Valumr.: 282, number 2, 431=434

fﬁﬂﬁﬂfﬁ WMS‘WS@ lWI‘N

- FEBS 09‘!19
& 1991 Federation of Buragean Blochemlcal ﬁmmiﬁ wmmwwﬂ so

May 1991

Ewdence fer ATP-ase actmty of arrestm f‘ram bovme photomceptcrs

W, Ghtschm' and H Rﬂppel

- Maxe Vnmm-mmmw. Trchnicnf &’niverxirv Brﬂm D mcm Berlin 12 Gemmny

Recmw:d a5 r“ebnmry 1991

tn veriebrate phnmreccpmu the saluble prctein arrestin (45 kba) is involved in eamra!ling The h;hl dnptndeu! aemhy of re«pmr proteina such
as transducin ar the cGMP- -phoiphadiesterase. Arrestin haw further been identifled ux the resinal.S.antigen which is assumed to eause the auto-
© immune disease uveitis, [n a fivst communication & binding of the nucleatide ATP (o nrrestin was deseribed. In this subsequent study it i shown
that urres!iu is plso able ta hydvolyse ATP ab a rate of {5,130.3)- 1072 Ujmg: min with Cy, =935 1M and a Hill eoeMeient n= I.S:tD [ at pH :

fo 'J 2 ind QCT'C Thcm findings sugpaIta new insaghl inte the prucm of reguhumg phowrm:epmr attivity..

Arr&stiu ATP-hydmeiIs Rnd aulen sésmem Signal tmnsduclion

. INTRODUCTION

The signal transduction in the vértebrate photorecep-
tor cell is initiated by light abso:prton of the photopig-
ment rhodopsin which is located in its outer segment.

The light activation i§ vapidly transferred to channel

‘proteins in the envelope membrane of the outer seg-
ment which control the lon currents of the receptor.
The transduction process is mediated by a combined ac-
~tion of 4 receptor proteins: a G-protein (transducin) of

79 kDa acts as a diffusible transmitter by giving alter- -

‘natively and repetitively contact between the light ac-
tivated’ meta . I thodopsin  -and  inhibited
. phosphodiesterase (PDE-I) [1]. During this process the

"PDE is activated to hydrolyse cyclic guanosine .

monophosphate (¢cGMP) which is known 10 keep the
ion channels open [2]. The limitation of the light activi-

ty of the receptor is initiated by the action of rhodopsin :
kinase: (68 kDa) = which phosphorylates bleached

rhodopsin at the C- termmal end and is completed by

© the. binding of the fourth receptor protein, arrestin

(45 kDa), to the bleached phosphory]ated rhodopsm
[3--5]. . :

It is noteworthy that arrestm like prmems have been
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detected latély in various ather bovine tissues (8], first

‘of all in the pineal gland (7], but beyond that in human
~meculloblastoma cells as well [8]. Morcover, quue

recently another representative of this class of proteins

was found in the g-adrenergic recaptor and referred to

as S-arrestin [9]. Thus it can be assumed that arrestin

- has a significance beyond the phototransduction pro- =
- gess, probably in controlling ‘signal :ransductxon pro-
. cesses in various calls. . :

As réported carlier by Kiihn [10], arrestm activity ap-\'. -

. pears to depend on adenosine triphosphate (ATP). In
‘fact. in a previous paper a bmdlng of the nucleotide -

ATP to arrestin was described for the first time and.

- also an ADP/ATP exchange was discussed [L1}. [n par~

- ticular, it was found that arrestin is capable of binding
~ at least two mols of ATP per mol arrestin and that this
- binding occurs-aiready at low ATP-concentrations with.

a half saturation of about 0:1 #M of free ATP.. =
- Furthermore, in flash photometric studies of light
absorption. and scattering c¢hanges, it could be

- established that arrestin binds already in the meta 11

state of photoexclted thodopsin prior 10 phosphoryla-‘
tion by rhodopsin kinase and that this binding is in-
hibited by ATP and not ADP [12]. These results

© suggest a mode] for arrestin activity in whichthere is a-
“nucleotide exchange. In such a model the ADP form of

arrestin should have a high affinity for photoexcited
rhodopsin whereas the ATP form should not, Further--
more, in view of certain homologms in the amino acid
sequence between arrestin and transducin: [13], an ac-
tivity of arrestin to hydrolyse nucleotides seems to be

" quite possible. .

In this communication the. ﬁrst direct ewdence 1s

aiven that arrestin is ab!_e to-hydrolyse nucleotides in-
-deed. Utilizing different, sensitive ATP-detection
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methods such us lummmenw tests and a 7-P“ mdio

assay, & moderate hydrolysis rate of ATP was detected
whicl showed an allosterie dcpendcnm: on the mbstrme

GOﬂﬂtﬂtl’ﬂHDl’\.

2. MATER!ALS AND METHODS

2! Arrexiin purification

Atrestin was prepared as desvribred by Wnd@n ctal. [14] whh eme

specific modifications 1o enhunce 1the yleld of the uctive protein.
 Bovine eyes were gathered ue vhe slaughter house and kept warm
near body temperureuntil the retinae could bet graved 1=2 b after

enucieation of the eye bulbs, In this way 30 retinae were [solated from -

the open eye cup and stored in liquid nitrogen. For the preparation
the retinge were thawed in 70 ml 70 mM sodium phetphale buffer
{(pH 7.2; 2 mM MyCly/0.1 mM EDTA), shaken vigorcusly by hand
for I min, and then stirred gently for A0 min fn'an ice bath under con-
“tinuous Ulumination by the light of an 150-W .incandescent lamp

{glass filer QG 59071 mm, Sehotl, Muinz, Germany). Afwer 30 min '

centrifugation at 80000 x g (SW:27 rolor of L3-30 ultracentrifuge,
Beckman Insir. Inz,, _Palo Alg, CA, USA) the supernaiant was ¢ol-
lected and centrifuged again. The final supernatant was stoved in ali-

fuots ol’ 2 ml ag —20"(.. Hercalter this extract is q.alh:d ‘retinag -

extract',
For a Tarther pnnrucauon of nrrcsun ‘a normal dark- ndaptcd ros
" preparation {I5] conmining 3 mg rhodopsin was homogenized i
2ml of 70 mM  sodium phosphate buffer (pH 7.2/2.mM
MgCh/0.) md EDTA/Y mM ATP/1 mM GTP} and illuminated at
20°C by the white light of the 150 W. incandescent tamp. After

20 min 2 mi relinge extract was added and the mixture Huminated

"for another 10 min. The suspension was centrifuged for 20 min at
28000 = g (Biofuge A, rotor 1378, Heracus Christ, Hanau, Ger-
‘many). The supernatant was discarded andt the pellet washed twice by
resuspcnsmn in 4 m! of 10 mM HEPES buffer {(pH 7.2) followed by
a 40 min ¢entrifugalion at 28000 x g. The final pellet was rcsuspend-

ed in 2 ml KC1 buffer (pH 7.2/2 mM HEPES/500 mM KC)) and i in-

cubated in this solution at'4°C in darkness overnight, Thereafier the
suspension was centrifuged for:2¢ min ay 28000 x g. The supernalant

contaiped . purified arrestin | in . a | concentration - range or‘

2.0-2.1y 107% M

2.2, Protein assay : ‘

A quantitative protun assay was performed by the mcthod desc. nb-
ed by Bradferd |l6]

2.3, SDS-PA GE chramaragmph_y

The purified arrestin was determined by d1sconunuous SDS- gel :

electrophoresis described by Laemmli [17] employing stight modifica-
tions. The resolving gel was prepared from a 2,5 mi acrylamide stock
solution (29.1% acrylamide, 0.9%. NN’ -methytenebns-a:rylan'ude)

3.4 m! double distilled water, 1.5 m! Tris-HCI (1.873 M, pH 8.8); .‘

75 a4l 10% SDS, 4 4l TEMED. and 25x] 10% ammonium perox-
idisulfate. The stacking- gel was prepared from 0.8 ml acrytamxde
stock - solution; 1.8 ml double distilled water, 0.25 ml* Tris-FCl

C{1.25 M, pH 6.8), 25 x1 10% SDS, 2.5 ul TEMED -and 9 x1. 10%
ammonlum-peromdlsutfale Thus, the. resolvmg gel comams 1005,
and the stacking gel 5%, acrylamxde

: The gel was prepared in a midget chamber (LKB Bromma.

'Sweden)the:rnastattcd at 10°C. The electrode buffer (1.2 M glycine, o

0 25 M Tris, 10% SDS) was diluted 1:6 with demineralized water.
The protein samples were prepared by adding 10 41 10% 8P8 and
15 #l glycerol to a total of 50 ). Finally 1 4l of 1 M DTT was added
;before the sample was vortexed. The operating cenditions forthe gel

electrophoresis were 20 mA at a maximum voltage of 400 V. A high

voltage power supply with a volthour integrator (ECPS 3000/150 and
VH-1, both Pharmagcia, Upps'\.la, Sweden). was used. The voltage ins

tegral for a gel was adjusted to 175 Vh' wh:ch is about ih actual run--

ning time,
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Th¢ P wm wialned by the silver mlnlns rethail s deveribed hyf ‘
Heukeshaven and Dernick (18], This saining method yielis an abe

- yolute resalution 61 1wy ef protein, Meleeulsr weight murkers ax.cars

bonnhydrave (19 kDa), egg-albumin (4% kDay, bovine serum aibanin
{66 KDul, phoiphorylase b (97,4 kmmndmgnlmmldm u m kBRaj .

o 'werc nbmined from. ‘%igma {8t Louls, MO, USM. :

4 ﬂﬂﬁrmhmﬁuu A TP hyelralydis rate:

ATP-hydrolysis waxy mensured by three ai fTerent prm:edurtm Far
thie first methed & Tumingseenee test is used employing the Jueiferin
luciferase vysiem as dexeribed by Chapelle [19] aad Thore [20). 1n this
citse the ATP hiydrelysls i followed direcily In the sample comypart-
ment of the luminameter (direst vine dependent measurement). The.
luminometer is from KB (Bramma, Sweden), type: LKB-1250. The

“reaction volume consins of 3041 LKB monitoring reagerit, 200 4l
~ sample buffer and 10 40 ATP standard whth concentrations varying

between 25 and 400 nM. The hivdrolysis s started by the rapid wldi
tion of 0.571.0 abof the arrestin preparation (1.8/7,1 aM) vieldingan
enzyme concentration of 7-27 M. The hydrolysis rate is ealeulated

“feom the leminomater reading versus me (ef. Fig. 2A). The cilibras
- tion i$ readily achieved by the ATP level ohnmcd before Hm ndduion

of arréstin,

Tu avoid possible cross reactions between the reageni syztem m\d
arrestin in the sanple 1he test procedure was modified actording to-
Schmidt and Griber [21], Therefore; the ATP hydrolysis is perrmm :

“: ed separately and stopped nt varions time intervalx so that the remain«

ing ATP cen be measured in he luminonicter afterwards (Ume

sampling method). For these measurements a total reaction valume
‘of 500 4l is prepared by mixing 250 &) of ATP sotution. in 20 mM
“MaCly -with 250 ¢l of an arrestin préparation (900 ng protéin-in,

100 mM Nactl, 10 mM Tris-HCI, pH 7.2) so that the initial ATP eon-

- centration ranges between 25 and 500 nM and the arrestin concentra
* tion is 40 nM for each sainple. In the time range of [1~10 min afier
" the stari of the hydrolysis samples of 30 4l volume are g'uhercd and

rapidly mixed with 30 ui tnchlormcem acid (TCA) far denaturation
of the enzyme, From these samples, twe tmes 20 al are token and

“added to the luminométer solution to mensure the resting ATP: ¢on-

tents as described above, For cahbmuon carresponding samples are

- prepared from the same ATP slandard solution but Wllhotll addition
of arrestin.

“As for the thiftd methocl a radxo label asauy was used employing
+PPIATP accordmg to’ Avron [22] with slight modifications: as’
rcccntly described by Juniesch [23). The samples are prepared with ¢~
[“P]ATP in the same way as deseribed dbeve for method 2. The

. sampling intervals are in the range between 1 and 5:min, The radio-

labeled samples are further handled as described in [22,23) by form-

‘ing complexes: of *!Pi-molybdate which - arg: extracted . with

isobutanol/tolual. The amount of Pj obtained by the ATP-hycirolysns

- in gach. sample was measured in a scintillation counter {1600 CA Tri-
. Carb, Packard: Instr. Comp., Meriden, CT, UsSA) on the P
background formed by the intrinsic ATP-degradation, :

3. RESULTS

Experiments of ATP hydrolysis were ﬁerformed in:

‘vitro by use of highly purified arrestin. The degree of
- purification is shown by the SDS-PAGE plots given in

Fig. 1. The remammg 1mpur1tles are less than O. 5%0
w/w.
In a preceding commumcatmn [1]] we Leported a_‘

' strong binding of ATP to punﬁed arrestin. The binding

studies were performed by use of luminescence
measurements employing the' ATP-indicating luciferin-
luciferase ‘enzyme system. Upon repeating these bin-

ding studies, it was nlonc_ed that following ATP blndlng_
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l*up 1. 3D8§. PAGE plot of mreslln purificaden. Lane (a) shows

Cretlna extenet (1.8 xg proteind, lane (b) the first supernatnt afier
c.cnml’uumlon {1.8 ng proiein, sce 1exty, line (¢) purified arrestin, in

ease af hmhly lomlcd slot (é e prmcln}

the luminescence fevel showed a slow linear decrease

that was larger than expected by the indicating enzyme
system itself (Fig. 2A). No' additional luminescence

shift was observed if denaturcd (bmled] arrea.tm was '_

‘ apphcd (Fig. 2B).
In order to prove that ATP is really bcmg hydrolyzed

by arrestin, phosphoenoipyruvate (PEP) and pyruvare. -

kinase were added to the test solution. In the cxample
of Flg 2B this is carried out 3.5 min after the start of

" ATP hydrolysis by arrestin. After about 2 min the

same ATP level is restored to the point that existed
prior to the action of both enzyme systems.

In. order to verify the preliminary results a com-
prehenswe study of ATP hydrolysis by arrestifi was

performed by 3 different methods to establish its com-
plete concentration - dependence:’ (1) The direct -

measurement of ATP hydrolysis: the ATP decrease is

followed .vs time ‘by the luminescence of the luciferin-

luciferase ATP indicating system, (2) The tiine-
‘'sampling method: the ATP hydrolysis is stopped by

TCA at a given time interval, and the ATP-turnover is
determined by luminescence. (3) A radio assay: the .

time-sampling method is. applied io the hydrolysis of -

P*2.ATP. After the stop of hydrolysis by TCA the ATP

~ turnover is measured by the releasc of 3P, morgamc
5 phosphate. o
" The hydrolysis rates obtained with the fn'st method
are derived chrectly from the lummometer data as
shown in Fig: 2A.

The results of the thxrd method, i.e, the release of

‘radiolabeled inorganic phosphate (P is plotied in

Fig. 3 ~at 'various initial ‘ATP concentrations 'in
dependence of time after the start of hydrolysis, For

each data point the background level of P; formed by

intrinsic. ATP degradation is subtracied. As the tvr-
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Pig. 2. A‘TP cnuccmralion in dapcndem.e of time measured by means
of luminescence intensity. (A) (upper trage) luminescence imensity - .

evoked by 40 pmol ATP in the lummomeler resction volume of
250 x| betore (u) and pfier the addition of 4.2-pmol {1 41} arrestin -
Trace (n) shows the smail linear decrease of the ATP level due to a7,
system drift andsor the hydrolysis induced by the indicating ¢nzyme
system. tluc:rcrm-luctfcrase} itsalf. ~alg intensity decrense equivalent
o 0.06 pmal ATP in 8 min. Trace (b) gives the initial drop in ATP

level by AT binding [11] followed by an enhaneed deerease of ATP s
“level evoked by the addition of a relatively small amount of arrestin

(4.2 pmoal) yielding - an -intensity decrease  ~41,. equivalent 1o -

0.11 pmol ATP |1 4 min. (B) {owsr traes) lumingscence level evoked

bty 40 pmol ATP before (c) and after addition of 4.2 pmol denatured
arrestif {boiled) (d) to - thie reaction volime; (e) ATP binding and

“hydrolysis after addition of 4.2 pmol of native arrestin; (1) 3.5 min

after the jtart -of - ATP hydrolysis 1 4 phosphncnolpyruvule
(100 mM) and 1zl pyrevate kinase (4.2 mM) dre added. Aftor about

2 min the initjal. ATP level prior to the action of both enzymc sysl(.rns_

‘is re-csmbhshcd

"nover in thzs time range is re}atwely small compared
with the initial ATP concentration, the deviation from:
a linear rise in P; seems to indicate a considerable pro-

duct inhibition of -arrestin. For each ATP concentra-

tion the hydrolysis rate was derived fram the ‘initial -

slope. According to the limited time resolution thesé in-

itial rates are certainly smaller than the actual ones."

From the luminescence data obtained with the se-
cond method a similar plot (not shown)-is derived

which gives the residual ATP levels versus hydrolysis -
~time. In this case the initial hydrolysis rates of auestm
~ could be determined with more accuracy..

The hydrolysis rates obtained by the three methods

- are plotted in Fig, 4 vs the free. m:tnal ATP concentra-

tion ca. The free ATP concentration which could not:

“ readily be measurcd with- the methods 2 and 3 was |
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-Fig, 3, Armnn induced  ATP hydrolyxls as memuretl by the
production of inorganic pliosphate vérsus time. The inorganic radie-

labeled phosphate concentration was determined by the relcase of B

At various time intervals after sinrt of hydroiysi; and for varieus

initim} cancentrations  ATP. pH = 7.%, température 20*C. The

comp!ele dingram Is derived from a total of n = 118 Asamples, about
4 samples per point, The arrestin concemmtim is40 & 2 oM.

determmed by use of the kncwn ATP binding curvc of

arrestin ([11] Fig. 3", .
The hydrolysis rates gwen in Fag 4 show a sngmondal

response with the ATP concentration. The mean curve -
was obtamed by a Ieast square flt of the Hill equation

: c}é
r = f’ma:

.accordmg to an overall reactmn scheme

K Ky : -
S+m A= SA,,. ~£, mA +P; ) N )
asan apprommanon valid i in case of hngh cooperanvny
(K =chimaA=ATE, A" = ADP),

- The - fit ~ was done with * the iummes_cence

measurements only (method 1 and 2) because of their
greater statistical significance. As expected, the data’

from the radiolabel P; measurements stay sllghtly
below this mean curve, ‘

The appearance of ‘a s.gmoxdicny m = 1) wuh the .

hydrolysis rate data from all' 3 different measuring

methods shows that the ATP-binding (m > n > 1) suc- -

ceeds cooperatively. The curve: fitting procedure results
in optimum values for the three parameters' the max-
imum velocity: #max = (8.1 = 0.3)-10"? #mol/mg min;

the half maximum concentration Casz =93 = 5'nM,

and the cffective number of binding sites n = 1.8 = 0.1.

From these data it is concluded that at least two ATP

molecules bind coopnratwely to arrestin. [f 75% of the

prgtem is ac.twe (ef. [11]) the turnover number for 1he .

' The binding data of ATP to arrestin had to be‘sli‘ghtly changed.
. afler revising the. original binding studies reported .in [11) into.

Acl\mu=87i9ﬂM n=-2.3 £01, CAI/2—97+5nM
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F:p ", lniﬂa! ATP hy«:lrulysis £ abmmud by armtm in dfpamiem:e

©al the free ATP concentration (ea). Prée ATP concomrationy werg

calenlared by use of the ATP binding eirve of arrestin given In {11},
Open data  polnts (8, A] - are  aversge  values obuained by
luminescenge * meaxurement,  Tolal - number  of  slagle ATP
determinations n = 70, Filled dain points {w) are derived from 4-P*
measurements as plotled va time [n Fig. 3, Toia! number.of single
ATP measurements - # = 23, The mean curve was abmlnm by fitiing
eqn, (l}mlumlncsccum a8 ORI (Fusy = (8.1 £ 2.8) 1077 ,mmlfmg.
: Lﬁmﬁ%tSHM;nﬂ 1810”

hydrolysis is cnlcula(ed f'rom the maximum velocity
Four, USiNg My = 45'kDa to 0.31 £ 0,08 mol ATWmoE
arrestin: mm or 5.1 = 0.3 mmol/mo!. 8.

: ‘4 DISCUSSION

The first evidence of membrane bound ATPase ace
tivity in rod outer segment was reported by Thacher .
[24] on the basis of radio labeled ATP measurements.
ATPase activity was further communicated by Uhl et
al, in 1979 [25] by use of light scattering experiments..

- After light activation the ATPase appears to pump pro-
~ tons across the disc membrane, The proton transloca-

tion, hnwever.‘ effects: a volume change in the discs
which in turn gives rise to the measured ‘turbidity
change The author described the same phenoménon
again in 1989, this time in dependencc of various
ATPase inhibitors [26,27]. So far there is no further

evidence for an ATPase activity in ros apart from these

two zuthors. In both cases, however, the ATPase is

- supposed to be strongly membrane bound and- thus

should not be related to the soluble proiein arrestin.
- The turnover number of the ATP-hydrolysis at 20°C

‘of 5.1 mmol/mol-s is small if compared with the tur-

nover number of the phosphodiesterase PDE  with

800 mol/mol-s at 25°C. [28] but is well in the same

order of magmtude as ' the GTPase activity of
transducin which yields 17 mmol/mol-s at 30°C {29].
The hydrolysis rate shows nearly the same concentra-
tion dependence as the ATP binding to arrestin. The

- canis2-value for ATP binding is 97 = 5 nM' which is

nearly identical with that for ATF bydrolysis. The dif-
ference in the Hill coefficient (2.3 x 0.1 for binding’
and 1.8 = 0.1 for hydrolysis) is xot very significant as
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‘ iﬁ hmh cases the data fnr high ATP mncentrm[ou mf |

“subject to large deviatlons. 1y ean be concluded that at

feast two, probably thrée, ATP. mnlmul‘es bin‘d‘_

‘cooperatively 1o arrestin,
The specinl nuclootide-binding sites of amstin [30]

are not engaged in the complex binding with
phosphorylated rhadopsin [1]. Thus, these sites are free
1o bind ATP. As the concentration for half saturation

in ATP binding to arresting (s very low (0.1 aM), it is
“very likely  that the complex  of areestin with

phospharylated rhodopsin is saturated by bound ATP.
_ Foliowing this line of evidenee, it is striking to
speculate about the still unknown pathway of arrestin.
action as well in terminating the phototmnsducnon

proeess (a) as in starting regeneration {b):

() If the arrestin-rhodopsin complex is broken up .
by the loss of bound ATP during hydrolysis, then ar--
‘restin might be able to pick up ATP:again and to form

new complexes with other phosphorylated. rhodopsin

'mol_ecule.‘s.. Furthermore, if the hydrolysis energy s
utilized 1o induce confermational changes in the ac- .

tivated rhodopsin, then the ability of transducin in-

teraction might be iereversibly terminated withaut‘any

. permanent contact with arrestin. That means, at high

bleac.hing rates “arrestin’ should be able to stop the
transduction cascade repetitively by inactivating more
'rhodopsm molecules than free arresnn moleculcs arc
available.

¢b) The presumed change in rhodopsin con formatmn _ -

:' induced by the ATP hydrolysis might also be the star-

ting signal for the regeneration process. Thisis e.g. the

‘dephosphorylation which does not take place while ar-
‘restin is bound [31},.and very likely also the docking of
the retinal binding proteins which facilitate the off-

n2.
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