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Abstract

During the steady state reaction progress in the scooting mode with highly processive turnover, Bacillus cereus sphingomyelinase (SMase)
remains tightly bound to sphingomyelin (SM) vesicles (Yu et al., Biochim. Biophys. Acta 1583, 121—131, 2002). In this paper, we analyze the
kinetics of SMase-catalyzed hydrolysis of SM dispersed in diheptanoylphosphatidyl-choline (DC;PC) micelles. Results show that the resulting
decrease in the turnover processivity induces the stationary phase in the reaction progress. The exchange of the bound enzyme (E*) between
the vesicle during such reaction progress is mediated via the premicellar complexes (E;") of SMase with DC,PC. Biophysical studies indicate
that in E/ monodisperse DC,PC is bound to the interface binding surface (i-face) of SMase that is also involved in its binding to micelles or
vesicles. In the presence of magnesium, required for the catalytic turnover, three different complexes of SMase with monodisperse DC,PC (E/
with i=1, 2, 3) are sequentially formed with Hill coefficients of 3, 4 and 8, respectively. As a result, during the stationary phase reaction
progress, the initial rate is linear for an extended period and all the substrate in the reaction mixture is hydrolyzed at the end of the reaction
progress. At low mole fraction (X) of total added SM, exchange is rapid and the processive turnover is limited by the steps of the interfacial
turnover cycle without becoming microscopically limited by local substrate depletion or enzyme exchange. At high X, less DC,PC will be
monodisperse, E does not form and the turnover becomes limited by slow enzyme exchange. Transferred NOESY enhancement results show
that monomeric DC,PC in solution is in a rapid exchange with that bound to E; at a rate comparable to that in micelles. Significance of the
exchange and equilibrium properties of the E;* complexes for the interpretation of the stationary phase reaction progress is discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

SMase' (sphingomyelinase from Bacillus cereus) binds
with high affinity to sphingomyelin (SM) vesicles, and the
enzyme remains tightly bound to the vesicle interface
during the highly processive interfacial catalytic turnover
in the scooting mode [1]. Thus, during the steady-state in

Abbreviations: DC,PC, Diheptanoylphosphatidylcholine; HDNS,
N-dansyl-hexadecyl-1-phosphoethanolamine; i-face, the interface binding
surface of an interfacial enzyme; ITC, isothermal calorimetry; RET,
fluorescence resonance energy transfer; SM, sphingomyelin, SMase,
sphingomyelinase from Bacillus cereus; TMA-DPH, trimethylammo-
nium-diphenylhexatriene
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the scooting mode, the bound enzyme does not leave the
interface. While the phosphocholine leaves the interface,
the ceramide product remains in the target vesicle. At the
end of the reaction progress, only the substrate on the
external surface of the SMase-containing SM vesicles is
hydrolyzed. Substrate present in the inner layer of the
enzyme-containing vesicles, as well as in the excess
vesicles to which the enzyme is not initially bound, is
not hydrolyzed. In analogy with the behavior of secreted
phospholipase A, such features of the reaction progress in
the highly processive scooting mode show that the
interface binding step is distinct from the -catalytic
turnover events [2—5], and that the catalytic site is
different than the i-face (the interface binding surface) of
the enzyme [6].
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Operationally, the i-face of an interfacial enzyme is
designed to bind organized interfaces of amphiphiles.
Therefore, it is not surprising that the i-face should also
have a tendency to bind and organize monodisperse
amphiphiles to form premicellar complexes as shown for
phosphatidylinositol specific phospholipase C [7] and
phospholipase A, [8,9]. Fig. 1 is a paradigm for this
concept of premicellar Ef complex formation of interfacial
enzymes with monodisperse amphiphiles (A), and also for
understanding the relationship between the E; complexes
and the E* form at the preformed amphiphile interfaces (A*)
such as micelles and bilayer vesicles. When A is SM, the
concentration of monodisperse A will be very low not
exceeding CMC (<107'2 M). Under these conditions, both
A and E will be more likely to go to the interface rather than
forming EJ; thus only E and E* will coexist in this case.
However, if one component of a (mixed-)micellar dispersion
is in significant monodisperse concentration, then E, Ef and
E* can all coexist. On the other hand only E and E can
coexist below the CMC with only the A form present.

In this paper, we analyze functional consequences of the
coexistence of E, Ef and E* (Fig. 1) forms of SMase in the
presence of DC,PC. Not only is DC,PC bound to E! in
rapid exchange with the monodisperse amphiphile in the
aqueous phase, but the Ef complex mediates a rapid
exchange of SMase between the coexisting SM-containing
interfaces which gives rise to the stationary phase in the
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Fig. 1. A cartoon to conceptualize the cooperative binding of N
monodisperse A (DC,PC) or of aggregated A* amphiphiles to the i-face
of SMase in the aqueous phase (E) to form E/ or E* complexes without the
occupancy of the active site. Based on the evidence in this paper, i=1, 2, 3
for the three sequentially formed premicellar E]' complexes of SMase as
shown by the fluorescence changes from the protein. On the other hand, as
also shown in this paper, the amphiphile exchange rate monitored as
NOESY signal is related to the association and dissociation of individual
amphiphiles, i.e., Ef+A~E/} (i=1, 2, 3). In analogy to the micellization
[4], this is one of the steps in the sequential equilibria as expanded in the
lower part of the figure. Similar exchangeable discrete premicellar E;' that
may represent the sub-states between E and E* are also formed with other
interfacial enzymes [7—9] suggest that only certain discrete complexes.

reaction progress. Although the interfacial binding of the
enzyme remains strong, the presence of monodisperse
amphiphile and the concomitant formation of Ef complex
allow rapid exchange of enzyme between micelles. As
modeled in Appendix, the kinetic consequence is that the
magnesium-dependent catalytic turnover by SMase occurs
over an extended period of time without local depletion of
the substrate on the enzyme-containing interface. Results are
quantitatively interpreted with the assumption of ideal
mixing of SM with the partitioned DC,PC. Our analysis
shows that not only do the Ef complexes mediate rapid
exchange of the enzyme between the coexisting substrate-
containing interface, but at >0.8 mole fraction DC,PC is
also an ideal surface diluent for the SM interface. Our
results show that the cooperative binding of monodisperse
DC-,PC molecules to the i-face of the enzyme sequentially
forms the three premicellar complexes (Ef). Since magne-
sium is required for the observed SMase-catalyzed hydrol-
ysis [1,10,11], these results suggest an obligatory role for
the cation in the binding of the enzyme to the interface. The
dissociation constants for the bound DC,PC and the
transferred NOESY results provide insights into the rapid
exchange of A from Ef and micelles, presumably as multi-
step fusion—fission kinetic process facilitated by step-wise
removal of single amphiphile molecules.

2. Material and methods
2.1. Reagents

DC,PC was from Avanti. All other reagents were
analytical grade. A preparation of SMase, expressed from
the cloned SMase gene from Bacillus cereus, was purchased
from Higata Shoyu Co. (Japan). It was further purified as
described earlier [1], where we used the OD»g, of 23 for 1%
SMase solution. Based on the W, Y and F content OD»gy is
16, and therefore based on this value, the turnover rates in
this report are apparently 30% lower.

Unless mentioned otherwise, all measurements were
carried out in 20 mM Tris buffer and 10 mM NaCl at pH 8
and 24 °C with indicated amount of added divalent cation.
Stock solution of Tris and NaCl were filtered through a bed
of Chelex to remove multivalent cations. The concentration
of magnesium if present was kept at 3 mM that is at least
10 times above the apparent K4 for magnesium for catalysis
as well as for the binding of the DC,PC monomers. It is
also sufficient to compete out trace amount of potent
inhibitory cations in buffer. Control buffers in the absence
of the divalent cation included 1| mM EDTA and 1 mM
EGTA.

2.2. Kinetic measurements

Reaction progress for the hydrolysis of sonicated or
extruded SM vesicles was monitored by pH-stat titration as
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described before [1]. Reaction progress in 4 ml reaction
mixture was continuously monitored at pH 8.0 and 24 °C in
the nitrogen-purged environment by pH-stat titration with 1
mM amonipropanediol base calibrated with standard acetic
acid. Other conditions are given in the legend to Figs. 2 and
4. Typically, the reaction was initiated by adding 0.5 to 10 pl
volume of SMase to an otherwise complete assay mixture.
Focus of this paper is on the stationary phase reaction
progress observed in the presence of added DC,PC.

2.3. Emission from intrinsic TRP fluorescence and the
resonance energy transfer

These measurements were carried out on SLM-Aminco
AB2 instrument set in the ratio mode at 4 nm slit widths for
the emission and excitation wavelengths. In all measure-
ments excitation was at 280 nm. Unless mentioned
otherwise, the aqueous buffer contained 10 mM Tris and
20 mM NaCl at pH 8.0 in stirred cuvettes at 24 °C. Same
conditions with excitation and emission at 360 nm were
used for monitoring the decrease in the scattering of SM
vesicles with added DC,PC. For the energy transfer
measurements, a constant ratio (given in the figure legends
along with the emission wavelength) of the SMase donor
and the probe acceptor was titrated with DC,PC.

2.4. Isothermal calorimetric titration

ITC measurements were carried out on the Microcal
calorimeter (model VP-itc) with cell volume of 1.42 ml with
mechanical stirring at 300 rpm [7,8]. Standard software was
used for the peak integration in relation to the internal
calibration. The heat change associated with the dilution of
monodisperse DC,PC per injection in the absence of the
enzyme was negligible. The net heat change per injection of
DC,PC in the presence of 5 UM SMase was integrated to
obtain the total heat change as a function of the total added
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Fig. 2. Reaction progress curve for the SMase (9.6 pmol/4 ml reaction
mixture at pH 8.0) catalyzed hydrolysis of the sonicated vesicles of
sphingomyelin (0.2 mM; 800 nmol) (a) alone, or in the presence of (b)
1.3 mM and (c) 3.1 mM DC,PC at pH 8.0 in 10 mM NaCl and 3 mM
MgCl,. Calibration 1 ml base added=1.6 pmol substrate hydrolyzed. Other
conditions as described before [1].

DC,PC concentration in the cell. Although the formation of
E{ complex was satisfactorily monitored by this method,
titration at >0.4 mM DC,PC gave anomalous heat change
that could not be satisfactorily resolved.

2.5. Anomalous retention of E} on size-exclusion
chromatography

The conditions and precautions necessary for the size-
exclusion chromatography of the lipid—protein complexes
of interfacial enzymes are described before [7—9]. Most of
the size exclusion results in this paper were obtained on
TSK-250 (250 x 7.5 mm) column from Bio-Rad, and some
comparisons were also made with the Protein Pack 300
column (Waters). Elution was monitored on Rainin HPLC
system equipped with sequential UV absorbance (at 280 nm)
and fluorescence (excitation at 280 nm, emission at 340 nm)
detectors with 15 pl flow cells. A comparison of the two
outputs is useful to identify potential artifacts, such as the
scattering contribution that interferes with estimation of the
protein amounts from the peak area. The elution volume, v,
for 34.5 kDa SMase was significantly larger than that
expected from the calibration standards. Such secondary or
anomalous retention, attributed to interaction with the
column matrix [7,9,12], introduces considerable uncertainty
in the size estimate.

2.6. NMR spectroscopy

Details of the transferred NOESY measurements are
provided in the Supporting Information. For all NMR
experiments, free DC,PC and DC;PC+SMase samples
were prepared in “H,O with 3 mM added magnesium.
The cation-free control measurements were made with 5
mM added 2H labeled Dc-EDTA. Two-dimensional COSY,
NOESY, ROESY and '>C-'H HSQC (natural abundance)
spectra of 1 mM and 0.5 mM DC,PC solutions were
obtained on a Bruker DRX-400 spectrometer operating at
400.13 MHz for protons, and 100.62 MHz for '*C NOESY
spectra were recorded with a mixing time of 350 ms.
Transferred NOESY data for | mM DC,PC and 0.05 mM
SMase complex in the absence and presence of 5 mM D4-
EDTA were recorded for mixing times: 10 ms, 20 ms, 50
ms, 80 ms, 100 ms, 120 ms, 150 ms, 200 ms, 250 ms, 300
ms and 350 ms. NOESY spectra with several mixing times
(50 ms, 80 ms, 100 ms, 150 ms, 200 ms, 250 ms, 300 ms,
350 ms) were also recorded for DC,PC or DCgPC alone at
600 MHz on a Bruker Avance instrument. ROESY spectra
were recorded for a mixing time of 60 ms with a spin-lock
field of 4 kHz. TPPI scheme [13] was used for frequency
discrimination in the indirect dimension in NOESY and
ROESY spectra. NOESY and ROESY spectra were
recorded as 300 x 2048 ((real) x (complex)) matrices with
spectral widths of 2394.6 x 2394.6 Hz; COSY and HSQC
spectra were acquired as 400 x 2048 ((real) x (complex))
matrices with spectral widths of (2394.6 x 2394.6) and
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(10060.4 x 2394.6) Hz, respectively. COSY spectrum was
recorded in a magnitude mode; TPPI scheme were used for
frequency discrimination in the indirect dimension in the
HSQC spectrum. Four transients were added in each t
increment; the recycle delays were 1.5 s. The data sets were
processed using NMRPipe [14]. Resonance assignments
and cross peak volume analysis was performed in Sparky
[15]. Shifted sine bells were applied in both dimensions,
and baseline correction was used in the directly detected
dimension. For buildup rates, cross peak volumes were
normalized to half of the sum of the corresponding
diagonal peaks.

2.7. Simulations of transferred NOESY buildup curves

Simulations of the transferred NOESY buildup curves
were performed as described previously [16] using a
program written in Mathematica 5.0 (Wolfram Corp.) for
each pair of protons in DC,PC assuming a single-step
binding kinetics and using a 2-spin 4 x4 relaxation-
exchange matrix W. As detailed in the Supporting Informa-
tion, the exchange rates for DC,PC bound to SMase or
micelles complex were computed using the transferred
NOESY buildup rates for the calibration pair of protons
H;—H, and assuming the minimal one-step binding model.
The relaxation rates for the DC,PC bound to SMase were
estimated assuming rotational correlation time of 16 ns
(corresponding to the MW of SMase of 34.5 kDa).

3. Results

A major challenge for interfacial enzyme kinetic analysis
is to be able to change the “interfacial concentration” (mole
fraction) of the substrate and other active-site-directed
ligands in the interface to which the enzyme is bound and
remains bound during the steps of the turnover cycle [3,4].
In particular, for the interpretation of reaction progress in
terms of a defined kinetic model by ensemble averaging, it
is necessary to keep track of such changes during the
reaction progress [4,17]. Also, surface dilution of the active-
site-directed substrate and inhibitors in the interface requires
a diluent amphiphile (A) that binds to the i-face of the
enzyme but has no affinity for its active site [18]. If the
codispersion of A with the substrate consists of small
particles such as the mixed-micelles, the substrate replenish-
ment rate on the enzyme-containing interface becomes rate-
limiting rather than the interfacial turnover rate [4,19]. In
Appendix, we use the detailed-balance condition for the
coexistence of E, Ef and E* complexes (Fig. 1) of SMase
with DC,PC and sphingomyelin to characterize the kinetic
and biophysical consequences. Results show that under
certain conditions, the interfacial turnover cycle remains rate
limiting as the premicellar complex Ef of SMase with the
surface diluent DC,PC rapidly exchanges between the
substrate codispersions.

3.1. Stationary phase in the reaction progress in the
presence of C,PC as a surface diluent for SMase

As shown in Fig. 2, the reaction progress in the highly
processive scooting mode for the hydrolysis of sonicated
SM vesicles in the absence of an additive reaches a
maximum extent of hydrolysis even though more than
90% of the substrate remains unhydrolyzed. This is because
the bound enzyme does not leave the vesicle to which it is
initially bound and the substrate in excess vesicles without
bound enzyme remains unhydrolyzed at the end of the
reaction progress [1]. On the other hand, as also shown in
Fig. 2, the reaction progress with a linear stationary phase
continues in the presence of added DC,PC both below and
above the CMC. Virtually, the same results were obtained
with DC,PC added to large unilamellar vesicles (not
shown).

Results in Fig. 3 show that the 90° scattered light
intensity of SM vesicles decreases with added micellar
DC-,PC, presumably because the SM vesicles are disrupted
to form mixed-micelles. Note that the normalized scattering
from the codispersions at excess DC,PC is virtually the
same at 0.4 and 4 mM SM. However, the decrease in the
scattering depends on the ratio of the two amphiphiles. Such
a behavior cannot be adequately analyzed; however, the
trend suggests nonideal mixing at >0.2 mole fraction SM
based on the total concentrations present in the mixture.
Based on this and additional evidence developed below and
analyzed in terms of the model in Appendix, the DC,PC-
induced changes in the reaction progress are due to the
exchange of SMase mediated by E; complex (Fig. 1)
between the SM-containing interfaces where the substrate is
surface diluted by the partitioned DC,PC. Two additional
considerations are noteworthy.

(a) Formation of the premicellar complexes of SMase
with SM or ceramide product is unlikely because the
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Fig. 3. Effect of added [DC,PC] on the change in the normalized scattered
light intensity (360 nm) of (square) 0.4 mM or (circle) 4 mM
sphingomyelin vesicles (on the log—log scale) at pH 8.0 in 10 mM NaCl
and 3 mM MgCl,. The apparent shift in the CMC (marked with the arrows)
is due to the depletion of DC,PC by partitioning into 4 mM SM. The
titration curve at 4 mM SM also shows extended region of nonideal mixing.
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expected CMC of SM and ceramide is <10~'* M.
Also even if such complexes could be present at
subpicomolar concentrations, their contribution for
the stationary phase reaction progress is unlikely to be
noticeable because their exchange rate will also be
exceedingly small. Moreover, tight binding of SMase
and SM effectively precludes appearance of any
premicellar complex under these conditions.

(b) As shown later, the exchange of DC,PC between the
EY complexes and micelles via the monodisperse
DC,PC in the aqueous phase is rapid. Exchange rate
for SM in vesicles through the aqueous phase between
the codispersions is expected to be exceedingly small
because the CMC is in the subpicomolar range. The
SM replenishment by fusion and fission of the
codispersions is also unlikely because the observed
rate changes little with mixed-micelle concentrations
at constant SM/DC,PC ratio (results not shown). The
reaction progress in the enzyme-exchange mode [4,20]
is fundamentally different from that of the quasi-
scooting mode where a rapid substrate replenishment
occurs either from the excess micelles via the mono-
disperse substrate in the aqueous phase [4,21] or
through direct vesicle-to-vesicle exchange of the
substrate [22,23]. In both of these cases, the turnover
remains highly processive.

Results in Fig. 4 show the dependence of the observed
initial rate of the SMase-catalyzed reaction on the mole
fraction of SM. Biphasic behavior is seen with varying SM
concentration at constant 6 mM or 3 mM DC,PC. The fits
shown in Fig. 4 are based on the model developed in
Appendix where it is assumed that SM is ideally mixed with
DC,PC as the surface diluent. They are also based on the
equilibrium properties of the E! complexes elucidated
below. The fit is satisfactory below 0.25 mole fraction of
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Fig. 4. The initial rate of the SMase-catalyzed hydrolysis of sphingomyelin
codispersed in DC,PC at pH 8.0 in 10 mM NaCl and 3 mM MgCl, as
dependent on the mole fraction X of added SM. Results (circles) with 6 mM
DC,PC and (diamonds) with 3 mM DC,PC and varying concentration of
SM. The solid curve is the best fit from Eq. (A7) to the circles with Ar=6
mM, giving the parameter set: ke, *=355 s, Kn*=0.12 mole fraction,
Kh =1.5mM, K4=8.9 x 10~"" mM, and keyen=12*KS™. The dashed curve
is expected enzyme rate from Eq. (A7) using the same parameter set and
Ar=3 mM.

SM. The best fit parameters for the results with 6 mM DC,PC
can be used to predict the behavior also for 3 mM DC,PC, at
least in the major trends. The discrepancy in Fig. 4 could be
explained by a very small shift in partitioning behavior; e.g.,
a decrease in Kz by ca. 3% would be sufficient to bring the
predicted curve in accord with the experimental data. With
KA =1.5 mM (=CMC), the calculated interfacial turnover
parameters are kg, * =350 s~ and Ky*=0.12 mole fraction.
These values are in accord with k., *=300 s~ ' and
Ky*=0.25 mole fraction obtained by the dilution of SM
from 1 to 0.7 mole fraction in bilayer of covesicles with 1-
palmitoyl-2-oleoyl-phosphatidylcholine [1]. In these assays,
the cation specificity for the turnover, as well as for the
inhibition of the magnesium catalyzed reaction by the
cations such as zinc and terbium, are in accord with those
reported with other assays [10]. In these assays, inhibition
was not observed with sphingocholine, alkylphosphocho-
line, or the noncompetitive inhibitor GW4869 [24]. This
would be expected if these additives are not interfacial
competitive inhibitors of SMase.

Biophysical properties, including the equilibrium and
exchange, of the Ef complexes of SMase are characterized
below. Based on these results for the model in Appendix,
we assume that the enzyme exchange between the substrate
comicelles is mediated by the premicellar complex E} of
SMase with DC,PC. This is a key assumption to account
for the biphasic behavior in Fig. 4, that is the observed rate
depends not only on the mole fraction of SM in the
interface (Xs*) and the amount of the bound enzyme but
also on the rate of exchange of the bound enzyme mediated
by E! in the aqueous phase. The exchange parameters
required for the fit shown in Fig. 4 are related to the
exchange rate of SMase between SM+DC,PC codisper-
sions. Based on the nonideality apparent in Fig. 3 at
Xs*>0.2 we assume that SM is ideally mixed with DC,PC
only at the lower mole fractions based on the total added
concentrations. The micelle size assumed to be 200 is
consistent with the interfacial turnover rate and the enzyme
exchange rate.

Overall, the exchange rate for the fit in Fig. 4 is
consistent with K4 for the dissociation of E* to the E form
as influenced by the formation of the E complexes. The
rising parts of the curves in Fig. 4 are due to the increased
availability of substrate in the interface. However, when the
mole fraction of added SM is increased even further, most of
it will form new interface that will draw more monodisperse
DC,PC out of solution thereby decreasing the formation of
Ef complexes (cf. Fig. Al in Appendix). Thus, the falling
parts are due to the slowdown in enzyme exchange rate
when the concentration of free DC,PC decreases. Even
though the concentration of monodisperse DC,PC is
expected to be reduced only marginally, from 1.5 to ca. 1
mM at high Xs*=0.3 (with ideal partitioning), the exchange
rate is very sensitive to this small change due to the high
cooperativity of the Ej-complex formation. As a conse-
quence, the predicted enzyme rate in Fig. 4 is also extremely
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sensitive to the partitioning behavior, to the micelle size, and
to the value of KA.

3.2. Sequential formation of the premicellar E! complexes
of SMase

As shown in Fig. 5A, below the CMC=1.5 mM, the
monodisperse-DC,PC-dependent increase in the Trp fluo-
rescence emission intensity of SMase depends on the
presence of magnesium. In EDTA, virtually all the increase
is seen above 1.1 mM DC,PC and it saturates above the
CMC, and in the presence of magnesium virtually all the
Trp-fluorescence increase occurs below the CMC. Our
interpretation is that several DC,PC monomers coopera-
tively bind to SMase in the presence of magnesium. The fit
shown in Fig. 5A is based on the following model [7,8]. The
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Fig. 5. (A) The effect of 3 mM magnesium (squares) or | mM EDTA+1
mM EGTA (triangles) on the Trp emission signal (excitation 280 nm,
emission 340 nm) from 1 pM SMase in the presence of added DC7PC
(CMC=1.5 mM). The increase in the emission intensity is also
accompanied by a blue-shift. The smooth curves for the data points up to
1.35 mM were obtained with Eq. (2). The fit parameters in the presence of
magnesium are K,=0.33 mM and K5=0.82 mM, with a; 0.14 and 0.66, and
n;=3.6 and 8.4. The parameter values for the first step were obtained from
the itc measurements (Fig. 7). (B) Effect of the chain length on KPP, the
apparent dissociation constant of Ef complex of SMase with diacylglycer-
ophosphocholine, obtained from (squares) the Trp change or (crosses) the
heat change (Table 1). The experimental point at the y-intercept is for the
titration with glycerol-sn-3-phosphocholine (n=0). Dotted lines show the
95% confidence interval for the linear fit with slope —0.26 and y-intercept
—2.85.

binding of monodisperse DC,PC to SMase can take place in
at least three different ways. Based on the discernible steps
in the presence of magnesium, we further assume that the
complexes are formed sequentially as:

E n, Ky ET 2, Ky E¢2¢ n3,K3 Eg# ( 1 )

Each binding step is described by Hill parameter n; and
dissociation constant K; (i=1, 2, 3). Assuming that the
signal from the complex E} is a;, from EJ is a,, and from
E{ is a5, the total signal can be expressed as:

S(ET,Af)

(4r/K1)" {ar + (4¢/K2)" [az + a5(4¢/K5)" ]}
T (A /K1) {a) + (Ae/K2)"™[1 + (45/K3)™]}

(2)
where E is the total concentration of enzyme and Ay is the
concentration of monodisperse DC,PC. If the three binding
steps are well separated, the nine parameters ny, n,, ns, K,
K>, K3, ay, a, and as can be estimated. If only two binding
steps contribute, the result is given by Eq. (2) where all
terms (A4¢/K3) for the third step are set to zero. When the
amphiphile concentration is in large excess over enzyme
and therefore the DC,PC depletion is not significant [8], A
in Eq. (2) can be replaced by the total concentration At of
DC,PC.

The fits shown in Fig. 5A are satisfactory for the
cooperative three-step binding of monodisperse DC,PC to
form three premicellar complexes in the presence of
magnesium. The Trp signal for the first step is only about
3%. Therefore, reliable parameters for the magnesium-
dependent formation of E] were obtained also from the
isothermal calorimetry results described below. The para-
meters for the second and third steps of the change in the
Trp signal (Fig. 5A) clearly show that the magnesium-
dependent formation of EJ and E§ are cooperative
processes. Assuming that there is an all-or-nothing
amphiphile binding, the Hill coefficients n; describe the
apparent number of cooperative sites involved in the
formation of the E! complexes. Hill coefficient values
n1=3, n,=3.6 and n;=8.4 suggest that these complexes
contain at least as many DC,PC molecules (=15) per
SMase. The actual number of bound DC,PC per SMase
would be higher if the amphiphiles were to bind with less
than total cooperativity.

Formation of E{ with DC;PC is accompanied by a 3%
fluorescence decrease (Fig. 5A). Small fluorescence
changes were also observed with monodisperse DC4PC,
DC;sPC, DC4PC and glycerol-3-phosphocholine. K {*? values
calculated from these changes are plotted in Fig. 5B as a
function of the acyl chain length. As shown in this figure,
comparable KPP values were also obtained with isothermal
calorimetric titration where Hill coefficients for the Ef
complex with DC¢PC and DC,PC were resolved (see below).
The incremental SAGcy:™ of —0.35 kcal per methylene
suggests that the hydrophobic contribution to the formation
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of E{ is modest. On the other hand, the y-intercept is virtually
the same with log K{""=-2.85 for glycerol-sn3-phospho-
choline with no acyl chain, i.e., the free energy contribution
for the interaction of glycerophosphocholine head group in
the E{ complex is significant. The fit parameters for the
formation of the E5 and Ef complexes with the shorter chain
derivatives of phosphatidylcholines could not be adequately
resolved because the stepwise fluorescence intensity changes
were not adequately discernible.

The structure of SMase has not been determined. Its six
Trp residues preclude structural assignments for the
fluorescence changes. Also, we do not know if the step-
wise changes in Fig. 5A are from the same or different Trp
residues. Since DC,PC does not bind to the active site, the
Trp signal is not attributed to the occupancy of the active
site. Although the quenching results (not shown) for the E/
complexes could not be adequately resolved, they provide
evidence for the clustering of DC,PC on the surface of
SMase. Qualitatively, quenching of SMase by iodide,
succinimide or acrylamide depends on the presence of
magnesium as well as DC,PC. Quenching of E and E} is
comparable, while less quenching is observed for the E5 and
Ef complexes. This is expected if the quencher accessibility
in the higher complexes decreases as the Trp residues are
shielded due to the clustering of the bound amphiphiles as
conceptualized in Fig. 1.

3.3. Isothermal calorimetric titration of SMase with DC,PC

Suggestive evidence for the formation of E{ is provided
by the results in Fig. SA. As shown in Fig. 6, titration of 6
uM SMase with monodisperse DC,PC in the presence of
magnesium induces an exothermic enthalpy change. The
heat change is not observed in the absence of magnesium.
The heat of dilution of the titrant in the absence of SMase
was negligible in either of these buffers. Assuming
depletion of three DC,PC bound to each SMase molecule,
the fit for the heat change in the presence of magnesium was

Enthalpy (arb.)

1 |
0.00 0.01 0.02 0.038 0.04 0.05 0.06
[DC,PC] mM

Fig. 6. Isothermal calorimetric titration of 6 pM SMase with 0.33 mM
DC,PC. Both solutions were prepared in 10 mM Tris at pH 8 and (filled
square) 3 mM MgCl,. Buffer for the magnesium-free run (unfilled square)
contained | mM EGTA+1 mM EDTA. The cell volume was 1.42 ml. The
fit parameters for the itc titrations with DC,PC are summarized in Table 1.

obtained for a cooperative equilibrium binding of three
monodisperse DC,PC with K;=0.02 mM. The isothermal
calorimetric fit parameters for the homologous DC,PC
(Table 1) show that the first step for the binding of DC,PC
in the presence of magnesium is exothermic. The value of
the Hill coefficient n; for the hexanoyl and heptanoyl
homologs is about 2. As compared in Fig. 5B, the
calorimetric K, values are consistent with the KPP values
obtained from the Trp-fluorescence change. As summarized
in table, the enthalpy change and the Hill number are lower
for the lower homologs, which is consistent with the
possibility that the hydrophobic effect of the alkyl chains
stabilize E{. Together, the chain length dependence for the
DC,PC binding suggests that the E{ formation involves not
only the head group interactions, but also the hydrophobic
effect presumably due to the desolvation of the i-face by the
cluster of the acyl chains.

3.4. Partitioning of RET acceptor probes in E}'

As conceptualized in Fig. 1, DC,PC molecules in Ef
complexes are clustered on the i-face. Such a cluster would
provide a distinct environment for the partitioning of a
hydrophobic probe. As shown in Figs. 7 and 8, the energy
transfer (RET) signal from a mixture of the SMase (donor)
with TMA-DPH or HDNS acceptor changes as different Ef
are formed. Thus, the change in the signal with added
monodisperse DC;PC is from a difference in the extents to
which the donor and acceptor are colocalized in the Ef
complex formed under those conditions. In both cases, the
signal is seen only in the presence of magnesium suggesting
that magnesium is required for the clustering of DC,PC in
the E} complexes. Controls also show that the change in the
probe with added DC,PC is insignificant in the monomer
range and is modest in the micellar range.

As expected the change in the signal from the SMase +
probe mixture as a function of DC,PC concentration is
multiphasic. Although the steps are not well resolved, in
both cases the RET signal from E{ is larger than that from
EY. As expected, near and above the CMC, the signal
decreases as the partitioned probe is diluted into the excess
DC,PC micelles. In addition, results in Fig. 7 show that
magnesium is not required for the binding of SMase to
micellar DC,PC. Also, the RET signal from TMA-DPH
partitioned into dimyristoylphosphatidylcholine (DMPC)
vesicles in the presence of SMase is observed with or
without magnesium (results not shown). It is, however,
intriguing that the binding of SMase to DMPC vesicles
containing HDNS (see below) did not give the RET signal.

The RET signal from HDNS (Fig. 8) as a function of
DC5PC added to SMase is multiphasic, and a large increase
corresponds to the formation of EY and Ei. A parallel
decrease in the emission from Trp donor (not shown)
provided evidence for the resonance energy transfer. These
results show that the E5 and E¥ complexes offer a favorable
environment for the colocalization of SMase with HDNS.
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Fit parameters® for the isothermal calorimetric titration of SMase with
homologous DC,PC

n K; (mM) n Enthalpy (kcal/mol)
7 0.025 3 -7.1
6 0.036 2 -1.8
5 0.08 2 —0.5

# Uncertainty in the parameter values is estimated to be 30%.

At the higher DC,PC concentrations near the CMC the RET
signal reaches the background level seen with SMase in the
presence of EDTA. Together, the probe partitioning behav-
ior, monitored as the RET signal in Figs. 7 and 8, shows that
in the presence of magnesium DC,PC molecules are
clustered in the premicellar Ef and Ef complexes. As
discussed elsewhere [7], for a variety of reasons, it is not
possible to quantitatively interpret such RET results in terms
of the primary equilibrium events.

3.5. Anomalous size-exclusion of E;'

Results in Fig. 9 show that E complexes of SMase
exhibit anomalous interaction with the size-exclusion matrix.
The E* form of SMase elutes as a 55-kDa complex in
micellar 3 mM DC,PC and magnesium, and a somewhat
smaller complex is formed in EDTA. As is the case with the
results in Figs. 7 and 8, it is not possible to quantitatively
interpret the anomalous retention results. However, these
results are consistent with the suggestion that the cluster of
the bound DC,PC molecules on E provides an exposed
hydrophobic surface as conceptualized in Fig. 1. In accord
with our earlier results [12], we attribute the anomalous
retention to the interactions of Ei complexes with the
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Fig. 7. DC;PC concentration-dependent change in the RET signal (em 450
nm, ex 280 nm) from 1 uM TMA-DPH in the presence of (cross) no SMase,
or in the presence of 0.9 pM SMase in the buffer containing (squares) 1 mM
EDTA or (circles) 3 mM Mg. The continuous line shows the change in the
normalized Trp emission intensity at 340 nm from SMase in the presence of
EDTA (from Fig. 5A). Note that the change in the RET signal from the
probe is steeper than in the Trp signal. The emission signal from the
cationic TMA-DPH increases when it is partitioned in micelles, and an
additional increase from the RET signal is seen when the probe is
colocalized with SMase in Ei. Also, the change in the initial emission from
the probe is modestly different in the presence of SMase and magnesium.
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Fig. 8. The change in the RET signal with DC,PC concentration in a
mixture of 0.5 uM SMase, 1 M HDNS (CMC=10 pM), and (unfilled
squares) 1 mM EDTA+1 mM EGTA, or (filled squares) in 10 mM MgCl,.
The reaction mixture contained 10 mM Tris, | mM NaCl at pH 8 and 24°C.

exposed hydrophobic patches on the column matrix. Note
that SMase is anomalously retained in the presence of
monodisperse DC;PC in the elution buffer in the presence of
EDTA. This is consistent with the NOESY results described
below, and with the suggested Mg-induced activation.

3.6. Effective NOESY buildup rates of DC,PC free and
complexed with SMase

Assignments of 'H and '*C resonances in DC,PC shown
in Fig. 10 are based on a combination of COSY and '*C-'H
HSQC spectra of 1 mM DC,PC (see Supporting Informa-
tion). For the analysis of DC,PC binding to SMase, we
focused on the calibration pair of protons H' —H? with fixed
distance. We solely refer to this pair for the interpretation of
the transferred NOESY data because the NOESY enhance-
ment is due to the binding without a contribution from the

OD (volts)

8 16 24
Time (min)

Fig. 9. The elution profiles in the presence of 10 mM MgCl, for SMase
alone (thin continuous line, E), or with 3 mM DC,PC (medium continuous
line, E¥Mg) or 0.7 mM DC,PC (thick continuous line, E#Mg). The dashed
lines show the elution profiles for SMase in 3 mM (E*) or 0.7 mM (E¥)
DC,PC in the presence of 1 mM EDTA in the buffer. The ordinate for
E*Mg is expanded by a factor of six. Flow rate 1 ml/min. Void volume 4.6
ml. Comparable results were obtained on the Pharmacia Bio-Sil and TSK-
250 columns. Note that SMase is anomalously retained. Expected elution
time for SMase alone is marked on the x-axis.
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Fig. 10. DC,PC structure with hydrogen labels.

conformational change. Detailed expressions for calcula-
tions of the transferred NOESY buildup rates have been
derived previously and are presented in the Supporting
Information. Below, we discuss the salient contributions to
the transferred NOE cross peaks and buildup rates.

In the limit of fast exchange, short mixing times and
assuming one-step binding [25], the transferred NOESY
cross-relaxation rates are linear functions of the mixing
time, and for each pair of interacting protons can be
expressed as the population-weighted averages of the
cross-relaxation rates corresponding to the free and the
bound forms:

(3)

where ag and af are the cross-relaxation rate constants of
the bound and free ligand (Eq. (4)), experimentally related to
the cross-peak volumes. ps and pr are the fractions of the
bound and free ligand, in the limit of diffusion-limited one-
step binding determined by the concentration of the
interacting species and the equilibrium dissociation constant.

a;j(tm)= — 1}7805 +Pf0,]ﬂ Tm

diagonal:

H2-H2 H2_ H1
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The cross-relaxation rate constants between spins i and j
are functions of the effective molecular weight, proton—
proton distances and magnetic field strength:

h? yH ( 1 67,
g = — T+ ——
v 10 4n) 1+ Qo)

where y, is the proton gyromagnetic ratio; r; is the
interproton distance; w4 is the proton Larmor frequency;
A the reduced Planck’s constant; po is the magnetic
permeability of vacuum. t. is the isotropic rotational
correlation time and is estimated from the Stokes’ law:
T, = 4”/?“ %y is the viscosity of the solvent; ry is the
effective hydrodynamlc radius of the protein, kz is the
Boltzmann’s constant, and 7 is the temperature. For
isotropic proteins, 7. is approximately linear with the
molecular weight and is ca. 0.4 ns per 1 kDa. For a pair of
protons with known distance, these cross-relaxation rates can
be readily calculated.

Therefore, the effective transferred NOESY buildup rates
for calibration protons in DC,PC/SMase relate to the
residence time of DC,PC on the complex and the effective
size of the complex. As shown in Fig. 11, strong transferred
NOESY enhancement observed with SMase in 1 mM
DC,PC is presumably from a mixture of the E5 and E¥
complexes. As expected, the diagonal and cross peaks are
exchange-broadened in the complex. The relative normal-
ized volumes of all cross peaks in the spectra of the complex
are somewhat stronger than in the micellar DC,PC but
somewhat weaker than in the micellar DCgPC. It permits an
estimate of the monomer exchange time and therefore an
estimate of the amphiphile monomer binding constant to the
complex. Note that the effective dissociation constant

(4)

cross peak: cross peak:

H2_ H4, 5

a)
1 mM DC,PC
(monomeric)

b)
2.5 mM DC7PC
(micelles; CMC=1.5 mM)

c)
1 mM DC,PC+
0.05 mM SMase

C 44 42

40
"H Chemical Shift (ppm)

Fig. 11. £, projections of the NOESY spectra (=250 ms) illustrating the relative cross peak intensities (from top) for the calibration pair of protons H' and
H? in (a) 1 mM predominantly monomeric DC,PC; (b) 2.5 mM micellar DC,PC; (¢) 1 mM DC7PC/0.05 mM SMase complex. Strong positive cross peaks (ca.
32-53% of the diagonal peak volumes at this mixing time) for 1 mM DC;PC bound to SMase are due to the transferred NOESY enhancement. Weak
transferred NOESY enhancement is also observed for the 2.5 mM micellar DC,PC.
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obtained from the exchange kinetics is comparable to K5 for
E{ or the CMC. Also, in conjunction with other results
discussed below, we suggest that the transferred NOESY
results relate to the exchange kinetics for the monomer
amphiphile bound to Ef or micelles.

With the aggregation number of 70, the effective MW of
a DC,PC micelle would be about 34 kDa. Similarly, with
about 15 DC,PC bound to an SMase the MW of E¥ complex
would be about 40 kDa, which alone would give a very
modest increase in the /e;oss//giag ratio (assuming similar
equilibrium dissociation constants), undetectable within the
experimental error. Therefore, the larger buildup rate in the
1 mM DC,PC/0.05 mM SMase complex (Table 2) indicates
a somewhat larger relative population of the bound species
at these concentrations. If the on-rate is diffusion limited,
the observed differences in the transferred NOESY enhance-
ment for the same size aggregates can be attributed to the
differences in the relative populations of the free and the
bound species, determined by the monomer dissociation
constant. These results qualitatively suggest that the
effective monomer/amphiphile exchange rate for the Ef
complex is somewhat larger than in DC,PC micelles. On the
other hand, the buildup rates in the 1| mM DC,PC/0.05 mM
SMase complex are weaker than those observed in the
micelles of DCgPC with MW of about 65 kDa for an
aggregation number of 120. Even though the different sizes
of the aggregates for micellar DCgPC and DC,PC/SMase
complex do not allow for a direct comparison of the buildup
rates, qualitatively the results indicate that the effective
population of the bound species in the 1 mM DC,PC/0.05
mM SMase complex is comparable with the micellar
DCgPC, but could be either slightly higher or slightly
lower. The rates for | mM DC5PC/0.1 mM SMase (Table 2)
show that, as expected, the increased protein concentration
results in stronger transferred NOESY enhancement due to
the increased population of the bound species.

4. Discussion
The natural substrate for bacterial SMase, a toxin for

animal cells, is sphingomyelin codispersed with phosphati-
dylcholine in eukaryotic plasma membrane [26,27]. The

magnesium-dependent neutral SMase in human cells is likely
to have a similar substrate interface [28,29], although its
function is not known. Our results show that SMase binds not
only to phosphatidylcholine vesicles [1] but monodispersed
phosphatidylcholines such as DC,PC also cooperatively bind
to the interface-binding surface (not to the active site) of
SMase in a range of their submicellar concentrations only in
the presence of Mg®'. The kinetics of SMase-catalyzed
hydrolysis of SM dispersed in DC,PC micelles showed that
the turnover in the stationary phase is due to the exchange of
the SMase mediated through the premicellar complexes with
DC,PC (E}). The proposed method for analysis and the
obtained result are of general interest for evaluating the
significance of assays with mixed-micellar substrate.

The structural basis and the mechanism for the magne-
sium requirement for the SMase activity [30], including the
processive turnover [1], is not established. The Mg”*"
requirement for the formation of the premicellar complexes
of SMase with the monodisperse DC,PC is of particular
interest. The magnesium concentration dependence of the
observed rate depends on the nature of the interface, which
suggests a role for magnesium in the interface binding and
possibly also in the events of the interfacial turnover cycle.
Both of these processes are saturated at 3 mM Mg>" used in
this study. A key result in this paper is that magnesium is
obligatorily required for the cooperative binding of several
DC,PC monomers to SMase without the catalytic turnover
or the occupancy of the active site. Since the interface
binding step obligatorily precedes the interfacial turnover,
we suggest that a role for magnesium in the cooperative
binding of DC,PC to the i-face of SMase is related to the
allosteric activation which promotes the binding of SMase
to the interface in a catalytically competent form. It is,
however, intriguing that SMase also binds to zwitterionic
interface even in the absence of the cation, which suggests
that this form of the enzyme is not allosterically activated.
Characterization of E| species and the conditions for its
crystallization can provide information about the i-face in
the interfacially activated form of SMase. The monomer
exchange rate is for the rapidly exchanging amphiphiles in
E?, and such a process could contribute multiple sequential
steps to facilitate the exchange of E; between the coexisting
interfaces.

Table 2

Effective NOESY buildup rates® for DC;PC (+A) free and complexed with SMase (+E)

Sample Effective NOESY Aggregation number MW, g/mol Te, NS Cross-relaxation
buildup rate, s7! rate, s~

1 mM A 0.7£0.2 1 481.56 0.3 0.33

1 mM A+0.05 mM E 0.9+0.2 I5A+1E 40,000 16 —48°

1 mM A+0.1 mM E 1.7£0.2 15 A+1E 40,000 16 —48°

2.5mM A 0.8+0.2 ~70 ~34,000 14 —42°

0.11 mM DCgPC —0.8£0.2 1 509.62 0.2 0.22

1.1 mM DCgPC 1.1£0.2 ~120 ~65,000 26 —78°

# Effective rates were estimated as linear slopes of the corresponding buildup curves for the calibration pair of protons.
® Cross-relaxation rate of the bound form is given. The cross-relaxation rate of the free species is given in the corresponding entry for the monomeric

amphiphile.
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4.1. E-exchange-mediated stationary phase reaction
progress

DC,PC is neither a substrate nor an active-site-directed
ligand for SMase. On the other hand, as a basis for the
turnover in the stationary phase, Ei complex of DC,PC
mediate the exchange of SMase between the coexisting
substrate interface of the codispersions of SM + DC,PC.
This model adequately accounts for the observed character-
istics of the reaction progress in the presence of DC,PC. The
observed rate depends on the stability of the Ef and E*
complexes as well as the concentration and relative mole
fraction of the substrate and diluent. Within the assumption
of ideal mixing of SM and DC,PC, the predictions of the
model provide an adequate description of the observed
kinetic behaviors (Figs. 2 and 4). For example up to 0.1
mole fraction SM, the E* — Ef exchange rate, and therefore
the residence time of the enzyme on the interface, is
adequate to give a stationary rate that remains limited by the
steps of the interfacial turnover path. This is the Ei-
exchange-mediated stationary reaction progress. With larger
amounts of SM, the concentration of monodisperse DC,PC
decreases, less Ef is formed and enzyme exchange becomes
limiting. Thus, the biphasic dependence of the observed
linear stationary rates on the Xg* is accounted for by the
assumption of ideal partitioning and mixing of DC,PC with
SM [4]. However, departure from the ideal behavior is
expected and is clearly apparent in the results in Fig. 4. The
outcome of such second-order effects and non-idealities
remains to be analyzed.

4.2. Contributions to the E* < E! exchange

Over the decades, we have developed [3—5,7,8] ways to
dissect and model the interfacial kinetic behaviors in terms
of the interfacial turnover cycle. Our strategy is to evaluate
the primary rate and equilibrium parameters for the i-face
and active site interactions in the context of k.,* for the rate
limiting chemical step in an unequivocally defined turnover
path. Our present results provide a unique window of
conditions for the rapid exchange of the enzyme between
the coexisting interface where the interfacial turnover steps
remain rate limiting. The minimum model to evaluate the
contribution of the E* « Ef exchange during the stationary
phase of the reaction progress is outlined in Fig. 1, and the
parameters for the action of SMase on SM + DC,PC
codispersions are independently determined. E* and E!
complexes of SMase are formed in the presence of
magnesium, and the dissociation constants for the three Ef
complexes with DC,PC are K;=0.025, K,=0.2 and K5;=0.8
mM. The Trp signal for the formation of E{ is weak (Fig.
5A). On the other hand, the heat change is significant only
for the formation of E{ in the presence of magnesium,
which may be associated with a conformational change in
SMase as precursor to the cooperative binding of additional
DC,PC molecules to the i-face of SMase. At this stage, we

do not know how such a change is translated into an
allosteric effect on the interfacial turnover events.

Although the active E* complex is formed with high
affinity, it is effectively destabilized by the presence of the
premicellar Ef-complexes. This has two counteracting
effects on the overall enzyme kinetics: the reduction in the
amount of active E* reduces the turnover rate at the same
time as the Ej-mediated enzyme exchange increases turn-
over. The effects are very sensitive to the details of the
partitioning and interfacial mixing due to the cooperative
nature of the premicellar complex formation. Thus, the
kinetic behavior of the enzyme can be strongly influenced
by relatively small changes in monodisperse amphiphile
concentrations.

4.3. Limitations of the turnover path during the
Stationary-state rate

We have established conditions for the reaction progress
in the scooting mode where the steady state behavior is
described by summation of the events of the interfacial
turnover cycle [1,4,17,21]. This critical condition for
ensemble averaging is met for a modified turnover path
and with certain additional assumptions. The initial rate
can be defined from the stationary state with linear
reaction progress that appears before substrate has been
depleted. The interfacial enzymes “see” only the inter-
facial substrate concentration, Xg*, and a true initial rate
would require that this local concentration has not been
depleted. There are a number of situations where this
initial rate could be observed also for the interfacial
enzymes: with very large aggregates where the local Xg*
will decrease only slowly, with fast replenishment of
substrate from solution or other aggregates, or with fast
enzyme exchange so that each enzyme moves to a fresh
aggregate before a significant reduction of Xg* has
occurred. This latter situation is at hand in this study at
low SM addition when a high concentration of mono-
disperse DC,PC allows a fast E/-assisted exchange. If
exchange is slow, each aggregate will be significantly
depleted before the enzyme moves on to a fresh aggregate
and starts depletion anew. As long as there are fresh
untouched aggregates present (low enzyme-to-aggregate
ratio), there will be an exchange-limited stationary state
determined effectively by the exchange rate and the
number of substrates hydrolyzed in each visit. This is
the apparent initial rate plotted in Fig. 4 at high SM
addition where the lower monodisperse DC,PC concen-
tration slows down the Ej-assisted exchange.

Considering the complexities involved in the origins of
the stationary phase reaction progress, we believe that such
assay systems cannot be used to obtain information about
the primary interfacial turnover events. This is amply
demonstrated by the fact that assays with detergent
dispersed substrates which give apparently linear initial
rates have not been useful for the characterization of the
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effects of the kinetic variables including the characterization
of the site-directed mutants [3,19].

4.4. Exchange kinetics of DC,PC bound to EY of SMase

The exchange kinetics of DC,PC bound to E} complex
of SMase is qualitatively comparable to that of DC,PC and
DCgPC exchange in micelles (Table 2). The NOESY
buildup rate in the 1 mM DC,PC/0.05 mM SMase complex
is somewhat larger than in the 2.5 mM micellar DC,PC. The
exchange rate for the micellization process is ca. 1.5 x 10°
s~ estimated from the critical micelle concentration of 1.5
mM [31,32] and the diffusion limited rate constant &, of
10° M/s~'. Since the size of the DC,PC micellar aggregates
at 2.5 mM is similar to the size of DC,PC/SMase complex,
and both types of species are globular, we conclude that the
equilibrium exchange between monomeric solution and
protein interface-bound forms of amphiphile is likely to take
place at rates slightly slower than 1.5x 10° s~'. This
conclusion is consistent with the numerical simulations of
the buildup rates at both protein to amphiphile ratios (Fig.
12), indicating good agreement with experimental results for
exchange rates between 0.3 and 1.5 x 10% s™".

5. Conclusion
Results in this paper mark a milestone for the analysis of

interfacial enzyme. It is very likely that the premicellar E/
complexes are the sub-states formed in the E to E* step. If so,
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Fig. 12. Experimental and simulated transferred NOESY buildup curves for
a calibration pair of protons H'=H? in (a) 1 mM DC;PC/0.05 mM SMase
(filled circles); (b) 1 mM DC,PC/0.1 mM SMase (filled squares, top). The
solid and dashed lines represent best fits to the data, assuming non-
cooperative one-step binding with K4=1.5 mM. The cross peak volumes
were normalized with respect to one half of the sum of the corresponding
diagonal peaks.

these complexes offer an opportunity to study the structural
and functional changes associated with the activation of the
enzyme by the amphiphile interactions along the i-face. The
main focus of this paper is on the kinetic results that show
that the E/ complexes are well suited for mediating the
exchange of the enzyme in the codispersions of SM with
DC,PC. An apparent kinetic advantage of the Ef-mediated
exchange is that it circumvents problems associated with
direct E < E* exchange that may be slower on the time scale
of catalytic turnover cycle. However, such a stationary phase
casts serious doubts about the efficacy of the assays with
mixed-micelles for the interpretation of kinetic mechanism
[33,34]. Our results clearly show that the extended stationary
phase reaction progress cannot be interpreted as the steady
state. Such concerns apply to virtually all the anomalous
kinetic effects of temperature or product-accumulation on the
bilayer phase properties [4]. In all such cases, our experience
is that the major effect of the ‘quality of interface’ is on the
variables for the interfacial turnover and processivity.
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Appendix A. Ideal partitioning of SM into mixed
micelles with DC,PC

Consider a mixture of SM (=S) at total concentration St
with DC,PC (=4) at total concentration At. DC,PC above
its CMC (= KA =1.5 mM) is present as micelles (A*); all
the added SM mixes and partitions into the A* micelles; SM
has very low CMC (K§ <<K{ ) and there will be (almost)
no free S in solution. The presence of S, at mole fraction
Xs*, in the micelles will allow more A4 to partition. The
assumption for ideal mixing in the interface is that the
partitioning of 4 depends only on the amount and not the
composition of the interface so that the concentration
(A¢=IMC) of free 4 in solution is determined by:

A = KA(1 — Xs*) (A1)
Furthermore, the total concentration of interface will be
M* = St + At — 4r = Ar/(1 — Xs*) — K& (A2)

With these assumptions, the mole fraction of S in the
micelles will be:

At + St — KX
Xg¥F=—--—"— < +,]1
S 2KX x +

4STKA 71
(A1 4 St — KX)*
(A3)
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(The + sign is when Ar+St+>K [ , otherwise —). At constant
Ar=6 mM, Xg* and A4; will change with the added mole
fraction of S, X=S1/(St+ A4t), as shown in Fig. Al. Based
on the results at hand, it appears that the ideal partitioning
behavior may be a reasonable approximation up to about
Xs*=0.3 mole fraction SM in DC,PC.

Appendix B. Distribution of enzyme

Based on the evidence in this paper we assume that
SMase (=E) can interact with the amphiphiles in a number
of ways:

piefipr ke pronks p — E'—E*S e (A4)
d Ky,

The premicellar states (E/) are complexes with monodis-
perse A in solution that will effectively destabilize the active
enzyme bound at the interface, E*. As a consequence, the
effective dissociation constant for E* to any of the solution
species, E or Ef, can be expressed as

ol (@) b (2 (0 ()

where Ky is the dissociation constant if no premicellar
complexes can form. Although, the concentration (4g) of
free A varies relatively little with changing amounts of S
(Fig. Al), the change in KS™ is over several orders
of magnitude (Fig. A2, note the logarithmic scale) due
to the cooperative nature of the premicellar complex
formation.

As only E* is active, the initial rate for the enzyme in this
scheme will be
Sl (A6)

Ky + Ky (KST/M*) + Xg

This initial rate would be observable for an extended
period of time if exchange is sufficiently fast, i.e., if the
enzyme exchanges sufficiently fast between micelles so
that substrate is not significantly depleted in enzyme-

1 T T T T

AlKy

0 0.1 0.2 0.3 0.4 0.5

Fig. Al. The decrease in the free A concentration (solid line) with
increasing total mole fraction of S, X=St/(St+A47), for Ar=6 mM and
KA=1.5 mM. The dotted line shows the concomitant increase of the mole
fraction of S in the interface.

Fig. A2. The decrease in the effective dissociation constant for enzyme and
interface with increasing total mole faction of SM in the system from Eq.
(A5) with Ar=6 mM, KX =1.5 mM, n,;=3, n,=3.6, n3=8.4, K;=0.025
mM, K,=0.2 mM, and K3=0.8 mM.

containing vesicles. In the diffusion limit, the exchange
rate of enzyme between micelles will be on the order of
(p. 37 in [4])

kexen~10*KST (571 if KT is in mM)

This is an upper estimate and it is crucially dependent on
the parameters that determine K§'. The best fit to
experimental data shown in Fig. 4 requires a much
smaller numerical factor before K$"; this suggests that
enzyme exchange is not diffusion limited, which is not
unexpected as both E* and E; are tightly bound
complexes and their interconversion is unlikely to be
instantaneous. SMase binds tightly to SM vesicles and
carries out reaction progress in the scooting mode. K is
the effective destabilization of the E* state when A is
available to form premicellar complexes. One effect of
this destabilization is to decrease the amount of active
enzyme (E*) thereby decreasing v;. Another effect will be
to increase the enzyme-exchange rate between the S+A
mixed micelles.

If K§™ is small, exchange will not be sufficiently fast and
we need to consider that substrate will be depleted in each

250 , ,
il /
150 s —

Vapp . el
100 o _

| . -
0 1 L I
0 0.1 0.2 0.3 0.4 0.5

X

Fig. A3. Solid curves show the predicted enzyme rate from Eq. (A7) as
function of total mole fraction of S in the system. Same parameter values as
in Fig. A2 and N1+=200, k=300 s~ ', Ky;=0.25 mole fraction, kexen=100
Kﬁff s~!, and from upper to lower K4= 1072, 1071, 10" mM. The dotted
curves show the corresponding initial rates expected from Eq. (A6) when
exchange is not limiting.
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affected micelle during the residence time of the enzyme.
Assuming at most one enzyme per micelle and with a
possibly slow enzyme exchange, this gives an apparent
initial rate (cf. pp. 119-120 in [4]):
Vapp = kzat X ;

P K (U 4+ KT /M*) + k[ (kexenNT) + X3

(A7)

Here, Nt is the size of a micelle, i.e., the number of A and S
molecules. Xg* is the initial mole fraction of substrate in a
vesicle before depletion by enzyme (Eq. (Al)). The true
initial rate would still be given by Eq. (A6), but it would be
of short duration and the stationary-state rate in Eq. (A7)
would appear to be an initial rate. The equation for v,
gives the correct limit for fast exchange, v;, Eq. (A6). In the
limit of very slow exchange, Eq. (A7) gives v,,,=
kexenNTXs™, which corresponds to the case when all
NtXs* substrate molecules in each micelle are consumed
before exchange takes place. Fig. A3 shows some results.
At low mole fraction of S, there is more monodisperse A
in solution so that exchange is relatively fast and Eq. (A6)
suffices to describe the enzyme rate. In this region, the
enzyme rate increases with increasing S both because of
the increase in substrate concentration in the interface
(increase in Xg*), and because of the tighter binding of
enzyme to the interface (decrease in K§"). At higher
concentration of S, the enzyme rate becomes limited by the
exchange rate as the concentration (4y) of monodisperse
amphiphile decreases.

In summary, these results are based on the assumptions
that (i) mixing and partitioning in micelles is ideal, (ii) the
partitioning is not influenced by bound enzyme and enzyme
binding is not influenced by micelle composition, (iii) the
size of the micelles is not influenced by the composition or
by bound enzyme, and (iv) product inhibition does not
contribute. Due to the cooperative nature of the premicellar
complex formation, minor deviations from these assump-
tions could have large effects on K$T and keyep, and thereby
on the overall enzyme rate. Thus, deviations can be
expected although the general trends seem to be well
described (Fig. 4).
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