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ABSTRACT: Saposin C binds to membranes to activate lipid degradation in lysosomes. To get insights into
saposin C’s function, we have determined its three-dimensional structure by NMR and investigated its
interaction with phospholipid vesicles. Saposin C adopts the saposin-fold common to other members of
the family. In contrast, the electrostatic surface revealed by the NMR structure is remarkably different.
We suggest that charge distribution in the protein surface can modulate membrane interaction leading to
the functional diversity of this family. We find that the binding of saposin C to phospholipid vesicles is
a pH-controlled reversible process. The pH dependence of this interaction is sigmoidal, with an apparent
pKa for binding close to 5.3. The pKa values of many solvent-exposed Glu residues are anomalously high
and close to the binding pKa. Our NMR data are consistent with the absence of a conformational change
prior to membrane binding. All this information suggests that the negatively charged electrostatic surface
of saposin C needs to be partially neutralized to trigger membrane binding. We have studied the membrane-
binding behavior of a mutant of saposin C designed to decrease the negative charge of the electrostatic
surface. The results support our conclusion on the importance of protein surface neutralization in binding.
Since saposin C is a lysosomal protein and pH gradients occur in lysosomes, we propose that lipid
degradation in the lysosome could be switched on and off by saposin C’s reversible binding to membranes.

Saposin C is an activator of the lysosomal enzyme
glucocerebrosidase that hydrolyzes the glycosphingolipid
glucocerebroside to glucose and cerebroside (1). Mutations
that affect the function of either the enzyme or saposin C
cause Gaucher disease (2, 3). This disease, with heteroge-
neous symptoms, results in sphingolipid accumulation in
different human organs (3).

Saposin C belongs to a family of proteins whose amino
acid sequences are related and therefore are supposed to share
the so-called saposin fold. These proteins need to bind to
membranes or lipids to carry out their different functions. It
has been suggested that functional diversity possibly resides
in their membrane-binding properties (4).

Saposin C is a glycoprotein with a single glycosylation
site (Asn 22) to which N-linked oligosaccharides are co-
valently attached (1). Structural studies of the native glyco-
sylated protein have shown oligosaccharides of different
composition attached to the single glycosylation site, con-
stituting a heterogeneous sample (5, 6).

Biochemical assays indicate that glycosylated saposin C
binds to membranes at acidic pH (7). Additionally, full
activation of the enzyme glucocerebrosidase in vitro can only
be achieved when saposin C is bound to membrane mimetics
(7, 8). Binding and activating sites of saposin C to the
glucocerebrosidase have been identified in the presence of

micelles (9).

Although the mechanism of activation of saposin C toward
glucocerebrosidase is still unknown, a model has been
proposed in which saposin C and the enzyme are bound to
each other in the membrane where the sphingolipid is located
(10, 11).

According to many previously reported studies, the sugar
moiety does not affect the function of saposin C (12) or its
interaction with membranes. Similar binding and activating
capacities of glycosylated and deglycosylated saposin C
toward glucocerebrosidase indicate that the absence of the
oligosaccharides does not produce any loss of protein activity
(9). In fact, the nonglycosylated form seems to bind to the
enzyme with slightly higher affinity. In addition, chemically
synthesized saposin C displays 85% of the native biological
activity (13), and both recombinant and natural saposin C
activate glucocerebrosidase similarly (14). Nonglycosylated
forms of other members of the family (saposins A and B)
have the same activity toward their respective hydrolases as
the glycosylated forms (15, 16).

Furthermore, a previously reported study on saposin C’s
membrane association during its biosynthesis shows that
membrane binding does not depend on the presence of
N-linked oligosaccharides (17). The binding of saposin D
to membranes is identical for both the glycosylated and the
nonglycosylated forms (18).

To investigate the structural basis of the function of human
saposin C and the factors that trigger membrane binding,
we have determined its three-dimensional solution structure.
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The structure of saposin C compared to other saposin-fold
family members provides an explanation for function vari-
ability of this protein family. In addition, we have studied
by NMR1 the changes in conformation and binding affinity
to membranes as induced by pH. Our results provide
structural insights into the mechanism of saposin C’s
interaction with membranes.

MATERIALS AND METHODS

Protein Preparation.Saposin C’s DNA construct was
prepared using PCR-based cloning to contain a thrombin
cleavage site at saposin C’s C-terminus.15N and 13C
isotopically enriched protein was expressed as a His-tagged
protein inEscherichia colistrain BL21(DE3) using a pET-
30b vector (Novagen) in minimal medium with13C-glucose
and 15NH4Cl as sole carbon and nitrogen sources, respec-
tively. The induction of protein expression was performed
at 37°C by the addition of 2 mM isopropylâ-D-thiogalac-
topyranoside for 4 h. Cells were harvested and resuspended
in 100 mL of buffer containing 20 mM imidazole, 500 mM
NaCl, 20 mM Tris, pH 8.0, lysozyme and serine protease
inhibitor, 4-(2-aminoethyl)-benzenesulfonyl fluoride hydro-
chlorine. Cells were further lysed by ultrasonication and
cleared by centrifugation. The supernatant was poured into
a His-Bind resin (Novagen) and treated with biotinylated
thrombin (Novagen) to cleave the histidine tag. The protein
was further purified by reverse phase HPLC, then lyophilized
and washed with HPLC grade water to eliminate residual
salt. The construct for mutant saposin C (Glu 6f Gln, Glu
9 f Gln) was prepared by PCR using the appropriately
designed primers and saposin C’s DNA construct as template.
Expression and purification of the mutant protein were
carried out identically to the native one. The amino acid
sequence of saposin C and the mutant protein as determined
by DNA sequencing is as follows:

Saposin C:
S1DVYCEVCEF10 LVKEVTKLID 20 NNKTEKEILD30

AFDKMCSKLP40 KSLSEECQEV50 VDTYGSSILS60

ILLEEVSPEL70 VCSMLHLCSG80 LVPR
Mutant:
S1DVYCQVCQF10 LVKEVTKLID 20 NNKTEKEILD30

AFDKMCSKLP40 KSLSEECQEV50 VDTYGSSILS60

ILLEEVSPEL70 VCSMLHLCSG80 LVPR
Residues 81-84 do not belong to the sequence of native

saposin C but remain after thrombin cleavage of the His-
tag.

NMR Data Collection for Structure Determination.NMR
samples were prepared at∼1 mM protein concentration
determined by weight of the freeze-dried protein. Protein
solutions were extensively washed to remove residual salt.
The pH was adjusted to 6.8 by adding small amounts of 0.1
M KOH and D2O was added to 10% (v/v). Protein samples
in fd phage (prepared as described;19) and Pf1 phage
(ASLA) were prepared by mixing diluted solutions of phage

and protein followed by concentration to∼0.8 mM protein
and∼15 mg/mL phage.

NMR experiments were performed at 298 K on Bruker
DRX 600 MHz and DRX 800 MHz spectrometers with triple
resonance probes and tri-axial gradients. The combined
information obtained from the experiments:15N-HSQC,13C-
HSQC, sensitivity enhanced HNCO, CBCACONH, CB-
CANH, HBHACONH, HCCH-TOCSY (19.5 ms mixing
time) was used to assign all backbone15N and 1H amide
chemical shifts and 100% of the1H and13C chemical shifts
of amino acid side chains. Four-dimensional15N and 13C-
edited NOESY (120 ms mixing time) and13C-13C-edited
NOESY (120 ms mixing time) were used for NOE assign-
ment. For a review on the different three- and four-
dimensional13C and15N-edited NMR experiments for protein
structure determination see Bax et al. 1993 (20). NMR
experiments to measure residual dipolar couplings (21, 22)
were performed on the phage-containing samples. All NMR
experiments were processed with NMRPipe (23) and ana-
lyzed with PIPP (24).

Backbone15N Relaxation Measurements.Relaxation ex-
periments were performed with 0.25, 0.5, and 2 mM15N
labeled human saposin C samples, pH 6.8 at 298 K on Bruker
DRX 600 MHz. All data sets consisted of 128× 512
complex data points that were zero-filled to 512× 2048 data
points. The1H carrier was positioned at the water frequency
and the15N carrier at 116.5 ppm. States-TPPI quadrature
detection int1 was used in all experiments (25).

The 15N T1 and T1F pulse sequences used (26) were
modified to include the WATERGATE module (27), pulse
field gradients (28), and a semiconstant time evolution period
in t1 (29). The T1F experiments utilized a continuous15N
spin-lock (30) with a 2.5 kHz radio frequency field.T1F data
were collected in an interleaved manner to minimize the
effects of systematic errors. Four and eight scans were used
for T1 andT1F experiments, respectively. Relaxation times
were calculated by fitting the dependence of the experimen-
tally measured intensities with relaxation times to an
exponentially decaying function. The relaxation times used
in the T1F experiments were 3.7, 22.5 52.2, 82.5, 102.2,
122.3, 160.7, 202.5 ms and forT1 experiments were 8, 32,
80, 176, 256, 400, 600, 800 ms.

15N-1H Heteronuclear NOE values were measured with a
reported pulse program (31) and calculated from the ratio
of peak intensities of experiments performed with and
without 1H presaturation. Sixteen scans pert1 point were
used. The total duration of1H presaturation was 3.76 s. NOE
values were corrected as previously described (31) to
compensate for errors caused by incomplete1H magnetization
recovery.

Structure Calculation.Peak intensities from NOESY
experiments were translated into a continuous distribution
of interproton distances. A summation averaging [(∑r-6)-1/6]
was used to obtain distances from intensities. For the majority
of the distances, an error of( 25% of the distance was
applied to obtain lower and upper limits. This error was
increased to( 35% for some distances that could be affected
by spin diffusion processes. A modified version of the
program X-PLOR (32) to incorporate dipolar couplings (33)
was used for structure calculation. The fitting between the
observed and calculated dipolar couplings was done using
two different alignment coordinate systems, one for each set

1 Abbreviations: NMR, nuclear magnetic resonance; HSQC, het-
eronuclear single quantum spectroscopy; NOE, nuclear Overhauser
effect; NOESY, NOE spectroscopy; TOCSY, total correlation spec-
troscopy; TPPI, time proportional phase incrementation; RMSD, root
mean square deviation; ppm, parts per million; HPLC, high-pressure
liquid chromatography; PC,L-R-phosphatidylcholine; PS,L-R-phos-
phatidylserine; bis-ANS, 1,1′-bis(4-anilino)naphthalene-5,5′-disulfonic
acid.
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of dipolar couplings. Initial values of the axial (Da) and
rhombic (R) components of the alignment tensors that are
needed to do this fitting were calculated from the histogram
distribution of dipolar couplings (34). Final values ofDa and
R were obtained through a grid search by minimizing the
total energy of the calculated structure. These areDa ) 23
Hz, R ) 0.31 andDa ) 16.6 Hz,R ) 0.36 for pf1 and fd
phages, respectively. Residual dipolar couplings of NH,
CRHR, and CRC′ bonds were used as restraints. A quadratic
harmonic potential was applied for all dipolar couplings
except those belonging to residues whose15N relaxation data
indicate higher mobility than what is expected for secondary
structure. In this case, a half-open square well penalty
function was used (22).

Hydrogen bonds were defined according to the experi-
mentally determined secondary structure of the protein. Two
restraints were used per hydrogen bond (e.g.,rNH-O ) 1.5-
2.5 Å andrN-O ) 2.4-3.6 Å). The TALOS program (35)
was used to obtainφ andψ restraints only for those residues
with statistically significant predictions.

pH Titrations.13C, 15N-labeled saposin C and15N-labeled
saposin C were dissolved in 90% HPLC grade water and
10% D2O to form 0.5 mM samples in 0.5 mL total volume.
The pH was adjusted by adding aliquots of 0.1 M NaOH
and HCl stock solutions. The pH was not corrected for the
isotope effect on the glass electrode. pH measurements were
taken before and after each NMR experiment and the average
of the two values was used for the analysis. The studied pH
range was 7.36 to 4.22.

Analysis of pH Titration CurVes. The pKa values were
determined from a nonlinear least-squares fit of the carboxyl

13C chemical shift variation with pH of Glu side chains (36)
to the Henderson-Hasselbalch equation. The errors in the
obtained pKa values were estimated by randomly adding to
the experimental data, the error in chemical shift measure-
ment obtained from reproducibility, and by refitting the new
data. This procedure was done 10 times to estimate the error
in the pKa values as the standard deviation. The reported
standard errors do not include uncertainty in the pH deter-
mination or other unknown potential systematic errors.

Vesicle Preparation.L-R-phosphatidylcholine from egg
andL-R-phosphatidylserine from brain (Avanti Polar Lipids)
in powder were dissolved in CHCl3 and mixed to form a
4:1 molar PC:PS ratio. The CHCl3 solution was dried
overnight followed by speed-vacuum during 1 h. HPLC grade
water was added to the mixture to form a 1 mMphospholipid
solution that was equilibrated for 1 h. The solution was
vortexed for 10 min and sonicated for 20 min in a bath
sonicator. The temperature of the bath was controlled to
avoid overheating.

Protein-Vesicle Binding Studies.Solutions of saposin C
and the saposin C mutant at 1 mM concentration, pH 6.8,
were mixed with solution of phospholipid vesicles (1 mM
total lipid concentration) to form 0.5 mM protein/ 0.5 mM
total lipid mixtures. The pH was adjusted to the desired
values by adding sub-microliter volumes of 0.1 M solutions
of KOH or HCl. NMR spectra (15N-HSQC experiments) were
acquired at the different pH values. The integral of the first
t1 point of the spectrum recorded at the highest pH value,
which corresponds to a one-dimensional spectrum of the
amide region of the protein, was calibrated to 100% of signal
intensity. The same experiment performed in the absence of

Table 1: Structural Statistics for the Solution Structure of Human Saposin Ca

restraints r.m.s deviations

distances, Å (1806) 20 lowest-energy conformer lowest energy conformer
sequential|i-j| ) 1 (583) 0.032( 0.001 0.032
short-range|i-j| e 5 (673) 0.042( 0.001 0.041
long range|i-j| g 5 (550) 0.054( 0.001 0.054

hydrogen bonds, Å (28) 0.0439( 0.0006 0.0432
dihedrals, (°) (135) 0.93( 0.06 0.87
residual dipolar couplings, Hz (276)

1DNH (Pf1) (78) 0.84( 0.03 0.86
1DCRC′ (Pf1) (66) 0.51( 0.01 0.51
1D CRH (Pf1) (74) 1.75( 0.08 1.78
1DNH (fd) (58) 1.40( 0.40 1.00

deviations from idealized covalent geometry
bonds, Å (1326) 0.0054( 0.0001 0.0054
angles (°) (2421) 0.88( 0.01 0.85
impropers (°) (627) 0.72( 0.02 0.71

structure quality
Lennard-Jonesb potential energy (Kcal mol-1) -314( 8 -321
Ramachandran plot analysisc:

residues 4-78 88.1% 86.1%
all residues (1-84) 84.7% 83.1%

coordinate precisiond

residues 4-78
backbone (N, CR, C′, O) 0.15( 0.02 Å
all non-H atoms 0.77( 0.04 Å

all residues (1-84)
backbone (N, CR, C′, O) 1.34( 0.34 Å
all non-hydrogen atoms 1.87( 0.40 Å

a The statistics were performed using the 20 conformers with the lowest overall energies. These conformers have no NOE or dihedral angle
restraint violations greater than 0.4 Å and 4.5°, respectively.b The Lennard-Jones van der Waals energy was calculated with the CHARMM PARAM19/
20 parameters and was not included in structure calculation.c Procheck (81) analysis for all residues gives 0.0% of the residues in a disallowed
regions of the Ramachandran map. The percentages given account for residues in the most favored regions of the Ramachandran map.d The rmsd
is reported between the 20 conformers and the mean coordinates by fitting all backbone heavy atoms.
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vesicles at identical protein concentration and pH yield the
same value for the integral of signal intensity. The intensity
of the first t1 point of the rest of the spectra recorded at
different pH values was referenced to the point with 100%
signal intensity. All measurements were repeated twice, and
the reported values are the average of the two measurements.
The measurement errors are represented in the corresponding
figures.

RESULTS

Solution Structure of Human Saposin C.The NMR
solution structure of human saposin C has been determined
using distance restraints derived from Nuclear Overhauser

effects and residual dipolar couplings measured in bacte-
riophage media. The combined structural information ob-
tained from NOEs and dipolar couplings resulted in a high
precision ensemble of structures (RMSD of 0.15 Å for the
backbone atoms of the structured regions) (Table 1). The
13CR secondary shifts (37) as well as short- and medium-
range NOEs (38) indicate that the structure is mainly
R-helical with short loops connecting the helices (Figure 1).
The saposin C fold comprises fiveR-helices (Figure 2A,B).
Helices III and IV could be considered to form a continuous
helix containing a bend at residue Tyr 54 (Figure 2A). By
grouping helices III and IV into one helix the saposin C fold
can be described as a distorted four-helix bundle. The four

FIGURE 1: Summary of sequential and medium-range NOEs and13C secondary chemical shifts of human saposin C. The amino acid
sequence and the secondary structural elements of the protein are shown in the upper and bottom parts of the figure, respectively.

FIGURE 2: (A) Three different views of a ribbon diagram of human saposin C. Sulfur atoms of disulfide bridges are shown in yellow. (B)
Stereoview superposition of 20 lowest-energy conformers of human saposin C.R-helices are color-coded. Helix I (red), helix II (dark blue),
helix III (magenta), helix IV (light blue), helix V (green).R-helical starting and ending residues are labeled. Figure 2 was generated using
the program MOLMOL (82).
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helices do not run antiparallel to each other, but helices II,
III, IV, and V are packed against helix I forming half a sphere
(Figure 2A). The structure of saposin C contains numerous
hydrophobic contacts between theR-helices and three
disulfide bridges connecting helices I and V (Cys 5-Cys
78, Cys 8-Cys 72), and the loop between helices II, III with
helix III (Cys 36-Cys 47) (Figure 2A). The presence of three
disulfide bridges could explain the large number of observed
NOEs for a protein of the size of saposin C (Table 1). The
oxidized state of the six Cys residues was clearly indicated
by the13C chemical shift of their Câ atoms (Figure 1) (39).
The corresponding pairs of Cys residues forming three
disulfide bridges could be unambiguously identified from
NOE data. Numerous NOEs were observed between Cys 36
and Cys 47, indicating the presence of a disulfide bridge
between them, while neither was involved in NOE contacts
with any of the other Cys residues. NOEs between Cys 5
and Cys 8 correspond only to the typical NOEs characteristic
of R-helices (both Cys residues belong to helix I) and these
are, CRH-NH (i, i+3) and CRH-CâH (i, i+3) (Figure 1) (38).
On the other hand, the large number of NOEs between Cys
78-Cys 5 indicate that these residues form a disulfide bridge.
The third disulfide bridge involves Cys 72 and Cys 8,
indicated as well by the presence of NOEs connecting them.
Confirmation of this assignment comes from previous
localization of saposin C’s disulfide bridges using mass
spectrometry (40).

NMR relaxation measurements can give information about
protein dynamics (41). 15N NMR relaxation of saposin C’s
backbone reveals a high degree of mobility at the N- and
C-termini. Even the short loops that connect theR-helices
of saposin C have a degree of mobility comparable to that
of regular secondary structural elements (Figure 3). The
Lipari-Szabo model-free formalism (42, 43) was applied to
obtain order parameters (S2) and time constants (τe) (Figure

3). The slight decrease in the heteronuclear NOE from
residue 32 to 35 may be related to fast backbone motions of
large amplitude as indicated by the lower values of the order
parameter in this region (Figure 3). By assuming fully
anisotropic diffusion the calculated correlation time (τc) is
4.56 ns at a protein concentration of 0.25 mM. The
rhombicity of the inertia tensor calculated from the structure
is within 5% of that of the diffusion tensor obtained from
the relaxation data. If assuming axially symmetric diffusion
the principal axis of the inertia and diffusion tensors are
within a solid angle of 15°. The analysis of15N relaxation
data at 0.25 and 0.5 mM reveals that aggregation is minimal
in this concentration range. An upper limit of∼7% dimer is
calculated with a monomer-dimer equilibrium model in
which both species are considered spherical.

All charged amino acid side chains in saposin C are solvent
exposed, while hydrophobic residues are partially or totally
buried in the protein core (Figure 4A). The high content of
negatively charged residues in saposin C (see protein amino
acid sequence in Materials and Methods) and their location
in the protein exterior are responsible for an electrostatic
surface with a predominant negative potential (Figure 4A).
Exposed hydrophobic surface is practically nonexistent. The
few isolated positively charged features correspond to solvent
exposed Lys residues (Figure 4A).

The coordinates of the ensemble of 20 structures calculated
for human saposin C, the list of experimental NMR restraints,
together with1H, 15N, and 13C chemical shift assignments
have been deposited in the Protein Data Bank with accession
code 1M12.

Conformational BehaVior of Saposin C with pH.Previ-
ously reported studies show that saposin C binds to phos-
pholipid vesicles at pH 5.0, while at pH close to 6.0 binding
is not observed. The amount of protein bound to vesicles
depends on vesicle composition (7). In addition, it has been

FIGURE 3: Backbone amide15N relaxation data for human saposin C at 0.25 mM. (A) LongitudinalT1 relaxation times. (B) TransverseT1F
relaxation times. (C) [1H]-15N Heteronuclear NOE. (D) Lipari-Szabo order parameters (S2). (E) Time constants (τe). The secondary structural
elements of the protein are shown in the upper part of the figure.
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shown that the fluorescence intensity of the hydrophobic
probe bis-ANS in the presence of saposin C increases as a
function of pH. This result has been interpreted as a low
pH-induced conformational change in saposin C that exposes
hydrophobic areas to the solvent. It has been suggested that
these hydrophobic regions are responsible for the binding
of saposin C to membranes at acidic pH (8). To gain
information concerning this potential conformational change
at the residue level, we have studied the behavior of saposin
C by NMR as a function of pH.

1H and 15N chemical shift changes of an15N-HSQC
spectrum (44-46) are used to identify the presence of
conformational or chemical changes at the residue level upon
the modification of solution conditions such as pH, or the
addition of protein ligands. This technique has been exten-
sively used to identify binding between proteins and ligands
and to localize ligand-binding sites (47).

Superimposition of the15N-HSQC spectra of saposin C
at pH 6.8 and 5.4 (Figure 5A) reveals slight chemical shift
changes of only a few amide NMR signals. Signal line-

widths do not change, which indicates that protein aggrega-
tion caused by pH decrease does not occur. The majority of
the amide15N chemical shift differences observed upon
solution acidification in a larger pH range (pH 6.8 to 4.2)
are smaller that 1 ppm, and those that are larger correspond
to amides of Glu or Asp residues whose side chains can
titrate in this pH range (Figure 5B).

We have measured the pKa values of 8 out of the 11 Glu
residues present in the amino acid sequence of human saposin
C (Figure 6). The carboxyl13C chemical shift dependence
of Glu side chain with pH follows the classical sigmoidal
Henderson-Hasselbalch behavior, suggesting that the titra-
tion of the side chain carboxylate group is responsible for
chemical shift change with pH. Six out of the 11 Glu residues
have a pKa of ∼5.5 (i.e., approximately one pH unit above
the value expected for an isolated Glu amino acid) (48). Two
Glu residues have a pKa value close to 5.1. Values of the
pKa lower than 4.9 could not be determined due to the acid-
induced unfolding of saposin C at pH< 4.1.

FIGURE 4: Front and back views of the electrostatic surface of (A) human saposin C, (B) NK-lysin, and (C) the saposin-like domain of
plant aspartic proteinase prophytepsin. The views for the three proteins are equivalent in terms of the orientation of protein backbone.
Figure 4 was generated using the program MOLMOL (82).
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Glu residues with elevated pKa values are located in three
clusters in the protein surface: Glu 6-Glu 9, Glu 45-Glu
46-Glu 49, and Glu 64-Glu 65. Glu residues with more
standard pKa values tend to appear isolated in the protein
structure. The pKa values of isolated Glu and Asp amino
acids in solution can change significantly by the presence
of electrostatic interactions, hydrogen bonds, ionic strength,
and exposure to solvent (49, 50). In addition, it has been
reported that anomalous pKa values can be correlated with
weak protein self-association processes (Kd ) 3-6 mM) (51,
52). pKa variations of∼ 0.3 pH units have been attributed
to this effect (51, 52). 15N relaxation data of saposin C
indicate that <7% dimers are present at 0.5mM (the
concentration used to measure the pKa values). Therefore, it
is expected that self-association may have only a minimal
effect in the anomalously high pKa values of saposin C’s
Glu residues.

Since the hydrophobic residues of saposin C are totally
or partially buried in the protein core (Figure 4A), the
exposure of patches of hydrophobic surface would very likely
imply a large conformational change upon solution acidifica-
tion. The almost identical15N-HSQC spectra of saposin C

at pH 6.8 and 5.4 suggest that such conformational change
does not take place.

The lack of1H amide chemical shift dispersion at pH lower
than 4.1 indicates that saposin C is partially or totally
unfolded under this condition, in agreement with data of bis-
ANS binding (8).

Interaction of Saposin C with Phospholipid Vesicles and
Triton X-100 Micelles.The binding of saposin C to nega-
tively charged phospholipid vesicles as a function of pH has
been studied by changes in NMR signal intensity. NMR
signals broaden to the point of being unobservable when
molecular tumbling is very slow. Vesicles, which can have
an overall molecular mass larger than 100 kDa, tumble very
slowly (53). Therefore, NMR signals that are observed in
the presence of vesicles must belong to the protein that is
free in solution. NMR signal intensity is proportional to the
concentration of1H and 15N amides of saposin C free in
solution in our experiments. The NMR spectrum of saposin
C does not change by the addition of vesicles at pH 6.8. In
contrast, when the pH is decreased to 5.4, NMR signal
intensity is reduced to∼64% (Figure 7A), indicating that
approximately 36% of the protein molecules are bound to
vesicles at pH 5.4. When the pH is increased back to 6.8,
the signal intensity recovers to 91% of its original value
(Figure 7A), reflecting the release of vesicle-bound protein
back into solution and the reversibility of the binding process
with pH.

No significant line broadening or chemical shift variations
in the amide signals of saposin C’s15N-HSQC spectrum at
0.5 mM protein concentration and pH 5.4 are observed by
the addition of vesicles.

FIGURE 5: (A) 15N-HSQC spectrum of human saposin C at pH 6.8
(black) and pH 5.4 (red). (B) Amide15N chemical shift differences
of human saposin C between pH 6.8 and 4.2 versus residue number.
Residues with largest chemical shift differences are labeled in both
figures.

FIGURE 6: Titration curves of carboxyl13C chemical shifts of Glu
residues’ side chains of human saposin C with pH. pKa values were
calculated by a nonlinear least-squares fit of the experimental curve
to the equation:δobs ) [δ1 + δ2 × 10(pH-pKa)]/[1 + 10(pH-pKa)] (δ2
is the chemical shift value at the highest pH). pKa values and errors
are shown.
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Figure 7B shows that the pH dependence of saposin C’s
binding to vesicles does not follow a classical Henderson-
Hasselbalch sigmoidal behavior. Nevertheless, in an attempt
to obtain an apparent pKa value for binding, the data were
fitted to the Henderson-Hasselbalch equation resulting in
an apparent pKa value of∼5.3 for protein-vesicle binding.
This value is similar to the pKa values of several saposin
C’s Glu residues (Figure 6), which suggests that neutraliza-
tion of the side chains of these residues is an important factor
for binding. The role of more than one titratable group in
protein-vesicle binding could explain the observed non
Henderson-Hasselbalch behavior. At the protein-to-lipid
molar ratio at which the pH dependence of binding has been
studied (0.5 mM protein/0.5 mM lipid), the amount of protein
is in excess with respect to lipids and∼33% of saposin C
still remains in solution at the lower pH. Using higher lipid
to protein molar ratios in sedimentation assays 100% binding
has been observed (7).

A decrease in NMR signal intensity can result from protein
aggregation or a change in protein dynamics. NMR relaxation
data provide information on these processes (54). 15N
transverse relaxation time (T1F) of 0.5 mM saposin C in the
presence of vesicles at either pH 5.4 or pH 6.8 is in the range
145-153 ms. This value is similar to that obtained in the
absence of vesicles at the same concentration (T1F ∼ 140
ms). This result indicates that the dynamic behavior of the
protein free in solution is unmodified by the presence of
vesicles at pH 5.4 or 6.8, and suggests that protein-vesicle
binding is a slow process in the NMR time scale. It is
important to mention that when the pH is decreased in the
absence of vesicles no signal intensity change is observed.
Therefore, the only possible explanation for signal intensity

reduction upon pH decrease is that some of the protein that
was free in solution in the presence of vesicles at pH 6.8
binds to the vesicles at pH 5.4, becoming undetectable by
NMR.

To test the effect of electrostatic interactions in the binding
of saposin C to negatively charged vesicles, 400 mM NaCl
was added to the protein-vesicle mixture at pH 5.4, where
binding occurs, and 6.8 (no binding). No increase or decrease
in free-protein NMR signal intensity was observed at either
pH (data not shown). Additionally, we studied the binding
of saposin C to micelles formed by the noncharged surfactant
Triton X-100 by NMR. Saposin C’s15N-HSQC spectra are
identical in the presence and absence of Triton X-100 at pH
6.8. In contrast, at pH 5.4, almost all NMR signals disappear
(data not shown), reflecting the binding of saposin C to Triton
X-100 micelles. When the pH is increased back to 6.8, all
signals reappear and the spectrum looks identical to the
original one, indicating that the interaction between saposin
C and Triton X-100 is also reversible with pH.

Interaction of Mutant Glu 6f Gln, Glu 9f Gln Saposin
C with Phospholipid Vesicles.We have designed mutations
in saposin C to study the overall effect of side chain
neutralization in the membrane-binding process controlled
by pH.

Only two residues (Glu 6 and Glu 9) that titrate in the
studied pH range were mutated to Gln, to avoid changes in
protein structure, stability and solubility. The negative charge
of the Glu side chain is no longer present in the Gln-
containing mutant, which possibly implies a decrease in the
negative charge of the electrostatic surface. The membrane
binding studies of the mutant and wild-type proteins were
performed at pH 4.3, where the plateau for maximum binding
is reached and small differences in pH should not cause large
differences in binding (Figure 7B). This pH was also chosen
on the basis of the different pH ranges in which both proteins
precipitate at the high concentrations required for the NMR
studies (pH) 4.3-5.4 for saposin C and pH) 4.3-5.8 for
the mutant). The mutant protein binds to phospholipid
vesicles in a pH-controlled reversible process. At pH 4.3,
∼22% of the mutant is not bound to the membrane, while
at the same pH 35% of saposin C remains free in solution
(Figure 8A). The mutant protein binds to phospholipid
vesicles to a greater extent at acidic pH than the wild-type
does. One possible explanation for this difference in binding
can be found in the pH titration curves of Glu 6 and Glu 9
(Figure 8B). At pH 4.3 the titration curves of Glu 6 and Glu
9 have not finished, which implies that native protein
molecules have negatively charged side chain for Glu 6
(∼13%) and Glu 9 (∼8%). Since these residues were mutated
to Gln, the mutant has neutral side chains in this region. Thus,
at pH 4.3 a larger population of mutant protein has
neutralized its surface, leading to a larger population of
molecules that bind to the negatively charged phospholipid
vesicles. It cannot be ruled out the possibility that the
mutations to Gln may have modified the pKa values of other
Glu residues, therefore, changing the charge of the protein
electrostatic surface which in turn may lead to a different
binding affinity.

DISCUSSION

Interaction of Saposin C with Membranes.The interaction
of saposin C with phospholipid vesicles and Triton X-100

FIGURE 7: (A) One-dimensional projections of15N-HSQC spectra
of saposin C (0.5 mM) in the presence of phosphatidylcholine (PC)
and phosphatidylserine (PS) vesicles (0.5 mM total lipid concentra-
tion) at pH 6.8 (top), 5.4 (middle), and back to pH 6.8 (bottom) to
demonstrate binding reversibility with pH. Percentage of proton
population of the middle spectrum normalized with respect to the
top spectrum is 64%. (B) Percentage of human saposin C free in
solution in the presence of vesicles at different pH values as
measured by NMR signal intensity (Materials and Methods). The
data presented are an average of two measurements. Thin bars
represent the error in the measurement. Binding studies were not
performed between pH 5.4 and 4.3 because the protein precipitates
in this pH range at a concentration of 0.5 mM. The continuous
line represents the fitting of the experimental data to the Hender-
son-Hasselbalch equation.
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is a reversible process dependent on pH (Figure 7A). The
highly negatively charged electrostatic surface of saposin C
at pH 6.8 (Figure 4A) prevents binding. This could be due
to electrostatic repulsion toward the negatively charged
vesicles or the high energetic cost of transferring protein
negative charges from the polar aqueous environment to the
apolar interior of the vesicle or micelle membrane. If the
pH is decreased to 5.4, approximately 36% of the protein
binds to phospholipid vesicles (Figure 7A) and protein-
Triton binding also occurs. Many Glu residues in saposin C
have pKa values close to the apparent pKa for binding
(Figures 6 and 7). A pH decrease to 5.4 neutralizes∼50%
of the side chains of these Glu residues by protonation,
partially neutralizing in turn the electrostatic surface. In
addition, NMR data indicate the absence of conformational
changes when the pH is lowered from 6.8 to 5.4 (Figure
5A). One possible explanation for membrane binding trig-
gered by pH decrease is the partial neutralization of the
electrostatic surface of saposin C. Figure 7B shows that the
pH dependence of saposin C’s binding to vesicles does not
follow a classical Henderson-Hasselbalch sigmoidal behav-
ior, as expected when more than one titratable group with
different pKa values are involved in the binding process.

Our results regarding NaCl addition to protein-vesicles
mixtures and the interaction of saposin C with the noncharged
detergent Triton X-100 at acidic pH suggest that interactions
with the membrane involve more than the polar heads of
the phospholipids. In addition, these data suggest that binding

is not impeded by electrostatic repulsion between saposin C
and the negatively charges vesicles, but by the energetically
unfavorable event of introducing a negative charge in an
apolar environment.

We can safely rule out a critical effect of vesicle charge
status on pH-dependent protein-binding in the studied pH
range since PC and PS have phosphate groups with pKa

values close to 1 (55). In addition, the pKa values of the
amino and carboxylate groups of PS in PS/PC mixed vesicles
have been reported to be 9.8 and 3.6, respectively (56). At
the pH value that coincides with the binding pKa (5.3) the
percentage of lipid titratable groups that have began to titrate
can be neglected. Additionally, the similar pH dependence
in the binding of saposin C to the neutral detergent Triton
X-100 indicates that membrane charge does not have a
dominant role.

Although the binding of saposin C to phospholipid vesicles
may follow a complex mechanism, in which possibly
different events take place, a critical one seems to be the
neutralization of the electrostatic surface. The binding
behavior of the mutant protein in comparison to that of native
saposin C (Figure 8) strengthens our conclusions regarding
the key role played by the electrostatic surface of the protein
in membrane binding.

The most probable mechanism for protein release from
the membrane is based on displacement of two coupled
equilibria. One equilibrium involves the unprotonated and
protonated forms of the free protein in solution. The other
equilibrium relates the protonated protein free in solution
and bound to the membrane. When the pH increases, the
larger concentration of hydroxyl ions should shift the first
equilibrium toward the unprotonated form of the protein, this
in turn will shift the second equilibrium toward the free
protonated form of the protein.

Additional investigations need to be performed to char-
acterize the existence of subsequent steps in saposin C’s
membrane-binding process once the negative charge of its
electrostatic surface has been reduced. NMR structural
studies of human saposin C in the presence of SDS micelles
are being performed in our laboratory to determine the three-
dimensional structure of saposin C in a membrane-mimicking
environment. This information will be important to identify
conformational changes that saposin C may undergo by
interacting with the membrane.

It has been previously suggested that Asn 22 (saposin C’s
glycosylation site) is not located close to the protein-
membrane binding area (18), since no change in membrane-
binding affinity or protein function have been observed
between the glycosylated and the unglycosylated forms. Our
structural data agree with this suggestion. Asn 22, located
at the loop between helices I and II, is not close to the three
clusters of Glu residues with elevated pKa values, which
according to our results are involved in the binding process.
Additionally, Asn 22 side chain is solvent exposed and does
not form any specific interactions with other residues. It is
therefore unlikely that glycosylation will cause significant
perturbations in saposin C’s structure. Important electrostatic
changes are not expected either, since they could modify
the pKa values of Glu residues, which would affect membrane
binding.

Comparison of Saposin C’s Structure with other Members
of the Saposin-Fold Family and Implications for Different

FIGURE 8: (A) Percentage of population of native and mutant
proteins not bound to the vesicles at the different pH values. Thin
bars represent the error in the measurement. (B) Titration curves
of carboxyl13C chemical shift of Glu 6 (pKa ) 5.12( 0.02) and
Glu 9 (pKa ) 5.36( 0.03) side chains with pH in human saposin
C. Arrows provide an indication of the population of negatively
charged Glu 6 and Glu 9 in native saposin C at pH 4.3.
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Functionality.Several three-dimensional structures have been
reported of proteins that share the saposin fold. All of these
proteins bind to membranes or lipids. In contrast, although
some have similar functions, others are functionally unre-
lated. In the majority of the cases the saposin fold is
conserved, with minor differences in the arrangement of the
helices and the short loops. Nevertheless, the electrostatic
surfaces of these proteins are very different, ranging from
positively to negatively charged. On the basis of a different
electrostatic surface it is possible to expect different mech-
anisms of interaction with membranes that could account
for functional diversity.

NK-lysin, a member of the saposin-fold family with
tumorolytic and antibacterial properties, is supposed to form
pores in membranes (57, 58). The amino acid sequences of
NK-lysin and saposin C are∼40% similar. The large
difference between the structures of these two proteins is
found in the electrostatic surface, since their backbone folds
are very similar with a RMSD of 2.38 Å (Figure 9A). The
NK-lysin surface is positively charged (Figure 4B). It
contains a hydrophobic patch, that is suggested to be in
closest contact to the membrane in the membrane-bound
form, and a large number of positively charged residues that
may form favorable interactions with negatively charged
membranes (57, 58). In contrast, saposin C’s electrostatic
surface is mainly negative (Figure 4A). While the binding
of saposin C to membranes depends on pH, no data are
available about the effect of pH on NK-lysin interaction with
membranes. Furthermore, NK-lysin has an electrostatic
surface that is very similar to those of membrane-disrupting
proteins, bacteriocin AS-48 (59) and granulysin (60), whose
structures resemble the saposin fold.

The plant specific domain of plant aspartic proteinase
prophytepsin adopts the saposin fold (61) and is supposed
to be involved in vacuolar transport mediated by membrane
binding (61). Figure 4C shows that the electrostatic surfaces
of the saposin-like domain in prophytepsin and that of
saposin C are very different. Therefore, they are expected
to interact with membranes differently.

Saposin B is another member of the saposin-fold family.
In contrast to saposin C, saposin B solubilizes sphingolipids,
acting as a carrier of the substrate to the enzyme responsible
for its degradation (62). The crystal structure of saposin B
differs from the so-called saposin fold. It consists of a
homodimer with secondary structure very similar to that of
saposin C but a very different arrangement of the helices
(63) (Figure 9B).

This structural comparison highlights the possible implica-
tions that the protein electrostatic surface and the tertiary
fold can have in the functional diversity and membrane
binding properties of this family of proteins.

Implications for pH-Controlled Lipid Degradation in the
Lysosome.It has been suggested that the binding of saposin
C to artificial membranes at acidic pH values may be related
to the fact that saposin C is a lysosomal protein, and that
the pH in lysosomes tends to be acidic (64). Degradation of
glycosphingolipids, the process in which saposin C is
implicated, occurs in the acidic organelles of the cell (i.e.,
endosomes and lysosomes) (65). Saposin C is generated by
proteolytic cleavage of its precursor in the late endosomes
(66) and it has been found in the lysosomes, according to
several studies on its subcellular localization (6, 66-68).

These reports indicate that saposin C is associated with the
lysosomal membrane, although it is also present in the
lysosomal matrix. It has been mentioned that extractions of
the protein in hypotonic medium resulted in the release of
saposin C from cellular membranes apparently in a soluble
form (67). This result is the first indication of the effect that
solution conditions can have in the release of saposin C from
the lysosomal membrane. We have found that saposin C can
be released from the membranes by increasing the pH from
acidic to neutral values, and that this process is reversibly
controlled by pH. In addition, we have shown that changes
in the net charge of the electrostatic surface of saposin C
are responsible for its binding or its release from the
membrane.

The pH of lysosomes ranges from∼4.5 to∼7.0 (69, 70).
The most common range is∼5.0-5.5 (71-74). Due to the

FIGURE 9: (A) Superposition of the ribbon diagrams representing
the backbones of human saposin C (magenta) and NK-lysin (cyan).
(B) Ribbon diagram representing the backbone of the dimeric
structure of saposin B. The position of the dimer unit colored in
red is equivalent to that of saposin C represented in the right-hand
side of Figure 1A by matching the orientation of helix I. The
different packing of the helices around helix I in saposin C and the
saposin B dimer can be compared. Figure 9 was generated using
the program MOLMOL (82).
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biogenesis of lysosomes (75, 76) and/or to molecular
processes taking place inside them (77), the pH value of an
individual lysosome in a cell can vary with time (69, 77)
and also vary among the lysosomal population of the cell
(70). For example, transient alkalinization could take place
by the fusion of the lysosome with the less acidic endosome.
This pH variability inside an individual lysosome can have
important implications in sphingolipid degradation by regu-
lating saposin C’s binding to the lysosomal membrane. The
pH-controlled reversibility of saposin C’s binding to artificial
membranes would imply a pH-controlled degradation of
lipids, since binding of saposin C to the membrane is key to
the activation of the lysosomal hydrolase glucocerebrosidase
(8, 10, 11). In vivo studies concerning a glucocerebrosidase
mutant frequently encountered in Gaucher disease, indicate
that intra-lysosomal pH has a critical effect in the catalytic
efficiency of the enzyme (78). This result can be due to the
effect of pH on the enzyme itself or on saposin C.
Additionally, other physiological disorders related to lipid
accumulation have been associated with elevated lysosomal
pH values, even though the lysosomal hydrolases that
participate in lipid hydrolysis appear to function normally
(79, 80). These studies also suggest that pH plays a very
important role in lipid degradation inside the lysosome.
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