Biochemistry1996, 35, 3685-3694 3685

Kinetics of PAPS Translocase: Evidence for an Antiport Mechahism
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ABSTRACT. In order to gain an understanding of the mechanisms involved in the transfef- of 3
phosphoadenosiné-phosphosulfate (PAPS) from the cytosol where it is synthesized to the Golgi lumen
where it serves as the universal sulfate donor for sulfate ester formation in higher organisms, we have
undertaken a kinetic characterization of the PAPS translocase from rat liver Golgi. Analyzing the PAPS
translocase activity in both intact Golgi vesicles and in a reconstituted liposome system, we have determined
a number of physical and kinetic parameters. Strong competitive inhibiterdatransuptake experiments

only with g-methylene PAPS and adenosines3bisphosphate (PAP) suggest the transporter is highly
specific for the 3phosphate. The demonstration tofins acceleration as observed by stimulation of
transport activity under exchange conditions suggests that the translocase is a carrier with distinct binding
sites accessible from both faces of the membrane. The behavior of the PAPS translocase in the presence
of equilibrium concentrations of PAP supports the function of an antiport mechanism. Thus the translocase
is characterized by its kinetic properties as a specific transporter of PAPS which acts through an antiport
mechanism with PAP as the returning ligand. This characterization of the transport activity has proved
instrumental in the identification of @230 kDa Golgi membrane protein as the PAPS translocase protein
[Ozeran, J. D., Westley, J., & Schwartz, N. B. (1986)chemistry 353695-3703 (accompanying paper)].

The transport of molecules of biological significance across 2.7.7.4) and APS kinase (ATP:adenylylsulfatepBospho-
the plasma membranes of a variety of cells has receivedtransferase, EC 2.7.1.25) (Geller al, 1987; Lyle, 1993),
considerable attention. Plasma membrane transporters hav®APS must be transported into the Golgi lumen where
been described and characterized for a number of systemssulfotransferases catalyze the formation of esters on most
including the nucleoside transporters in erythrocytes (Jarvis of the sulfated macromolecules (Dorfman, 1970; Veetel
et al, 1983) and intestinal cells (Huargg al., 1993) and al., 1993).
the erythrocyte choline transporter (Krupka & Dey988). As a highly charged, hydrophilic, unstable molecule, PAPS
The erythrocyte ATP-driven sodium/potassium pump (Glynn s njikely to diffuse across the Golgi membrane in sufficient
& Karlish, 1990), the voltage-gated sodium/potassium chan- g antities to drive the sulfation of such a wide variety of
nel of squid axons (Stuhmet al, 1989), and the sodium/ 5ecyles. Previous studies of PAPS transport, as well as
calcium exchanger of cardiac muscle (Levitgtyal, 1994)  ,qjeqtide sugar transport, have been described only phe-
have also been well described. Among the metabolite |\,menoiogically (Capasso & Hirschberg, 1984; Schveirz
transporters, neutral and cationic amino acid transporters Ofal., 1984; Millaet al, 1992). In the current work, kinetic
mammalian cells (Shotweﬁt al.., 1983; Clos=t al, 1993)3 and mechanistic characterization of the PAPS translocase
sugar transporter; in mammalian rena] twbular cells (Silver- activity provides a better understanding of the function of
man, 1976; Mullinet al, 1986), rat ileal brush l_aorder these transporters of nucleotide metabolites. The PAPS
membranes (Murer & Hopfer, 1974), and pancregitells translocase is a specific transporter of PAPS which acts

|(_\|Naeberet &}{'r'] 1t?194) hta\ﬁ all bee?_ mter;swg:y ﬁtUdée.d‘l though an antiport mechanism with adenosihg -®isphos-
OwWever, wi € notable exception of mrlochondria phate (PAP) as the returning ligand and is sensitive to

f[ransport'protellns [for review see Ralm|eral.(1993)], there inhibition by PAP and other structurally similar nucleotides.
is a paucity of information concerning intracellular organelle Utilizing this characterization, we have recently identified

mestﬁl?ztlilf)?]tir:gsgﬁtrit:eils.modiﬁcation in biological svstems the Golgi membrane PAPS translocase which is responsible
g y for the transfer of PAPS from the cytosol to the Golgi lumen

serving a wide variety of functions. '-Bhosphoadenosine ; . . :
5'-phosphosulfate (PAPSis the universal sulfate donor for iggg)scnbed in the accompanying manuscript (Ozerah,

sulfate ester formation in all higher organisms. Following
synthesis of PAPS in the cytoplasm by the sequential action

of ATP sulfurylase (ATP:sulfate adenylyl transferase, EC MATERIALS AND METHODS

Materials. The radiolabeled compound$$]PAPS ¢ 400
T This work is supported by USPHS Grants HD-17332, AR-19622, Ci/mmol), y-[32P]ATP (6000 Ci/mmol), UDP¥C]galactose

and HD-09402 and M.DB:Ph.D. Training Grant HD-09007 (J.D.O.). ; ; . )
* Author to whom correspondence should be addressed. University (272.8 mCi/mmol), {H]H>0 (1 mCi/mL), PH]-2-deoxyglu

of Chicago, MC5058, 5841 S. Maryland Ave., Chicago, IL 60637. cose (8.0 mCi/mmol, 0.2 mCi/mL), anéH]methoxyinulin

Terl]:_ (312) d702-9355. FAX: (312) 702-9234. E-mail: n-schwartz@ (230 mCi/gram, 0.2 mCi/mL) were purchased from New

ucnicago.edu. . . . L . .

® Abstract published iidvance ACS Abstractdfarch 1, 1996. England Nuclear. U.m\./erS.OI liquid _SCIntIIIatlon fluid from
1 Abbreviations: PAPS, '@hosphoadenosine’-phosphosulfate; ICN was used for scintillation counting. Ultrapure sucrose

APS, adenosine' phosphosulfate; PAP, adenosirig3bisphosphate. and dithiothreitol were purchased from Gibco BRL. Phos-
0006-2960/96/0435-3685$12.00/0 © 1996 American Chemical Society
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phatidylcholine, cholesterol, and stearylamine were purchasedfollowed by centrifugation at 100 0@0for 1 h to remove
from Avanti Polar Lipids. ATP, ADP, AMP, IMP, adeno- insoluble material. Solubilized proteins were concentrated
sine-3,5-bisphosphate (PAP), HEPES, and bovine hemo- to ~10 mg/mL using either Centriprep-30 concentrators or
globin were obtained from Sigma. Silica and polyethyl- a stirred ultrafiltration cell with a 30000 MW cutoff
eneimine cellulose TLC plates with fluorescent indicator membrane and used immediately or stored in 1-mL aliquots
were from Merck. Ultrapure PAPS was purchased from Dr. at —70 °C.

Sanford Singer, University of Dayton, OHj-Methylene- Detergent was removed from solubilized Golgi proteins
APS, f-methylene-PAPS, and-*P]-f-methylene PAPS (10 mg/mL) either by incubation with Bio-Rad SM-2 Bio-
analogs were synthesized in our laboratory as describedggaqs (300 mg/mL of protein solution) for two sequential
(Callaharet al, 1989; Nget al, 1991; J. D. Ozeran, S. Lyle,  gyiractions or by passage through a 2-mL column of Pierce’s
K. Ng, J. Westley, and N. B. Schwartz, manuscript in pgyracti-Gel D which had been pre-equilibrated with solu-
preparation). SM-2 Bio-Beads adsorbent and Bio-Spin-30 yjizing putfer and “blocked” with a solution of 1 mg of
i:hrom_atograpry columns were from Bio-Rad. Ultrapure pomagi0hin/mL to prevent nonspecific protein binding (Milla
protein grade” NP-40 was from Calbiochem. Centricon 30 o 5 "1992). Phosphatidylcholine liposomes were prepared
and Centriprep 30 concentrators, stirred ultrafiltration cells, by drying 200 mg of egg yolk phosphatidylcholine from 4

and CM-30 ultrafiltration membranes were from Amicqn. mL of chloroform under a stream of nitrogen and lyophilizing
Reagent grade acetone was from Baker. All other Chem'calsovernight Lipids were resuspended in “PG” buffer [20 mM

were reagent grade. APS kinase fr&micillium chryso_ge- phosphate, pH 7.4, 1% (v/v) glycerol] to 30 mg/mL and
numwas a generous gift of Dr. Irwin Segel, University of sonicated under nitrogen until transparent. Detergent-

California, Davis, CA. . o depleted protein¢1 mg) and liposomes were combineei(
Methods. Golgi PreparationGolgi-enriched membrane 10 w/w) in the absence or presence of defined concentrations
vesicles were prepared essentially by the method of Leelav-gf hycleotides and reconstituted by a freetteaw—sonica-
athiet al. (1979) with modifications based on Geetha-Habib tjon method which produced primarily small unilamellar
etal.(1984). Membranes layering between 21.6% and 40% yesicles (Deamer & Uster, 1983). In this method (Kasahara
sucrose, enriched 48-fold in galactosyltransferase activity, g Hinkle, 1976) the combined protein and liposome solutions
were used for further experiments. were rapidly frozen in a dry-ice:acetone bath and thawed
Protein Assays Protein determinations were made based slowly at room temperature{15 min at 25°C). Following
on the method of Smitlet al. (1985), using bovine serum five freeze-thaw cycles, solutions were sonicated briefiys(
albumin as the standard and Pierce’s BCA reagent for colors) using a microtip sonicator. Reconstituted Golgi protein
development. The Pierce standard or microtiter plate samples were then assayed immediately for PAPS translocase
protocols were used for all samples. activity.

PAPS Transport into Intact Golgi Vesicle3ransport of PAPS Transport into Reconstituted LiposomdzAPS
solutes into intact Golgi vesicles was assayed essentially agransport in reconstituted vesicles was measured by a
described by Perez and Hirschberg (1987). Membrane modification of the method of Zarubat al, (1988).
samples containing 1.0 mg of protein were incubated with Following a brief (12 s) sonication, reconstituted vesicles
[**S]PAPS (2uM for standard assaysyH]-2-deoxyglucose  containing 0.251.0 mg of protein/mL were incubated with
(0.2uCi/mL) or [*H]methoxyinulin (0.2:Ci/mL) in 10 mM 2.0 uM [35S]PAPS in buffer containing 20 mM phosphate,
Tris-HCI, pH 7.4,.containing 0.25 M sucrose, 1 mM Mg,CI pH 7.4, 1 mM MgC}, and 1% (v/v) glycerol at 37C.
and 1 mM DTT in a total volume of 1.0 mL. Following  Transport was terminated after 5 min by passing AD®f
any preincubations of vesicles with inhibitors in 0.8 mL, the reaction mixture through a Bio-Spin-30 column and
assays were begun by the addition of 0.2 mL aliquots of ¢g|iecting the void volume peak. Because of the size
Golgi vesicle suspensions containing approximately 0.5 Mg gifference between the reconstituted vesicles and¥$3-[
of protein. Standard incubation was at 32 for 10 min. PAPS, vesicles containing translocated PAPS eluted in the

Reactions were stopped by placing the tubes on ice andygiq yolume while the smaller{S]PAPS was retained in
immediately centrifuging at 95 000 rpm in a TLA-100.2 rotor  tye column.

for 1 i 4°C. S . S
or 15 min at 4°C Kinetic Data Analysis. All kinetic data were analyzed

A 100 aliquot of supernatant was removed for scintil- g the Microsoft QuickBASIC program “MacEnzkin” on
lation counting to.determme b Fhe concentration Qf_ an Apple Macintosh llci computer. This program fits the
transported solute in the bulk reaction medium. Remaining jnitia| velocity measurements as a function of substrate

supematant V\./as.discarded, and the pellet surface was WaShegoncentration to the best rectangular hyperbola by an iterative
three times with ice-cold buffer over 60 s. Pellets were then least-squares function.

resuspended in 0.5 mL of water and counted in a Pagkard
scintillation counter. JH]-2-Deoxyglucose served as a RESULTS

standard penetrator to provide a measurement of the total

pellet volume. {H]Methoxyinulin served as a standard non-  Characterization of PAPS Transport in Intact Golgi
penetrator to measure bulk solvent trapped within the pellet. Membranes.In order to establish the kinetic parameters of

Vesicle volumes were typically-35 uL/mg of Golgi protein.  PAPS transport, a series of experiments was designed in
Transport was calculated according to the definintions and which PAPS transport was assayed in the presence of a 200-
formulae described by Perez and Hirschberg (1987). fold range of substrate concentration. PAPS translocase

Solubilization and Reconstitution of Golgi Membrane activity is dependent upon PAPS concentration in the range
Proteins. Golgi membranes (5 mg of protein/15 mL) were 0.1—20.0u«M in a saturable fashion (Figure 1), is linear with
solubilized with 0.5% NP-40 in solubilizing buffer on ice time up to 20 min (Figure 1 inset), and equilibrates over
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Table 1: Kinetic Constants of PAPS Translocase Activity

Kmn? (uM) Vmax(pmol/min/mg of protein)
PAPS translocase in intact Golgi membranes 0.80+ 0.01 10.86+ 0.20
PAPS translocase in reconstituted vesicles &8605 21.59+1.52
PAPS translocation ¢gd-methylene PAPS by intact Golgi vesicles 15:4.74 12.45+ 0.16

aValues are derived from the nonlinear least-squares fits of the slopes and interéBS translocase activity was measured in intact Golgi

vesicles and reconstituted vesicles witt§]PAPS in the range 0-12200uM

as described in Materials and Methods. Translocatiofi-nfethylene

PAPS into intact Golgi vesicles was measured usiA§?®]-3-methylene PAPS in the range 6:200uM. Values forKm andVmaxwere determined
from nonlinear least-squares regression to the best-fit rectangular hyperbola using the MacEnzkin program on a Macintosh llci.
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Ficure 1: Dependence of PAPS translocase activity on PAPS
concentration. Initial velocities of PAPS translocase activity were
determined as a function of PAPS concentration. Golgi vesicles
containing 1.0 mg of protein were assayed for uptak&&f|PAPS,

and PAPS transport was calculated as described in Materials an
Methods. Data are the meank standard deviation for six
determinations. (A) Hyperbolic plot of initial velocities of PAPS

Table 2: Inhibition of PAPS Transport by Nucleotides and
Inhibitors of Nucleotide and Anion Transporters

compound M 50 uM
3,5-ADP 24 5
5-ATP 96 57
5'-ADP 91 45
5-AMP 93 52
compound M 10uM 50 uM 100uM
DIDS NDP ND 94.1 25.2
carboxyatractyloside ND 89 78 67
atractyloside 87 79 65 ND
palmitoyl CoA ND 94 86 75

a2 PAPS translocase activities are reported as percentage of control
transport activity with no inhibitors prese®ND, not determined.

boxyatractyloside, palmitoyl coenzyme A) and of erythrocyte
anion transport [4,4diisothiocyanatostilbene-2;8isulfonate
(DIDS)] were analyzed for their ability to inhibit PAPS
transport. Under standard PAPS translocase assay condi-
tions, these compounds inhibited activity only at very high
concentrations (Table 2), suggesting that the PAPS translo-
case is not very closely related to these other transporters.

To study the structural requirements of ligands for PAPS
binding and transport, a series of experiments was designed
in which PAPS transport was assayed in the presence of
several adenosine nucleotide compoundsj-Blethylene
PAPS, PAP, ATP, ADP, AMP, and GTP were tested for
their ability to inhibit PAPS transport activity (Figures-2).
Since the intercepts of the primary plots are scattered around
a single value, while the slopes vary linearly with respect to
the inhibitor concentrations, the observed behavior corre-

dsponds to competitive inhibition. This competitive nature

and the relative affinities of the PAPS translocase for each
of the inhibitors suggest that PAPS binding is selective for

translocase over the range of PAPS concentrations from 0.01 toadenine nucleotides containingghosphate groups, although

10.0uM. Inset: Initial velocities of PAPS translocase activity as a
function of time. Assays of PAPS transport were terminated after
0,1, 3,5, 7, 10, 15, and 20 min and analyzed as descriB&j- [
PAPS concentrations were 0.A)( 0.2 @), 0.5 ©), 1.0 (#), 2.0

(©), 5.0 @), and 10u4M (O). Data are the means standard
deviation for four determinations. (B) Initial velocity pattern in the
form of a LineweaverBurke double-reciprocal plot. The line
shown is modeled using the kinetic constants provided by nonlinear
fitting of the entire data using the MacEnzkin program.

time (data not shown). Transport activity as a function of
PAPS concentration in intact Golgi membranes yields an
apparenK,, = 0.83uM and an apparentma.x= 10.86 pmol

of PAPS transported/min/mg of protein (Table 1). To
investigate the possible relationships among the Golgi

specificity is limited with regard to 'Ssubstitutions on the
substrate. Additionally, transport gfmethylene PAPS was
assayed using'3%2P]-5-methylene PAPS (Figure 5). The
apparenK,, andVmax for f-methylene PAPS transport were
15.4 uM and 12.45 pmol/min/mg of protein, respectively
(Table 1). These results suggest that transport of the analog,
p-methylene PAPS, differs from transport of the natural
substrate, PAPS, only in the affinity of the translocase for
p-methylene PAPS as a substrate. It would appear, therefore,
that the S-methylene substitution does not interfere with
translocatiorper se

Characterization of Reconstituted PAPS Transpoim.

membrane PAPS translocase, the adenine nucleotide transerder to purify and characterize the isolated translocase, a
porter of mitochondria (Vignais, 1976), and the erythrocyte standardized reconstitution system was neccessary. The
nucleoside transporter (Jarvis, 1991), the inhibitors of mi- translocase activity was solubilized and reconstituted as
tochondrial adenine nucleotide transport (atractyloside, car-described in the accompanying manuscript (Ozesaal,
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Ficure 3: Inhibition of PAPS translocase by adenosiries'3
bisphosphate. Initial velocities of PAPS translocase activity were
ol , ' , o ' ; ' ; determined as a function of PAPS concentration in the presence
0 50 100 150 200 0 50 100 150 200 and absence of adenosing53bisphosphate. Golgi vesicles con-

[Bmethylene PAPS] xM [B-methylene PAPS] uM Ejainingbldo m% of protein were Sssayedffor uptake’s8JPAPS as f

) —_ escribed in the presence or absence of PAP at concentrations from

FiGURe 2: Inhibition of PAPS translocase Ifmethylene PAPS. g4 500,M, and PAPS transport was calculated as described. Data
Golgi vesicles containing 1.0 mg of protein were assayed for uptake

. are the meang: standard deviation for six determinations. (A)
of [33S]PAPS in the presence or absencgahethylene PAPS at . i DT
concentrations from 10 to 20@M, and PAPS. transport was Lineweaver-Burke double-reciprocal plot of the inhibition pattern

: ; . for PAPS translocase in the presence of the following concentrations
calculated as described in Materials and Methods. Data are the ¢ pap- @), uninhibited: @), 5 «M; (#), 10 uM; (0), 20 uM;

means+ standard deviation for six determinations. (A) Line- (0), 50 uM: (), 100uM; (<), 200uM. (B) The secondary plot

\gi%vse:—Bur:(e doublet-rr]euprocal plotfotfhth? ||?h|t_)|t|on pattertn ftc_nr of primary slopes versus PAP concentration. (C) The secondary
ransiocase In the presence ot the tollowing CoNCeNtrations 4t of primary intercepts versus PAP concentration.

of f-methylene PAPS: ), uninhibited; @), 10 «M; (®), 20 uM;
(O), 50 uM; (<), 100uM; (A), 200uM. (B) The secondary plot . . . .
of primary slopes versy$-methylene PAPS concentration. (C) The 0ut of liposomes as rapidly or even more rapidly than it is
secondary plot of primary intercepts versisnethylene PAPS  transported into the liposomes. However, as shown in Figure

concentration. 6, although PAPS translocase activity in reconstituted

1996). In order to confirm that the activity measured in the liPosomes did begin to visibly decrease aftel2 min, the
reconstituted assay corresponded to that of the intact GolgiP€riod of the standard reconstituted assaymin) was
membranes, a series of experiments was designed to charentirely within the linear phase of uptake.

acterize the reconstituted PAPS translocase as a function of The linear dependence on protein concentration exhibited
time, protein concentration and substrate concentration. Theby the reconstituted PAPS translocase (Figure 7) further
PAPS translocase activity of reconstituted Golgi protein was supports the validity of the reconstituted assay by indicating
assayed under standard assay conditions, using samples dhat, under these conditions, PAPS translocase is measurable
reconstituted vesicles containing 6:3.0 mg of protein. For ~ With a high degree of accuracy and reproducibility consider-
substrate dependenc&g]PAPS concentration was varied ing the difficulty in solubilizing and reinserting the trans-

in the range 0.£10.0 uM and incubated for 5 min at 37  locase into the artificial bilayer. Similarly, the normal form
°C, and samples were processed as describ&$]PAPS of the dependence on substrate concentration exhibited by
which had been taken up by liposomes eluted in the void the reconstituted translocase (Figure 8) supports the conclu-
volume. Because of the typically smaller size of liposomes sion that the activity being measured in the assay is, in fact,
versus Golgi vesicles (Racker, 1985), zero-time kinetics the same as that measured in intact Golgi vesicles. The
might be expected to not yield accurate results; therefore apparenKn, for the reconstituted translocase was 086,
dependence on time of PAPS translocase in reconstituted@nd Vmax Was 21.6 pmol/min/mg of protein (Table 1).
liposomes was critical to the use of this assay as a tool for The reconstituted PAPS translocase activity was also
characterization. For example, if the uptake B6]PAPS measured in the presence of the two strong competitive
was not linear with time throughout the experimental range, inhibitors of transport3-methylene PAPS (Figure 9) and

it could be due to the smaller vesicles “filling-up” more PAP (Figure 10) at inhibitor concentrations ranging from 5
rapidly and reaching a point wher®$]PAPS is transported  to 100uM. The kinetic constants determined by these assays




Kinetics of PAPS Translocase Biochemistry, Vol. 35, No. 12, 1996689

A B
2.0 1 2.0 -
1.8 4 1.8 1

1.6 4 1.6 1

-
'S
i

1.2 1

1/PAPS Translocated
(pmol/min/mg protein)*
1/PAPS Translocated
(pmol/min/mg protein)!
5

0.8
0.6
04 4
0.2 4
T T 0.0 T T T T T
o 2 4 6 8 10 0 2 4 6 8 10
1[PAPS] (uM)t 1[PAPS] (uM)"

1/PAPS Translocated
1/PAPS Translocated

1[PAPS] (uM)* 1[PAPS] (uM)!

FiIGure 4: Inhibition of PAPS translocase by purine nucleotides. LineweaBerke double-reciprocal plot of the inhibition pattern for
PAPS translocase in the presence of the following concentrations (@W)rof (A) ATP: (@), uninhibited; 0), 1; (»), 5; (x), 10; (@),
50; (+), 100. (B) ADP: @), uninhibited; (), 1; (»), 5; (x), 10; @), 50; (+), 100. (C) AMP: @), uninhibited; ), 1; (»), 5; (x), 10;
(@), 50; (+), 100. (D) GTP: #), uninhibited; (), 1; (»), 5; (x), 10; (@), 50; (+), 100.

to study the effects of substrates and inhibitors atttass

Table 3: Kinetic Constants for PAPS Translocase Inhibition : A
face of the membrane, it was necessary to design several

i b
Nucleotide Ki (M) _ Km_[PAPSP Vi experiments to analyze the equilibrium exchange behavior

g-methylene PAPS A) '7”&%%‘29' \69755'4;% 012 1082022 of the PAPS translocase. By forming reconstituted PAPS
adenosine ‘5 5384004 080LL 0033 1034111 translocase liposomes in the presence of fixed concentrations

diphosphate of PAPS or PAP, we were able to record measurements for
AMP 18.90+ 0.20 0.797+0.015 10.86t 0.27 the initial rates of PAPS transport under “equilibrium
ﬁ_'?g gggéi 8-1575 8-;33;‘[ 8-813 ig-gi 8-3(1) exchange” conditions for PAPS angero-tran conditions
GTP 84 66L 0.35 0.798L 0003 10.83L 0.05 for PAPS in the presence of equilibrium concentrations of

_ ) PAP. For PAPS equilibrium exchange measurements,
f-methylene PAPéB) R?f:&]%t.'tluzted(')‘"?ggi”a%% 2137 0.79 soluble Golgi proteins+{1 mg) were reconstituted in the
adenosine '35- 6.36+ 0.57 0.8214+0.028 21.46- 0.70 presence of unlabeled PAPS at concentrations ranging from

diphosphate 1 to 200uM.

aPAPS translocase activity was measured in intact Golgi vesicles ~EXamination of PAPS translocase activity as a function
using P°S]PAPS concentrations in the range-82D0uM. Concentra- of equilibrium concentration of PAPS (Figure 11) showed
tions (_)f the inhibitors ATP, ADP, AMP, PAP, arﬂ}met_hylene PAPS hyperbo"c kinetics with an appareiit, = 789/1M andViax
were in the range 0-12004M. ® Values forK, are derived from the  _"g7 81 pmol/min/mg of protein. This represents an
linear least-squares fits of the slopes and intercepts of the primary plot . b S L
versus inhibitor concentratiofiValues forKy, and Vmax are derived gpproxmat(_aly 5'.f0|d stimulation in theloveralll activity versus
from the nonlinear least-squares fits of the slopes and intercepts of theintact Golgi vesicles and a 4-fold stimulation over PAPS
uninhibited translocasé€.PAPS translocase activity was measured in  translocase in reconstituted vesicles. In addition, a slight
reconstituted liposomes using$]PAPS concentrations in the range  jncrease in the translocase’s efficien&(Vimay) Was noted.
|(;.pl\;ZOO/A\/.I. Concentrations of the inhibitogs-methylene PAPS and To determine the effect of a competitive inhibitor (PAP)

were in the range 01200 uM. . o - .
in equilibrium versus PAPS, liposomes were formed in the

are nearly identical to those of intact Golgi translocase (Table presence of £200uM PAP. Assays of PAPS translocase
3), indicating the similarity between the PAPS translocase activity were initiated by the addition of*$S]PAPS to
activity in intact Golgi and in reconstituted liposomes. Thus, concentrations of 0:210.0 uM. Following 5 min of
these results validate the use of this assay to monitor PAPSincubation at 37°C, samples were treated as described
translocase activity during further studies. previously.

Equilibrium Analyses of PAPS Translocask order to A striking result was seen in the measurement of PAPS
characterize the PAPS translocase activity more fully and uptake into vesicles preloaded with PAP (Figure 12). Rather
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A effect of trans concentrations of substrates, inhibitors and
- 14+ o other effectors. In fact, studies of solublilized membrane
2 o proteins and reconstituted receptors and transporters may
B 27 yield similar results when investigated using ongro-trans
§ g 10 . conditions. This is because, under these conditions, one is
5 & . [ only looking at the effects within a single compartment.
o g o To fully characterize the PAPS translocase activity of
‘;E 6T intact Golgi membranes and reconstituted liposomes, initial
§3 do velocities ofzero-trangranslocation were determined as well
Eg as initial velocities for equilibrium exchange anéro-trans
g 2 in the presence of equilibrium concentrations of a competitive
o . _ . ' inhibitor of transport. Inhibition of PAPS uptake by intact
0 25 50 75 100 vesicles and reconstituted liposomes was also analyzed to
[B -methylene PAPS] identify possible structural characteristics recognized by the
(M) PAPS binding site(s). Varying concentrations bfneth-
B ylene PAPS, PAP, AMP, ADP, and ATP versus a range of
s 1 PAPS concentrations generated initial rate values and double-
£ 09l reciprocal patterns as shown in Figures£f Slope and
é; 0.8 I intercept analysis as a function of inhibitor concentration
& So7l allowed the determination of inhibition type and apparent
. go.e L K, for each inhibitor (Table 3). An additional series of
% 205 | a experiments utilizing a double-labeled system3&G[PAPS
E o4l and 3-[3?P]-8-methylene PAPS preloaded into reconstituted
g% 0.3 vesicles is under development in order to provide direct
£E 02 7_ evidence for the stoichiometry of PAPS transport.
E= West (1983) defines three essential functions for a mobile
~ 01 carrier. First, a carrier must contain a substrate-specific
0 0 o2 oa e o8 ] binding site. Second, this binding site must alternate between

§ two states generally assumed to be accessible to the external
1/[B -methylene PAPS] (M) compartment and alternately to the internal compartment.
FIGURE 5. PAPS translocase uptake @fmethylene PAPS. (A)  Third, the transition between these two states is a discrete

Hyperbolic plot of initial velocities of PAPS translocase over a ;. . : .
range off-methylene PAPS concentrations from 1.0 to 100. kinetic event which can be assigned a rate constant. The

(B) Initial velocity pattern in the form of a LineweaveBurke strong competitive inhibition seen izero-trans uptake
double-reciprocal plot of the same data as in A. The line shown is experiments versys-methylene PAPS and PAK (= 7.61
modeled using the kinetic constants provided by nonlinear fitting and 5.38:M, respectively) and the much weaker inhibition

of the entire range of data using the MacEnzkin program. seen versus ATP, ADP and AMK((s are ~2.5-6.6-fold
than a simple pattern describing inhibition of transport (as greater), assign a significant degree of specificity to the
seen inzero-transstudies) or even stimulation (as seen with transporter and help define the-ghosphate as the major
PAPS in equilibrium), a mixed pattern is observed. This structural component recognized in substrates, fulfilling the
pattern is characteristic of transporters (D& Krupka, first of West's criteria.

1987) interacting with competitive inhibitors and provides  The demonstration oftfansacceleration” [as defined by
additional evidence that the activity studied is clearly that Lieb (1982)] by PAPS translocase, with the observation of

of transport. a 5-fold stimulation of activity under exchange conditions,
supports the identification of the PAPS translocase entity as
DISCUSSION a carrier with distinct binding sites accessible from the

Transporters of cellular (or subcellular) metabolites are OPPOSite faces of the membrane, thus fulfilling the second
often considered to be a specialized class of membrane®f West's criteria. The third criterion for the definition of a

receptors where ligand, substrate, and effector are onemobile carrier is addressed by considering PAPS translocase
(Racker, 1985). A transport protein had previously been @s a simple mobile carrier. In this case, a four-state system
proposed to exist for PAPS, as well as for several of the exists with two states of the free carrier which can interact
nucleotide sugars, based upon the effect on transport of theWith substrate at either of the two membrane faces (Figure
nucleotide sugars by preincubation of Golgi vesicles with 13). The maximum rate of transport undeero-trans
other nucleotide derivatives (Capasso & Hirschberg, 1984). conditions depends on the rate constant for inward translo-
Although no direct evidence had been presented for thecation of the carriersubstrate complexfd) and the rate
particular case of PAPS transport (Capasso & Hirschberg, constant for the outward movement of the empty carrier
1984), it was also hypothesized on the basis of some double-returning it to thecis face ¢-,). Under exchange modes of
label substrate studies that these transporters in generafnalysis, however, the maximum rate of transport depends
behave as antiports utilizing the corresponding nucleosideexclusively on the rates of translocation of the carrier
monophosphate. Because the activity of a transport systensubstrate complexed,(and f-). The definitions of the

is dependent upon the return of the reciprocating transportermaximal rates of transpo¥/ay and half-saturation constants
and on the conditions within each of the compartments with (Kr,) for this simple model are presented in Table 4. Based
which it interacts, analyses of transport must consider the on the analysis of the available data, and allowing for the
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Ficure 6: Dependence of reconstituted PAPS translocase activity on time. Solubilized, detergent-depleted Golgi membrane-droteins (
mg) were reconstituted into egg yolk phosphatidylcholine liposomes as described in Materials and Methods. Samples of reconstituted
vesicles containing 1.0 mg of protein were assayed as described 3@tRAPS concentrations of 0.H), 0.2 ), 0.5 @), 1.0 ©), 2.0

(a),5.0 (), 10 (#), and 20uM (<). Following 0, 1, 3, 5, 7, 10, 15, and 20 min of incubation af@7 samples were loaded onto Bio-Spin

30 columns and spun in an IEC clinical benchtop centrifuge at top speE80Q rpm) for 4 min. S]PAPS which had been taken up by
liposomes eluted in the void volume.

Table 4: Kinetics of Membrane Transport T
experiment type Vimasd Km? st
Expression -
zero-transentry c
f,f_,4G Ksd f; +11) E o+
f,+f, (f,+1) g
equilibrium exchan
a ® i f, g 41
Ked1+— °
f,+1, f, g
f g 1
1+~ c
( fz) c
:7’ 15 T
Transport Kinetic Constants of PAPS Translocase %
zero-trans 21.5% 1.52 0.86+ 0.05 a1 *
equilibrium exchange 87.8% 7.89 7.89£ 0.32 o
aFor simplicity, it is assumed thdt = f; andf, = f_, (Devés, = e
1991).C; represents the concentration of the cartidrabeled substrate 5T
is in the external compartment.
0 — — - : 4
assumption that under the conditions employed in activity ° 1 2 3 4 5
measurement$, = f_; and f, = f_, (Deves, 1991), the [Protein] (mg/ml)
_Cor"eSpondmg constants for PAPS translocase are also givemigure 7: Dependence of reconstituted PAPS translocase activity
in Table 4. on protein concentration. Samples of reconstituted vesicles contain-

The striking effect on the results of experiments utilizing ing 0.1-5.0 mg of protein were assayed, and PAPS transport was
vesicles which were preloaded with unlabeled PAP and détermined as described (Figure 6).
assayed for the uptake oP§]PAPS from thecis compart- behavior suggests that the PAPS translocase is not merely a
ment (Figure 12) is explained as follows. A competing mobile carrier but one which is operating as an antiport,
substrate will always behave as an inhibitor at ¢tieface vectorially transferring two substrates in opposite directions
of the membrane but can act as an activator fromtthes between two compartments (Stein, 1986; Dgv&991),
side by speeding the return of the binding site todisdace which may or may not be tightly coupled. Due to the
of the membrane (Dége& Krupka, 1987) and by causing vectorial nature of transport, kinetic analyses must take into
an isotope dilution effect on the transported substrate. Thisaccount particular relationships such as these which simply
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PAPS translocase over the range of PAPS concentrations from 0.1 |
0.035¢+

to 50.0uM. (B) Initial velocity pattern in the form of a Line-

weaver-Burke double-reciprocal plot of the same data as in A. o— ; ooof
The line shown is modeled using the kinetic constants provided by o 20 40 60 80 100 o 2 40 60 8 100
nonlinear fitting of the entire range of data.

[PAP] uM [PAP] uM

A 20 Ficure 10: Inhibition of reconstituted PAPS translocase activity
- JL by adenosine '®'-bisphosphate. (A) LineweaveBurke double-
| reciprocal plot of the inhibition pattern for reconstituted PAPS
1.6 T

translocase in the presence of the following concentrations of
PAP: @), uninhibited; @), 1 uM; (), 5uM; (¢), 10uM; (O), 20

uM; (@), 50uM; (a), 100uM. (B) The secondary plot of primary
slopes versug-methylene PAPS concentration. (C) The secondary
plot of primary intercepts versus PAP concentration.

14
12

1.0

do not have analogies in the field of enzyme kinetics. Thus,
the behavior of the PAPS translocase in the presence of
equilibrium concentrations of PAP strongly supports the
presence of a loosely coupled antiport mechanism for PAPS
translocase, as was originally proposed for the transport of
all of the nucleotide sugars and PAPS (Capasso & Hirsch-

0.8

1/ PAPS Translocated
(pmol/min/mg protein)-!

0.6

0.4 1

0.2 1

0 2 4 6 8 10 berg, 1984). However, data from inhibition studies, as
1/[PAPS] (uM)* summarized in Table 3, suggest that PAP, rather than AMP
[as previously proposed by Capasso and Hirschberg (1984)],
B 0o C ooe is the likely antiport ligand. This may also have certain
ost 0055 T implications for the overall behavior of the sulfate activation
0af 20§ pathway, such that synthesis of PAPS by the ATP sulfur-
8os I ¥ = ylase/APS kinase system may, in fact, be regulated through
I £ ton a product inhibition feedback mechanism controlled ulti-
mately by the availability of acceptor molecules for the
o 1 PAPS-dependent sulfotransferases. Lack of sulfate acceptors
o F A could result in an accumulation of free PAPS in the Golgi

0 20 40 60 80 100 o 20 40 60 80 100

[p-methylene PAPS] M [B-methylene PAPS] uM lumen which would cause futile cycling of PAPS translocase

Ficure 9: Inhibition of reconstituted PAPS translocase activity by activity. The decrease in rgmoval of P_AP.S.from the
B-methylene PAPS. (A) LineweaveBurke double-reciprocal plot ~ cytoplasm then could lead to direct product inhibition of the

of the inhibition pattern for reconstituted PAPS translocase in the APS kinase activity by the accumulated PAPS (Lgteal,,
presence of the following concentrations @imethylene PAPS: 1994a).

(0), uninhibited; @), 1 uM; (9), 5uM; (¢), 10 uM; (O), 20 uM; - . .

(®). 50 uM: (A). 100xM. The secondary plot of primary slopes A_d_dltlonally, the ability t'o reco.nstltgt.e PAPS translocase
versusf-methylene PAPS concentration. (C) The secondary plot activity was |nStrL-|menta| in the identification of the PAPS
of primary intercepts versys-methylene PAPS concentration. translocase protein (Ozerahal,, 1996) and allows consid-
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Ficure 11: Equilibrium exchange measurements of PAPS trans-
locase activity. Soluble Golgi proteins-{ mg) were reconstituted
with phosphatidylcholine liposomes (10 mg of lipid) in a final

FiIGurRe 12: PAPS translocase activity in the presence of equilibrium
concentrations of adenosing,3-bisphosphate. The inhibition
volume of 1 mL containing unlabeled PAPS at concentrations Paltern is displayed for reconstituted PAPS translocase in the
ranging from 1 to 200uM as described. Assays for PAPS presence of the following concentrations of PAP in equilibrium
translocase activity were initiated by the addition of LD ?SOSSSuch? (T)enlgr;‘&?zé)u%nﬂ;\ﬁ!tﬁi;) (:15)0 iI\PA”\A(O()A)lO%Zm
containing~250 000 cpm$PS]PAPS ¢ 400 Ci/mmol). Assays were ) 2bou|v|. (B) The secondary plot of p}imary slopes versus

terminated, and translocate@3]PAPS was determined as de- d ine 35-bisphosphat trati o) Th d ot
scribed. (A) Hyperbolic plot of initial velocities of reconstituted ~2denosine’-bisphosphate concentration. (C) The secondary plo
of primary intercepts versus PAP concentration.

PAPS translocase in the presence of trans-membrane equilibrium
concentrations of PAPS over the range2D0 uM. (B) Initial
velocity pattern in the form of a LineweaveBurke double- f1
reciprocal plot. The line shown is modeled using the kinetic
constants provided by nonlinear fitting of the entire data using the Ccis - > Ctrans
MacEnzkin program. f

-1

eration of the entire sulfate activation and utilization pathway

as a single system. For example, ATP sulfurylase/APS k k1 k_2 kQ
kinase from the rat chondrosarcoma has been purified and
characterized as a single bifunctional enzyme (Lsteal.,

1994c) which exhibits intermediate channeling (Lgkeal., f

1994b). In the brachymorphic mouse, the sulfate-activating 2

enzymes exhibit a defect in this channeling mechanism (Lyle CieS » CyanS
etal, 1995). Geller (1987) and Ozeran (1995) have reported f_2

an apparent association between the sulfurylase/kinase an
the PAPS translocase in the form of Golgi-associated ATP
sulfurylase/APS kinase activities. The phenomenon may be AckNOWLEDGMENT

exploited by combining liposomes containing reconstituted

PAPS translocase with a normal or mutant sulfurylase/kinase We thank Mary Lou Spach and Judy Henry for their
or with specific sulfotransferases in the presence or absencdnvaluable technical expertise and assistance and Glenn
of sulfurylase/kinase activities. This will provide a model BurTéll for help in preparation of this manuscript.
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