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ST�iEMARY

\Ienbranne l)uott’inns is�ert’ solubilized! Upd)Ii treatnio’nnt of nnenbmanues obtainued from adrcntnti

medullary chromaffimi gmnunulo’s withm deto-rgentts (0. 1-0.5 #{182}‘sodium dodecyl sulfate, 0. 1 �

sodium deoxycinoltuto’, 0.02 � Triton-i X-100, nuuc! 0.2-2.0 #{182}�Lubrol PX). All solubiiizing ngo’nts
except Lubroi innactivated ti-icci-iromafflmn gmnunuit’ ATPase. Lubrol Ito)t onnly Soitlbilize(i the
membrane ATPase, but also inucreasec! tint’ specific activity of tin(’ I)rt’Pamn-ition 2.5 times.

Lubrol-solubihizo-c! nm’mbranue protein-is svt-re separated by gel filtration anmd by ion-cxcinange

cimromatograpiny. Ti-it’ elution pattt-�rn of ti-ic granule ATPasc changed with the Lubrol to

prof c-in ratio used (luiring solubiliznmtionn. With losv ratios (4: 1), tint’ A1’Pase ‘was eluted with
ti-ic void! volume from ni Sephadex G-200 columni, and immo’diato-iy after the void volume
front a Sepharose 613 column (K�� = 0.037), ivht-meas when n-i 15: 1 mnutio ivas used tine ATPnmso’

had a larger partition-icoefficient (L� = 0.383).

Clnromntograpiny on 1)EAE-Sepinnudex A-25 showed that- a fraction cont ndnning f he ATPnuse

activity svnts elutt-d at tine ionic stro-ngtin of 0.2, and that inn ti-ic presennce of Mg� transpinos-

phon’ylafion from ATP to) grtunule protein iva-s obst’rved only in this fraction. The specific

activity of the ATPaso’ annd the trnuntsphosphorylation from ATP in-i this fraction-i were S-iS
times higher tint-inn svho’nt testt-t! inn imuf act granule membmtunes.

I NTROI)UOTtO N

(‘atecimolaniuines are stored! inn tint- admo’nmal
n-iec!uila together with soluble prott-inus and

adenine nucleotide wititin specific storago’

particles, time chronnaffin granuulo-s (1, 2).

\\Tiic�n the glamnd is stimulated tine cinmoniaffin

gmninmle dischnurges its soluble connteints to the

cell (‘xtcrior by exocytosis, an-id the granule

membrane remains within the cell n-is an
empty vesicle (3-6). The series of even-its in-

volved in tine sccrt-tory process itas been

named “stimulus-secretioni couplin-ig” (7) be-

cause of their similarity to “excitation-con-i-
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tractin-ig couphinng’’ in muscle. Like muisclt’
contractiont, ti-ic secretory process is (‘nt�-

dhepen-idennt (8), annd because secretion is

blockt’d by inhibitors of oxidative phospiio-
ryltutioni amid! glycolysis (9, 10), it so-ems likely

that ti-ic productioni of ATP is nnccessary for
mainttnulnnmg secretion-i (11).

Although the molecular (-vents involved in-i

f-i-ic secretory process havo-’ not yet been com-

pletely elucidated, much-i information imas
been obtained by stuc!ying tine effects of ATP

oni isolated chromaffin granules. This nucico-
tide, in-i the prcsennce of Mg�, is hydrolyzed

by tine granule mennbranc ATPase, antd the

P liberated is transphospiuorylated to the
granule nnembmamio’ (12). Concomitant ivit-h
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this process arc both tiie relenso- of gmnunule

conten-it-s (cateciuolamimtes and otiter soluble

components) (13, i4) and structural n-iodifi-
cation of the granules as revealed by light

scattering changes (15-17). Ti-ic effects of
ATP o�m ci-iromaffin granules can-i be blockt’d

at early (ATP hydrolysis, t-ranspitospino-

rylation) or subsequent (conformnutionnnul

changes) steps (18).
Although it is not yet kniown ivhether tinis

effect of ATP on-i chromaffin grnutules occurs
during stimulation of the gland in i’m-vu, it is

possible tiuat the chromaffin granule ATPaso’

plays na-i important role in-i stimulus-secretion-i

coupling, eitlncr during tho- interaction be-

tivecnn tine cinromaffin gratnuule rnembmnune nun-id

ti-ic plasma membrane or during ti-ic dis-

charge of ti-ic soluble granule contents to ti-ic

cell exterior. It was thert-forc decidled to
study ti-ic membrane-bound ATPase of the

chronnaffin granules, in order to obtain a bet-

ter understandin-ig of the molecular events

involved! in the secretory process.
This pnuper describes the solubilization-i,

isolation, and partial characterizationu of

the Mg�-dependcnt ATPase of chromaffin
granules. A preliminary report of sort-it’ of

t-iieso’ data has been present-cd (19).

METHODS

Isolation of adrenal cliro-niaffin grannies.

Bovine adrenal glands obtainued from a
slaugl-it-erhouse ivere kept on ice, an-id tine

nneduhlae were separated from the cortices.
Each-i medulla ivas i-iomogenized in-i 4 volumes

of ice-cold 0.3 �m sucrose (pH 7.0). A low--
speed sediment wa�s removed by centrifuga-
tion nit 800 X g for 10 mini, and time supemna-
tant fraction-i was recentrifuged at 20,000 X g

for 20 mm. The pellet thus obtnuin-icd (crude
granule fraction) was resuspended in 2.0 ml

of 0.3 M sucrose, layered on 7.5 n-il of 1.6 un
sucrose, and centrifuged at 100,000 X g for
60 mm. The final pellet contained chromaffin

granules (20) and was a relatively pure prep-
aration as indicated by the enzyme determi-
nnations used as mitochondrial (succinate de-

hydrogenase and monoamine oxidasc), lyso-

somal ($-giucuronidase), and microsomal
(glucose 6-pi-iosphatase) markers. Tue etizy-
matic activities in the crude granule fraction

were: monoamine oxidase, 0.440 �og of p-hy-

droxyphenylacetaldehyde produced per mu-

higrann of l)roteili ier inotur ; sunccinnate deiny-

(irogcnttu-se, 133 ;�g of neotetmazolitimu reduced

i-icr milhigTnum of protein I)e1� ho)ur; timid �3-glu-
cmuronidlase, 108 �tg of pi-ien-ioipht-hialein-i liber-

afc(! l)d’r niiligrann of protein ncr hour. In

connfrnusf, tint’ cn-izymatic activities in th(’

ci-ironituffin gTanule fraction-i ivero - : mono-

annilit’ oxidnust’, 0.018 ; snuccimna-te deimyd!rogcn-

t-ise, 2.9; nun-id t3-giuctnronidnmse, :3.o� pg�mg of
protein i�cr hour. Tuie n-iicroson-ie Iractiont

(sediment obta-imuo’d nffo’r eentrifugiung tine

20,000 X g suupemntutaiit fmactioni nut 100,0()0 X

(I for GO nninu) of time ad!rdnal medulla hUtdl a

glucost- (�-I)inosI)hn-itn-iSt’ nuctivity of 65.4 �g of

P1 per milligram of I)rott’imt �cr hdiur, �vhit’reas

ti-no- granule fract-iom mad a specific activity of

1.23 /.Lg/mghr.

.i�re/)aration of clitoinaffin qran ale inein-

branes. Purified grntniules \\�(1�( Pn’ehu-il’ed oveiy

d!ay from 60 50 g of niedulinuc an-id iven’o- kept

frozen for 2-3 days. Ti-to-se granunlo’ fractions,

obtained from 180-240 g of mo-duiiae, were

combined and r(’suspennd!ed in-i cold (4#{176}c)

0.003 ii Tris-HC[ buffer (pH 7.0) for 30 nun

and cent-rifugo-d at 100,000 X g for 60 mimi.

Ti-is resuspension and centtriiugmutio)n process

was repeated tinro-c times. Cinronnafflmn mona-

bmnunes ti-i-ins prepared had! an AiPnusc activ-

ity of 0.9-1.02 ;nmoles of P� per milligram of

protein per l-iour.
Clieinicai determinations. Catec!-iolamiii tes

were assayed by tine triinydroxvinidolc fluoro-

metric method (21), ann! protein was deto-r-

untied by ti-ic method of Lowry et at. (22).
�4TPa�se activity. Samples of granulo- mem-

branues were imicubated inn co-nut rifuge tubes

for various periods of time at 30#{176}inni total

volume of 2.0 ml. Ti-ic sfnundnurd im-icubation

medium contained KCI, 160 mu; NaCl, 5

mM; Tris-HC1 Buffer (pH 6.S), 10 mM; alit!

MgCl2 , 1.0 mum; this was varied in-i some cx-
pcrimo’ntts as describo-d below. [y �nP]ATP

(specific activity, 1.8 mCi/�nmoie), synti-ic-

sized im-i our laboratory according to a modi-

fication-i by Post an-id Sen-i (23) of ti-ic nnethod
of Giyntn-i and Chappeli (24), was added to

the medium to give a concentration of 1.0
mum. Incubation -ivas stopped by adding ice-

cold t-richloracetic acid (10 % finn-il con cenu-

tmnttiorn) containing 0.2 mum K2HPO an-id 0.2
mum ATP. The tubes were cooled in-i an ice-
water bath for a few mintutes an-id centrifugo’d

in the cold (4#{176})n-it 20,000 X g for 10 mm.
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Aliquots (1.0 n-il) of ti-ic supernnttant- fluid
thus obtained were treat-d witiu 100 mg of
Norit A charcoal to renuove [y-32P}ATP, and
the mixture was centrifuged at 20,000 X g

for 10 ruin. Radioactivity was determined by

adding an aliquot of the supemnatant frac-

tions to scinitiliation vials containing 0.5 ml
of “NCS” (Nuclenur-Chicago) and 15.0 nil of
the mixture PreviouslY described (25, 26).
The 321) radioactivity was measuretl ivith

couittin-ig t’ffieicrmcies between 85 and 92 %;
the results were corrected to 100 % efficiency
and expressed! in-i micromoles of P1 per nnilli-
gram of protein, cnulcula-tcd on the basis of
the specific activity of ti-ic added [�y-2P]ATP.
Aliquots of tine fractions obtained durirtg elu-
tion of tine columns were assnyed in-i the sanne

manner. Controls with the eluent fluids used!
in the different chrornatogmaphic procedures
were run as uvcll n-is samples incubated in-i the

absence of MgCl and the presence of 2.0
m� EDTA. In all experiments zero-tin-ic

samples were prepared by adding ti-ic [�y�32P]-

ATP after treating the incubation medium
containing ti-ic 1)rotcin aliquots with tn-

chioracet-ic acid (10 9� fin-in-il concentration).
The transphosphorylation from [�y-32P]ATP

to granule protein was measured as described
previously (12).

fl-Glucuronidase activity was measured by

the method described by Gianetto and de
Duve (27). Succinat-e dehydrogenase an-id

monoanuine oxidase activities were measured

by the metinods of Pennington (28) and

Wurtman anwl Axclrod (29), respectively, but

following ti-ic modifications previously de-

scribed (30). Glucose 6-phosphatase was

determinned by tine method of de Duve et al.

(31).

Sephadex chromatography. Sepitadex G-200

(particle size, 40-120 ,.�) was swollen for 24-

48 hr at room temperature in a medium cont-

t-aining 160 mrul kCl, 5 mum NaCl, 10 mit Tris-
HCI buffer (pH 6.3), antI 0.2 % (w/v) Lubroi

PX. Sodium azide (0.02 #{182}�-)was added to the

medium to inhibit bacterial growth. A glass

column (Pl-iarmacia) was packed, an-ic! ti-ic
Sephadex bed (2.5 X 37 cm) was equili-
brated and eluted by upward perfusion with
the same medium used for swelling, at a flow
rate of 12 ml/hr. Samples containing 8-12

mg of granule membrane protein in 3 ml of
the medium were applied to the colimn-inn.

Sepharose chromatography. A glass column
(Pharmacia) ivas slowly filled wit-h n slunmuv

of Sepi-iarose 6B (particle size, 40-210 ,�).

The Sepharose bed! (2.6 x 90 en-i) was equal-

ibrated an-id elated by upwnurd perfusion-i wit-h
ti-ic san-ic medium used! for Sepinadcx 0-200,

at a flow rate of 13.0 nil/hr. Samplo-s conmttdnm-
ing 10-15 mg of Lubrol-solubilizet! menu-
brat-ic protein-is in 8.0 n-il of mcdiunn-i were nip-

l)iicdl to ti-ic columni. To) cahibt�nt( thi(’ columnm,
a mixture of kniown protein-is (30 tug of total

i)rotein in 8.0 nil of medium) wnus nupplied td)

tine colunmni. The proteins used i�ere thyro-
globulin (mol ivt 670,000), apofcrritinm (mol
ivt 460,000), tin-id pYrunvn-ito’ kinnase (nol wt

237,000). Ti-ic vok! volunne o)f the columun,
determinted with blue dextrant 20()0, ��as 1.56

ml, ni-nd rcpresented 33 � of tio- ho-cl Volum(-
( V1) of ti�me columnt. The V valuo’ calculatcol

on-i ti-ic basis d)f f-he dlimcnsid)rms of tint’ bet!

volumo- ivns 477 ml, nun-it! tint-it- obttnimo-tl from

ti-ic elution voiume of cateclnolnumnt-s was

480 ml. The results obtaitted with gel filtra-
tion-i chromatogmnuplny are o-xpresse(l imu tern-i-is
of a column-i partifiont coefficient, Kay (32).

Ion-exchange chromalogra p/ny. Nit-it- grams
of DEAE-Sephad!ex A-25 (particle size, 40-
120 � wo’ne swollent n-it room-i-i temperature for

24 imr inn 0.003 in Tris-HCI buffer (pH 6.3).
A glass colunmn (F’ischuer anmd! Porter (‘om-

pany) was packed, and time bed (1.3 X 28
en-i) ivas equilibrated by pen’fusiom tinrough
the column with 200-300 ml of starting me-

dium (0.005 ii Tris-HC1 buuffer, pH 6.5, ann!
0.2% Lubrol). After nipplicatioun of tine sam-
pies (1:5-23 rag of Lubroi-solubiliz-d granule
membranne protein-i inn 13-23 ml of stnurting

buffer), 40-30 nul of starting buffer ivere runt

titrough time column. Timis wn-is followed by
eiution withu either n-i linear (NaC1, I = 0 to

I = 0.8, in-i starting buffer) or a stcpivise
ionic strcmmgth gradient (NaCI, I = 0.0, 0.2,

0.4, 0.6, and 0.8 in-i starting buffer).
All columims wo’re perfused in t-lte cold (4#{176})

at a constant flow rate with aim LKB l)eriStal-
tic pump (Varioperpex), n-in-id eiutioni was ai-

ways monitored n-it 280 nnn by nueanns o)f nu

LKB Uvicord II apparatus. Thte fractions

(4 ml) collected were assnuycd for protein-i
content, ATPasc activity, n-in-id cat-ecimol-
amines.

Polyacrylainide gel electrop/moresis. Poly-
acrylamide disc clectrophoresis was p�’n-



Sodium dodecvl

sulfate

Tritomn X-100
Sodiunn deoxv -

cholnite

Lubrol PX

total

#{182}�, membrane

protein

0.1 13 (4)b

0.3 54(5)
0.5 76 (5)

0.02 74 (3)
0.1 76 (3)

0.2 36 (5)

0.4 41(4)
0.5 43 (3)
1.0 42(4)
2.0 57 (4)

specific
activit�

3.5

3.0
2.7

1 .6
10.3

250

230
242
253
215

a The ATPase specific act ivit-y was 0.92 �amoIe

of P1 per milligram of protein per hour
Niumber of observation-is is givemu mm pnremmt he-
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formed ns describ-d by 1)nt-vis (33). Sanuples

(50-150 /.Lg of protein-i) inn 0.1 % Lrubroi were

applied to ti-ic gels. Electrophoresis was car-
nec! out for 70-90 nninn with a current of 3

nnamp/tubc. Gc’ls iveno’ st-aint’d for 1 hr mi
7 #{182}�;(v/v) acetic acid containing 0.2 % (w/v)
Buffalo binuck. Desta-inning ivnus perfomnued

clcct-n’ophoreticaliy in 7 % acetic ncid.

(/iennicals. Triton X-iOO, sodiunu deoxy-
cinohate, Tris buffer, PYruvate kinase, ATP,

phl-nolj)itthalein-gluctnromnic acid (sodium
salt) , and glucose 6-phosphate were obtained
from Sign-in-i Chemical Company ; Sephadex

0-200, Sepharose GB, DEAE-Sephadex

A-25, am-id blue dextran 2000, from Pharma-

cia; sodium dodccyl sulfate, Nonit A, am-id
EDTA, from Fisher Scientific Company;

thyroglobuiin an-ic! n-icotetrazolium, from Nu-
tritional Biochemicals Corporations; Lubrol
IPX, from CIL Chemicals, Morutmeal; apofer-
nitint, fronu Scinivt-irz BioResenurcii, Inc.;

[‘4C] 1 -tyramine hydrochloride, from Nuclear-
Chicago Corporation 32P� (carrier-free),

from New Englnunncl Nuclo’ar Corporation;

n-it-ic! Buffalo black NBR, from Allied Cimemi-

en-il and Dye Corporation-i.

RESULTS

Effect of detergents on solubilization and ac-

tinily of �Jg+�_dependent A TPase of chromaf-

fin gran mile membranes. Ch-iromaffin granule

mt-nubmntnmes prt’pared as in-idicated in METH-

ODS wore tro-ated with t-ie detergents Triton

X- 100, sodium do-oxycinolate, sodium dodecyl
sulfnufe, n-in-id Lubrol PX at ti-ic concentrations

anu(! for tint’ timo’s inndicated in Table 1. Tine
granule no-nubran-ie sunspcnsionis were then
co-nit-rifuged nut 100,000 X g for 60 mimi, an-id

tint’ supern-in-it ant solution-is ti-i-i-is obtained were
assay(-d for pro)ft-inl nnd Mg�-dependen-it

ATPasc activity. Tabit- 1 shows ti-ic effec-

tivo-itess of the diffcro-nt detergents on solun-
biiizing gramnule membrane protcitus; n-ill of
tht’nu except Lubrol PX in-iactivatec! the

ATPase activity of tint-se preparations. Lu-

brol not only solubihized tio- membrane

ATPast-, but also inmcreased tho- specific activ-
if y of the prc-pamtttioni for all concet-itratiomus

of Lubroi tested (Tn-ible 1). r� foilowimng cx-

Pcninueflt showo-c! ti-in-it- t-Itis increase in the
specific activity was duo’ to selo’ctive solubili-
zation of tine ATPnuse rnutim(’r tinan to nuctiviu-
lion of th(- c-nzvnme. Gramuulc mo-tnbranit’s were

TulLE 1

Solubilizat ion of chroinaffin qran ole �neinbran e

proteins by (lifferent agent.�

Chromaffi mu grannule mneinbranies were prepared

as indicated inn METHODS amnd were sunspennded (1-2

mg of proteimm ler milliliter) iiiice-cold solut ionts

contauninng the differennt detergenuts at the (omm-

centrations immdicated below. After treatment with

a soiubilizinng agent (sodium dodecyl sulfate,

Triton X-100, aund deoxvcholate, 10 mini; Luubrol,
30 miii), the preparnuti()mns were cemitrifuged at

100,000 X g for 60 mimi, amid the supernun-ut u-in-it frac-

tiomis were assayed for proteinm amid Mg±+�de�

pendermt ATPa.se activity nms indicated mu METHODS.

ses.

Detergent Concen- Solubilized Solubilized
tration protein ��rPase#{176}

treated with 2 % Lubroi; 1)rotd’in, total n-in-id
spc-cific ATPtusc- nuctivities wo-re t!etermined

before and afto-r treatment of tine m(’mbranueS

with Lubrol tu-mmoilin-i ti-ic superni-itant fluid ob-

tained after co-ntrifugnn.tionn (100,000 X g for
60 mm) of f-inc Lnbrol-trenuted mcmbrnme

preparation-is. Tnubie 2 simows ti-tat tlmcrc ivn-is
a small in-icrease inn the tot-n-il ATPnusc activity

after t-rcn-utmenut of the mennbranc’s wit-h
Lubrol. Howt’vcr, tht- specific nuctivity of tine
ATPase (1.11 ± 0.31 �molcs of P� icr milli-
gram of prof-cit-i per Imour) was mot signnil’n-

cantlv increased by ti-ic Lubrol trcatmo’nt.
After cen-it-rifugat ion-i of ti-ic Lubrol-t-rcat-ed
preparatiotts, 92 % and 44 % of tie tot-al
ATPase activity and protein, respectively,
w-ere ro’coverecl in-i ti-ic supernatant fraction

(Lubrol-extract-ed protein). No significtunt
ATPase activity ivas detected in the secli-
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TABLE 2

Partial purification of chronnaffin granule membrane A TPasc

Chromniaffun grammule nmembranes were prepared as indicated in METHODS and snuspc’mided in ice-cold

solutions containing 2% Lubrol. Protein, total and specific ATPa.sc activities were determuinned before

annd after Lubrol treatment of the membranes, in the Lubrol-extracted menmmbranie proteins, and in a

fraction (peak II) obtain-ned by DEAE-Sephadex A-25 chromatography. The Liubrol-extracted membrane

protein fractionn is the smupernatannt fituid obtained by centrifuging the Lubrol-treated grammule membranes
at 100,000 x g forGO mini. Results are averages of four different experiments, except for those obt:immed

from peak II, which are averages of two separate determinations.

a Menun ± stammdard error.

nent. However, as expected, there was an

increase in-i the ATPase specific activity in
the Lubrol-extracted protein-i (Table 2).

Therefore, Lubrol ivnn�s used as n-i solubiliz-
ing agent in all experiments cit-scnibed below.

Molecular sieve c/trout atograp/n-y of solubi-

lized chromaffin granule -membrane coni-po-
ne-nts and determination of “apparent” molec-

ular weight of Mg�-dependent A TPa.se. T he

supemn-iatant fractions (100,000 X g, 60 mm)
from Lubrol-treated membrane preparations
uvere subjected to molecular sieve chroma-

tograpiiy on-i Sephadex 0-200 as indicated in

METHODS. Elution ivas carried out ivith a
solution containing 160 nuur KC1, 10 m�
Tnis-HC1 buffer (pH 6.5), and 0.2% Lubrol.

This pH was chosen because it is ti-ic optimal

pH for granule ATPasc activity (12). Un-

der these condition-is, ti-ic ATPase was eluted
from the colunun with ti-ic void voiunue, tund

had a Kay value of 0.009. Ti-is result inch-

cates ti-tat ti-ic ATPasc luas at-i “apparent”
molecular weight equal to or greatc’r ti-ian-i

the exclusion limit for Sephadex G-200.
Therefore, gel filtration chromatograpity was

performed next on a Sepitarose 6B colunrn.
The ratio between Lubrol am-id membrane
protein used was 4: 1 (iv/w). The column

was elated as described above, and a fmnuc-
tion containing 60 % of the total proteiii
applied to the column, as well as all ti-ic

ATPase activity, was elated immediately
after the void volunne (Fig. 1). The Kay

Mg��-:�’I’Pase
Protein -� ---- �----- -- - --- -- --

Total Activity Spccifnc activiuv

mug jznzoles P1//zr �nioles P1, hr mmig

55.4 54.79 0.99 ± 008’
55.4 61.27 1.11 ± 0.31

24.4 5(1.61 2.32 ± 0.41
3.6 54.20 15.05

vn-lue obtained in this experiment wits 0.037

(Table 3). Since it i-tad been-i reported that
higher Lubrol to protein-i ratios decrease

ti-ic aggregation of membrane-bound protein
molecules (34), granule membrane protein-is
ivere solubiiized in a solut ion containing a

Lubrol to protein ratio of 15: 1. Upon-i chro-
matography on-i ti-ic samo- Sepharosc 613 col-

umn, the ATPase nuctivity was cluted n-is a
single peak (Fig. 2), tutu! i-iad a i)artition co-

efficient (Kay) of 0.383. TI was compared

with the Kay value of substances of known
molecular weight (Tablo’ 3). Ti-ic “appturcnt”
molecular weight- of ti-ic ATPasc under tluese

experimental conc!itionns ivnn.s bef-wcenn 490,000

and 500,000 (Fig. 2).

The protein-i recovery from f-i-ic column was

95-98 %, and ti-ic total ATPasc activity was

between 90 and 95 % of that applied to the
column. The protein-i in the ATPasc peak ac-
counted for 41 % of the total protein applied
to the column. Polyacrylamide disc electro-
phoresis of these proteins showed a pattern

of six bands, which corresponded to the
slowly moving bands of ti-ic total membrane
proteins that ivere extracted by Lunbrol (Fig.
3). The specific activity of tine ATPasc was

4-5 times higher thai-i ti-tat in the chromaf-
fin granule membranes.

Ion-exchange chromatography of chromnaffin

granule membrane proteins solubil-ized by Lu-

brol. Chromaffin granule membrane proteins

solubilized in Lubrol (Lubrol to protein-i ma-
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FIG. 1. 211olecula r sieve chromatography of L mibrot.

solubilized proteins of ehronwffin granule mnem-
branes

Chronmaffimi granule mnio-mnmbramie pm oteimus were

soitubilized witin Liubrol (Liubrol to protein ratio,

4:1) amid fractionated onn a Sepharose 613 column.

A sample (6 nmg of nnenibramie protein in 8 ml of

elut-iomm nnmediurn) was ntppiicd to the column, amid

elnnted by upward pcrfmnsiom-i a-s inndicated in
METHODS. Tine efflnn-muts from the colunmn were

nmmomuitored at 280 nm (solid line), ammd 4-nm! sam-

plo-s were collected amiol assayed for protein and

ATPasc activity. The void volume is inudicated
by time broken line, amid time ATPase act ivitv by

the solid circles.

tio, 15: 1) were elated from T)EAE-Scphadcx
A-25 as indicated it METHODS. Samples ivere

applio’d in tine startinng buffer (0.005 in Tris-

HC1, pH 6.5, and! 0.2% Lubrol), n-it-id 40 ml

of this buffer were perfused through tine col-
umn. This was folioivcd by stepwise elation
with NaCl solutions of increasing ionic

strength (I = 0 to I = 0.8) (Fig. 4). Five

protein peaks (Fig. 4) ivere elated from ti-ic
column, an-id their protein content an-id
ATPase activity ivcrc determined. Peak II
(XaCI, I = 0.2) conntained all the ATPase

activity elated from time column (Fig. 4). Ti-ic
protein con-item-it u-i peak II represented 14-
16 % of the total protein applied t-o the col-

un-i-inn, a-nd f-i-ic spo’ciflc activity of ATPase in

tinis fraction-i was S-iS times higincr titan that

of the granule mc-mbmtutes (Fig. 4 and Table
2). Polyacrylamide disc elo-ctrophoresis of the

protein recovered in-i peak II showed two

TABLE 3

Column partition coefficients (Kay) Of Lubrol-

solubilized chromaffin granule A TPase

compared with those of substances of

known molecular weight

The � values were calculated from the

elution volume (Ve) of each substance as indicated
in METHODS.

Substance

Blue dextrani 2000 0.0
ATPase (Lubrol:protein, 4:1)a 0.037

Thyroglobulin 0.210
ATPase (Lubrol : proteimi, 15: 1)a 0.383

Apoferritini 0.433
Pyruvat-e kiniase 0.855

a These values represent the ratios (by weight)

between Lubrol amid chronaffin granmule membranme
j)roteinn used durimug soluhiliznut-iomu of the nmern-
bramnes.

ban-ids, which correspo)nnded to ti-ic first two
slowly moving bands of flit- membrane pro-
ft’ins finn-it were extrnuctcc! by Labrol (Fig. 5).
Similar results ivero- obfainno’d when n gradi-

ent of linear ion-ic strt’ngt-h iva-s used.
Tlnert’ wa-s n-io cliffero’nct- in-i f-inc specific nuc-

tivity of tho’ ATPn-use when the c’ntzymt- ac-
tivity recovered in-i peak II after one-step

ci-iromatography on DEAE-Sephadex A-25
was compared wit-h thnuf obtaino-ci in-i petn�k II
afto’r two-step chromafograpimy on-iSepharose

6B followed by DEAF-Sephadex A-25.
Tra-nsphosphorylat ion from- [�y-32P]A TP to

chromaffin granule membrane proteins. We
have previously demonstrated ti-tat when

ATP is itydrolyzcd by tine granmulo’ ATPase,
part of the P� from ATP is tramtspltosphoryl-
at-ed to ti-ic chromaffin-i granale membranes

(12). Tie fivo’ pc’aks obtained by ion-ex-

change chromatography on DEAE-Sepim a-

dcx A-25 wert’ also tested for protein pi-ios-

phorylation. Wheni fractions from penuk II
(the peak ti-tat contained all time ATPase ac-
tivity; Fig. 4) were tested in tht’ absence of
‘uIg� (presence of 2.0 mit E1)TA), tiucre

was ito t-ransphosphorvlation from ATP to
the protein. On-i ti-ic other hand, ti-ic same

fractions tested in-i f-i-ic presence of Mg�#{176}(0.5

mit) gave ValueS of P� tran-isphosphorylation
from ATP of 676 ± 14 pmoles of P1 per

milligram of protein per nninutc-. This figure

164 TRIFAR#{243} AND WARNER



5

4

-c

C

Oo

�Q.

0

- PYRUVATE
KINASE

0 200 300 400 500

ELUTION VOLUME (ml)

-80

E
60 �

40 Z
w

202

600

FIG. 2. Molecular sieve chromatography of Lubrol-solubilized proteins of ch romnafflu qramt ole niemmibranes

Proteins of the granule membranes were solubilized by Lubrol (Lubrol to proteinm ratio, 15:1). A samu-

pie (10 mg of membrane protein-i in 8 n-nI of n�iedium) was applied and elunted from a Sepharose 6B coiunmn

in the same manner as indicated in Fig. 1. Fractions (4 nnl) were collected and assayed for protein (0)
and ATPase activity (.) a.s indicated in METHODS. The void volmnnmue (V0) is indicatedbv the broken lino-’.
The inset shows the “apparent” molecular weight of the granmiule ATPase calcinlated from time value ob-

tained winen-i its elution volume (Ve) was coimmpared with those of subst ant-es of kmmown molecular weigiut.
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is 11.3 times higher tintru ti-tn-it obtaincd ivhcn

intact chromaffin-i granule membranes were

tested (60 ± 4 pmoles/mg of protein-i per
minute).

DISCUSSION

We itt-ive previously demonstrated that

ATP causes structural ciuanges leading to
release of catecinolaniines, entdogetnous ATP,
and soluble proteins from chromaffin gran-

ules (13-15), and ti-in-it part of the P� liber-
ated from ATP by the graruule ATPase is

incorporated into chromaffin granule mem-
branes (12).

The present results shoiv ti-in-it granale
membrano’ proteins are solubilized when

granule membranes are treated wit-h deter-
gents. Winkler et al. (35) have also recently

shown that sodium dodecyl sulfate, Triton

THYROGLOBULIN

APOFERRITIN

CHROMAFFIN -

GRANULE

ATPASE

WR- i339, mounddeoxycholate cffo’ctively solu-

bilize ti-ic clmromaffiu-i granninle membununo- pro-
teins. Howo’ver, fino-se worko’rs (lid nnot mea-
sure ATPase or of ho’r o’nzvme activities in

the c!etergent-f reat(-d prepnurat ion-is (35).
Ti-ic present experiments simow that of null

tine dctergo’nts tested onnly Labrol solubilized
a protein fraction which conitainec! ATPase

activity. This soiubihzccl fracfion conntainccl
40-50 � of f-he mo’mbmnunme protein an-ic! n-ill of

the ATPase activify, whicit mean-is that- tine
specific activity of f-ho- ennzyme preparntt-ion-i
was increased 2-2.5 times.

Attempt-s to punrify tine gmtunnale ATPase

that ivas solabilizecl in low Labrol to protein-i
mixtures werc- only pnt-rtly successful; ATPase

activity wa-s dated witin or close to tine void
vol-i-in-ic from Sepinadex 0-200 or Sepimarose

6B. However, when tine Lubroi to profein
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Ft d;. 3. Polyacrylani ide gel elect rophoresis of

chromaffin granule mmmcmb mane proteins before and

after &pharose GB chromnatography

Cm r )nnaffi mu grannule membranes were treat ed
witim Lnnbrol amid cenitrifuged as indicated in the
legemud to Tablo- 1. Tht- electrophoretic pattern of

the proteins presenit iiithe fractioni with the great.

est- ATPase activity obt-ainned after gel filtration
on Sepharose GB is imidicated mi j)aniel A . This gel
shows six bannds with nunobilities similar to the six

slowly innovinig bands of the total Luubroi-extracted
granule omeniliranie proteins (B). Electrophoresis
was performed as indicated in) METHODS. The
direction of migrationm was from top to bottom,
winch was the amiode. The broken lit-ic indicates

ho’ mit t-rpimaso’ bt’tweemi the st ackinug amid mumming

gels. Tine arrow immdicates the posit iomi of the track-

immg rmmmgim.

ratios wo-re inocro-aso-dI to 10-iS: 1, ti-ic ATPasc

sinowo-ol a difft-rent elutionn ptttt o’rn an-id had a

� 01 O.3S3. This difference in the elation

pnoftt’rnns suggests tint-it high Labrol to protein

rntt-ios nnav dI(-crease the nuggro-gat-iont of clif-
fort-nit nu-nnbmmunie protein-is, or that fine

ATPasd� is formed of submintits, winicin can be
dissociated ivln(’mn high Lubrol to profo-in rtu-
t-ios arc- used.

rfld, o’lutionu peak from Sepinarose (lB with

the might-st ATPase nuct-ivity did not coincide
ivif-h n-i j)rofcin l)eak. This indlicates tinat ti-ic

ATPase ni-ctivitv was elated togefincr with

ofiner membrnone protcinus from tine Sepinarose

GB column, and this was confirmed by poly-

acryiarnide disc elect-rophoresis. In addition,

41 � of the l)rofeinu ntpl)licd to ti-ic column was
recovered in f-inc fraction contnuinning tine
�\rF1)as(, Tiuis figure represents n-tore ti-ian

double tine amoumit of protein-i recovered in

the ATPase I)cak, ivhen ti-ic chromnt-ogrnpimy
ivas performed on DEAE-Scpitadex A-25.

On Scpharose 6B ti-ic elut-ion volunie n-in-id

Kay obttuin(’dl for ti-ic ATPase sttggcst- thttt
the enzyme 1-in-is an-i “apparent” molt-culnor
weight of 300,000, ivhen compared wit-h the

Fe and Kay values of globular proteins of
known molecular weight-. However, varia-

tioros itt ti-ic ehutioim positions ct-in-i be clue to
molecular asymmetry and to f-he degree of
hvclrationn of tine molecules (36). Tim(’ hydro-

dynamic radius of a- protein-i also channges
with the ionic strt-ngfin of f-i-ic medium used

durinng clintionn (36). Therefore, tite elation

pattern of substances durit-ig gel filtration is
related mor(’ to their Stokes radius f-han to
t-imcirmolecular iveigint- (36). Fart incrmore,

polyacrylamide disc electrophoresis showed
ti-tat- ti-ic proteins preset-it in ti-ic ATPase frac-
tion j)enctrated 7.0 % acrylamidc gels, and

this indicn-ites ti-tat ti-iese prot-eins have a
molecular weight smnullcr f-I-ian-i 500,000.
Tio’rcforc, other methods for estimation of

the molecular iveight of the granule ATPase
must be used bt’fore at-ny conclusion about its
molecular weight can be reached.

In the present experiment-s all chromato-

graphic procedures w-cre done in ti-it’ preseince

of Lubrol. Aithoagh it is obvious that Lubrol
interacts strongly with the ATPasc, it is n-tot

knownn whet-her Lubrol binds to ti-ic enzyme

extensively, or wiuct-her bindin-ig changes with
the Labrol to j)rotcin ratio used. However,

proteins of known n-tolcculnur iveigints gave a

strnuigi-it line when their distribution-i coeffi-

cit-nt-sivcrc plotted against their molecular

iveights, nund timissuggests either timnutLubrol
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FIG. 4. Ion-exchange ch romn atogra ph y of Lubrol-solubilized proteins of chromn-affin grammule membranes

Chromaffin granule proteins were solubilized witit Lubrol (Lubrol to protein mnutio, 15:1). A sanmnple

containing 18 mg of protein in-i 15 nl of starting buffer �0.005 it Tris-HC1 buffer, p1-1 6.5, andl 0.2’� Lubrol)

was applied to a 1)EAE-Sepimadex A-25 column. Forty milliliters of starting bulio’r were mini-n through the

column. At the point indicated by the arrow, a stepwise ionic strength gradient of NaCl (I from 0 to 0.8)

in starting buffer was begun. Fractioims (4 mmml) were collected an-id were assayed for protein cont emit an-nd

ATPase activity as indicated in METHODS.
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did not bin-id to these proteints to ni large cx-
ent on. that- Labrol binds uniformly to luite

different proteins. Ti-ic latto’r possibility is
known to be true for ti-ic binding of sodium

dodecyl sulfate to a range of protein-is (37).

Wi-ten-i Lubrol-solabiiized nwmbranc pro-
teins wo’re separated by ion-exciian-igt- chro-
matography on-i DEAE-Sephadex A-25, the
ATPase activity was recovered in the pro-
tein peak (peak II) elated with NaCI at an

ionic strength of 0.2. About 14-16 % of the

total protein applied to ti-ic column was re-
covered in ti-ic ATPasc peak, and sin-ice La-
brol solubilized about 30 � of the membrane
protein (Table 1) and no appreciable ATPase

activity was detected in time sediment
(Lubrol-insoluble fraction), it seen-is ti-nat
ATPase represents no n-tore thaii 7-S % of
the total proteins of ti-ic granule membrane.

10
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Tine protein-i presen-it in-i peak II (ATi-�ase
fraction-i) was phospi-iorylated by ATP, anmd

this is in agreement with our previous (1cm-
oitstration of ti-ic transpinospin orylationn from
ATP to chromaffin granule membranes (12).

These experiments have shown ti-nat?ulg� is

reqaired for tine t-ransphospinorylat-ion from

ATP to cI-iromaffin granule menbranes (12)
as well as for ATPasc activity (12) and the
ATP-evoked release of cnutcchoiamincs (13-
15). Trnunsphospinorylation from ATP to f-inc

prott’in-i present iii peak II occurred onnly ii

the prt’sence of Mg�. The amount of Pn
t-ranspinosphorylated �er milligram of pro-

tein was 11.3 times higher thai-i that observed
ivhcn chromaffin graimale membrannes were

tested. This figure agrees witim the S-1S-folc!
increase in ti-ic specific activity of the ATPase

found in-i peak II over that in-ichronmuffin
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11. J. M. TrifaroS, Endocrinol. Exp. 4, 225 (1970).

Finally, t-ite fact tinnut the citromaffin gran-

ule ATPase can be solabilized and can be

chromatographed on-i columns without loss

of its activity provides hope that- a consider-
able degree of purification can-i eventually be

achieved. Further ivork on the characteriza-
tion at-id on the physicochemical properties of

the enzyme is under way in our laboratory.
Ci-iromaffin granule membranes have other
constituents ti-ian-i ATPase; they contain
chromogranin A (38, 39), dopamine �3-hy-
droxylase (40), and cytochrome b9 (41, 42).

It is possible ti-tat ti-ic other elation peaks

(I, III, IV, and V) obtained during ion-ex-
change chromatography contain these pro-

teins.
Ti-ic results reported in this paper are, to

our knowledge, tic first demonstration of the
solubilization and partial characterization of
the ATPase present in the membranes of
granules that store or release hormones.
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