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ABSTRACT: TheEscherichia colFoF1 ATP synthase uncoupling mutatiopiM23K, was found to increase

the energy of interaction betweenand g subunits which caused inefficient transmission of coupling
information between transport and catalysis [Al-Shawi, M. K., Ketchum, C. J., and Nakamoto, R. K.
(1997) J. Biol. Chem. 2722300-2306]. We hypothesized that theM23K mutation, because of its
effect on coupling, should alter the fundamental reactions steps that are normally modul&ed-by

via the coupling mechanism. In this paper, we address this issue by studying the thermodynamics of
individual catalytic steps through the use of energy profiles to gain information regarding enzyme
mechanism and the effects of the mutation. Compared to wild-type enzymayitgK F; had significant
differences of two partial reactions: the rate constant foelease was 49-fold faster and the rate constant

for ATP release was 8.4-fold faster than wild-type. These rate constants were considered together with
characteristics of a group ofif ATPase mutant enzymes and were analyzed quantitatively by linear free
energy relationships [Al-Shawi, M. K., Parsonage, D., and Senior, A. E., (129Bjol. Chem. 265
4402-4410]. We found that theM23K mutation prevents the proper utilization of binding energy to
drive catalysis and blocks the enzyme injaéease mode. This finding is consistent with the use of
energy fromAun+ for increasing the affinity for Pso that the substrate binds in a catalytically competent
manner for synthesis of ATP. These results support the notion that the communication of coupling
information is transmitted through the-f interface neayMet23 and338DELSEEF8 segment.

The RF! ATP synthase is a multisubunit complex that responsible for driving the catalytic sites through their cycles
couples the movement of protons through the membranousoffset from each other by 120(12—15). Mutagenesis
Fo sector to the catalysis of ATP synthesis in the soluble F studies have shown that residues involved i3 interac-
sector. In the case oEscherichia coli there are three tions at the subunitsubunit interfaces and specific interac-
different hydrophobic subunits ingFwith a stoichiometry tions within those interfaces are critical for not only catalytic
of abxc.10, While in F, there are five different subunits, turnover but energy coupling and complex stability as well
ogfzyde. Most subunits contain conserved sequences found(16—19; C. J. Ketchum, M. K. Al-Shawi, and R. K.
throughout nature especially in the catalytic domain of the Nakamoto, unpublished results).

complex. It is clear that the mechanism of active coupled  pe interface mutationyM23K, has been of particular
transport is very similar in &, ranging from archaebacteria  jnterest because it perturbs the transmission of coupling

and eubacteria to mitochondria and chloroplasts (for reviews, jniormation @0). From the X-ray crystallographic structure

see refs 6). _ _ ~ of Abrahamset al. (21), we found that the-amino group

Catalysis and transport mechanisms communicate indi- of ,M23K is likely to form an ionized hydrogen bond with
rectly by conformational linkages transmitted through & the carboxylate oBGIu381 of the highly conserved®
number of subunitsubunit interactions. For example, the pE| SEED segment. Arrhenius analysis of steady-state
y ande subunits, by presenting a different interface to each ATp hydrolysis showed that the mutant enzyme had dra-
/3 subunit, impose an asymmetry that makes/ifaibunits matically increased transition state enthalpic and entropic
structurally inequivalent and coordinates the catalytic state parameters19). According to transition state theory, the
of each nucleotide site7-11). Furthermore, the recently  jncreased thermodynamic parameters denote that an extra
demonstrated rotation of theande subunits relative tothe  j,5q petween enzyme and substrate or within the enzyme
B3 hexamer demonstrates that the turning movement is st be broken in order to achieve the transition state, hence
the additional hydrogen bond created betwedt?3K and

T This work was supported by PHS grants GM50957 to R.K.N. and 5Glu381. We concluded thatM23K is an added-function
EM5%5?.2 tOGM-'i-g-IRWng‘ 1%d9d9.20na| support from National Science mytation that causes increased energy of interaction between
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the ATP synthase complex containingfsyde; FoFi, the complete ; ; e ;
ATP synthase complexyM23K, Fy with Lys in place of subunit mechanism. In this paper, we address this issue by studying
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effects of the mutation as well as the enzyme mechanism.column into a 50-fold dilution of unisite buffer containing 1
The characteristics of theM23K enzyme were analyzed mg/mL BSA and 0.3:M nonradioactive ADP as an isotope
quantitatively with a group of FATPase mutant enzymes trap. At subsequent times, samples were analyzed for
by linear free energy relationships (LFERSs, ref 22) whose remaining bound nucleotide by centrifuge column analysis.
existence was previously demonstrated by Al-Shatal. Alternatively, samples were assayed for noncatalytic bound
(23). We found that theyM23K mutation prevents the nucleotides by the addition of cold chase MgATP as
proper utilization of binding energy to drive catalysis and described above.

blocks the enzyme in a; Pelease mode. Release of fCJADP from Unisite Hydrolysis of fCJATP
and Release off-*?P]JATP. Using a bent-tipped syringe for
EXPERIMENTAL PROCEDURES rapid mixing @1), 60uL of 2 uM [*C]ATP was mixed with
Escherichia coli Strains and Purification of :F Fy 60 L of 10 uM Fy in & vortexed tube and preincubated for

complexes were isolated from strain DK8 harboring high 2 Min at 23°C to allow unisite ATP binding. The mixture

copy number plasmid pBWU124) or pBMU13yM23K was then passed through a centrifuge column, to remove
(19) and purified as described previousBs|. unbound nucleotide, into 2.4 mL of unisite buffer supple-

mented with 1 mg/mL BSA and 08V nonradioactive ADP.

At various time intervals, remaining bound nucleotide was
determined by centrifuge column analysis. To calculate the
true ki4 rate, the apparent rate of*C]JADP release was
multiplied by the partitioning factor ( K_,) since total
bound nucleotide was the sum &fC]ATP and [“C]JADP

.. . . bound. To determine the catalytically competent nucleotide
Assays of Steps of Unisite CatalysTP binding k1), bound, the premix was subjeﬁed %/o Mgg\TP cold chase

bound ATP hydrolysisi.), and ATP resynthesik(,) were _analysis as detailed above. In order to determine the release

measured in acid-quench/cold chase experiments as previ- o ;
_ ; o rate of ATP from the unisite, parallel experiments were done
ously described 25). The following unisite buffer was P P

g = :
used: 50 mM Tris.OH. 50 mM MOPS, 4.5 mM,8Os, and utilizing [y-3?P]ATP instead of *C]JATP, and ATP release

. : ) was assayed by a glucose-hexokinase trap. Briefly, the
0.5 mM MgSQ, adjusted to pH 7.5 with $50,. The final - ; :
mix ratio was 0.2uM ATP/2 uM Fu. premix was incubated for 2 min as above and then passed

s ) through a centrifuge column into a 21-fold dilution of unisite

Pi Release (ks) and Equilibration of Bound ATP and  pffer supplemented with 1 mg/mL BSA, 1 mg/mL hexoki-
Bound R (K3). As described in Al-Shawi and Senia25), nase, and 100 mM glucose. After various times, 100
these constants were determined by an equilibration eXpe”'samples were removed and the reaction was stopped by the
ment in which fr and [y-**P]ATP are mixed and bound ATP,  ~qdition of 100uL of 2 M HCl and 1 mM R. Analysis of
bound R, and total®?P are measured as a function of time. glucose-6¥P formation and ATP release ratk_() were
Briefly, 12.5uL of 0.4 uM [y-*P]ATP was rapidly mixed  performed as described by Penefskd2)( Experiments

with 12.5uL of 4 uM or 20 uM F, and incubated for the tjlizing a mix ratio of 0.2uM ATP/2 uM F; were also done.
required time at 23C. At the end of each incubation, 100

uL of unisite buffer containing 1.25 mg/mL BSA was added RESULTS AND DISCUSSION

rapidly while vortexing for 2 s, then 10@L of the mixture

was applied to a centrifuge column and the eluate collected TheyM23K Mutation Does Not Alter Unisite Binding and

directly into 120ulL of 16% (w/v) HCIQ,, 5 mM ATP, and Hydrolysis of [-*?P]JATP. We previously demonstrated that

1 mM KH,PQ,. Bound [-3%P]ATP, B?P]R and experimental  the catalytic transition state obF;-ATP synthase was very

rate constants were determined as previously described. Sinceensitive to changes in catalytic site conformation and the

P, release is essentially an irreversible st2g)(the rate of utilization of binding energy to drive catalysi23) and that

P binding k-3) was not measured directly, rather it was these changes could be used to probe the effects of the

calculated from the equilibrium constant for ATP hydrolysis yM23K mutation on coupling and catalysi$9). Thus, we

(Knya) and the other measured rate constants as detailed innitially investigated the effects of the mutation on unisite

Al-Shawi and Senior25). catalysis in which catalysis occurs at a single site unencum-
Unisite Binding and Release oH]JADP. Measurement bered by site-site cooperativity. The unisite kinetic mech-

of ADP dissociation K.4) and associationk(s) were done  anism is shown in Table 138, 34 and consists of the

as detailed previously2g, 29). Various equal volume ADP/  following four steps: step 1, ATP binding and release; step

F, mix ratios were used and ranged from 0.5 taM final 2, catalytic step; step 3, Binding and release; and step 4,

ADP concentrations with-210 M final F; concentrations. ~ ADP binding and release. Upon addition of excess substrate,

Fork_, determinations, equal volumes of ADP andvere the turnover rate of the wild-type enzyme is accelerated by

rapidly mixed under unisite conditions and incubated at 23 7 x 10*fold (pH 7.5, 23°C and 0.5 mM free Mg’; unisite

°C for the required time, and bound nucleotide was assayedbuffer conditions, see Experimental Procedures) to atai

by the centrifuge column metho®@). Alternatively, the  rates g5).

mixture was diluted 11-fold with cold chase MgATP to give ~ The pre-steady-state hydrolysis of Q&1 [y-32P]ATP

a final concentration of 5 mM ATP, 2.5 mM MgSQ(and 1 incubated with «M yM23K F; is shown in Figure 1. These

mg/mL BSA in the unisite buffer. After 1 min incubation, results show that unisite ATP hydrolysis of the mutant

the remaining bound noncatalytic nucleotide was determinedenzyme is essentially the same as those obtained previously

by centrifuge column analysis. Fkr, determination, equal  for wild-type R (25). The directly acid quenched measure-

volumes of ADP and Fwere mixed and preincubated at 23 ment assesses enzyme-bouf8]R, plus F?P]PR, released to

°C for 3—6 h. The mixture was passed through a centrifuge the medium. The cold-chase result additionally measures

General Methods and MaterialsProtein concentrations
were determined by the method of Lowst al. (26).
Concentrations of ionic species of ktg P, and nucleotides
were determined by the algorithm of Fabiato and Fabiato
(27). Hexokinase (H-4502) and [234]ADP were from
Sigma. [-*?P]JATP and [*C]JATP were from Amersham.



12956 Biochemistry, Vol. 36, No. 42, 1997 Al-Shawi and Nakamoto

Table 1: Average Unisite Constants of Catalysis at pH 7.5 antiC23

Kt1 k-1 K1 K2 k- ki3 k-3 Kz K+a K-a Ky
M7tsh) (s (MY (s (s Kz (s Mtsh (M) (s) (MisT) (M)
WT F{° 1.1x10° 25x 105 44x 1° 1.2x 10! 43x 102 2.9 1.2x 103 48x 104 2.4 16x 103 1.8x 1® 88x 10°

Lys-23 R¢ 10x 10 21x10* 48x10° 1.2x 10! 1.4x 10! 0.88 59x102 2.6x 103 23 7.1x10°% 25x 1? 2.8x 10°°
relative fold changé 1.1 8.4 9.2 1.0 3.3 3.3 49 54 9.6 44 14 3.2

a Unisite hydrolysis is noncooperative ATP hydrolysis at a sigfjleatalytic site by the following kinetic schema3, 39.
P
t
F,+ ATP = F, < ATP <% F, < ADP-P <> F, < ADP <= F, + ADP
1 G, 1 LN ik, 1 G, Tt

b Wild-type F, values are from Al-Shawi and Seni@5) measured under identical conditiofgiveraged values from three to six experiments.
d For ease of comparison, the numerically larger constant is divided by the smaller one.
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Ficure 1: Unisite ATP hydrolysis byyM23K Fy. F; (12.5 uL) ~ TIME (SECONDS) _
was vortexed with 12.5L of [y-32P]ATP using a 90 bent-tipped FiGUre 2. Hydrolysis and loss ofM23K F; bound3?P species.

syringe such that the final concentration ratio was@V2ATP/2 Enzyme bound hydrolysis of [*P]ATP was assayed by mixing a
uM F1, then it was either (a) quenched with 4715 of unisite buffer final concentration of 0.2ZM [y-32P]ATP with 2uM yM23K F
containing 1.05 mM potassium phosphate, 8.2% (w/v) HCH6 as detailed in Experimental Procedures. For the data shown here,

mM ATP, and 2.3 mM MgS@(acid quench) or (b) diluted with K (catalytic equilibrium constant) was 1.1 akgs (P, off-rate)
415 ulL of unisite buffer containing 5.3 mM ATP and 2.65 mM was 3.7x 1072 s™1, (O) Total bound3?P; (@) bound ATP; {)

MgSO0,, incubated 1 min, and then quenched with/800f 65% bound R. The solid lines show the regressed reaction progress
HCIO, and 8 mM potassium phosphate (cold chase). From such curves foryM23K F,. For comparison, the dotted line shows the
experiments the values &f,, ki,, andk_, are calculated28). (®) expected loss of total bourf@P for wild-type R calculated from

Cold chase;®) acid quench. The solid lines show the calculated the constants of Table 1.
reaction progress curves when the unisite rate equation (Table 1)

is fitted with the following constantsk,; = 1.1 x 1(° M~* s, (32. In Figure 2, it is clear that the rate of Rlease has
gﬁdi 0'&;“5; : Egm:T%gFesl (for the data shown here) ard, accelerated in the mutant enzyme compared to the wild-type
- ' form. ki3 was found to be 49-fold faster in the mutant
[y-32P]ATP bound to Fand committed to hydrolysis. From enzyme (Table 1) which represents a significant change in
this experiment, it is possible to calculate the second-orderthis rate constant.
rate constant for ATP bindingk(; = 1.1 x 1®° M1 s%; TheyM23K Mutation Has Little Effect on the Binding and
Figure 1 and Table 1), which was very similar to wild-type Release of Nucleotidedzigure 3A shows the measurement
F. (Table 1). Rate constants, andk_, for the catalytic of associationK_4) and dissociationk(,) rates of fHJADP
interconversion step (F< ATP = F; < ADP-P) are also binding to a singleyM23K enzyme catalytic site. After
calculated from such experiments after the determination of subtracting the extent of noncatalytic site ADP binding (non-
k-1 andks (discussed later). Again, the valueskef (0.12 ATP chaseable, Figure 3Ak,, was found to be similar to
s 1) andk_; (0.14 s1) for yM23K F; were similar to those  wild-type (2.5x 10* M~ s%; Table 1), buk,, was slightly

of wild-type K (Table 1). accelerated by 4.4-fold (7.4 1073 s7%; Figure 3A and Table
TheyM23K Mutation Alters Unisite FRelease (k). The 1).
equilibrium between bound ATP and bound(R;) and the Using the mutant enzymgY331W as a direct fluorescent

rate of R release were determined in an equilibration probe of nucleotide binding, Webet al. (35) found that
experiment in which Fand [y-3?P]JATP are rapidly mixed  the initial on rate for ADP binding was much faster than
and bound ATP, bound;Pand total®?P are determined. that seen by the centrifuge column procedure (as above).
Figure 2 shows the result of such an experimenyfd23K Because th&y was not much changed, a faster off-rate is
F1, from which it is clear thaK; is close to unity and similar  implied as well. A possible explanation for this was thought
to the value of 2.9 for wild-type #(Table 1). Since the to be an initial rapid binding of ADP to the first catalytic
ATP release rate is slow (see below), the rate jaeRase site followed by a slower enzyme isomerization step to a
is calculated from the rate of loss of enzyme bou#e new R < ADP conformation. This new conformation would
adjusted for partitioning of bound?P between the two have the slower ADP release rate measured by centrifuge
species F< ATP and i < ADP-P,. Thus, the rate constant column analysis. On the other hand, the on-rate measured
for 32P loss from the enzyme is multiplied by the value of by centrifuge columnk(,) would be an apparent rate that
(1 + K- to obtainkys since only 1/(1+ K_,) of the represents the product of the true ADP on rate and the
radioactivity bound to Fis present ag?P, (F; < ADP-P) isomerization step.
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Ficure 3: Measurement of association and dissociation r&tes (
andk,4) of ADP for yM23K F,. See Experimental Procedures for
details. (A) Total association of ADP withM23K F, (O) was
measured by mixing 0.6M [3H]ADP with 2 uM F;. Free ligand
was removed at times indicated by a centrifuge column, and the
amount of bound HJADP was quantitated. Noncatalytic site
binding of PHJADP (v) was quantitated by MgATP cold chase
analysisk_, was 2.8x 10? M~1 s71in this experiment. Dissociation

of [3H]ADP from yM23K F; was measured using a mixture of 0.5
uM [3H]ADP with 10 uM F; that had been preincubated for 3 h.
Unbound ligand was removed, then 50-fold diluted into buffer
containing 0.3«M nonradioactive ADP as an isotope trap. Release
of [BH]ADP (O) was guantitated as a function of time by centrifuge
column analysis. Noncatalytic site boundHJADP (aA) was
quantitated by MgATP cold chase analydis, was 7.1x 1073

s Lin this experiment. (B) Dissociation of{C]JADP from yM23K

F, after hydrolysis of J*C]JATP (@) was measured by mixing 1
UM [CJATP with 54M F;. Unbound ligand was removed after 2
min and the mixture diluted 21-fold into buffer containing @9
nonradioactive ADP. Bound nucleotide was quantitated as above.
(ATP bound 100%) was equivalent to 0.4 [*“C]ATP. Non-
catalytic site bound!fC]JATP (a) was quantitated as described in
panel A, above. Release of bound AT®)(was determined as
glucose-6%P formation in a parallel experiment using-{2P]ATP
instead of *CJATP. [y-3?P]ATP andyM23K F, were incubated

for 2 min as above, unbound ligand was removed, and the mixture
diluted 21-fold into a glucose-hexokinase trap buffer. Released ATP
was trapped as glucose®R? as a function of time. Knowing the
value ofK; for partitioning of bound nucleotide (Table X),, was
found to be 8.5x 1072 s71 in this experiment. Additionally, with
the determined value d&.; (Table 1),k-; was calculated from the
data shown here to be 20104 s 1.

In order to determine the relevant off-rate for unisite
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of ATP. Furthermore, as both the rate of release of unisite
P, (Figure 2) and ADP (Figure 3) were directly measured, it
can be concluded that the turnover rate of unisite catalysis
is slow.

This last conclusion is in contrast to the assertions of
Reynafarje and PederseB6f, who recently suggested that
ATP hydrolysis by I-FATPase is noncooperative and that
all participating catalytic sites are kinetically equivalent and
exhibit Michaelis-Menton kinetics with a singl&y for ATP
such that the rate of ATP hydrolysis has a first power
dependence on concentration. They further propose that the
unisite turnover number of 18 s™! “is not an accurate
reflection of the actual value” but represents an underestimate
of the “true” turnover rate. There are many lines of evidence
to refute these statements. The three most compelling
arguments relevant to this paper are as follows. (1) Using
unisite experimental conditions in which the ATP concentra-
tion was less than wild-type;Feoncentration and absolute
concentrations were kept submicromolar, we found that the
intrinsic unisite rate of Formation did not vary over a 120-
fold change in the mix ratio of ATP{H29). This result
cannot be accommodated by the model of Reynafarje and
Pedersen. (2) These authors used a chemiluminescent assay
that monitors ATP disappearance from the medium which
they equated to the ATP hydrolytic rates. Assuming the
unisite kinetic scheme (Table 1) and utilizing the rate
constants determined by Grubmeyaral. (33) for bovine
heart i, we calculated the apparent rates of ATP removal
from the medium expected in the Reynafarje and Pedersen
experiments. Under expected unisite conditions (low ATP/
F; ratios), we found a good agreement between the experi-
mental data (Table 1 of ref 36) and our calculated expecta-
tions (<2-fold difference in all cases), supportive of the
unisite scheme as originally propose2B), (3) Weberet
al. (35 have unequivocally demonstrated the cooperative
nature of MgATP binding to the three catalytic sites by true
equilibrium binding methods.

The rate of §-*?P]JATP release fromyM23K F; was
analyzed by a glucose/hexokinase trap (Figure 3B) corrected
for partitioning between bound substrates and proda#s (

It was found that the slow rate of ATP releage;(= 2.1 x
10 s%; Table 1) was 8.4-fold accelerated from the wild-
type value. This represents a significant changk inby
yM23K Fy.

Effects of theyM23K Mutation on Noncooperate Ca-
talysis. In summary, the biggest effects of thevi23K
mutation on unisite catalysis occur on the rate ofdRease
(k+s, Table 1), which is accelerated by 49-fold, followed by
an 8-fold acceleration of the ATP release stkp X, Our

release of ADP, and hence the relevant on-rate, we measuregbrevious analysis23) has implicated these steps as energy

the release of'fC]ADP generated from unisite hydrolysis
of [**C]JATP. Figure 3B shows the rate of release of bound
[**C]nucleotide as well as the very small rate of release of
bound ATP. After subtraction of bound nucleotide that is
not chaseable by ATP (Figure 3B) and correcting for
partitioning (see Experimental Procedures), the calculated
ki4 rate was 8.5< 1073 s'1. This was very similar to the
rate of 7.1x 1072 s! calculated from Figure 3A for the
release of JHJADP. This determination does not require a
partitioning correction since phosphate binding does not
occur under unisite condition2§). From the experiment

of Figure 3B, it is clear that thie,, andk_, values of Table

1 are the relevant values for this analysis of unisite hydrolysis

conserving steps in the conversion Afiy+ energy into
chemical conformational energy and in the conformational
power stroke of the enzyme. It is also notable thisl23K

did not affect the catalytic step itsek,; andk_,, Table 1),
implying that the chemistry of noncooperative catalysis had
not changed as was predicted (see ref 19).

Effects of theyM23K Mutation on Nucleotide Binding
Energy Utilization. The effects ofyM23K can be analyzed
quantitatively by calculation of structurectivity relation-
ships with the linear free energy methods of Fershal.
(22, 23. Characteristics of a group of mutant enzymes can
be analyzed quantitatively by the demonstration of the
existence of linear free energy relationships (LFERS) from
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value; Figure 5A) indicates that the ground state<FADP-P,
achieves approximately 110% of the binding energy utiliza-
tion achieved by the ground state £ ATP. Similarly, the
catalytic transition state j[F< ATP]* also achieves about
115% (3 = 1.15; Figure 5B) of that achieved by the ground
state it < ATP. Figure 5, panels A and B, are further
evidence that thgM23K mutation did not cause any gross
disruptive change in structure of the catalytic nucleotide
binding domain.

5 6 7 8 9 10 11 12 By construction of an exhaustive set of LFER plots (not
Log (K1"K2) shown), we observed that th&123K mutation had no direct

FiIGURe 4: Linear free energy plot of ATP hydrolysis under unisite effect on the structures of the enzyme intermediate ground

conditions by various Fenzymes. Linear free energy analysis was states nor on the transition states. The exception was the

performed as previously describe#2( 23). This plot illustrates ansition state for the binding and release of phospKgite
the relative relationship between binding energies achieved by theI Il olots i hich the t it tath.* bei
transition state for the binding and release of AR for the n all plots in whic e rans'. Ion sta =3 was elng. .
reaction i + ATP — K* (log ky; y-axis) compared to the binding ~ Compared to the other enzyme intermediates and transition

energy achieved by the enzyme intermediate ground states (F  states, it was seen that thé123K F; result was displaced
ADP-P) for the reaction £+ ATP — F; < ADP-P, (log KiK»; off the regression line (e.g., Figure 5C). In contrast, the
x-axis). See text for further details. To generate these plots, datayMZSK mutation had only an indirect and proportional effect

obtained here was combined with data obtained previously for ot s
various 3-subunit mutant enzymes, soluble bovine mitochondrial ON the transition structure for ATP binding and relel(se

F., and membrane bound mitochondrial 28, 29, 45, 46). The (Figure 4) even though it appeared to have a significant effect
solid line was generated by linear least-squares regression analysi®n this step when considering the kinetic data alone (Table

of the data § = 0.473,r = 0.945). 1). The above analysis clearly illustrates that the remote

which trends and exceptions become readily appa@t ( mutationyMZS’_K was s_p_ecifically changing the structure of
37). The use of binding energy to enhance catalysis is an the catalytic site transition state for the binding and re;lez_ise
essential feature of enzyme mechanisna®, (38, 39. of phosphate. S|n(_;e |t_ was prgwously shO\_/vn that the binding
Quantitation of the use of binding energy throughout a ©f P: to the catalytic site requires energy input fraxp,+
reaction pathway can be obtained from the slopes{ues) via Fo (23, 41_, 43, it can be C(_)ncluded that the effect (_)f the
of LFERs @2, 23, 40. By constructing the appropriate yM23K mutation was directly |n_the pathw_ay qf tran_smlssmn
LFER plots (Figures 4 and 5) for the reaction intermediates Of this energy from to Fi. This conclusion is valid even
and transition states, it was demonstrated §Hd23K F; though the measurements were done on solubleeBause
was indeed part of a continuum of mutantéhzymes which the perturbatlpn _caused by the mutation is the Ias} interface
affected catalysis through subtle structural changes that ledof the transmission pathway betwegrand subunits.

to changes in binding energy utilizatiod3). The locations Figure 6A shows the utilization of nucleotide binding
of yM23K F; on the regression lines of Figure 5, panels A energy by wild-type [ to drive the various steps of the
and B, demonstrate the point above and additionally indicate reaction pathway in the direction of ATP synthesis. As was
that the mutation does not have a direct effect on the groundpreviously observed2@), maximal utilization of binding
state it < ADP-P, (Figure 5A) nor does it affect the catalytic energy is achieved at the important coupling step, namely,
transition complex [E< ATP]* directly (Figure 5B). Rather, the transition state for the binding and release of phosphate
its effect on these structures is indirect and is caused by subtlgKs¥). A difference binding energy plo2) between wild-
changes in the catalytic site induced by the remote mutation.type R andyM23K F; is shown in Figure 6B. Clearly, the
The value of 1.1 for the gradient of the regression lifie ( yM23K mutant enzyme must utilize more binding energy
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Ficure 5: Linear free energy plots of ATP synthesis under unisite conditions by varipesf#ymes. The plots illustrate the relative
relationships between binding energies achieved by three steps of catalysis compared to the binding energy achieved by the enzyme intermediate
ground state (F< ATP) for the reaction F+ ADP + P, — F; < ATP [log(K-,K_3K_,); x-axis]. Data and methods employed were as

given in the legend of Figure 4. See text for further details. Panel A, plot of fractional binding energy achieved by the ground<state F
ADP-P,; for the reaction £+ ADP + P, — F; < ADP-P, (log(K-3K-4); 8 = 1.10, r= 0.972]. Panel B, plot of fractional binding energy

achieved by the catalytic transition statq [F ATP]* by mutations not directly involved in the chemistry of catalysis for the reaction F

+ ADP + P, — [F1 < ATPJ* [log(k_2K_3K_4); 8 = 1.15,r = 0.982]. Panel C, plot of fractional binding energy achieved by the transition

state for Pbinding and releasks* for the reactiorF; + ADP + P, — K3* [log(k-3K_4); 8 = 1.12,r = 0.985]. Lines were fitted by linear
least-squares regression analysis.
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Unisite Analysis of an ATP Synthase Uncoupling Mutant

A WT

(kJ/mol)

Nucleotide binding energy utilization

{AAG; kJ/mol)

Difference in nucleotide binding energy

Ficure 6: Nucleotide binding energies achieved during ATP
synthesis in unisite catalysis. Panel A, nucleotide binding energy
utilization by wild-type k used to drive catalysis is shown for the
various reaction intermediates during ATP synthesis. To generate
this plot, the relative binding energies of the various reaction steps
were calculated from the relevant LFERSs, of the type shown in
Figures 4 and 5, according to published procedu?@sZ3). The
fractional relative binding energies were then converted into units
of energy (kilojoules per mole) by normalizing the relative binding
energies to the calculated ground state binding energy;of F
ADP-P; which was—57.2 kJ/mol for the standard states of pH 7.5,
1 M for ATP, R and ADP having definer; = 0 (28). Panel B,

plot of differential binding energy diagram between the wild-type
F, andyM23K F;, for the various reaction steps of ATP synthesis.
This plot was calculated according to published procedw2@s (
28). Here the nucleotide binding energy utilization of wild-type F
was subtracted from the corresponding valueg®23K F; such

that a loss in binding energy utilization WM23K F, leads to a
negative value.

to bind the substrates ADP and (R,* and Ks* of Figure
6B), which leaves a deficit of available binding energy to
be used to drive ATP synthesikf of Figure 6B).

Significance for Structures limlved in Coupling We
previously predicted that the uncoupling mutatiph|23K,
would not affect the basic catalytic mechanism but would
affect the catalytic steps that are modulated by the linkage
to transport 19). From the unisite analysis, we found that
the yM23K mutant k had normal unisite binding and
hydrolysis of ATP, and only slightly altered unisite binding
and release of ADP. Clearly, the major effect of the mutation
was to increase rates of unisite release il to a lesser
extent ATP. Most importantly, both steps are energy-

conserving steps and indicate that the mutation perturbs the

ability of enzyme to efficiently utilize binding energy to drive
catalysis. Because this analysis was done in unisite condi-
tions, it is apparent that theM23K mutation has direct
perturbations on the fundamental mechanism of catalysis.
The enzyme gets stuck in ailelease mode and is not able
to achieve the optimal catalytic site conformation to carry
out the chemistry of synthesis/hydrolysi&). This analysis
suggests that theM23K mutation with its interaction with
the [3DELSEED®® segment breaks the transmission of
coupling information by interfering with the proper position

Biochemistry, Vol. 36, No. 42, 19972959

of the S8DELSEED*®® segment and, therefore, the proper
configuration of the catalytic site. We suggest that the helical
loop of thef subunit, which includes thg*DELSEE[F8¢
segment, dictates, at least in part, the conformation of the
catalytic site during its cycle. This notion is consistent with
the crystallographic structure of Abrahams et &ll)(and
chemical modification studies of th#$8°DELSEED®® seg-
ment (/—13, 43, 43.
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