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a b s t r a c t

Mutations in the gene for the lysosomal enzyme glucocerebrosidase (GCase) cause Gaucher disease and
are the most common risk factor for Parkinson disease (PD). Analytical ultracentrifugation of 8 mM GCase
shows equilibrium between monomer and dimer forms. However, in the presence of its co-factor saposin
C (Sap C), only monomer GCase is seen. Isothermal calorimetry confirms that Sap C associates with GCase
in solution in a 1:1 complex (Kd ¼ 2.1 ± 1.1 mM). Saturation cross-transfer NMR determined that the
region of Sap C contacting GCase includes residues 63e66 and 74e76, which is distinct from the region
known to enhance GCase activity. Because a-synuclein (a-syn), a protein closely associated with PD
etiology, competes with Sap C for GCase binding, its interaction with GCase was also measured by ul-
tracentrifugation and saturation cross-transfer. Unlike Sap C, binding of a-syn to GCase does not affect
multimerization. However, adding a-syn reduces saturation cross-transfer from Sap C to GCase, con-
firming displacement. To explore where Sap C might disrupt multimeric GCase, GCase x-ray structures
were analyzed using the program PISA, which predicted stable dimer and tetramer forms. For the most
frequently predicted multimer interface, the GCase active sites are partially buried, suggesting that Sap C
might disrupt the multimer by binding near the active site.

Published by Elsevier Inc.
1. Introduction

GBA1 encodes glucocerebrosidase (GCase), a 60 kDa lysosomal
enzyme that hydrolyzes glucose from glucosyl-sphingolipids such
as glucosylceramide (GluCer). Inheritance of mutated GBA1 from
both parents results in the lysosomal storage disorder, Gaucher
disease (GD). Mutations in GBA1 are the most common known
Cer, glucosylceramide; GD,
clein; Sap C, saposin C; AUC,
n calorimetry; NMR, nuclear
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ruschus), leej4@mail.nih.gov
genetic risk modifiers for Parkinson disease (PD) [1]. Despite a
wealth of studies linking GBA1 mutations and PD, the underlying
mechanisms have yet to be defined [2,3]. Progress is being made,
however, as a growing number of studies show a correlation be-
tween GCase deficiency and increased levels of a-synuclein (a-syn),
a protein closely associated with PD [4e6]. In fact, a-syn physically
interacts with GCase and inhibits its activity under the acidic con-
ditions found in lysosomes [7,8]. Curiously, while GBA1 mutations
are a common PD risk factor, the penetrance is low [9]. Only a
minority of GD patients and carriers develop PD, thus other factors
are also expected to play a role in promoting PD pathogenesis.
Obvious molecules of interest include ones that modulate GCase
activity and the interaction of a-syn and GCase.

In vivo degradation of GluCer by GCase is facilitated by the co-
factor saposin C (Sap C), a 9 kDa membrane-interacting lysosomal

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:gruschuj@helix.nih.gov
mailto:leej4@mail.nih.gov
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2015.01.024&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2015.01.024
http://dx.doi.org/10.1016/j.bbrc.2015.01.024
http://dx.doi.org/10.1016/j.bbrc.2015.01.024


J.M. Gruschus et al. / Biochemical and Biophysical Research Communications 457 (2015) 561e566562
protein [10]. The structures of GCase and Sap C are shown in Fig. 1.
Sap C is one of four saposin proteins resulting from proteolytic
cleavage of the 70 kDa precursor prosaposin. All four saposins
promote hydrolysis of glycolipids by various lysosomal enzymes
[11,12]. Sap C has been proposed to aid GluCer hydrolysis by altering
lipid bilayer properties, by enhancing recruitment of GCase to the
membrane, or through a direct association with GCase that en-
hances its activity [13e15]. Although rare, Sap C deficiency alone
can result in GD-like symptoms in patients [11], demonstrating its
essential role in GluCer metabolism. We previously found that Sap
C can fully rescue the inhibition of GCase activity by a-syn, physi-
cally displacing the a-syn bound to GCase [16].

For the fluorescence measurements of the displacement of a-
syn from GCase by Sap C, the results were best fit by a model where
the proteins interact with a stoichiometry of 1:2 Sap C to GCase,
implying either that Sap C has two sites that bind GCase monomers
with comparable affinity or that one Sap C monomer binds to a
dimer of GCase [16]. The same stoichiometry was obtained both for
a-syn displacement in solution and in the presence of lipid vesicles.
Here, we report on a detailed characterization of the interaction of
Sap C and GCase in solution. To test whether Sap C binds GCase
dimer, we measure GCase using analytical ultracentrifugation
(AUC) alone and in the presence of Sap C. Using isothermal titration
calorimetry (ITC) we measure the stoichiometry and binding af-
finity. Finally, to test whether Sap C has two binding sites for GCase,
we employ the saturation cross-transfer nuclear magnetic reso-
nance (NMR) technique to map the interacting regions of Sap C
with GCase in solution.
2. Materials and methods

2.1. Protein expression and purification

The Sap C plasmid (pET-16, Novagen) was provided by Gilbert
Priv�e (University of Toronto, Canada), and includes an additional
MeteGly at the N-terminus. Uniformly 2H/15N-labeled protein was
produced by a procedure similar to that described in Deshmukh
et al. [17] (additional details provided in Fig. S2). Mass spectro-
metric analysis indicated the loss of the N-terminal methionine and
97% deuteration of non-exchangeable sites (9588 Da in H2O).
2H/15N human recombinant a-syn was expressed similarly but in
BL21(DE3) pLysS cells. a-Syn was purified as previously described
Fig. 1. Structures of GCase and Sap C. (A) The ribbon structure of GCase is shown with
the N- and C-terminal b-domains in light blue, the TIM barrel catalytic domain in pink
with the catalytic glutamate residues in red, the common GD mutation site N370S in
green, and glycosylation sites in yellow. (B) The ribbon structure of Sap C is shown
shaded from red to violet from the N- to the C-terminus. Locations of N- and C-termini
are also indicated. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
[18] and mass spectrometry indicated 99% deuteration of non-
exchangeable sites (15,405 Da in H2O). Taliglucerase alfa (recom-
binant GCase) was obtained as a gift from Protalix Biotherapeutics
Corp. (Carmiel, Israel). Except where noted, all samples were
exchanged into 50 mM sodium acetate (NaOAc) and 100 mM NaCl
buffer (pH 5) by repeated buffer exchanges using Amicon Ultra YM3
(Sap C and a-syn) and YM30 (GCase) centrifugal filters (Millipore).
Protein concentrations were determined using theoretical extinc-
tion coefficients at 280 nm: ε280 (GCase) ¼ 94,353 M�1 cm�1, ε280
(Sap C) ¼ 3355 M�1 cm�1, and ε280 (a-syn) ¼ 5120 M�1 cm�1.

2.2. Analytical ultracentrifugation (AUC)

All AUC experiments were performed at 20 �C in a ProteomeLab
XL-I analytical ultracentrifuge (Beckman Coulter, Indianapolis, IN)
using absorption optics as previously described [19]. Samples with
GCase and 2 mM Sap C (a-syn) were prepared and measured first
and then the 20 mM samples were made by adding appropriate
volumes of higher concentration stocks of Sap C (a-syn) and
concentrating to the original sample volume. Final sample con-
centrations were verified by absorbance at 280 nm; a lower GCase
concentration (~5 vs. 7 mM) was measured for the sample with
20 mM a-syn. Data were analyzed in terms of continuous distribu-
tions (c(s)) using the SEDFIT program [19,20] with RMSD < 0.004
and were plotted in GUSSI (http://biophysics.swmed.edu/MBR/
software.html).

2.3. Isothermal titration calorimetry (ITC)

ITC titrations were performed at 25 �C using the ITC200 calo-
rimeter (MicroCal, Northampton, MA). GCase (20 mM) in the 200 mL
cell was titrated with 300 mM Sap C using 30 injections at 300 s
intervals. The first injectionwas 0.2 mL and all others were 1.3 mL up
to 3 molar equivalents. Data were integrated using NITPIC [21],
were analyzed in SEDPHAT [22], and plotted in GUSSI. Syringe
concentration (Sap C incompetent fraction) and heat of dilution
were adjusted during the fit.

2.4. Nuclear magnetic resonance (NMR)

The saturation cross-transfer experiment was performed as
described [23] and consists of aWURSTadiabatic pulse repeated for
3.2 s over the frequency range desired for saturation, followed by a
standard 15N HSQC pulse sequence. The pulse sequence was also
repeated for each time point with the saturation frequency range
far off resonance, at roughly �1667 ppm in the proton dimension,
and collected interleaved with the on-resonance data. The off-
resonance spectra backbone amide intensities (peak heights)
were used to normalize the on-resonance intensities. The
normalized intensities in the presence of GCase were corrected for
solvent effects by dividing by the normalized intensities of Sap C
alone. The NMR experiments were performed at 15 �C on a Bruker
600 MHz Avance spectrometer equipped with a cryoprobe, with 5%
D2O added to the 50 mM NaOAc, 100 mM NaCl pH 5 buffer. Sap C
assignments are from de Alba et al. [24].

3. Results

3.1. Sap C binds to GCase monomer

Preliminary work on GCase using small-angle X-ray scattering at
concentrations �22 mM in solution indicated GCase was present in
multiple multimeric forms (Fig. S1). To explore multimerization of
GCase at lower concentrations and to probe the impact of Sap C
interaction, AUC was employed. GCase has 12 tryptophan residues,
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allowing measurements using UV absorbance at 280 nm down to
~1 mM. The c(s20,w) distribution of GCase at 8.0 mM shows two main
peaks consistent with monomer (4.4 S) and dimer (5.9 S) (see
below), with trace amounts of higher molecular weight species and
aggregates (<4% total concentration) (Fig. 2A). The populations of
the putative monomer and dimer are nearly equivalent (53% and
47% for monomer and dimer species, respectively) suggesting that
the Kd for GCase dimerization is in the mM range. At 1.7 mM, only the
monomer peak is present with a slightly lower sedimentation co-
efficient (4.2 S) and with a broad shoulder extending to the higher
Fig. 2. AUC results for GCase in the presence of Sap C and a-syn. (A) Sedimentation
coefficients for GCase alone at 8.0 mM (blue curve) and 1.7 mM (purple curve). The
sedimentation coefficient distributions c(s) are plotted in relative absorbance units
versus svedbergs (S). The monomer and dimer peaks are indicated by M and D,
respectively. (B) Sedimentation coefficients of 7.4 mM GCase in the presence of 2.0 mM
Sap C (blue), and 7.8 mM GCase in the presence of 20 mM Sap C (purple). For 20 mM Sap
C, the peak corresponding to GCase dimer is absent. The new peak seen at 1.2 S cor-
responds to unbound Sap C. (C) Sedimentation coefficients of 7.2 mM GCase in the
presence of 2.0 mM a-syn (blue), and 5.0 mM GCase in the presence of 20 mM a-syn
(purple). The new peak seen at 1.2 S corresponds to unbound a-syn. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
S values (Fig. 2A), indicating a fast dimerization off-rate on the AUC
experiment time-scale (koff > 10�2 s�1). For 7.4 mM GCase in the
presence of 2 mMSap C, the pattern of oligomerization is unchanged
and there is no appearance of a signal for free Sap C, suggesting that
all Sap C is bound (Fig. 2B). Surprisingly, when Sap C is increased to
20 mM, only themonomeric GCase peak is observed at 4.4 S (Fig. 2B),
slightly higher than the 1.7 mMmonomeric peak (4.2 S), thus Sap C is
bound to and keeps GCase in its monomeric state. Note that the
relative positions of the Sap C, GCase monomer and dimer peaks
1.2 S, 4.2 S, and 5.9 S are consistent with simple spherical model
predictions using their molecular weight ratios to the 2/3 power, i.e.
(60kD/9kD)2/3 ~ (4.2S/1.2S) and (120kD/60kD) 2/3 ~ (5.9S/4.2S).

Sap C and a-syn compete for GCase binding [16], so a-syn was
tested to see if it also could affect dimerization. As with Sap C, when
7.2 mM GCase was evaluated in the presence of 2 mM a-syn, the
pattern of oligomerization was not changed, and the absence of a
signal for free a-syn indicated that all a-syn is bound (Fig. 2C).
Unlike with Sap C, increasing the a-syn concentration to 20 mM did
not prevent dimerization of GCase, even with a lower GCase con-
centration (5.0 mM) (Fig. 2C). Instead, at the higher concentration a-
syn causes both GCase peaks to broaden and shift towards smaller
S20,w values, suggesting that a-syn might be interacting with both
monomer and dimer forms of GCase. Note that when a-syn binds to
GCase in solution, residues 1e117 of a-syn do not contact GCase and
remain intrinsically disordered [7]. The S20,w value of the complex
depends not only on the total mass, but on the specific density and
Fig. 3. ITC titration of GCase with Sap C. (A) Baseline corrected DP (measured power
differential) peaks used for enthalpy determination. Inset shows the raw ITC data.
Portions not included in the baseline corrected peaks are shown in black. (B) Plot of the
integrated peaks with error bars determined by baseline uncertainty [21], fit with a 1:1
binding curve and (C) residuals resulting from the fit, ranging from �0.27 to 0.24 kcal/
mol.
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shape factor as well, so the non-interacting flexible region of a-syn
might account for the changes in the sedimentation peaks.

3.2. Sap C binds GCase with 1:1 stoichiometry

The raw and baseline corrected thermograms, along with the fit
to the integrated peaks with residuals, are shown in Fig. 3. The
titration of Sap C into GCase resulted in the exothermic reaction
with the apparent enthalpy of �4.1 kcal/mol. The binding isotherm
was fit using models assuming 1:1, 2:1 or 1:2 Sap C/GCase associ-
ation ratios. The 1:1 model yielded the best fit with an incompetent
fraction of 18% for Sap C. The other association ratios yielded un-
realistically high incompetent fraction values, 40% incompetent
GCase for the 1:2 model and 60% incompetent Sap C for the 2:1
model. The 1:1 model yielded a Kd of 2.1 ± 1.1 mM with a heat of
dilution of �0.75 kcal/mol for Sap C.

3.3. Region of Sap C in contact with GCase

In order to determine which Sap C residues are in contact with
GCase, a saturation cross-transfer NMR experiment was performed
[23]. In this experiment, the GCase methyl group 1H spin pop-
ulations are first saturated, then diffuse via NOE interactions across
the interface to the Sap C backbone amide protons closest to the
GCase. The Sap C in the sample must be deuterated, 97% in our case
Fig. 4. Saturation cross-transfer from GCase to Sap C. (A) Saturation cross-transfer
backbone amide resonance intensities (ISat) of 38 mM Sap C alone, normalized by the
intensities with the saturation applied off-resonance (IOR). The error bars indicate
values from two experiments, with the saturation done at two different sweep widths.
(B) Sap C (38 mM) saturation cross-transfer backbone amide resonance intensities in
the presence of GCase at 33 mM (dark blue) and 11 mM (light blue), normalized by the
off-resonance intensities, and corrected by the normalized intensities of Sap C alone
(see Materials and methods), indicated by the primes (I0Sat/I0OR). The error bars indicate
values from two experiments for GCase at 33 mM, with the saturation done at two
different sweep widths. (C) Sap C (38 mM) normalized, corrected saturation cross-
transfer intensities (I0Sat/I0OR) with 33 mM GCase in the presence (green) and absence
(dark blue) of 152 mM a-syn. The dark blue curve is the same as in panel B and is shown
for comparison. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
determined by mass spectrometry, in order to minimize direct
saturation of the 1H population in Sap C. In order to gauge the
impact of residual methyl protonation of Sap C and other potential
effects, such as interaction with solvent, the saturation cross-
transfer experiment was first performed on 38 mM Sap C alone.
The results for the backbone amides for Sap C alone are shown in
Fig. 4A, and the corresponding 2D 15N HSQC spectrum in shown in
Fig. S2A. The experimentwas performed twice using two saturation
sweep widths (0.1e1.1 and 0.05e0.55 ppm), indicated by the error
bars, and no qualitative difference was observed between the data
sets. Both data sets show intensity reduction for residues 45e47 at
the beginning of the third helix of Sap C. Since the backbone amides
of these residues are not near any methyl groups it is unclear what
causes this reduction, perhaps some effect involving the solvent.

The results for the saturation cross-transfer experiment in the
presence of 33 mM GCase are shown in Fig. 4B, with the corre-
sponding 15N HSQC spectrum shown in Fig. S2A. GCase causes the
greatest reduction for Sap C residues 63e66, which lie in the loop
preceding the final helix. Residues 74e76 at the end of the final
helix also show significant reduction. The location of these residues
in the human and consensus Sap C sequences are shown in Fig. S3.
The experiment was repeated with GCase at 11 mM (Fig. 4B), and
less intensity reduction for residues 63e66 and 74e76 was
observed, confirming that their signal reduction comes from satu-
ration cross-transfer. Sap C and a-syn compete for GCase binding,
and this was confirmed using saturation cross-transfer, where
added a-syn (152 mM) also caused less intensity reduction in resi-
dues 63e66 and 74e76 of Sap C (Fig. 4C). As an additional control,
saturation cross-transfer between GCase and 2H/15N a-syn was
measured at two GCase concentrations with residues 122e137
showing the greatest intensity reduction (Fig. S4). This corresponds
well to results using backbone amide intensity reduction in 15N
HSQC NMR spectra [7], where a-syn residues 118e137 were
determined as the region of interaction.

4. Discussion

The AUC results clearly show that GCase exists in monomer/
multimer equilibrium in solution that is driven to the monomeric
state when interacting with Sap C. ITC confirmed a 1:1 complex,
though it is unclear whether Sap C actively dissociates GCase dimer
or simply binds free monomer and prevents self-association. The
1:1 stoichiometry contradicts earlier proposals [25], including our
own based on displacement of a-syn by Sap C probed by fluores-
cence spectroscopy, where the data was best fit with a 1:2 Sap C/
GCase binding model [16]. The model assumed non-cooperative,
independent binding sites. However, since Sap C binding involves
transition of GCase from multimer to monomer states (Fig. 2B), the
assumption of non-cooperative binding is likely not valid, poten-
tially accounting for the discrepancy.

The concentration of 8 mM used in the AUC experiments might
seem high for the cellular milieu; however, GCase is trafficked to
lysosomes confined inside vesicles. A simple calculation (n ¼ (p/6)
cd3NA, where n is the number of molecules, c is the concentration in
molar, d is the diameter in decimeters, and NA is Avogadro's num-
ber) shows that just 19 molecules of GCase in a vesicle with inner
diameter 200 nm yields a concentration of 8 mM. To give a sense of
the dimensions involved, GCase measures 9.5 nm along its widest
axis, so the vesicle is over 20 times wider. In a study of GCase
interacting with its trafficking partner LIMP-2, preliminary cross-
linking results suggested they form a 2:2 complex [26], and while
this does not prove GCase binds LIMP-2 as a dimer, it is consistent
with the possibility.

While the LIMP-2 cross-linking results hint that dimeric GCase
might be present in trafficking vesicles, there is also evidence of the
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importance of monomeric GCase in vivo from studies using radia-
tion inactivation of human spleen homogenates [27]. This experi-
ment measures the homo-multimerization state of enzymes. For
homogenates from normal spleens, GCase was found to be pre-
dominantly monomeric. Intriguingly, in homogenates from spleens
of two GD patients, GCase was predominantly dimeric. This sug-
gests the mutations in these particular GD patients cause GCase to
favor a dimeric form. Building on this idea, one of the biological
roles of Sap C could be to facilitate the transition of GCase to a
monomeric form in the lysosome; hence, there could be mutations
that promote GD and PD because they interfere with this aspect of
the Sap C interaction.

The NMR results presented here map the region contacted by
GCase to Sap C residues 63e66 and 74e76. Two previous experi-
mental studies have probed which part of Sap C interacts with
GCase and enhances its activity [25,28]. Both studies found that the
second half of Sap C activates GCase nearly as well as intact Sap C.
Interestingly, both studies also found that the residues most
important for activation lie in the region just before that identified
by NMR, with the first study identifying residues 41e49 [25] and
the second residues 47e62 [28]. These results are consistent with
proposed mechanisms where Sap C alters membrane structure in a
manner that facilitates substrate access to GCase and helps to re-
cruit GCase to the alteredmembrane region [14,29]. We note that in
the first study, the most strongly binding peptide included residues
41e80, with an apparent dissociation constant (Kact in their
nomenclature) of 1.3 mM, similar to the Kd reported here.

The precise region of GCase that Sap C binds to has not been
determined experimentally. The disruption of dimeric GCase by Sap
C suggests that one possibility is that the Sap C binding site overlaps
with the dimer interface. In order to learn more about which
multimer forms GCase might assume, we surveyed the x-ray
structures of human GCase using the PDBe PISA program for pre-
dicting energetically favorable macromolecular interfaces [30].
Nearly all the structures were predicted to form stable dimers and/
or tetramers, with the lowest free energy, most frequently pre-
dicted multimer interface having the active sites facing the inter-
face and partially buried (Fig. S5). Thus, if the Sap C binding site
overlaps with the dimer interface, then the PISA results would
suggest that Sap C binds somewhere near the enzyme active site.
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