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3'Sulfogalactolipid Binding Specifically Inhibits Hsp70 ATPase Activity in Vitro
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ABSTRACT: A method for the generation of soluble glycosphingolipid derivatives that retain the receptor
activity of the parent (BBRC 257:391394, Carb Res 335:91100) was used to investigate the consequence

of 3'sulfogalactolipid (SGL) specific binding within the N-terminal ATPase-containing domain of Hsc70.
Sulfogalactosyl ceramide (SGC) was deacylated, and the resulting sulfogalactosylsphingosine coupled to
ano-adamantane or a norbornane rigid hydrophobic frame. The resulting conjugate preferentially partitioned
into water, as opposed to organic solvent. In the range of-B00 «M, these conjugates inhibited the
specific binding of bovine brain Hsc70 to immobilized SGLs. A similar dose-related inhibition of bovine
brain Hsc70 ATPase activity was seen between 100 ang:80@damantylSGC (adaSGC). Adamantyl
conjugates of glycolipids not bound by Hsp70s had no effect. Kinetic analysis indicated that adaSGC was
a noncompetitive inhibitor of Hsc70 ATPase activity, a special case of mixed inhibition sind&the
values were not statistically different, 0.890.024uM to 0.934 0.038uM, but theVmnaxdecreased from

0.20+ 0.012 pmol mint ug—*to 0.15+ 0.016 pmol min ug~*. A reproducible 5 min lag was observed

prior to ATPase inhibition that could be eliminated by preincubation of adaSGC with Hsc70 or by adding
the cochaperone Hdj-1. The dependence of ATPase inhibition on the rate of hydrolysis indicates that
adaSGC binding occurs at a specific stage of the ATPase cycle. These studies identify a new mechanism
for the regulation of Hsp70 ATPase activity.

Members of the HSP70 family are intracellular chaperones  The majority of Hsp70s are cytosolic, but in eukaryotes
under both normal and stress conditions in all cells4). additional Hsp70s are found in the ER, nucleus, mitochon-
Hsp70s are comprised of two functionally coupled domains, dria, and lysosomes1{—16). Hsp70 chaperone activity
the N-terminal ATPase domain and the C-terminal protein functions as quality control in the folding, translocation,
binding domain. Binding and hydrolysis of ATP in the degradation, and cellular sorting of newly synthesized or
N-terminal domain has been linked to a conformational unfolded proteins. Small subpopulations of Hsp70s have been
change in the C-terminal protein binding domain leading to located at the plasma membrad&<19), and these surface
tight binding of hydrophobic exposed segments of proteins |ocated Hsp70s can elicit cellular immune respon&s. (
undergoing Hsp70-assisted folding).( The N-terminal  We have previously shown eukaryotic and prokaryotic cell
ATPase activity is central to Hsp70 chaperone activly (  surface associated Hsp70s can function as adhesins by
and is regulated by several cochaperones. Cochaperones sucgpecific binding to the '3ulfogalactolipids (SGL2) sulfoga-
as DnaJT, 8) (Hdj-1 in eukaryotes) and Hi®] are positive  |actosylceramide (SGC), and sulfogalactoglycerolipid (SGG).
regulators of the ATPase cycle and function by maintaining Qur initial studies were concerned with the SGG binding of
the ADP conformation of Hsp70, which has a high affinity 5 68 kDa testicular cell surface proteia}, later identified
for protein substrates. DnaJ stimulates the hydrolysis of ATP 5 the testes-specific cognate Hsc70 (P22). (Mycoplasma
forming the Hsp76-ADP conformation 10), and Hip binds
to and maintains this conformatiohl). The activity of Hip

; ; _1 Abbreviations: SGC, sulfogalactosylceramide; SGG, sulfogalac-
can be competed with the nucleotide exchange factor Bag 1tosy|g|ycero|ipid; SGL, sulfogalactolipid; SGS, sulfogalactosylsphin-

(12), a negative regulator of the Hsp70 ATPase cycle that yogine. deacylated SGC; GalC, galactosylceramide: adaSG@a-
promotes the exchange of ADP for ATP leading to the mantyl SGS, adamantyl SGC; Hsp, heat shock protein; Hsc, constitutively
release of protein bound substrates. The C-terminal Hsp70-expressed cognate heat shock protein; P70, testes specific cognate

; ; ; ; ; Hsc70; rP70, recombinant P70; TLC, thin-layer chromatography;
interacting protein (CHIP) is another negative regulator of HOAT. 1-hydroxy-7-azabenzotriazole: EDAC. 1-ethyl-3(3-dimethy-

the ATPase cycle that inhibits Hdj-1 stimulation of the |amino-propyl) carbodiimide; RELISA, receptor enzyme linked im-
ATPase activity of Hsp701Q). munosorbent assay; BSA, bovine serum albumin; TBS, Tris buffered
saline; PIBM, polyisobutyl methacrylate; glglobotriaosylceramide;
ABTS, 2,2-azino-bis(3-ethylbenzthiazoline-6-sulfonic) acid; CkICI
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SGL binding in vitro 3, 24) was prevented by pretreatment 30% sphingomyelin, and some gangliosides. SGG was
with anti-Hsp70 antibodies and recombinant mycoplasma purified from bovine teste3@). Evergreen microtiter plates
Hsp70 bound SGL2Z5). Brief stress treatment dfielico- were purchased from DiaMed Lab Supplies Inc. (Missis-
bacter pylori(26, 27) or Hemophilus influenzag8) induced sauga, ON).
SGL binding, inhibited by anti-Hsp70. Subsequently, cell  protein Expression and PurificatiolRecombinant wild-
surfac_e associated SGL-blndlng_ Hsp70s have been |dent|f|edtype Hsc70 was expressedin coli BL21 (DES3) using the
on H. influenzaeafter but not prior to heat shoc9). plasmid pRSET-Hsc7030) and purified to>95% homo-
Recombinant Hsp70s from the prokaryotéscherichia geneity @0, 41). Cultures were grown in LuriaBertani broth
coli, Chlamydia trachomatisH. pylori, mycoplasma, and  at 37 °C until the optical density of 0.6 at 600 nm and
H. influenzaeand the eukaryotic recombinant Hsp70s, P70, induced with 0.4 mM isopropyl-1-thiB-p-galactopyranoside
Hsc70, and BiP specifically bind to SGI3@). Truncation for 2 h. Cells were harvested by centrifugation (5000 rpm
analysis localized the SGL binding site to the highly for 10 min) and lysed by incubation with lysozyme (0.3 mg/
conserved N-terminal ATPase domain of Hsp7@4)( mL) at 4°C for 45 min in 20 mM Tris-HCI, 1 mM EDTA,
Sequence homology in this domain is-600% indicating and 1 mM phenylmethanesulfonyl fluoride at pH 8.0
that SGL recognition may be an important conserved function followed by sonication. Cell debris was removed by cen-
among Hsp70s. trifugation for 30 min at 20 000 rpm and for 15 min at 17 000
Hsp70/SGL binding, though dependent on the glycolipid rpm. The supernatant was loaded onto a Q-Sepharose
carbohydrate moiety3@), is not inhibited by the lipid-free ~ (Amhersham-Pharmacia Biotech AB, Uppsala, Sweden)
3'sulfogalactosed?). The lipid moiety differentially affects ~ column, and Hsc70 was eluted with a linear gradient 0f-0.0
the SGL binding of different Hsp708Q, 32). In this respect, 1.0 M KCI. Hsc70 was dialyzed overnight against 20 mM
the binding is similar to that we have described for verotoxin HEPES (pH 7.0), 25 mM KCI, and 10 mM EDTA. After
and its glycolipid receptor, globotriaosyl ceramide g5b the addition of Mg(CHCOO} to a final concentration of
(33—35). We developed a novel procedure to generate a 25 mM, recombinant Hsc70 was purified using ATP-agarose
water-soluble analogue of Gthat, unlike the lipid-free Gb (Sigma). Hsc70 was dialyzed against 25 mM Bis-Tris (pH
oligosaccharide, retained high affinity verotoxin bindiBg)( 6.3) and loaded onto a MonoP isoelectric focusing column
We have now used this procedure to develop similar water- followed by gel filtration using Superdex-75 with 20 mM
soluble analogues of SGB2) and investigated their ability =~ MOPS (pH 7.0), 150 mM KCI, and 3 mM Mgg(Amher-
to inhibit Hsc70/SGL binding. Amino acids important for sham-Pharmacia Biotech AB, Uppsala, Sweden). Recombi-

SGL binding were identified within the ATPase cle&1]. nant Hsc70 was concentrated to@mg/mL, aliquoted, and

Therefore, we investigated the effect of these soluble SGC stored at—70 °C.

analogues on Hsc70 ATPase activity. Synthesis of AdaSGCSGS was prepared from SGC
according to Koshy and Bogg#d). a-Adamantaneacetic

EXPERIMENTAL PROCEDURES acid (or 2-norbornaneacetic acid) (1.3 mg, approximately 2

equiv), HOAT (30uL of 0.2 M solution in 5:1 CHCN/
Et:N, 6 umol), and solid EDAC (23 mg, 10-15 umol)
were added to a solution of SGS (2 mgyol) in 5:1 CH-
CN/EN (2 mL) and stirred at 60C for 3 h. The progress
of the reaction was monitored by TLC (CH@leOH/0.88%
KCI; 65:25:4), and upon completion the reaction mixture was
dried under a stream ofNThe crude product was dissolved

in CHCIly/MeOH (98:2) and loaded on to a silica column
Sobents CHCl, MeOH, CHCl,, HCI, CHCN, and BIO (9.5 10 cm of silica gel CHGIMeOH; 98:2). HOAT and

were purchased from Caledon (Georgetown, ON) or Aldrich 4, ~ass adamantane acetic acid were eluted WithOCHDH/
(Milwaukee, WI), and EtOH was purchased from Com- CHCl; (4:1). Product was eluted with CHZMeOH/H,O:

mercial AICOhO!S Inc. (Brampton, ON). NH HsPQ,, and 80:20:2 (6 and 4 mL fractions were collected). The estimated
Et:N were obtained from Sigma (St. Louis, MO). yield by TLC was 70% 32).

ReagentsNaCl and KOH were purchased from Fisher
Scientific Company (Fair Lawn, NJ), and activated charcoal

was obtained from BDH Chemicals (Toronto, ON). EDAC, determined b ; :
) y using the TLC overlay assay descrita] (
CH;COONa, ABTS, and PIBM where purchased from Sigma 43). Glycolipids (5 «g) were separated on TLC plates

(St. Louis, MO). Adamantaneacetic acid and norbornaneace- ), ivieOH/0.88% KCI; 65:25:4) and dried, and one plate
tic acid were purﬁhasedffrom 'TI?(”Ch (lvll(|ly\|/|<51ukee, Wi), and was stained with oricinol. The remaining plates were treated
HOAT was purchased from Fluka (Oakville, ON). with 0.5% (v/v) PIBM in hexane. The dried plates were
ChromatographySilica gel 60 (46-63 uM or 230-400  sprayed with 1% (w/v) BSA in 50 mM TBS and incubated
mesh) and aluminum-backed nanosilica plates (Alugram upside down in the same BSA buffer for 1 h. Hsc7Qu(p
NanoSIL G U\sss, Macherey-Nagel) were purchased from  mL) in BSA buffer was then incubated with the plates for 2
Caledon (Georgetown, ON), and reverse-phase C-18 car-h. The plates were then washed with PBS 4nd incubated
tridges were purchased from Waters (Mississauga, ON).  jith rat anti-Hsc70 monoclonal antibody (1 mg/mL 1:500
Glycolipids Purified SGC and GalC were purchased from in BSA buffer) for 1 h. After washing as above, the plates
Sigma, or SGC was purified from bovine brain extra&&T)( were incubated fol h with horseradish peroxidase conju-
(Sigma, Cat #B1014), which contains 10% SGC, 30% GalC, gated rabbit anti-rat IgG (4 mg/mL 1:2000 in BSA buffer).

Proteins and AntiseraBovine brain Hsc70 (90% Hsc70
and 10% Hsp70) (SPP-750), recombinant human Hdj-1
(>90% pure) (SPP-400), and rat anti-Hsc70 monoclonal
antibody (SPA-815) were purchased from StressGen Bio-
technologies Corp. (Victoria, BC). Horseradish peroxidase
conjugated rabbit anti-rat IgG (A5795), CMLA, and BSA
were purchased from Sigma (St. Louis, MO).

Thin-Layer Chromatography &@rlay Assay of SGL Bind-
ing. The binding of bovine brain Hsc70 to SGL was
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The plates were washed again with PBSx])4before
developing with 4-chloro-1-naphthol. For inhibition studies,
SGC was separated using TLC, and bands were cut out aftel
detection with iodine. The plate sections were incubated with .
bovine brain Hsc70 preincubated with increasing concentra-
tions of adaSGC for 1 h. Binding was visualized as above.
All steps were performed at room temperature.

A - C
-

Receptor ELISA (RELISA) Bindinglsc70/SGL binding 1 72 '3 4 "5 e cC W W
was quantitated using the RELISAQ) with the following sac Adamantyl-SGC
modifications: SGC (5@L in EtOH) was dried overnight B w0
at room temperature in Evergreen microtiter plate wells. The o ' v
plates were then blocked with 18@ of 2% (w/v) BSA in eI
50 mM TBS followed by washing () with 0.2% (w/v) '
BSA in 50 mM TBS (wash buffer). Hsc70 (50 ng/10Q)
in wash buffer was added to the wells and incubated for 2
h. After washing (%) with wash buffer, 18QuL/well rat
anti-Hsc70 monoclonal antibody (1 mg/mL, 1:750 in 0.2% =
(w/v) BSA in 50 mM TBS) was added and incubated for 1 i [ il
h. The plates were washed as above and then incubated witt i ol b boead S W N
180 uL/well horseradish peroxidase conjugated rabbit anti- % ®° ™ %0 0 o0 sl e e e mh
rat IgG (4 mg/mL, 1:2000 in 0.2% (w/v) BSA in 50 mM D
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TBS) for 1 h. The wells were washed again with wash buffer oH j\/f LLLLLL
and then once quickly with 50 mM TBS. The microtiter 'OSWO\/H“
plates were developed in the dark with 1@0well freshly OH 0:’ H}/\

prepared ABTS solution (0.5 mg/mL ABTA in citrat®.1 - - I
. Ficure 1: Characteristics of glycolipid derivatives. (A) TLC
M phosphate buffer (pH 4.3), AL hydrogen peroxide/10 separation of glycolipids and derivatives visualized with orcinol.

mL), and the optical density was determined at 405 nm. All Lane 1, SGC: 2, SGS: 3, adaSGC: 4, norbornaneSGC: 5, norbor-
steps were performed at room temperature. For inhibition, naneGC; and 6, adamantyl&KB) Electrospray mass spectroscopy

increasing concentrations of adaSGC were mixed with the Of a:;jamant)t/ISGC ?no(lj ngfggman(ﬁ_%c: asts,ignmer&ts of (i) ?egativfe
: : : : mode spectrum o1 ada an 1) positive mode spectrum o

Hsc™ 1 h prior to either binding assay. norbornaneSGC. (C) Solubility of adaSGC. TLC separation of

ATPase AssayATP hydrolysis by Hsc70 was determined equivalent aliquots of SGC or adaSGC partitioned between

by measuring the release 8P, from [y3-P]JATP according chloroform (C) and water (W). (D) (i) Structure of adamantylSGC
to the procedure of Sadis and Hightowet) with the ~ 2nd (i) structure of norbornaneSGC.

following modifications. Soluble glycosphingolipid (GSL .
derivati\?es (ie., adaSGC) werg ydrieg ur?deilgo m(an ) tylGC and adamantylGlwere similarly prepared3(l). The
Eppendorf tutSe.,and,E)M ATP, 0.14M CMLA, and 2Ci structures of adamantylSGC and norbornaneSGC were
[y32-P]ATP (300’0 CifmM) in bl’,lff.el’A(ZO mM’Hepes-KOH confirmed by electrospray mass spectrometry. Adaman-

tylSGC (Figure 1B) shows parent ions at 716 (M H)
(pH 7.0), 25 mM KCI, 10 mM (NH),SOy, 2 mM Mg(OAC), ; ;
and 1 mM DTT) was added to the tube on ice and then (negative mode), and norbornaneSGC (Figure 1C) shows

vortexed vigorously. To start the reaction, 1 Hsc70 parerlt lons at 678 (M- H), 700 (M + Na), and 722 (M+

. : 2Na — H) (positive mode), respectively.
was then added to the reaction tube. For experiments , ¢ ad d d with
requiring the DnaJ cochaperone, Hdj-1, PN was added. f Pro;ljertles ora aSG.CA baSGC was comparg Vr\:'lt SfGC
When adaSGC (or other soluble glycosphingolipid ana- OF € ative partitioning between water and chloroform

. . (Figure 1C). SGC partitioned completely into the organic
:gggﬁsésggngsri?&l\alveerznpge;]r;cl# ?r?ée?/bli?:f C;]S: bvgﬁzrdzec{)hase, while>90% of the adaSGC was recovered in the

required was added containing QM Hsc70 and 0.1M aqueous phase. Thus, adaSGC is essentially water soluble.

CMLA. The reaction mixture was vortexed and then AdaSGC Inhibition of Hsc78GL Binding The SGL
incubated at room temperature for 1 h. TR&P]ATP and binding specificity of bovme brain Hsc70, previously shown
ATP were then added in an equal volume of buffer A to PY RELISA 25), was confirmed by TLC overlay. Only SGC
start the reaction. Therism 3.0 program (Graphpad, San and SGG were recog_nlzed (Figure 2A, part ii). A linear dose
Diego, CA) was used for curve fitting to estimate tg response for SGC binding was observed for Hsc70 up to
andVimax of bovine brain Hsc70. The significant difference 100 Ng of SGL by RELISA (Figure 2B). Preincubation of
between the kinetic constants was determined using anHisc70 with adaSGC inhibited subsequent SGC binding by

; RELISA (Figure 2C) with an 1g of ~80 uM. Similarly,
independent samples t-test with< 0.05.

P P adaSGC inhibited Hsc70/SGC binding as monitored by TLC
RESULTS overlay (Figure 2C).

AdaSGC Inhibition of Hsc70 ATPasehe ATPase activity
Synthesis of AdamantylSGRBorbornaneSGCSGC was of bovine brain Hsc70 was linear with enzyme concentrations
deacylated, and the amine generated was coupled to theof 0.05 and 0.2«M at 5uM ATP (not shown) up to 60 min
carboxyl group of either 2-adamantane or 2-norbornane aceticand with ATP concentration up to 2:0M. Preincubation of
acid using EDAC/HOAT activation (Figure 1A). Adaman- the Hsc70 with SGC liposomes significantly inhibited
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Ficure 2: Glycolipid binding specificity of bovine brain Hsc70.
The GSL binding specificity of bovine brain Hsc70 was monitored
by (A) TLC overlay. Part i: glycolipids visualized with orcinol,
(from the top) lanes 1, SGG, SGC,; 2, LC, £8, GalC, Gh; 4,
GM1,; and 5, cholesterol sulfate. Part ii: bovine brain Hsc70 binding
specifically to SGG/SGC. (B) RELISA -binding of brain Hsc70 to
O SGG; ¢ SGC; anda GC. (C) AdaSGC inhibition of Hsc70
RELISA binding to SGC. Hsc70 binding to SGC by TLC overlay
+300u4M AdaSGC (insert). Concentratiorrs50 M were inhibi-

tory, and representative results are shown. Error bars represent th

Whetstone and Lingwood

the Michaelis-Menten equationY = Vmax x X/[Kn + X],

to initial linear velocities measured as a function of ATP
concentration (Figure 3D). When adaSGC was incubated
with Hsc70 and ATP, th&,, was not statistically different

(P value = 0.8927), but theVm.x decreasedR value =
0.0032) indicating that adaSGC is a noncompetitive inhibitor
of Hsc70 ATPase activity, a special case of mixed inhibition
(Table 1).

Potentiation of adaSGC Inhibition of Hsc70 ATPase by
(A) Preincubation: Typically, inhibition of Hsc70 ATPase
activity by adaSGC was not observed in the initial phase of
the reaction, consistent with dependence on ATP hydrolysis.
However, when Hsc70 and adaSGC were preincubated
together for 60 min at 23C prior to ATP addition, hydrolysis
was reduced from the reaction onset (Figure 4A). Without
preincubationa 5 min delay before ATPase inhibition was
observed (cf. Figure 3B,C). (B) Hdj-1 addition: In the
presence of the cochaperone, Dnad (Hdj-1), the ATPase rate
of Hsc70 was increased 5-fold, and adaSGC inhibition was
rapidly observed (Figure 4B). When both Hdj-1 and adaSGC
were added to the reaction mixture, inhibition of Hsc70
ATPase activity was measured before 5 min. Hdj-1 stimula-
tion of ATPase activity was retained even when preincubated
with Hsc70 and adaSGC (Figure 3B).

DISCUSSION

Hsp70 binding to SGL requires both this@lfogalactose
and the lipid backbone2@, 30). SGC liposomes were used
to specifically inhibit Hsc70 ATPase activity, but this effect
is difficult to analyze. First, at the higher concentrations of
lipid there was nonspecific inhibition by globotriaosylcera-
mide (GB) liposomes because of the turbidity of liposome

Ppreparation. Second, the liposomes were multilamellar, which

standard deviation of the mean for three independent experimentsdoes not allow for quantitation of the SGC available for

in triplicate.

Table 1: Kinetic Constants for the Hydrolysis of ATP by
Recombinant Bovine Brain Hsc70 with and without 300
AdamantylSGE

control adamantylSGC P value
Km (uM) 0.89+0.024 0.93:£0.038  0.8927
Vmax (pmol mimt g™ 0.20+£0.012  0.15-0.016  0.0032

2 The kinetic constants were determined by fitting the equatien
Vmax X X/[Km + X] to the initial linear velocities measured as a function

of ATP concentration by nonlinear regression. The statistical difference
between the kinetic constants was determined by an independent

samples t-test witt? < 0.05.

(300uM—76%, 60QuM—89%, 150QuM—94%) the reaction
in a dose-dependent manner, while liposomes of (@bt
bound by Hsc76-Figure 2A, part ii) were inhibited by 12%

Hsc70 binding. Last, the kinetic analysis is confounded by
the two-phase system of a soluble enzyme interacting with
essentially a solid inhibitor. We therefore synthesized a
water-soluble analogue of native SGC that mimics the
structural and functional features of the natural glycolipid
as we had previously done for &{86) by exchanging the
hydrophobic fatty acid for a hydrophobic adamantane cage
SGC @2). We expanded the procedure by generating similar
water-soluble derivatives of norbornane, a smaller rigid
hydrophobic frame. The addition of the adamantane over-
came the insolubility of the glycolipid by weakening the
lateral hydrophobic interactions while maintaining some of
the rigid crystalline order of the membrane and solvation of
the oligosaccharide4f). AdaSGC reduced the binding of
the testes specific Hsc70 to bothad 4 SGC @2) and in

the present study, the binding of bovine brain Hsc70 to SGC.

(Figure 3A). Quantitative analysis of inhibition was achieved | 1US: the adamantylsphingosine moiety mimics the role of

using adaSGC, which caused a dose- and time-dependen e lipid of SGL to facilitate Hsc70 recqgnition of the
reduction of ATPase activity (Figure 3B). Little inhibition carbohydrate. These analogues were designed to retain the

was observed within the first 5 min, but the ATPase activity Interface region0) of the GSL between the hydrophobic

was substantially suppressed within the subsequent 20 min2nd the hydrophilic domains.

of the assay. A similar inhibitory activity was seen for both ~ The water-soluble SGC analogues we have made inhibited
adamantyl and norbornaneSGC (72 and 56%, respectively,Hsc70 ATPase activity, while similar analogues of GalC and
at 300uM), whereas neither norbornaneGC nor adaman- Gbs, not bound by Hsc70, had no effect. AdaSGC inhibited
tylGbs had an inhibitory effect (Figure 3C). Th&, andVmax Hsc70/SGL binding and Hsc70 ATPase activity and is
for Hsc70+ adaSGC were estimated by fitting a curve of therefore a useful tool to study Hsc70 function. The
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Ficure 3: Sulfogalactolipid inhibition of Hsc70 ATPase activity. (A) Inhibition by native S®&CHsc70;A Hsc70+ 300uM Gbg; ¢
Hsc70+ 300uM SGC; @ Hsc70+ 600uM SGC;O Hsc70+ 1500uM SGC. Preincubation of Hsc70 with SGC liposomes significantly
inhibited Hsc70 ATPase activity, but @bposomes do not. Error bars represent the standard deviation of the mean of three independent
experiments in triplicate. (B) Inhibition by adamantylS@Hsc70;0 Hsc70+ 100uM adaSGCa Hsc70+ 200uM adaSGC® Hsc70
+ 300uM adaSGC;a Hsc70+ 400 uM adaSGC; and® Hsc70+ 500 uM adaSGC. The ATPase activity of Hsc70 is inhibited 57 and
74% by the addition of 100 and 200M adaSGC, while 306500u4M adaSGC inhibited the ATPase activity by an average of 80%. Error
bars represent the standard deviation of the mean of three independent experiments in triplicate. (C) Specificity of inhibition of Hsc70
ATPase Activity by GSL derivativesO Hsc70; v Hsc70 + 300 uM adaGh; v Hsc70+ 300 uM adaSGC;4 Hsc70+ 300 uM
norbornaneSGC; anal Hsc70+ 300 M norbornaneGC. Only the SGC derivatives are inhibitory, with adaSGC being somewhat more
effective at 72% as compared to the 56% inhibition by norbSGC. The nonsulfated form of norbSGC, norbornaneGC showed 0% inhibition,
and adaGhonly inhibited by 12%. Error bars represent the standard deviation of the mean of three independent experiments in triplicate.
(D) AdaSGC inhibition as a function of ATP concentrati@hHsc70 anda Hsc70+ 300uM adaSGC. The curve fit with the Michaetis
Menten equationY = Vmax x X/[Km + X] was used to estimate the ATPa$§g andVihax = adaSGC. The data are representative of four
independent experiments. The data presented in panel3 Were generated using recombinant bovine brain Hsc70 from one batch.

preferential partitioning of adaSGC into water clearly shows the enzyme (Hsc70) and the enzyme/substrate complex
a remarkable increase in water solubility of the adaman- (Hsc70-ADP—P)) according to the following scheme:
tylSGC as opposed to the native SGC species.

AdaSGC behaved as a honcompetitive inhibitor of Hsc70
ATPase activity, a special case of mixed inhibition, since
theKy, was not significantly different, and thé,.x decreased
(46). According to this model, adaSGC does not change the
affinity of the enzyme for substrate but affects the catalytic
conversion of substrate to product. This special example of Thus, adaSGC can interact at two stages within the ATPase
mixed inhibition requires that adaSGC can bind equally to cycle, but it is intuitively unlikely that adaSGC would bind

70 + ATP === *70-ATP —> 70-ADP -P; —> 70+ ADP +P,

70 + adaSGC 70 - ADP - P; - adaSGC
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Ficure 4: Effect of preincubation and the cochaperone Hdj-1 on
adaSGC inhibition of Hsc70 ATPase. (A) adaSGC preincubation:
A Hsc70;A Hsc70+ 100uM adaSGC; andl Hsc70 preincubated
with 100uM adaSGC fo 1 h at 25°C prior to assay. Preincubation
of Hsc70 and adaSGC removed the initial lag for inhibition and
increased the inhibition of Hsc70 ATPase activity by adaSGC from

Whetstone and Lingwood

adaSGC centers around Af§ adaSGC could compete with
ATP for Hsc70 binding, and the observed decreaséix
indicates that adaSGC binding to Hsc70 slows the conversion
of substrate to product and the release of ADP. It would be
of interest to study the effect a nucleotide exchange factor,
such as Bag-1, would have on adaSGC inhibition of Hsc70
ATPase activity. The Hsc70/Bag-1 cocrystr) shows that
Bag-1 forms electrostatic interactions with subdomains 1B
and 1B of the N-terminal ATPase domain of Hsc70 inducing
a rotation of subdomain 1IB and opening of the binding
pocket allowing the exchange of ADP for ATP. Thus, the
activity of Bag-1 could increase the dissociation of adaSGC
from Hsc70 resulting in decreased inhibition.

The inhibition of Hsc70 ATPase activity by adaSGC was
time-dependent but observed only after 5 min. Kinetic
analysis of the Hsc70 ATPase cycle reported the binding
and hydrolysis of ATP by Hsc70 to have a mean duration
of approximately 5 min48, 49) and has been associated
with a conformational change in the protein. It is possible
that adaSGC binds to the ABfn preference to the ATP
conformer of Hsc70, which would explain why no significant
inhibition was detected in the first 5 min of the ATPase assay.
As more Hsc70 binds and hydrolyzes ATP to give Hse70
ADP—P;, this would increase adaSGC binding and ATPase
inhibition. By adding adaSGC before ATP, any competition
for adaSGC binding to Hsc70 was removed. When ATP was
added, adaSGC would hinder ATP binding to Hsc70 leading
to the more rapid reduction of ATP hydrolysis. This is also
consistent with the results obtained when Hdj-1 was added
to the assay. The cochaperone, Hdj-1, increases the rate of
ATP hydrolysis by Hsp70 leading to the increased production
of Hsc70-ADP—P (10), which would result in more
effective binding of adaSGC and a reduction in the lag period
before inhibition of ATPase activity. The maintenance of
Hdj-1 stimulated Hsp70 ATPase activity in the presence of
adaSGC, and the retained sensitivity to inhibition are
consistent with the binding of DnaJ to the more distal surface
of the nucleotide binding cleft4().

SGL binding is a new function of the N-terminal ATPase
domain of Hsp70s30). We have shown that SGL binding
decreases ATP hydrolysis and thus may provide a new
independent mechanism for the regulation of Hsp70. In

26 to 87%. Error bars represent the standard deviation of the meanaddition, SGL binding allows for membrane association of
of three independent experiments in triplicate. (B) Hdj-1 and Hsc70 an otherwise soluble protein, a regulation mechanism used

were mixed with ATP and adaSGC as in Experimental Proce-
dures: v Hsc70; A Hsc70+ 0.8 uM Hdj-1; ¢ Hsc70+ 0.8 uM
Hdj-1 + 300uM adaSGCO Hsc70+ 0.8uM Hdj-1 preincubated
with 300uM adaSGC fo 1 h at 25°C; and® Hsc70 preincubated
with 300 uM adaSGC fo 1 h at 25°C. Hdj-1 stimulated Hsc70
ATPase activity by approximately 5-fold but only by 2-fold in the

presence of adaSGC. Error bars represent the standard deviatio Y

of the mean of three independent experiments in triplicate.

effectively by other systems5Q, 51). The physiological

relevance of this inhibition has yet to be shown. In any event,
SGL hinding is a new tool that can be used to investigate
ATPase regulated Hsp70 chaperone activity in vitro and may
rovide a new mode for the exogenous regulation of Hsp70.
owever, cellular glycolipids are membrane components
synthesized in the ER/Golgi lumen and expressed in the

equally to both the enzyme and the enzyme/substrateendomembrane system and at the cell surface. If this potential
complex as required for noncompetitive inhibition. To clearly mechanism of regulation of Hsp70 has any cellular role, and
distinguish these possibilities, direct binding experiments are this remains to be shown, it would be expected to operate
required to obtain thé&y of adaSGC and are required to primarily for chaperones in the secretory endomembrane
measure the affinity of adaSGC for Hsc70 as compared to system. Kar2, yeast BiP, also specifically binds to SGC and
Hsc70-ADP—P. SGG (H. Whetstone, unpublished). Lysosomal Hsplf) (
Mutation of Arg?*2in rP70 showed significantly reduced 52) is also appropriately located to interact with SGC within
binding to SGL in in vitro binding assays31). The the lysosomal membrane.
m-electrons of the guanidinium groups of Afgand Arg*? SGLs are expressed at the greatest levels in tissues
of Hsc70 form hydrophobic interactions with the adenosine considered exposed to high levels of stress (e.g., gastrointes-
ring of ATP to stabilize binding47). If the binding site for tinal mucosa, reb3). If the mechanism we have demon-
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strated has physiological relevance in such tissues, it might 25

be that SGLs serve to selectively inhibit the endomembrane

located Hsp70s involved in the degradation of misfolded
proteins 64). 3 Sulfogalactose is found only in glycolipids.
We have, however, shown thatsdlfogalactosyl ceramide
is effectively bound by Hsc703@). This extent of binding
flexibility might be sufficient to allow other sulfoglycocon-
jugates to interact with Hsc70 by this mechanism. It is

relevant to note SGC has been detected immunologically in

the cytoplasm of astrocyte8%), neurons %6), pericytes of
the eye §7), and secretory granules of pancreatic islet cells
(58), suggesting a greater potential scope for Hsp3GC
interaction.
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