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Influence of Divalent Cations on Nucleotide Exchange and ATPase Activity of
Chloroplast Coupling Factor'1
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ABSTRACT. The ATPase activity of the catalytic part of ATP synthases is inhibited by fre&" Mayen
though MgATP is the substrate. Here we show that the inhibition of the MgATPase activity of chloroplast
coupling factor 1 deficient in its subunit (Ck-¢) by Mg?" is complex. The hydrolysis of MgATP by
CF1-¢ that contains tightly bound ADP, but no bound #gis initially rapid and decreases within about

1 min to a steady-state rate. The bound MgADP content gf€Oas varied. The initial fast phase of
MgATP hydrolysis is eliminated when the molar ratio of MgADP to,&Fapproaches 2. Loosely bound
Mg?" also affects the initial kinetics of the enzyme that contains bound MgADP. At molar ratios of
bound MgADP to enzyme in excess of 1, the initial ATPase activity was low and reached the steady state
after about 30 s. Free My in the assay mix also inhibited steady-state ATP hydrolysis by all forms of
the enzyme. The results are consistent with a model in which tw& Mipd cooperatively, probably to

the dissociable nucleotide-binding sites oni;&€FThus, four different nucleotide-binding sites may be
involved in the inhibition of the MgATPase activity of Gle. Three of these sites are potentially catalytic,
and the fourth may be regulatory. The exchange of bound trinitrophenyl-ADP induced by the addition of
MgATP or CaATP was found to be fast enough for the site to be involved in catalysis.

The chloroplast ATP synthase, GEFR,,* synthesizes ATP
from ADP and P driven by the electrochemical proton
gradient across the thylakoid membrane, @Fintegral to
the thylakoid membrane, whereasCthe catalytic portion

by incubation of CEwith sulfite or with high concentrations

of P, (3). N4 exchanges much more slowly than Ng). (
Tightly bound MgADP is a strong inhibitor of the ATPase

activity of FATPases in solutiong). Drobinskaya et al.g)

of the complex, is soluble when released from the membrane.showed using nucleotide-depleted mitochondrigkAF,)

CF in solution hydrolyzes rather than synthesizes ATPR (

CF, contains the six nucleotide-binding sites of &F.
Of these, four are tight binding sites for adenosine di- or

that MgADP rather than ADP alone or Nigalone caused
the observed inhibition, and concluded that the inhibitory
MgADP was at a catalytic site. Milgrom and Muratali€g) (

triphosphates, where “tight” means that bound nucleotide is determined that there are two tight binding sites for ADP

not readily removed by gel filtration or dialysis. Two of the
sites, N2 and N5, are noncatalytic and will only bind ATP
or AMP—PNP tightly, requiring Mg" for tight binding @).
The remaining tight sites are N1 and N4. Isolated G&s
approximately 1.5 mol of ADP/mol of enzyme distributed
between these two site8)( Although dissociation of ADP

on MF,;, one of which had very high affinityky = 4—5
nM) that they assigned as the inhibitory MgADP site and
the other with aKy = 200 nM that they concluded is a
catalytic site. As MgATP is hydrolyzed by MFthe rate of
hydrolysis declines to a steady-state value. Muratal&gv (
determined that the MgATP concentration for the half-

bound to either N1 or N4 is slow in the absence of nucleotide maximal rate of inactivation was—b times lower than the
in the medium, when medium nucleotide is present they may Kn for ATP hydrolysis and concluded that both a catalytic
undergo exchange. Bound ADP is released relatively rapidly and noncatalytic binding site were involved in inhibition.

as medium nucleotide binds elsewhe®. (The exchange
properties of N1 and N4 are quite different. TNP-ADP in
N1 exchanges readily for medium ADP, AMIPNP, and
ATP (4). This site can also be emptied of bound nucleotide
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Free Md@" in the reaction mixture inhibits steady-state
ATPase activity 8, 9). Guerrero et al.9) noted that the rate
of the onset of MgATPase activity inhibition was slow
relative to enzyme turnover and concluded that inhibition
was the result of slow binding of free Mgto the catalytic
site containing tightly bound ADP. However, as MgATP is
the substrate for ATP hydrolysis, it seems that each turnover
must result in MgADP at the catalytic site unless#igan
dissociate together with; P

The rate of the initial exchange of ADP-bound N1 in heat-
activated Ckwas found to be much slower than the steady-
state rate of catalysis, leading to the conclusion that the N1
site could not be catalytic even though it was capable of
hydrolyzing ATP @). Further investigation suggested that
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only the first turnover of exchange was slow; during steady- time was also monitored using a continuous spectrophoto-
state CaATPase activity, exchange was found to be fastmetric assayZ0), in which R production is measured as a
enough to be part of catalysis. Also, the initial CaATPase shift in the absorbance at 360 nm of 2-amino-6-mercapto-
activity was found to be slower than the steady-state rate, 7-methylpurine ribonucleoside (MESG) when it is phos-
leading to the suggestion that the first release of bound ADP phorylitically cleaved by purine-nucleoside phosphorylase.

was part of an activation of GRand that N1 was in fact a
catalytic site 10).

MESG was synthesized using the procedure ir2eexcept
that the silicic acid column was not used. Nucleoside

The question of whether exchange from N1 was fast phosphorylase was from Sigma (St. Louis, MO).
enough to be part of the catalytic mechanism was revisited To avoid the error inherent in numerical differentiation,

with studies of sulfite-stimulated MgATPase activity1(
12) of CF; bound to thylakoids with opposite conclusions
being reached. Du and Boyet2) found a lag in the onset

we fit the curves from the continuous spectrophotometric P
assay directly using nonlinear least-squares analysis and the
activities calculated from derivatives of the fits. It is the

of MgATPase activity that corresponded to the time that it calculated activities that appear in figures in which activity
took to exchange much of the tightly bound exchangeable is plotted as a function of time. All of the equations used

ADP, whereas Larsen et al. in a similar stuti)(saw no
such lag.

By selectively loading the tight binding sites of Cwe
have shown that binding of MgADP to both N1 and N4
contributes to ATPase inhibition, with the maximum inhibi-
tion from tight binding of MgADP obtained when both sites
contain tightly bound MgADP. In addition, free Migin the

were determined empirically and are given under Results.
The bound nucleotide content of Cwas measured by
ion-pairing high-pressure liquid chromatography, using the
procedure of Moal et al.2() with samples prepared as
described%). The relationship between the integrated peak
area and the nucleotide quantity was determined for each
experiment using nucleotide standards of known concentra-

assay mixture further inhibits the rate of steady-state ATPasetion. Bound Mgt was measured using atomic absorption

activity. Analysis of the inhibition suggests that two coop-

eratively interacting sites for free Mgare involved. These
sites are likely to be the dissociable sites, N3 and N6.

spectroscopyd).
CFi-€ and Ch-¢-NT at 10-40 mg/mL were loaded with
TNP-ADP by incubation in 50 mM Tris-HCI (pH 8.0), 5

The initial variations in the rate of MgATP hydrolysis by mM EDTA, and 0.5 mM TNP-ADP for 3650 min at room
CF, with time are shown to depend strongly on the temperature. Excess and loosely bound TNP-ADP were
occupancy of the nucleotide-binding sites, as well as on theremoved by passage of the enzyme through two or three
content of the reaction mixture. Comparison of the rate of consecutive Sephadex G-50 columns equilibrated with 5 mM
exchange of nucleotide in N1 with the time course of ATPase Tris-HCI (pH 8.0). The extent of TNP-ADP loading was
activity under the same circumstances demonstrates that theletermined by the absorbance of tightly bound TNP-ADP

loss of tightly bound nucleotide from N1 is kinetically
consonant with the activation of @&nd that, in the absence
of tightly bound ADP, the enzyme is already active.

EXPERIMENTAL PROCEDURES

CF, was prepared from market spinach by the procedure

described in Shapiro and McCart®2)( with modifications
described in refd3 and 14. CF-¢ was prepared according
to the method of Richter et all%), with modifications
described in Soteropoulos et al§f. CF-¢ was stored at 4
°C as a precipitate in 50 mM Tris-HCI (pH 8.0), 1 mM ATP,

and 50% saturated ammonium sulfate with 5 mM EDTA to

remove bound MY. CFi-¢ depleted of its endogenous
nucleotide (Cl¢-NT) was prepared as in Digel et ab)(
except that 25 mM N&SO; was added during the incubation
with alkaline phosphatase. The presence of theSRa
facilitated the removal of bound ADP without affecting the

ATPase activity. Buffer solutions were passed through a

column of Chelex 100 resin to remove residual ¥gnd
were stored in plastic. the Gl concentration was deter-
mined by the Lowry methodl().

at 418 nm using an extinction coefficient of 2.5110* M1
cm™! (22) and blanked against Gf at the same concentra-
tion that had not been loaded with TNP-ADP. The concen-
tration of free M@* in a mixture with ATP was calculated
using a program by Grunwald and Lemastet3)(

Binding of TNP-ADP as well as exchange of tightly bound
TNP-ADP with nucleotide in solution was observed by
measuring TNP-ADP fluorescence. The fluorescence of
TNP-ADP increases linearly with the amount bound tg-€F
(12). Fluorescence measurements were made using an OLIS-
modified SLM/Aminco SPF-500 spectrofluorometer. The
excitation wavelength was 418 nm and the emission wave-
length, 560 nm. Exchange was initiated by stopped-flow
mixing. All ATPase assays and fluorometric exchange
measurements were carried out at°Zh

RESULTS

To monitor changes with time of MgATPase activity of
CFi-¢, we used an assay in which ADP formation was
coupled to NADH oxidation. By using this assay, we
observed a lag in the initial rate of ADP production by

Steady-state MgATPase activities were in some casesMgATPase activity §). Direct addition of a relatively large
measured using a coupled enzyme assay as described in redmount of ADP to the reaction mix resulted in rapid initial

5. The variation of the ATPase activity of Gk and Ck-

NADH oxidation, suggesting that the lag observed in the

e-NT over time was also monitored by measuring the amount presence of Cfe was attributable to an activation of the

of P, produced over different time intervals following the
addition of Ch-¢ or CF-¢-NT to a solution of MgC] or
CaCb and ATP in 50 mM Tris-HCI (pH 8.0). ifbroduced
was determined by the sensitive malachite green adsly (
with modifications (9). ATPase activity as a function of

activity of the Ch-e. The experiment was repeated using
direct measurement of the ffoduced by the malachite green
colorimetric assay. Upon addition of Migdepleted Clre

to a reaction mix containing 1 mM Mggand 5 mM ATP,
the MgATPase activity is initially rapid and decreases over



Nucleotide-Binding Site Properties of CF1 Biochemistry, Vol. 37, No. 49, 19987211

4 0.25 ey
] [ 2a]
w3.5 = £
w ) € 0.2
(&) E 8
m 4
] o«
E2S5 E - 0.15
£ Lf ; i
= g o1
51.5 E € 0.
2 4t 2
E s E 20.05
= [ al-
0.5[m <
ob . i ol 0
0 100 200 300 400 500 600 0 50 100 150 200
Time (s) Time (sec)
Ficure 1: Activity as a function of time as determined by two
different assay methods. Spectrophotometric assay with 5 mM ATP, L R B e e
2 mM MgCl,, 200uM MESG, 5 units nucleoside phosphorylase, 2b

and 20ug of Ch-€ in 50 mM Tris-HCI (pH 8.0), 1 mL total volume
(solid line). (squares) Colorimetric malachite gregnaBsay of
aliquots of a stirred mixture containing 5 mM ATP, 2 mM MgCl
50ug/mL Ch-€ in 50 mM Tris-HCI (pH 8), 50 mM NacCl (squares).
Both reactions were initiated by addition of C& Note that ATPase
activity is plotted as a function of time.
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about 1 min to the steady-state activity observed with the
coupled enzyme assay (Figure 1). Thus the lag in MgATPase
activity of Ch-¢ reported previously) is very likely an
artifact caused by the coupling reactions, possibly the need

to accumulate a reservoir of ADP to drive the regeneration T T e e s

of ADP to ATP. mol bound MgADP/mol CF -¢
For continuous monitoring of ;Rproduction, a spectro- . 2 (@) A f Pproduction for C-c with different bound
: e H IGURE 2. (@) Assay O roauction tor € WI Irerent boun
photometric assay requiring nucleoside phosphorylase andMgADP content, Assays contained 5 mM ATP, 2 mM MgC00

MESG was usgd. Althou.gh there is no regeneration of AD!D #M MESG, 5 units of nucleoside phosphorylase, ang@@f Ch-¢
to ATP using this assay, it has the advantages that nucleosiden 50 mM Tris-HCI (pH 8), 1 mL total volume. Samples of GE

phosphorylase does not require M@nd is not sensitive to  were loaded with tightly bound MgADP (mol/mol of Gf) as

Mg?* or C&" at the concentrations used in the MgATPase follows: 0.14 (solid line), 0.36 (closed circles), 0.67 (closed

: : : : squares), 0.95 (diamonds), 1.26 (triangles), 1.46 (open circles), and
and CaATPase reaction mixes. Also, it requires only one 2.03 (open squares). Data points were taken 1/s. Symbols are to

enzyme. The time course of production by Ci-e¢ in the distinguish between data sets. Absorbance of the reaction mixture
presence of 1 mM MgGland 5 mM ATP determined by  at 360 nm prior to the addition of the enzyme was subtracted. (b)

the continuous spectrophotometric assay was similar to thatDifference between the initial and steady-state MgATPase activities
obtaned by malachitegreen assay (igure 1) By both assay! Ces 2.8 R ot houns Meat coment The el e
ATPase activity was rapid at first and declined W'thm a_b(_)l_ﬂ in part (a). The difference between the initial and steady-state
100 stoa Steady-State Value abOUt 7% Of that n the |n|t|a| aCtIVItIeS |S p|0tted against the bound MgADP content.
stage of the reaction.The fir§ s ormore of each spectro-
photometric assay are lost to mixing. Where presented, datarate at which the activity approaches the steady state is
for initial activities ¢ = 0) are extrapolated from nonlinear slowed by the presence of tightly bound ADP. The half-
least-squares analysis. The extrapolated initial activities weretime for decay to the steady-state activityssas in asample
20% or less higher than those directly observed in the assaythat contained 0.21 mol of ADP/mol of Gland 14 s in a
In some cases, the initial activities were less than the steady-sample that had 1 mol of ADP/ mol of GF
state activities. Dramatically different results were obtained with the
Samples of CFe that contained varying amounts of bound enzyme that contained tightly bound MgADP. As the amount
ADP were produced by incubating nucleotide-depleteg CF  of tightly bound MgADP increases, the initial activity,
(0.14 mol of ADP/mol of CIr¢) with increasing sub-  assayed in the presence of 5 mM ATP and 2 mM?Mg
stoichiometric amounts of ADP in a buffer of 50 mM Tris- decreases (Figure 2a). Note that the data in Figure 2a are
HCI (pH 8.0), 1 mM EDTA fa 1 h before passage of the presented as the absorbance of the assay mixtures at 360
enzyme solutions through two Sephadex G-50 centrifuge nm, the wavelength at which the difference in absorbance
columns equilibrated with 50 mM Tris-HCI (pH 8.0). A by the MESG and its phosphorylytically cleaved product is
fraction of each sample was then incubated with 1 mM maximal. The change in absorbance at this wavelength is
MgCl,, 50 mM Tris-HCI (pH 8.0) before passage through proportional to the Pconcentration. The initial activity,
two more centrifuge columns. This protocol has been shown calculated from fitting the data shown in Figure 2a to either
to produce samples with only as much bound?Mas ADP bi- (0.14 and 0.36 mol of ADP/mol of G} or mono- (all
(3). Neither the initial rate of MgATP hydrolysis nor the other samples) exponential decays, approaches the steady-
steady-state rate was affected significantly by the content of state activity as the ratio of ADP to Gf approaches 2
tightly bound ADP itself (data not shown). However, the (Figure 2b). Thus, the loss in activity of the enzyme that

umol P /min/mg CF -¢
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FiIGURe 4: Activity of CF-e with different [Mg?*]. Assays
contained 5 mM ATP, varying [M{], 200uM MESG, 5 units of
nucleoside phosphorylase, and#fof CF-¢ in 50 mM Tris-HCI

(pH 8.0), 1 mL total volume. At each Mg concentration activity

containing tightly bound MgADP. Assay conditions were as \yas measured for 600 s. Activities were calculated from fits of the
described for Figure 2a, except that samples were incubated withyata The activities at 10 s (solid diamonds), 30 s (filled squares),

1 mM MgCl, for 8 min prior to initiation of activity. Aliquots of

60 s (open diamonds), and 600 s (open squares) are shown.

the samples were added directly to the assay mixtures. Only three

of the runs are shown. The MgADP contents (mol/mol of;)CF

were: 0.14 (open circles), 0.95 (open squares), and 2.03 (closed?0und MgADP was observed (data not shown). Thus, the

circles). The inset shows the first 50 s of the reaction. The
lowermost curve in the inset was offset for clarity. Data points were
taken & 1 s intervals; the symbols are used to identify the curves.

does not contain tightly bound Mgis likely the result of
the binding of M@" from the assay mixture to bound ADP
as well as the filling of empty sites with MgADP.

The incubation of the samples that contained varying
amounts of tightly bound MgADP with free Mg prior to

assay also had dramatic effects on the MgATPase activity.

In these samples, excess and loosely boundNgere not

removed prior to assay. Pretreatment of nucleotide-depleted

CFp-¢ with Mg?t does not affect the initial or final MgAT-

Pase activity. Incubation of the enzyme samples that

contained bound MgADP with Mg further inhibits ATPase
activity (Figure 3). The rapid, initial phase of the reaction is

eliminated by the pretreatment when the stoichiometry of

bound Mg ADP to Ck approaches 1 on a molar basis. In
the sample that contained 0.95 mol of ADP/mol of;CtiRe

steady-state rate of ATPase was evident throughout the time

increase in activity of the MgADP-loaded enzyme cannot
be the result of the binding of MGATP in the reaction mixture
to the noncatalytic MgATP sites.

Varying the ratio of M§" to ATP in the reaction mix also
affects the change with time of the ATPase activity ofiCF
€. The CR preparation used in this experiment contained
tightly bound ADP but no bound Mg. At concentration
ratios of Mg+ to ATP of 0.02-0.1 there is a rapid increase
of activity upon initiation, followed by a decrease that
probably reflects the binding of Mg together with ADP
(Figure 4). At Mg"/ATP ratios from 0.2 to 0.7, activity starts
at its maximum value and becomes inhibited. At concentra-
tions of Mg?*/ATP ratios greater than 0.8, the activity starts
at the steady-state rate. The observed activation at low Mg
is likely the same activation observed by Milgrom et au)(
and shown to correlate to binding of noncatalytic MgATP.
The activation becomes too fast to see in the presence of
greater than 0.96 mM MgATP in the medium.

In the hopes of determining whether noncatalytic MgATP

course of the reaction. The amount of inhibition increases binding was responsible for the observed activation, samples

with the amount of bound MgADP. As the MgADP content
approaches 2 mol of MgADP/mol of Gfe, the initial

were prepared with and without prior loading of the
noncatalytic MgATP sites. GFe was incubated overnight

ATPase activity was lower than the steady-state rate assayedt room temperature in a solution of 50 mM Tris-HCI (pH

in the presence of 1 mM Mgghlnd 5 mM ATP (Figure 3).

8.0), 2 mM MgC}, and 5 mM ATP which results in the

This increase in activity with time is not seen in the absence filling of N2 and N5 with MgATP, and N1 and N4 with

of Mg?" pretreatment (Figure 2a). Thus, the loose binding
of Mg?" to one or more sites potentiates the inhibition by
bound MgADP. The lag in the actvity of the enzyme that
contained 2 mol of MgADP/mol of GFmay indicate that
Mg?* binding to a site other than the two tight MgADP sites
is involved. Activation in these samples probably results from
removal of the loosely bound Mg by chelation to ATP in
the assay mixture.

The tight, noncatalytic MgATP sites as well as the tight
MgADP sites were filled by overnight incubation of the
enzyme in 50 mM Tris-HCI (pH 8.0), 2 mM Mggland 5
mM ATP. Excess nucleotide and ¥igwere removed by

MgADP. As a control, an aliquot of the same =Fwas
incubated for 30 min in 5 mM ADP. Excess nucleotide was
removed by two consecutive Sephadex G-50 centrifuge
columns. After removal of excess ADP, MgQlas added

to the ADP-loaded sample at a 2:1 molar excess of'Mg
CFy-€. This results in a sample in which N1 and N4 are filled
with tightly bound MgADP. The activity of both samples
was measured as a function of time using the nucleoside
phosphorylase assay with 2@ of Ch-¢, 5 mM ATP, and

0.1 mM MgCl.

Neither sample showed the activation phase observed in
samples that had not been preloaded with either MgADP or

passage of the preparation through two consecutive SephadeMgATP. In both cases the activity was dominated by the
G-50 centrifuge columns. The sample was incubated with inhibition by the two tightly bound MgADP and had the same
Mg?" prior to assay. An increase in MgATPase activity with constant ATPase rate (data not shown). If the activation of
time similar to that detected in GEhat contained just tightly ~ the ATPase activity of M§f-depleted Ck¢ at relatively low
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FIGURES: Effect of free M@ on steady-State MgATPase. Steady- FIGURE6: Activity of CF-¢ with different [C&*]. Assays contained
state ATPase versus free Rtgconcentration of the reaction 5 MM ATP, varying [C&'], 200uM MESG, 5 units of nucleoside

mixture. Data are from Figure 4. Results of the fit &re= 0.033 phosphorylase, and 4/ of Ch-e in 50 mM Tris-HCI (pH 8.0),
+0.008 MM, N = 2.064 0.14,Vamax = 0.200= 0.006, andVpmin 1 mL total volume. C&" concentrations were as follows: 1.0 mM

= 0.025+ 0.004. (solid line), 2.0 mM (circles), 3.0 mM (squares), 4.0 mM
(diamonds), and 5.0 mM(triangles). Activities were calculated from

MgATP concentrations is the result of noncatalytic MgATP fits.

binding, then this effect is completely overcome by the _ _
inhibition from tightly bound MgADP. in a typical measurement, 25% of bound TNP-ADP is

The steady-state rate also changes as the Mg/ATP ratio isreleased in the first 5 s. The exchange of ADP is probably
varied. Plotting the steady-state rate versus the calculatedf@ster than that of TNP-ADP. When MgADP inhibition of
concentration of free Mg for data in the range 0-11 Mg?*/ the MgATPase activity of Ci is obviated by the presence
ATP with 5 mM ATP (Figure 5) yields a sigmoidal curve Of oxyanions in the reaction mixture, the rates of ATP

which was fit to the equation hydrolysis under these conditions range from 10 t:2l
min~* mgt. Thus, there is easily enough of the enzyme free
V=V, 1l — (Mg 1(k + [Mg?F 1) + Vi of nucleotide at site N1 to account for the relatively low

initial activity of about 0.8«mol of B min~* (mg Ch-¢)™*

where V= steady-state activity, Mnax = Vinax — Viin, and observed under the same conditions.
[Mg2* ] is the concentration of free Mg in the reaction Lags in the initial activity of Ck were previously
mix. Nonlinear least-squares fitting givies= 0.033+ 0.008 investigated using CaATPase activityf or the MgATPase
mM?, n = 2.1+ 0.1, Vamax = 0.200+ 0.006 umol of R/ activity in the presence of sulfitel{, 12). Steady-state
min~ (mg of ChR-€)7%, and Vjin = 0.0254 0.004. These CaATPase and sulfite-MgATPase activities are much higher
data are consistent with free Ffginhibiting by binding than that of MgATPase in the absence of oxyanions. In the
cooperatively to at least two sites. presence of G4, initial ATPase activities of Cf that does

If site N1 is a catalytic site, the ADP initially in this site not contain bound Mg are in the range of those of
must come off before the enzyme is active. Loading the N1 MgATPase. In contrast to MgATPase, the rate of CaATPase
site of Ch-e¢ with TNP-ADP causes a drop in the initial increases with time rather than decreases. This increase in
ATPase activity at 5 mM ATP and 1 mM Mggfrom 2.4 activity follows a single-exponential decay. The steady-state
to 0.9umol of B, min~t (mg Ch-€)~%, where there was 1.49 CaATPase rates are +@0 times that of the MgATPase for
mol of ADP in 1 mol of the initial Ck-¢, and 0.66 mol of a divalent cation to ATP ratio of at least 0.4 (Figure 6). As
ADP and 1.1 mol of TNP-ADP after loading. TNP-ADP for MgATPase, the continuous spectrophotometrias3ays
binds more tightly to N1 than ADP, and the loss of activity of CaATPase activities were found to give results similar to
may be due to the increased difficulty of emptying the N1 those of the malachite green dssay.
site. Both the TNP-ADP loaded and the unloaded sample Comparison of the CaATPase activity with exchange from
reach the same steady-state rate. Theto reach steady- N1 was done with TNP-ADP-loaded samples. The presence
state activity is 30 s and th&y, for complete exchange is  of bound TNP-ADP lowers the initial activity, as it did for
23 s, so the enzyme is essentially free of TNP-ADP when it MgATPase, and increases the time it takes to the reach steady
has reached steady state. state without affecting the steady-state rate (Table 1). As

In contrast to that of TNP-ADP, the release of ADP bound for MgATPase, the enzyme is essentially free of TNP-ADP
to N1 does not appear, on the surface, to result in activationat the steady state. Again the initial exchange rate is much
of CFy-e. Within the initial time resolution of the assay, the slower than the initial activity. In this case the N1 site is
enzyme with ADP bound to N1 and sufficient MgATP as emptied faster than the rate at which the activity increases,
substrate starts in its most active state and the activity as shown by comparison of the half-time of TNP-ADP
decreases rapidly. However, there is a sufficient fraction of release and that of the increase in CaATPase activity with
the enzyme that has site N1 empty to account for this time.
apparent discrepancy. The activity is first observed at about When Ch-¢ is depleted of its endogenous ADP there is
5 s after hand mixing of the contents of the cuvette. For the no longer a large difference between the initial and final
case TNP-ADP exchange observed using stopped-flow CaATPase activities. Instead the initial activity of &Fwith
fluorescence in the presence of 2 mM Mg&hd 5 mM ATP 0.17 mol of ADP/mol of Cl¢ starts at 80% of the final
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Table 1: CaATPase Activity Compared with Exchange Rates

activity exchange
in ax Vmax
(umol min™ Ty (umolmin™*  (nmol mim? Ty
mg?) (s) mg?) mg™Y) (s)
2mM Ca,B 1.3 45 2.6
2mMCa, L 0.5 108 2.1 7.8 43
5mM Ca, B 1.6 33 5.1
5mMCa, L 0.9 110 4.9 11.1 24

a Activity values were calculated from the nonlinear least-squares
fit of a single-exponential decay to spectrophotometric activity assays
that contained 5 mM ATP, 2 or 5 mM CagClas indicated, 20@M
MESG, 5 units of nucleoside phosphorylase, antydf CR-¢ in 50
mM Tris-HCI (pH 8.0), 1 mL total volume. Exchange values were
calculated from stopped-flow fluorometric data fit to the sum of three
decaying exponentials. o/ is the initial, lowest rate of CaATPase,
and Anax is the final steady-state rate presented with the half-time for
the activity to rise to the steady state, I the initial, fastest rate of
TNP-ADP exchange, presented with the half time for total exchange.
Sample B is Clr¢ prepared with its endogenous bound ADP. Sample
L is from the same batch of Gf, loaded with 1.0 mol of TNP-ADP/
mol of Ch-e.

steady-state rate. Adding back ADP to the sample prior to
initiating the activity restores the activation phase seen in
samples containing endogenous ADP (Figure 7a). The lower
steady-state activity of the ADP-treated sample may be
attributed to Mg" contamination of the ADP.

Pretreatment of the nucleotide-depleted sample with"Mg
does not restore the activation phase but does cause a dro
of 45% in the steady-state CaATPase activity. In this case
the reaction mix contains 44M MgCl;, carried over from
the pretreatment. When a €F sample containing endog-
enous ADP is added to a CaATPase reaction mixture
containing 44uM MgCl,, there are two distinct effects
(Figure 7b). First, the rate at which the enzyme is activated
increases. Initial exchange rates are faster wher"Nig
present in the reaction mix3), providing further evidence
that activation of the ATPase activity is coupled to exchange
from N1. Second, at longer times the CaATPase activity
becomes increasingly more inhibited as MgADP binds to

Digel et al.
1.6 -
;31'4:— 7a_:
wyaf ]
01.2:_ :
oD 1L 3
E : 1
L 0.8 [ _
E o - - * ]
0.6 [ 3
& : N
5 0.4 3
E
30.21 ]
o:H‘.I..‘.I....I.H‘J....J..H:
0 100 200 300 400 500 600
Time (s)
2
w [
l'_ L
w |
O 5]
o
3
-
£
£ 1
—
o
Qo.5
£
-5
o Lo b b

0 100 200 300 400 500 600
Time (s)
p

FIGURE 7: The effect of tightly bound ADP on CaATPase activity.
Assays contained 5 mM ATP, 2 mM &a 200uM MESG, 5 units
of nucleoside phosphorylase, and 4@ of CH-¢ in 50 mM Tris-
HCI (pH 8.0), 1 mL total volume. (a) Nucleotide-depleted,&F
with 0.24 mol of nucleotide bound/mol of Gk (solid line).
Nucleotide-depleted GFe pretreated with 1 mM MgGlfor 11.5
min prior to assay; reaction mix contained an additionalA4
MgCl, carried over from the incubation (circles). Nucleotide-
depleted CE¢ pretreated with 1 mM ADP for 5 min prior to assay;
reaction mix contained an additional 4M MgCl, (squares). (b)
CFy-e with 1.49 mol of bound ADP/mol of Cf (solid line). Same
sample, reaction mix contained an additional#4MgCl; (circles).
Activities were calculated from fits.

the enzyme. The steady state was not reached at the end of ) ) o
the 600 s assay. Thus, as in the case of the MgATPase dat®€l Ch is necessary to abolish the initial, fast phase of

with nucleotide-depleted Gfe, MgADP inhibition occurs
much faster when the N1 and N4 sites are initially empty.

DISCUSSION

The interactions of CFwith MgADP and MgATP result
in complex effects on the MgATPase activity of the enzyme.
All six nucleotide-binding sites likely affect MgATPase
activity. Binding of MgATP to the tight, noncatalytic sites
(N2 and N5) stimulates the initial ATPase activity, as
suggested by Milgrom et al2§). This activation may be
observed when GRhat does not contain bound MgATP or
bound MgADP is added to assay mixtures that contain low
concentrations of MgATP. At concentrations of MgATP of
1 mM or higher, the activation is complete within 5 s.

The binding of MgADP to the tight ADP sites (N1 and
N4) inhibits MgATPase activity. This inhibition overrides
the activation by the binding of MgATP to the noncatalytic

ATPase activity. The rate at which MgATPase activity is
lost depends on the initial ADP content of the enzyme. The
filling of one tight ADP site actually slows the decay of
activity. It seems likely that MgADP binds more rapidly to
an empty site than does Mg to ADP that already occupies
the site. The higher-affinity ADP site is probably N4.

Even when each of the tight nucleotide-binding sites is
filled with either MgQADP or MgATP, Ck will hydrolyze
MgATP at a steady-state rate of about 200 nmolthing?
at 25°C in 5 mM ATP and 2 mM M§". Increasing the free
Mg?" concentration in the assay mixture inhibits activity
further. The curve relating steady-state activity to free¢Mg
concentration suggests that two sites interact cooperatively.
Since incubation of the nucleotide-depleted enzyme with
Mg?* does not affect ATPase activity, it seems likely that
the inhibition by Mg* is mediated by its interactions with
nucleotides and GF The two interacting sites could be the

sites. Although others have suggested that a single site isdissociable sites N3 and N6. The binding of MgGADP to these

involved in MgADP inhibition (see, for example, réf, our
data show that the tight binding of more than one MgADP

sites could fix the enzyme in a less active form, perhaps by
retarding the release of product MgADP.
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Comparison of the MgATPase activity of the enzyme with which is released during illumination is actually in site N4

the rate at which TNP-ADP exchanges from site N1 in-€F

and that Du and Boyer measured exchange from a site

shows that the initial release of bound TNP-ADP is much different than that studied by Larsen et al.

slower than the rate of catalytic turnover, even when

compared to the very slow steady-state rate. The discrepancyREFERENCES

can be explained if there is an active fraction without bound
TNP-ADP that is responsible for the observed activity. When
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