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Abstract

We have investigated the localization of a set of intrinsic ATPase activities
associated with purified synaptic plasma membranes and consisting of (a) a
Mg?*-ATPase; (b) an ATPase active at high concentrations of Ca’* in the
absence of Mg?* (Cay-ATPase); (¢) a Ca®* requiring Mg?*-dependent ATPase
(Ca + Mg)-ATPase, stimulated by calmodulin (Ca-CaM-ATPase); (d) a
Ca**-dependent ATPase stimulated by dopamine (DA-ATPase); and (e) the
ouabain-sensitive (Na + K)-ATPase. The following results were obtained: (1)
All ATPases are largely confined to the presynaptic membrane; (2) the DA-,
(Ca + Mg)-, (Ca-CaM)-, and (Na + K)-ATPases are oriented with their ATP
hydrolysis sites facing the synaptoplasm; (3) the Mg- and Cay-ATPases are
oriented with their ATP hydrolysis sites on the junctional side of the presynap-
tic membrane and are therefore classified as ecto-ATPases of as yet unknown
function.

Key Words: ATPase; Ca-Mg-ATPase; calmodulin; synaptic junctions; pre- and
postsynaptic membranes; ectoenzymes; enzyme localization; nerve mem-
branes.

Introduction

Depolarization of the presynaptic membrane constitutes the initial event
leading to the release of neurotransmitters from storage sites within chemical
synapses. This event causes a voltage-dependent efflux of K* from the
terminal together with an influx of Na™ and subsequently of Ca** ions into the
terminal. According to the well-documented “calcium hypothesis” (Katz and
Miledi, 1969), it is the net increase in the internal Ca** ion concentration that
serves as the trigger for the release of neurotransmitter molecules (Llinas and
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Heuser, 1977; Blaustein et al., 1978; Kelly et al. 1979). Clearly, once this
period of activity has ended, the ionic composition of the nerve terminal must
be restored to its resting, steady-state condition. This is achieved, in part,
through the activity of transport adenosine triphosphatases (ATPases) pres-
ent within the presynaptic plasma membrane (Barritt, 1981).

By definition, ATPases are enzymes able to catalyze the hydrolysis of
ATP to ADP and inorganic phosphate. Transport ATPases, also known as ion
pumps, use the free energy change of this hydrolysis to transport ions against
an electrochemical gradient across the membrane bilayer (Barritt, 1981;
Stekhoven and Bonting, 1981; Wilson, 1978; Dahl and Hokin, 1974). The
transport ATPases documented for nerve tissue include the well-characterized
(Na + K)-ATPase? or Na*-pump (reviewed by Robinson and Flashner, 1979,
and Hobbs and Atbers, 1980), which is used as a standard marker enzyme for
brain and other plasma membrane preparations (Gurd et al., 1974; Jones and
Matus, 1974; Babitch et al., 1976; DeBlas and Mahler, 1978), and a recently
described (Ca + Mg)-ATPase or Ca’*-pump (DeBlas and Mahler, 1978;
Trotta and deMeis, 1978; Sobue et al., 1979; Robinson, 1981; Gill et al,,
1981).

Nontransport ATPases have also been located at the nerve terminal.
These include the activities associated with cytoskeletal proteins such as
myosin (Puszkin and Kochwa, 1974; Berl, 1975) or tubulin (White et al.,
1980); in addition, there is evidence for Ca/Mg-ATPases in synaptic vesicle
and other neurotransmitter storage granule preparations (Rothlein and
Parsons, 1979; Michaelson et al., 1980; Toll and Howard, 1980; Apps et al.,
1980). In the former, the free-energy change of ATP hydrolysis is probably
used for promoting force-generating interactions, and in the latter, for
maintaining the electrochemical gradient of protons required for transmitter
uptake into the vesicles.

We have recently described (Sorensen and Mahler, 1981) several
ATPase activities associated with a purified synaptic membrane preparation
from rat brain including: (a) a Mg”"-requiring activity; (b) a low-affinity
Ca’*-requiring, Mg”*-independent activity; (c) a high-affinity Ca**-stimu-
lated, Mg**requiring ATPase which is enhanced by the addition of the
ubiquitous Ca’*-binding protein calmodulin (CaM) (Cheung, 1980; Klee
et al., 1980); and (d) a neurotransmitter-stimulated, Ca®>* + Mg”"-requiring

*Abbreviations: ATPases, Mg-ATPase, Mg**-requiring; Cay-ATPase, low-affinity Ca**-requir-

ing, Mg®*-independent; (Ca + Mg)-ATPase, high-affinity Ca’*-stimulated, Mg?*-dependent
ATPase; Ca-CaM-ATPase, high-affinity Ca?*-requiring, CaM-activated, Mg**-dependent
ATPase; DA-ATPase, Ca’'-requiring, dopamine- (cathecholamine) stimulated; (Na + K)-
ATPase, Na* plus K*-requiring; CaM, calmodulin; EGTA, ethyleneglycol-bis-(8-aminoethy-
lether)-N,N,N',N'-tetraacetic acid; HEPES, N-2-hydroxyethylpiperazine-/V'-2-ethanesulfonic
acid; LDH, lactate dehydrogenase; SDH, succinate dehydrogenase; SA, specific activity units
per milligram protein; unit (U, micromoles substrate turned over per minute.)
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ATPase activity. To gain further insight into the possible roles of these
ATPases in neuronal function, we now document the intrasynaptic localiza-
tion of these enzymes by monitoring their activities in several well-character-
ized preparations derived from nerve-terminal membranes.

Experimental

Materials

Male Sprague-Dawley rats, 30-40 days old, were purchased from
Harlan Industries, Indianapolis, Indiana. N-2-Hydroxethylpiperazine-/N'-
2-ethanesulfonic acid (HEPES), ATP (disodium salt), ethyleneglycol-bis-
(B-aminoethylether)-N,NV,N',N'-tetraacetic acid (EGTA), dopamine-HCl
(DA); dithiothreitol (DTT), saponin, NADH (Tris-base), ouabain, phenazine
methosulfate, dichlorophenolindophenol, and sodium lauryl sulfate (SDS)
were purchased from Sigma Chemical Co., St. Louis, Missouri. Sucrose
(special enzyme grade) was from Schwarz-Mann, Orangeburg, New York.
Digitonin was from Sigma Chemical Co. and was twice recrystallized in
absolute EtOH (Kun et al., 1979). Calmodulin (CaM) was prepared from
bovine brain by the method of Watterson et al. (1980). All other chemicals
were of reagent grade or better.

Preparation of Subcellular Fractions

Synaptosomes were prepared by the method of Hajos (1975), collected
from the 0.8 M sucrose layer, and usually equilibrated in KCl or NaCl media
as described by Blaustein and co-workers (Blaustein ez al., 1978; McGraw et
al., 1980). Synaptic membranes (SM) were prepared by the method of
Salvaterra and Matthews (1980), and synaptic plasma membranes (SPM)
according to Gurd et al. (1974). Synaptosomes (Hajos, 1975) were further
fractionated on a five-step gradient as described by Babitch et al. (1976).
Postsynaptic membranes (PSM) with attached postsynaptic densities were
isolated as described by Ratner and Mahler (1979), and P;B,, a light
microsomal membrane preparation, was isolated as described by DeBlas and
Mahler (1978). Modifications of these procedures are described in the legends
to the tables.

Enzyme Assays

Lactate dehydrogenase (LDH) was usually assayed in a reaction mixture
containing 50 mM potassium phosphate, pH 7.4, 400 uM sodium pyruvate,
and 80 mM NADH in a total volume of 1.0 ml, preincubated for 10 min at
30°C, and the reaction was started by the addition of membrane suspension.
Activity was determined by following the rate of NADH oxidation at 340 nm.
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Modified reaction mixtures used for measuring the LDH activity of some
membrane preparations are indicated in the table legends.

Succinate dehydrogenase (SDH) was usually assayed in a reaction
mixture containing 50 mM potassium phosphate, pH 7.4, 40 mM sodium
succinate, 0.5 mM phenazine methosuifate, 1.5 mM KCN, and 50 uM
dichlorophenolindophenol in a total volume of 1.0 ml, preincubated for 10 min
at 37°C, and the reaction was started by the addition of membrane suspension.
Activity was measured spectrophotometrically by following the rate of change
at 600 nm. Modified reaction mixtures used for measuring the SDH activity
of some preparations are indicated in the table legends.

Endogenous ATPase activity was measured in a reaction mixture
containing 50 mM HEPES, pH 7.6, 1 mM DTT, 0.5 mM EGTA, and 5 mM
NaN,; in a total volume of 500 ul. Various ATPase activities are defined and
measured by the following additions to the basic assay mixture (Sorensen and
Mabhler, 1981):

(a) Mg-ATPase: addition of 6 mM MgCl, and 2 mM ouabain;

(b) (Ca + Mg)-ATPase: as in (a) plus 0.5 mM CaCl,; activity is
defined as (b)—(a);

(c) Ca-CaM-ATPase: as in (b) plus 5 ug CaM; activity is defined as
(0)-(a);

(d) Cay-ATPase: addition of 5 mM CaCl, and 2 mM ouabain;

(e) DA-stimulated ATPase: addition of 6 mM MgCl,, 2 mM ouabain,
and 5 mM CacCl,; activity is defined as the difference between those
in the presence and absence of 400 uM dopamine-HCI, 200 uM
pargyline;

(f) (Na + K)-ATPase: addition of 6 mM MgCl,, 135 mM NaCl, and
20 mM KCl; activity is defined as the difference between those in the
presence and absence of 2 mM ouabain.

Reaction mixtures were preincubated for 10 min at 37°C and the
reactions started by the addition of 6 mM ATP (disodium salt). After 5 min at
37°C, the reactions were stopped by the addition of 1.5 ml of 3.5% (w/v) SDS.
Inorganic phosphate was measured spectrophotometrically using the ammo-
nium molybdate:HCI] system described by Peterson (1978). The modified
reaction mixtures used for assaying the ATPase activities of some prepara-
tions are indicated in the table legends.

Protein was determined as described by Markwell et al. (1978).

Results

ATPase Activity of Isolated Synaptosomes. Five endogenous ATPase
activities were selected for this study of their intraterminal localization. The
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first approach used isolated, purified synaptosomes. In the design of these
experiments we followed a protocol used by Blaustein and co-workers (Blaus-
tein et al., 1978; McGraw et al., 1980) for the study of Ca”"-sequestering sites
within the nerve terminal: They showed that the detergent saponin could be
used to partially disrupt the plasma membrane, allowing normally imperme-
able substances, such as ATP and other charged effector molecules, easy
access to the internal environment of the nerve terminal, without significantly
altering its morphological structures. Similarly, digitonin has been used to
increase the permeability of the plasma membrane selectively, without
affecting the structure of the internal organelles (Kun et al., 1979; Fiskum et
al., 1980). To determine the suitability of either of these detergents for use in
the study of synaptosomal ATPase activities, we first tested both on the
ATPase activities of isolated synaptic membranes in order to establish
possible activating or inhibitory effects, and then determined their ability to
permeabilize the synaptosomal plasma membrane.

The effect of saponin and digitonin on the ATPase activities of SM are
shown in Table 1. Both have little effect on the Mg-ATPase and Cay-ATPase
activities of these membranes. High concentrations (0.25 mg/ml) of digitonin
specifically enhance (Ca + Mg)-ATPase activity by 80%, with a small
activation (~20%) of DA- and (Na + K)-ATPase activities. Low concentra-
tion (0.05-0.10 mg/ml) of saponin enhance DA-, (Ca + Mg)-, and
(Na + K)-ATPase activities by 50%.

Next, we tested saponin and digitonin for their effects on the permeabil-
ity of the synaptosomal plasma membrane. After detergent treatment, the
synaptosome suspensions were separated into particulate (pellet) and soluble
(super) fractions by centrifugation, and the extent of membrane permeabili-
zation was determined by following the distribution of the marker enzymes
SDH (mitochondria) and LDH (synaptoplasm) into these fractions. The
rationale was that relatively intact synaptosomes should have less of the LDH
in the soluble fraction than lysed synaptosomes, the membranes of which have
been totally disrupted, a treatment that liberates synaptoplasmic enzymes into
the soluble fraction after centrifugation. Increasing the permeability of
synaptosomes should result in an increase in marker activity in the pellet
fraction. In these experiments SDH (not shown) was concentrated in the
pellet fraction regardless of the detergent concentration used. This was due to
the presence of contaminating mitochondria in this synaptosome preparation,
the high SDH activity of which serves to overshadow any activity due to the
sequestered synaptosomal mitochondria.

From the observation (not shown) that there was a substantial increase
(>10 fold) in the LDH activity in the supernatant fraction upon treatment of
intact synaptosomes with high concentrations of detergent, we selected this
activity as a marker for increasing the permeability of the synaptosomal
membrane. Digitonin (0.05-0.25 mg/ml) did not significantly alter the
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Table I.  Effects of Detergents on ATPase Activity®

ATPase, specific activity®

Detergent Mg Cay DA Ca + Mg Na + K
Saponin
0 mg/ml 362 307 82 204 1135
(100) (100) (100) (100) (100)
0.05 428 250 115 309 1759
(118) (81) (140) (151) (155)
0.10 414 251 120 334 1742
(114) (82) (146) (164) (153)
0.25 370 294 60 320 1300
(102) (96) (73) (157) (115)
0.50 290 270 33 160 1130
(80) (88) (90) (78) (100)
Digitonin
0 mg/ml 370 30t 88 165 1170
(100) (100) (100) (100) (100)
0.05 467 335 81 121 1050
(126) (111) 92) (73) (90)
0.10 393 266 66 257 1315
(105) (88) (75) (156) (112)
0.25 393 224 107 297 1385
(105) (74) (122) (180) (118)

“Synaptic membranes (SM) were prepared as described by Salvaterra and Matthews (1980).
ATPase activities were measured as described in Experimental in the absence and presence of
various amounts of saponin or digitonin. Digitonin was twice recrystallized from 100% EtOH
(Kun ef al., 1979). Mg: Mg-ATPase; Cay: low-affinity Ca-ATPase measured in the absence
of Mg?* ion; DA: dopamine-stimulated, calcium-requiring ATPase; Ca + Mg: high-affinity
(Ca®* + Mg?*)-ATPase; Na + K: (Na* + K*)-, ouabain-sensitive ATPase. See text and
Sorensen and Mahler (1981) for definition and measurement of these activities.

®Specific activity reported as mU/mg: mean of two experiments. Values in parentheses are
calculated relative to values in the absence of detergents set equal to 100%.

distribution of LDH activity or of protein found in the soluble and membrane
fraction. However, addition of saponin to 0.10 mg/ml led to an increase of
LDH specific activity in the particulate fraction, while 0.25 mg/ml caused a
significant shift in the distribution of this activity into the supernatant
fraction. Based on these preliminary experiments we selected 0.10 mg/ml
saponin for studying the effects of the permeabilization of the presynaptic
plasma membrane.

We also tested several methods that had been used previously to lyse
synaptosomes for their suitability in studying the effect of complete disruption
of the synaptosome on its ATPases. As before, we determined the extent of
synaptosomal intactness by means of the distribution of LDH activity into
particulate and soluble fractions collected after lysis of the synaptosomes
(Table II). We observed that when synaptosomes were disrupted by the lysis
medium described by Blaustein ef al. (1978), only 30% of the total recovered
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Table II.  Effects of Lysis Conditions on Disrupting Synaptosomes®

Protein LDH
Recovery® Recovery®

(% of (% of

Total® total) SA? total)

Control 99)/ (87)%
Whole 2.44 — 813 -
Super 0.64 26 736 27
Pellet 1.78 74 709 73
H,O (106) (70)
Whole 2.18 — 962 —
Super 0.45 19 2811 86
Pellet 1.87 81 106 14
H,0 plus KCl (109) (82)
Whole 2.89 — 642 —_
Super 1.24 39 1081 89
Pellet 1.91 61 90 i1
Tris (122) (77)
Whole 1.76 — 751 —
Super 0.49 23 1813 87
Pellet 1.65 77 81 13
Tris plus KC] (109) (78)
Whole 2.39 — 666 —
Super 1.19 46 960 91
Pellet 1.42 54 75 9
Lysis (108) (87)
Whole 4.60 — 426 —
Super 2.58 52 244 37
Pellet 2.39 48 449 63
Lysis plus KCl (112) (107)
Whole 3.97 — 491 —
Super 2.19 49 463 48
Pellet 2.27 51 475 52

*“KCl-synaptosomes” were prepared as follows: Particles were prepared in 0.8 M sucrose
according to Hajos (1975), diluted 2:3 with cold distilled H,O to 0.32 M. sucrose, and
equilibrated on ice with KCl (McGraw et al., 1980) by the slow addition, with constant stirring,
of half the volume of (3 x) KCl medium to yield (final concentration) 50 mM HEPES, pH 7.6,
145 mM KCl, 5 mM NaCl, 6 mM MgCl,,0.5 mM EDTA, 1 mM DTT, and 0.21 M sucrose. The
suspension was centrifuged at 10,000 x g for 20 min and resuspended in the KCI medium just
described but without sucrose. For separation of soluble (super) and particulate (pellet)
fractions, suspensions were centrifuged for 5 min at 20,000 x g. After the initial centrifugation,
the pellet was resuspended (2 mi per brain) in ¢ither cold distilled H,O (H,0),5 mM Tris-base,
pH 8.1 (Tris), or the media described by McGraw er al. (1980) (lysis) consisting of 50 mM
HEPES, pH 7.6, 6 mM MgCL,, 0.5 mM EGTA, and 1 mM DTT. After incubation for 15 min
on ice, aliquots of the suspension were restored to KC1 media (plus KC1). Whole, Pellet, and
Super fractions were collected and assayed for SDH and LDH activity with no modifications to
the reaction mixtures. Control-—synaptosomes kept intact on ice for the period required to
expose experimental samples to the various lysis media. SDH was also assayed but remained
virtually completely (~90%) in the pellet fraction under all conditions tested.

*Total milligrams of protein recovered.

“Percent of total protein recovered assuming a recovery of 100%.

“specific activity, mU/mg.

°Percent of total units recovered assuming a total recovery of 100%.

/Percent of total protein recovered.

£Percent of total units recovered.
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LDH activity was found in the supernatant. However, when H,O or 5 mM
Tris, pH 8.1, was used to disrupt the synaptosomes, 90% of the total LDH
activity was recovered in the supernatant. Returning the synaptosomal
suspension to the KCI medium (“plus KCI”) after lysis but before centrifuga-
tion did not affect the recovery of LDH activity in the fractions; however, it
did cause an increase in the amount of protein recovered in the supernatant
and, correspondingly, a lowering of the specific activity of LDH. We therefore
chose to use H,O for the lysis of the synaptosomes.

We then used two separate approaches for studying the distribution of
endogenous ATPase activities at the nerve terminal. In the first (Table 11I) we
examined whether they were located in the membranes or soluble (synapto-
plasmic) fraction of synaptosomes after increased disruption of their mem-
branes. In these experiments no attempt was made to maintain intactness of
synaptosome structure after separating the two fractions, so that their total
activity could be measured and directly compared with the total activity
initially present in the unfractionated synaptosomes. Again, LDH activity was
used to monitor the extent of intactness of the synaptosomes. When assayed in
KCl media, little ATPase activity and, also, little LDH activity, was found in
the supernatant fraction collected from intact synaptosomes. Disruption of the
synaptosomal plasma membrane by saponin treatment or lysis resulted in
LDH activity being liberated into the soluble fraction, while all ATPase
activities remained largely (>90% of total recovered) in the particulate
fraction. These results suggest that the ATPase activities under study are
localized in the membranes or membraneous organelles of the nerve terminal.
They do not rule out the possibility that, while LDH activity is truly soluble,
other activities may be localized in synaptoplasmic organelles, such as
synaptic vesicles, that become attached to the synaptoplasmic membrane and
will therefore appear localized in the particulate fraction after centrifugation
of the disrupted synaptosomes. However, this is not a very likely eventuality.
Specifically, although synaptic vesicles have been observed to remain asso-
ciated with synaptic membranes isolated from lysed synaptosomes (Wang and
Mabhler, 1976), the proportion of attached vesicles is relatively small. Also,
synaptic vesicles can be isolated from the synaptoplasm of synaptosomes lysed
in a manner similar to that used in these experiments (Whittaker et al., 1964;
DeLorenzo and Freedman, 1978). These observations suggest that synaptic
vesicles, and any other small internal organelles, will follow the LDH activity
into the supernatant.

In the second set of experiments we wanted to determine the sidedness of
the ATP hydrolysis sites, i.e., whether they are situated on the synaptoplasmic
face of the presynaptic membrane, as contrasted with its junctional face, or
the postsynaptic membrane. In these experiments (Table IV) synaptosomes
were either kept intact, rendered permeable (Perm), or lysed following



535

Localization of Endogenous ATPases

‘SJUBLILIAAXD OM) JO DUO JOJ AIB UMOYS BIB(] "WNIPIW [)Y Ul PaUIBIqO IS0Y)

0] IE[IWIS 3IIM SUOTINGLIISIP PUE sanjea [[8 ‘(JDY W ¢ snjd [DEN JNW G Jof 1d90Xa [ 01 IR[IWIS) WNIPSW JDHBN Ul PIINSLIW SIMNAIOR JI3Y) pue
paieost d1om sowosoldeuds uoyay “[(®) £11a1108] oul] oseq UBY) $537 AJIALIOR UB $31BOIPUL A31A1108 OU10ads B 10J 9njeA 9aA11B32U  “[[ 9B ] Ul POqLIOSIp
se pa110dal 21 saN[eA "UIRqENO JO 00UASqE PUE 20udsaId 9U) Ul POINSBIW SOIIIAIIOR Y] Ul 9DUAISYIP 31 ST AJIAIIE SIY) {ulegeno yw ¢ 1daoxs suonippe
Joying ou ‘ased LV-( + BN) (p) 10J pue ‘(&) snunu () jo A11A119® 9471 Ul 90UAIDYIP 2Y1 SI AJ1A1198 S1Y1 DD W 60 snid ‘ased L vV-(BIN + D) 10§ (9)
aunsdaed N 00z pue outwedop AT 00y JO 20usaId puB 90USSQE U1 U SOUISYIP 91 ST ANANDE SIYI S [DHBD W ¢ sn]d ‘ased V-V 0] (q) ‘suoiippe
Ioyuny ou ‘9sed L V-3 (€) 10j :Fururejuod winipawt [ JO 9ouosald 2y) ul poInseow sem A1ANDR 9584 LV "HAVN WY 08 pue 9jeantAd wnipos
W™ 00p Sutureiuod winipaw |y Jo soussard o) ul parnseowr sem A11anoe HAT (11 21981 99S) Pa199][00 uay} a1om suonors] Jadns pue ‘1a][ad ‘ojogm
*(pasA]) winrpow [ 03 uoisuadsns ay) Furwuniar £q pamol[o] ‘OfH (2) 1o f(wred) utuodes [ui/Sw [0 Sutureiuod (DY (q) {(3de1ul) BIpAW [DY (B) Joyi1d
ut popuadsnsar azom s3[[od 2} ‘VONIESNJLIIUSD 191§y [] 2[qBL 01 PuaSo[ SY] Ul paqLIosap s paiedaad s1om Bipsw [ ul pajeiqyinbe sowosoldeuds,

66 PLI 001 14 88 ST 88 LTl 1 15 L9 £8°C 191
1 ¢ 0 L— 17 L 4 123 68 908 13 o'l Jadng
— (444 — 99 — L — L91 — LEY — LLE soym
(09) (19) (Lzn) (s9) (LL) (zip posk]
001 6£C 00! 19 ¥6 1€ 06 £el 85 61 9L 0S¥ wIR_d
0 r— 0 [ 9 9 01 Ly T £Tp T 9l Iadng
— 00¢ — L9 — 6C — L1 — LSE — 8¢S oy m
(L9) (9o1) (96) (¢L) (L) () Wi
001 6C1 001 o 001 1 96 (24! 18 09¢ 18 91°G W[
0 - 0 6— 0 € 4 LT 61 $ST 61 0Tl 1odng
— LET — 1] — - — $91 — Pre — L6°S S[oYM
(18) (1on) (&) (8L) (08) (Lom) 1orIU]
wnipa (DN,
(1e103 vS (1e103 VS (12107 VS (1810 VS (1210 VS (12101 [eI0L,
Jo %) Jo%) jo %) J0%) 10%) Jo %)
KI0A000Y KI2A009Y K10A000Y AI240097Y KI3A000Y KIDA000Y
M+ BN N + D vd SN HA1 uRjoId
osed 1V

,S9sBJ 1V JO uo1jeoo otwse{dojdeudg snsiop snouriquialy ‘111 dl4EBL



Sorensen and Mahler

536

v = u (] o[qe ], 99s) uiuodes
JO 90u5s31d 9y} UT SOURIGUISW PIJRIOST Ul SINIANDE 282Y] JO UOT)IIUT JO UOHB[TWIIS 9Y) J0J PIIOaII0d san[ea juasaidar sasayjuared ur sioquuny ‘%001
01 Tenbo 19s sawosoldeuLs 10”IUL 10§ SAN[BA 0] dATIE[T passaxdxs ST Y Ul a8ueyo Juoorad {(A1anoe ssed [ V-HeD) Aesse 0} posn) IO WU 9 Inoyim
BIpow ul pajeiqiinbs sowosoideuds (q) “IDSN W 9 Suiureiuod eipew ul pajeiqiinba sowosoideuks (v) ‘Sw/nu ‘A1anoe oyads 1yg skesse
swAzus (e Futmp utuodes fu/§ur 17 paureiuod ospe sowosojdeuks wiad 9y JOJ SOINIXIUI UOTIORSI YL, *9S0IINS A $'(~7E 0 POUTBIUO0D sowosoideuks
953y} JO S2IMIXIUI UOIOEBDI IY) ‘AINATIOR SWAZUS Jo Aesse oy} Julnp paiinooo sswosojdeuds uad pue jorjul 3y} Jo SIsA] JoYlinj Ou ey} oInsud
0], ‘Jousydopurousydoofyorp W 05 PUe ‘NDI WW §°] ‘@rej[nsoyiow surzeusyd W ¢'(Q “91BU0OONS WNIPoS WW (p snid eipawr owor s1endordde
3} Jo FUNSISUOD SINJXIW UOIIOBAI B UT POUTULIIGP sem A0 H(IS [II 2IqEL UI paqudsap st suomippe pannbai ayy yua eipaw ajendodde oyy
JO BUNSISUOD SOINIXIW UOTIORAT UT PIABSSE 210M SOINIATIOE 3SeJ TV [[8 Pue H(I'1 ‘I1es ySiy Jo ooussaxd oy} ur usad sowosojdeuks 243 Jo SIsA| 943 Ul aseaou]
ue JunesIpul ‘pjoj-¢— Aq £11AN0R H(]7] PAINSEOW JO JUSWOOUBYUS Uk UT PI)NsdI N €0 MO[9q UOIIBIIUIOUOD Js0Ions oY) SuLomo| ‘sowosojdeuss
9y} JO SSaUIDEBIUL POOT SINSUD 0] KILSSIIOU SBM BIPOW Yes-yT1y oy3 snid 9s010ns ] $°0—¢ 0 18Y3 PIAIISQO IM ‘S0IONS JO 3DUISQE Y] UI BIpaUI Ies-yJ1y ui
uonie1qi[mba 1915 101Ul UTRWAI sawosoldeuks Jey) 1odas (086 7 12 MBIDOIN ‘8L61 7V 12 URISNE[Y) SISNIOM-0D pUe Urd)sne[g ysnoy)y -(asorons
W 1°0 uonesusduod [euy) vipaw diuol atetidordde oy jo suied ¢ o) uoisuadsns swosoldeuds 11ed | poin[ip ‘pesi| (0) Jo ‘saruanoe swkzud Suifesse
01 Joud unw (g= Jo uoneqnout Aq pamojjoj ‘(jur/Sur 1 uoneBNUOUOD [euy) uruodes (W /Fw (' | puE 3s01dns W {0 Sururejuod eipaw oruor djendordde
a3 jo swinjoa |°Q jo uosuadsns swosoldeuds ayy 03 uonIppe mofs ‘urrad (q) “uowIesI) JOYNINY ou ‘JorIul (B) :Jouuew SUIMO[O] JY} Ul pajesn)
udy3 o19m sowosoldeuds pareiqiyinbo oy ] ‘(esolons JA () UOIIBIIUSIUOD [BUY) Dep—( 1B ‘JULLINS JUBISUOD YIIm ‘OsimdoIp pappe sem yoigm ([1f 21qeL
Ul SB UOTJRIJUIIUOD [RUY) BIPAW [DEBN] 10 [D (X 7) Jo awm{oa [enbs ue §)1s poIn[Ip pue 9s01ons JA §°0 UI Pa10a[[od I1om (G /61 ‘sofeH) sowosoideuig,

£01 €L vb1 8% 797 ¥ 856 1 9¥07 (q)

[:49 76 ¥ 061 00§ 6€ ¥ 09 LS9 8€ T 9 66 T ¥ 9s1 ory 86C * 919 oLl or=zr (¢) pash
(96) (se1)
6L 6L F 111 80 €91 F €Ly 901 £x6l (@

(£95) (r02) (00v) (8t) (62p) 02)

058 IE1 * 90€ 009 SPFTL €99 0€ ¥ S¥ 6 €5 T 8¥1 9pE 791 7 S8 SIl 17¢T () usog
001 65 * Opl 001 75 F 911 001 z*g81 (@)

001 7T F 9 001 y1 %2l 001 LFL 001 6 F LSL 001 £ F Opl 001 1707 (®) e

wnIpaw [DeN

£€1 6% F 9p1 349 8LT F $19 SL L*8l (@

y9L 9z * pIT 0001 8 ¥ Ob $8¢ 85 T 9L [48¢ 0L * pLI 0zs £0E F 059 LET 8¥97 (v) pasky
(T6) (oD
SL €S ¥ €8 605 I1S€ * 965 801 9%9z (q)

(005) (ov1) (S26) (6¢) (8£7) (1g)

0sL 701 * 0I¢ osv1 6€ T 85 (433 0f ¥ 9% o1 PL F 91 8t 0ST * TLS 431 y¥sz (®) uog
001 €& * 011 001 L9 F L11 001 8*p7 (q)

001 L¥8C 001 [k 001 €17 €l 001 TLF 951 001 19 % 521 001 9761 (¥) wE]

whipaut [y
aduey) vs a3uey) 9 Vs agueyD 9 vs aueyDd % vS a8ueyD 9 Vs a8uey) Vs a3urg) 9 VS
A+ eN N + ¥D va Hep IN Ha1 Has
sed LV

,S1958J 1 JO UOI1BOO] [euonjouny “AJ9[qe]



Localization of Endogenous ATPases 537

equilibration of the synaptosomes in KCl or NaCl media, and then assayed for
SDH, LDH, and ATPase activities in reaction mixtures identical to the final
incubation media in which the synaptosomes had been suspended originally.
To do this, special care was taken to guard against further lysis of the intact
and saponin-treated synaptosomes during separation and enzyme assays.
Blaustein et al. (1978) reported that equilibration of such treated synaptos-
omes in KCl media permitted their study without damaging the membrane. In
our hands, we observed that the LDH activity of the synaptosomes increased
two- to threefold when the sucrose concentration was reduced below 0.32 M
during the equilibration step, indicating that it had resulted in their partial
lysis. In contrast, maintenance of the sucrose concentration between 0.32-0.4
M during equilibration resulted in no change in LDH activity, and therefore
we used this strategy in our protocols. The results (Table V) show increases in
LDH activity of 4.8- and 5.2-fold in the saponin-treated and lysed synaptos-
omes, respectively, when assayed in KCl media, and 3.7- and 4.6-fold,
respectively, when assayed in NaCl media. Disruption of the membrane did
not result in any significant increase in the Mg- and Cay-ATPase activities,
whereas the DA-, (Ca + Mg)-, and (Na + K)-ATPase activities were stimu-
lated 5-10-fold after disruption or opening of the synaptosomal membrane by
lysis or saponin treatment. If corrections are made for the stimulation of DA-,
(Ca + Mg)-, and (Na + K)-ATPase activities due to exposure to 0.10
mg/ml saponin alone (see Table I), these ATPase activities were still
enhanced 4-5-fold by treating the synaptosomes with saponin.

ATPase Activities of Synaptosomal Subfractions. 1In this series of
experiments, we examined the intrasynaptosomal location of the various
ATPase activities under study by determining their presence in several
well-characterized subsynaptic membrane preparations. We used SDH activ-
ity as a marker for their mitochondrial content, and (Na + K)-ATPase
activity as a plasma membrane marker (Stekhoven and Bonting, 1981).

First we examined the ATPase activities in the synaptic plasma mem-
brane (SPM) preparation described by Gurd et al. (1974). This preparation
consists of presynaptic membranes with relatively few postsynaptic attach-
ments. The results (Table V) show that ATPase activities are concentrated in
fractions of the density gradient lighter than those containing the highest
levels of SDH. Maximum activity for each of the ATPases, including the
plasma membrane marker (Na + K)-ATPase, was found in the lightest
(0.32/0.6 M sucrose interface) fraction of the gradient.

Second, lysed synaptosomes prepared according to Hajos (1975) were
subjected to fractionation on the five-step discontinuous sucrose density
gradient described by Babitch e al. (1976). Synaptosomes prepared in this
manner [i.e., in media not containing EDTA or EGTA to chelate endogenous
Ca’* (Cotman and Taylor, 1972)] would be expected to contain attached
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postsynaptic specializations (Whittaker et al., 1964; Cotman and Taylor,
1972; Jones and Matus, 1974; Cohen et al., 1977), and, correspondingly, the
membranes collected from the sucrose density gradient should consist of both
pre- and postsynaptic membranes connected at the cleft region. That the
postsynaptic specializations have indeed remained attached in this prepara-
tion is suggested by the observation that the plasma membrane marker
{Na + K)-ATPase was now concentrated in a fraction banding in more
concentrated sucrose than in the previous experiment, indicating that the
membranes were of higher buoyant density. This result would be predicted on
the basis of the retention of the postsynaptic density, a proteinaceous
organelle, subjacent to the membrane. The results (Table VI) show that SDH
activity was again largely found in the heaviest gradient fractions, whereas the
ATPase activities were found in lighter fractions. Maximum activities for
each of the ATPases were concentrated in the 0.6/0.8 and 0.8/0.95 M sucrose
interfaces of the gradient except for the DA-ATPase activity which appeared
localized in the two light fractions in the first experiment, suggesting its
presence in synaptic vesicles.

Next, we studied a membrane preparation designed to consist largely of
postsynaptic membranes with attached postsynaptic densities (Ratner and
Mabhler, 1979). In the preparation of these membranes, the starting material
[synaptic membranes prepared according to Salvaterra and Matthews
(1980)] is subjected to two salt extractions, followed by extraction with
EGTA. After these treatments, the extracted membranes are sonicated before
the material is applied to a discontinuous sucrose density gradient. Prelimi-
nary experiments (not shown) indicated that the salt and EGTA extractions of
SM caused little ATPase activity to be removed from the membranous
material. However, upon sonication of the extracted membranes, both the
amount of protein and the recovery of all ATPase activities were equiparti-
tioned between the supernatant and pellet fractions collected after this
treatment. The specific activities determined for the ATPases distributed
between these two fractions were also similar. Therefore, sonication did not
specifically remove ATPase activity from the membranes, but rather resulted
in a dispersal of membranes of similar composition between the supernatant
and pellet fractions.

We next studied the distribution of the ATPase activities in the final
sucrose gradient used in the preparation of PSM, a heavy membrane fraction
collected from a 1.5/2.0 M sucrose interface. Table VII shows that the
ATPase activities were concentrated in the 0.32/1.0 and 1.0/1.5 M sucrose
interfaces whereas SDH activity was concentrated in the 1.0/1.5 and 1.5/2.0
M sucrose interfaces. Thus the ATPases appear associated with presynaptic
and junctional membranes.

Finally, P;B,, a light microsomal membrane subfraction, which has been
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Table VILI. Distribution of ATPase Activitics in PSM and Fractions of the
Sucrose Density Gradient”

ATPase

Protein SDH Mg Cay DA Ca+ Mg Ca-CaM Na+ K

Particulate

after sonication 57.0 75 240 211 39 87 127 1,113
Fraction A,

0.32/1.0 interface 8.2 3.8 305 257 43 159 161 1,481
Fraction B,

1.0/1.5 interface 19.2 165 276 253 35 82 79 1,049
PSM, 1.5/2.0 interface 1.75 167 104 194 8 63 83 580
Recovery (%) (51) (82) (58) (61) (47) (60) (41) (52)

“Postsynaptic membranes with attached postsynaptic densities (PSM) were prepared as
described by Ratner and Mahler (1979). After separation of the extracted and sonicated
material by discontinuous sucrose density gradient fractionation, all interfaces were collected,
diluted with cold distilled H,0, and centrifuged at 78,000 x g for 30 min. Pellets were stored in
distilled H,O. Protein, SDH, and ATPase assays were done as described in Experimental.
Protein is expressed in milligrams; ATPase activities, in mU x mg™'.

shown to be enriched in receptor function for several neurotransmitters
(DeBlas and Mabhler, 1978; Near and Mahler, 1981), was prepared and the
membranous material, collected at the interfaces of each discontinuous
sucrose density gradient, was assayed for ATPase activity (Table VIII); SDH
and (Na + K)-ATPase activities were not measured in this experiment but
were taken from the original paper of DeBlas and Mahler (1978). These
studies had indicated that SDH activity was largely confined to the pellets
(fractions P,C and P;B,) collected from the final two sucrose gradients used in
preparing P;B,, whereas (Na + K)-ATPase activity was localized in lighter
fractions (P;B in the first gradient; P,B, and P;B, in the second). All ATPase
activities measured were localized in the same fractions as the (Na + K)-
ATPase activity in the second gradient, with the possible exception of the
(Ca + Mg)-ATPase and the (Ca-CaM)-ATPase. DeBlas and Mahler (1978)
observed (Ca + Mg)-ATPase activity of P;B, to be much higher than that
determined in the present experiment but found it to be localized in the same
fractions as the (Na + K)-ATPase activity. The low recovery of the
{Ca + Mg)- and (Ca-CaM)-ATPase activities from the second sucrose
gradient in the current study may, in part, be responsible for these discrepan-
cies.

In assaying the ATPase activities of the membranes collected during the
preparation of P,B,, we observed a significant difference between the synaptic
plasma membrane and the microsomal membrane fractions. In our previous
study of the endogenous ATPase activities of synaptic membranes (Sorensen
and Mabhler, 1981), we found that CaM could not significantly enhance
(Ca + Mg)-ATPase activity unless the CaM still bound to these membranes
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Table VIIL. Distribution of ATPases in P,B,*

ATPase

Protein SDH° Mg Cay; Ca+ Mg Ca-CaM Na +K

P 165.9 9.92 260 215 26 53 290
P,A®, 0.32/0.51 061 ND 106 101 —4f —4? ND
P,B%,0.51/1.1 95.0 3.04 272 280 65 91 348
P,C* pellet 430 1104 189 153 24 25 118
(84) (790 (93)  (167) (111)
P,B 91.1 3.04 272 280 65 91 348
P,B,,0.32/0.77 6.3 0 337 372 1 13 562
P,B,, 0.77/0.91 14.3 144 300 338 42 66 480
P,B,, pellet 455 6.56 185 175 20 27 138
(73) (60) (59) (26) 27

“P,B, was prepared exactly as described by DeBlas and Mahler (1978). After collecting the
various indicated interfaces from the sucrose density gradients, the material was diluted with
cold distilled H,O and centrifuged at 78,000 x g for 30 min and suspended in distilled H,O.
Protein and ATPase assays were as described in Experimental. SDH and Na + K-ATPase
values were taken from DeBlas and Mahler (1978). Protein is expressed in mg/ml; ATPase
specific activities, in mU x mg™'.

*Nomenclature of DeBlas and Mahler (1978).

“Values from DeBlas and Mahler (1978).

4Values below base line (Mg-ATPase).

had been removed by EGTA treatment (Sobue ef al., 1979; Grab et al., 1979;
Sorensen and Mahler, 1981). In contrast, the present experiments on the P;B,
preparation indicated that EGTA extraction of these microsomal membranes
was not mandatory to show an effect by CaM on their (Ca + Mg)-ATPase
activity. To determine whether this CaM stimulation indicated an absence of
the modulator in these membranes, we extracted several of the microsomal
fractions during the preparation of P;B, with EGTA and assayed the resulting
membranes for ATPase activity (Table IX). This treatment had little effect
on the Mg- and Cay-ATPase activities present in the P,, P;B,, and P;B;
fractions, while it led to a significant stimulation of the specific activities of
both their (Ca + Mg)- and the (Ca-CaM)-ATPases without, however, affect-
ing the extent of enhancement by CaM.

Discussion

As outlined in the Introduction, many neuronal functions are dependent
on a change in the ionic permeability of the plasma membrane. Depolarization
of the nerve terminal, mediated by a change in the flux of Na* and K™ ions
across the membrane, is responsible for increases in the intraterminal
concentrations of Ca®*, which serves as a trigger to activate several neuronal
processes, including the mechanism for neurotransmitter release. Later the
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ionic composition of the nerve terminal must be returned to its resting
steady-state condition. ATPase activities of the plasma membrane are, in
part, responsible for controlling the ionic composition of the nerve terminal by
driving ion transport ions against an electrochemical gradient across the
membrane (Barritt, 1981). In a previous report (Sorensen and Mahler, 1981),
we described several ATPase activities found in a preparation of synaptic
membranes from rat brain. In the present study we have assigned an
intrasynaptosomal location for these activities through the measurement of
the ATPase activities present in several well-defined subsynaptosomal frac-
tions prepared from the same source.

In the first set of experiments, we compared the ATPase activities of
intact synaptosomes with the activities measured in synaptosomes which had
been disrupted by lysis or saponin treatment. We found that all ATPase
activities were largely confined to the membrane fraction and absent from
synaptoplasmic material (Table II). Although ATPase activities have been
described for several of the internal components of the nerve terminal,
including the cytoskeletal proteins myosin (Puszkin and Kochwa, 1974; Berl,
1975) or tubulin (White et al., 1980) and the synaptic vesicles (Rothlein and
Parsons, 1979; Michaelson et al., 1980; Toll and Howard, 1980; Apps et al.,
1980), the results would indicate that, with the possible exception of the
DA-sensitive ATPase, these activities contribute little to the complement of
the ATPase activities of this particular synaptic membrane preparation. By
itself this experiment does not rule out the possibility that some of the ATPase
activity, especially the base line Mg -ATPase, is due to the mitochondria in
this preparation.

In the second set of experiments we compared enzyme activities in
synaptosomes that were essentially intact to those that had sustained varying
amounts of membrane disruption through saponin treatment or lysis. As
suggested by Weller (1977), this type of experiment should—provided the
synaptosomes are impermeable to various nucleoside phosphates—permit a
distinction between ATP hydrolyzing sites localized on the interior aspect of
the presynaptic membrane and those found on its exterior (junctional) aspect,
as well as the postsynaptic membrane and its attachments. The former can
effect the hydrolysis of ATP only after disruption of the synaptosomal
membrane, while substantial ATPase activity found in intact synaptosomes
would indicate a junctional localization, either in postsynaptic structures or,
perhaps, of presynaptic ecto-ATPases. The results show that disruption of the
synaptosome membrane resulted in a 4-5-fold stimulation of LDH activity
over that measured in the intact synaptosomes. Of the ATPase activities
assayed, the Mg and Cay-ATPase activities were not affected by disruption of
the synaptosomal membrane, but the DA-, (Ca + Mg)-, and (Na + K)-
ATPase activities were stimulated from 4- to 10-fold by this treatment.
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Therefore, we conclude that the DA-, (Ca + Mg)- (with or without CaM),
and (Na + K)-ATPases are located in the presynaptic membrane with their
ATP hydrolysis sites largely facing the synaptoplasm. A similar location had
been demonstrated for the ATP hydrolysis site of the (Na + K)-ATPase in
the erythrocyte membrane (discussed in Stekhoven and Bonting, 1981). In the
case of (Ca + Mg)-ATPases, the hydrolytic site appears to be located on the
side from which Ca’* is removed, which is constituted by the exterior aspect of
the sarcoplasmic reticulum (Hasselbach, 1974) but the interior of the
erythrocyte (Schatzmann and Biirgin, 1978; Sarkadi, 1980).

Several explanations can be entertained to explain the results with the
Mg- and Ca,-ATPases. These enzymes may be located: (a) in the presynaptic
membrane with their ATP hydrolysis sites facing the synaptic junction; (b) on
the postsynaptic membrane or its attachments; or (¢) in the mitochondria.
These possibilities were resolved in the next series of experiments.

We prepared several subsynaptosomal membrane fractions and assayed
each for endogenous ATPase activity. We used the mitochondrial marker
enzyme SDH to study the distribution of mitochondria in each of the
membrane preparations. Because the (Na + K)-ATPase has been well char-
acterized as a plasma membrane marker enzyme (discussed in Stekhoven and
Bonting, 1981), we used this activity not only to establish its location at the
nerve terminal, but also as an indicator of the presence of plasma membranes
in each preparation. We chose four different membrane preparations which
have been reported to vary in their content of different nerve terminal
structures: (i) a synaptic membrane preparation that is largely devoid of
attached postsynaptic structures (Table V); (ii) a synaptic membrane prepa-
ration containing attached postsynaptic structures (Table VI); (iii) a mem-
brane preparation consisting largely of postsynaptic membranes with attached
postsynaptic densities (Table VII); and (iv) a microsomal membrane prepara-
tion which is enriched in receptor function (Table VIII). In each of these
preparations, the maximal activities for all of the ATPases examined (with
apparent exceptions largely due to the low recoveries of certain activities)
were found in the same fractions as the (Na + K)-ATPase. SDH activity was
always localized in heavier fractions. These observations indicate that the
majority of the ATPase activities being measured, including the Mg-ATPase,
are intrinsic to plasma membranes and are not due to contaminating
mitochondria. This inference is corroborated by previous experiments showing
insensitivity to specific mitochondrial inhibitors, such as oligomycin and
efrapeptin (Sorensen and Mahler, 1981).

In agreement with the data on intact synaptosomes, which indicated that
the DA-, (Ca + Mg)-, and (Na + K)-ATPases were largely presynaptic, the
results with the PSM preparation (Table VII) showed that these ATPase
activities, as well as the Mg- and Ca,;-ATPase activities, are associated with
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the lighter fractions from the sucrose gradient and not with PSM. These
lighter fractions consist largely of presynaptic, microsomal, and junctional
membranes. Also, the similarity of the levels of ATPase activities measured in
synaptic membrane preparations either containing, or largely devoid of,
postsynaptic attachments (compare Table V and Tables VI and VII) suggest
that the presence of the postsynaptic membrane and its attached specializa-
tions contributes little to the ATPase activities measured, which, thus, are
largely presynaptic. Finally, even though P,B, consists of membranes which
are enriched in receptor function, their high ATPase activities are largely
presynaptic in origin. Their unusual properties (Table IX) are in agreement
with the suggestion that they may consist of intracellular somatic membranes
containing newly synthesized receptors (Roth et al., 1982).

Thus, we can summarize the results obtained on the ATPase activities as
follows: (1) all ATPases are largely contained in the presynaptic membrane;
(2) the DA-, (Ca + Mg)- (and Ca-CaM-), and (Na + K)-ATPase are
oriented with their ATP hydrolysis sites facing the synaptoplasm; (3) the Mg-
and Cay-ATPases are oriented with their ATP hydrolysis sites on the
junctional side of the presynaptic membrane and are therefore classified as
ecto-ATPases of as yet unknown function.
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