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To elucidate the roles of conserved Asp residues of Bacillus cereus sphingomyelinase
(SMase) in the kinetic and binding properties of the enzyme toward various substrates and
Mg2+, the kinetic data on mutant SMases (D126G and D156G) were compared with those of
wild type (WT) enzyme. The stereoselectivity of the enzyme in the hydrolysis of monodis-
persed short-chain sphingomyelin (SM) analogs and the binding of Mg2* to the enzyme were
not affected by the replacement of Asp 126 or Aspl56. The pH-dependence curves of kinetic
parameters (1/^m and fecaO for D156G-catalyzed hydrolysis of micellar SM mixed with
Triton X-100 (1:10) and of micellar 2-hexadecanoylamino-4-nitrophenylphosphocholine
(HNP) were similar in shape to those for WT enzyme-catalyzed hydrolysis. On the other
hand, the curves for D126G lacked the transition observed for D156G and WT enzymes.
Comparison of the values and the shape of pH-dependence curves of kinetic parameters
indicated that Aspl26 of WT SMase enhances the enzyme's catalytic activity toward both
substrates and its binding of HNP but not SM. The deprotonation of Asp 126 enhances the
substrate binding and slightly suppresses the catalytic activity toward both substrates.
Aspl56 of WT SMase acts to decrease the binding of both substrates and the catalytic
activity to HNP but not SM. From the present study and the predicted three-dimensional
structure of B. cereus SMase, Asp 126 was thought to be located close to the active site, and
its ionization was shown to affect the catalytic activity and substrate binding.
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Sphingomyelinases (SMases) [EC 3.1.4.12] catalyze the SMases are all conserved in the amino acid sequences of
hydrolysis of sphingomyelin (SM) to yield ceramide and these enzymes (4). This indicates that the catalytic
phosphocholine (1). SMases exist in the cells of eukaryotes mechanism of bacterial SMases is similar to that of
such as mammals, and bacterial culture medium. In eu- mammalian enzymes.
karyotic cells, ceramide formed through the activation of Previously, we studied the binding of Mg2* and the pH-
SMase may function as a second messenger in mediating dependence of kinetic parameters for the hydrolysis of
cell growth, differentiation, stress responses, and apoptosis micellar substrates catalyzed by SMase from Bacillus
(2, 3). cereus (5). The results indicated that this enzyme possesses

Recently, the cloning of mouse and human neutral Mg2"1"- at least two binding sites for Mg2"1", and that the binding of
dependent SMases suggested that the residues important Mg2+ to the low-affinity site was essential for the catalysis
for Mg2"1" binding and catalytic activity in a large family of and was independent of the binding of substrate to the
Mg2+-dependent phosphodiesterases as well as bacterial enzyme. The pH-dependence data of the kinetic parame-

ters showed that one and three ionizable groups participat-ters showed that one and three ionizable groups participat
• A part of this work was supported by a Grant-in-Aid for the e d m t h e 8 u b s t r a t e b i n d i n g ^ catalytic activity, respec-
Encouragement of Young Scientists to S.F. and one for Scientific ,. , .-. ,, , . , , r ,, , ,
Research to K. I. from tte Ministry of Education, Science, Sports and ^ ^ O**? b a s l 3 of these results, we proposed a general-
Culture of Japan. '3a8e catalysis as the catalytic mechanism of B. cereus
1 To whom correspondence should be addressed. Tel/Fax: +81-726- SMase.
90-1075, E-mail: ikedaeoysunOi.oups.ac.jp We performed site-directed mutagenesis in the sequence
Abbreviations: HNP, 2-hexadecanoylamino-4-nitrophenylphospho- of B. cereus SMase (6-8), converting separately four Asp
choline; C.CoDSPC, iV-hexanoyl-Co-dihydrosphingosylphosphocho- md t ^ jfo residues in the conserved regions of bacterial
lme;C.C,0SPC,^.hexanoyl^^hing^lph<^h^oline;ly8o-PC, g M ^ t o G 1 d ^ pectively. The enzymatic
lysophosphatidylchohneip-NPPCp-mtrophenylphoephochohneiSM, ,. ... , , , J , , _.' __ *\T, _., / , „ . „ . '
sphingomyelin; SMase, sphingomyelinuej WT, wild typT activities of the mutants D295G, H151A, and H296A were

drastically reduced, whereas that of D233G was not
© 1999 by The Japanese Biochemical Society. markedly changed. The activities of D126G and D156G
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toward SM were reduced by more than 50%. The activity of
D126G toward HNP was also reduced as compared to that
of the wild type (WT) enzyme, whereas the activity of
D156G toward HNP was greatly enhanced.

In the present study, in order to elucidate the roles of
Aspl26 and Aspl56 in the enzyme function of B. cereus
SMase, a detailed kinetic analysis of D126G and D156G
SMase was carried out in comparison with the WT enzyme.

MATERIALS AND METHODS

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

Stereoisomers of short-chain SM analogs (iV-hexanoyl-
Cio-sphingosylphosphocholine, C9C10SPC; and iV-hexano-
yl-do-dihydrosphingosylphosphocholine, C6C10DSPC)
were synthesized as previously described (9). Concentra-
tions of the analogs were determined by quantitative
analysis of phosphorus according to the method of Fiske and
Sabbarow (10).

SMase from B. cereus was purchased from Higeta
Shouyu. Expression in Bacillus brevis 47 and purification of
mutant SMases, D126G and D156G, were carried out
essentially as previously described (6). SMase was dis-
solved in 8 M urea, then dialyzed against 0.2 M NaCl, and
centrifuged. The resulting supernatant was chromato-
graphed on a Sephadex G-100 column in order to remove a
small amount of aggregated proteins. Final preparations of
the mutant enzymes were also chromatographed on a
Sephadex G-100 column so as to replace the medium with
0.2 M NaCl.

The concentrations of all SMases were determined
8pectrophotometrically based on the molar absorption
coefficient of 5.82xlO4 M^'-cm"1 at 280nm, which was
calculated from the Tyr and Trp contents (11) and their
respective molar absorption coefficients of 1.4XlO3 and
S.SxKPM-'-cm"1 at 280nm (12). The final enzyme
solutions were stored at 4*C.

Measurements of Circular Dichroism (CD) and Fluores-
cence—CD spectra were measured in the far-ultraviolet
region at 37"C and ionic strength 0.2, as previously de-
scribed (5). The protein concentrations were 0.04-0.05
mg/ml. The mean residue ellipticity, [0], was obtained
from the equation: [0] = (100 X 0)/(lxc), where 0, I, and
c are the observed ellipticity in degrees, the path length of
the cell in centimeters, and the residue molar concentration
of protein, respectively. An average residue molecular
weight of 112 was used for calculating the residue molar

TABLE I. pH dependence of the negative ellipticities at 222
nm of WT and mutant SMases. The negative ellipticities, [6], at
222 nm of WT, D126G, and D156G SMases were measured in the
presence of 1 mM EDTA at 3TC and ionic strength 0.2.

SMase

WT*
D126G
D156G

pH5.0
Omin
-8 .4
-8 .2
-8 .2

30min
- 8 . 3
-8 .2
- 8 . 3

[0]xlO-Jat222nm
pH6.0

Omin 30 min
- 8 . 6 -8 .6
-8 .2 -8 .1
- 8 . 3 - 8 . 3

pH8.5
0 min
-8 .4
-7 .9
-8 .2

30 min
- 8 . 5
-7 .7
-7 .9

concentration.
Tryptophyl fluorescence spectra were measured at 25'C

and ionic strength 0.2 as previously described (5). Final
concentration of protein was 1-2 X 10~7 M.

Measurements of SMase Activity—Enzymatic hydroly-
sis of stereoisomers of monodispersed short-chain SM
analogs was measured at 25'C, pH 7.0, and ionic strength
0.2 by the pH-stat assay method. The concentrations of the
substrates and Mg2"1" were 3 and 13 mM, respectively.
Hydrolysis of micellar HNP was measured spectrophoto-
metrically according to the method of Gal et al. (13) at37"C
and ionic strength 0.2, as described previously (5). Hydro-
lysis of micellar SM mixed with Triton X-100 (1:10) was
measured at 25'C and ionic strength 0.2 by the pH-stat
assay method, as described previously (5). At pH values
below 7, the observed titration volumes are apparent, since
the phosphate moiety of the released phosphocholine
molecule does not completely dissociate in this pH range.
The observed titration volumes were therefore corrected
by using the degree of dissociation, a, of phosphocholine at
a given pH value: a = l/(l + l(PK~p>l) where the value of
dissociation constant, pK, is 5.72 (14).

RESULTS

ConformaMonal Stability of Mutant SMases—To test
whether replacement of the amino acid residues resulted in
gross structural changes of proteins, we measured the CD
spectra of WT and mutant SMases at 3TC, pH 6.0, and
ionic strength 0.2. All the enzymes exhibited similar
spectra, indicating a lack of significant change in the
secondary structure of the proteins (data not shown).

Previously, we revealed that WT SMase was structurally
stable in the pH range from 5.0 to 9.0 (5). To examine the
structural stability of mutant SMases, the negative ellip-
ticities at 222 nm of WT and mutant SMases were mea-
sured at 37'C and pH 5.0, 6.0, and 8.5. As shown in Table
I, the negative ellipticities of all the SMases were nearly
identical to one another and no significant changes were
observed within 30 min. Therefore, all the experiments
described below were performed within the pH range from
5.0 to 8.5.

Hydrolysis of Short-Chain SM Analogs by Mutant
SMases—We recently developed an efficient method for
synthesis of short-chain SM analogs that can act as
monodispersed substrates of SMases (9). Table II shows
the hydrolytic activities of WT and mutant SMases toward
several optical isomers of SM analogs (C6CioSPC and

TABLE II. Initial velocities of the hydrolysis of short-chain
SM analogs catalyzed by WT and mutant SMases. The enzyme
activities were measured at 3 mM of substrate in the presence of 13
mM Mg** at 25'C, pH 7.0, and ionic strength 0.2.

Substrate Activity O'mol/min/mg)
WT D126G D156G

•Data cited from Ref. 5.

Monodispersed CCioSPC
D-erylhro form 136.31*15.92 66.95*5.52 226.46*8.16
L-erythro form 19.56:il.47 8.93±1.06 37.28±0.24
L-tfireoform 11.17±1.08 — 5.68*0.70
D-threo form — — —

Monodispersed C.C.oDSPC
p-eryiftroform 109.15*2.04 39.90*2.87 269.26*9.72

Dashed lines: not detectable.
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CaC,oDSPC) in the presence of 13 mM Mg2+ at 25°C, pH
7.0, and ionic strength 0.2.

The initial velocities were measured in triplicate at an
initial substrate concentration of 3 mM. Since the critical
micellar concentration (cmc) of D-erythro CBCi0SPC was
more than 7 mM (data not shown), all of the short-chain SM
analogs used were considered to be dispersed as monomers
in solution under the present experimental conditions.

The WT SMase-catalyzed hydrolysis of D-erythro
CeCioSPC, which is a naturally occurring isomer, was more
rapid than that of other optical isomers of C«C10SPC. The
enzymatic activities toward the h-erythro and L-threo
forms of C6CioSPC were about 10-times lower than that
toward the D-erythro form, and the activity toward the
D- threo form was too low to be detected. On the other hand,
the enzyme activity toward D-erythro C6Ci0DSPC, which is
the dihydro-form of C6Ci0SPC, was comparable to that
toward D-erythro C8C10SPC. This suggests that the double
bond in SM is not essential for the enzymatic catalysis by B.
cereus SMase.

The activity of WT SMase toward D-erythro C.CoSPC
was about two times higher than that of D126G but about
two times lower than that of D156G SMase. Similar
tendencies were observed for two other substrates, L-ery-
thro CCoSPC and D-erythro CaCi0DSPC.

Binding of Mg*+ to Mutant SMases—Since Mg2* is
prerequisite for the enzyme activity of B. cereus SMase,
the binding of Mg2* to the mutant enzymes was studied.
The fluorescence maximum at 340 nm for both of the
mutant SMases slightly decreased in intensity on addition
of Mg2"1". Thus the decrease in the fluorescence intensity at
340 nm, \AF\, and the initial velocity of micellar HNP
hydrolysis at its saturating concentration, v, were plotted

-1

Fig. 1. Fluorescence change and initial velocity of WT and
mutant SMases on addition of Mg1*. The changes in the tryptophyl
fluorescence at 340 nm, excited at 290 nm, \dF\, of D126G (A) and
D156G (Z) SMases on addition of Mg1* at 25"C, pH 6.0, and ionic
strength 0.2, plotted as a function of the logarithm of the total molar
concentration of Mg1*, CV Solid lines 1, 2, and 3 indicate the
theoretical curves for D126G, D156G, and WT SMasea, respectively,
drawn according to Eq. 1 using the parameters indicated in the text.
The initial velocities of the hydrolysis of micellar HNP at its
saturating concentration, v, were determined for D126G (A), D156G
(•), and WT (•) SMases at 3rC, pH 6.0, and ionic strength 0.2. The
initial velocity data for D126G plotted in this figure were magnified
20 times, since they were too small to be plotted exactly as they were.
The data for WT enzyme were taken from Ref. 5.

against logarithmic molar concentration of Mg2"1", log Q,
(Fig. 1). In the Mg2*-dependence curve of \dF\ for each of
the two mutants, two transitions were observed, suggesting
the existence of at least two binding sites for Mg2*, with
high and low affinities, as was previously found for WT
enzyme. Figure 1 also shows that the binding of Mg2* to the
low-affinity site of mutant SMases was essential for the
catalysis, as was the case for WT enzyme (5).

In the foregoing study, we determined the binding
constants of Mg2* to the low- and high-affinity sites of WT
SMase, according to the following equation (5).

(1)

where KEMM and KEM are the macroscopic dissociation
constants of Mg2* from the low- and high-affinity sites,
respectively, and A and B are constants.

The data in Fig. 1 for both of the mutants were analyzed
according to Eq. 1. The solid curves shown in Fig. 1 are the
most probable theoretical ones, drawn by use of the
parameters 1/KEMM = 2.1 X 102 M"1, l/iCEM = 5.0x 10'
M- \ A = 1 .0xl0 6 M-\ and B = 6.8xlO7M~2 for D126G,
and 1/.KEMM = 2.1X1O2M-1, l/XEM = 1.0xl07 M"1, A =
2.2X105 M"\ and.B=1.2x 108 M-2forD156G. Eachsetof
binding constants of Mg2* to the low- and high-affinity sites
of the two mutant SMases was nearly identical to that of
WT enzyme (l/XEMM = 2.1xlO2M-1 and l/XEM = 5.0x
10 'M-) (5).

Effect of Mg2* on the Enzymatic Hydrolysis of SM—
Figure 2 shows the Lineweaver-Burk plots of the hydroly-
sis by D126G and D156G SMases of micellar SM mixed
with Triton X-100 (1:10) at 25'C, pH 6.0, and ionic
strength 0.2 at various concentrations of Mg2* above that
required to saturate the high-affinity binding site for Mg2*.
The values of apparent maximum velocity, Vmax, and
apparent Michaelis constant, K%", were determined from
the respective hyperbolic curves of velocity data by using
non-linear regression analysis.
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Fig. 2. Lineweaver-Burk plots of the kinetic data on the
hydrolysis of micellar SM mixed with Triton X-100 (1:10)
catalyzed by mutant SMases. The initial velocities of the hydrolysis
of micellar SM mixed with Triton X-100 (1:10), catalyzed by D126G
(a) and D156G (b) SMases, were measured in the presence of various
molar concentrations of Mg*+ {Z, 13.3 mM; A, 6.65 mM; ~, 3.33
mM) at 25'C, pH 6.0, and ionic strength 0.2.
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For both of the mutants, V ^ increased with increase in
the Mg1* concentration, whereas K^9 remained un-
changed. Similar results were obtained at pH 5.0 and 8.0
and also when micellar HNP was used as the substrate (data
not shown).

The kinetic parameters Kgp/V%& and 1/VSffi for a
given molar concentration of Mg2*, Qj, are expressed by
the following equations (5):

K%"> _Ka-K™»
V«PP ~ V
' max 'max

and

+ ̂ ~ (2)

(3)

where Km and Vmnx are the Michaelis constant and maxi-
mum velocity when the enzyme is saturated with Mg2* at
both the high- and low-affinity binding sites. KEMM and
KEMS" are the dissociation constants of Mg2* from the low-
affinity site of the enzyme-Mg2* and the enzyme-sub-
8trate-Mg2+ complexes, respectively.

To determine the KEMM and KEM5M values, the values of
#mp7 Vmp«px and 1/VS,P.PX in Fig. 2 for the two mutants were
plotted against I/CM, according to Eqs. 2 and 3, respective-
ly (data not shown). The values of 1/KEMM and l/KEMSM for
D126G were determined to be 9.3 ±0.9 X101 M"1 and 8.0±
1.7X101 M"1, respectively, and those for D156G to be
6.7±0.5xl0 1M" 1 and 7.6±O.6X1O'M-'. All these values
were comparable to each other, being consistent with the
values (1/KEMM) determined by fluorescence measurement
(Fig. 1).

The experiments were repeated at pH 5.0 and 8.0 with
the same substrate and at pH 5.0,6.0, and 8.0 with micellar
HNP as the substrate. At each pH value tested, the binding
constants of Mg2"1" to the low-affinity site were found to be
very similar to each other, irrespective of the type of
enzyme and substrate used and of the presence or absence
of the substrate (data not shown).

pH-Dependence of the Binding Constant of Mg2+ to the
Low-Affinity Site—When micellar HNP was used as the

pH

Fig. 3. pH-dependence of the logarithm of the binding con-
stant of MgI+ to the low-affinity site of WT and mutant SMases.
The binding constants of Mg*+ to the low affinity site of D126G (/L),
D156G ('.), and WT ( ) SMases were measured in the presence of
HNP concentrations high enough to saturate the binding site at 37'C
and ionic strength 0.2. The data for WT enzyme were taken from Ref.
5.

substrate at a concentration high enough to saturate the
enzyme, the initial velocity, v, can be replaced by VS,PO

P
X.

Thus, the binding constants of Mg2* to the low affinity site,
1/KEMSM, could be easily determined according to Eq. 3
from the plots of the initial velocity versus the Mg1*
concentration. We determined the logarithm of Mg2*-bind-
ing constant to the low-affinity site of WT and mutant
SMases at various pH values at 37*C and ionic strength 0.2
(Fig. 3). The binding constants of Mg2"1" to the low-affinity
sites of the three enzymes proved to be nearly identical to
each other at each pH value.

pH-Dependence of the Kinetic Parameters for the
Hydrolysis of Micellar SM Mixed with Triton X-100 and
Micellar HNP—Figure 4a shows the pH-dependence of the
log {I/Km) of WT, D126G, and D156G enzymes for the
hydrolysis of micellar SM mixed with Triton X-100 (1:10)
at 25°C and ionic strength 0.2, at Mg2* concentrations
sufficient to saturate both the low- and high-affinity binding
sites. Figure 4b shows comparable data for the hydrolysis
of micellar HNP at 3TC. The values of K^ could be
replaced directly by the K^p values at appropriate concen-
trations of Mg1*, which were determined using non-linear
regression analysis from the respective hyperbolic curves
of velocity versus substrate concentration, since the bind-
ing of substrate was independent of Mg2* binding to the

PH

Fig. 4. pH-dependence of the logarithm of I/A. of WT and
mutant SMases. The 1/K* values of D126G (triangles) and D156G
(circles) SMases for the hydrolysis of micellar SM mixed with Triton
X-100 (1:10) (a) and micellar HNP (b), were measured in the
presence of Mg*+ concentrations high enough to saturate both the
high- and low-affinity binding sites at ionic strength 0.2. Solid lines 1,
2, and 3 indicate the theoretical curves for D126G, D156G, and WT
SMases, respectively, drawn according to Eq. 4 using the parameters
indicated in the text. The data for WT enzyme were taken from Ref.
5.
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94 S. Fujii et al.

enzyme, as described above (Fig. 2). The pH-dependence
curve of D156G for each of the two substrates showed a
single transition between pH 6 and 7, indicating the partici-
pation of one ionizable group. On the other hand, no
significant transitions were observed in the corresponding
curves for D126G.

When a single ionizable group participates in the sub-
strate binding, the logarithm of I/Km obtained at a given
pH value may be expressed by the following equation, as
previously described (5).

1 ^-EMiSH

log"^r=log~THT -+log- (4)

tir+1

where KEMl" and KEM'sti are the dissociation constants of
protons from the enzyme-Mg2* and enzyme-Mg^-sub-
strate complexes, respectively. The term I/km is the
limiting value of I/Km when the ionizable group in question
is completely deprotonated.

The solid curves for D156G SMase in Fig. 4 are the most
probable theoretical ones, drawn according to Eq. 4 using
the parameters pKEMlSH = 6.36, pKEM'H = 6.81, and 1/Ab. =
1.07 x 104 M"1 for micellar SM mixed with Triton X-100,
and the parameters pKEMlSH = 6.35, piCEM>H = 6.81, and 1/
km = 1.95 xlO'M" 1 for micellar HNP. In the case of
D126G, the values of 1/Kn were independent of pH irre-
spective of the substrate, and the straight lines are drawn
using the I/Km values of 5.75 X103 M"1 and 8.32 X 102 M"1,
for micellar SM mixed with Triton X-100 and micellar
HNP, respectively.

Figure 5a shows the pH-dependence of log km of WT and
mutant SMases for the hydrolysis of micellar SM mixed
with Triton X-100 (1:10) at 25*C and ionic strength 0.2, in
the presence of essentially saturating concentration of
Mg2"1". Similar analysis for micellar HNP hydrolysis at 37*C
is also expressed in Fig. 5b. The fcS£t

p values at appropriate
concentrations of Mg2"1", which were determined from the
respective hyperbolic curves of velocity versus substrate
concentration using non-linear regression analysis, were
replaced by the values of ken, corrected for the complete
Mg2"1" complexes by using the dissociation constants for
Mg2* of KEMm ( = KEMM), which were obtained from Fig. 3
according to Eq. 3.

The pH-dependence curve of fecat for D126G SMase with
each of the substrates showed two transitions, one below
pH 6 and one above pH 7.5, indicating the participation of
two ionizable groups. These two transitions appeared to
have slopes of + 1 and —1, respectively, suggesting that
deprotonation of an acidic ionizable group and protonation
of a basic ionizable group are essential for the catalysis.

Regarding the ionization states of the two ionizable
groups in question, there are four microscopic forms of
enzyme-substrate-Mg2+ complex. Only one of these
species, the complex having deprotonated acidic and proto-
nated basic ionizable groups, was assumed to produce the
product with a rate constant of Atau • The logarithm of km
at a given pH value may be expressed by the following
equation (5).

Fig. 5. pH-dependence of the logarithm of fea>t of WT and
mutant SMase8. The /fc,, values of D126G (triangles) and D156G
(circles) SMases for the hydrolysis of micellar SM mixed with Triton
X-100 (1:10) (a) and micellar HNP (b), were measured in the
presence of Mg3* concentrations high enough to saturate both the
high- and low-affinity binding sites at ionic strength 0.2. Solid lines 1,
2, and 3 indicate the theoretical curves for D126G, D156G, and WT
SMases, respectively, drawn according to Eqs. 5 or 6 using the
parameters indicated in the text. The data for WT enzyme were taken
from Ref. 5.

. VE

(5)

where KBMlSlil' and KmiS!il are the macroscopic dissociation
constants of protons from the two ionizable groups in
question of the enzyme-Mg2+-substrate complex. D is the
constant expressed by

D— "j^n (6)

where Jfcf"'5"1 is the microscopic dissociation constant of the
microscopic form of enzyme-substrate-Mg2* complex
having the deprotonated acidic and protonated basic ioniza-
ble groups into a proton and the microscopic form of the
complex having the deprotonated acidic and basic ionizable
groups (5).

The solid curves for D126G SMase shown in Fig. 5 are the
most probable theoretical ones, drawn according to Eq. 5
using the parameters of pK**'5"^ 5.85, ptfEM'SHl = 7.60,
and D = 3.23x10" M^-min"1 for micellar SM mixed with
Triton X-100, and of pK^'^^dM, pKEMlSH' = 7.60, and
D = 2.54xlO'M-1-min-' for micellar HNP.

As shown in Fig. 5, the pH-dependence curves of k^i for
D156G SMase with the two substrates were similar in
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Roles of Aspl26 and Aspl56 of Bacillus cereus Sphingomyelinase 95

shape to those for WT enzyme. Previously, the pH-depen-
dence of km of WT SMase for the hydrolysis of micellar SM
mixed with Triton X-100 and of micellar HNP was analyzed
on the assumption that three ionizable groups participate in
the catalytic activity and that deprotonation of the most
acidic group is essential for the catalysis, according to the
following equation (5).

[H+]3

'
[H+]2

(7)
where A"™'5"', KeM'SH', and P l S H ' are the macroscopic
dissociation constants of protons from the three ionizable
groups of the enzyme-Mg2+-substrate complex, and A, B,
and C are the constants as previously described (5).

The data for D156G were analyzed in the same way as
those for WT enzyme. As the pK values of the second
ionizable group of the enzyme-Mg2+-substrate complexes,
we used the values of pifEMlSHl = 6.36 for SM and 6.35 for
HNP, which were determined from the pH-dependence
data of I/Am- As the pK values of the first and third
ionizable groups for D156G SMase, we used the values of
PXEM,SH, = 5 8 5 m d P#EM,SH, = 7 - 6 0 ( for both of the sub-
strates. Other parameters thus determined according to
Eq. 7wereA = 6.30xl01 8M-2-min- l ,5 = 1.68xl0 l 2M-'.
min-\ and C = 4.44x 103 min"1 for SM and A = 7.47x 1017

M-'-min"1 and B = 1.25 X10" M"1 .min"1 for HNP. In the
case of HNP, the protonation of the most basic group was
essential for the catalysis, and the constant C in Eq. 7 was
therefore neglected as described previously (5).

The solid curves in Fig. 5 are the most probable theoreti-
cal ones, and they agreed well with the pH-dependence data
for both of the enzymes as well as both of the substrates.

DISCUSSION

Hydrolysis of Short-Chain SM Analogs by Mutant
SMases—Lipid-hydrolyzing enzymes such as phospho-
lipase A2 generally react with micellar or aggregated
substrates at much greater rates than with monodispersed
substrates (16). This is thought to be due to the additional
substrate binding to the interfacial recognition site, which
is distinct from the catalytic site of the enzyme molecule
(17). Therefore, studies of the hydrolysis of monodis-
persed substrates are very useful to elucidate the catalytic
mechanism of these kinds of enzymes, since the participa-
tion of the interfacial recognition site can be excluded.

As can be seen from Table El, the hydrolysis of monodis-
persed D-erythro CjCioSPC by WT enzyme was more
efficient than those of other isomers, and the double bond in
the substrate molecule had no significant effect on the
hydrolysis. Previously, Barnholz et al. (18) studied the
hydrolysis of two isomers of micellar iV-palmitoyl-SPC and
N-palmitoyl-DSPC mixed with Triton X-100, using par-
tially purified SMase from rat brain. Their results suggest-
ed that the hydrolysis of SM in the D-erythro form was five
times faster than that in the L-erythro form and that the
double bond in SM had no significant effect on the hydroly-
sis. These findings are compatible with our present results.
Thus we concluded that the configuration of SM is not
critical in interfacial recognition but very important in

catalytic activity.
As can also be seen from Table II, there were no

differences in stereosensitivity between WT and mutant
SMases. This result suggested that Aspl26 and Aspl56 had
no significant effects on the stereospecificity.

Previously, we compared the hydrolytic activities of
D126G and D156G SMases with that of WT enzyme toward
four kinds of substrates having different hydrophobicities,
SM, HNP, lysophosphatidylcholine (lyso-PC), andp-nitro-
phenylphosphocholine (p-NPPC) (6, 7). D126G exhibited
weaker activity toward all of the substrates than did the
WT enzyme, whereas D156G hydrolyzed the water-soluble
substrates containing a p-nitrophenyl group (HNP and
p-NPPC) more effectively than the WT enzyme. Under the
experimental conditions, HNP and p-NPPC were thought
to exist in micellar and monodispersed states, respectively.
Therefore, the high activity of D156G toward HNP and
p-NPPC seemed to be due to the hydrophylicity or p-nitro-
phenyl group of these substrates. In the present study,
similar high activity of D156G was observed toward
monodispersed short-chain SM analogs (Table II). There-
fore, the high activity exhibited by D156G can be ascribed
to the hydrophylicity of the substrates used, rather than to
the presence of a p-nitrophenyl group or to the micellar or
monodispersed states of the substrates.

Effect of Replacement of Aspl26 or Aspl56 with Gly on
the Mg2+ Binding—Recently, we showed that WT SMase
has at least two binding sites for Mg2"1', and that the binding
to the low-affinity site was essential for the catalysis but
independent of the substrate binding to the enzyme (5). As
shown in Figs. 1 and 2, similar results were obtained for
D126G and D156G SMases. Moreover, the binding con-
stants of Mg24- to the low-affinity sites of WT, D126G, and
D156G SMases were nearly identical to each other at
several pH values (Fig. 3). These results indicate that
Aspl26 and Aspl56 do not participate in the Mg*+ binding
to the enzyme.

Roles of Aspl26 and Aspl56 in the Enzyme Activity
toward Micellar Substrates—Figure 4 shows that the pH-
dependence curves of 1/IQ, for D156G SMase toward the
two substrates, SM and HNP, were of similar shape and
revealed a single transition. Similar results were obtained
for WT enzyme (5). These results indicate that an ionizable
group with a pK value of 6.81 participated in the substrate
binding, and its pK values were lowered upon binding of
HNP and SM, suggesting that deprotonation of this ioniz-
able group enhanced the binding of both substrates. On the
other hand, D126G SMase showed no transitions in the
pH-dependence curve of I/Km for either substrate. On the
basis of this observation, the ionizable group which partici-
pates in the substrate binding to B. cereus SMase was
assigned to Aspl26, although its pK value was anomalously
high, and the ionization of this residue was found to enhance
the substrate binding about fivefold.

High pK values of Asp residues have been reported for
other enzymes. Escherichia coli thioredoxin Asp26, which
is completely buried in a hydrophobic groove, has a pK
value of 7.5 in the oxidized form of protein. Furthermore,
in the presence of anionic Cys32 (the reduced form), the pK
value of Asp26 is 9.2 (29). A pK of 8.5 has also been
reported for Asp99 in 3-oxo-z/5-steroid isomerase, in which
the side chain of this amino acid residue is found in an
extremely hydrophobic environment and there is an elec-
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trostatic effect of negatively charged Asp38 in the proxim-
ity of Asp99 {20). In addition, the Asp residue in a
synthetic protein-based polymer was shown to have a pK
value of 10 in the hydrophobic environment created by five
proximal Phe residues {21). On the basis of these observa-
tions, it is thought that Aspl26 in B. cereus SMase is
located in a hydrophobic environment and/or very close to
negatively charged amino acid residues.

With regard to the 1/iCn values at acidic pH, where the
negative charge at position 126 is abolished by protonation,
these values were unexpectedly increased by the replace-
ment of Aspl26 or Aspl56 with Gly, except in the case of
D126G acting on HNP. This suggests that Aspl56 of WT
SMase acts to decrease the binding of both substrates,
while Aspl26 also acts to decrease the binding of SM but
not of HNP.

In Fig. 5, the pH-dependence curves of k^t for D126G
SMase toward both substrates showed two transitions, one
below pH 6 and one above pH 7.5, having tangent lines with
slopes of + 1 and — 1, respectively. On the other hand, the
curve for D156G SMase toward HNP showed three distinct
transitions: one below pH 6, one between pH 6.5 and 7, and
one above pH 7.5. The first and third transitions had
tangent lines with slopes of -f 1 and — 1, respectively. The
curve for D156G SMase toward SM showed one large
transition below pH 6 having a tangent line with a slope
of + 1 , and no large transitions were clearly observed in the
alkaline pH region. Similar results were obtained with the
WT enzyme.

pH-dependence data on kat were analyzed on the basis of
the following three assumptions, (i) The ionizable groups of
three amino acids fundamentally participate in the cata-
lytic activity of SMase, since it could be postulated that the
basic catalytic mechanism of the enzyme is independent of
the substrate used, (ii) One amino acid among them having
the pK value of 6.0-6.5 is Aspl26, and its pK value was
determined from pH-dependence curves of 1/iCn- There-
fore, the ionizable groups of only two amino acids partici-
pate in the catalytic activity of D126G SMase. (iii) The
respective pK values of the other two amino acids were
practically the same irrespective of the substrate and
enzyme used.

Table HI summarizes the pK values, which agreed well
with the pH-dependence data for I/Km and feat) in accor-
dance with the idea described above.

Matsuo et al. (8) suggested general-acid-base catalysis
as the catalytic mechanism of B. cereus SMase, and that
His296 and Hisl51 work as a general base and acid,
respectively, on the basis of the predicted three-dimension-
al structure and the results of site-directed mutagenesis
studies. In the present study, pH-dependence curves of the
logarithm of km were shown to have a tangent line with the
slope of + 1 in the acidic pH range. The pK value of the
ionizable group participating in this transition was deter-
mined to be 5.85, and this ionizable group was assigned to
His296, which acts as a general base. The transition in the
alkaline pH range, which involved an ionizable group having
pK = 7.6 and had a tangent line with a slope of — 1, was not
observed for the case of SM hydrolysis catalyzed by WT
and D156G SMases. Since this ionizable residue was very
critical in the catalytic activity toward HNP but not toward
SM, it could not be the catalytic residue. However, it is not
clear why this ionizable group became so important in the

TABLE HI. Comparison of the pK values of ionizable groups
participating in the substrate binding and catalytic activity of
WT and mutant SMases. The pK values were determined according
to Eqs. 4-6 using the parameters indicated in the text.

Substrate SMases

SM

HNP

WT*
D126G
D156G
WT*
D126G
D156G

Putative residues

log(l
pX10"*1

6.06
—

6.36
6.05

—
6.35

./JC)
pK0*"
6.81

—
6.81
6.81

—
6.81

Aspl26

pX™-5"'
5.85
5.85
5.85
5.85
5.85
5.85

His296b

logJU

6.06
—

6.36
6.05

—
6.35

Aspl26

pA13""'
7.60
7.60
7.60
7.60
7.60
7.60

?
Dashed lines: not determined. 'Data cited from Ref. 5. "Cited from
Refs. 5 and 8.

catalysis toward SM when Aspl26 was converted to Gly.
As shown in Fig. 5, the kat values of the mutant SMases

were smaller than that of WT at all pH values, except in the
case of D156G hydrolysis of HNP. It was suggested that
Aspl26 of WT SMase acts to enhance the catalytic activity
toward both substrates, and Aspl56 also acts to enhance
the catalytic activity toward SM but not toward HNP. From
the pH-dependence curve of the WT enzyme, the ionization
of Aspl26 was found to slightly decrease the catalytic
activity.

As described above, the values of kinetic parameters of
WT and two mutants (D126G and D156G) were different
from each other, even if the experiments were performed
at acidic pH. This result can not be interpreted in terms of
the ionization of Asp residues, since the negative charge of
at least one of the Asp residues at position 126 and 156
should no longer contribute under that condition. If we had
used other kinds of mutants having these residues sub-
stituted by residues such as Asn or Ala instead of Gly, such
a large discrepancy might not have been observed. Never-
theless, the fact that the values of kinetic parameters were
changed by the replacement of Asp with Gly implies that
these two Asp residues participate in the substrate binding
and catalytic activity of SMase.

The predicted three-dimensional structure of B. cereus
SMase suggests that these two Asp residues are located
close to the active site (8) and to the disulfide bond Cysl23-
Cysl56 (15). As can be seen from Table I, no significant
changes in the negative ellipticity at 222 nm were observed
in the mutant enzymes. In the present study, we showed
that the deprotonation of Aspl26 enhances the substrate
binding and slightly suppresses the catalytic activity, and
consequently Aspl26 was thought to be located close to the
active site. We consider that the changes in the values of
kinetic parameters by the replacement of Asp with Gly
resulted from microscopic conformational changes at the
active site of the enzyme.
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