those of the wild-type
SMase (14). These results suggested that the catalytic
mechanism of B. cereus SMase comprises general-acid-
base catalysis, and that His 296 and His 151 act as a general
base and acid, respectively.

In the present study, the pH dependence curve of the
logarithm of kxi for the hydrolysis of HNP catalyzed by B.
cereus SMase was shown to have tangent lines with slopes
of + 1 and — 1 in the acid and alkaline pH ranges, respec-
tively. This was in good agreement with the idea of
general-acid-base catalysis. On the other hand, the curve
for SM had a tangent line with a slope of + 1 in the acid pH
range and one of nearly 0 in the alkaline pH range, which
does not agree with the idea of general-acid-base catalysis.
Therefore, we proposed a catalytic mechanism for SMase
based on general-base catalysis (Fig. 12).

On the basis of the predicted three-dimensional structure
of this enzyme and on the present kinetic data, the ionizable
group having pKEM*SHl = 5.85 in Fig. 10 and Eq. 8 is assigned
to His 296, which acts as a general-base. The ionizable
group having pif^'311 = 7.60 is not a true catalytic residue,
but a very important residue for the catalytic activity
toward HNP.
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