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Nucleotide binding to IAF-labelled Na+/K’-ATPase measured 
by steady state fluorescence quenching by TNP-ADP 

Abstract 

Nucleotide binding to S-iodoacetamidofluorescein (IAF) labelled Na ‘/K ‘-ATPaxe was measured h\ steady \tute 

fluorescence quenching of the fluorescein label via energy transfer to trinitrophenyl (TNP) labelled nucleotlde. TNP-ntdco- 

tidea are valuable probes of nucleotide binding to ATPases. Interpretation of three and other experiments in our laborator, 

usincp TNP-nucleotides with the Na+/K+-ATPase rely on having a good model for the interaction of TNP-nuclcotidc with 

the enlyme. Sets of Uuorescence quenching curves obtained by titratin g the enrvlne with TNP-ADP in tht: presence of 

variou\ concentrations of ADP could not be adequately modelled usin, 17 a simple model with a single nucleotidc hinding \lte. 

Thcrcforc, we compare various models which allow for additional TNP-nucleotide bindin, ~7 to the en/\/me. In the twoktc 

model. the additional binding is to a second specific site for which TNP-nucleotide and unlahelled nucleolidt: compete. In 

two other model\. the additional binding (in one case saturable. and in the other case non-saturable) of TNP-nucleotide I\ not 

hloched hy or affected by unlabelled nucleatide, and is. therefore. referred to a\ non-specific binding of the TNP-nucleotidc. 

The goal of this work is to determine which of the distinctly different physical picture\ associated u;ith thcsc model5 111051 

accurately describes the interaction of TNP-nucleotide with the enlyme. We find that the interaction of TNP-ADP with 

IAF-lahelled Na ./K*-ATPaxe is best described by a model in which there are two classes of hindin?: TNP~--ADP and ADP 

compere for a specific binding site with dissociation bindin, (7 constants of 0. I3 pM for TNP-ADP XKI 2.0 HIM for ADP: 

and non-baturabte non-specific binding of TNP-ADP. C’ 1907 Elsevier Science B.V. 

1. Introduction 

The Na’ /K ‘-ATPase is a primary active transport enzyme which uses energy from the hydrolysi\ of ATP to 

pump Na’ and K’ against their electrochemical gradients. During this process. the protein binds wbstrate 

(ATPI and releases product (ADP and inorganic phosphate) [I.?]. While the overall energeticz of the reaction 

cycle of the enzyme can be accounted for by the energy of hydrolysis of ATP. partial reactions may he driven 

by energies of association and dissociation of various ligands. It is of interest. therefore, to meawre the energ& 
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of binding and dissociation of these ligands. To this end, we are using fluorescence quenching of iodoacetamid- 
ofluorescein (IAF) labelled Na+/K+-ATPase via energy transfer to trinitrophenyl labelled ATP (TNP-ATP) 
and TNP-ADP to examine steady-state and transient ([3], submitted) kinetics of the enzyme nucleotide 
interaction. In this paper, we use the steady-state quenching data to determine the best model for the interaction 
of TNP-nucleotide with the enzyme. In addition to giving insight into the nature of this interaction, obtaining a 
good model is necessary for the analysis of the transient kinetic experiments. 

When Na+/K+-ATPase labelled with iodoacetamidofluorescein (IAF) is mixed with TNP-ADP or TNP- 
ATP, IAF fluorescence is quenched via energy transfer to TNP-nucleotide bound to the enzyme [4]. In this 
paper, we titrate IAF-enzyme with TNP-ADP in competition with ADP. A simple model consisting of a single 
nucleotide binding site does not fit the fluorescence quenching data. Therefore, we compare three extensions of 
this simple model, each of which represents a distinctly different physical picture for the interaction of 
TNP-nucleotide with the enzyme. These physical pictures all contain the specific binding site from the single 
site model combined with either: a second specific nucleotide binding site for which nucleotide and TNP- 
nucleotide compete; or saturable non-specific binding of TNP-nucleotide; or non-saturable non-specific binding 
of TNP-nucleotide, where the non-specific binding is defined as the binding of TNP-nucleotide which is not 
blocked by or affected by unlabelled nucleotide. 

An alternative method for measuring the interaction of TNP-nucleotide with enzyme is to measure the 
intrinsic fluorescence of the TNP-nucleotide. TNP-nucleotide has low fluorescence when free in aqueous buffer 
and undergoes a fluorescence enhancement when it binds to enzyme. Moczydlowski and Fortes [5,6] used this 
method to investigate nucleotide binding to the Na+/K+-ATPase. This method is complimentary to the 
quenching method we use here. There are two advantages of the quenching method. First. fluorescein is much 
more fluorescent than the TNP-nucleotides, so that the fluorescence signal is much larger from IAF-labelled 
enzyme than from TNP-nucleotide bound to the enzyme. Second. if TNP fluorescence is being monitored, then 
the TNP-nucleotide free in solution provides a background fluorescence which becomes a larger fraction of the 
total fluorescence as the concentration of TNP-nucleotide is increased beyond the amount needed to saturate the 
specific binding. Once the specific sites are saturated, further increases of the TNP-nucleotide concentration 
only obscure the signal from TNP-nucleotide bound to the enzyme. However, if IAF is being monitored, the 
increasing background signal from the TNP-nucleotide in solution is still small compared to the signal from the 
highly fluorescent IAF-labelled enzyme. Thus, higher concentrations of TNP-nucleotide can be investigated if 
tluorescence from IAF-labelled enzyme is monitored. 

TNP-labelled nucleotides are useful probes for investigating nucleotide binding in a variety of ATPases. 
Other investigations using TNP-nucleotide to study the Na”/K+-ATPase include, Fortes and Aguilar [4] using 
quenching of IAF-labelled Na+/K’-ATPase by TNP-ATP to study nucleotide binding, and Amler et al. [7] 
using TNP-ATP in fluorescence energy transfer distance measurements. TNP-nucleotide investigations of other 
ATPases include the Ca’+- ATPase [81, the FLATPase [9], and the Hi-ATPase [IO]. So the characterization of 
the interaction of TNP-nucleotide with enzyme presented here may be of a more general interest. 

Although our goal is to characterize the interaction of TNP-nucleotide with IAF-Na’/K’-ATPase for use in 
interpreting transient kinetic data. these results are relevant to issues concerning the number of nucleotide 
binding sites that exist on the enzyme. ATP plays two roles during the enzyme reaction cycle: (a) at high 
affinity (K, = 0.1 & 0.2 PM). it binds to the enzyme in its Na+-sensitive (traditionally, E,) conformation and 
phosphorylates it; and (b) at low affinity (K, = 0.2 &- 0.5 mM) it binds to the K’-sensitive (traditionally, E,) 
conformation and it accelerates K+ deocclusion from the enzyme. While the generally preferred explanation has 
been that ATP binds to a single site which changes its affinity during the reaction cycle [5], some recent 
evidence suggests that two sites coexist on the protein [ 1 I - 131. 

The results presented here for the fluorescence quenching of IAF-Na+/K+-ATPase via energy transfer to 
TNP-nucleotide show that there is substantial quenching which cannot be accounted for by just a single 
nucleotide binding site. It is necessary to include additional binding of TNP-nucleotide to the enzyme. This 
additional binding is best modelled as non-saturable and not blocked by or affected by unlabelled nucleotide. 



We refer to this as non-specific binding of TNP-nucleotide to the enzyme. as opposed to the specific binding 
which can be blocked by unlabelled nucleotide. The specific nucleotide binding site is characterized by 
competition between TNP-nucleotide and unlabelled nucleotide for the site, with dissociation equilibrium 
constants of 0. I3 PM for TNP-ADP and 2.0 I_LM for ADP. With this model. we can estimate the contributions 
of the high affinity specific and low affinity non-specific binding of TNP-nucleotide in stopped flow 
fluorescence quenching experiments ([j], submitted). 

2. Models for fluorescence quenching 

Here. we present the models used to analyze the fluorescence quenching data. First. WC dcvclop the aimplcat 
possible model of nucleotide binding, one with a single nucleotide binding site. While this model did not 
adequately fit the data, it provides the basis for the other models. and defines many of the parameters used in 
these models. These models are: a two-site model in which nucleotide and TNP-nucleotidc compete for both 
sites: and two models which have a single specific site plus additional hinding of TNP-nuclcotidc which is not 
blocked by or affected by unlabelled nucleotide. Since unlabelled nucleotide does not compete for this 
additional binding of TNP-nucleotide we refer to it as non-specific binding. Each of these extensions to the 
simple single site model uses a distinctly different physical picture of the interaction of TNP-nuclcotide with the 
enzyme. Details of the derivations are in Appendix A. 

In the models which include non-specific binding of TNP-nucleotide to the enzyme. we consider two extreme 
cases for the nature of the non-specific binding. Non-specific binding may be saturable due to a limited number 
of ‘sitea’ at which the TNP-nucleotide can bind non-specifically. We model this case by allowing only one 
TNP-nucleotide to bind non-specifically to the enzyme. At the other extreme, non-specific binding may be 
non-saturable due to a virtually unlimited number of sites to which the TNP-nucleotide may non-specifically 
bind. This case is most simply modelled by making the concentration of non-specifically bound TNP-nucleotidc 
linearly proportional to the bulk concentration [ 14,151. A better approximation is to recognize that the surface of 
the enzyme is heterogeneous and therefore, the non-specific sites will likely have different affinities f01 
TNP-nucleotide. This means the concentration of non-specifically bound TNP-nucleotide should not he linearly 
proportional to the bulk concentration. but instead must have a negative curvature. We include this I‘caturc in 
our non-saturable non-specific binding model. The saturable non-specific binding also has a negati\ c curvature. 
however. it asymptotically approaches a maximal value, whereas the non-saturable non-\pocific binding ha\ no 
asymptotic limit. 

All of the models contain the following features: (I) Competition between acceptor labelled nucleotidc 
(TNP-nucleotide) and unlabelled nucleotide for specific nucleotide binding site(s) on the donor-IabeIled cnr.ymc: 
and (2) An ‘inactive’ fraction of enzyme whose specific binding site or sites cannot bind nucleotide. Many 
purification protocols inevitably cause some denaturation of enzyme. and it is important to tahc this into account 
[ 151. In our case, the inactive fraction accounts for enzyme which had its nuclcotidc binding site denatured. The 
models which include non-specific binding also contain the following features: (I) Quenching due to 
non-specific binding of the TNP-nucleotide to the enzyme: and (2) Separate energy transfer parameters for 
specifically bound and non-specifically bound TNP-ADP. In all cases. the concentration of cn/ymc i\ mall. so 
it is valid to assume that the concentrations of free and total ligand are the same. 

In this model, the IAF-labelled enzyme has a single specific nucleotide binding site for which ‘TNP-nucleo- 
tide (the fluorescence quencher) and unlabelled nucleotide compete. There is no non-specific binding of‘ 



TNP-nucleotide. The specific binding is saturable and is characterized by the standard equilibrium dissociation 
constant K 

E+L=EL (1) 

with 

K= Lml 
WI (2) 

where the ligand L represents either unlabelled nucleotide or TNP-nucleotide. Appendix A shows that when 
IAF-enzyme is in the presence of the TNP-nucleotide and unlabelled nucleotide. the normalized fluorescence for 
the single site model is 

/ I ’ 
1+;+i- 

,f( A,T,Ku,Kt,k,.xa) = (I -.M) +xa 
Kt I fk, 

A T (3) 
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where A and Ku are the concentration and equilibrium dissociation constant for unlabelled nucleotide. T and Kt 
are the corresponding parameters for TNP-labelled nucleotide, k, is the deexcitation rate constant due to energy 
transfer from the IAF-labelled enzyme to the TNP-nucleotide (normalized with respect to the inverse of the 
unquenched fluorescence lifetime of the IAF-labelled enzyme). and x7 is the fraction of IAF-enzyme which can 
bind nucleotide. The first term in Eq. (3) represents the fluorescence from inactive enzyme, and the second term 
represents fluorescence from active enzyme. 

2.2. Two-site model 

In this model, the enzyme has two nucleotide binding sites, I and 2. each with its own equilibrium constants. 
Ku, and Ku? for nucleotide. and Kt, and Kt, TNP-nucleotide. and its own normalized energy transfer 
deexcitation rate constants, k, and k7. For the inactive fraction of enzyme. neither site can bind nucleotide. 
There is no non-specific binding of TNP-nucleotide. The normalized fluorescence for the two-site model is 

,f( A,T,Ku,.Kt,.Kuz.Kt~.k,,k2,xu)=(l -xu) 

I 
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where A, T. and .ra are as defined in the single site model. 

2.3. Single site plus sutwuble mm-spebfic binding model 

(4) 

In addition to the single specific nucleotide binding site on the active IAF-enzyme, in this model only one 
TNP-nucleotide can bind non-specifically to each IAF-enzyme, both active and inactive. This describes 



saturable non-specific binding of TNP-nucleotide which is characterized by an equilibrium dissociation constant 

K/, and a normalized energy transfer deexcitation rate constant k, Unlabelled nucleotide does not bloch 01 

affect the non-specific binding of TNP-ADP to the enzyme. The normalized tluore\ccnce l’or the single \ite 

plus saturable non-specific binding model is 
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where A. T. and XI are as defined above. 

(5) 

In addition to the single specific nucleotide binding site on the active IAF-enzyme. in thi\ model the number 

of TNP-nucleotide bound non-specifically to the IAF-enzyme. both ac1iL.e and inactive. increase\ urithout limit 

as the concentration of TNP-nucleotide in solution increases. This describes non-saturable non-specific binding 

of TNP-nucleotide which is characterized by two parameters. q and N. which are discussed in Appendix A. The 

normalized fluorescence for the single site plus non-saturable non-specific binding model is 

( I - XI) ‘i i 
,+L 

I 
_ . 
I I \ 

p+- 

where q and (I are parameters which characterize the quenchin g due to non-specific binding. and the other 

parameters are as in the single site model. 

3. Materials and methods 

TNP-ADP and IAF were from Molecular Probes (Eugene. OR). Other chemical5 were from Sigma (St. 

Louis. MO). Frozen dog kidneys were from Pel-Freer (Rogers. AR). Fresh dog kidneys were obtained locally. 

IAF-lahelled Na ‘/K +-ATPase was obtained as described earlier [ 16 IS]. Enzyme concentrations used fat 

fluorescence measurements were about IO nM. The buffer contained 25 mM imidazolc. pH 7.0. I4 mM 

choline chloride. 20 mM NaCI. and I mM EDTA. Activities were measured using a coupled fluorometric assay 

[lc)]. The activity for the preparations from Pel-Freez kidneys was 3-4 FM Pi/min/(mg cnz). and from the 

fresh hidneys was h-7 FM Pi/min/(mg enz) at 25°C. 

Fluorescence intensities were measured on a QM-I fluorescence spectrophotometcr (PTI. Brunswick. NJ). 

with excitation at 490 nm and emission at 520 nm. Temperature was kept at 25°C with a circulating waterhath. 
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Fig. 1. TNP-ADP fluorescence, uncorrected (0) and corrected (M), vs. TNP-ADP concentration. Linearity of the corrected fluorescence 
demonstrates that the inner filter corrections described in Section 3 are appropriate. 

A stirring bar was run continuously in the cuvette. 
Due to the high concentrations of TNP-nucleotide used in the titrations (up to 50 PM) and the overlap of its 

spectral properties with those of fluorescein, care must be used in the corrections to the raw fluorescence data. 
Corrections are made for: contribution of TNP fluorescence, dilution caused by the titrations, energy transfer 
from IAF to TNP free in solution, and the inner filter effect for both excitation and emission. Control 
experiments provide parameters needed in these corrections. All these corrections will be described, then 
combined into a single equation. 

The absorption at 490 nm and 520 nm was linear with TNP concentration over the range of the titration, and 
provided the extinction coefficients needed for the inner filter corrections for excitation and emission in 
fluorescence measurements. TNP-ADP was titrated into buffer containing no fluorescein while fluorescence 
was measured with excitation at 490 nm and emission at 520 nm. Fig. 1 shows that after correction for dilution 
and inner filter effects, the TNP fluorescence was linear with TNP concentration, as expected. This demon- 
strated that these corrections were accurate and also provided information necessary for the corrections due to 
TNP fluorescence in experiments with IAF-labelled enzyme. 

Fluorescence decrease due to energy transfer from IAF to TNP free in solution was checked by titrating 
TNP-ADP into buffer containing IAF while fluorescence was measured with excitation at 490 nm and emission 
at 520 nm. Fig. 2 shows that after corrections for inner filter effects, dilution, and TNP fluorescence, the 
fluorescence showed a decline instead of being constant as one would expect if there was no energy transfer 
from IAF to TNP. The following estimation shows that this decrease in fluorescence is expected due to energy 
transfer from the highly fluorescent IAF to the low fluorescence TNP. The fraction of excited IAF molecules 
which are quenched can be found by dividing the effective quenching volume of a TNP by the total volume per 
TNP. At 50 PM TNP, the total volume per TNP is 30,000 nm3. The effective quenching volume is a sphere 
whose radius is a combination of the characteristic energy transfer distance and the root-mean-square distance 
for diffusion during the fluorescence lifetime, ( x) = (407)“‘. Using a characteristic transfer distance of 6 nm, 
a diffusion coefficient of 1 X lo-’ cm’/s, and a fluorescence lifetime of 4 ns gives a quenching volume of 
4000 nm’. Thus at 50 /.LM TNP, 13% of the excited IAF will be quenched. This estimate agrees well with the 
15% shown in Fig. 2 at 50 PM TNP. The normalized IAF fluorescence as a function of TNP concentration over 
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Fig. 1. b’luorevzencr from free IAF. uncorrected (0) and corrected (W ). vs. TNP-ADP concentration. Alw shown i\ the twt fit \tr,iight 

lint parameterization used to correct for energy transfer from IAF to TNP-ADP free in solution. a\ dewihed in Scctlon i 

the range of the titration was found to be well paramaterized by ,f([TNP]) = I - O.O03I[TNP] where [TNP] is in 
units of PM. 

For IAF bound to enzyme, an estimate of the quenching due to TNP free in solution is made by adjusting the 
quenching volume to take into account the decreased access that TNP has to IAF due to the adjacent volume 
occupied by the membrane and cytoplasmic portion of the enzyme. IAF is bound to the cytoplasmic portion of 
the enzyme close to the membrane [4]. The membrane alone reduces the quenching volume accessible to TNP 
by a factor of two. The cytoplasmic portion of the enzyme occupies approximately half of the remaining 
quenching volume thus contributing another factor of two. So the expected normalized fluorescence decrease 
due to energy transfer from IAF-labelled enzyme to TNP free in solution is ,f([TNP]) = ( 1 - 0.003 I /4)[TNP]. 
Correction for this energy transfer is accomplished by dividing the data by this parameterization. 

The complete correction to the raw data is obtained by combining the above corrections. which results in the 
corrected fluorescence 

F= (raw - dark) IO t*,,lc,+ .i,,1$rNrl -,f;,,,,( [TNP]) 

l- 
(7) 

where V(TNP) is the sample volume as a function of the TNP concentration, V,, is the initial volume with no 
TNP. t‘jqc, and Fan,) are extinction coefficients determined in the control experiments, &rk is the background 
signal with the excitation blocked, and fTNp is the TNP fluorescence determined in the control experiments. The 
I /2 in the inner filter correction term is because the path length for excitation and emission are each 0.5 cm. 

Curve fitting was done by simultaneously minimizing the sum of the square of the errors for complete sets of 
fluorescence quenching data curves including all the concentrations of ADP. Minimization routines using the 
Levenberg algorithm were used from both Sigmaplot (Jandel Scientific) and Mathcad (MathSoft). The standard 
errors for the best fit parameters, the parameter dependencies, and the reduced x2 values for the best fits were 
found and used to evaluate the quality of the fits. IJncertainties were 0.3% for the uncorrected normalized 
fluorescence and were increased in accordance with the above corrections to the fluorescence. 
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The parameters XCI for the active fraction and k, for the energy transfer rate were found to be dependent 
such that when both were free parameters in the curve fitting, one could be increased and the other decreased 
such that the other parameters did not change significantly and the quality of the fit was unaffected. (For 
example, in one trial xu could be increased from 0.40 to 1.0 while k, was decreased from 20 to 0.66.) This 
dependency was also indicated by their parameter dependencies being greater than 0.999. This just reflects the 
fact that in steady state fluorescence quenching. one cannot distinguish between a small fraction of heavily 
quenched fluorophore and a large fraction of less strongly quenched fluorophore. Therefore, it was necessary to 
apply some constraint on these dependent parameters. The measured enzyme activities provide some informa- 
tion about the active fractions, however, it is difficult to know what level of activity actually corresponds to an 
active fraction of 100%. Fluorescence lifetime measurements provide information about the energy transfer rate. 
Fortes and Aguilar [4] reported that the time resolved fluorescence decay for IAF-labelled Nat/K’-ATPase can 
be described by a single exponential with a lifetime of 4 ns and that in the presence of TNP-nucleotide. the 
fluorescence decay is described by two exponentials, 75% with the unquenched lifetime of 4 ns, and 25% with a 
lifetime of 1 ns. If k, = kr + k, is the total decay rate in the presence of the TNP quencher where k, is the 
decay rate in the absence of quencher and k, is the energy transfer rate then since k,- = l/(4 ns) and k, = I /( I 
ns), we have the normalized energy transfer decay rate k,/k,- = 3. This was used as a constraint in the curve 
fitting, and the resulting active fractions were then checked to make sure they were consistent with the measured 
activities. 

4. Results 

Fig. 3 shows the fluorescence quenching data for IAF-labelled Na’/K+-ATPase as a function of TNP-ADP 
concentration in the presence of 0, 10, 50, and 4000 PM ADP. As the concentration of TNP-ADP increases 
from zero to IO PM, the fluorescence decreases due to increased energy transfer from IAF to TNP. The 
presence of increasing amounts of ADP causes decreased TNP-ADP quenching of IAF fluorescence. Also 
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Fig. 3. Normalized fluorescence quenching data for IAF labelled Nat/K+-ATPase being titrated by TNP-ADP in the presence of 0 (0). 
IO ( ??). SO (A ), and 4000 ( v ) PM ADP. and best fit using the single site plus non-saturable non-specific binding model. The dashed line 
is the quenching due to non-specifically bound TNP-ADP predicted by this model using the best fit parameters in Table I. 



Table I 

Curve fitting parameters. Beat fit parametera. standard errors. and reduced chi quart ( A,’ ) 101’ the \inglr \ite plu\ ~OII-aturahlc not>-\pcc’ilic 
binding model. the single de plu\ wturahle non-specific bindin, ~7 model and the tw-\ite model 

Single \tte + non-uturahle non-specific Kt ( wM) Ko(/LM) c, (1 \i, L.? 

0. I36 f 0.007 

0. I62 + 0.006 

0. I30 f 0.001 
0. I33 + 0.005 

0.093 Ifi 0.002 

0. I I5 + 0.002 

Kr, ( /LM) 
0.12 *0.01 

0. IS f 0.0 I 
0. I 2 f 0.0 I 
0. I3 + 0.0 I 

O.OXY f o.ow 

0. IO7 * 0.005 

Kt, ( /AM) 
0.12 * 0.03 

0.35 & 0.03 
0. I 8 * 0.0 I 
0.4x i 0.07 

0.09’) f o.ow 

0. I25 * O.ou6 

2.0 f 0. I 0.02x + 0.002 

2.3 f 0. I 0.026 f 0.00 I 

I .Y7 f 0.06 0.037 * 0.001 
3.1 f 0.1 0.030 * 0.001 

I .3h f 0.04 0.023 * 0.00 I 

I .50 f 0.04 0.037 + 0.00 I 

Kri, ( @Ml KJ, ( PM) 

2.0 + 0.2 7il 

2.3 + 0.2 7i_I 

I .o f 0. I 0 + I 
1.3 + 0.5 23 * 2 

I .3Y + 0.06 IJi_2 

I.5 *o I IO_t I 

Kc/, ( PM) Ktl ( /LM) 
2.‘) f 02 II * I 
3.3 * 0.1 12* I 
2.7 f 0 3 I-!* I 

7i2 12 + 2 

I .hO F 0.07 58 * 6 
I .Y f 0. I 36 * 1 

o.Ml f 0.02 

I).(15 i 0.02 
0.(,7 * 0.01 
0.w * 0.01 

0.00 * 0.02 

O.ih * 0.01 

Kt/, ( FM) 
uncertnln 

uncertain 
uncertain 

undxtun 

uncertain 

uncertain 

k> 

0.22 * 0.0’ 

0. I Y * 0.0 I 

O.?Y * O.O? 
I .o * 0. I 

0.27 * 0 07 

0.30 + 0 02 

x. 
uncertain 

().‘I’) * 0.003 

0.1 I1 + 0 002 

0. 717 i_ 0.002 

0 222 f 0.002 

0.518 * 0.003 

0 5 I7 i 0.001 

0 220 + 0.004 _ 
0 2 IO f 0.007 

O.UY * 0.003 
0.235 t 0.006 

0.540 f 0.004 

0 5! s f 0.005 

0.273 f O.OOJ 

0.33 & 0.001 
0 10 + I).OI 

0 37 + 0.0 I 

0.56’~ _+ 0.005 
0.550 f 0.006 

I Oh 
0 5.3 

0 04 

0 62 
I \Y 

0 YO 

4 1s 
5 SI 

shown is the best fit using the single site plus non-saturable non-specific binding model. Ey. (6). Best fit 
parameters. standard errors of the parameters, and reduced x2 values for the two-site model. the single site plus 
saturable non-specific binding model, and the single site plus non-saturable non-specific binding model for this 
experiment are shown in Table I. Trial 3 is from the data in Fig. 3. (Parameters for the zingle site model are not 
shown since it was not able to fit the data.) 

The dashed line in Fig. 3 shows the quenching due to non-specific binding of TNP-ADP predicted by the 
single site plus non-saturable non-specific binding model usin p the best fit parameters. This curve closely 
I‘ollows the data and fit for the case where specific binding is blocked by the presence of 1000 PM ADP. 

Fig. 4 shows the fluorescence recovery when TNP-ADP is chased off of the enzyme by the addition of ADP. 
The AIIP is added to the ‘no ADP’ sample from Fig. 3 at the end of the TNP-ADP titration. AIw showsn is the 
predicted tluorescence recovery using the best fit parameters t’rom Table I for the single site plus non-saturable 
non-specific binding model. Note that the fluorescence recovers to nearly the ~110 Ic~cl as the final 
lluorc\ccnce in Fig. 3 for the TNP-ADP titration in the presence of 4000 /.LM ADP. 

TNP--ADP titrations were done from zero to 50 /_LM in an attempt to clearly determine which of the 
non-specific binding models is the most accurate representation of the interaction of‘ TNP-ADP with the 
enlyme. Fig. 5 shows fluorescence quenching data for a titration to 50 I_IM TNP-ADP in the presence of 0. 30. 
100. and 1000 PM ADP. Note that the .v-axis is plotted on logarithmic scale since the TNP concentration spans 
three decades. Also shown is the best fit using the single site plus non-saturable non-specific binding model. 
The best fit parameters. their standard errors. and the reduced x2 values for the various ~nodels are shown in 
Table I under Trial 6. The dashed line in Fi g. 5 shows the quenching due to non-specific binding of TNP- ADP 
predicted by the single site plus non-saturable non-specific binding model usin g the best fit parameters. 

Table I shows curve fitting results from experiments usin, u different enzyme preparations and in the prescncc 
of difl‘crent concentrations of ADP. Trials I and 2 are titrations to IO PM TNP-ADP in the presence ot’ 0. 5. 2) 
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Fig. 4. Fluorescence recovery as ADP is added to the ‘no ADP’ enzyme sample from Fig. 3 at the end of the TNP-ADP titration. Also 
shown is the predicted recovery using the best fit parameters from Table 1 for the single site plus non-saturable non-specific binding model. 

and 200 PM ADP. Trial 3 is discussed above. Trials 4, 5, and 6 are titrations to 50 PM TNP-ADP in the 
presence of 0, 30, 100 and 1000 PM ADP. Best fit parameters for Ku, and k2 in the two-site model were 
undetermined due to complete uncertainty in their values based on their standard errors. The other parameters 
for this model and the quality of the fit did not significantly change when Ku, and k2 were set to be infinite. 
Trials 1 through 4 used enzyme prepared from frozen dog kidneys. Trials 5 and 6 used enzyme prepared from 
fresh dog kidneys 

0.6 -I 

[TNP-ADP] pM 

Fig. 5. Normalized fluorescence quenching data for IAF labelled Na+/K+-ATPase being titrated by TNP-ADP in the presence of 0 (0). 
30 (H ), 100 ( A ), and 1000 (v ) FM ADP. and best fit using the single site plus non-saturable non-specific binding model. The dashed line 
is the quenching due to non-specifically bound TNP-ADP predicted by this model using the best fit parameters in Table I. 
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5. Discussion 

TNP labelled nucleotides are useful spectroscopic probes for investigating substrate binding in a variety of 
ATPases. We are using TNP-nucleotides in steady state and transient kinetics studies of the Na ’ /K ‘-ATPase. 
‘,n thL~> ~~LQ~YZ. \\vt &~mine_ %FL tiJ, tnoJ!. fm +hp, ;nt~z;rr,tirzn. ?L TYJ?-~~~I&&G!! +~b, V.L+ //‘L+ - P.P?w:.a h>j 
fitting different models to data from the fluorescence quenching of IAF-labelled Na ‘/K ‘-ATPase via energy 
transfer to TNP-ADP in the presence of various concentrations of ADP. Each of the models represents a 
distinctly different physical picture of the interaction of TNP-nucleotide with the enzyme. Selection of the best 
model provides insight into the nature of this interaction. and is necessary for analysis of stopped flow 
fluorescence experiments which use TNP-nucleotide to measure transient kinetics of nucleotide binding to the 
Na+/K +-ATPase ([3]. submitted). 

A model in which TNP-nucleotide and unlabelled nucleotide compete for a single nucleotide binding site on 
the enzyme was not able to fit the data. Since during the Na ‘/K’ - ATPase’s reaction cycle low-affinity and 
high-affinity nucleotide binding sites are demonstrable (at least sequentially). a natural extension of the 
single-site model is a two-site model in which TNP-nucleotide and unlabelled nucleotide compete for both sites. 
A distinctly different extension is suggested by the observation that when TNP-ADP is added to IAF-labelled 
enzyme in the presence of ADP, there is a substantial fraction of the quenching which cannot bt: stopped by 
increasing the concentration of ADP. In order to account for this, we use models that include additional binding 
of TNP-ADP. which is not blocked by or affected by ADP. We refer to this type of binding as non-specific. 
Reports of non-specific or non-saturable binding of TNP-nucleotide to the Nat/K ‘-ATPase [s]. the cytoplas- 
mic loop of Ca’+-ATPase [8], and the ATP binding domain of H--ATPase [IO] suggest that its expltcit inclusion 
in a binding model is of general use. 

Given that a model with only a single specific binding site is insufficient. so that additional binding ol 
TNP-nucleotide to the enzyme is required, it is desirable to consider a broad range of possibilities for the nature 
of the additional binding. We attempt to do this by considering three possibilities for the additional binding: a 
second specific binding site; and two types of non-specific binding. saturable and non-saturable. The goal is to 
determine which of these distinctly different physical pictures most accurately describes the additional binding. 
We find that a model with a single specific nucleotide binding site plus non-saturable non-specific binding ot 
TNP-nucleotide fit the data best. 

Table I shows that the models with non-specific binding fit the data better than the two-site model. The 
reduced x2 values for the single site plus non-saturable non-specific binding model are close to one in all trials. 
and for the single site plus saturable non-specific binding they are close to one when the titration was up to IO 
PM TNP-ADP, but not when it was up to 50 PM TNP-ADP. For the two-site model, the reduced x2 value 
was unacceptable in all trials. In addition, the models with non-specific binding give better fits using one less 
parameter than the two-site model. These comparisons lead us to prefer the single site plus non-saturable 
non-specific binding model. 

The values of the active fraction, na, correlate well with the measured activities. The active fraction for the 
enzyme from freshly obtained dog kidney was 0.5 I and 0.55, approximately two times that from enzyme 

prepared from purchased frozen dog kidneys, 0.23 and 0.34. This agrees well with the measured activities given 
in Section 3. These values also agree with active fractions based on ouabain binding experiments which require 
phosphorylation of the enzyme (in preparation). 

An even simpler model which incorporates non-saturable non-specific binding is possible by setting N = I in 
Eq. (6) [l4,15]. H owever, when we tried this with a = I, the reduced x ’ increased by almost factor of IO. from 
I I to 9 for the titrations out to 50 FM TNP-ADP. 

The usual method for finding the affinity constants in a competitive binding assay is to find apparent affinity 
constants by fitting each titration curve individually using a model with a single saturable site and no competing 
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Fig. 6. Apparent affinity constant for TNP-ADP binding to IAF labellcd Na*/K+-ATPase as a function of ADP concentration. Inset: 

Values determined by the usual method as described in text (0). and then fit to a straight line in order to determine the dissociation 

constants of I .6 ,uM and 0. I I PM for ADP and TNP-ADP respectively from Eq. (9). Main: Apparent K, Ibr the higher concentrations ot 

ADP could only be found when parametera for the non-specific binding were held fixed to values in Table I ( n ). Note how closely these 

apparent K, values lie to the straight line fit from the inset. 

l&and present [8,10]. At saturation some asymptotic behavior is approached, not necessarily constant or even 
linear. In our case, this method is accomplished by rewriting Eq. (6) as 

where 

Krapp = ;[ADP] + K, 
II 

(8) 

Fitting Eq. (8) to single titration curves for each concentration of ADP results in an apparent affinity constant, 

LPP 1 for the TNP-ADP which depends on the concentration of the ADP. Values for the true affinity constants 
K, and K,, are obtained by fitting Eq. (9) to the values of K,aPP, versus [ADP]. At saturation of the specific 
binding site, the asymptotic behavior of the titration curve is accounted for by the non-specific binding 
parameters, y and u. 

Fig. 6 shows the results from this alternate method. Values of K,aPP were found by fitting individual titration 
curves to Eq. (8) for the various concentrations of ADP. K,aPP values for ADP concentrations up to 30 I_LM 
(about 10 times the resultant dissociation constant, K,,, for ADP) were fit to Eq. (9) in order to determine K, 
and K,. The resultant values of 0.1 I ,LLM for K, and 1.6 PM for K, agree well with the values shown in Table 
I obtained by the global fitting method. However, for concentrations of ADP greater than SO PM, it was not 
possible to find unique best fit solutions due to there being too many parameters in the model, Eq. (8), for these 
titration curves which, due to the blocking of most of the specific binding, are relatively featureless compared to 
the curves with low ADP. When the parameters characterizing the additional binding (i.e., y and u) were held 
fixed to the values shown in Table I, thereby reducing the number of parameters, then values for K,L,,,I, were 
found for the titration curves with high ADP. These values are also shown in Fig. 6. Note how closely they lie 
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to the straight line prediction from the fit of Eq. (9). So. it is clear that our global method gives the came results 

for the high affinity specific binding as the traditional method. However. we find our method more convenient 

for comparing the various models here because w’e avoid havin f to impose constraints on parameters. 

5.2. N0~r-.~~~~~jfi~ ~UVIC/CI~ 

Our results show that the binding of TNP-ADP to the Na /K ‘-ATPasc is comprised of tMo parts; \aturable 

hinding to a single specific site. and non-specific binding which is not saturable out to 50 PM TNP-ADP. III 

addition. the amount of yuenching due to non-specific binding of the TNP-nuclcotide becomes substantial as the 

concentration of TNP-nucleotide is increased. Fig. 7 shows the fraction of the quenching due to non-spccil‘ic 

binding 01‘ TNP-ADP as a function of the active fraction of enzyme for various concentrations of TNP-ADP. 

The curves are calculated using Eq. (6) with non-specific binding parameters of r/ = 0.033 and (I = 0.h. Also 

shown arc the values measured from the titration data including Figs. 3 and 5. Note that as the TNP-ADP 

concentration is increased beyond the amount needed to saturate the specific site, the contribution of 

non-specific binding to the quenching becomes increasingly important. Substantial error is introduced it‘ 

non-specific binding is ignored in the analysis of titrations which go beyond 1 PM TNP-ADP. /\lso note in 

Fig. 7 that quenching due to non-specific binding is more important for the less active cnzymc. This is because 

the inactive enzyme binds TNP-ADP non-specifically but not specifically in this model. These I‘indings arc 

consistent with those of Moczydlowski and Fortes [5] who saw non-specific binding 01‘ TNP-ATP to 

Na i /K ‘-ATPase which was non-saturable to 50 FM TNP-ATP. They are also similar to Tran and Farley [X] 

who found that 3’-0-(4-benzoyl)benzoyl-ATP binds to two classes of :sites on Na -/K ‘-ATPase: a single high 

affinity site. and a low affinity site of undetermined high capacity. 

The results from the ADP chase shown in Fig. 4 also support the existence of specific and non-specific 

hindins. When ADP is added to a IO PM TNP-ADP solution of enzyme. the ADP is able to displace 

TNP-ADP from the specific sites. but not from the non-specific sites. Thus the fluorescence recovers from 63% 

to about 80% of the initial unquenched value. Fig. 4 shows the data and the predicted recovery using the best fit 

parameters from Table I for the single site plus non-saturable non-specific binding model. 
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Table I shows that the equilibrium constant for the specific binding of TNP-ADP to the enzyme is about 0. I 
FM, a value where the quenching due to non-specific binding accounts for 5- 10% of the total quenching. 
Therefore, the nucleotide binding site becomes saturated at TNP-ADP concentrations where the fraction of 
quenching due to non-specific binding is still small. However, there is no reason why the equilibrium constant 
lor a TNP-nucleoitde must ‘be ‘low enough lor the ellects 01 non-spectItc mndmg to ‘be unimportant. For 
example, preliminary results show that under the same conditions used for the TNP-ADP titrations, the 
equilibrium constant for TNP-ATP is about 2 PM. A titration out to 10 times this value is in the range where, 
according to Fig. 7, TNP-ADP non-specific binding accounts for 30-40% of the quenching. Another situation 
where non-specific binding may be important is if the enzyme is investigated in a state of its cycle in which the 
specific nucleotide binding site has low affinity. Then most of the quenching may be due to non-specifically 
bound TNP-nucleotide. 

An equation for the fluorescence quenching due to non-specific binding of TNP-ADP to enzyme can be 
obtained from Eq. (61 by setting k, = 0. The resulting equation is 

1 
F=------- 

1 +qT” 

where from Table I, q is around 0.033 and u is around 0.6. Given a measured level of quenched fluorescence, 
this equation can easily be used to determine how much of the quenching is due to non-specifically bound 
TNP-nucleotide. This equation, using best fit values, is plotted in Fig. 3d and Fig. 5c along with the data and 
best fits to the single site plus non-saturable non-specific binding model. Note that in both cases this 
non-specific quenching curve is close to the curve for the case where the specific binding sites are blocked by 
the presence of a high concentration of ADP. 

The best fit value for parameter a of about 0.6 suggests that there is a distribution of affinities for 
non-specific binding. (A value of 1 corresponds to non-specific binding being proportional to the bulk 
concentration in which case all non-specific binding has the same affinity.) However, this model does not 
separate the cause of the non-specific quenching into the contribution made by the efficiency of the quenching 
versus the number of non-specific quenchers. 

6. Conclusion 

We find that a model with a single nucleotide binding site is insufficient for describing the interaction of 
TNP-nucleotide with Na’/K+-ATPase. Additional binding of TNP-nucleotide to the enzyme is needed to fully 
account for the fluorescence quenching. This additional binding is best characterized as non-saturable and 
non-specific, where our definition is that non-specific binding of TNP-nucleotide is not blocked by or affected 
by unlabelled nucleotide. This result is similar to some of the evidence for a distinct second nucleotide binding 
site, in particular that TNP-ADP binds to fluorescein isothiocyanate labelled enzyme [ 1 I, 121. It may be that this 
binding at a second site is the additional binding reported here, the only difference being that our definition of 
specificity is based on whether unlabelled nucleotide competes, versus a definition based on inhibition of 
phosphatase activity. For our purposes, the important point is to be able to separate the effects of this additional 
binding from the effects of binding at the high affinity site, in particular when analyzing transient kinetic 
stopped flow fluorescence quenching data ([3], submitted). 
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Appendix A 

Here. we give the details of the derivations of the models for the fluorescence of IAF-labelled enzyme king 
quenched by TNP-nucleotide in the presence of unlabelled nucleotide. The procedure is the same for all of the 
models. In each case, the enzyme can be in a variety of states defined by the types of nucleotide bound to the 
enzyme. Each of these states has a particular quenching. So the procedure is to determine how much enzyme is 
in each state, multiply by the appropriate quenching term, then add up the tluorescences from all the states. 

Fluorescence in the presence of quenchers is determined by the relative rates of tluorophorc deexcitation via 
energy transfer to quencher and fluorophore deexcitation in the absence of quencher. X, (k, ih the inverse of the 
fluorescence lifetime in the absence of quenchers.) For a fluorophore-labelled enzyme in the presence 01‘ 
quencher. the tluorescence normalized to the unquenched fluorescence is 

kl I 
~-=-=_ 

k, + k,, I +k, 

where k, is the rate of deexcitation due to energy transfer to quencher, and k, is this rate normalized by k,. 
Each state of the enzyme has a value for k, associated with it. 

Some of the IAF-labelled enzyme may not be able to bind nucleotide at the specific binding site. This may bc 
due to damage which occurs during the purification. Such enzyme is referred to as inactive enzyme and is 
included in the models. 

In the single site model. the fraction of active enzyme which has a TNP-nucleotide at the specific binding site 
is 

T 
- 
Kt 

T A ( 12) 

Here, 7‘ is the concentration of TNP-nucleotide, A is the concentration of unlabelled nucleotide. and Kt and Ku 
are their respective equilibrium binding constants. The normalized energy transfer deexcitation rate for this state 
of the enzyme is k,. The fraction of the active enzyme with either unlahelled nucleotide bound or no nucleotide 
bound has numerator 

I+& ( 13) 

and the same denominator as Eq. (12). This enzyme, along with the inactive enzyme (which cannot bind any 
TNP-nucleotide in this model) all have normalized energy transfer deexcitation rates of zero. Multiplying each 
fraction by the normalized tluorescence of Eq. (1 I) using the appropriate value for k,. and adding them together 
results in the normalized fluorescence for the single site model, Eq. (3). The first term is the fluorescence from 
inactive enzyme and the second term is fluorescence from active enzyme. The fraction of active enzyme is .UI. 

A.2. Tuw-site model 

For the two-site model, the enzyme has two specific nucleotide binding sites, each with its own affinity 
constants for the unlabelled nucleotide, Ku, and Ku,, and the TNP-nucleotide, Kt, and Kt,. and its own 
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quenching parameters, k, and k2. This model has no non-specific binding. The fraction of active enzyme which 
has no TNP bound and hence has no quenching (k, = 0) is 

TA T AT T? (14) 

+KI,+It,~+KI+zlyKf+- 2 2 Kt, Kt2 

Eq. (14) is the sum of enzyme fractions where both sites are empty, or one or both sites have unlabelled 
nucleotide bound. The rest of the fractions for this model all have the same denominator as Eq. (14). The 
fraction of active enzyme with a TNP bound only at site 1 and quenching with k, = k, has numerator 

T T A 

xy+Kr,Ka, (15) 

The fraction with a TNP bound only at site 2 and quenching k, = k2 has numerator 

T A T 

I(r,+JGy 2 
(16) 

The fraction with quenching due to TNP at both sites and k, = k, + k2 has numerator 

T? 

Kt, Kt2 
(17) 

Adding together the fluorescences from all the states of the enzyme and including the inactive enzyme gives the 
normalized tluorescence for the two-site model, Eq. (4). 

A.3. Single site plus saturuble non-spec$c binding model 

In this model, in addition to the single specific site which unlabelled and TNP-labelled nucleotide compete 
for on active enzyme, one TNP-nucleotide may bind non-specifically to both active and inactive enzyme. The 
single specific site is specified by the parameters Ka,, Kt,, and k,. The saturable non-specific binding of 
TNP-nucleotide is specified by an equilibrium binding constant Kt2 and a normalized energy transfer 
deexcitation rate kl. The fraction of active enzyme with no TNP bound and k, = 0 is 

The fraction of active enzyme with TNP bound at the specific site only and k, = k, has the same denominator 
as Eq. (18) and numerator 

T 

Kt, 
( 19) 



The fraction of active enzyme with TNP bound non-specifically only and L, = k, has the same denominator as 

Eq. ( 18) and numerator 

T AT 

KI+KtrKt 7 I 7 

(‘0) 

The fraction of active enzyme with TNP bound both specifically and non-specifically and X, = X, t X, has the 

same denominator as Eq. ( 18) and numerator 

Kt, Kt, 

The fraction of inactive enLyme with no TNP non-specifically bound and X, = 0 is 

I 

I+; 

(32) 

7 

The fraction of inactive enzyme with TNP non-specifically bound and X~ = XI has the same denominator as Eq. 

(22) ancl numerator 

Kt, 

Adding the fluorescences from all the states of the enzyme results in Eq. (5). 

In this model, in addition to the single specific site which unlabelled and TNP-labelled nuclcotide compete 

for on the active enzyme, there is also non-saturable non-specific binding of TNP-nucleotide to both active and 

inactibc enzyme. Energy transfer from the IAF label to non-specifically bound TNP-ADP provide\ an 

additional process for tluorophore deexcitation. We use a simple two parameter characterization in which the 

normalized rate of deexcitations due to energy transfer to non-specifically bound TNP-nuclcotide is c/T” where 

T is the concentration of TNP-ADP in solution. This form is justified as follows. 

The net rate for deexcitation due to energy transfer to non-specifically bound TNP-nuclcotide is obtained by 

adding the deexcitation rates due to energy transfer to each individual non-specifically bound TNP-ADP. For 

simplicity. we assume that each of these individual rates is the same. so that the net rate is then proportional to 

the amount of non-specifically bound TNP-ADP. Typically. if non-specific binding is included at all in a 

model. it is modelled by making the amount of non-specifically bound ligand be linearly proportional CO the 

concentration free in solution [ 14,15]. However, we choose to make this amount be proportional to the 

concentration in solution raised to the power LI. For (I < I. this provides us with a simple paralnetcriration 

which has the desirable features that a plot of the amount of non-specifically bound ligand \cr\us the free 

concentration has a negative curvature and no limit, as would be expected if the non-specific binding i\ 

heterogeneous and non-saturable. If the non-specific bindin, (7 sites are all identical and hence. ha\c ;I single 

affinity then (I = I and our model becomes the simpler linearly proportional model. The two parameter\ in our 

model are the proportionality constant q and the power rr to which the concentration of TNP-ADP in solution 

is rai\ed. (1 is related to the quenching efficiency and the density of not)-specific sites. and (I is rt*lated to the 

distribution of affinities of the non-specific sites. Although our treatment of non-specific binding is \tilI 
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oversimplified, it does contain the desirable features of non-saturability and heterogeneity of non-specific 
binding. 

The fraction of active enzyme which has no TNP-nucleotide specifically bound is 

A 

(24) 

This enzyme has quenching due only to non-specific binding so k, = qT”. The fraction of active enzyme with 
TNP-nucleotide specifically bound has the same denominator as Eq. (24) and numerator 

T 

Kt (25) 

This enzyme has quenching due to both specifically bound and non-specifically bound TNP-nucleotide so 
k, = k, + qT”. The inactive enzyme has quenching due to non-specific binding with k, = qT”. Adding the 
fluorescences from all the states of the enzyme results in Eq. (6), where xu is the fraction of enzyme which is 
capable of specifically binding TNP-nucleotide, Kt and Ku are the equilibrium dissociation constants for TNP 
labelled and unlabelled nucleotide, q and u are the non-specific quenching parameters described above, and k, 
is the normalized specific binding energy transfer rate. 
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