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Abstract 

Thih paper examines the transient kinetics of substrate binding to the Na*/K ‘-ATPuse labelled with iodoacetamidolluo- 
rexcein (IAFl using fluorescence quenching by trinitrophenyl-ATP (TNP-ATPI. Earlier work (E.H. Hellen. P.R. Pratap. 
IYYh, Fluorescence quenching of IAF-Na+/K+-ATPase via energy transfer to TNP-labelled nucleotide, Proceedings of the 
VIIIth International Conference on the Naf/Kf-ATPase, in press) has shown that TNP-nucleotide binds to specific Gtes 
(from which unlabelled nucleotide can displace it) and nonspecific sites (from which unlabelled nucleotide (‘WOWS displace 
it). Under stopped-flow conditions, quenching of IAF-enzyme fluorescence was well described by a stretched exponential 
( F( t ) = F, + A F exp[ - &“I). Physically. this function may be interpreted in terms of its inverse Laplacr transform @(k ). 
which describes a distribution of rate-constants; LY retlects the width of this distribution. As TNP--ATP concentration 
increased. u decreased. reflecting TNP-ATP binding to sites with higher energy barriers. LY decreased by about the same 
amount with increasing [TNP-ATP] in the presence of saturating ATP. indicating that the distribution of rate-constants is 
largely associated with the nonspecific binding sites. However, N was significantly less than I for ATP-induced 
tluorescence recovery in the presence of TNP-ATP, indicating that rate-constants associated with specific binding site arc 
also distributed. The distribution of rate-constants for binding to the specific site indicates a distribution in the energy of the 
transition state for substrate binding. These results suggest that the specific binding site (in either the empty or the full state) 
may exist in a series of conformations separated by small energy barriers, However, the energy burrier~ for bindins 
associated with these conformations are significantly distributed. 0 1997 Elsevicr Science B.V. 

Kewrw~Ls: Sodium pump: P-type ATPae: Reaction sequence: Conformational chanses: Ion transport: Noncxponent~nl kinel IC\ 

Abbreviations: DMF, dimethylformamide; E, and EI. two 
1. Introduction 

conf’ormatrons of Na’/K+-ATPase: E, P and E2P, phosphory- 

lated form\ of E, and E2; EtOH, ethanol: IAF, 5-iodoacetamidoG 
luorescein: Na+/K+-ATPase. sodium plus potassium-dependent 
adenosine trlphosphatase (EC3.6.1.3): TNP-ATP, trinitrophcny- 
ladenovine triphosphate: TNP-ADP, trinitrophenyladenosine 
diphosphate 

Corresponding author. Tel.: + l-910-334-5844: fax: + l-910- 

331-5865: e-mail: pratapp@dirac.uncg.edu 

The Na+/K’-ATPase uses the energy from the 
hydrolysis of ATP to move Na’ and K- against 
their electrochemical gradients. A model for the 
reaction cycle for this enzyme was proposed by 
Albers and Post (see [ 1 .z] for reviews) and elabo- 
rated by Karlish [3] where transport was coupled 
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with ATP hydrolysis via a series of conformational 
changes. While ATP hydrolysis provides the energy 
for driving the overall reaction cycle, it is conceiv- 
able that partial reactions may be driven by energies 
of association and dissociation of various ligands. In 
this and previous papers [4-61, steady-state and 
stopped-f-low kinetics of enzyme-nucleotide associa- 
tion were examined using the TNP-analog of the 
nucleotide. 

Fluorescent probes have been used to examine 
various aspects of the enzyme reaction cycle. Several 
probes (such as IAF, FITC, RH421, and BIPM) have 
been used to examine conformational changes and 
charge transport by the enzyme [3,7- 131. Fluorescent 
probes have also been used to measure binding of 
various ligands to the enzyme: competition between 
eosin and ATP and the relaxation between free en- 
zyme and enzyme associated with ATP or eosin has 
been used to determine rate-constants for ATP bind- 
ing to the enzyme [ 14,151; anthroylouabain has been 
used to examine cardiac glycoside binding to the 
enzyme [ 161. 

Trinitrophenyladenosine triphosphate (TNP-ATP, 
a fluorescent analog of ATP that is not hydrolyzed 
by the Na+/K+-ATPase) has been used to examine 
the kinetics of nucleotide binding to the enzyme by 
measuring binding-induced fluorescence enhance- 
ment [ 17,181. When the TNP analog of ATP or ADP 
binds to enzyme labelled with IAF, the fluorescein 
fluorescence is quenched [ 191. This quenching, at- 
tributable to energy transfer between IAF and TNP, 
has been used to estimate the distances between IAF 
and the anthroylouabain binding site on the protein 
[191. 

Quenching of IAF fluorescence by TNP-nucleo- 
tides can also be used as a signal of their binding to 
the enzyme. In earlier work, these quenching signals 
were used to distinguish between several models for 
substrate binding using TNP-ADP as a representa- 
tive substrate [4-61. In those experiments, the data 
could be best explained by a model where TNP-ADP 
bound the enzyme at two classes of sites: specific 
sites, which could bind either TNP-ADP or ADP, 
and nonspecific sites, which could bind only TNP- 
ADP. The affinity of TNP-ADP and ADP for the 
specific site was consistent with this site being the 
high-affinity ATP binding site involved in ATP hy- 
drolysis resulting in ion transport. On the other hand, 

the nonspecific binding of TNP-nucleotide was non- 
saturable over the concentration range examined (O- 
50 PM TNP-ADP in the presence of 1.5 nM en- 
zyme). Preliminary analysis of IAF quenching by 
TNP-ATP gave similar results [6]. The data pre- 
sented in this paper have been analyzed based on this 
result. 

This paper examines the transient (stopped-flow) 
kinetics of TNP-ATP binding to the IAF-enzyme. In 
addition to being consistent with the results of the 
steady-state experiments, the results presented here 
suggest that the TNP-ATP binding exhibits fractal 
kinetics: i.e., binding sites evidently exist in a spec- 
trum of conformations, each with slightly different 
internal energy, so that the rate-constants (and there- 
fore, the energy barrier) for binding vary [20]. Lig- 
and binding to enzymes has been analyzed in terms 
of fractals [2 1,221. Other biological phenomena that 
exhibit fractal dynamics include the opening and 
closing of ion channels [23,24] and molecular relax- 
ations [25]. 

2. Materials and methods 

Frozen dog kidneys were obtained from Pel-Freez 
Biologicals (Rogers, AR). Na+/K+-ATPase was iso- 
lated from the outer medulla of the kidney by a 
modification of method C of Jorgensen [26]; specific 
activity was in the range of IO-25 pmol P, (mg 
protein)- ’ min- ’ at 37°C. Steady-state enzyme ac- 
tivity was measured either calorimetrically [27] or 
with a fluorescence assay [7,28] which couples the 
production of P, to the conversion, by purine nu- 
cleotide phosphorylase, of the fluorescent substrate 
7-methylguanosine to the nonfluorescent product, 7- 
methylguanine. Enzyme was labelled with IAF as 
described earlier [ 1 1,291. 

Stopped-flow experiments were performed as de- 
scribed earlier [7,8] on a stopped-flow fluorimeter 
(Kinetic Instruments, Ann Arbor, MI) interfaced with 
a Macintosh IIcx personal computer (Apple Com- 
puter, Cupertino, CA) through a MacADIOS inter- 
face board (GW Instruments, Somerville, MA). Equal 
aliquots of enzyme (100 pg ml -‘> and TNP-ATP in 
identical buffers were rapidly mixed, and the fluores- 
cence recorded from 1 ms to 4-32 s. Multiple shots 



(typically 8-9) were averaged to yield mean fluores- 
cence and standard error. The data from 2 ms to 4 s 
or 32 s were fitted by several (l-5) exponentials or 
with a ‘stretched’ exponential with or without an 
‘unstretched’ exponential (see below) with a nonlin- 
ear least-squares fitting algorithm [SO]. Fits yielded 
model parameters with estimates of standard errors. 

Chemical reactions kinetics exhibit stretched ex- 
ponential kinetics if the rate-constants are time-de- 
pendent. Consider an irreversible first-order reaction: 

T+C (‘1 

with a first-order rate-constants kTc. Assume that 
k, (. is a function of time: 

k,,.(t) =X,,t”_’ (2) 

where 0 < u I I, (Note that k,, is in units of s ” 
[31].) The usual chemical reaction would occur if 
cy = I (resulting in an ‘unstretched’ exponential). Eq. 
(2) implies that the rate-constant of the reaction 
decreases with time. i.e., the reaction slows down 
with time. Kinetic traces of these reactions are char- 
acterized by a rapid change at early times followed 
by slow changes at later 

The concentration of 
[?I1 

k,,t" 
T(t) =T,,exp -__ I 1 cy 

times. 
T as a function of time is 

(-?> 

For the experiments described here, T represents 
TNP-ATP concentration and C the complex it forms 
with the enzyme fragments. Note that the steady-state 
experiments have indicated that TNP-ATP binding 
does not saturate even at concentrations of 50 PM 
[S], indicating that the concentration of binding sites 
far exceeds the concentration of TNP-ATP. Further. 
the concentration of binding sites dors not corre- 
spond to the enzyme concentration. Since the con- 
centration of binding sites exceeds TNP-ATP con- 
centration. binding may be treated as pseudofirst- 
order. 

Once TNP-ATP binds. it quenches IAF fluores- 
cence by fluorescence energy transfer. The total 
fluorescence of the sample will then be the sum of 
the quenched and unquenched IAF. It is assumed 

that IAF quenching is proportional to the concentra- 
tion of the complex, C. in Eq. (I). The decrease in 
fluorescence will then be: 

_5F=F,,-F(t) =l$[C](r) 

where F,, is the initial fluorcsccnce, F(t) is the 
fluorescence at time t after mixing. and d is a 
proportionality constant related to the efficiency of 
energy transfer. This equation can he rewritten as: 

F(t) = E, + 1Fexp[ -Bt”] (4) 
where F, is the fluorescence intensity at infinite time 
(steady-state). 1 F is the magnitude of the fluores- 
cence change. and R = k,,/cu: k,, and (Y are defined 
in Eq. (3). 

A similar result can be derived t’or a first-order 
reversible reaction. provided both forward and re- 
verse rate-constants are assumed to have the same 
time-dependence. 

The exponential term in Eq. (4) can bc written as: 

exp[-Bt”] =:_/‘cl,(X) .eap[pkt]dX (5) 
I) 

That is. the stretched exponential can be written as a 
superposition of ‘unstretched’ cxponentials. Here. 
Q(k) is a distribution 01‘ rate-constants for these 
exponentials. Mathematically. @( /\) is the inverse 
Laplace transform of the left-hand side term of Eq. 
(5). The stretch parameter N reflects the width ot 
this distribution: if IY is enc. @(X ) is a delta func- 
tion: as LY decreases, the distribution widen\. Fig. I 
shows @(k) for rcprescntuti\,c values l.)i’ u in the 
range found in this paper. 

0 I 2 3 

k. s-1 

Fig. I Distrihutlon of rate-constants at diflerent w. The Laplacc 
transform of a mrtohed exponential i’unction (cxp[ -- /“I) WI\ 

evaluated nutnetully at three dii’iercnt value\ 01 CY 
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3. Results 

3. I. Kinetics of TNP-ATP binding 

Fig. 2 shows typical quenching of IAF fluores- 
cence with TNP-ATP: with an initial rapid decrease 
followed by a slow decrease, characteristic of 
stretched exponentials. Note that the time scale in 
Fig. 2 is logarithmic, to show clearly both the rapid 
and the slow changes on the same figure. These data 
were fitted with Eq. (4). 

To compare this analysis with a more traditional 
approach, the data were analyzed with sums of expo- 
nentials. At a low TNP-ATP concentration (0.1 
PM), the data could be fitted adequately to a single 
(‘unstretched’) exponential (as determined by the 
normalized chi-square). However, the number of ex- 
ponentials required to provide an adequate fit in- 
creased as the amount of TNP-ATP was increased. 
For the example shown in Fig. 2, four ‘unstretched’ 
exponentials were needed to get a fit comparable (as 
determined by the normalized chi-squared) to that 
obtained with Eq. (4). 

Table 1 gives the rate-constants and magnitudes 
(averaged over three experiments) for five exponen- 
tials fits to data with TNP-ATP concentrations from 

85 r 

I I I I I 

0.01 0.1 1 10 

Time, s 

Fig. 2. Quenching of IAF fluorescence by TNP-ATP measured 
with stopped-flow fluorimeter. 100 pg ml-’ IAF enzyme in 150 
mM choline chloride, 25 mM imidazole-HCI, pH 7. I mM 
EDTA, was rapidly mixed with IO FM TNP-ATP in the same 
buffer (final concentration: 50 pg ml- ’ enzyme, 5 FM TNP- 
ATP). The solid line is a fit to Eq. (4) (‘% A F = 33 f 1. B = 5.09 
f 0.02 s- ’ , (Y = 0.269 + 0.005). 

0.5 to 15 PM. At lower concentrations, the magni- 
tude of the fifth exponential was smaller than the 
root-mean-square difference between the data and 
the fit, so the corresponding rate-constant was omit- 
ted. 

Rate-constants for the first component (k,) were 
large-these values represent components with half 
times less than or equal to 2 ms, the first time point 
analyzed. These components contributed signifi- 
cantly at early times, and these contributions were 
typically l-2% A F. 

The kinetics of IAF fluorescence quenching were 
examined as a function of TNP-ATP concentration. 
Data were fitted to Eq. (41. Only % AF (defined as 
lOO~AF/(F,+AF)) and CY varied significantly 
with [TNP-ATP] (Fig. 3). Values for B were typi- 
cally between 5 and 10 sC”. The magnitude of 
fluorescence change (% A F) increased linearly with 
[TNP-ATP] over the concentration range examined 
here, and corresponded to the decrease in fluores- 
cence observed under steady-state conditions at high 
TNP-ADP concentrations [4]. 

The ‘stretch’ parameter (Y decreased with TNP- 
ATP concentration. This parameter reflected the 
width of the distribution of rate-constants (and, 
therefore, energy barriers) for binding. Note that the 
fluorescence quench reflected the kinetics of those 
sites that are occupied by TNP-ATP. Therefore, at 
low [TNP-ATP], only the sites with relatively low 
energy barriers are occupied, resulting in a narrow 
distribution of rate-constants and a relatively high (Y. 
On the other hand, at high [TNP-ATP], sites with 
high energy barriers to binding will also be occupied, 
resulting in a wider distribution and a lower cr. 

Note that (Y at the lowest TNP-ATP concentra- 
tion is significantly less than one (approximately 
0.7). This appears inconsistent with the statement 
made earlier than these data (at 0.1 PM TNP-ATP) 
could be fitted to a single exponential (corresponding 
to an cr of 1). In order to resolve this apparent 
contradiction, the data for 0.1 PM TNP-ATP and 
the fits to both a single exponential and a stretched 
exponential are shown in Fig. 4. The residuals for 
the fits are also shown. 

When compared in terms of the normalized x1, 
both fits were equally good. However, the residuals 
(Fig. 4b) for the single exponential indicated the 
presence of an additional component. The fitting 
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Fig. 3. (A) Magnitude (‘/c hF) of fluorescence change as a 

function of TNP-ATP concentration. (B) a as a function of 

TNP-ATP concentration. Experimental conditions were the same 
as in Fig. 2. except, TNP-ATP concentration WI\ varied as 

indicated. 

algorithm could not resolve this component because 
its amplitude was too small. 

3.2. Competition between TNP-ATP and ATP 

Under steady-state conditions, when ATP was 
added to a preparation of enzyme + TNP-ATP, the 
fluorescence recovered, but not to the level before 
the addition of TNP-ATP [6,19]. In earlier work, 
fluorescence recovery was examined when enzyme 
+ TNP-ADP was mixed with ADP. In those experi- 
ments, about 5% of the initial fluorescence could not 
be recovered when enzyme at nanomolar concentra- 
tion with I PM TNP-ADP was mixed with saturat- 
ing concentrations of ADP (4 mM) [S]. Extension of 
these results to TNP-ATP and ATP indicated that a 
certain fraction of the bound TNP-ATP could not be 
competed off with ATP. suggesting that TNP-ATP 
bound to two classes of sites: one, referred to as 

specific, could bind both TNP-ATP and ATP (and. 
hence, the TNP-ATP could be competed away by 
ATP); the other, referred to as nonspecific, bound 
only TNP-ATP. 

To examine the differences in the transient-state 
binding of TNP-ATP to these different sites, two 
sets of experiments were performed. First, IAF-en- 
zyme + 0.5 or 1 PM TNP-ATP was rapidly mixed 
with varying concentrations of ATP. The resultant 
fluorescence recovery reflected the displacement of 
TNP-ATP by ATP from the specific binding sites. 
Therefore. the kinetics of this fluorescence change 
reflect the binding of substrate to the specific bind- 
ing sites. A typical fluorescence trace of this experi- 
ment is shown in Fig. 5. 

Data were fitted either to a stretched exponentials 
(Fig. 5) or to a sum of two exponentials (not shown). 
Comparison of the normalized x’ for the two fits 
indicated that these fits were equally good. For fits to 
the stretched exponential, cr ranged in value between 
0.75 and 0.9 (Fig. 61, suggesting that the specific 
sites do not have as broad a distribution of rate-con- 
stants as seen with TNP-ATP alone (Fig. 31. In the 
double-exponential fit, the larger of the two rate-con- 
stants increased from 23.6 IfI 1.2 to 135 + 35 s- ’ (a 

0.001 0.01 0.1 I IO 

Tie, s 

Fig. 4. (A) Fluorescence quenching of enzyme (IO0 /.q ml-’ ) 
rapidly mixed with 0.2 /LM TNP-ATP (final concentration, 0.1 
PM), Other experimental conditions as in Fig. 2. Dashed line: fit 
to a single exponential (c/c 3 F = 10.0%. k = 4.05 s- ’ root-nor- 

malized x’ = 0.602’3 ). Solid line: fit to a stretched exponential 
(56 ?lF= 11.X%, R=2.73 b I’, root-normalized x7 = 0.492% 1. 
(B) Re.siduals: solid I’ me, single exponential; dotted line, stretched 
exponential. 
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Fig. 5. ATP-induced tl uorehcrnce recovery. IO0 ~g ml ’ enzyme 
fO.5 /.LM TNP-ATP was rapidly mixed with 2 mM ATP. The 

solid line is a fit to Eq. (5) (U .IF=IF/(Ap+ p,)= 11.4+ 

0.2%. H = 11.7*0.5 5;‘“. 0 = 0.81 *0.01). 

five-lhld increase) when the ATP concentration in- 
creased from 250 PM to 2.5 PM. 

In the second set of experiments, IAF-enzyme + 
0.1 mM ATP was rapidly mixed with varying 
amounts of TNP-ATP. This concentration of ATP 
was much higher than the equilibrium constant for 
ATP binding to the enzyme [6,17]. The resultant 
quenching reflected the binding of TNP-ATP mainly 
to the nonspecific binding sites. Again. cx as a 
function of [TNP-ATP] is shown in Fig. 7. The 
decre;ise in CY under these conditions was similar to 
that seen in the absence of ATP (Fig. 3). 

1 
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I 10 100 1000 Icoo 
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Fig. 6. (Y a\ a function of ATP concentration. Enzyme+ I PM 

(filled quares) or 0.5 PM (filled circles) TNP-ATP was rapidly 
mixed with ATP. Other conditions were as in Fig. 2. Fluorescence 
incrcasc wah fitted with a stretched exnonential. 

O’*: l----___ 
0.01 0.1 I 0 

[TNP-ATP]. WM 

Fig. 7. u 3s a lunction of TNP-ATP concentration in the prc+ 

encc of 0. I mM 4TP. Other condition\ WIT a\ ir Fi:. 2. 

3.z. Inac~til~fltion c~orltt-0l.s 

The variation in (Y indicates that a distribution ot 
binding sites exists within the sample with varying 
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Fig. 8. Effect of DMF (A) and ethanol (H) 011 CY and etvymc 
activity. Enzyme +ethanol or DMF (in ethanol) &a\ rapidly mixed 
with 2 PM TNP-ATP + the same amount of EtOH or DMF. The 

filled end half-filled squares repre%znt two different experiment\. 
Activity was mcnsured in parallel (filled circles). Activity in the 
absence of DMF and EtOH was defined a\ IOO’i, 
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energy barriers for binding. Either these variations 
are intrinsic to the protein or they are artifacts of the 
isolation and/or labelling procedures. To test for the 
latter, the enzyme was subjected to controlled inacti- 
vation, either with ethanol (EtOH) or with dimethyl- 
formamide (DMF), and quenching and enzyme activ- 
ity were measured as functions of inactivator concen- 
tration. Fig. 8 shows a as a function of the amounts 
of EtOH and DMF, along with enzyme activity. 
With 9% ethanol (by volume), activity was reduced 
to 5% of maximum, while cr was practically un- 
changed. Further increases in the amounts of EtOH 
did reduce cr (data not shown). Increasing DMF to 
25% (by volume) decreased activity to 23% of maxi- 
mum, while (Y was reduced to 65% of maximum. 
Thus, while EtOH and DMF reduced both activity 
and a, the concentration dependence was different 
for these two inactivators. 

4. Discussion 

In this paper and the previous one [5], the quench- 
ing of IAF-enzyme fluorescence upon addition of 
TNP-nucleotide was used as a signal of TNP- 
nucleotide binding to the enzyme. Under steady-state 
conditions [5], it was shown that TNP-nucleotide 
binds to two classes of sites: specific sites (from 
which the TNP-nucleotide could be displaced by 
unlabelled nucleotide), and nonspecific sites (from 
which TNP-nucleotide could not be displaced by 
unlabelled nucleotide). 

This paper examines the transient kinetics of IAF 
fluorescence quenching by TNP-ATP. These time- 
dependent fluorescence changes were nonexponen- 
tial with time. In order to understand this nonexpo- 
nential behavior, consider first the simplest possibil- 
ity: that of the enzyme and TNP-nucleotide undergo- 
ing a simple association, with each enzyme molecule 
binding a single TNP-nucleotide molecule: 

E+T+C 

where the enzyme (E) and TNP-nucleotide (T) com- 
bine to form a complex, C. (This model is consid- 
ered here for completeness, even though steady-state 
kinetics have indicated the presence of specific and 
nonspecific binding sites.) The kinetics of this reac- 

tion is, in general, nonexponential; the enzyme fluo- 
rescence as a function of time is given by: 

F(t) = F, + AF 
(1 -K).exp(-k,,,f) 

1 - K. ev( - kd) 
(6) 

where K and koh5 are functions of the forward and 
backward rate-constants and the initial concentra- 
tions of enzyme and TNP-ATP (E, and T,). F, is 
the fluorescence at infinite time, and AF is the 
change in fluorescence. 

Two predictions can be made from Eq. (6). (a> It 
reduces to a single exponential either when E, B T, 
or when T, > E,; i.e., if either reactant is in excess 
the reaction becomes pseudofirst-order; in other 
words, this model predicts exponential kinetics at 
low and high concentrations of TNP-ATP and non- 
exponential kinetics at intermediate concentrations. 
(b) At intermediate concentrations, Eq. (6) can be 
written as sum of exponentials (by expanding the 
term 1 /[ K - exp( - koh, t)] as an infinite series); the 
rate-constants of these exponentials are integer mul- 
tiples of kohs. Neither prediction is borne out experi- 
mentally; while the kinetics at low TNP-ATP con- 
centration could be described by a single exponen- 
tial, more and more exponentials were needed at 
higher concentrations of TNP-ATP; the rate-con- 
stants of exponentials are not multiples of the lowest 
value (Table I>. 

An alternative model, still based on a single bind- 
ing site can be proposed as follows: since the extent 
of quenching depends on the distance between TNP- 
ATP and IAF after binding, any changes in this 
distance after initial binding could result in nonexpo- 
nential kinetics. These changes could be due to 
conformational changes that occur after binding. This 
process can be modelled as a cascade, with the initial 
step being complex formation. In order to simplify 
the calculation, and because multiple exponentials 
are apparent only at high TNP-ATP concentrations, 
the first step in this model is presented here under 
the approximation that T,, B E,,, i.e., as pseudofirst- 
order. Consider, for example, a 2-step cascade: 

ESC4C’ (7) 

Here, E is enzyme before binding, C is the initial 
complex which undergoes a conformational change 
to form C’. The first-order and pseudofirst-order 
rate-constants for this cascade are: k, for E + C, k, 



for C + E. k, for C 4 C’, and k, for C’ + C. Note 

that k, is the product of the second-order rate-con- 

stant for TNP-ATP binding to the enzyme and the 

total [TM-ATP] concentration. 

Eq. (7) is governed by the differential equation: 

d.‘E dE J 
,;+---zk,+Et i k,k,=k,k,E,, (8) 

!==I /=I /=I+? 

The solution to this differential equation is a sum of 

two exponentials: 

E(r) =A,,+A, .exp( -A,[) +A2 .exp( -h,t) 

where A,,. A, and A, are constants. The observed 

rate-constants for these exponentials are A, and A,. 

which arc solutions of the equation 

A’+A&,+ k i k,k,=O 
I I ,=I ,=!+I 

(9) 

To determine if A has an extremum (maximum or 

minimum) with respect to the TNP-ATP concentra- 

tion. it is enough to determine aA/ak, and set it to 

zero. To determine this derivative, Eq. (9) is differ- 

entiatcd with respect to k, and then solved for 

;rA/?M, : 

i/A 
__ - 
8X, 

?A+ ;k; 
(10) 

,= I 

To detennine the TNP-ATP concentration (or. 

equivalently. k,) at which A has an extremum. Eq. 

( IO) is set to 0 and then solved for k,. If ijA/tJk, is 

zero. then 

A+ ck,=O (II) 
/ 3 

A is the root of a quadratic equation, and is given by: 

By substituting A from this equation into Eq. (I I ). a 

relationship involving the four rate-constants is ob- 

tained: 

(k, +X,-k,-k,)‘=(k, +kz+X,+X,)’ 

-4[k,(k,+k,) +k,k,] ( 1.3) 

This relationship is valid only if the product k, X I = 
0. that is. if the initial binding step is irreversible. 

Under those conditions. Eq. ( 1.3) is an identity and is 

true for all k, : there is no concentration ol‘ TNP- ATP 
where the observed rate-constants are at an ex- 

tremum. Thu\. the cascade model predicts that A 

must change monotonically with [TNP- ATP]. This 

argument mai be generalized to ca~~de~ with more 

than two step\. 

This prediction (of monotonically changing k<,,,) 

is not conaistc’nt with the parameters obtained l’rom 

the data: Table I gives the results of I‘its of Iluores- 

cence traces to 5 exponentiala as ;I function of 

TNP-ATP concentration: ,k?. X: md X, increase 

with [TNP~ATP] at low concentrations but decrease 

at higher concentrations. while ki decreases at IOU 

and then increases at high concentrations. 

The parameters shown in Table I wcrc obtained 

from fitting data from 2 ms to 32 s. The first I’oui 

rate-constants ( X , through X,) m’crc not s,ignificantly 

dift’crcnt when the fits were rcstrictcd to the first I’our 

seconds (in order to compare with the stretched 

exponential fits shown in Fig. 2). Note that \c\cral 

of the values obtained for k, ;lre unreali& for data 

over this range in time: an exponcntlal with an 

observed ratc-constant of 1000 s ’ has ;I I,, q of 0.7 

ms. and its amplitude is only 14% of its maximum a( 
2 ms. the first time point of the analy;rcJ data. This 

component accounted for some of the feature\ at 

early times. and because of its small si/e. will not be 

discussed further. The arguments presented here 

against the simple binding model were nlade using 

the parameter\ X2. k,. and X,. 

These problems with simple binding models \ug- 

gest that the quenching kinetics arc intrinsically non- 

exponential. Such kinetics typically cle\cribc rcac- 

tions that occur in inhomogeneous media, lor cxatn- 

ple. reactions that occur at surfaces or in amorphous 

media such a\ glasses [3l]. These kinetic\ have been 

described successfully with 5tretched exponentials. 

Since the binding of TNP-ATP IO the Na- /K ‘- 

ATPase occurs at a surface (that 01‘ membrane t’rag- 

ments). thiq Jc\cription appears to hc appropriate. 
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Further, steady-state kinetics suggest that TNP- 
nucleotide binds to heterogeneous sites on the mem- 
brane [4-61. The time-course of TNP-ATP binding 
exhibits properties characteristic of stretched expo- 
nentials: an initial rapid decrease in fluorescence 
followed by a slower decrease (Fig. 2). 

4.1. Physical interpretation of stretched expnnentials 

As mentioned earlier, the kinetics of IAF fluores- 
cence quenching cannot be explained in terms of 
sums of exponentials, but could be fitted with a 
single ‘stretched’ exponential (Eq. (6)). This section 
proposes a possible physical interpretation of these 
kinetics 

Mathematically, any decaying function f(t) can 
be expressed as a Laplace transform, i.e., as a super- 
position of an infinite number of exponentials (limited 
only by requirements of continuity and boundedness). 
The stretched exponential can be expressed in this 
fashion. as shown in Eq. (5). 

Physically, Eq. (5) can be interpreted in the fol- 
lowing manner: consider the population of binding 
sites in the sample when TNP-ATP is mixed with 
the enzyme. Steady-state experiments have already 
indicated that these binding sites are heterogeneous, 
with specific and nonspecific sites (where ATP can 
and cannot affect TNP-ATP binding, respectively 
[5,6]). In all likelihood, TNP-ATP binds to different 
sites with different rate-constants, with these rate- 
constants distributed in some fashion. 

In Eq. (5), each exponential on the right repre- 
sents a reaction with a different energy barrier for 
binding. The coefficient of the exponentials (G(k)) 
represents a distribution of rate-constants, and there- 
fore, a distribution of activation energies; in other 
words. Q(k) is an indication of the fraction of sites 
that are characterized by the observed rate-constant 
k. Fig. 1 shows this distribution function for various 
values of the parameter (Y. These distributions were 
determined as follows: data were fitted by the 
stretched exponential function (Eq. (4)), yielding 
estimates for k, and cu; then, the inverse Laplace 
transform Q(k) was then evaluated numerically. Any 
function ,f(t> which fits the data as well as the 
stretched exponential will give the same Q(k). In 
that sense, the stretched exponential is a 
parametrization of the data. 

Thus, the distribution Q(k) is the physically sig- 
nificant quantity here, and may be interpreted in 
terms of a distribution of binding sites with different 
activation energies [20]. Note that in the experiments 
shown in Figs. 2 and 3, no distinction was made 
between the specific and nonspecific sites. This dis- 
tribution of activation energies may indicate that the 
binding sites may exist as a distribution of conforma- 
tions, each conformation separated from others by 
relatively small energy barriers; it may also indicate 
different environments for the different binding sites. 

This interpretation can also account for the broad- 
ening of the distribution with TNP-ATP concentra- 
tion: at low concentrations, only the sites with the 
lowest activation energies are filled. As TNP-ATP 
concentration increases, sites with higher activation 
energies are filled, resulting in the observed broaden- 
ing of Q(k). 

4.2. Binding of TNP-ATP and ATP to spec$ic sites 

Steady-state measurements indicated that TNP- 
nucleotide bound to specific and nonspecific binding 
sites [4,5]. Specific sites were those where ATP 
could affect TNP-ATP binding (by displacing it), 
while nonspecific sites were those where ATP could 
not affect TNP-ATP binding. Those experiments 
yielded equilibrium constants for the specific binding 
sites for nucleotide and their TNP-analogs. 

In this paper, the kinetics of substrate binding to 
the specific sites were examined by rapidly mixing 
ATP to a mixture of enzyme and TNP-ATP (Fig. 5). 
The resultant fluorescence recovery reflected the dis- 
placement of TNP-ATP by ATP from the specific 
binding sites. Since the ATP concentrations used 
here were much higher than the dissociation constant 
for ATP (0.1 FM [6]). these kinetics represent TNP- 
ATP dissociation from these sites. These kinetics 
could be fitted well either with a sum of two expo- 
nentials (fits not shown) or with a stretched exponen- 
tial with an (Y of 0.8-0.9, indicating that the specific 
binding sites also exist as a distribution of conforma- 
tions. However, this distribution is not as wide as 
that for the nonspecific sites (Fig. 7). 

It may be argued that the fit to a sum of two 
exponentials is physically simpler and easier to inter- 
pret than the stretched exponentials. Since the fluo- 
rescence recovery is determined by the rate of TNP- 
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ATP dissociation, this model predicts that when 0.5 
PM TNP-ATP + enzyme is rapidly mixed with 
0.25-2.5 mM ATP, the observed rate-constants must 
be independent of ATP concentration. This predic- 
tion was not borne out in the experiments: the larger 
of the two rate-constants varied strongly with ATP 
concentration over the entire range of concentrations 
used (a S-fold increase in rate-constant correspond- 
ing to a IO-fold increase in ATP concentration). 
These results indicated that the two-exponential 
model could not explain the data. 

A similar argument regarding the dependence of 
parameters on ATP concentration may be made about 
the stretched exponential fit. Of all the parameters 
obtained from these fits. only B varied marginally 
with ATP. In two experiments. B increased. varied 
from 12.3 to 12.8 and I I .8 to 16.0 when [ATP] 
increased from 250 PM to 2.5 mM. This change is 
much smaller than the changes observed in the rate- 
constants in the two-exponential fit. 

Note that steady-state experiments indicated a 
definite equilibrium constant for TNP-ATP (and 
ATP) blnding to the specific site [5,6]. Thus. al- 
though the ratio of the forward and backward rate- 
constants was a constant (i.e., time-independent), the 
individual rate-constants depended on time (as de- 
scribed in Eq. (2)). The two rate-constants must. 
therefore, have the same time-dependence. 

As discussed earlier. the time-dependence of the 
rate-constants (and the stretched exponential kinetics 
derived from it) retlect a distribution of activation 
energies. Here, each rate-constant for binding to the 
specific site is considered separately. The forward 
rate-constant reflects the energy differences between 
the initial, unbound state and the transient activated 
state. The distribution of rate-constants may be the 
result of a distribution of the free energies of the 
unbound state. the transition state, or both. However. 
since there exists a definite equilibrium constant fhr 
substrate binding to the specific sites, it is unlikely 
that the energies of the unbound states are distributed 
to any extent. (The width of this distribution must be 
smaller than the thermal energy.) Thus, a possible 
explanation of the distribution of rate-constants may 
be a distribution of the energies of the transition 
states. A similar argument can be made for the 
backward rate-constants. In other words, the distribu- 
tion of rate-constants and the existence of a definite 

E--T* 

E-T 

Fig. 9. Schematic representation of energy levels 01 dift’ercnl 

forms of the enqme: E = binding site occupied: E - T = binding 

site occupied: E-T’ = transition state. The tr;lnhiGon slate is 

shown a\ a shaded box to denote the distribution of energies in 

this state. SW text for discussion. 

equilibrium constant implies that the energy of the 
transition state is distributed (Fig. 9). while the ener- 
gies of the initial (unbound) and final (bound) states 
are not. 

In order to probe nonspecific binding sites. IAF 
fluorescence quenching by TNP-ATP was measured 
at high ATP concentration: since ATP blocks TNP- 
ATP binding to the specific sites, these experiments 
would only probe the nonspecific sites. 

These experiments indicated that the variation in 
barriers seen when IAF fluorescence was quenched 
with TNP-ATP in the absence of ATP was mainly 
due to the nonspecific binding sites. ESoth in the 
absence (Fig. 3B) and presence (Fig. 7) of ATP. CY 
decreased with increasing TNP-ATP concentration 
over practically the same range. A significant differ- 
ence was seen at higher TNP-ATP concentration 
between LY in the absence (Fig. 3B) and presence 
(Fig. 7) of ATP: in the absence of ATP. CY decreased 
more than in the presence of ATP. This difference 
could be attributable to TNP-ATP binding to the 
specific sites in the absence of ATP. 
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In the case of binding to the specific sites, com- 
parison between steady-state and transient state ki- 
netics yielded the conclusion that the distribution of 
rate-constants was due to a distribution of the energy 
of the transition state and not to a distribution of the 
unbound or bound states. A similar conclusion can- 
not be made for nonspecific binding, because a 
definite equilibrium constant for this binding could 
not be determined [51. 

4.4. Other considerations 

Structural studies of the (Y subunit of the enzyme 
have indicated that about 50% of the amino acids are 
located in a cytoplasmic loop between the fourth and 
fifth transmembrane domains [I]. The ATP and IAF 
binding sites are located on this loop. Very little is 
known about the higher-order structure of this loop. 
Preliminary results have indicated that a peptide 
containing the ATP binding site overexpressed in E. 
cnli retains the ability to bind ATP [32]. This result 
implies that the ATP binding properties of the en- 
zyme depend largely on the structure of the cytoplas- 
mic loop. 

Although the Na’/K+-ATPase is a transmem- 
brane protein, the cytoplasmic loop can be thought of 
as a globular protein anchored to the membrane. 
Stretched exponentials have been used to examine 
the dynamics of globular proteins ([20] and refer- 
ences therein), and those studies may be used to 
interpret results reported in this paper. Experiments 
on globular proteins (such as myoglobin) suggest 
that they have potential energy functions with a large 
number of shallow minima [33], consistent with a 
distribution of rate-constants. Further, molecular dy- 
namic simulation of myoglobin based on its static 
crystallographic structure indicated that oxygen could 
not reach its binding site because of a large energy 
barrier. However, small perturbations in the structure 
(not apparent from crystallographic analysis) could 
allow oxygen to enter into the binding pocket [33]. 
These fluctuations may be akin to the distribution of 
conformations suggested here, and may account for 
the distribution of rate-constants seen for specific 
binding (as reflected by cy < 1; Fig. 6). 

Questions remain about the nature and location of 
the nonspecific binding sites. In analyzing their data, 

Moczydlowski and Fortes [ 171 assumed that TNP- 
ATP binds to a single site; in their subsequent 
analysis, they found that TNP-ATP binds to this site 
with greater affinity than ATP. It was conjectured 
that the trinitrophenyl group inserts into hydrophobic 
regions in the protein to stabilize binding. Although 
data presented here and earlier [5] could not be fitted 
with a single-site model, the hydrophobic nature of 
the trinitrophenyl group may explain the nonspecific 
binding: because of this group, TNP-ATP may bind 
to sites in the planar lipid bilayer and/or within the 
protein itself, sites that are unrelated to the ATP 
binding site. The energy barrier for this binding 
would then vary, depending on the environment at 
these sites. Further, there may be a large number of 
such sites per protein molecule. 

A final question needs to be addressed: if rate- 
constants for binding were time-dependent (Eq. (2)), 
why did this time-dependence not appear in earlier 
experiments that examined later steps in the reaction 
cycle [7-9]? In other words, why did the kinetics of 
charge transfer and of conformational changes asso- 
ciated with ion transport fit well to one exponential? 

There are two possible explanations. The first is 
that with the enzyme preparation and labelling proto- 
col used here, only 30-50% of the enzyme was 
active. It is possible that a fraction of the inactive 
enzyme bound substrate, (and, thus, contribute to the 
binding signal), but could not transport. The distribu- 
tion of rate-constants may be due to these inactive 
enzyme molecules. 

An attempt was made to address this question 
using controlled inactivation of the enzyme with 
ethanol and DMF. These experiments did not yield 
definitive conclusions: while controlled inactivation 
with ethanol destroyed activity without changing LY, 
inactivation with DMF did reduce (Y (although not to 
the extent of reduction in activity). It is possible. 
indeed likely, that the mechanisms of enzyme inacti- 
vation in these experiments are different from en- 
zyme inactivation during preparation. 

The effect of varying levels of activity was exam- 
ined under steady-state conditions [5]. In those exper- 
iments, data analysis yielded an ‘active fraction’ 
parameter that represented the fraction of the enzyme 
that bound TNP-nucleotide to the specific binding 
site. This parameter correlated well with enzyme 
activity: a two-fold increase in the active fraction 
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reflected a two-fold increase in enzyme activity. 
These experiments indicated, therefore, that enzyme 
rendered inactive during preparation did not bind 
TNP-nucleotide at the specific site. Further questions 
about the effects of enzyme activity levels will be 
addressed in the future by examining substrate bind- 
ing to different enzyme preparations made with pro- 
tocols that yield higher fractions of active (or inac- 
tive) enLyme. 

An alternative explanation involves the magni- 
tudes of binding rates. Earlier, it was argued that the 
observed rate-constant in the ATP-induced tluores- 
cence recovery experiments reflected the rate-con- 
stant of TNP-ATP dissociation from the specific 
binding site. It was also argued that because of the 
time-independence of the dissociation constant for 
TNP-ATP from this site, the time-dependence of the 
forward and reverse rate-constant for TNP-ATP at 
this site must be the same. The time-dependent 
dissociation (reverse) rate-constant for TNP-ATP is 
given by Eq. ( 14): 

k,(t) = kZC,Y ’ ( 14) 

Typical parameters are: (Y = 0.81, and kZO = IO CC1 
(from Fig. 5; B = k,,/cw). 

The dissociation constant (Kd = k,/k, = k,,/k,,,) 
for TNP-ATP is of the order of 10:’ M [6]. There- 
fore, k,,, = IO” M ’ s ‘I. Using these parameters 
and Eq. (2). k, and k, can be calculated at 2 ms and 
4 s, the two extreme time points for the data pre- 
sented here and for earlier transport and conforma- 
tional change studies: k, =3.3x IO’ M-’ s-’ (2 
ms) and 7.7 X IO’ M ’ s-~’ (4 s); kz = 33 s-’ (2 
ma) and 7.7 s ’ (4 s). 

Note that the rate-constants for conformational 
changes and charge transport measured earlier with 
0. I - I mM ATP were of the order of 100 s ’ [7- IO]. 
Assuming that the second-order rate-constants deter- 
mined here arc applicable to ATP, the pseudofirst- 
order rate-constants at those concentration of ATP 
will be 3.3 X IO’ s- ’ (0. I mM ATP) to 3.3 X IO’ 
s- ’ (I mM) at 2 ms and 7.7 X IO’ s- ’ (0.1 mM) 
and 7.7 X I OJ s- ’ (I mM) at 4 s. These rate-con- 
stants are much faster than the 100-200 s- ’ seen for 
conformational changes and charge transport. Thus, 
the estimated parameters for the stretched exponen- 
tial indicate that this process is much faster than the 

conformational changes and charge transfer exam- 
ined earlier [7-91. 

5. Conclusion 

Steady-state studies of TNP-ADP and TNP-ATP 
binding to the enzyme [5,6] have shown that there 
exist two different population of TNP-nucleotide 
binding sites on the Na+/K’-ATPase, one popula- 
tion (specific) which can bind ATP and the other 
(nonspecific) which can only bind TNP- ATP. These 
experiments also indicated that there are a large 
number of nonspecific binding sites per enzyme 
molecule. 

Equilibrium constants for TNP-ATP and ATP 
binding to the specific sites were determined. The 
existence of well-defined equilibrium constants im- 
ply that the initial energy (of enzyme + substrate) 
before binding and the final energy (of the enzyme- 
substrate complex) are well defined (and time-inde- 
pendent). 

Transient state studies of TNP-ATP binding (rc- 
ported in this paper) are consistent with the existence 
of specific and nonspecific binding sites. These ex- 
periments also indicate that the forward and back- 
ward rate-constants are not constant but are dis- 
tributed around a mean value. This distribution may 
retlect distributions in the energies of the initial 
(unbound) state, the final (bound) state, and the 
transition state. Experiments that specifically probe 
the kinetics of TNP-ATP binding to the specific 
binding site suggest that the energy of the transition 
state for this site is distributed. 

Physically. this result may mean that when the 
specific binding sites are empty or filled, they exist 
in many different conformations separated from one 
another by small energy barriers (small as compared 
with thermal energy). However, these conformations 
can be distinguished by their transition states. which 
have different energies. A schematic representation 
of the energy levels of these states is shown in Fig. 
9. 

Results reported here indicate that quenching ot 
IAF fluorescence by TNP-ATP is a useful tool for 
studying the ATP binding site. However, the inter- 
pretation of these data is complicated by the pres- 
ence of nonspecific binding, probably to hydropho- 
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bit regions within the protein and/or to the lipid 
bilayer. 
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