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Abstract

Saposins A and C are sphingolipid activator proteins required for the lysosomal breakdown of
galactosylceramide and glucosylceramide, respectively. The saposins interact with lipids, leading to
an enhanced accessibility of the lipid headgroups to their cognate hydrolases. We have determined the
crystal structures of human saposins A and C to 2.0 Å and 2.4 Å, respectively, and both reveal the
compact, monomeric saposin fold. We confirmed that these two proteins were monomeric in solution at
pH 7.0 by analytical centrifugation. However, at pH 4.8, in the presence of the detergent C8E5, saposin
A assembled into dimers, while saposin C formed trimers. Saposin B was dimeric under all conditions
tested. The self-association of the saposins is likely to be relevant to how these small proteins interact
with lipids, membranes, and hydrolase enzymes.
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Saposins A, B, C, and D are small, nonenzymatic proteins
required for the breakdown of glycosphingolipids within
the lysosome (Kolter and Sandhoff 2005). They are derived
from the proteolytic processing of the precursor protein
prosaposin, producing the four individual saposins. The
four saposin domains contained within prosaposin most
likely arose from two tandem duplications of an ancestral
gene into one single copy gene (Hazkani-Covo et al. 2002).
Each saposin ‘‘activates’’ the breakdown of particular lipid
substrates by facilitating the access of the lipid headgroups
to the active sites of cognate hydrolases. It is generally
believed that in the absence of sphingolipid activator
proteins, the oligosaccharide chains of the membrane-
bound lipids do not extend far enough into the lysosomal
lumen to be accessible to the active sites of the hydrolases.
Mechanistically, the saposins appear to activate lipid
hydrolysis by solubilizing the lipid substrates or possibly
by destabilizing the membrane structure (Vaccaro et al.

1993, 1995, 1997; Wilkening et al. 1998; Salvioli et al.
2000). Human genetic defects in saposins B and C have
confirmed the importance of their roles in the catabolism of
cerebroside sulfate and glucosylceramide by arylsulfatase A
and glucocerebrosidase, respectively (Kretz et al. 1990;
Horowitz and Zimran 1994). A targeted disruption of saposin
A in mice led to an accumulation of galactosylceramide,
indicating its importance for galactocerebrosidase activity,
while in vitro experiments have shown that saposin D may
be involved in the degradation of ceramide by acid ceram-
idase in the breakdown pathway (Azuma et al. 1994;
Matsuda et al. 2001). In addition to their glycosphingolipid
degradation activities, the four saposins have lipid transfer
activity in vitro (Conzelmann et al. 1982; Hiraiwa et al.
1992; Ciaffoni et al. 2006). This may be relevant for their
roles in membrane maintenance and other lipid-associated
activities. For example, the saposins are required for loading
antigenic lipids onto CD1 proteins for presentation on T cells
(Zhou et al. 2004; Kang and Cresswell 2004), and, in
particular, saposin C is specifically required to load myco-
bacterial lipids onto CD1b (Winau et al. 2004).
The four saposins are members of the larger superfam-

ily of saposin-like proteins (Bruhn 2005). The saposin-
like motif is found in small a-helical proteins or in
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domains inserted within larger proteins and almost
always has a characteristic set of six cysteines that form
three intramolecular disulfide bonds. The members of this
family are involved in a diverse range of functions, but
most participate in membrane/lipid interactions. The
structures of several saposin-like proteins are known,
and most describe a compact, monomeric fold that buries
a small hydrophobic core (Liepinsh et al. 1997; Kervinen
et al. 1999; Gonzalez et al. 2000; Anderson et al. 2003;
Hecht et al. 2004). In contrast, the crystal structure of
saposin B revealed a major conformational variant that
forms an open ‘‘V-shaped’’ monomer that self-associates
into a dimer, resulting in a protein shell with a large
hydrophobic cavity for lipid solubilization (Ahn et al.
2003a). Saposin B has lower sequence relatedness relative
to the other three saposins (Hazkani-Covo et al. 2002),
with pairwise sequence identities of 22%, 15%, and 21%
with saposins A, C, and D, respectively. The latter three
are more similar, with pairwise sequence identities
ranging from 34% to 39% (Fig. 1).
In order to further explore the range of conformations

that can be adopted within the saposin family of proteins,
we determined the high-resolution crystal structures of
human saposins A and C to 2.0 Å and 2.4 Å resolution,
respectively. Both structures revealed the monomeric
form of the saposin fold, as previously seen in the

NMR structure of saposin C (de Alba et al. 2003). We
also observed pH and detergent-induced oligomerization
of saposins A and C by analytical ultracentrifugation,
suggesting that environmental triggers can induce struc-
tural changes within these proteins. In contrast, we did
not detect a change in the quaternary structure of saposin
B under the tested conditions. The differential effects of
pH and detergent on the particular members of the
saposin family are likely to be functionally important
for their individual activities.

Results and Discussion

Expression and purification

Saposins are cysteine-rich human glycoproteins and, as
such, present a challenging recombinant expression prob-
lem. We used our previously reported system for saposin
B (Ahn et al. 2003b) to produce saposins A and C at
levels of 2–3 mg of purified protein per liter of culture in
Escherichia coli. Proper connectivity of the three disul-
fide bonds was verified by mass spectrometry (Ahn et al.
2003b) and crystallography (Ahn et al. 2003a; this work).
We produced saposins A, B, and C without any additional
purification tags, and the recombinant proteins differ
from protein isolated from natural sources only by the

Figure 1. Sequence and structures of saposins A and C. (A) Multiple sequence alignment of the four human saposins. The six

conserved cysteines are indicated along with their connectivity. Helices 1, 2, 3, and 4 from the known crystal structures are shaded

blue, green, yellow, and red, respectively. A turn of 310 helix is present at the end of helix 2 in saposins A and B, and is shaded gray.

The red box indicates the conserved N-linked glycosylation site located at the turn between helices 1 and 2. The green box indicates the

conserved tyrosine 54 that is found at the position of the kink in helix 3 (see text). The designation of the ‘‘stem’’ and the ‘‘hairpin’’

regions is based on a comparison of related structures (see text). (B,C) Ribbon representation of saposins A and C, with helix coloring

according to the scheme in A. (D) A superposition of saposin A (blue) and saposin C (red) shows slight differences in the three loop

regions and in a2.
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addition of two N-terminal residues (Met–Gly for saposin
A and Met–Asp for saposin C) that were introduced as the
result of the cloning strategy. The saposins are heat-stable
proteins, and the first purification step was to heat crude
cell extracts at 85°C for 10 min. This resulted in the pre-
cipitation of most native E. coli proteins, leaving properly
folded saposin in the soluble fraction of the heated extract.
We did not detect any saposin in either inclusion bodies or
in the pellet resulting from the heat treatment. Two addi-
tional chromatographic steps resulted in highly purified
protein that produced crystals. We obtained our crystals
using PEG precipitants at pHs ranging from 6 to 7.
Glycosylation of the protein is not essential for the protein
activity, and bacterially expressed saposin B had a specific
activity that was similar to that of protein isolated from
natural sources (Whitelegge et al. 2003; Norris et al. 2005).

Description of the structures

Both saposin A and saposin C adopt the monomeric
saposin fold in these crystal structures and consist of four
amphipathic a-helices folded into a oblate ellipsoid with
approximate dimensions 26 3 28 3 16 Å (Figs. 1,2). As
with the other saposin-fold proteins, the nonconserved
charged residues are located on the surfaces, with the
conserved hydrophobic residues pointing in toward a
small core. The backbone atoms from the saposin A and
saposin C crystal structures superimpose well, with the
exception of a small but significant deviation of helix 2
relative to the rest of the structure (Fig. 1D). There is also
very good agreement between the saposin C crystal struc-
ture presented here and the solution structure of saposin C
previously determined by NMR (de Alba et al. 2003). The
rmsd between the lowest energy saposin C NMR structure
and the crystal structures is 0.86 Å over 78 Ca atoms
(Asp2–Ser79). This increases to only 1.53 Åwhen the 609
main-chain and side-chain atoms are included.
Helix 3, shown in yellow in Figure 1, is sometimes

considered as two different helices in related structures
(Liepinsh et al. 1997; Anderson et al. 2003; de Alba et al.
2003), but we choose to describe this region as a single
helix with a highly localized kink. This kink is remark-
ably similar in the saposin A and saposin C structures and
in chain B of the saposin B dimer (Ahn et al. 2003a). In
these three cases, the main-chain torsion angles deviate
from canonical a-helical values only at the central
conserved tyrosine 54 (Table 1), and the kinks are
associated with a localized disruption of two main-chain
H bonds at residues preceding the kink site. Thus, the
following i, i + 4 H-bonds are not formed in our
structures: S52 to P56 and S53 to V57 in saposin A,
S52 to E56 and Q53 to I57 in saposin B (chain B), and
D52 to S56 and T53 to S57 in saposin C. All of the
remaining regions of the helix have the expected (f,u)

values and regular (i,i + 4) main-chain hydrogen bonds. In
the case of saposin A, the kink is a classic example of
a disruption in an a-helix caused by a proline residue (in
this case, Pro56) due to the steric clash of the ring and the
loss of an H-bond donor (Barlow and Thornton 1988).
However, the only other human saposin that has an
equivalent proline at this position is SapD (Fig. 1; Bruhn
2005), so the structurally conserved kink cannot be solely
attributed to the presence of the proline in these proteins.
The bend in the helix axis is ;52° in saposin A and
saposin B (chain B), and slightly larger at 64° in saposin
C. This feature is of considerable interest, since the
crystal structure of saposin B showed that helix 3 could
exist in either a kinked conformation (chain B) or
a relatively straight conformation (chains A and C)
(Ahn et al. 2003a). The reversible kinking of this helix
is a critical feature of the structural change in saposin B
from a lipid-bound dimer to an unliganded dimer (Table 1;

Figure 2. Electrostatic surface representations. The left and right columns

show the two flat faces of the disc-shaped monomers. Ribbon represen-

tations of saposin A are shown in A as a guide to the surfaces shown for

saposin A and saposin C in panels B and C. The surfaces are colored by

electrostatic potential from –10 kT to 10 kT, where k is the Boltzmann

constant and T is temperature in Kelvin (red ¼ negative, blue ¼ positive,

white ¼ neutral) as calculated with the program GRASP. The asterisks

indicate an uncharged surface patch that is common to saposins A and C.
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Ahn et al. 2003a). A related effect appears to be important
for saposin C, since the NMR structure of this activator in
the presence of SDS reveals an open form of the protein
in which this helix straightens relative to the detergent-
free state, in which it is kinked (de Alba et al. 2003;
Hawkins et al. 2005). The crystal structures presented
here provide a high-resolution view of this region of the
saposin proteins in the kinked state.

Electrostatic surfaces

The exposed residues are the least conserved among the
family of saposin-like proteins and lead to significantly
different surface charge distributions, and this likely
results in their different functions and mechanisms of
action (Bruhn 2005). For instance, the known structures
of the saposin-like proteins with lytic ability, including
NK-lysin, granulysin, bacteriocin AS-48, and amoebapore
A, carry a net positive charge at neutral pH. However, each
reveals different charged and hydrophobic surface features,
resulting in different modes of action for their membrane-
permeabilizing activities (Liepinsh et al. 1997; Gonzalez
et al. 2000; Anderson et al. 2003; Hecht et al. 2004).
The isoelectric point of saposins A, B, and C are 4.5,

4.6, and 4.6, respectively, and the proteins are calculated
to have net charges of "8.2, "8.0, and "9.1 at pH 7. At
a pH of 4.8, which is representative of the pH in the late
lysosome, all three of these proteins are expected to have
a net charge of approximately "3. Inspection of the
electrostatic surfaces shows that the negative charges
are distributed over most of the surface of the disc-shaped
proteins, but there is a significant uncharged zone on both
saposin A and saposin C (Fig. 2). Negatively charged
lipids are known to be important for saposin–membrane
interactions, and there are a few positively charged
surface clusters on the proteins, but these surfaces are
not conserved across the saposins. The different surface
charge distributions of saposins A and C may explain
their different bilayer interactions, as this likely plays
a key role in their membrane interactions and specificity
(Vaccaro et al. 1997; Qi and Grabowski 2001; de Alba
et al. 2003). The locations of initial membrane ap-

proach are not immediately obvious, but the lysine-rich
N-terminal helices 1 and 2 in saposin C have been
proposed as initial membrane contact sites (Qi and Chu
2004; Liu et al. 2005).

Comparison with saposin B

The crystal structures of saposins A and C are mono-
meric, in contrast to the saposin B dimer (Ahn et al.
2003a). As with NK-lysin and the other known saposin-
fold structures, the saposin A and saposin C structures are
essentially ‘‘closed’’ versions of the ‘‘open’’ saposin B
conformation. In the saposin B dimer, two V-shaped
monomers clasp together to form a shell with a large
internal hydrophobic cavity (Ahn et al. 2003a). In
contrast, the monomeric form of the saposin fold is
collapsed onto itself and forms a small hydrophobic core.
Saposin C has been shown to undergo a large change in
tertiary structure from a closed monomer to an open V-
shaped form in the presence of SDS (Hawkins et al.
2005). In addition to the kinked and straight forms of
helix 3 described above, additional differences between
the open conformation and the closed form of the fold can
be localized to two hinge points between the ‘‘stem’’ and
the ‘‘hairpin’’ regions of the proteins. The stem region
consists of helices 1 and 4, which are linked by two
disulfide bonds. The hairpin region consists of helices 2
and 3, which are also disulfide-linked. A difference
distance matrix analysis of saposin B (chain B) and
saposin A structures clearly reveals that the proteins
differ by the relative orientations of these two constituent
blocks (Fig. 3A). Remarkably, the base and the hairpin
regions of saposin A and saposin B (chain B) can be
independently fit to each other with excellent agreement
(Fig. 3B,C). The fit of saposin A to chains A or C of
saposin B does not agree as well, since helix 3 in the latter
subunits are not kinked. Overall, superposition analysis
points to three ‘‘hinge’’ areas in the saposins: the loops
between helices a1/a2 and a3/a4, as well as the kink site
in helix a3.
Saposin B appears to solubilize its substrate sulfatide

most actively at acidic pH (Fluharty et al. 2001). A

Table 1. Main-chain torsion angles in helix 3

n"2 n"1 na n+1 n+2

SapA ("62, "42) ("75, "36) ("109, "20) ("57, "47) ("59, "39)
SapB (chain A)b ("63, "44) ("70, "42) ("64, "39) ("63, "39) ("61, "51)
SapB (chain B)b ("56, "31) ("77, "44) ("105, +3) ("55, "50) ("58, "43)
SapC ("63, "35) ("103, "34) ("109, "12) ("60, "60) ("70, "30)

(f,u) in degrees.
a ‘‘n’’ is the middle residue (Tyr54) in the sequence 52-DSYLP-56 in saposin A, 52-SQYSE-56 in saposin B, and
52-DTYGS-56 in saposin C.
bData from PDB entry 1N69 (Ahn et al. 2003a).
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similar pH-dependent change in membrane binding ac-
tivity was also reported for saposins A and C (Vaccaro
et al. 1995). Increased exposure of hydrophobic residues

due to flexibility between the base and the hairpin regions
of the monomers would facilitate membrane interactions.
A similar mechanism is predicted for the membrane lysis

Figure 3. Structural comparison of saposins A and B. (A) Error-scaled difference distance matrix (Schneider 2000) between saposin A

(this work) and chain B of saposin B (Ahn et al. 2003a). Blue coloring indicates pairs of Ca atoms that are closer together in the

saposin A structure relative to the saposin B structure. Large empty blocks in the matrix indicate regions that are not significantly

different between the two structures. (B) Superposition of the stem region of saposin B chain B (blue) and saposin A. Red coloring

indicates the saposin A residues 2–21 and 67–80 that were fit to residues 2–21 and 65–78 of saposin B. The remaining residues of

saposin A are colored light pink. (C) Saposin A hairpin residues 25–62 were fit to saposin B resides 26–62 and colored red. The

remaining saposin A residues that were not used in this superposition are colored light pink. The view of saposin B is rotated 90° about
a vertical axis relative to panel B.
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activity of granulysin (Anderson et al. 2003). This type of
motion may be generally important in both membrane
binding and perturbation for increasing substrate acces-
sibility by saposins and saposin-like proteins.

Detergent-induced self-association of saposins A and C

In order to further investigate the effect of pH and detergent
on the self-association properties of the saposins, we carried
out sedimentation equilibrium analyses of saposins A, B, and
C at neutral and acidic pH, and in the presence and the
absence of the polyoxyethyleleglycol detergent C8E5 (Table
2; Fig. 4). We used C8E5 as the detergent since it has a partial
specific volume that is closely matched to that of aqueous
buffers. This simplifies the use of the analytical centrifuge to
measure the oligomeric state of proteins in the presence of
amphiphiles (Ludwig et al. 1982). Saposin B was dimeric
under the four tested conditions, in agreement with previous
results (Whitelegge et al. 2003). In contrast, saposins A and
C were monomeric in the absence of detergent at pH 7.0 and
4.8, but formed dimers and trimers, respectively, at low pH
with added C8E5. The sedimentation analysis presented here
does not depend on the shape of the protein particle and is an
accurate measurement of the true molecular weight. Note
that for saposin C, a monomer–trimer association model
gave the lowest residual errors for the pH 7.0 C8E5 data, but
under acidic conditions in the presence of the detergent, only
trimers could be detected.
Induced oligomerization has been demonstrated for

other small membrane-active proteins. For example, the
three-fingered b-sheet protein cardiotoxin A3 exists as
a monomer in solution but crystallizes as a dimer in the
presence of SDS. The dimers are thought to be inter-
mediates in the eventual formation of higher order olig-
omers that are necessary for pore formation, resulting in
membrane depolarization, leakage, and fusion (Forouhar
et al. 2003). Similarly, the cyclic protein bacteriocin
AS-48 adopts different oligomeric structures when in a
membrane-bound or a soluble form. AS-48 resembles the
saposin-fold but falls outside the classification of saposin-
like proteins. It exists as a dimer at physiological pH values

between 4.5 and 8.5, but as a stable monomer at pH 3 as
determined by chemical cross-linking studies, NMR, crys-
tallography, and analytical ultracentrifugation (Gonzalez
et al. 2000; Abriouel et al. 2001; Sanchez-Barrena et al.
2003). Similarly, the saposin-like protein amoebapore A
appears to undergo pH-dependent dimerization and further
assembly into membrane-spanning pores, as determined by
size exclusion chromatography (Hecht et al. 2004). Likewise,
saposin A and C oligomerization in the presence of amphi-
philes may be a prerequisite for their membrane activities.

Conclusions

Saposins A and C both possess the typical closed monomeric
saposin-fold conformation in the structures reported here, in
contrast to the previously determined open dimer structure of
saposin B (Ahn et al. 2003a). However, we have observed
detergent and pH-induced self-association of saposins A and
C, confirming that these proteins can exist in multiple
structural states depending on the environmental conditions.
It is difficult to propose reasonable models for lipid-binding
based on closed-state structures, regardless of whether these
associate into dimers, trimers, or higher order assemblies.
Instead, we favor a model in which changes in quaternary
structure are driven by significant structural changes within
individual chains. We expect that the acidic and the lipid-rich
environment within the lysosome can trigger conformational
changes within the saposins A and C. The open-state sub-
units, such as those seen with saposin B, could bind directly
to lipid bilayers and/or self-associate to form multimeric
complexes with large hydrophobic cavities for the accom-
modation of lipidic ligands.
It is interesting to note that saposin B and the GM2

activator protein appear to activate glycosphingolipid
degradation by a similar substrate solubilization mecha-
nism despite having widely different structures. Both
have large hydrophobic binding pockets and flexible
entryways, but these are formed by either the a-helical
saposin B homodimer or the single-chain b-cup fold in
the GM2 activator protein (Wright et al. 2000, 2003; Ahn
et al. 2003a). Further studies will be required to clarify

Table 2. Analytical ultracentrifugation

Saposin A Saposin B Saposin C

Condition MWapp (Da) MWapp/MWseq MWapp (Da) MWapp/MWseq MWapp (Da) MWapp/MWseq

pH 7.0 9057 1.01 18,224 2.00 10,873 1.19

pH 7.0 + C8E5 11,294 1.26 17,496 1.92 23,863a 2.61a

pH 4.8 11,344 1.26 18,876 2.07 10,606 1.16

pH 4.8 + C8E5 17,754 1.98 18,040 1.98 28,078 3.07

MWapp values were determined by fitting the data to a model of a single species of unknown molecular weight.
aThe single species result is shown; however, in this case, lower residual errors were obtained by fitting the data to a monomer–trimer equilibrium model
(see text).
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the similarities and the differences in the mechanisms
used by the four saposins to carry out their respective
biological functions.

Materials and methods

Cloning, expression, and purification

Cloning and expression protocols for saposins A and C followed
the protocol developed for saposin B (Ahn et al. 2003b). Briefly,
the saposin A and C coding regions were amplified from a partial
prosaposin cDNA (I.M.A.G.E. 3,615,413) by the polymerase
chain reaction with primers that created 59 NcoI and 39 BamHI
sites. The amplified fragments, which encoded additional
N-terminal Met–Gly residues for saposin A and Met–Asp for
saposin C, were digested and inserted into the pET-16 expres-
sion vector (Novagen). The resulting saposin A and saposin C
vectors were used to transform E. coli BL21(DE3) Codon Plus
and AD494(DE3) cells (Novagen), respectively. Cultures were
grown at 37°C in Terrific Broth to an OD600 between 0.6 and
0.7, induced with 0.8 mM isopropyl-1-thio-b-D-galactopyrano-
side (IPTG), and grown for an additional 4 h before harvesting
by centrifugation. Cells were resuspended in anion-exchange
column binding buffer (25 mM NaCl, 25 mM Tris-HCl at pH
7.5) and lysed by passage through an Avestin Emulsiflex-C5 at
20,000 lb/in2. The lysates were clarified by centrifugation at
26,000g for 20 min and the supernatants were heated at 85°C for
;10 min. Precipitated protein was removed by centrifuged at
26,000g for 20 min. The resulting supernatant was applied
directly to a Q-Sepharose column (BioRad) that had been pre-
equilibrated in binding buffer, and bound protein was eluted
with a linear gradient of elution buffer (1 M NaCl, 25 mM Tris-
HCl at pH 7.5). The peak fractions containing saposins A or C
were pooled, concentrated, and applied to a Superdex-75 size-
exclusion column in 50 mM phosphate buffer (pH 6.9). The

pooled saposin fractions were concentrated to 15–25 mg/mL and
stored at 4°C.
The methionine-inhibition pathway was utilized for the

expression of selenomethionine-substituted saposin A (Doublié
1997). Transformants were grown at 37°C in M9 medium sup-
plemented with 0.4% glucose, 10 mg/mL vitamins (biotin and
thiamine), 2 mM 1 M MgSO4, 0.1 mM CaCl2 to an OD600 of 0.3,
at which time 100 mg/L of lysine, isoleucine, leucine, phenyl-
alanine, valine, threonine, and 60 mg/L of selenomethionine
were added; 0.8 mM IPTG was added when the cells reached an
OD600 of 0.6, and cells were harvested 6 h later. The purification
protocol was identical to the native protein, except that 3 mM
b-Mercaptoethanol was included in all buffers to minimize
selenomethionine oxidation. Saposin B was expressed and
purified as described previously (Ahn et al. 2003b).

Saposin A crystallization and structure determination

Selenomethionine-substituted saposin A was crystallized by
vapor diffusion by mixing 1 mL of the protein stock solution
with an equal volume of a precipitant solution consisting of 19%
PEG 8K, 0.2 M calcium acetate and 0.1 M MES (pH 6.0) or
sodium cacodylate (pH 6.5), and equilibrating the droplets with
600 mL of the precipitant solution. Mother liquor containing
15% PEG 400 was used as a cryoprotectant. Multiwavelength
anomalous diffraction (MAD) data were collected at 100 K at
beamline F2 at Cornell High Energy Synchrotron Source
(CHESS), Cornell University. Data processing and reduction
were done with DENZO/SCALEPACK (Otwinowski and Minor
1997). Crystals belonged to the orthorhombic space group
P21212, with unit cell dimensions of a ¼ 45.68 Å, b ¼ 50.04
Å, c ¼ 33.82 Å. Three out of the four expected selenium sites
were located with SOLVE (Terwilliger and Berendzen 1999),
leading to interpretable electron density maps. DM and O were
used for density modification and model building (Jones et al.
1991; Collaborative Computational Project 1994). Refinement

Figure 4. Sedimentation equilibrium analysis of saposin C. The lower panels represent the protein concentration gradients, and the

upper panels represent the residuals of the fit to the sedimentation equilibrium equation. (A) Sedimentation data for 20 mM saposin C

in 50 mM Tris (pH 7.0), 150 mM NaCl at 35,000 rpm. The solid line represents the expected curve for a single ideal species of

molecular of 10,873 Da resulting from a global analysis from 10 profiles collected at two concentrations and five rotor speeds. (B)

Sedimentation data for 20 mM saposin C in 50 mM NaAc (pH 4.8), 150 mM NaCl, 10 mM C8E5 at 35,000 rpm. The solid line

represents the expected curve for a single ideal species of molecular weight of 28,078 Da resulting from a global analysis from eight

profiles collected at two concentrations and four rotor speeds.
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and addition of water molecules were done with CNS (Brünger
et al. 1998).

Saposin C crystallization and structure determination

Saposin C was crystallized by vapor diffusion by equilibration
against a reservoir solution of 24% PEG 400, 0.4 M calcium
chloride and 0.1 M sodium HEPES (pH 7.0) or sodium
cacodylate (pH 6.0). Mother liquor with 10% glycerol was used
as a cryoprotectant. Data were collected at CHESS F2 as
described above for saposin A. Saposin C crystals belonged to
space group P63 with unit cell dimensions of a ¼ b ¼ 53.20 Å,
c ¼ 52.46 Å. The structure was solved by molecular replacement
with a saposin C model from NMR data (de Alba et al. 2003). To
circumvent the lack of B-factors, the program MULTI PROBE
(written by Gerard Kleywegt, Uppsala University, Sweden) was
used to prepare ensemble models. An ‘‘all atom’’ and a poly-
Ser-Ala-Gly (poly-SAG) model with B-factors set to 20 Å2 were
used in AmoRe calculations (Collaborative Computational
Project 1994). Each of the ensemble models contained residues
3–74 from the NMR structure, and both resulted in equivalent,
unambiguous solutions. After initial rigid-body refinement in
AmoRe, the best representative conformer from the NMR
ensemble was chosen as starting model for atomic refinement.
REFMAC5 refinement proceeded with cycles of manual re-
building with O (Jones et al. 1991; Collaborative Computational
Project 1994). There was significant diffraction anisotropy in
the data, and TLS refinement (Winn et al. 2001) led to a small
but significant improvement in the R and Rfree refinement
statistics. The crystallographic statistics for the saposins A and
C structures are shown in Table 3.

Analytical ultracentrifugation

Sedimentation equilibrium experiments were performed at 20°C
on a Beckman XLI Analytical Ultracentrifuge (Beckman Instru-
ments) using an AN50-Ti rotor, quartz windows, and standard
six-sector charcoal-filled Epon centerpieces. The samples were

prepared at concentrations ranging from 5 to100 mM saposin in
pH 7 (150 mM NaCl, 50 mM Tris-HCl at pH 7.0) and pH 4.8
(150 mM NaCl, 50 mM NaAc, at pH 4.8) buffers with and
without 10 mM penta-ethylene glycol mono-octyl ether (C8E5).
The centrifugation runs were carried out at 30,000 rpm, 35,000
rpm, 40,000 rpm, 45,000 rpm, and 50,000 rpm for 18 h at each
speed to ensure equilibrium was reached before absorbance
measurements were taken. Molecular weights were determined
by a global fit of the sedimentation data for two to three
different initial sample concentrations at four to five different
rotor speeds using Beckman XLI data analysis software. In all
cases but one, the data were best fit as single ideal species,
resulting in a determination of the molecular weight of the
species in the solution. In the case of saposin C at pH 7.0 in
C8E5 slightly lower residuals were obtained for a monomer–
trimer self-association model with a subunit molecular weight
calculated from the sequence (9138 Da) (see Table 2 and text).
The partial specific volume and density of the sample were
calculated using the program SEDNTERP from the amino acid
sequence and buffer composition, respectively. A partial specific
volume of 0.993 was used for the detergent C8E5 (Ludwig et al.
1982).

Data deposition

Atomic coordinates and diffraction data have been deposited
with the PDB, with ID code 2DOB for saposin A and 2GTG for
saposin C.
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