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Bovine callindin 9K has been congugated to o bifunctional, photaactivatable ceavable and radioactive cross inker 1t has been photolyzed in

the presence of preparations of the purified ¢rythrocyte Cad™ pump, nd shown to nteract with itin the presenie of Cut* The uthnuy of the

interaction has been studied using the fluoresience enhuncement of dansylited caltindin 9K incubated with the synthetic calmodulin binding do-

main of the pump Twao versions of the domuin have been used, one corresponding to 1ts {ull length (28 residues), one to ubout 2/3 of 11 (20 residues)
The athmity of the interaction was between S and 10 times lower thun i the wise of calmodulin

Calbindin, Caluum pump. Caloium transport

1 INTRODUCTION

The Ca?* pump of the plasma membrane 1s normally
assumad ‘o be acuvated by calmodulin [1,2], but a
number of alteinative compounds and procedures,
some of them possibly physiologically sigmificant, have
also been shown to produce activation [3~11] A recent
report has claimed stimulation of the ATPase 1n rat
duodenal basolateral membrane-enriched fractions by
the vitamin D-induced Ca?* binding protein calbindin
9K, which 1s a structural analogue of calmodulin [12].
The stimulation occurred at physiological concentra-
tions of calbindin 9K, was not additive with that given
by calmodulin, and was only observed in the absence of
EGTA 1n the incubation medium. Whether calbindin
interacted ditectly with the pump, or whether 1t bound
Ca?' to be delivered preferentially to 1t was left
undecided by these experiments. It could also be men-
tioned that preliminary experiments on the purfied
erythrocyte pump have failed to show sumulation by
calbindin 9K [12]

The calmodulin binding domain in the erythrocyte
ATPase has been identified and sequenced using a
photoactivatable, radioactive, cleavable cross-linker
conjugated to calmodulin [13]. The domain has a
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predominance of positively-charged amino acids, and
shows propensity to form an amphiphilic helix as in the
putative calinodulin binding domains of calmodulin-
modulated proteins Since calbindin 9K 1s an EF-hand
type protein analogous to calmodulin [14] it appeared
possible that it activated the pump by 1nteracting with
the domain that binds calmodulin, The work described
here has tested this hypothesis by conjugating calbindin
9K to the same cross-linker that was used to identify the
calmodulin binding domain, and by sequencing the
labelled peptide. The results have shown that calbindin
9K indeed interacts with the calmodulin-binding do-
main of the Ca?* pump.

2. EXPERIMENTAL

2V Marerials

All reagents used were of the highest punty grade available All
chemicals except those specifically mentioned were purchased from
Fluka AG (Buchs, Switzerland) Hepes and EGTA were purchased
from Sigma Chemucal Co. (St Louis, MO, US4) The dialysis tubing
was purchased from Spectrum Medical Industries (Los Angeles, CA,
USA) The radioactive labelled cross-linker (the Denny Jafte reagent
[15,16]) was obtained from New England Nuclear (Newton, MA,
USA) Bovine calbindin 9K was expressed in £ colt from a synthetic
gene encoding the minor form A of calbindin 9K as previously
described [17]

22 Methods

2 21 Preparation of dansyl-calbindin

045 mg of calbindin 9K were dissolved in 09 ml of 20 mM
NH;HCO- buffer, pH 74 The Ca®*-concentration was adjusted to
5 mM 13 ul of a stock solution of 1 06 mg/ml dansylchloride (Sigma
Chemical Co , about 96%%) 1n acetone were added to the dissolved
calbindin (50 ! fina! dansylchlonde concentration) The mixture was
left at room temperature for 1 5 1 and vortexed every 20 min Prior
to dialysss, the tubing (cut-ot f size 3500 Da) was incubated in 20 mM
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bufter and kept 1 a5 mg ml solution at polyvinyIpyirolidone
A0 KDa 1o prevent absorpiion artifacts The latter was dissolved ma
stall volume ot aeetic aeid o obain adeat solution The tubing was
saakhed for 20 mun and rmsed exhaustively in distilled swater g
20 m™M buffer

Dialysis was carried out ovanight against 3 x 2 higres ot butfe
Betore and after dialyss the solution was verdnfuged to remose dust
and sohds formed durimg the reaction  Absorphion nieasurements at
320 nm using & molar extinction cocfhivient of 400 Mo Y (18]
showed about 10% meorporetion of dansyt gtoups mto walbindin
10 gl of this solution (20 mM ammoma buffer, pH 7 § 10 Y wl Hepes
buffer were ued 10 edeh titration expermment  Fhe concentration of
dansyl calbindim in all expaments was 165 nM

A S0 .M solution of dansy! calbindin was used (standardized Ly
Ao acid analysis) 10 21 of this solution (20 mM ammona bufier,
P17 4)in 3 mlot Hepes butter was used tor one ttration experiment
(167 nM vulbinchin)

222 Peptide synthesn

Pepudes C20W  (LRRGQII Wi RGENRIQTQIR) and € 28W
(L RRGQILWI RGLNRIQTQIRV VNI $8%) coriesponding to 1 part
(C20W) ar the enure (C28W) calmodulin binding doman of the
plasma membrane Ca** pump [17] were synthesized on an Apphied
Hiosystems peptide synthesizer model 431 (I oster City, CA,L USA) us
ing the Fmoe tBU strategy wath 1-methyl 2-nurealutone for couphng
and washing aecording to the standard protovol fou tae synthesiner
Detwils of the synthests, deprotection and purificanon are deswnibed
ehaewhere [19)

223 Tluorescence measurements

Fluorescence measurements were performed with a SPEW
tluorolog 1680 (Metochen, NJ, USA) double spectrofluorometer
wonnected toa DMIB coordinator Quarts cuvettes »with a path length
ot 10 1am and a volume of about 3 0 ml were used Dilution effects
were <30% and the temperature of the sample was hept at 26°C

The dansyl moiety of calbindin was escited at 340 nm and the pep
tides were then added The resolution ot  the escitation
monochromator was sct at 8 nMM and the samples were only stirred
after the addition of the peptides dissolved in double-distilled water
Spectra were recorded from 400 to 550 nm The turation of the
fluorescence enhancement was performed by recording ermmission at
425 nm One data point corresponds to fluorescence intensities in
tegrated over a total integration time of 5 s after equilibration of the
mixture For the determination of the aftinity constants the data
points were calculated according to Stinson and Holbrook [20] since
the method 15 more suitable for the determination of boundaty values

224 Labelling of calbindin

Calbindin was labelled using a modification of the manufacturers
mstructions It was dissolved (1 mg/ml) in a solution containing
0.8 vols DMF and 0 2 vols of 15% TMA 1n water The reaction was
terminated atter incubation for 2 h in the dark at room temperature
by addition ot a 100-fold molar excess of glycine Unreacted label was
removed on a Sephadex G-25 column in 01 M phosphate, pH 7 4
The fractions were stered 1n the dark at -20°C The specific activity
of the resultant protein (DJ-calbindin) was 10 mC1/mmol

225 Cross-inking ot the Ca?" pump

The erythrocyte Ca® -ATPase was isolated esseLtially as described
in [4] 1n a bufter contaiming 130 mM NaCl, 20 mM Hepes-NaOH, pH
72,1 mM MgClz,2 mM DTT, 0 05% (w/v) Triton X-100 (buffer A)
Cross-linking to the ATPase was performed by pre-incubating the
DJ-Calbindin withthe ATPasc for $ min The solution was then plac-
¢d 10 em in front of a mercury arc lamp with a saturated copper
sulphate solution (hght path about 2cm) to filter out light of
<300 nm, muluple additions of calbindin being required to raise the
labelling efficiency Cleavage of the calbindin from ATPase was
achieved by 2 hincubation at room temperature with three additions
of 100 mM sodium dithionite, followed by chalysis against 10 mM
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phosphate buffer, 190 Triton N 100 and 100 A ditliomite (with
SOU00 KD cut off haly sis tubangy

A preparanion af labelled AlPase () was aedueed and
alky hited with odaacetite i 6 A puanidinmm Jhloside as described
w [21) Favess reagent and guanidinium hlonde were removed by
dubysis apainstseverabuhuanges o1 1% Trion \ 100 Subseyuentls the
ALPase was preapitated with trichlaroacetic aud (Nl voneentras
ton 8% and washed fist with icetone HET wina then with oyelohess
ane o remove hipieds aind detergents  The Al Pase was solutnhized
campletely by semcation in 70%e tormic aud and cdigested with ¢ NI,
under mitrogen atioom temperatute for 24 himthedarh The reagents
were removed by blowimg wath o stie un of dry titrogen w4008 o
avhiev o bl volume ot 200 40 and then § mib of water were added
the provedure bang rencated 3 times The digest (2 ml) was then ven
tifuged o remove particulate matter and getad onto v HIPEC
svatemy The reversed phase buffers used wete (A) 01% T1A
water, (4) 100%0 n-propanol, (€ ) 50%0 acetonutnle and 0 1% Il A in
Wit Chromatography swas afied out using & Machery and Nagel
(Oensingen, Swatzertand) C 18, W00 A, 7 4m nucdvosy) resernsed phise
(250 = 10 mm)  senu preparatine  calumn, and a4 Brownlee
Paboratories (laster City, CA, USA) C.8, 300 A, 7.m (30 «
2 1 mm) nuvrobore column [he domaim was abo isolated by passing
the CN digest dissolvad i butter A oser 4 mivo calmuodulin ol
umnon the presence o1 100 2M Ca? - The column (bed volume 200 4]
UL pasteur pipette) was then washed m the same bufter and the pep
tide cluted wuth an 2 M urea solution contuming 2 mM LGTA The
peptide was recovered by desalting on the C 8 column

226 Proten determmation

The protein concentration ot the samples was determimed with o
moditied [22] method of Lowry ¢t al [23], using bovine serum
albumin as o standard

3 REGSULTS

31 Cross-inking of calbindin 9K to the isolated
erythrocyte Ca’*-ATPase

DJ-calbindin bound to the ATPasc in the presence of
#M concentrations of Ca®*, but cross-linked only weak-
ly n the presence of EGTA (Fig 1) The binding was
competitive with calmodulin, which evidently bound to
the pump with greater affimty, since it prevented the
binding of DJ-calbindin even when the latter was pre-
sent in a 1000-fold excess (not shown). After labelling
with DJ-calbindin the isolated Ca?>" pump after
modification and digestion as detailed in Section 2 pro-
duced a single radioactive peptide. The latter was
isolated on the semipreparative HPLC column, purified
on the microbore and the micro-calmodulin columns
(sec Section 2) and sequenced. The HPLC peptide pat-
tern repeated exactly that obtained during the iden-
tification of the calmodulin binding domain in the Ca?*
pump using DJ-calmodulin [13]. In agreement with
this, the sequence obtained

E-L-R-R-G-Q-I-L-W-F-R-G-L-N-R-1-Q-T-Q-1-K

corresponded exactly to that of the calmodulin binding
domain cf the pump

3.2. Interaction of calbindin 9K with the synthetic
calmodulin binding domain of the erythrocyte
Ca**-ATPase

The utration of dansyl-calbindin with the shorter
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ATPase —psn =l e
125 kDa”

1 2 1 2

g 1 Interaction ot D1 caltindin with the ety throcste Ca?* pump
The detals of the esperiment are found i Seution 2 Photolysis was
wartied out tor 2 mm usimg 11 I molirratio of A TPase to vallindin,
and 200 gy of protein were loadad on ¢ach lane Panel A shows 4 7%
SDS polyaciviamade ged staned with Coomasste blue  Two protem
bands are viuble  the man band (about 138 hDa) 15 the intact
ATPase, the tamtly visible band (about 124 kD) s a4 walpan
prateolyss product normally seen i purified A TPase preparations
Panel B s the ATPase photolysed together with DI calbindin (Lane
1) 10 the presence of 100 M Ca*', (lane 2) m the presemee of 2 mM
LGTA m bufter A (see Section 2)

synthetic calmodulin binding peptide C20W 1s shown 1n
Fig 2 Pirevious worh has shown that the affinity of
peptide C20W for calmodulin (1 ¢ the Ay), although
not as high as that of peptide C28W, 1s still in the mM
range [19] Since C20W 15 easier to handle, 1t was used
pteferentially, The titration was completed n the low
#N1 concentiation range' the maxmum at 424 nm
showed an cnhancement factor of 1 4 (Fig. 2A). In the
absence of Ca®* the titration with this peptide could not
be completed within the experimental hrmits for the
titration, but the spectrum was essentially identical to
that recorded 1n the presence of Ca®* (Fig. 2B), show-
ing an enhancement factoi of 1.5 with 3 4 «M pepuide.
At a peptide concentration of 3.5 4M a small red shift
of ithe maxiraum was observed Pepude C28W produc-
ed essentially the same results, but the fluorescence
enhancement at 424 nm was somewhat smaller (1 3)

3 3 Determmation of the affinity constants for the
tnteraction of calbindin 9K with the synthetic
calmodulin binding domain of the erythrocyte
Ca’*-A TPase

Fig. 3A shows plots of the relative fluorescence of
dansyl-calbindin incubated with various concentrations
of the synthetic calmodulin binding domain in the two
versions C28W and C20W, as expected, the interaction
was Ca’*-dependent. The points in the titration curve
obeyed the equation discussed in Section 2, resulting 1n
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g 2 (A) Cssion spectrum ot dansy! caltundin after comples
formation with peptide C20W 1n the presence of €a2* Excitation was
performed at 330 nm The fgnre shows the eimssion spectrum of
Ca**bound  dansyl-catbindin ¢ ) and  of the peptide
C20W/dansyl-calbindin comples i the presence of Ca** (-~ ~=~) The
solution contained 165 nM dansyl-calbindin and 1 7 mM peptide
C20W (B) Cmussion spectrum of dansy! calbindin afier complea
tormation with peptide C20W 1n EGTA solution (I mM) The figure
shows the emission spectrum of dansyl-cilbindin (-—) 1n EGTA
solution, and of the peptide C20W/dansyl-calbindin complex 1n
EGTA solution (---) The solutnon contamned 165 nM dansyl-
calbindin and 3 4 4N peptide C20W

a straight line consistent with a 1:1 binding
stoichiometry Fig. 3 shows representative expeliments
from which Kus of 17 8 and 46 «M for peptides C28W
and C20W, respectively, were calculated A series of ex-
peniments under 1dentical conditions produced values
of 20 = 4 nM and 42 + 6 nM for peptides C28W and
C20W, respectively. Therefore, the affinity of the
calmodulin binding peptides for calbindin is up to
10-fold lower than for calrnodulin [19].

4. DISCUSSION

The plasma membrane Ca?* pump is responsible for
the maintenance of the Ca®* homeostasls 1n eucaryotic
cells Although the Na*-Ca* exchanger may also play
a role 1n the process, and perhaps even take primacy in
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fig 3 Titration of calbindin with the catmoduhin Linding peptides
(A) Dansyl calbindin (165 nM) was utiated with the calmoduhin
binding peptides C20W (0—a) and CL8\W (m—a ) in the presence of
Ca*” and with pepude C20W 1 the presence of EGIA (e—e)
Cxatation was performed at 330 um  The relatne fluoreseence
miensities are  plotred agamst the 1ano  between  the total
concentration of peptuide and the total concentration of dansyl
calbindin, as given by one representative titration esperniment The
data pomnts were recorded as outhned n Section 2 (B) Titration
curves of peptide C20W (0—0) and C28W (#—-8) 1n the presence
of Ca®* 165 nM dansyl-calbindin was titrated with the corresponding
peptides The data points were recorded and the fracnonal degree of
saturation of dansyl-calbindin (alpha) was calculated as outhned in
Section 2 The plot of 1/(1-alpha) against the free concentration ot
peptide {(expressed as nM) divided by alpha results 1 a straight Line it
a 1 1 complex 1s formed and the utranon endpoint 1s correctly
estimated The zero intercept on the a-axis refers to the total dansyl-
calbindin (165 nM), and serves as a control The reciprocal of the
slope gives the affinity constant  The plots describe one representative
experiment out of 4 titrations The calculated X values were 46 nM
for peptide C20W and 18 nM for peptide C28W

it 1n some tissues, i.e. excitable tissues, 1t 1s generally
assumed that the Ca®* pump 1s the prime agent in the
ejection of Ca’* during the normal life of most cells.
This is clearly a task of vital importance, and it 1s thus
not surprising that the pump should be modulated by
the numerous means mentioned 1n Section 1 Of all
these means calmodulin 15 considered to be the most im-
portant in vivo, although acidic phospholipids [24] and
kinase-mediated phosphorylation [9] are also rapidly
becoming very plausible agents for in situ modulation.
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The matter of ¢albindin s mote conypley, since stimula.
tion ol the pump by it has anly been seen so La with
preparations ot intestinat plasma membuines undel
special conditions 12}, In addition, prehminary oxe
periments, m this laboratory (LR Walters, unpublish-
cd) have frled to shaw sumulation of the purihied Ca®”
pump of civthiovyte by calbindin 9K, Posybly, calbin-
dintstimulatton ot the pumpas specttin for the nitestine
and could retlect the evistenve of ane o1 more mtestine-
specue isoforms ot the pump [25-29)

[he wotk presented here has shown unambiguously
that calbindin 9K mteracts with the puntied ervehiooy te
Cat pump in the presence of Ca*’, recogmisimy the
st domain i the pump which s recognized by
calmodulin, Che latter  comipetes suceesstully with
calbindim 9K for the binding domam, i hne with the
finding that the affimity of the synthetic calmodulin bin-
ding domam tor calbindin 9K 15 =10 tynes lower than
tor calmadulim, Thus, unless the atfinity ot the putative
mtestinal isotorm of the pump tor calbindin s much
higher, arole of calbmdin 9K s anin vivo regulator of
the pump would appear unhkely. On this, however, a
word of caution is appropiute, singee the congentiation
of calbindm in imtestinal mucosa ¢ells could be much
higher than that ot calmodulin {30]
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