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ABSTRACT. Acid S-glucosidase is a lysosomal membrane protein that cleaveés-flae-glucosidic linkage

of glucosylceramide and aryi-glucosides. Full activity reconstitution of the pure enzyme requires
phospholipids and saposin C, an 80 aa activator protein. The deficiency of the enzyme or activator leads
to Gaucher disease. A conformational change of @glucosidase is shown to accompany activity
reconstitution by selected phospholipids or, particularly, phospholipid/saposin C complexes by intrinsic
fluorescence spectral shifts, fluorescence quenching, and circular dichroism (CD). Negatively charged
phospholipid (NCP) interfaces with unsaturated fatty acid acyl chains (UFAC) induced concordant blue-
shifts in tryptophanyl fluorescence spectra and a logsstfand structure by CD. The enzyme required

an unsaturated fatty acid acyl chain in proximity 0L A) within liposomal membranes for activation,
fluorescence blue-shifts, and changes in CD spectra. Activity enhancements were greatest when UFAC
and the negatively charged headgroup were present on the same phospholipid. NCPs with UFAC protected
the enzyme from fluorescence quenching by aqueous agent€gt, acrylamide, TEMPO). Phospha-
tidylcholine with doxyl spin-labeled fatty acid acyl chains at carbons 7, 10, or 16 quenched enzyme
fluorescence only when in NCP/PC liposomes. Saposin C (Trp-free) induced additional activity and
fluorescence spectral changes in the enzyme only in the presence of NCP liposomes containing UFA.
CD spectral changes indicated saposin C and agjtlicosidase interaction only in the presence of NCPs
with UFA. These studies show that adiejlucosidase requires interfaces composed of NCPs, containing
UFAC, for penetration into the outer leaflet of membranes. Furthermore, this interaction induces essential
conformational changes for saposin C binding and further enhancement gf-gtidosidase catalytic

activity.
Acid g-glucosidaseN-acylsphingosy)3-p-glucoside:glu- of the enzyme function in vitro. To restore the hydrolytic
cohydrolase, EC 3.2.1.45) hydrolyzes hglucosidic link- activity of the pure enzyme toward glucosylceramide or

age of glucosylceramide and synthefiglucosides. This  arylglycosides, exogenous activators are needed, including
glycoprotein enzyme has 497 amino acids (MY85 400; phenoxyacyl detergents (e.g., Triton X-100), bile salts, or
unglycosylated protein) including 12 widely distributed acidic phospholipids (phosphatidylserine, phosphatidylinosi-
tryptophanyl residues. The enzyme is present in lysosomestol) [reviewed in ()]. Extensive kinetic and reconstitution
of all nucleated cells of mammald)( Four of five Asn- studies of acig3-glucosidase have evaluated the effects of
linked glycosylation sites have attached oligosaccharides, andacidic phospholipids on the enhancement of enzyme activity
occupancy of the first site (Asn19) is necessary for enzyme [see () for detailed review]. Anionic phospholipids with a
activity (2). The enzyme normally is a lysosomal membrane single net negative charge are effective in reconstituting
protein that requires detergents for complete extraction. partially purified, delipidated enzyme in the following
Although the enzyme has substantial hydrophobic properties,order: phosphatidylserine (PSy phosphatidylinositob>
it is not a transmembrane protein and has neither a largephosphatidic acid5). Neutral phospholipids, i.e., phos-
cytoplasmic tail 8) nor computer-predicted transmembrane phatidylcholine (PC) or phosphatidylethanolamine, are inef-
domains. Inherited defects of this enzyme lead to the variousfective @). These studies showed that the acidic headgroup
forms of Gaucher disease and the lysosomal accumulationis essential for activation and that an interface is required
of glucosylceramide4). for enzyme interaction.

The fully delipidated enzyme is essentially inactive, and  Less well studied are the effects of the fatty acid acyl
a micellar or liposomal surface is needed for reconstitution chains of acidic phospholipids. Although natural PS and
phosphatidylglycerol, containing unsaturated fatty acid acyl
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chains, reconstituted rat livgl-glucosidase activity, phos- In this paper, the interaction of pure human agidlu-
phatidylglycerols with saturated acyl chains [i.e., PG (18: cosidase with phospholipids and saposin C is examined
0,0)] were ineffective in stimulating the enzyme’s activity directly by intrinsic tryptophanyl fluorescence of the enzyme
(7). In comparison, the PS with saturated short acyl chains and CD spectroscopy. These analyses and fluorescence
[PS (12:0,0)] reconstituted enzyme activity whereas those quenching studies show the essential requirements of fatty
with <10 carbon bonds did no8). This is likely due to acid acyl and polar headgroup composition of phospholipids
the inability of PSs with acyl chains10 carbon bonds to  for conformational changes leading to enhancement of
form stable interfaces8]. These findings suggested that activity. These results provide direct support for a model
interaction between an interface and ggidlucosidase may  of acid3-glucosidase/phospholipid/saposin C interaction that
require penetration to a depth of about 12 carbon bond requires several steps, including interfacial attachment, and
lengths and that other physical effects may impede enzymemembrane insertion of the enzyme and activator followed
function in liposomes composed of longer saturated acyl by their binding and resultant conformational change.
chains. The results of these kinetic studies suggested that

the acidic phospholipid interface interacts with agigjlu- EXPERIMENTAL PROCEDURES
g;)Sldase to conform the enzyme into an active structlire ( Materials. The following were from commercial

- o o ) ~sources: potassium iodide (KI) and TEMPO (2,2,6,6-

In addition to the acidic phospholipids, saposin C is tetramethylpiperidineN-oxyl) (Fischer, Pittsburgh, PA);
essential for significant in vivo activityl0, 19. This 80  cesium chloride (CsCl) and acrylamide (Life Technologies,
amino acid protein is tryptophan free and very heat stable. Gaithersburg, MD); 4-methylumbelliferyl-p-glucopyrano-
Saposin C enhances agfdglucosidase in vitro activity in - side (4MU-Glc) and Ceredase (alglucerase for injection)
the presence of acidic phospholipids [e.1). Functional  (Genzyme Corp., Cambridge, MA); egg phosphatidylcholine
studies of saposin C indicate that enzymatic activation (EPC), brain phosphatidylserine (BPS), heart cardiolipin
requires the C-terminal half of the proteiblj. Saposin C  (HCA), liver phosphatidylinositol (LPI), soybean phospha-
has been proposed to enhance ggiglucosidase activity  tidylinositol (SPI), palmitoyl-2-stearoyi¢doxyl)-sn-glycero-
by several mechanisms including (a) direct binding to the 3-phosphocholine (SLPGy = 7, 10, 16), and all synthetic
enzyme (2), (b) interaction with enzyme sites that are phospholipids (Avanti Polar Lipids, Alabaster, AL); oleic
exposed (altered) following P&nzyme associatiorl§), and  acid (Sigma, St. Louis, MO); anionic lipids were sodium
(c) destabilization of phospholipid membranes at acidic pH salts; anti-human albumin Ig fraction (Boehringer-Mannheim,
that promotes acig-glucosidase binding to the membrane |ndianapolis, IN); sodium taurocholate (Calbiochem, Los
(14). Each of these mechanisms includes postulated con-Angeles, CA). All other reagents were reagent grade or
formational changes in acig-glucosidase that lead to petter.
increased hydrolysis of substrates. However, the physical Enzyme Purification.Alglucerase containing-mannosyl-
effects of the lipid membrane/enzyme and enzyme/saposinierminated acig3-glucosidase from human placentas and
C interactions and structural changes induced by thesep;man serum albumin (HSA) was used as the source to
interaction remain unknown. purify acid g-glucosidase. The enzyme was purified to

Unraveling of these basic interactions is essential to further homogeneity by FPLC (Pharmacia Biotech Inc., Piscataway,
understanding the relationship between the molecular enzy-NJ) using sequential Mono Q, Octyl Sepharose, and Q
matic effects of the Gaucher disease mutations on theSepharose chromatography. Commercial alglucerase was
phenotype and, potentially, to the improvement in enzyme applied to a Mono Q column equilibrated with 0.02 M Bis-
therapy for this disease. For example, acidic phospholipids Tris, pH 5.8. The enzyme eluted in the wash whereas the
and bile acids were found to differentially activate specific bulk of the human serum albumin bound to the column. The
mutant forms of the enzymd%—17). The enzyme derived enzyme was then applied to an Octyl Sepharose column, and
from the most common mutation, N370S, has increasedthe enzyme was eluted in a linear gradient-80%) of
degrees of activation by PS compared to the normal enzymeethylene glycol. This fraction contained small amounts of
whereas activation of the L444P mutant enzyme was muchresidual human serum albumin detectable with anti-human
less [reviewed in4)]. The N370S and L444P mutants are serum albumin antibodies on Western blots. These trace
highly associated with the nonneuronopathic (type 1) and amounts of human serum albumin were removed by Q
neuronopathic (types 2 or 3) phenotypes, respectivély (  Sepharose chromatography according to the Mono Q protocol
For enzyme therapy, purified natural or recombinant enzyme above. The purified protein had a single band on SDS
is administered intravenously and is taken up into cells by PAGE and had no detectable human serum albumin on
mannose receptor-mediated endocytosds (9. For func- overloaded Western blots using anti-human serum albumin
tion, the administered enzyme must attach to the inner antibodies. Also, acigi-glucosidase and human serum
lysosomal membrane, presumably to lipids. Studies in albumin were resolved on 20% SBBAGE (PhastSystem,
normal mice indicate that about 50% of the administered Pharmacia Biotech Inc.), and human serum albumin was
enzyme is inactive in the celld9) and may not be attached absent from overloaded Coomassie-stained gels. Pure human
to the lysosomal membranQ). Thus, understanding of acid-glucosidase, free of human serum albumin, was used
the enzyme/phospholipid interactions may provide a better for all studies. The enzyme was estimated tc-199% pure
appreciation of the factors that could modulate the Gaucherby SDS-PAGE and Coomassie staining, and immunoblot-
disease phenotypes and potentially lead to therapeuticting studies (Figure 1).
approaches that improve the function of endogenous or The pure enzyme solution was adjusted 617 uM with
administered acig-glucosidase. 0.02 M Bis-Tris, pH 5.8, and stored at 4. Enzyme



11546 Biochemistry, Vol. 37, No. 33, 1998 Qi and Grabowski

A M, min, and then a linear (6100%) gradient of acetonitrile was
established over 60 min. The major protein peak was
708 — - - I [E%}/?c collected and lyophilized. The protein concentrations were
43.6 — e determined by the Lowry metho@3) using bovine serum
i albumin as the standard.

Enzyme AssaysThe enzyme activities were estimated
fluorometrically (Sequoia-Turner Model 450 fluorometer)
with 4MU-Glc as substrate. Assays were conducted in
detergent-free systems with or without phospholip&l2Q).
Assays contained lipid-to-protein ratios as indicated; most
B were at 20:1 (mol/mol).

Preparation of Liposomes.Unilamellar vesicles were
prepared as follows: Phospholipids (1800 nmol) were

<+ HSA dissolved in chloroform; the solvent was evaporated under
— - N2 and then under vacuum (30 min). The films were
B-Gle suspended by vigorous agitation into the selected buffer at

room temperature. The suspension was sealed and sonicated
until clarified (15-30 min). In some cases, ice was added

1 5 3 4 into bath water to avoid overheating. The temperature during
] ] preparation steps was at least® above theTl. of the lipid
anti B-Glc anti HSA mixtures.
Ficure 1: Analytical SDS-PAGE (A) and Western blots (B) of Fluorescence Spectra and Quenching Studiekhe

acid S-glucosidase preparations. (A) Coomassie blue stained gelsintrinsic fluorescence of acid-glucosidase is mainly con-
of a 1:1 (w/w) mixture of human serum albumin and acid tributed from its 12 tryptophanyl residues. The tyrosines

B-glucosidase/t-Glc) (1.0ug, lane 2), pure acid-glucosidase (1.5 and phenylalanines contribute10% of the total fluorescence

ug, lane 3), and protein standards (lane 1). (B) Western blots with _ — : :
anti-acid 8-glucosidase or anti-human serum albumin were con- atAryr = 303 nm andiene= 282 nm. Fluorescence intensity

ducted with pure acig-glucosidase (lanes 2 and 3) and pure human Was monitored in an SLM-Aminco Bowman Series 2
serum albumin (lanes 1 and 4). 20% SEFSAGE was used to luminescence spectrometer (Urbana, IL), using £.0.4
resolve human serum albumin and agiglucosidase. Pure acid  c¢cm matched quartz cuvettes at room temperature. Unless
B-glucosidase, free of human serum albumin, was used in all studies.qtherwise indicated/ex = 280 nm, and 4 nm spectral

. . N _ bandwidths were used for the excitation and emission
activities were determined in this buffer unless otherwise ,onochromators. Emission spectra were acquired by scan-

indicated. The enzyme activity, emission fluorescence ning from 300 to 400 nm. The liposome suspensions had
spectra, and CD spectra were unchanged ove8 honths 5 getectable fluorescence in this wavelength range. The

of storage. Immunoblotting studies using anti-aidlu-  enzyme (0.15 or 0.5M) was added into liposomal disper-

cosidase and anti-human serum albumin were as describedjons in lipid-to-protein ratios of 200:1 or 20:1 (mol/mol) in

(21). 0.02 M Bis-Tris, pH 5.8. Emission scanning was initiated
Extinction Coefficient for Aci-Glucosidase.The FPLC- (<2 min) after enzyme addition. Over a period of several

purified acids-glucosidase was dialyzed exhaustively against hours, the fluorescence spectra were stable. For fluorescence
H20, and aliquots of protein were dried directly in vials with  quenching measurements, the enzyme/liposome mixtures in
a centrifuge/vacuum system for amino acid composition 0.02 M Bis-Tris, pH 5.8, with or without 0.1 M NacCl, and
analysis (Biotechnology Resource Laboratory at Yale Uni- at lipid-to-protein ratios o& 100 (mol/mol), were incubated
versity). The amounts of each amino acid were normalized at room temperature for at least 60 min prior to addition of
by dividing the total representation of each residue in 1 nmol an aqueous quencher. With the quenchers, acrylamide and
of acid8-glucosidase as predicted from the cDNA sequence. CsCl, stock solutions were 5 M. Kl solution was freshly
The concentration of protein in each hydrolyzed sample was prepared in 0.1 mM N#S,0s) to prevent 4~ formation @4).
determined by averaging the normalized values of 10 acid- TEMPO was dissolved in 50% ethanol/0.02 M Bis-Tris, pH
stable amino acids. The molar extinction coefficient was 5.8, to a concentration of 1 M. A stock solution of 1 mM
calculated by correlating the concentration of the protein with was obtained by dilution with buffer. Quenching experi-
the absorbance at 280 nm in® The value of 1.0k 1 ments were conducted for 15 min, and evaluatedeat=
M~ cm [range= (0.97-1.05) x 1] (E* = 18.2) is the 280 nm andlem = 335 nm. The individual experimental
average from three hydrolysates. This value was used toconditions are presented in the figure legends. The inner-
determine the concentration of agiejlucosidase for all the filter effects were minimized because the protein concentra-
experiments. tions were kept low.Fqps was used in SteraVolmer plots
Preparation of Saposins.The coding regions for the (25, 26 (eq 2) since no significant intensity differences were
human saposins A and C individually were cloned into the observed following correction with eq 2%):
PET vector, overexpressed in coli, and purified on nickel

columns as describe@2?). After elution from the HisBind F. = Fopsantilog [(Ae, + A)/2] 1)
resin, the saposin eluates were dialyzed and lyophilized. The
dried proteins were dissolved in 0.1% trifluoroacetic acid Fo/F1 =1+ KIQ] (2)

and applied to a HPLC Lreverse phase column. The
column was washed with 0.1% trifluoroacetic acid for 10 whereA.x andAc, are the absorbance at the excitation (ex)
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and emission (em) wavelengths, respectivehs a”‘?' Fe . Table 1: Effects of Phospholipid Fatty Acid Acyl Chain on Acid
are the observed and corrected fluorescence intensity,s-Glucosidase Activity and Emission Spectrum

respectively. Fo and F, are the observed fluorescence

fluorescence

intensities in the absence and presence of the quencher (Q), . activation  emission
andKs, is the Stera-Volmer quenching constant. This can phospholipid (xfold) blue-shift
be written as none 1.0 -
neutral phospholipids
— egg phosphatidylcholine (18:1,0/18:0,0) 1.0 no
FO/Fl 1+ KaDIIQ] (3) phosphatidylcholine (18:1,1) 1.0 no
phosphatidylethanolamine (18:0,0) 1.0 no
where phosphatidylethanolamine (18:1,1) 11 no
anionic phospholipids
— phosphatidylserine (18:0,0) 1.3 no
Kapp (KD T KS) T KDKS[Q] (4) brain phosphatidylserine (18:1,0)/(18:0,0) 24.8 yes
) ) ] phosphatidylserine (18:1,1) 231 yes
The apparent quenching constalt,, includes dynamic phosphatidylserine (18:2,2) 23.0 yes
(Kp) and static Ks) quenching components. ng:gﬂggg:g aeid 8232% . b
Circular Dichroism (CD) Spectra. CD_spectra were liver phosphaﬁdy"nosit(’,l 23.0 yes
recorded on a Jasco J-710 spectropolarimeter (Jasco Inc., soybean phosphatidylinositol 30.6 yes
Easton, MD), using a 0.1 cm sample cell at room temper-  heart cardiolipin . 7.1 yes
ature. The instrument was interfaced with a computer that EﬂgzgEgﬂgg:;;?gfgﬁfgg‘g)(l8'1'1) 15'17 oS
was used for deconvolution calculations. To reduce noise  phosphatidylglycerol (18§1:1) 13.7 yes

atl < 200 nm, the experiments were done in 10 mM sodium — — -

! . 2 The total phospholipid trat Il inst 1Y)
phosphate, pH 5.8, or 0.005 M citrate/0.01 M phosphate, d”utedein%?oﬁ’ hj’sgﬂs?{ﬁ's, Sﬂ”g?g ration in af istances was«
pH 5.8, rather than in activity assay buffers (0.02 M Bis-

Tris, pH 5.8, or 0.1 M sodium acetate, pH 4.7). The use of HorR R Name Type
phosphate buffer rather than activity assay buffer did not o -

produce any CD spectral changes or in the _effects_ of lipids 0=1‘)—o‘ 0=¢ /g{: Phosphatidylserine Acidic
on the enzyme. The CD spectra of human geglucosidase o Ks (PS)

were used to calculate secondary structure with reference to §/—o\ i n

an average of seven proteins with known X-ray structure, h =0 B CHy Phosphatidylcholine Neutral
i.e., myoglobin, lysozyme, ribonuclease A, papain, cyto- o=c i Ny, (PC)

chrome ¢, hemoglobin, ando-chymotrypsin A. These — _

analyses provided calculations afhelix (% o), -strand p 'Efub Ph"sl’ha“dy(ll,‘?g})’le“e Glycol - Acidic
(% f), p-turn (% T), and random-coiled or other structures o H OH

(% R) present, respectively. The CD spectra of acid *ff <‘T)<Z:’, H /c'_Hz> Phosphatidylethanolamine  Neutral
S-glucosidase and saposin A or C mixtures in the absence " ¥ N (PE)

or presence of phospholipids were acquired under the same 16 on 0;

conditions as used for_ the individual spectra. The major Phosphatidylinositol Acidic
purpose of these experiments was to monitor changes in CD HO H (PD)

spectra, and therefore protein conformation, under different (18:1,0) " ,‘i

experimental conditions and not to attempt to portray these HO—Cly CHy Phosphatidylglycerol Acidic
spectra and calculations as true reflections of secondary . (FG)
structures. Such calculation may require several different Ficure 2: Schematic diagrams of various phospholipids: The

protein reference sets. The deconvolution programs werepackhone, phosphatidic acid, is shown on the left with a single

from Jasco, Inc. The addition CD spectra of agidjlu- unsaturated bond at position 9 which is the usual physiologic fatty
cosidase and saposin C were mathematically generated usingclgI ét\ﬁyl chain. Theﬁ R Cotlrl:mntrtepLesentts Vf’vtlrIOtUS ﬁ?'af frl]ead%fotl,ldpsl
nalvsis programs provi _ an e arrows show the attachment site to the phosphatidic
analysis programs provided by Jasco headgroup. The doxyl groups shown by the arrows near the acyl
RESULTS chain indicate the position (carbons 7, 10, or 16) of substitution in

PC giving rise to SLPC. For SLPC, the other acyl chain is saturated.
Activation of Acids-Glucosidase by Anionic, Unsaturated

Phospholipids (Table 1).EPC, containing a mixture of (Table 1). In comparison, those negatively charged PLs
saturated (18:0,0) and unsaturated (18:1,0) fatty acid acylcontaining fatty acid acyl chains (Figure 2) with one or two
chains, does not enhance agigjlucosidase activity. Pure double bonds enhanced the enzyme activity~bp0—30-
PC with one double bond in each fatty acid acyl chain (18: fold, including PS (18:1,1), PS (18:2,2), phosphatidylinositols
1,1) also did not activate the enzyme. Brain phospha- from liver [LPI (mixture of 18:0,0 to 20:4)] or soybean [SPI
tidylserine [BPS containing a mixture of PS (18:1,0) and (mixture of 16:0,0 to 18:2,2)], or heart cardiolipin (HCA,;
PS (18:0,0)] is known to activate acigiglucosidase, and ~90% of 18:2,2,2). The same degrees of activation were
the negative charge on its headgroup is critical to this effect observed with these lipids at pH 5.8 or 4.7, but maximal
(6). To investigate the effects of fatty acid acyl chain activity was greater at pH 5.8. BPS produced ggidlu-
saturation on acidg-glucosidase activity, several pure cosidase activation levels similar to pure PS (18:1,1) or PS
phospholipids (PLs) containing either saturated or unsaturated(18:2,2) (Table 1). These data showed that anionic PLs with
chains were tested. PLs with saturated acyl chains [PS (18:at least one unsaturated fatty acid acyl chain are required to
0,0); PA (18:0,0)] did not alter acig-glucosidase activity ~ be in proximity to the enzyme for enhancement of activity.
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30 LPI, SPI, and HCA (Table 1). These were the lipids that
provided substantial enhancements of agidlucosidase

o5k activity. With the lipids that had no activation effects on
enzyme activity, the fluorescence spectra remained un-
changed. Thus, a direct correlation exists between the
fluorescence emission spectrum blue-shifts and the ability
7 of the specific lipid to enhance acjttglucosidase activity.

15+ The double bonds in the fatty acid acyl chains of the lipids
did not, by themselves, produce a blue-shift in the acid
p-glucosidase emission spectrum. This was evident from
the lack of a blue-shift of the enzyme’s fluorescence emission
spectrum in the presence of the unsaturated PC (18:1,1)
(Table 1).

Fluorescence Quenching Studies of ASitGlucosidase.
o , , , . , Nonpolar and polar quenching compounds were used to
78 300 925 350 878 400 425 evaluate the accessibility of the tryptophanyl residues in acid
Emission (nm) B-glucosidase to solvent in the absence or presence of PS
Ficure 3: Intrinsic fluorescence spectra of ag@eglucosidase in or PC liposomes. Acrylamide is an efficient neutral quencher
the presence or absence of BPS and/or saposin C. Emission spectrgp7—29). In the absence of liposomes, the intrinsic
were acquired atex = 280 nm in 0.005 M sodium citrate/0.01 M f,qrescence of acid-glucosidase was largely quenched by
sodium phosphate, pH 4.7, at room temperature. Curve 1 is for . -
acid -glucosidase alone (0.18V); curves 2-8 had mixtures of  0-3 M acrylamide (Figure 4A). In the presence of EPC
BPS (30uM), acid 8-glucosidase (0.1aM), and saposin C atthe  liposomes, 0.5 M acrylamide was needed to achieve the same
following concentrations: (2) @M; (3) 0.15uM; (4) 0.9 uM; (5) level of quenching as observed in the absence of liposomes
1.5uM; (6) 2.1uM; (7) 3.0uM; and (8) 4.1uM. (Figure 4A). This indicates that EPC and the enzyme weakly
interact. The SternVolmer plots (eq 3) in the presence or
absence of EPC liposomes also showed a substantial upward
curvature, indicating combined dynamic and static quenching
for the tryptophanyl residues in acitglucosidase?b). In
the presence of BPS liposomes, 0.5 M acrylamide produced
only ~10% quenching of the intrinsic fluorescence of acid
B-glucosidase ks, = 8.4 M%), and the curve was linear.
TEMPO, a more hydrophobic (but aqueous-soluble) spin-
labeled quencher, showed similar quenching patterns of acid
p-glucosidase fluorescence to the corresponding profiles with
acrylamide in the presence of EPC or BPS liposomes (Figure
4B). Liposomes composed of BPS protected the enzyme’s
fluorescence very effectively from quenching by TEMPO.
Essentially none of the tryptophanyl residues in giglu-
cosidase was accessible to TEMRQ; = 6.6 x 103M~L.
Increasing concentrations of EPC and BPS provided greater

lipid-to-enzyme), showaa 2 nmblue-shift from 335 to 333 protection from TEMPO fluorescence quenching, but BPS

nm (Figure 3). Although this blue-shift was small, it was alone was always more effective (Figure 5).
reproducible with little variation in experiments conducted ~ Similar experiments were conducted with charged quench-
over 1 year. The same result was obtained with a lipid-to- €rs, I and Cs, to determine the accessibility of the
protein ratio of 20:1 (mol/mol). Essentially, identical shifts tryptophanyl residues in acif-glucosidase to the agueous
were observed in the presence of 0.25% taurocholate.environment. For experiments with increasing KI concentra-
Addition of saposin C, that contains no tryptophan, into the tion, the ionic strength was maintained constant with KCI
enzyme-BPS mixture is accompanied by significant changes as the counterionifx = 295 nm). In the absence of
in the acidB-glucosidase emission spectrum (Figure 3). The liposomes, these charged compounds (0.3 M) quenched the
quantum yield increases, and the emission maxima progres-ntrinsic fluorescence of acjé-glucosidase with an efficiency
sively blue-shift to shorter wavelengths as the concentration of only ~30% of that achieved with acrylamide (Figure
of saposin C increases. The greatest blue-shift in the 4C,D). In the presence of BPS liposomes, both of these
emission maximum was about 24 nm, i.e., a shift from 335 charged compounds produced much smaller quenching
to 311 nm, in the presence of a 27-fold molar excess of effects on acig-glucosidase fluorescence compared to that
saposin C over enzyme concentration. achieved in the presence of EPC liposomes (Figure 4C,D);
In separate experiments, several phospholipids were evaluKs, = 3.0 and 2.6 M? for Kl and CsClI, respectively. The
ated for their ability to induce aci@-glucosidase fluores-  greater quenching effect on agieglucosidase fluorescence
cence spectral shifts. The 2 nm blue-shift in the emission by uncharged (acrylamide and TEMPO) than by charged
spectra of acidf-glucosidase was observed only with quenchers indicates that many of the tryptophanyl residues
liposomes composed of anionic PLs that had unsaturated fattyare not readily accessible to the aqueous solvent. BPS
acid acyl chains, i.e., PS (18:1,0), PS (18:1,1), PS (18:2,2),liposomes shielded the intrinsic fluorescence of gtiglu-

20t 8

Fluorescence

(43
T
S~ NwW Ao

Fluorescence Emission Spectrahe fluorescence emis-
sion spectrum of aci@-glucosidase in Bis-Tris, pH 5.8, was
determined atlex = 280 nm (Figure 3). A maximum
occurred at 335336 nm with a half-bandwidthAA4,, of
50-53 nm. No alteration in the shape of the emission
spectrum occurred with varyinge, from 280 to 295 nm.
The absence of a shoulder/at, = 308-310 nm indicates
a minimal contribution from tyrosine residues and that the
major intrinsic fluorescence of acjétglucosidase derived
from tryptophanyl residues.

Emission spectra of proteins change when the tryptophanyl
environments shift toward lesser polarigg]. For example,
blue-shifts in the emission spectra of proteins have been
observed as a consequence of protein/lipid complex forma-
tion. The fluorescence spectra of acjtiglucosidase,
obtained upon addition of BPS liposomes (200:1; mol/mol,
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Ficure 4: Stern-Volmer plots for quenching of intrinsic fluorescence of aidlucosidase by water-soluble agents. Quenching was done
in the absence (- - -), or presence of phosphatidylcholine {) or phosphatidylserine [BPSH) liposomes. [Q] is the concentration of
the quenchers indicated in each pafglF; is the fluorescence intensity in the abserg 6r presenceK;) of the quenching agent. [E]

= 0.2uM. The phospholipid concentrations were &I in all experiments. Conditions as in Figure 5.
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Ficure 5: Stern-Volmer plots of TEMPO quenching of the
intrinsic fluorescence of acié-glucosidase at various phospholipid
concentrations. Open and filled symbols indicate different concen-

trations of EPC and BPS, respectively. Squares, diamonds, circles,

and triangles are 0.05, 0.1, 0.15, and 0.3 mM of each lipid,
respectively. The different line styles are presented for clafiy.

F, has the same meaning as in Figure 4, f£D.2uM. The studies
were done in 0.02 M Bis-Tris, pH 5.8, at room temperature.

cosidase from the bulk solvent due to formation of the hpid
enzyme complex. This was not observed with EPC lipo-

somes. The ability of specific lipids to protect acid
pB-glucosidase from fluorescence quenching by these aqueous
compounds correlated well with the lipid-induced blue-shift
of acid -glucosidase fluorescence emission spectra and
enzyme activation.

To determine whether acjétglucosidase associated with
BPS liposomes by surface interaction and/or penetration,
spin-labeled phosphatidylcholine (SLPC), a fluorescence
guencher, was incorporated into EPC or BPS liposomes.
SLPCs were used with the doxyl groups located at different
carbons ) in the acyl chain: SLPC7n(= 7), SLPC10 K
= 10), and SLPC16n(= 16) (Figure 2). The BPS/SLPC
liposomes activated acifl-glucosidase to a similar degree
as BPS/EPC liposomes composed of the same mole fractions
(data not shown). Increasing mole percentage2&%) of
SLPC were incorporated into liposomes composed of EPC
or BPS. After addition of acig-glucosidase, the enzyme/
liposome mixture was incubated at room temperature for 0.5,
1, 3, 5, and 1618 h, and, then, the fluorescence intensity
changes were determined. Similar results were obtained at
all time points, ad 1 h ofincubation was routinely used.
Some quenching effects-(5%) were observed in the EPC/
SLPC liposomes (Figure 6). In comparison, the intrinsic
fluorescence of acii-glucosidase was quenched 5%0%
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of experiments were conducted using various phospholipids
with saturated or unsaturated fatty acid acyl chains, or oleic
acid, in mixed liposomes. These results (Table 2) show that
particular combinations of phospholipids with saturated and
unsaturated fatty acid acyl chains, or phospholipids with
saturated acyl chains and oleic acid (18:1) produced small
to large activation enhancements of agedglucosidase
activity. Low-level activation (2.22.5-fold) was achieved
with anionic phospholipids containing saturated fatty acid
acyl chains in liposomes with EPC, SLPC, or PC (18:1,1).
A similar result was obtained with PC (18:0,0)/oleic acid
(18:1) liposomes. A blue-shift in the fluorescence emission

0.2 . ' L L L spectra was not reproducibly obtained in these reaction
o s 10 15 20 25 30 mixtures (Table 2). Moderate degrees of enhancement of
SLPC (mole %) acid S-glucosidase activity were obtained with anionic

FiGure 6: Inverse SterrrVolmer plots of spin-labeled phosphati- phospholipids with saturated fatty acid acyl chains in the

dylcholine (SLPC) quenching of acig-glucosidase intrinsic presence of 0_|9iC acid or phosphatidylethanolamine (18:1,1).
fluorescence. Hydrophobic quenching of agigjlucosidase (0.1  Such mixed liposomes produced-66-fold enhancements

#M) intrinsic fluorescence was in the presence of egg phosphati- of acid 3-glucosidase activity, or~~30—90% of the fold

dylcholine EPC/SLPC (open symbols) or brain phosphatidylserine 5 qtjyation achieved with the corresponding anionic phos-
BPS/SPLC (closed symbols) liposomes. Squares, triangles, and holipid containing at least one unsaturated fatty acid acyl
circles represent 7-SLPC, 10-SLPC, or 16-SLPC, respectively, p p g y Yy

where 7-, 10-, and 16- represent the position of the spin-label in chain. These data also indicate that compared to PE,
the fatty acid acyl chain (Figure 2). The bulk phospholipid generally lower degrees of activation were obtained when
conlcentratlo? V}’?ﬁ Z?I\t/l,la$ﬂ the SLPIC concentr_atngr}) IZS |3|“§'n _?Y_ PC contained the unsaturated the fatty acyl chain. These
mole percent o e total. ese analyses were in 0. IS-1T1IS, H H H -

pH 5.8, with 0.1 M NaCl at room temperature afté h of resultsllmpllcatg the nature of the headgrom_Jp as a significant
incubation. factor influencing the degree of activation. For those

liposomes that resulted in moderate to substantial degrees

in the presence of BPS/SLPC (3:1; mol/mol). This was not of enzyme activation, the blue-shift in the intrinsic fluores-
dependent upon the location in the acyl chain of the doxyl cence of acig3-glucosidase also was detected (Table 2).
group. Apparently some of tryptophanyl residues in acid Effects of Phospholipids or Phospholipids/Saposin C on
f-glucosidase were accessible to doxyl groups on SLPC, andAcid 3-Glucosidase Conformation.The above studies
these fluorophores resided at various depths in the membraneshowed a blue-shift in the intrinsic acid-glucosidase
This finding suggests that part of agieglucosidase resides  fluorescence and some degree of penetration of the enzyme
in the BPS lipid bilayer at depths of7 to ~16 carbons into membranes containing anionic phospholipids and
bond lengths. selected other lipids with unsaturated fatty acid acyl chains.
The necessity of an unsaturated fatty acid acyl chain To evaluate concordant conformational changes, circular
attached to an anionic phospholipid for enhancement of acid dichroism spectroscopy (CD) was conducted with the enzyme
p-glucosidase activity and induction of a fluorescence or enzyme-lipid complexes. Several phospholipids were
spectral blue-shift was shown above. The fluorescenceused for CD studies, and the secondary structural changes
guenching studies with SLPC suggested proximity of the in acid3-glucosidase were determined by deconvolution of
fluorescence quencher and tryptophanyl residues on acidthe spectra in the absence and presence of the phospholipids
p-glucosidase. Since the doxyl group in SLPC has some at pH 5.8 (Table 3). These results were similar to those for
double bond characteristic8Q, 31, these results suggest the enzyme in the presence of phospholipids that exerted no
that the unsaturated fatty acid acyl chain need not reside onactivation effects on aci@-glucosidase, i.e., EPC, PC (18:
the phospholipid with the negatively charged headgroup, but 1,1), and PS (18:0,0) (data not shown). These changes in
could be present in a neighboring lipid. To test this, a series CD spectra indicated detectable conformational alteration of

Table 2: Activation of Acids-Glucosidase by Liposomes of Mixed Lipids

activation fluorescence emission

added lipid mole ratio (x-fold) blue-shift
none 1.0 -
phosphatidylserine (12:0,0) - 24.9 yes
egg phosphatidylcholine (18:1,0/18:0,0) - 1.0 no
phosphatidylcholine (18:0,0) - 1.0 no
phosphatidylcholine (18:1,1) - 1.1 no
phosphatidylserine (18:0,0)/egg phosphatidylcholine 1:1 2.4 ?
phosphatidylserine (18:0,0)/SLR&£10) 11 2.2 ?
phosphatidylserine (18:0,0)/oleic acid (18:1) 11 7.4 yes
phosphatidylcholine (18:0,0)/oleic acid (18:1) 11 3.0 yes
phosphatidic acid (18:0,0)/phosphatidylcholine (18:1,1) 11 25 ?
phosphatidic acid (18:0,0)/phosphatidylethanolamine (18:1,1) 11 15.7 yes
phosphatidylglycerol (18:0,0)/phosphatidylethanolamine (18:1,1) 11 6.3 yes

aBulk lipid concentration was 7.6M in all assays.
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Table 3: Circular Dichroism Analyses of AcjétGlucosidase with
Various Phospholipids

deconvolution calculations

phospholipids Yo %p %T %R
none (195-250 nm) 433 112 225 229 D
egg phosphatidylcholine (18:1,0)  39.3 10.5 25.7 24.5 E
phosphatidylcholine (18:1,1) 43.8 8.8 24.0 235 T
phosphatidylserine (18:0,0) 44.3 7.4 23.7 24.6 5
phosphatidylserine (18:1,1) 59.7 0.0 22.6 17.8 g,
phosphatidylserine (18:2,2) 44.2 0.0 30.4 255 E -
none (206-250 nm) 32.0 11.0 25.9 31.0
taurocholate (0.02%) 76.6 0.0 14.5 8.9

a Acquired in 0.01 M sodium phosphate, pH 5.8.

the enzyme due to the formation of a proteiregatively . . . . .
charged phospholipid complex. 195 205 215 225 235 245

The spectral changes were pH dependent and were greater Wavelength (nm)
at pH 5.8 than pH 4.7. Thus, we calculated the above Ficure 7: CD spectra of acig-glucosidase and saposin C in the
secondary structural changes from data acquired at pH 5.8absence of phospholipids. (A) Acjéglucosidase (1.xM); (B)

since they provided larger and more reproducible changessaposin C (8.4M); (C) the mathematical sum of (A) and (B); (D)

._acidp-glucosidase and saposin C mixture at the same concentrations
comi)ared to Ijhe smal:erteffect:)tts .at pl-|| t47 Thteseb exlp(tarl as in (A) and (B). Spectra were acquired in 0.005 sodium citrate/
ments were done only 1o obtain relative, not absolute, g g1 M sodium phosphate, pH 4.7, at room temperature.

changes in structure. The deconvolved secondary structure
of acid -glucosidase at pH 5.8 in the presence of several
other activating phospholipids suggested similar changes in
secondary structure. The most prominent of these was a
decrease if-sheet content to 0%. The-helical content
changes varied with the degree of unsaturation of the PS.
For example, an increase a-helix of ~15% was found
with PS (18:1,1) liposomes, while no alterationoshelical
content was detected with PS (18:2,2) liposomes (Table 3).
Taurocholate, an anionic detergent, is known as a potent
activator of acigs-glucosidase4). With 0.02% taurocholate,
the a-helical content was increaseeB0%, and theg-sheet
content was decreased to 0%. To avoid the increasing noise
below 200 nm, the CD spectrum of agieglucosidase with
taurocholate was acquired between 200 and 250 nm. These
results show that the phospholipid-induced CD spectral . . . . .
changes correlated with the ability of the phospholipid to 195 205 215 225 235 245
enhance acig-glucosidase activity. Wavelength (nm)

Saposin C has its greatest effects atphl7. Thus, CD  Feure 8: CD spectra of acig-glucosidase and saposin C in the
spectra for assessing the effects of saposin C in the absenceresence of phosphatidylserine. (A) A¢ieblucosidase (1.aM);
of phospholipids were acquired at pH 4.7 (Figures 7 and 8). (B) saposin C (8.4M); (C) the mathematical sum of (A) and (B);

; A ; ; (D) acid p-glucosidase and saposin C mixture at the same
Mixtures of acidi-glucosidase and saposin C were evaluated concentrations as in (A) and (B). Spectra were acquired in 0.005

by CD spectroscopy to determine the interaction of these goiym citrate/0.01 M sodium phosphate, pH 4.7, at room temper-
proteins in the absence (Figure 7) and presence (Figure 8)ature in the presence of 22:81 PS (18:1,1).

of phospholipids. The CD spectra (19850 nm) of acid

p-glucosidase (1.5M) and saposin C (8.4M) are in Figure i the presence of the phospholipid. Essentially identical
7. The individual spectra of the enzyme and saposin C areyegyits were obtained using BPS instead of PS (18:1,1).
shown as curves A and B. The mathematical sum of these o) experiments included using saposin A instead of
spectra is curve C. The spectrum of a physical mixture of saposin C, and EPC or PS (18:0,0) instead of PS (18:1,1).
the enzyme and saposin C is curve D. The |.dent_|ty of the The CD spectra of any such mixtures were, within experi-
calculated sum and the actual CD spectrum implies a lack mental error, identical to the mathematical sum of the

of conformational change of either the enzyme or saposinC. = . . .
and. therefore. a lack of interaction. The results of similar individual spectra. These results indicate that, in the presence
| ' of PLs that activate acigB-glucosidase, mixture of the

studies in the presence of PS (18;1,1) are in Figure 8. The : >~ .
CD spectrum of acigB-glucosidase in the presence of PS €nzyme and saposin C leads to additional conformational

(18:1,1) differed subtly, but reproducibly, from that in the changes. These additional, nonadditive, changes correlate
absence of PS (Figure 8A) These ana]yses show that théNIth enhancement of enzyme activity. These results suggest
mathematical sum of the individual spectra for the enzyme a direct interaction of the enzyme and saposin C occurring
and saposin C in the presence of PS (18;1,1) is quite differentonly in the presence of specific lipids and that saposin A
from that obtained from the actual mixture of these proteins does not interact significantly with acjétglucosidase.

Ellipticity (mdeg)
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Acid B-Glucosidase surface of the membrane were indicated by the need for a
net negative charge, or specific nature, of the PL headgroup
for optimal activation. Without the appropriate headgroup,
interaction with the membrane is greatly diminished. Pen-
etration of the enzyme into the membrane, as measured by
protection from fluorescence quenching, was influenced by
the presence of a double bond in the fatty acid acyl moiety
in close proximity to the enzyme. The fluorescence quench-
ing of the enzyme by SLPC indicates that penetration into
the membrane could be to a depth of16 carbons.
However, due to the 12 tryptophans in agidjlucosidase

and their unknown 3-space distributions, and the potential
for the 10 A quenching distance effect of SLPC, the depth
of membrane penetration cannot be assessed accurately. Acid
1Y pB-glucosidase does not contain sequences with characteristics
FiIGURE 9: Proposed interaction of acjitglucosidase, negatively ~ Of transmembrane domains, and no significant cytoplasmic
charged phospholipid membranes, and saposin C. The diagramdomains have been detected by in vitro translation analyses
proposes that acig-glucosidase interacts with a membrane with dog pancreatic microsomal membrane). ( Such
containing negatively charged phospholipids with at least one findings support the notion that agidglucosidase binds with

unsaturated fatty acid acyl chain. This is shown as bent lines P - b .
attached to open (neutral charge) or closed (negatively Charged)membranes initially via electrostatic interactions and, then,

circles. The single bent lines represent unsaturated free fatty acidsenters the membrane to some degree. This insertional phase
(i.e., oleate) that may substitute for the fatty acid acyl chain on is modulated by the unsaturation of the phospholipid’s fatty

saturated (straight lines) phospholipids to facilitate binding of the acid acyl chain or the presence of unsaturated free fatty acid
enzyme. Acid f-glucosidase attaches to regions enriched in (ieties in the membrane.

negatively charged phospholipids and undergoes a conformational A bl h hiah .
change to allow enhanced active site function and development of _~\du€ous soluble quenchers at high concentrations were
a binding site for saposin C. The enzyme is not transmembrane, able to quench some of the intrinsic fluorescence of acid

potentially penetrates into the membrane to the equivalent of about-glucosidase in the presence of PC liposomes. Some
7—16 carbon bonds, and is probably a monotopic membrane proteininteraction did occur since the Sterolmer curves were

whose binding is determined by electrostatic and hydrophobic _}.; : ; ;
forces. The quantitative contribution of either is not implied by shifted to the right in the presence of the liposomes. These

the diagram. Saposin C in solution attaches to the membrane andcUrves were complex, and represent static and dynamic
moves in the membrane to collide with a site on g&iglucosidase ~ quenching effects of the 12 tryptophanyl groups on the
that was exposed by the enzyme'’s interaction with the membrane.enzyme that cannot be resolved by the current analyses. The
Ir'l‘:ngg‘ﬂ:“t%eogr?;‘ﬁg:'gn% 'nggﬁﬁya{;‘ Es‘gggg;‘% tcg';zg;’{‘ni‘itz";”t%|eright shift in fluorescence quenching could be mediated
catalytic activity of the enz;llme. The ‘active site remains near or at through sh_le_ldlng by PC liposomes due 1o Fhe "'?“ge mqlar
the surface since the enzyme has activity toward water-soluble aryl-€xcess of lipid over enzyme or could be by direct interaction
O-B-glucosides and lipoidal substrates, glucosylceramides. Although through weak binding of the enzyme to the phosphatidyl-
the diagram suggests that the major interaction is electrostatic, therecholine liposomes. Also, liposomes could interact with the
'tig'fneg'r?’]g:;ir:_Ct'on of the enzyme with the hydrophobic layers of quencher itself to reduce the efficiency of quenching, but
these effects would be expected to be similar with PS and
DISCUSSION PC.. This was not observed. Irres.pective of the mechanism,
the interaction between pure PC liposomes and the enzyme
In the present studies, we analyzed ggidlucosidase’s is insufficient to enhance enzymatic activity or induce
conformational changes, following interaction with phos- conformational changes large enough to be detected by
pholipids and saposin C, by monitoring intrinsic fluorescence fluorescence emission or CD spectroscopy.
and overall secondary structure by CD spectroscopy. These PSs with unsaturated acyl chains formed liposomes that
studies show that an enzyme conformational change occursnearly completely protected the enzyme’s intrinsic fluores-
upon interaction with negatively charged phospholipid cence from quenching by the aqueous agents. This shows
membranes of particular fatty acid acyl structure. Indeed, directly that acig3-glucosidase interacts with anionic phos-
the data support a model in which a@eglucosidase first ~ pholipids by sequestering parts of the enzyme in nonagueous
interacts, with some specificity, with the negatively charged environments. PS afforded nearly complete protection from
phospholipid polar headgroup at the interface prior to fluorescence quenching by aqueous agents, demonstrating
insertion into the membrane. Once in the membrane, thethat all or at least most of the tryptophan residues are
enzyme can interact with surrounding hydrophobic acyl protected by a PS-induced conformational change and/or by
chains containing particular unsaturated composition, the membranous environment. This was supported by the
preferentially with those on the same negatively charged blue-shift in fluorescence emission spectra observed with acid
phospholipid(s), or less well with those on closely associated/ 5-glucosidase in the presence of PS containing unsaturated
neighboring phospholipids or fatty acids (Figure 9). This acyl chains.
interaction conforms the enzyme into an active state. By Only PSs with relatively long fatty acid acyl chains (i.e.,
inference, the catalytic residues in the active site must be >diC,,) or those containing at least one unsaturated acyl
near (at or above) the membrane surface to allow interactionchain atA9 conformed the enzyme into an active state.
with and cleavage ofO-#-glucosidic bonds of substrate Indeed, PS (18:0,0) did not enhance enzymatic activity, result
headgroups (Figure 9). The steps for interaction at the in a blue-shift in fluorescence emission spectra, or produce
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changes in CD spectra. These results show that the negativepossible that acid3-glucosidase in the inner lysosomal
charge on the headgroup is necessary, but not sufficient, formembrane could be modulated by varying the composition
conformational changes that result in ageblucosidase  of the fatty acid acyl chains in lipids of these membranes.
activity. It should be noted that the spectral blue-shift, These studies do not address the question of whether the
induced by enzymemembrane interaction, was small (2 maintenance of the negatively charged headgroup interaction
nm), but very reproducible. Because of the presence of 12with acid -glucosidase is essential after the enzyme is in
tryptophanyl residues with unknown distribution in 3-space, or on the membrane.
particularly the partitioning into aqueous accessible and As an aside, attempts by us and a commercial company
inaccessible environments, the contribution of each of theseto synthesize spin-labeled PS by transacylation using phos-
to the overall fluorescence spectrum is unknown. These arepholipid D were unsuccessful. Although small amounts of
likely complex phenomena whose effective sum produces aspin-labeled PS were obtained using crude preparations of
smaller than expected shift in the fluorescence emissionphospholipase D, no product was obtained with various
spectrum. A way to resolve this difficulty would be to purified enzyme preparations. It appears that the spin-labeled
mutagenize acig-glucosidase to contain one or only a few fatty acid is a poor substrate for this reaction and crude
tryptophanyl residues in specific locations. However, three phospholipase D may contain additional activities.
considerations exclude this approach from consideration: (1) For over a decade it has been known that th@
A primary objective of this research is to understand the unsaturation in the sphingosyl chain of glucosylceramide is
requirements for enzymatic activity. (2) There are no essential for optimal hydrolytic activity of acjgtglucosidase
conservative substitutions for tryptophanyl residues. (3) toward this substrat&). The coincidence of the positioning
Identification and functional characterization of conservative of the unsaturated bond in the phospholipids and that in the
(i.e., Val to Leu) or nonconservative substitutions in acid sphingosyl moiety of a substrate cannot be overlooked. The
B-glucosidase that predispose to Gaucher disease, as welfluorescence quenching data by SLPC suggest that the
as random mutagenesis, indicate a significant difficulty in interaction with the enzyme extends into the membrane to a
selecting substitutions that do not adversely affect catalytic depth near the\9 bond. The activation of the enzyme by
activity (32). diC,-PS indicates that fatty acid acyl chains longer than 9
A dissociation of the enzyme’s interaction with the or 16 carbon have relatively little, if any, direct interaction
negatively charged surface and the fatty acid acyl chain waswith the acids-glucosidase active site or enzyme. The fact
obtained in mixed liposomal preparations. Liposomes that inhibitors such adl-acyldeoxynojirmycins oN-acyl-
composed of PS (18:0,0) and oleic acidA8 unsaturated  f-glucosylamines have maximal potency at acyl chains
fatty acid) led to the activation of acjgtglucosidase, a blue-  lengths of 12 carbons reinforces the regional depth of these
shift in the fluorescence spectrum essentially identical to interaction domains34). It cannot be answered from the
those observed with PS (18:1,0). These results and thecurrent studies whether the interaction domains with phos-
varying degrees of enhancement of enzyme activity by pholipid acyl chains and substrate acyl chains represent the
liposomes of various compositions of a neutral or anionic same physical structures.
phospholipids and/or anionic fatty acids indicate that the Previous kinetic analyses indicated interaction of saposin
proximity to an unsaturated fatty acid acyl chain at a depth C and acidj-glucosidase in the presence of negatively
of 9—10 carbon bonds was sufficient to result in partial charged PLs [reviewed irl)]. Other studies used synthetic
reconstitution of enzyme activity. This also was supported peptides in the presence or absence of such PLs to suggest
by the results with mixed liposomes containing BPS and the location of an activation domain of saposin C in its
SLPC. With these liposomes, quenching of the intrinsic COOH-terminal half {1). The present studies show by
fluorescence of acii-glucosidase could be explained only direct measurement that a conformational change in the
by the close proximity of the spin-label at various depths in enzyme and/or saposin C occurs only in the presence of
the membrane and tryptophans of the enzyme. The spin-activating PLs. Previous kinetic experiments support this
labeled acyl chains have similar properties to those of contention 12, 13, but evidence for direct contact between
unsaturated acyl chains and, thus, mimic those structuralsaposin C and acid-glucosidase is still required. Further-
effects @0, 3]). Since the spin-label quenches only in more, under the conditions used here, this interaction is
relative proximity ¢~10—11 A) (33) to tryptophan residues,  specific, but, as suggested by Figure 3, relatively weak.
these results implicate a juxtaposition of some tryptophanyl Previously, we 22) and others 35) showed that high
residues within the three-dimensional hydrophobic bilayer concentrations of saposin A could activate a@idlucosi-
containing the spin-label of SLPC. Consequently, penetra- dase. We concluded that the development of a Gaucher-
tion of acid $-glucosidase into a PS membrane is ac- like disease in patients genetically deficient only in saposin
companied by a conformational change that leads to exposureC excluded a physiologic role for saposin A in the catabolism
of tryptophanyl residues to the surrounding lipid milieu with of glucosylceramide2?2). The current studies support this
resultant quenching by SLPC in proximity. Since PS (18: conclusion and further indicate that the in vitro interactions
0,0) liposomes do not reconstitute agiglucosidase activity,  of acid 5-glucosidase and saposin A are not specific. The
this implies that the proximity of unsaturated fatty acid acyl availability of a specific, direct assay system for the
chains in a variety of lipids within the membrane could effect dissection of the interaction of agiiglucosidase and saposin
conformational changes in acitiglucosidase, resulting in ~ C, kinetically and structurally, may facilitate development
partial reconstitution in enzymatic activity. This would be of cost-effective enhancements to enzyme or gene therapy
true even if the unsaturated acyl chain was attached to afor Gaucher disease and a greater understanding of the effects
different molecule than that having the negatively charged of disease-associated mutations on this enzyme’s catalytic
polar headgroup, i.e., oleic acid or PC, PE, etc. Thus, it is activity.
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