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Molecular Dynamics Simulation of Saposin C-Membrane Binding
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Abstract: To understand the mechanism of Saposin C-membrane binding at low pH, several molecular dynamics (MD)
simulations of saposin C with 1,2-dioleoyl-sn-glycero-3-phosphatidylserine (DOPS 18; 1) or modified DOPS were per-
formed in the default charge states at neutral pH or, based on the pKa calculations, with some protonated acidic residues
to approximate low pH conditions. It was found that the electrostatic attraction between the protein-COO" and lipid-NH;"
groups played an important role in the binding process in addition to the electrostatic attraction between the lipid-COO”
and protein-NH; " groups. The two pairs of attractive interactions acted basically on the opposite sites of saposin C. Neu-
tralization of the amino groups of the lipids enabled saposin C-binding with the membrane at neutral pH. The simulation
results provide insight into the nature and mechanism of the Saposin C-membrane binding process at low pH.
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INTRODUCTION

Saposin C is a member of the saposin family. Saposins
are important activators of selected enzymes that cleave
sphingolipids in lysosomes. Their structures and functions
have been intensively studied [1-11]. Although they have
differential interactions with phospholipid bilayers, saposins
have the general property of binding lipid membranes. Inter-
estingly, a conformational change is observed in 1,2-
dioleoyl-sn-glycero-3-phosphatidylserine (DOPS 18; 1)
membrane-bound saposin C using a fluorescence spectro-
scopic method [12]. This protein structural alteration induced
by DOPS is important for saposin C’s biological activity.
Similarly, a structural change when saposin C binds sodium
dodecyl sulfate (SDS) was determined by NMR [13].

[14]. All charged amino acid side chains in saposin C are
solvent exposed. The electrostatic surface of saposin C in
Fig. (1b) shows that the protein has a predominantly nega-
tive potential (shown in red). The few isolated positive po-
tentials (shown in blue) correspond to the Lys residues lo-
cated on the surface of the H-1 and H-2 helices. The binding
of saposin C to phospholipid vesicles was found to be a pH-
controlled reversible process and many solvent-exposed glu-
tamate residues have elevated pKa values close to the bind-
ing pKa of 5.3. The conclusion was that the partial neutrali-
zation of the negatively charged electrostatic surface of
saposin C triggered membrane binding. Lipid degradation in
lysosomes was anticipated to be switched on and off by
saposin C’s reversible binding to membrane [14].

To better understand the mechanism of saposin C’s bind-
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Fig. (1a). Amino acid sequence of saposin C. The sequence of saposin C shows the N-glycosylation site (asterisk) and the 6 cysteines (C,
boldface) to form three disulfide bonds. The a-helical regions are also indicated.

Saposin C, illustrated in Fig. (1a), is a small protein (~ 80
AA) with an N-glycosylation sequence (asterisk) and 6 cys-
teines (C, boldface). The three disulfide bridges and loca-
tions of the o-helices (H-1 to H-5) are also shown in Fig.
(1a). The three-dimensional structure of saposin C (Protein
databank code; 1M12) has been determined by NMR study

*Address correspondence to this author at the Division and Program in
Human Genetics, Cincinnati Children’s Hospital Research Foundation,
University of Cincinnati College of Medicine, Cincinnati, Ohio 45229-3039,
USA; Tel: (513) 636-5964; Fax: (513) 636-3486; E-mail: qixO@chmcc.org

1874-1991/08

ing with phospholipid membranes at the molecular level, we
performed molecular dynamics simulations of saposin C,
first with the default residue charge states and then with sev-
eral neutralized acidic residues to mimic the low pH condi-
tion in the negatively charged DOPS membrane. Since the
charge states of the ionizable residues have a great impact on
the property and conformation of the protein, a series of pKa
calculations for saposin C with different protein dielectric
constants at different pH were also carried out. The neutral-
ized residues to be used in the simulation were determined
from the pKa calculations. The change of the pH value was
found to regulate the attractive interactions between the
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Fig. (1b). Front and back views of the electrostatic surface of saposin C. Red color represents a negative potential and blue color represents a
positive potential. Graphics were prepared using the Deep View/Swiss-Pdb Viewer.

negatively charged Glu residues of the protein with the posi-
tively charged amino termini of the lipids. The repulsive
interactions between the negatively charged residues of the
protein with the negatively charged carboxylate termini of
the lipids played a less important role in saposin C-
membrane binding. The relative position of saposin C to the
membrane is mainly determined by two pairs of attractive
interactions, i.e. between the negatively charged residues of
the protein with the positively charged amino termini of the
lipids and the positively charged Lys residues of the protein
with the negatively charged carboxylate termini of the lipids.
In general, as shown in Fig. (1b), these two pairs of different
attractive interactions act on the opposite surfaces of saposin
C. The negative-negative repulsion prevents the back side
surface (mainly H3-HS5) of saposin C to bind membrane. The
protein-membrane binding is realized through the interac-
tions of the protein Lys residues located on the front side
surface (mainly H1-H2) with the carboxylate groups of the
membrane, but is controlled by the other pair of attractive
interactions. Experiments also found that saposin C bound to
the detergent SDS at neutral pH and was pH independent
[13]. However, SDS does not have positively charged head
groups, so there are no attractive interactions between the
Glu and Asp residues of saposin C with SDS.

In the present study, we conclude that the pH mainly con-
trols the electrostatic interaction between the protein-COO”
and lipid-NH;" groups, which determines whether saposin
C’s Lys side chains can closely approach the membrane sur-
face and bind with the membrane. Simulation results agree
with recent experimental results by others [13], support our
conclusion regarding the mechanism of the saposin C/DOPS
binding, and provide insight into the nature and mechanism
of the saposin C-membrane binding process at low pH.

METHODS

The structure of saposin C was obtained from the Protein
Data Bank with accession code 1M12. The University of
Houston Brownian Dynamics (UHBD) program [15], ver-

sion 5.1, was used for pKa calculations of saposin C. In the
UHBD program, a continuum dielectric model (Single Site
Model) with a detailed atomic description of the protein was
used [16]. The dielectric constant of the solvent was assigned
the value of 80. There is a large amount of literature on what
dielectric constant value in the protein should be assigned to
yield the best results for pKa, anywhere from 2 to 80 [17-
23].

The pKa calculations in this paper were carried out at the
protein dielectric constants of 2, 4, 6, 10, 20, and 80 in the
range of pH ~4.5-7.0. The dielectric boundary was deter-
mined from the solvent accessible surface with a probe ra-
dius of 1.4 A and the dielectric constant was smoothed at the
adjacent grid points. The ionic strength of the solvent was
assumed to be 150 mM and to follow a Boltzmann distribu-
tion at 298K. The molecule was surrounded by a 2 A ion
exclusion layer. For the calculation of the electric potential
of each titratable site, four cubic grids with spacing of 2.5,
1.2,0.75, and 0.25 A and 453, 153, 153, and 20°, respectively,
were used.

The saposin C structure in a DOPS monolayer was simu-
lated with an all-atom CHARMM27 force field of
CHARMM (Chemistry at Harvard Macromolecular Mechan-
ics) and NAMD (Not Another Molecular Dynamics) [24,
25]. We used the CHARMM program to set up the system
and run the molecular dynamics for the first couple of hun-
dred picoseconds and the rest of the simulation was run with
the NAMD program. The DOPS lipid was built using the
Insightll software (San Diego, California) and optimized in
water. The lipid was then rotated randomly to generate a
library of DOPS lipid for the construction of the membrane.
The TIP3P water potential was used to model water mole-
cules [26]. The system consists of 40 phospholipid mole-
cules (~70 A%/lipid), one saposin C protein (8 net negative
charges), 4597 water molecules, 56 sodium ions, and 8§ chlo-
ride ions. The system was neutralized and contained about
100-150 mM salt. Depending on the number of protonated
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sites or neutralized amino termini, some sodium ions were
taken out of or added into the simulation boxes to maintain
neutral systems. The non-bonded van der Waals interactions
and the electrostatic interactions were truncated and switched
using a cutoff of 12 A in CHARMM. The particle mesh
Ewald (PME) summation with no truncation for the electro-
static interactions was applied in NAMD with a grid of
64x64x200. All H-bond were held fixed. Fluorescence
quenching of Trp-saposin C using spin-labeled phosphati-
dylcholine indicated that saposin C was embedded in the
membrane to a depth of ~5 carbon bond lengths [12]. There-
fore, we used the monolayer membrane. The geometry of the
simulation cell adopted the similar approach, as described
elsewhere [27, 28]. The cell in the z direction is arbitrarily
chosen to be 200 A. A vacuum layer was present on the top
of the water layer. A wall potential was applied to prevent
the diffusion of water molecules into vacuum. The system
was built and simulated following the protocol proposed by
Berneche ef al. [29] All simulations were run in the NPT
ensemble, in which the dimension of the central box was
kept constant in the x-y plane, while allowing fluctuations
along the z axis.

No experimental data exists for the accurate position of
saposin C bound in membrane. Studies have shown that H-1
and H-5 helices of saposin C were most likely embedded in
the membrane [12, 30] and the Asn22 residue (saposin C’s
glycosylation site), located at the loop between H-1 and H-2,
was not close to the protein-membrane binding area and sol-
vent exposed [14]. Therefore, we decided to put the amino
and carboxylate termini of saposin C slightly embedded and
the tilt angle of the axis of H-1 and H-5 to the membrane at
about 25° initially. With the protein held fixed, 40 large
VdW spheres were randomly positioned on the x-y plane at
7z=0. A molecular dynamics simulation of 5 picoseconds was
carried out to allow the spheres to relax around the protein
on the x-y plane. The phospholipids were placed to form a
monolayer with their polar head groups at the centers of the
VdW spheres and their tails stretching in the negative z-
direction. The lipids were then translated and rotated to
minimize bad contacts, defined as two heavy atoms being
closer than 2.6 A. Subsequently, a water layer of 50 A was
put on the top of the membrane and water molecules were
deleted if they overlapped with the existing atoms, defined as
being closer than 2.6 A. There were about 4600 water mole-
cules in the simulations. The total number of atoms was
about 20400. A harmonic potential Uy, = 10(2-50)2 kcal/mol
at z = 50 A was used to prevent the bulk water molecules
from diffusing in the positive direction. Finally, sodium and
chloride ions were added to balance the net charge of the
protein and maintain a salt concentration of ~100-150mM.

RESULTS
pKa Calculation

Fig. (2) displays the calculated apparent pKa values vs
dielectric constants for 6 Glu and 2 Asp residues in the se-
quence of saposin C at different pH values. Also included in
the graphs are results from a previous study [14], which
measured pKa values for 7 out the 11 Glu residues in saposin
C in the range of ~5.1-5.6 (the solid straight line in Fig. (2)).
The figures demonstrate that the best pKa values could be
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reproduced with the protein dielectric constants of 10-20.
With the protein electric constant of 80, the results were
slightly worse. Demchuk and Wade studied the effect of the
dielectric constant on pKa calculations and proposed two
classes of titratable sites; mostly solvent exposed residues
with a protein dielectric constant close to that of the aqueous
solvent and mostly buried residues with a lower protein di-
electric constant in the range of 10-20 [31]. Since all charged
residues in saposin C are solvent exposed, the results from
these calculations differ from the conclusion of Demchuk
and Wade, but may still be within the uncertainty of the
method.

Previous studies of saposin C and its binding with nega-
tively charged membranes showed that the protein-vesicle
binding occurred at acidic pH [9, 14, 32] and had an apparent
binding pKa value of ~5.3 [14]. Further, the protein-vesicle
binding was a reversible process controlled by pH. The
change of pH directly affects the protonation states of the
titratable residues and hence the interactions between the
membrane and the residues’ side chains. As a result, the hy-
drophilicity of the protein surface changes.

Molecular Dynamics Simulation

To better understand the protein-vesicle binding, espe-
cially the role of pH in the reversible binding process, we
have carried out two simulations, i.e. saposin C with residues
in their default charge states and saposin C with several neu-
tralized Glu and Asp residues within the negatively charged
membrane of DOPS. Simulations were run for about 8.5 ns.
A snapshot at the beginning of the simulations is shown in
Fig. (3). The three disulfide bridges were kept intact during
all simulations. The neutralized residues were chosen based
on our calculated pKa values > 5.0 in the low range of the
dielectric constants of saposin C, namely, Glu6, Glu9,
Glu25, Glu46, Glu69, Asp20, and Asp52.

The Positions of Ca atom of Val3 in the z direction rela-
tive to the average phosphorus atom’s position at neutral and
lower pH versus time are present in Fig. (4) for the conver-
gence test. All average quantities were calculated from the
last 2 ns trajectories. Saposin C has an electrostatic surface
with a predominantly negative potential due to the high con-
tent of negatively charged residues and a few positively
charged Lys residues located in the amino-terminal half of
saposin C, i.e. the H-1 and H-2 regions (Fig. 1b). Initially,
the saposin C fold was oriented to have a tilt angle of ~25°
(H1) to the membrane surface. The region having positive
charges was closer to the membrane surface and the amino
and carboxylate terminal parts were slightly embedded in the
area of the lipid heads. Fig. (4) shows that the saposin C fold
was relaxed from the initial position and equilibrated after
about 4 ns. After relaxation and equilibration (total length =
8.5 ns), the final tilt angles of H-1 and H-5 were ~62° and
~45° for the default charge case, and ~40° and ~30° for the
case of neutralized residues. The final orientation is the bal-
ance of the electrostatic interactions between the charged
residues in the protein and the polar groups of the lipids.

Since the relative orientation of saposin C depends on the
interactions between the charged side chains of the protein
residues and the charged groups of the lipids, the local envi-
ronment around the charged groups was investigated. The
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Fig. (2). pKa vs dielectric constant at different pH values for selected residues. — ; experimental data, + ; pH =4.5, x ; pH=5.0, * ; pH =
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Fig. (3). Snapshot of the system at the initial position. Charged
residues are presented in CPK form. Graphics were prepared using
the VMD (Visual Molecular Dynamics) program.
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Fig. (4). Position of Ca atom of Val3 in the z direction relative to
the average phosphorus atom’s position <z,> with time, — default
charge case, --- protonated case.

default charge environment corresponds to the system at
neutral pH, at which no protein-vesicle binding occurs. The
positively charged side chains of the protein are thus farther
away from the negatively charged membrane surface and the
electrostatic interactions are weak. The radial distribution
functions between the charged groups of the protein and the
membrane reveal the pH/neutralization effect in more detail.
In Fig. (5), the radial distribution functions of several se-
lected residues and the charge groups of the membrane are
presented. Fig. (5a-c) shows the radial distribution functions
between the negatively charged Glu residues with the posi-
tively charged amino termini of the lipids in both cases. The
figure shows that the distances between the Glu residues and
amino groups are much smaller in the default charge
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environment (solid curves) than at low pH (dashed curves).
The first peaks of the solid curves (radial distributions be-
tween the oxygen atoms of the glutamate side chains and the
nitrogen atoms of the amino groups of the lipids) occur at
~2.8 A for Glu6, ~7 A for Glu9, and ~3.5 A for Glu45, re-
spectively, whereas at low pH the first peaks of the dashed
curves are ~6.2 A for Glu6, ~12 A for Glu9, and ~14.2 A for
Glu45, respectively. This means that the attractive interac-
tions between the negatively charged Glu residues and the
positively charged amino groups of the lipids are very strong
at a neutral pH. These interactions prevent the protein from
penetrating into the membrane. The strength of the attractive
interactions decreases with a decrease in pH, due to the par-
tial neutralization of the Glu residues.

In contrast to the negatively charged residues, the posi-
tively charged side chains of Lys residues moved closer to
the negatively charged carboxylate groups of the lipid heads
at low pH (Fig. 5d,e), the dashed curves shifted to the left],
which means that the attractive interactions between the
positively charged Lys residues of the protein and the nega-
tively charged carboxylate groups of the lipids increases with
the decrease in pH because of the reduction of the attractive
interactions in the opposite direction. These interactions
promote the protein’s penetration into the membrane. In ad-
dition, the reduction of the negative-negative repulsion helps
strengthen the attractive interaction between the Lys residues
and the membrane. The tilt angles of the H-1 and H-5 helices
reflected the balance of the different interactions. If the in-
teractions between the Lys residues and the membrane in-
crease, the tilt angles of the H-1 and H-5 helices will de-
crease. The interaction energies of the Lys13 side chain with
the membrane were -0.01+0.01 kcal/mol and -0.17+0.2
kcal/mol for the systems with default charges and some pro-
tonated residues, respectively. It is interesting to notice the
Lys41 residue in Fig. (5f) is located in the loop between the
H-2 and H-3 helices. Lys41 strongly binds to the oxygen
atoms of the lipid phosphate group and is embedded in the
membrane. This changed slightly with the charge states of
other residues and played a role in the anchoring of the car-
boxylate terminal of H-2 and the amino terminal of H-3 of
the protein on the membrane. It seems that Lys41 and Lys38,
besides Lysl3, also play an important role in pro-
tein/membrane binding and protein conformational change.
Protein-vesicle binding depends on environmental variables
such as pH, composition of the membrane, and ionic
strength, etc. Also, it is a slow process in the computer simu-
lation timescale. Some phenomena may not be observed dur-
ing a simulation on the order of nanoseconds. Nevertheless,
the simulation results beautifully depict the pH controlled
reversibility of the binding process of saposin C on a nega-
tively charged membrane.

The sodium counterions were mainly distributed in the
range of the lipid heads and shielded the negatively charged
groups of the membrane. The radial distribution functions of
sodium ions around the negatively charged groups are pre-
sented in Fig. (5g). The chloride ions mainly shielded the
positively charged side chains of the Lys residues (Fig. Sh).
Snapshots of the systems at the end of the simulations are
present in Fig. (6).
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Fig. (5). Radial distribution functions of charged atoms of saposin C with respect to charged atoms of DOPS; (a) Glu6, (b) Glu9, (c¢) Glu45,
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Fig. (6). Snapshots of the systems at the end of the simulations; (a)
system at neutral pH and (b) system with some neutralized residues.

Simulations in Modified DOPS

Since the positively charged groups of the lipids play a
very important role in the low pH binding process, the
saposin C/membrane binding can be expected to be inde-
pendent of the pH if there are no positively charged groups
in the lipids, as in the detergent SDS [13]. Two simulations
were carried out in the default charge state to examine the
role of the positively charged groups in the saposin C-
membrane binding. In one simulation, the amino and car-
boxylate groups of the lipids were all neutralized, but the
total negatively charged groups (phosphorus groups) were
the same as in the unmodified case. All other conditions
were kept the same as in the previous simulations. In the
second simulation, only the amino groups of the lipids were
neutralized, in which the negatively charged groups (COO"
and POy4) doubled. Forty sodium ions were added to keep the
system neutral. Both simulations were about 1.2 ns long. The
relative short simulations were intended to show
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qualitatively or semi-quantitatively the affects by modifying
the charged terminal groups. The positions of Ca atom of
Val3 in the z direction relative to the average phosphorus
atom’s position <z,> with time in the modified DOPS are
presented in Fig. (7). The relative small fluctuations of the
positions of Val3 show that saposin C binds strongly to the
membrane, especially in the modified lipid-NH; -termini
only case. The radial distribution functions between the oxy-
gen atoms of the Lys side chains and the nitrogen atoms of
the amino groups of the lipids are presented in Fig. (8a,b).
The radial distribution functions were calculated from the
last 500 ps trajectories. Snapshots at the end of the simula-
tion for saposin C in DOPS with modified terminal groups
are presented in Fig. (9) for graphic comparison of the con-
formational change. From the radial distribution functions in
Fig. (8) we can see that the side chains of Lys13, Lys38, and
Lys41 are very close to the negatively charged groups of the
lipids and most likely form hydrogen bonds. The interaction
energies of the Lys13 side chain with the membrane were -
1.40+0.86 kcal/mol and -32.72+1.99 kcal/mol for the lipids
with both N-terminus and C-terminus neutralized and only
N-terminus neutralized, respectively. The N-terminus of H-1
inserted into the membrane in both cases. The results indi-
cate that the electrostatic repulsion between the negative
surfaces of the protein and the membrane is less important in
the binding process, whereas the attractive interactions are
dominant. The major effect of the partial neutralization of
the negatively charged electrostatic surface of the protein by
reducing pH is to decrease the attractive interaction between
the negative electrostatic surface of the protein and the posi-
tive charge groups of the lipids. This increases the attractive
interaction between the positively charged Lys residues and
the negatively charged carboxylate groups of the lipids be-
cause it enables the Lys side chains to more closely approach
the membrane surface. The two pairs of attractive interac-
tions act mainly on the opposite sides of the surface, de-
picted as the front and back views of the electrostatic surface
of the protein in Fig. (1b). The orientation of the protein,
represented through the tilt angle of the H-1 helix, is mainly
determined by these two pairs of interactions.
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Fig. (7). Position of Ca atom of Val3 in the z direction relative to
the average phosphorus atom’s position <z,> with time in modified
DOPS.
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Our previous study showed that the Lys residues played
an important role in the membrane anchoring of saposin C
[5]. Therefore, the surface on which the Lys residues locate
has to bend toward the membrane surface to allow binding to
occur. When the attractive interactions between the positive
amino groups of the lipids and the negative electrostatic sur-
face of the protein are strong enough to pull the protein up
and separate the Lys side chains from the membrane, saposin
C release from the membrane probably occurs. Without the
positively charged groups in the membrane, membrane bind-
ing should be independent of pH or less dependent on pH.
According to past studies [9, 12], membrane binding leads to
a conformational change in saposin C, and the middle region
of saposin C is exposed to the aqueous phase and not em-
bedded in the membrane, which was also confirmed by the
study from Hawkins ef al. [13]. On the other hand, de Alba
et al. didn’t observe the conformational change in their NMR
study of the behavior of saposin C as a function of pH [14],
but found the conformation changed to a U-shape in deter-
gent [13]. Comparison of Fig. (9) with Figs. (3) and (6)
shows that a part of the fourth helix unfolded and that the
amino terminal of the third helix rose up from the membrane
surface, which may indicate the opening of a hydrophobic
pocket. The insertion of the H-1 helix into the membrane and
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Fig. (9). Snapshots of saposin C in modified DOPS; (a) both amino
and carboxylate groups neutralized and (b) only amino group neu-
tralized. Charged residues are shown in CPK form. Graphics were
prepared using the VMD program.

the anchoring of the loop between the H-2 and H-3 helices
on the membrane by Lys38 and Lys41 likely resulted in the
opening of the hydrophobic core. The calculated order pa-
rameters -Scp of the hydrocarbon chains are presented in Fig.
(10). The hydrocarbon chains have average values of 0.2-
0.07 for C2-C8 and 0.0-0.05 for C11-C17, respectively, ex-
cept in the DOPS-NH; " neutralized system, where the chains
have average values of ~0.15 for C11-C17. The more struc-
tured or tilted tails most likely occurred due to the deeper
insertion of saposin C and the strong interactions between
saposin C and the lipids. This demonstrates that saposin C is
a membrane-perturbing and lipid-binding protein, which
results in membrane curvature changes. Membrane curvature
is regarded as a prime player in growth, division, and move-
ment [33].
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Fig. (10). Order parameters Scp of the hydrocarbon chains for the
unmodified and modified DOPS.

DISCUSSION

We have performed several simulations of saposin C
with the default charge states at neutral pH and some neutral-
ized amino acid residues at acidic pH in normal and modi-
fied DOPS, respectively. The residues chosen to be neutral-
ized in the simulation were based on the pKa calculations
using the UHBD program. The neutralized residues applied
in the simulations did not include all residues with elevated
pKa’s measured in the experiments, and the pKa calculations
did not consider the effect of the membrane. In saposin C,
the Glu residues with elevated pKa are located in three clus-
ters on the protein surface; Glu6 — Glu9, Glu45 — Glud6 —
Glu49, and Glu64 — Glu65. The calculated pKa values using
the single site model are lower than the experimental values
for Glu45, Glu49, Glu64, and Glu65 either with lower or
higher dielectric constants. This may indicate the limitation
of the single site model for strongly coupled titratable sites,
which may need the multiple site titration treatment [34, 35].

Saposin C-membrane binding is mainly the result of the
balance of the electrostatic interactions between the charged
groups in the protein and those in the membrane lipids. Cer-
tainly, the hydrophobic effect and the shielding effect of
counter ions and salt may also influence protein-membrane
binding, but may not be the major factors under the condi-
tions of this study. The change of pH mainly affects the pro-
tonation states of negatively charged residues, which in turn
shift the electrostatic balanced position of the protein on the
membrane. From the calculated interaction energies of the
Lys13 side Lys side chains and the membrane. With a de-
crease of pH, the interaction increased. Without the Glu-
membrane attractive interaction, the Lys residues interacted
strongly with the membrane. The simulation results eluci-
dated the mechanism of the pH controlled reversible binding
process of saposin C on a negatively charged membrane. In a
study using atomic force microscopy of phospholipid mem-
brane interactions with saposin C [11, 30], two types of
membrane restructuring over time were observed; formation
of patch-like structural domains and the occurrence of mem-
brane destabilization. The protein surface neutralization near
the membrane surface is a crucial step for the above proc-
esses to occur with membranes containing positively charged
amino groups. We believe that the two pairs of attractive
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electrostatic interactions play a dominant role in the pH-
controlled membrane binding process.

The details of saposin C-DOPS interactions, upon which
the results and conclusions rest, depend perhaps critically on
the orientation and position of the protein within the mem-
brane, although our previous simulation study showed that
the initial conformations of saposin C molecule didn’t affect
the final binding [5]. One more challenge is to study systems
containing anionic phospholipids such as PG, which has only
negatively charged groups, as does SDS. Saposin C-SDS
binding is independent of pH, whereas saposin C-PG binding
depends on pH [36-38]. SDS has a more flexible membrane
curvature that may also affect the interplay between SDS and
saposin C. A possible explanation for the pH dependent
saposin C-PG binding is that the balance of the electrostatic
interactions are between the attractive interactions of Saposin
C-N'—PG-O and the repulsive interactions of saposin C-O
—PG-0O’, which mainly act on the same surface (the front
side in Fig. (1b)). Probably, the reduction of the negative-
negative repulsion by protonation of negatively charged
residues is still important in those systems so that the posi-
tively charged residues can closely approach the membrane
surface. Since cellular membranes contain less than 30% of
anionic lipids, we expect a significant decrease in saposin C-
membrane repulsion. It will promote saposin C and lipid
membrane binding. More detailed study is needed to reveal
the nature of the saposin C-membrane binding in those sys-
tems.

CONLUSIONS

The major effect of the charge neutralization of saposin C
by reduction of the pH is to reduce the electrostatic attraction
between the negatively charged residues of the protein and
the positively charged amino groups of the lipids. Certainly,
the charge neutralization on the protein surface reduces the
electrostatic repulsion between the protein surface and the
membrane, which makes the Lys side chains more easily
able to approach the membrane. Therefore, the simulation
results reveal that the repulsive interactions between the pro-
tein and membrane play a less important role in membrane
binding. The present study provides insight into the nature of
the pH controlled reversible binding process of saposin C to
membrane, i.e. the pH value controls the interactions be-
tween the negatively charged Glu residues of the protein
with the positively charged amino termini of the lipids. The
final binding is realized through the interactions between the
positively charged Lys residues with the negatively charged
groups in the membrane. Since the electrostatic and hydro-
phobic interactions of saposin C depend on the protein envi-
ronment and the membrane composition, future studies will
use membranes with anionic lipids and different lipid com-
positions. Studies of residue mutations will be pivotal to
identify important individual interactions in structure and
functionality of saposin C in enzyme stimulation.
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