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ABSTRACT

In orderto charaderizethe Rtype ATPaserom Synechocysti6803 [Gésler (1993)et al. J. Mol. Biol.
234, 1284] ad to fadlitate its purification, we expressed an N-terminal 6xHis-tagged version of the
ATPasdn an ATPase dicient E. coli strain. The expressed ATPase was imnmunodeteded as adominant
band of aout 97 kDalocdizedto the E. coli plagna membranes represging aout 20-25%o0f the
membrane protein. The purification of the Synechocysti®xHis-ATPase by sngle-step N-affinity
chromatography under native and denaturating oonditions is descibed. ATPase adivity and the
formation of phosphointermedates verify the full function of the enzyme: the ATPaseis inhibited by
vanadate (1Cso= 119 puM) and the formation of phosphorylated enzyme intermedates $iown by addic
PAGE depedson cdcium, indicaing that the SynechocystiB-ATPasefunctions as a daium pump.

ABBREVIATIONS

EP, phosphoenzyme; IPTG, isopropyl-B-D-thiogdadopyrano-side Ni-NTA, Ni**-nitrilotriacdic add;
PM, plasma nembrane; PMCA, plasma nembrane Ca’*-ATPasa(s); SER, sarco(endo)plasmic reticulum;
SERCA, sarco(endo)plasmic reticulum Ca?*-ATPas¢s), 6xHis, 6x histidine dfinity tag.

INTRODUCTION

The Synechocysti®CC 6803 FATPase (61614 (13))belongs to the supefamily of P-type ATPases
caalyzing the transport of various caions (1) and aminophospholipids (2). All the members contain one
large subunit with several highly conserved domainsrelated to ATP-binding, phosphorylation and ATP-
hydrolysis. Duing their readion cycle, ahigh energy aspatyl-phosphate intermedate (EP) appeas (16),
further, all of them exhibit sensitivity toward vanadate.

Structurdly, the SynechocystiB-ATPase described in (12) belongs to the subfamily of eukaryotic Ca’*-
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ATPass of the SER-type (12). These ERCA (16-18) dffer from the CaATPasef the PMtype (19-
21) in a number of biochemicd and functional properties. The ATPase is most smilar to the
Synechococcug942 C4&'-ATPase(5). Further, the enzyme hasbeen shown to be cotransaibed with a
GTPase gee locaed dwnstream from the ATPase gee (15).

Kinetic and immunologicd investigations of cytoplasmic membranes from Synechocysti$803 have
shown that this P-type ATPase ispresent in very small amounts. Further, the investigation of this enzyme
is limited by the existence of nine P-ATPase genes reveded during the analysis of the entire genome of
Synechocysti§803 (13). Besle the one desdbed here, three more puative Ca*-ATPase gees wee
identified. The other five ATPase gees resanble typicd prokaryotic P-ATPasestwo of them show
striking homologiesto cadnium pumps, and one to the kdpB subunit of the E. coli potassum pump
(14).

Therdore, we developed a heterologous expresson system of the 6xHistaggedSynechocystiaT Pase
in E. coli to prove the assmed cdcium spedficity of this RATPase.The purificaion of the engineaed
enzyme under native conditions ky Ni**-affinity chromatography (11) after detergent solubili zation is
descibed. This method hasbeen proven efficient for a number of soluble proteins but hasnot been used
routinely for membrane-embeddel proteins. The expressd enzyme is adive both in the déipidated and
the membrane-bound form as &own by phosphoenzyme formation and ATPa® adivity. In the original
article (3) spetal emphass is laid on functional differencesto eukayotic C&*-ATPases. Dfering from
this, we destbe here how desyite its toxicity in prokaryotic systems, E. coli can dternatively be used as
asuitable host for the heterologous expresson of members of this superfamily.

MATERIALS AND METHODS

Oligopeptide Synthais and Antiserum Production - Rabhits were imnunized s.c. with 500 ug of a
15-mer oligopegide (anino add resdues 651-664of the Synechocystienzyme (12)) oupled to
keyhole limpet hemocyanin in an equal volume of Freund’s complete adjuvans (Difco Labs., Detroit).
Injedions wee repeded dter 3 weekdn Freund's incomplete aguvans and monovalent antisea were
purified by capylic acd and anmonium sufate predpitation.

Expression & the Synechocysti$803P-ATPase in E. cti - E. coli strains TKR2000 (14) ad M15
(Qiagen) carying the represer plasnid pREP4 (Qiagen) weretransformed with the engineered pasmid
pQE32-8 mnstructed as desdred dsewhere (3).The first 5 aaof the native enzyme (MDFPT) were,
substituted by the sequace MRGSHHHHHHGIRMRARYP. Large-scée expresson cultures (400 or
800 ml SB (SB: 25gbado-tryptone, 15gyeast extrad, 10g KCI per liter)) supdemented with 2%
glucose (w/v), ampicillin (200 pg/ml) and kanamycin (25 pg/ml) wereinoccuated 1:50 with mid-log
precdtures. At a cdl density of 0.4 (550 nm), 10 uM IPTG was addedafter 3-4 h, cdls were
harveged by centrifugéaion, waded wth wasing buffer (1 mM EDTA, 50 mM Tris/d pH 8.0) and
storedfrozen.

Purification of the expressedSynechocystisxHis-ATPase - Cdls were resuspeed in glycerl-

buffer (5ml/g wet weght; 300mM Nad, 30% /v) glycerl, 1 mM [-mercapoethanol, 10mM Tris/Cl
pH 80), and n-octylglucoside (46 mM) or TX-100 (1%) was addedhfter freezng in N, and thawing
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on ice, cdls were sonicated and the expressed gHis-ATPase wasasubilized by stirring for 1h at O°C.
After addation of Ni-NTA agapse (5ml/g wet weght; Qiagen) and 2-th agtation, the resn was packed
into a olumn. For analyticd chromatography, the clumn was waked with glycerol buffer containing O
- 40 mM imidazole and 4.6 mM n-octylglucoside until the Apgo Of the flow-through waslessthan 0.01.
The 6<His-ATPase waslated by a FPLC-medated 0 - 500 mM imidazole gradient containing 0.46 mM
n-octylglucoside. For preparative chromatographies, a third washing step with 60 mM imidazole was
added ad the piotein was éutedby 5 - 10ml of glycerol buffer containing 250mM imidazole.

Slot-Blot and Western Blot Analysis - Aliquots of colleded fradions from the Ni-chelate affinity
chromatography were vacuum blotted onto nitrocdlulose ugng the dot-blot system from Schleicher &
Schuell. Total cdl extrads, recombinant plasma membranes from E. coli TKR2000/pQE32-8 rad
purified SynechocystifxHis-ATPase were separated by 7.5% PAGE of the Laanmli-type (24),
eledroblotted to nitrocdlulose and immunodeteded using the Amersham ECL system.

Phosphorylated intermediates of the Synechocystia®* - ATPase - Phosphoenzyme formation was
performed in 50 pl of ice-@mld medum containing 20 MM MOPS, pH 70, 80 mM KCI, 5 mM MgCl,
with [y*’P]JATP and the speified suppements for 20's. Puified Synechocysti$xHis-ATPase (2 pg
protein) was added ra ater 10 min phosphorylation was temminated by the addtion of 0.5 ml 10%
TCA. After 15 min at 0°C, the pellets were washed once with ice-cold ditilled water. For SDS-gel
eledrophoreses,samples were resuspeded in 10 ul of Papploadng buffer (23)for 10 min at room
temperature using aHamilton syringe. Phosphorylated membranes were separated by 7.5% PAGE of the
Laemmli-type (24); phosphorylated intermediates of the purified 6xHis-ATPase were run on aadic 7.5%
SDSpolyaayamide gds of the Sakad-type (18) at 4C. Gds wae Coomasse dained, died and
auoradograped.

ATP hydrolysis assays - ATPase adivity of the membrane-bound (plasma nmembrane vesicles from E.
coli TKR2000/pQE32-8 (30 - 100g of protein)) or purfied 6His-ATPase (2 7.5 ug of protein) was
measured at 37°C in avolume of 1 ml. After preincubation for 10 min inhydrolysis buffer (50 mM KCI,
50 mM MgCl,, 50mM HEPES/KOH pH7.5) with the spedied suppements the reation was sarted by
the addtion of 2 mM ATP including [y*’PJATP. Aliquots of 300l were draw after 5, 10 ad 15min,
stopped wth 1 M HOAO, on ice and radoadivity of inorganic phosphate wasmeasuredby liquid
scintill ation counting. Plasma nmembrane vesicles from E. coli TKR2000/pQE32 (whout ATPasensett)
show ATP hydrolysis ratesin the sane order asthe blank values(no enzyme addtion); the experimental
data wae mrrededby theseblank values.

RESULTS AND DISCUSSION

Expression & the Synechocysti®xHis-ATPase- Membrane proteins overexpressedn E. coli can be
toxic for the host cdls (25), most likely dueto the assciation of the protein with or incorporation into
vital membrane systems (26). To control expresson grictly, we usedhe expresson vedor pQE32 in
combination with the repres®r plasmid pREP4 (Qiagen). The expresson vedor contains two lac
operator elements which permits in combination with high levels of lac represer provided from the
pREP4 pgasnid, ome antrol over the expresson on the transaiptional level. For cloning, E. coli XL1
Blue (Stratagene)—harboring the lag® mutation and therefore piodudng enough lac repressor—was
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suitable. But this strain was less efficient for expresson nost probably due to its le&ky transcription
before indudion. For the podudion of higher yields and suosequet purfication, the strain
M15[pREP4] (Qagen) was used.
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Fig. 1: Expresson of the Synecdhocystis 6xHis-ATPase in E. coli. (A) E. coli TKR2000/pQE32-8vas gown in SB
medium, and total cell extracts were taken before (lane 0) and 1, 2, 3 ad 4h (lane 1 - 4) dter induction with 10 pM
IPTG. (B) Cdls were harvested after 3h, lysed by sonication and cdlular debris was removed by centrifugaton at
10.000 x g (P1).The suprnatant (S1)wascentrifuged at 100000 x g and the pell et wasresusgended and washed by
centrifugation as before (supernatant = S2, pellet = P2). (C) Aliquots of fractions 12,16 and 18 obtained from an
analytical FPLC-mediated puification (see Fig. 2) were taken for separation. All samplkes were subjeded to 7.5%
PAGE, blotted onto nitrocdlul ose and immunostained with antisera raised aganst the synthesized peptide.

Further, it became obvious that for rea®nable expresson levels, fredly transformed cdls, mid-log
preaultures, and high levels of ampicilin (200 pg/ml) were essaial to maintain construct gability.
Highest podudion of heterologous potein wasobtained usng the rich SB medum suppemented with
2% ducoseto maximize represson of expresson and ealy indudions at & Asso of 0.4.VarnousIPTG
concentrations were tested; mild induction of E. coli M15/pQE32-8 usng 10 uM concentrations of
IPTG leadng to only pattial cleaing of the promoter turned out to be a god compromise between
toxicity and rea®nable expresson yields.
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The SynechocystisP-ATPase was imnunodeteded as a dominant band of about 97 kDa by
immunoblotting of total cdl extrads from TKR2000/pQE32-8 dks (Fig. 1A lane 1). Most of the
recombinant ATPase was found in the membrane fradions (Fig. 1B, lane P2) while only small amounts

were found to be luble (lane S1 ad S2. Usng the geneticdly engineeed grain E. coli TKR2000

(14) lacking the ATPase adivities of both the plasma nmembrane-bound K'-ATPaseof the Rtype @A
kdpABCDES81(9)) and the F-ATPase (AIBEFHA) we were able to use recombinant plasma membranes
diredly for the invedigaion of the membrane-bound enzyme (seeATP hydolysis assay The yield of

total plasma membrane protein obtained was up to 5 mg fom 1g (wet weight) of cdls. Immunologicd
guantitation ugng isolated &His-ATPase as atadard reveded that the mntent of the Synechocystis
ATPaseon the total plagma membrane potein wasbetween 20 and 25%.

Purification of the SynechocystiséxHis-ATPase by Ni-dfinity Chromatography - After
solubili zation of plasma nmembrane proteins of transformed E. coli by non-ionic detergents, the 6xHis-
taggedATPase was pifred by Ni-chelate dfinity chromatograghy (11). Besde TX-100 used under
denaturating conditions, n-octylglucoside turned out to be more dficient than dodecg/l-maltoside or
Twean-20. To avoid dution of contaminating proteins dueto disufide crossdinkages,hydrophobic or

ionic interadions, 1 mM B-mercaptoethanol, 30% glycerol and 300 mM NaCl were added. Binding in a
batch procedure ad sibsequet packng of the resn-protein complex into a @lumn seened to be much

more dficient comparedto the wlumn procedure.To recave higher yields, the binding time was
elongaed upto 4h.
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In analyticd preparéions, most of the 6xHis-ATPaseis duted between 70 and 200mM by a linearO -
500mM FPLC-medated puificaion imidazole gradient (see Fig.2). For large-scde preparations, a step
gradient was applied with a third
extensve wading dep ®ntaining
60 mM imidazle and an elution A ‘--G,adiem A280
sep wth 250 mM imidazole ' ’
yielding in 300 pg of highly
purified ATPase potein (from 1g
(wet weight) of cdls).

A280 Imidazol (mM)
— 500

1400

1300

1200
Under denaturating conditions (8

M Urea/ 1% TX-100) the yield
was threefold higher dueto a
more dficient solubilization and

=100

binding of the 6xHis-ATPase to the o 10 20 30 a0 ¢
affinity matrix. Efficient B Fraction number

purificaion of the engineered

ATPase nder native and RN I L NN RN R R O B R R

denaIuratlve_condltlpns show that Fig. 2: Ni-chelate affinity chromatography of the expressed
the N-terminal Histag of the gnecocysis 6xHis-ATPase.Sonicated cells were treated with 46 MM n-
ATPase is eposed &d easy octylglucoside and bound to Ni-NTA agaose by stirring & 0°C for 3h. The
accesile for the Ni-NTA agaose. agaose was wased with glycerol buffer containing 0, 20 axd 40 mM
imidazole in the baftch, packed into the column and eluted by a linear FPLC-
mediated gradient (0 - 500 nM imidazole containing 0.46 mM n-
octylglucoside). Elution was detected at Apgg (A) and aliquwts of each
fractions were immunodeteded by dot-blot analysis (B).

Phosphoerzyme formation of the

Synechocysti$xHis-ATPase- To

invedigate whether the expressed
enzyme is adive, the isolated enzyme was &posedto [y**P]-ATP wnder dfferent conditions in orderto
form phosphorylated ezyme intermedates (E;P (16)). For phospho-intermediate separation, LiDS-
PAGE at pH 2.4 (6), addic SDS-PAGE of the Sarkadi-type (18) and PAGE of the Laemmli-type (24)
were tested. While LiDS-PAGE resulted in only limited separation, addic SDS-PAGE at an adtual pH of
5.5-7 (18) resenbled a @od compromise between separtion and consewation of the agl-phosphate
linkage. However, Laenmli gels at an actual pH of 9.5 (18) can aso be used to separate phoshorylated
intermediates; loss of radiolabelling could be compensated by longer exposition times.

Biological Procedures nline « Vol. 1 No. 1« May 14,1998+ www.biologicalprocedures.com



M. Geider 76

In the presance of [y**PJATP, the ATPaseforms a 97 kDa posphointemrmedate (Fig. 3,lane 1) which is
strongly cdcium dependent: chelation of cdcium by

EGTA (5 mM) reduces phosphorylation strongly (Fig. 3,

lane 2) supprting the assmption that the enzyme ads as KD a
a C&*-ATPasdn viva. The phosphointermedate is highly

sengitive to higher temperdaures ad to hydroxylamine

(see Fig. 2B in the origina aticle) indicaing an 205 -
agylphosphate linkage.

Furthermore, E,P formation is strongly enhanced by 11§ -
addtion of the degosphorylation blocking La*" (Fig. 3,

lane 3) increasng the dead/ state concentration of 97 4 - L.
phosphorylated intermedate (18). The gabilizaion by )
lanthanum has been described so far only for mammalian

PM Ca’*-ATPass (18) ad the SERCA3 isoform of rat 8 -
kidney (23).

ATP hydrolysis by the Synechocysti®xHis-ATPase - 56 -

Determination of ATPase adivity showed that the

isolated as wk as the membrane-bound Synechocystis

6xHis-ATPa® is adive. In the peseice of cdcium, the 42 -

ATPase divity of membrane vescles iow a linear rate

of 3.16 i 0.30 umol/h x mg of protein; the rates of the

isolated enzyme are @out ten times higher. Considering 1 2 3

an insde-out orientation of membrane-vesicles of about

50% ad an ATPase poportion of 20-25% on total Fi9: 3: Phosphorylated intermediates of the

membrane [rotein, the ATPase atvities of isolated and PUrifie d Synedocystis BxHis-ATPase 2 Hg of the
. isdated enizyme expressedn E. coliand puified by

of membrane-bound enzymes a@e therefore equvalent. pH i chaate chromabgraphy were incubated with

and temperature depedencies of the Synechocystigy®2pjaATP in  MOPSKCI/MgCL,/500 pM  Cé*

ATPase adivity show broad optima (Fig. 4) with an medium (lane 1) suppémented with either 5 mM

dkaline pH optimum as reported for the SERCA3 EGTA (lane 2) or 100 pM L&" (lane 3).

isoform (10). Phosphorylated intermediates of the isolated were
separated on 7.5% PAGE of the Sakadi-type as
described under Materials and Methods
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Fig. 4: pH and temperature dependence of ATPase a&tivity of the expreseed Synedhocystis 6xHis-AT Pase. ATPase

activity of recombinant plasma membranes from E. coli TKR2000/pQE32-8 (5Qug protein) was assged at 37°C at
various [H values (p). Temperatue dependent ATP hydrolysis (®) was dtermined at fH 7.5 ushg 2 ug of isolated

enzyme in hydrolysis buffer plus 100uM Ca&’*. Rates are calculated in percent of the maximum ativity.

Both prepaations siowedonly a cdcium stimulation of ATPa® adivity between 10% and 20% while a
strong C&*-stimulation was found in the EP formation experiments (Fig. 3). On the other hand, addition
of the cdcium ionophor A23187to remmbinant membrane vescles resuted in a 15% stimulation of
ATP hydrolysis indicating a nore stringent cacium dependence of the membrane-bound enzyme. Similar
results have been reported for a microsomal Ca’*-ATPag of yeast(8) and for the ER-locdized C&'-
ATPa® of carot cdls (7). Sofar, we have no indications for a negdive dfect of the N-terminal 6xHis
tagon the folding and adivity of the enzyme in respecto its cdcium spedficity. The physiologicd role
of the hydrophilic N-terminal stretch is unknown, however, a negétive effed caused by the insertion of
the 6histidine resduesis wlikely but cannot be excluded.
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Fig. 5: Vanadate endtivity of ATPase activity of the expressed Synechocystis 6xHis-ATPase. Plasma membrane
vescles fom E. coli TKR2000/pQE32-8 (35 - 50ug protein) were preincubated for 10 min in hydrolysis buffer plus 100
UM Ca®* at 37°C, ogether with varying concentrations of vanadag, and rates of ATP hydrolysis were determined after
addition of [y*P]ATP. Control activity was 3.61umol/h x mgof protein and inhibition is given in percentage of control
rate. The datawere fitted in a sigmoidal Boltzmancurve; 50% nhibition was at 119 uM vanadat.

The expressedATPases sesitive to vanadde -the inhibitor of dl P-ATPases - vih an 1Cso of 119 pM
while total inhibition of the enzyme is obtained by mM concentrations (seeFig.5). The apparst
vanadate affinity is in the same range as found for SER Ca’*-ATPaseisoforms (10, 8) but is much
higher than ICs values for PM Ca’*-ATPases (2-3 pM, (19)). The Ca?*-ATPasefrom Synechoccocus
7942 sems to be more saditive to vanadde; its cdcium transport is totally blocked by 250 uM
vanadate (5).

To our knowledge vith the Arabidopss H'-ATPaseisoform AHA2 expressedn yeastonly one further
example descibing the expresson of a Hs-tagged PATPase rists (22). Recetly, the turgor sensor
subunit kdpD of E. coli was expressecdas Hs-taggedversion (4). However, our resuts demonstrate that
E. coli can be used asost for the expresson of afunctional P-ATPa® if severa precaudions regading
its toxicity are undertaken. Further, the here desdbed method might dso be uséul for adieving
purification of other Rtype ATPases. @mpared to other expresson systems like yeas, bacuovirus or
mammalian cdl cultures, the E. coli host has many advantages in resped to its easy handling, short
reprodudion time, ad low costs.
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