
Contiguous Binding of Decylsulfate on the Interface-Binding Surface of Pancreatic
Phospholipase A2

Shi Bai,‡ Mahendra K. Jain,*,‡ and Otto G. Berg§

Department of Chemistry and Biochemistry, UniVersity of Delaware, Newark, Delaware 19716, and
Department of Molecular EVolution, EVolutionary Biology Center, Uppsala UniVersity, Uppsala, Sweden

ReceiVed October 29, 2007; ReVised Manuscript ReceiVed January 16, 2008

ABSTRACT: Pig pancreatic IB phospholipase A2 (PLA2) forms three distinguishable premicellar Ei
# (i ) 1,

2, and 3) complexes at successively higher decylsulfate concentrations. The Hill coefficient for E1
# is n1

) 1.6, and n2 and n3 for E2
# and E3

# are about 8 each. Saturation-transfer difference nuclear magnetic
resonance (NMR) and other complementary results with PLA2 show that decylsulfate molecules in E2

#

and E3
# are contiguously and cooperatively clustered on the interface-binding surface or i-face that makes

contact with the substrate interface. In these complexes, the saturation-transfer difference NMR signatures
of 1H in decylsulfate are different. The decylsulfate epitope for the successive Ei

# complexes increasingly
resembles the micellar complex formed by the binding of PLA2 to preformed micelles. Contiguous
cooperative amphiphile binding is predominantly driven by the hydrophobic effect with a modest
electrostatic shielding of the sulfate head group in contact with PLA2. The formation of the complexes
is also associated with structural change in the enzyme. Calcium affinity of E2

# appears to be modestly
lower than that of the free enzyme and E1

#. Binding of decylsulfate to the i-face does not require the
catalytic calcium required for the substrate binding to the active site and for the chemical step. These
results show that Ei

# complexes are useful to structurally characterize the cooperative sequential and
contiguous binding of amphiphiles on the i-face. We suggest that the allosteric changes associated with
the formation of discrete Ei

# complexes are surrogates for the catalytic and allosteric states of the interface
activated PLA2.

The processive interfacial catalytic turnover rate by
secreted pig pancreatic IB phospholipase A2 (PLA2)1 on
bilayer and micelles of anionic phospholipid substrates is
orders of magnitude larger than the rate with monodisperse
(1) or aggregated (2–6) zwitterionic substrates. Analyses of
the elementary events within the interfacial kinetic paradigm
(5, 6) show that the preference of PLA2 for the anionic
interface (7–10) has three contributions. First, the high-
affinity binding of PLA2 along the i-face to the substrate
interface increases the residence time of the interface-
activated E* for the processive interfacial turnover (4, 10-12).
Second, the substrate affinity for the active site of E* is
10-100-fold larger than that for the solution form, the E
form, as the basis for Ks

/ activation (13, 14). Third, the 15-
fold kcat

/ activation by the anionic interface is attributed to
the charge compensation of K53, K56, and K120 (14–16).
Results with mutants of PLA2 (7, 17) and the kinetic effects
of bile salts (18) suggest that the highly conserved hydrogen-
bonding network (19) and the 57–71 loop participate in the
allosteric coupling of the active-site events to the cooperative
amphiphile binding along the i-face.

Atomic level characterization of the interface-activated
form of PLA2 is challenging. A model for interactions of
amphiphiles with the active site and i-face is pieced together

from complementary results. The active-site and i-face
(Figure 1) interactions of PLA2 occur over a relatively flat
surface of 1600 Å2 area that makes tight contact with about
30 phospholipid molecules on the anionic interface
(5, 7-9, 20-23). The desolvated contact of the i-face with
amphiphile head groups is stabilized by short-range specific
interactions between polarizable ligands. The enthalpy
contribution of such ligand-exchange reactions and the
resulting hydrophobic effect would desolvate the contact
surface without disrupting the bilayer organization (7, 20, 24).

Studies with premicellar Ei
# complexes of interfacial

enzymes (1, 5, 6, 14, 25) provide additional insights into
amphiphile interactions along the i-face and their coupling
to active-site events (19, 26–29). The thermodynamic
rationale for the formation of the Ei

# complexes is that the
i-face is designed to make contact with an organized interface
and therefore also has a tendency to make contact with the
head groups and cooperatively bind multiple monodisperse
amphiphiles. For example, cooperative binding of monodis-
perse decylsulfate (A) to PLA2 gives three discrete premi-
cellar Ei

# (i ) 1, 2, and 3) complexes with a stoichiometry
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of Ni amphiphiles per enzyme, Hill numbers ni, and dis-
sociation constant Ki

# (Scheme 1) (19, 26–28).

The micelle-bound (interfacial) E* complex is formed
above the critical micelle concentration (cmc) of the am-
phiphile. Values of Ki

# are higher for the higher complexes,
and they will also form in that order. This description works
well for the fits because under most conditions the changes
in the relative signal intensity (ai) for the successive
complexes are well-separated. Other possibilities can not be
ruled out. For example, with well-separated steps, it is not
possible to unequivocally distinguish whether the complexes
are formed independently of each other or by contiguous
clustering of amphiphiles to the previous complex.

Results in this paper show that cooperative amphiphile
binding to the i-face of PLA2 does not require calcium or
inhibitor binding to the active site. The amphiphile binding
is driven by hydrophobic interactions with a modest contri-
bution from the electrostatic compensation of the head group
interactions. The saturation-transfer difference (STD) NMR
epitope of decylsulfate bound to the higher complexes
increasingly resembles that of decylsulfate in the micellar
E* complexes. The STD signatures of bound amphiphiles
also provide direct evidence for the clustering of decylsulfate
on PLA2 as also inferred by independent methods that
monitor the changes on PLA2 (18, 19, 27). Together, these
results show that decylsulfate binding to the i-face of PLA2
is a sequential, cooperative, and contiguous process. We also
discuss the possibility that the cooperative amphiphile

binding along the i-face to form discrete Ei
# could be related

to the allosteric effect of the interface on the active-site
events.

EXPERIMENTAL PROCEDURES

Materials, methods, and specific details of established
protocols and conditions to characterize kinetic parameters
for PLA2 on DMPM vesicles and for the biophysical
characterization of the premicellar complexes of PLA2 are
published previously (14, 19, 26–29). Typically, the kinetic
measurements were made at room temperature at 24 °C and
pH 8. Conditions for the fluorescence and NMR measure-
ments are described below. The K6M, K10M, and K6M/
K10M mutants were expressed and characterized as de-
scribed previously (17). The late Professor Verheij (Utrecht)
provided the precharacterized iso-PLA2 and the M8L/M20L
mutant (30). The cmc of decylsulfate under our measurement
conditions is 4.5 mM and changes little in <2 mM calcium.

Decylsulfate Binding Isotherm from the Fluorescence
Change. The fluorescence emission measurements were
carried out on a SLM-Aminco AB2 instrument set in the
ratio mode with 4 nm slit widths and excitation at 280 nm.
Emission was at 333 nm for the Trp signal. The noise level
in the intensity values was typically <1%, with an integration
time of 4 s. Results with the W3F mutant showed that >97%
of the fluorescence signal from PLA2 is from Trp-3. Other
conditions are given in the figure captions and text.

Experimental protocols, theory, and analysis for the
interpretation of the decylsulfate binding model in Scheme
1 are established (27). The titration curves were generated
by successive addition of 0.5-5 µL solution of decylsulfate
to 2 µM PLA2 in 1.6 mL of stirred buffer, with an
equilibration time of 3–5 min. The stepwise change in the
Trp-3 emission intensity with the formation of Ei

# with the
increasing concentration, cf, of monodisperse decylsulfate
is analytically described as (27)

δF)
(cf/K1

#)n1{ a1 + (cf/K2
#)n2[a2 + a3(cf/K3

#)n3]}
1+ (cf/K1

#)n1{ 1+ (cf/K2
#)n2[1+ (cf/K3

#)n3]}
(1)

Fit parameters for the decylsulfate titration curve were
obtained (Origin or MathCad programs) using the normalized
intensity change δF ()F/Fo - 1), where Fo is the intensity
of the enzyme solution and F is the intensity in the presence
of decylsulfate. All Ki

# values are given in the millimolar
concentration unless mentioned otherwise. The intensity
change parameter ai for the complex Ei

# is relative to the E
form. For example, a2 of +0.5 means that the emission
intensity of E2

# is 50% higher compared to that of E. For
adequate fits without significant covariance (<0.90), it is
necessary that the successive ai values differ by more than
0.1. On the basis of the standard deviation under these
conditions, uncertainty in the estimated parameters is typi-
cally 10%. On the basis of a covariance of >0.9, an
uncertainly of 30% is likely, where the signal intensity (ai)
is <0.15. We have not included the parameter estimates
where the uncertainty is likely to be >30%. An uncertainty
of up to 30% in certain parameters has also been observed
in different runs. Possible sources of run-to-run variability
include the effect of the order of addition and slow drift in
the Trp-3 fluorescence from the higher complexes presum-
ably because of self-aggregation of premicellar complexes

FIGURE 1: Key features of the i-face surrounding the active site
slot of PLA2 (7). The desolvated center of the i-face makes short-
range (<5 Å) contact with the interface by ligand substitution. The
charged groups (K53, K56, K63, K120, K121, and E71) are within
the Debye length of the electrical double layer on the interface and
also 5-8 Å away from the desolvated i-face. The substrate binding
slot in the middle of the i-face contains the competitive inhibitor
MJ33 (gray balls). Large gray balls are the three phosphates in the
anion-assisted dimer structure [Protein Data Bank (PDB) 1FXF]
used for this representation of the i-face. Coplanar CR atoms of
some of the residues (shown as the colored balls) are Ala-1 (green),
Leu-2 (black), Trp-3 (black), Lys-6 (blue), Lys-10 (blue), Leu-19
(black), and Met-20 (olive).

Scheme 1
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(19). Controls showed that more than a 2-fold change in a
parameter value is significant.

STD NMR and Proton Nuclear Spin–Lattice Relaxation
Rates. All NMR measurements were made at 15 °C in 20
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer in D2O (99%) at pH 6.9 with the indicated
concentrations of wild-type PLA2 and decylsulfate. The
proton nuclear spin–lattice relaxation rates and STD mea-
surements were carried out on a Bruker NMR spectrometer
operating at 600.13 MHz and equipped with a triple-
resonance CryoProbe. The standard inversion recovery
method was used for the T1 measurement. Conditions for
enhanced STD-NMR measurements were selected on the
basis of published experimental and theoretical considerations
(31–35). Typically, the pulse sequence starts with a train of
Gaussian-shaped RF saturation pulses (50 ms with an
irradiation power of 87 Hz) to saturate nuclear magnetization
for the protein resonances. The number of pulses determines
the saturation time. The saturation time of 0.5 s was used
unless noted otherwise. The RF saturation pulse train was
followed by a hard 90° pulse, a T1F filter with a strength of
4960 Hz (40 ms) for removing residual protein signals, and
a WATERGATE sequence (36) for suppressing the solvent
signals before data acquisitions. The proton NMR resonance
range for PLA2 is from -0.2 to 9.5 ppm and from 0.5 to 4
ppm for decylsufate. The frequency of the Gaussian pulse
train was set to the off-resonance frequency at 30 ppm and
the on-resonance-frequency at 6.7 ppm unless noted other-
wise. The STD-NMR signal results from the difference
between the NMR signals with on- and off-resonance
irradiation. The subtraction was carried out by a phase-
cycling scheme. The STD spectra were co-added and
averaged from 256 to 6144 scans depending upon the
concentration of decylsulfate, the PLA2 concentration, and
the RF irradiation time.

Monitoring the ActiVe-Site Occupancy by the Protection
Method. The half-time for alkylation of the active-site residue
His-48 by p-nitro-phenacylbromide is more than 30-fold
longer if calcium alone or together with an inhibitor is bound
to the active site of PLA2. The increase in the half-time
provides a reliable quantitative measure of calcium bound
to the active site with or without an inhibitor (37, 38).

RESULTS

Binding of Decylsulfate to the N-Terminus Mutants. PLA2
forms Ei

# complexes (Scheme 1) with monodisperse decyl-
sulfate (cmc ) 4.5 mM). Fluorescence titration curves for
PLA2 or its natural variant iso-PLA2 (with T12A, D17H,
L20M, and N71E substitutions) with decylsulfate in Figure
2 show well-resolved two or three stepwise changes in the
Trp-3 emission intensity. As modeled in eq 1, the signal
intensity is a quantitative measure of decylsulfate binding
to the i-face (27). The value of ai depends upon the change
in the local dielectric and quenching environment that can
not be assigned to a specific structural feature (17, 39). The
Hill number ni is the minimum number of amphiphiles in
Ei

#. Changes in Ki
# reflect the energetic contributions to the

decylsulfate binding. Typically, the a1 to a2 difference is
significant, but the a2 and a3 difference is noticeable, for
example, for iso-PLA2 (Figure 2). The changes discussed
in this study are for the complexes for which ai is adequately

resolved. Unresolved ai does not necessarily rule out the
formation of other complexes whose Trp-3 signal may not
be distinguishable.

We characterized the decylsulfate binding to several
mutants, in which residues around the anion binding site (8)
on the i-face (Figure 1) are substituted. As summarized in
Table 1, substitution of the cationic residues by methionine
on the 1,10 helix (Figure 1) has a modest <5-fold effect on
the decylsulfate binding parameters. The effect of R6M and
K10M substitution on K1

# (Table 1) suggests that the
stabilizing contribution of cationic R6, K10, or both to the
binding of each decylsulfate molecule involved in E1

# on
average is less than 1 kcal/mol. Although energetically weak,
other changes associated with such interactions could play
a significant role in the allosteric effect of the interface. For
example, the 1,10 helix is part of the i-face (7, 8, 21, 22, 40),
with L2, F5, and L9 on the wall of the active-site slot (41–43).
Also, in the anion-assisted dimer structure (8, 44, 45) R6
(NH2, NH1, and NHε), K10 (Nz), L19 (N), and M20 (N)
provide ligands for the short-range (<3.5 Å) specific binding
of three coplanar sulfate or phosphate anions. Other
results (17, 19, 27) show that the charge reversal by K53M,
K56M, and K120M substitutions also has a modest effect
on the decylsulfate binding parameters. In general, these and
other substitutions (15, 17, 46) on the i-face have a noticeable

FIGURE 2: Decylsulfate concentration (log scale) dependence of the
change in the relative fluorescence intensity (emission at 333 nm
and excitation at 280 nm) of 2 µM PLA2 in 1.6 mL of buffer at
pH 6.9 containing (O) ethylene glycol bis(2-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA) or (9) 0.5 mM CaCl2. Results
for iso-PLA2 are in (3) EGTA or (×) 0.5 mM CaCl2. The fit (s)
parameters Ki

#, ai, and ni are summarized in Table 1. The cmc and
Ki

# for the wild type are marked. Controls with W3F mutant (17)
showed that tyrosine contributes <3% of the intensity at 333 nm.

Table 1: Decylsulfate Binding Parametersa for PLA2 Mutants at pH 6.9
with 0.5 mM Calcium (Ca) or without Calcium (eg)b

mutant + K1
# (mM) K2

# (mM) a1 a2 n1 n2 Vo (s-1)

WT Ca 0.042 0.65 0.24 0.59 1.7 7 270
eg 0.033 0.79 0.24 0.58 1.7 8

R6M Ca 0.02 1.0 0.14 1.0 1.5 7 46
eg 0.03 1.2 0.15 1.0 1.5 8

K10M Ca 0.02 0.86 0.33 0.68 1.4 7 64
eg 0.03 1.0 0.36 0.59 2 8

R6M/K10M Ca 0.2 0.95 -0.06 0.6 4 30
eg 0.2 1.6 -0.04 0.65 4

M8L/M20Lc Ca 0.64 0.20 2.1 9 185
eg 0.03 0.80 0.09 0.26 1.3 6

isoPLA2c Ca 0.2 0.36 0.20 0.77 1 6 65
eg 0.19 0.72 0.07 0.4 3 5

a Uncertainty is <30%. b In 0.48 M NaCl, 10 mM Tris, and 20 mM
HEPES at pH 6.9 and 24 °C in the presence of calcium or EGTA.
c Results from ref 44.
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specific effect on the catalytic parameters, which suggests
that the amphiphile binding along the i-face has an allosteric
effect on the active-site events. In this paper, we further
characterize only the cooperative amphiphile binding along
the i-face.

Shielding of Trp-3 from CoValent Modification by N-
Bromosuccinimide (NBS). As shown in Figure 3, the time
course of the reaction of NBS with free PLA2 is biphasic.
The initial rapid quenching is due to the formation of the
bromo-tryptophan intermediate. Water accessibility is rate-
limiting for the formation of the less fluorescent oxo-
tryptophan in the second step (17). The half-times for the
second step are up to 20-fold longer for the higher complexes
in the order E ) E1

# < E2
# ) E3

# ) E* complexes of PLA2
with decylsulfate. This result is in accordance with the
correspondingly decreasing efficiency of the dynamic quench-
ing of Trp-3 with succinimide and also other evidence that
shows binding and clustering of decylsulfate on the i-face
to shield Trp-3 (19, 27). Together, these results show that
clustering of decylsulfate on the i-face changes the rate of
oxidation of Trp-3 in PLA2 by NBS.

STD NMR Signal from HEPES Buffer. We have used
HEPES buffer for the STD NMR investigation. Surprisingly,
as shown in spectrum A in Figure 4, the STD signal intensity
from 20 mM HEPES buffer alone was significant at
saturation times of 0.26-3 s with on-resonance frequencies
of 0 or 6.7 ppm. The STD signal from HEPES changes
<10% in the presence of PLA2 alone (spectrum B) and <3%
in the presence of decylsulfate alone (results not shown).
These controls show a small effect of PLA2 or decylsulfate
on the STD spectrum of HEPES, as well as the effect of
HEPES on the STD signal from decylsulfate or the effect of
decylsulfate on HEPES.

Two other control spectra C and D in Figure 4 ruled out
an effect of HEPES on the STD signal of decylsulfate from
Ei

#. C is the STD spectrum where HEPES spectrum is
subtracted. D is the STD spectrum in bicarbonate. These
results show a comparable STD signal from decylsulfate in
a 15:1 ratio with PLA2 where E2

# would predominate. These
controls show that the STD behavior of decylsulfate in the
E2

# complex is not influenced by HEPES buffer. Note that
the absolute STD intensities from decylsulfate are somewhat
lower in bicarbonate than in HEPES buffer. It is likely to be
associated with some step in Scheme 2. It is however
inconsistent with the suggestion that sulfonate of HEPES
competes out decylsulfate bound to PLA2. Controls with

other premicellar complexes showed that HEPES does not
change the STD signal in any Ei

# complex.

The STD signal from HEPES buffer has not been reported
before, and we do not have an explanation for it. However,
with both on and off resonance at 30.0 ppm, HEPES showed
only a weak residual signal resulting from the spectral
subtraction. Also HEPES dissolved in DMSO did not give
any STD signal. However, a significant STD signal was
observed with HEPES dissolved in DMSO containing 25
vol % D2O.

STD NMR of Ei
# Complexes. STD spectra have been used

to map the binding epitope of the ligand in complexes where
1:1 stoichiometry is independently established (33, 35, 47).
A STD NMR spectrum is a map of the “memory” of the
magnetization transferred to the bound ligand in a RF
saturated complex of the protein. It provides unequivocal
qualitative evidence for the formation of the complex. The
STD peak intensities for different proton resonances contain
information about the differences in their respective environ-
ments in the complex. Such model-dependent interpretations
assume that the STD signal has contributions from the steps
of the binding equilibrium as well as the internal dynamics
of the complex. The assumptions built into Scheme 1 are
also necessary to interpret the STD results from the Ei

#

complexes in Scheme 2.
As outlined in Scheme 2, saturation in RF-irradiated

protein is rapidly transferred to the whole protein by spin
diffusion. In the complex, the magnetization is also trans-
ferred by intermolecular dipolar interactions to the bound

FIGURE 3: Time course of modification (semi-log plot) of Trp-3 of
WT PLA2 (2 µM added at t ) 0) with 0.2 mM NBS at pH 6.9 in
20 mM Tris-HEPES buffer and 24 °C and decylsulfate: 0 mM (E),
0.3 mM (E1

#), 1.5 mM (E2
#), 3 mM (E3

#), and 5 mM (E*).

FIGURE 4: (A) STD spectrum of 20 mM HEPES buffer alone. The
difference spectrum obtained by subtracting spectrum A from the
STD spectrum in 20 mM HEPES buffer of 10 µM PLA2 (B) alone
or (C) with 0.75 mM decylsulfate. (D) The STD spectrum of 10
µM PLA2 with 0.75 mM decylsulfate in 20 mM bicarbonate buffer.
Spectra were obtained under identical conditions and displayed at
the same magnification. Absolute intensity values in C and D are
different, however the intensities relative to C1-H are comparable.
Saturation time of 2.1 seconds was used in these measurements
for an enhanced STD signals. Asterisks (*) represent the proton
resonances of HEPES buffer.

Scheme 2
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amphiphile molecules. Thus, a subpopulation of the two spin
states of the protons of both PLA2 and A′ in Ei

#(Ni)′ is
saturated. On the sub-millisecond time scale, one or more
bound amphiphile molecules would likely dissociate from
the Ei

#(Ni)′ complex with a Ki
# of 10-3-10-8 M. In Scheme

2, dissociation of only one A′ is assumed for the formation
of Ei

#(Ni)′. The measurement protocol is such that if two
spectra are taken under exactly the same conditions except
the saturation frequencies, one at the on resonance of the
protein and the other at the off resonance of the protein, the
difference in these two spectra, called the STD spectrum,
would result from resonances of A′ transferred during the
RF saturation of the complex.

After saturation with the RF pulse sequence, the nuclear
spin relaxation for a free small molecule, such as dissociated
A′ to A, is expected to be slow. The relaxation of the much
larger complex Ei

#(Ni - 1)′ to Ei
#(Ni - 1) is expected to be

much more rapid. Thus, at the end of the RF saturation
pulses, a steady-state population of A′ is created. The
resonances of A′ that are saturated by a close contact with
the protein will not be sampled by a hard (90°) RF pulse of
10 µs duration. On the other hand, the resonances of A′ that
are not saturated through the protein–ligand contact will be
detected by the hard pulse. Therefore, the spectrum of A′
with on-resonance irradiation is a collection of resonance
intensities dependent upon the progressive saturation transfer
to the protons from the protein. The STD spectrum of A′ is
obtained by subtraction of this spectrum from a reference
spectrum with a saturation frequency setting at an off
resonance (30 ppm).

During the pulse sequence the Ei
# complexes are unlikely

to dissociate completely. According to Schemes 1 and 2, A′
results from the dissociation of one or more weakly bound
A′ bound to Ei

#(Ni)′ to form Ei
#(Ni - 1)′. Thus, the measured

STD spectrum of A′ is similar to the proton NMR spectrum,
except that it samples the ensemble average of the magne-
tization transferred to different 1H in free A′; i.e., the relative
intensities of the different protons in the STD spectrum give
a nonlinear measure of the extent of the transfer and
saturation of magnetization to the individual protons. The
absolute signal intensity also depends upon the RF saturation
time as well as other equilibrium and kinetic processes: the
ligand/protein ratio, temperature, and nuclear spin–lattice
relaxation time T1 of the bound ligand (33, 48).

As shown in Figure 5, Ei
# and E* complexes of PLA2

exhibit significant differences in normalized relative STD
signal intensities of protons at 1, 2, 3, 4-9, and 10 positions
of decylsulfate. On the basis of results in Figure 2, under
these conditions, E1

# would predominate at the 1:3 ratio of
protein/decylsulfate, and E2

# would predominate at the 1:15
ratio of protein/decylsulfate, E3

# would predominate at the
1:44 ratio of protein/decylsulfate, and E* would predominate
at the 1:100 ratio of protein/decylsulfate. The STD signal
intensities are also consistent with observed Ki

# in the 0.1-5
mM range (Table 1), with the assumption that the binding
is diffusion-limited.

The saturation time of 0.5 s used for the results in Figure
5 is about half of the nuclear spin relaxation time T1 values
for the protons in decylsulfate. As summarized in Table 2,
T1 for the monomer decylsulfate are larger than those for
the micelle. This is expected if the increased local order in
micelles restricts the segmental motion. Two types of motions

are often considered (49–51). The slow motions with a
correlation time of nanoseconds are assigned to the tumbling
of aggregates, and the fast motions with correlation times
of sub-nanoseconds are assigned to the segmental motions,
including bond rotations. In an organized aggregate, the
segmental motions are more restricted and play a significant
role in the intermolecular dipole–dipole cross-relaxation.
Thus, increased efficiency of the intermolecular dipole–dipole
interactions in the micelle or complexes would result in lower
T1 values. An increase in T1 toward the methyl end in E*
and E2

# suggests a less restricted motion presumably because
ordering of the alkyl chains in the bound and clustered
decylsulfate molecules facilitates transfer of the nuclear
magnetization. This conclusion is consistent with the STD
results with E* and E3

#, where the methyl end of decysulfate
molecules is more disordered.

The difference in the relative signal intensities from C-H
in different positions (Figure 5) is also likely to have a
contribution from differences in the saturation-transfer ef-
ficiencies (34). For E1

#, the transfer efficiency is highest for
C1-H and decreases for the protons toward the methyl end.
This could be due to a change in the internal dynamics, and
also if compared to the rest of the chain, the C1-H is in
better contact with the protein side chains presumably
because of the specific interactions of sulfate. This trend is
weaker for E2

#, and not apparent in E3
# and E*, where the

relative signal intensity for the C4-C9 and C10 protons is
significantly higher. Such differences suggest that the binding
and exchange dynamics of the most weakly bound decyl-
sulfate is different in these complexes. For the higher
complexes, E* and E2

#, the relaxation data (Table 2) also
support a faster exchange toward the methyl end of the
decylsulfate molecules.

Together, these results extend the interpretation of the
result from Figure 2 and elsewhere (19, 27) to suggest that

FIGURE 5: STD-NMR signal intensities normalized per proton at
1, 2, 3, 4–9, and 10 positions of decylsulfate. These measurements
were carried out with 79 µM wild-type PLA2 and 1:3 (E1

#), 1:15
(E2

#), 1:44 (E3
#), and 1:100 (E*) mole ratio of decylsulfate. The

saturation time was 0.51 s. Uncertainty (error bar) in these relative
intensity values is <3%. Measured 1H spin–lattice relaxation times
(T1) are given in Table 2.
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cooperative binding of decylsulfate in the successive Ei
#

complexes (Scheme 1) is contiguous to the ones already
bound to the complex. Also, the motional dynamics of the
successive complexes increasingly resembles the motional
dynamics in micelles. This one-dimensional STD method
also has certain advantages over the two-dimensional trans-
ferred NOE method (26).

Salt Effect on Decylsulfate Binding. Self-aggregation of
amphiphiles in the aqueous phase generally increases with
the salt concentration (52, 53). As shown in Figure 6, a
similar effect is observed for the premicellar complexes with
PLA2. Two effects are at work here. The hydrophobic effect
because of the salting-out of alkyl chains at high salt
concentrations increases self-aggregation. Also, the electro-
static shielding and counterion binding increase self-ag-
gregation by reducing the head group repulsion. Both of these
effects are apparent in Figure 6, where the affinity of
octylsulfate (cmc ) 31 mM) for the i-face of PLA2 increases
with an increasing NaCl concentration (ci). The effect of ci

on Ki
# is linearly related as

log Ki
# )-ksci + (log Ki

#)c)0

The linear fit for K1
# gives ks ) 0.53, and the linear fit for K2

#

gives ks ) 0.92 (M-1 with ci in M). A low slope is expected
from the hydrophobic effect alone. The higher slope for K2

#

suggests a contribution from electrostatic screening by the
counter-cations to the stability of E2

# containing many more
decylsulfate head groups bound to the i-face of each PLA2
(n2 > n1). With contiguous clustering of amphiphiles, more
like charges are brought together, which will increase the
effect of shielding by counter-ions. This interpretation is
consistent with the salt effect of ks ) 0.22 (r2 ) 0.91) on
the cmc of zwitterionic diheptanoylphosphatidyl-choline
compared to ks ) 0.83 (r2 ) 0.93) for the cmc of decylsulfate
(results 3not shown).

Calcium Is Not Required for the Decylsulfate Binding to
the i-Face. Calcium bound via D49 is obligatorily required
for the substrate binding and also for the chemical step (54, 55)
mediated by the H49-D99 pair (54, 56). KCa

1 is 0.32 mM
for the E form at pH 8 (37). As summarized in Table 3, the
decylsulfate binding parameters change modestly in the
presence of 0.2 mM concentration of certain di- and trivalent
cations. The 2.5-fold difference in K2

# is significant, with the
lowest value for Tb3+ and the highest for Cu2+. This change
could be via the low-affinity cation-binding site (57), or the
decylsulfate binds to the active site in the presence of certain
cations that lower the apparent Ki

# values. However, a
negligible effect of most of the cations in Table 3 suggest
that decylsulfate binding to the i-face does not require
calcium in the active site, which is also consistent with the
result that decylsulfate binding does not correlate with the
effect of the cation on the active-site events (55).

Alkylation Half-Time for H48 of PLA2 in Ei
#. As shown

in Figure 7, the half-time for inactivation of PLA2 by
alkylation of the catalytic residue H48 changes with the
decylsulfate concentration in the presence or absence of

Table 2: Proton Spin–Lattice Relaxation Times T1 (in Seconds) of Decylsulfate

C1-H C2-H C3–9-H C10-H

monomer (3 mM) 1.141 ( 0.002 0.932 ( 0.003 1.071 ( 0.002 2.045 ( 0.002
E2

# (15:1) 0.97 ( 0.02 1.06 ( 0.02 0.99 ( 0.02 1.22 ( 0.01
E* (100:1) 1.01 ( 0.01 1.04 ( 0.01 1.07 ( 0.02 1.10 ( 0.01
micelle (50 mM) 1.022 ( 0.002 0.808 ( 0.001 0.883 ( 0.002 1.410 ( 0.002
micelle (without O2) 0.997 ( 0.005 0.808 ( 0.003 0.888 ( 0.002 1.417 ( 0.004

FIGURE 6: NaCl concentration dependence of (0) log K1
# or (2) log

K2
# for octylsulfate bound to PLA2 in 1 mM EGTA and 10 mM

Tris at pH 8.0. The slope of the linear fit for K1
# (r2 ) 0.95) is

–0.52 ( 0.06. For K2
# (r2 ) 0.90), the slope is -0.92 ( 0.15. The

effect of calcium on these curves (results not shown) is modest.
The Ki

# values were obtained by fluorescence measurements
analogous to those shown in Figure 2. Statistical uncertainty in these
values is typically 10%, with no noticeable change in the Hill
number n.

Table 3: Effect of Cations on the Decylsulfate Binding Parametersa for
PLA2 at pH 6.9

cation K1
# (mM) K2

# (mM) a1 a2 n1 n2

none 0.03 0.79 0.25 0.57 1.7 8.3
0.25 mM Ca 0.03 0.72 0.29 0.61 1.6 10
0.5 mM Ca 0.04 0.65 0.24 0.59 1.5 7
1.0 mM Ca 0.05 0.60 0.29 0.65 1.1 8
2 mM Ca 0.05 0.55 0.27 0.67 1.2 9
3 mM Ca 0.04 0.52 0.26 0.65 1.4 9
10 mM Ca 0.05 0.43 0.24 0.63 1.2 11
0.2 mM Sr2+ 0.06 0.9 0.18 0.51 1.6 7
0.2 mM Ba2+ 0.05 0.8 0.18 0.49 1.1 8
0.2 mM Cd2+ 0.04 0.7 0.20 0.67 1.6 6
0.02 mM Co2+ 0.07 1.0 0.20 0.53 2.3 8
0.2 mM Cu2+ 0.03 1.5 0.20 0.29 2 10
0.2 mM Zn2+ 0.07 0.76 0.23 0.49 2.6 8
0.02 mM Tb3+ 0.10 0.6 0.40 0.80 1.2 10
0.02 mM Gd3+ 0.04 1.1 0.20 0.50 1.1 6

a Uncertainty is <30%.

FIGURE 7: Decylsulfate concentration dependence of the alkylation
half-time of PLA2 (3 µM) with 2 mM p-nitrophenacylbromide (37)
in (0) cacodylate buffer at pH 6.9 containing 1 mM EDTA (teg) or
(b) 0.5 mM CaCl2 (tCa). (×) tCa/teg ratio ()1 + [Ca]/KCa).
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calcium. The alkylation time increases <2-fold with the
formation of E1

# below 0.3 mM decylsulfate. The half-time
changes sharply with the formation of E2

# between 0.4 and 1
mM decylsulfate. Such a change associated with the forma-
tion of E2

# is related to a change in the reactivity or reagent
accessibility of H48. The effect of calcium on the relative
alkylation time is not due to the calcium-dependent binding
of decylsulfate to the active site. However, as shown in
Figure 7, the tCa/teg ratio ()1 + [Ca]/KCa) changes systemati-
cally but modestly with the decylsulfate concentration.
Throughout the range, the apparent KCa remains in the
0.25-0.4 mM range, showing that there is little cross-talk
between calcium in the active site and decylsulfate on the
i-face. Because of longer alkylation times, there is greater
uncertainty in the tCa/teg ratio at the higher decylsulfate
concentrations. The interpretation of the low affinity of
decylsulfate for the active site is also consistent with the
estimated dissociation constant of >0.5 mol fraction for
decylsulfate bound to the active site of E* on micelles of a
zwitterionic neutral diluent (37, 55).

DISCUSSION

Accumulated evidence shows that the Ei
# complexes of

interfacial enzymes are surrogates for some of the structural
and functional states formed during the E to E* change or
for the states that may coexist in equilibrium with E* at the
interface (15, 19, 26-29). This is consistent with the
interfacial kinetic paradigm that the i-face and the active-
site events are separate but allosterically coupled (5, 6, 54).
Results in this paper show that the formation of E* or Ei

#

complexes of PLA2 does not require the occupancy of the
active site or the binding of the catalytic calcium. In these
complexes, amphiphiles presumably bind along the i-face,
and each of the Ei

# states is different from each other or E*
at least in some identifiable way, including a difference in
the STD signatures of bound decylsulfate (Figure 5). The
significance of these results is developed below to elaborate
a better understanding of the premicellar complexes.

Dynamics of Decylsulfate Binding to PLA2. The STD
signatures of decylsulfate from Ei

# complexes are in qualita-
tive accordance with Scheme 1 and the results obtained by
monitoring the protein or probe signals. Results in Figures
4 and 5 provide reliable probe-free qualitative information
about bound amphiphile. The relative signal intensities also
provide the epitope information of the bound amphiphiles.
However, absolute intensities can not be interpreted to obtain
quantitative information about the stoichiometry or stability
of the complexes. The simplest model that emerges is that
in analogy with the micellization behavior. The cooperativity
of Ei

# formation is primarily due to contiguous amphiphile-
amphiphile interactions, presumably along the i-face of
PLA2. Whether or not a change in the protein conformation
also occurs does not change the conclusion.

Results in Figure 5 show that the STD environment of
the most weakly bound decylsulfate molecules in the Ei

# and
E* complexes is noticeably different. It is because according
to Schemes 1 and 2 the steady-state population of A′ is likely
to be representative of the amphiphiles that are most weakly
bound in the Ei

#(Ni)A′ complex. The nuclear spin saturation
transfers to A′ occur while it is in contact with the protein.
When the irradiation time is kept less than T1, different

amphiphile protons are magnetized to different extents. Use
of a saturation time of 0.5 s that is less than half of T1 (Table
2) is an adequate compromise (34). It is because the nuclear
spin relaxation rate of A′ to A starts to have a significant
effect on the STD signal intensity if the saturation time is
long compared to T1. The signal would be weak if the
saturation time is too short such that the saturation transfer
is incomplete.

The plot of the integral of STD peaks normalized to per
proton shows that the signal intensities for the protons toward
the methyl end of the decyl chain increase for the higher
complexes as also shown by the spin–lattice relaxation rates
in Table 2. Greater flexibility toward the methyl end of the
chain may lead to greater disorder and longer relaxation time
T1. Also, the methyl group with three attached protons is
likely to give a stronger STD-NMR signal. Considering all
such factors, our interpretation is that the environment of
the methyl end of decylsulfate in E1

# and E2
# is noticeably

different than in the higher complexes and possibly in the
micelles without protein. In the STD spectrum of the E1

# (at
1:3 protein/amphiphile) complex, the relative intensity of
C1-H is noticeably greater than that of the other protons.
This would be expected if decylsulfate is bound through
sulfate. This trend is weaker for E2

# (1:15) if additional
decylsulfate molecules are not as tightly bound through
sulfate but are clustered in the same way. In the higher
complexes, additional amphiphiles will even more weakly
bind to the same cluster, presumably because their head-
group repulsion is not adequately compensated by the protein
(Figure 6). In short, STD results show that the formation of
the higher complexes occurs by decylsulfate binding con-
tiguously to the clustered amphiphiles.

Short-Range Interactions along the i-Face. The Hill
cooperativity of the amphiphile binding monitored as the
changes in Trp-3 emission and also the STD-NMR signa-
tures suggest that the underlying structural changes occur in
discrete steps. We have suggested that in E* the contact
region along the i-face is desolvated by the short-range
specific ligand substitution reactions (27) and that such
interactions may not necessarily be identical in E* and Ei

#

complexes (7, 17, 22). In these ligand substitution reactions,
water of solvation is replaced with the polarizable ligands
on the i-face of E and on the amphiphile head groups. Besides
such enthalpic contributions, the entropic hydrophobic effect
from the cooperative clustering of the alkyl chains may also
compensate for modest head-group repulsion. All together,
multiple short-range ligand substitution reactions over a large
area of the i-face (Figure 1) could account for the interaction
energy of well over 20 kcal/mol for the stability of E* of
PLA2 (7).

Ei
# Formation Versus Micellar Aggregation. The equilib-

rium underlying the formation of the premicellar complexes
(eq 1) differs from the monomer-micelle equilibrium (6).
While micelle concentration is constrained only by the total
amount of amphiphile, the premicellar complexes are con-
strained also by the total concentration of enzyme. Thus, if
the amphiphile binding is tight, the amphiphile depletion
would influence the shape of the titration curve. It is taken
into account for the STD results.

For micelles (with X ) 1), cmc is determined by the
monomer concentration Cmono. If we describe the micelliza-
tion as n × A f M as the simultaneous joining of n
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monomers, we get the equilibrium relationship [M] ) (Cmono/
K′)n. In the limit of large n and Ctotal > K′, this has the
solution Cmono ≈ K′ (approximately but very nearly). If the
results were exact, it would give the micelle concentration
[M] ) 1 always, which of course is not the case. Therefore,
for a large aggregation number n for micelles, cmc ) K′
holds. The main point is that Ki

# and cmc therefore are
constants on exactly the same footing. In the case where
enzyme is in excess, premicellar complexes with large n will
behave similarly with Cmono ≈ Ki

#. When premicellar
complexes are large enough, they will automatically be
described in the same way as micelles. We have not
considered possible contributions of the self-aggregation of
the Ei

# complexes (27).

Hill CooperatiVity for the Binding of Decylsulfate to PLA2.
Sequential formation of discrete Ei

# complexes implies that
decylsulfate molecules cooperatively bind to distinct struc-
tural regions. Hill cooperativity of n1 ) 1.7, n2 ) 6-8, and
n3 ) 5-10 suggest that at least 2–3, 8–10, and 20
decylsulfate molecules are bound per PLA2 in these com-
plexes. STD results show that these regions are contiguous
on the i-face (Figure 1). The protection results as well as
the spectroscopic differences between the complexes of the
mutants show a change in the protein. It suggests an allosteric
effect of the cooperative amphiphile binding to the i-face
on the active site that remains to be characterized. Likely
scenarios are considered below.

In E1
#, the dissociation constant of decylsulfate in the

absence of calcium is K1
# ) 40 µM with the Hill number n1

) 1.7. More than one decylsulfate would be bound but none
to the active site. A possible basis for the fractional Hill
cooperativity n1 is that two molecules of decylsulfate are
bound in E1

#, but both singly bound substates contribute to
the Trp-3 signal. Also, cooperativity is not complete if the
dissociation constant for a single decylsulfate is not large
enough. On the basis of these observations, we suggest that
the initial binding of 1-3 amphiphiles allosterically controls
the i-face and the catalytic site interaction and that its
functional consequences depend upon the structure of the
amphiphile possibly via the 57–72 loop (18).

Cooperative amphiphile binding in E2
# could take place in

a number of ways. The simplest scenario is that the
amphiphiles in the E1

# simply form a core or nucleus around
which E2

# can form. In this model, for the i-face cooperativity
and its allosteric effect on the active site, the individual
amphiphiles stabilize binding of more just through neighbor
interactions. There could be some allosteric change in the
enzyme that promotes binding to the i-face as well as the
active site. In analogy with the hemoglobin model, another
possibility is that in the E1

# to E2
# step binding of the first

few (n1) amphiphiles might trigger a conformational change
that opens up a whole binding region for the remaining 6–10
amphiphiles. The 62–66 loop is a likely candidate for such
a change. If there are such allosteric effects, they come into
play between the successive Ei

# states, so that E1
# formation

could allosterically trigger E2
# formation. It is possible that

the additional changes related to the loop also occur during
the formation of E3

# and E* on micelles. It should be possible
to characterize such atomic level changes by NMR methods.
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