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ABSTRACT

Procedures to define kinetic mechanisms from
catalytic activity measurements that obey the
Michaelis-Menten equation are well-established. In
contrast, analytical tools for enzymes displaying
non-Michaelis-Menten kinetics are underdeveloped
and transient-state measurements, when feasible,
are therefore preferred in kinetic studies. Of note,
transient-state determinations evaluate only partial
reactions, and these might not participate in the re-
action cycle.

Here, we provide a general procedure to char-
acterize kinetic mechanisms from steady-state de-
terminations. We described non-Michaelis-Menten
kinetics with equations containing parameters equiv-
alent to ke, and Ky and modeled the underlying
mechanism by an approach similar to that used un-
der Michaelis-Menten kinetics.

The procedure enabled us to evaluate whether
Na*/K*-ATPase uses the same sites to alternatively
transport Na* and K*. This ping-pong mechanism is
supported by transient-state studies but contradicted
to date by steady-state analyses claiming that the re-
lease of one cationic species as product requires the
binding of the other (fernary-complex mechanism).

To derive robust conclusions about Na*/K™-
ATPase transport mechanism, we did not rely on AT-
Pase activity measurements alone. During the cat-
alytic cycle, the transported cations become transito-
rily occluded (i.e. trapped within the enzyme). We

1

employed radioactive isotopes to quantify occluded
cations under steady-state conditions. We replaced
K* with Rb* since K" has a short half-life and
previous studies showed that K*- and Rb*-occluded
reaction intermediates are similar. We derived con-
clusions regarding the rate of Rb*-deocclusion that
were verified by direct measurements.

Our results validated the ping-pong mecha-
nism and proved that Rb*-deocclusion is acceler-
ated when Na* binds to an allosteric, unspecific site,
leading to a two-fold increase in ATPase activity.

Regardless of the kinetic mechanism in-
volved, under steady-state conditions, both catalytic
activities and concentrations of enzyme reaction in-
termediates can be expressed as rational functions
of the concentration of the reactants (1). For in-
stance, we can express the rate of formation of a
product P as a function of the concentration of the
varying-reactant A as (2):

vp([A]) =

)]

Michaelis-Menten kinetics is obeyed when the max-
imum exponent on the concentration of the varying
reactant is one, i.e. «; = 0 and §; = 0 for every
j > 1. This holds for reaction schemes where the
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varying reactant binds to only one enzyme reaction
intermediate. Non-Michaelis-Menten kinetics oc-
curs, for instance, when the varying reactant is both
substrate and inhibitor (substrate inhibition) or par-
ticipates in alternative productive pathways or, with
some exceptions, when its stoichiometric coefficient
is higher than one.

Most reported enzymes seem to follow
Michaelis-Menten kinetics. An enlightening liter-
ature search of kinetic studies performed in the pe-
riod 1965-1976 (3), found non-Michaelis-Menten
kinetics in approximately 800 enzymes, i.e. 20%
of the total known at that time. Nevertheless, we
think it remains valid today what was pointed out
by the authors regarding that Michaelis-Menten ki-
netics is usually not verified and that the proportion
of enzymes with non-Michaelis-Menten kinetics is
therefore probably much higher.

The analysis of kinetic mechanisms in en-
zymes with Michaelis-Menten kinetics is widely de-
scribed (4, 5). Briefly, the Michaelis-Menten equa-
tion is fitted to data of catalytic activity measured
varying the concentration of one substrate (variable
substrate) at different fixed concentrations of one of
the others (changing fixed substrate), while keeping
all other substrates, if there are any, at constant con-
centration. Then, fitted values of parameters k,/Ky
and Ky are plotted against the concentration of the
changing fixed substrate. The patterns obtained give
insights into the kinetic mechanism involved. For
instance, for a bi-substrate enzyme, it is possible to
realize whether both substrates must bind to the en-
zyme before giving any products (ternary-complex
mechanism) or not (ping-pong mechanism). When
products are absent, if Ky tends to zero as the con-
centration of the changing fixed substrate tends to
zero then the mechanism is ping pong. Otherwise,
it is a ternary-complex mechanism.

Reaction schemes for enzymes with non-
Michaelis-Menten kinetics are generally assembled
from transient-state results since there is no validated
procedure to do this from steady-state determina-
tions. Transient-state studies provide very valuable
information but are more difficult to perform and
they evaluate only partial reactions, which might not
be part of the reaction cycle. Here we provide a gen-
eral procedure to characterize enzymes with non-
Michaelis-Menten kinetics by an approach similar

to that used under Michaelis-Menten kinetics. The
procedure enabled us to evaluate whether Na*/K*-
ATPase uses the same sites to alternatively transport
Na* and K*.

Na*/K*-ATPase is a transmembrane en-
zyme (6-9) that under physiological conditions cou-
ples the hydrolysis of one intracellular ATP molecule
(into ADP and orthophosphate) to the exchange of
three intracellular Na* (Nai+) for two extracellular
K* (KY). During the catalytic cycle the enzyme un-
dergoes phosphorylation and dephosphorylation and
the transported cations become transitorily occluded
(trapped within the enzyme). The currently accepted
Albers-Post model (Figure 1) poses that the bind-
ing of 3 Na; to the intermediate E1ATP triggers its
phosphorylation leading to EIP(NaJ ), which sponta-
neously undergoes a conformational change to give
E2P, thereby releasing Na™ cations to the extracel-
lular side. The binding of 2 K to E2P leads to its
dephosphorylation and the concomitant occlusion of
the cations. The K*-occluded intermediates are very
stable, making the release of K towards the intra-
cellular side the rate limiting step of the reaction
cycle.

The Albers-Post model poses that Na* and
K™ are alternatively transported by the same set of
sites (10-12). This ping-pong nature of the trans-
port is supported by few studies on partial reac-
tions of the catalytic cycle (13-16). However, many
other studies evaluating the global functioning of
the pump by steady-state measurements supported
ternary-complex mechanisms (17-29), with at least
one reaction intermediate with Na! and K{ simul-
taneously bound to their transport sites. As far as
we know, the ping-pong mechanism has not been
corroborated to date by steady-state measurements.

ATPase activity measurements at varying
concentrations of the transported cations would give
enough information to address the question of the
transport mechanism. However, we perceived that
the complexity of the kinetic mechanism of Na*/K*-
ATPase demanded complementary assays to derive
robust conclusions and explain some unexpected
results. Therefore, we included steady-state and
transient-state determinations of the amount of the
K* congener Rb* (15) that is trapped within enzyme
reaction intermediates. Briefly, we proceeded as
follows. We fitted rational functions of the concen-
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tration of Na* (variable substrate) to measurements
of both ATPase activity and steady-state amounts
of occluded Rb*, at different fixed concentrations
of Rb* (changing fixed substrate). Fitted values of
parameters equivalent to k., /Ky and Kyy were then
plotted versus the concentration of Rb* to conclude,
from the pattern obtained, whether the transport re-
sponds to a ping-pong or a ternary-complex mecha-
nism. We did this analysis either in the absence or in
the presence of 2 mM ADP. Results in the absence
of ADP served as a control since under this con-
dition the system must give the ping-pong pattern,
regardless of the transport mechanism involved (see
Theory below). Moreover, fitted values of other pa-
rameters allowed us to predict values for the velocity
constants of Rb* deocclusion. The predicted values
agreed with those obtained by direct measurements,
giving consistency to the whole analysis.

Our results validated the ping-pong nature
of the transport mechanism from steady-state deter-
minations. Additionally, we found that Rb* deocclu-
sion is accelerated when Na™ binds to an allosteric,
unspecific site, leading to a two-fold increase in AT-
Pase activity. It is very likely that the effects of
the binding of Na* to this allosteric site have been
wrongly attributed to the occupancy of its transport
sites, which led to propose a ternary-complex trans-
port mechanism.

RESULTS AND DISCUSSION

Theory — Here, we will illustrate how ping-
pong and ternary-complex mechanisms are differen-
tiated under Michaelis-Menten- and non-Michaelis-
Menten kinetics.

Figure 2 shows representative models for
the transport of Na* and the K* congener Rb* by
Na*/K*-ATPase. Figure 2A shows a ping-pong
model based on that of Albers and Post, whereas
Figures 2B and 2C show two ternary-complex mod-
els that are compatible with the empirical evidence
that originally led to the Albers-Post model, i.e.: i)
Na® is required for enzyme ATP-dependent phos-
phorylation and ii) K* is required for enzyme de-
phosphorylation (26).

When the stoichiometry for transport is set
to 1 Naf for 1 Rb{ and the concentration of the
products NaJ and Rb;" is set to zero, all models
follow Michaelis-Menten kinetics and, for a fixed

concentration of Rb], the velocity of formation of
the product Pi per unit of total enzyme concentration
(molar catalytic activity) can be expressed as

[Na;]

Act([Naj]) = I dlPi] = o m 2)
P [Bow] dt |+ [Na;']
KmnNai

where Keanai is the catalytic constant and Kyngi is
the Michaelis-Menten constant.

As summarized in Table 1, the dependence
of the ratio Keanai/Kvnai and Kynai with the con-
centration of the fixed substrate Rb} varies with the
model considered (30). For the ping-pong model, as
[Rb}] approaches zero the ratio Keanai/Kmnai tends
to a positive value while Kyna; becomes zero. Un-
less both ADP and Pi are absent (this is discussed
below), ternary-complex models exhibit a differ-
ent pattern: when [Rb]] approaches zero, the ra-
tio Kearnai/KmnNai tends to zero whereas Kynai does
not. This kind of analysis was originally proposed
by Cleland (4, 5) and they are part of what is known
as Cleland’s rules.

When the concentration of the products Na}
and Rb; is zero but the stoichiometry for transport
is 3 Na;" for 2 Rb{ as posed in Figure 2, we obtain a
rational equation of higher complexity:

[Na PP
KnNai1 Knai2 Knai3
[Na/] [Na; 1
Knait  Knait Knaiz
[Na; I?

KnNai1 Knai2 Knai3

ANai3

Act([Na[]) =

1+

Here, the parameters Knaii, Knaiz, and Kngiz are
the apparent stepwise dissociation constants of the
enzyme for Na;r and, like Kynai, they have concen-
tration units. The meaning of ayng3 is equivalent
to that of kcavai in Equation 2, although this is not
always true, for instance, in branched models (see
Supplementary Material). As in the case of KcaNais
the units of ang3 are those of the catalytic activity,
Act.

In Equation 3, the dependence of
aNai3/(KNait KNaizKnaiz) and Knait KnaiKnaiz with
[Rb{]is respectively the same as that of KeaiNai/KmnNai
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and Kynai in Michaelis-Menten models (cf. Egs.
S1-S2, S5-S6, and S9-S10, to Egs. S13-S14, S18-
S19, S23-S24, in Supplementary Material).

The ping-pong pattern (see Table 1) results
from the fact that the denominator in the steady-state
equations lacks a term independent of the concentra-
tions of both substrates, Na;" and Rb{. This occurs
whenever the reaction scheme contains irreversible
steps interposed between those in which the sub-
strates bind (4). Consequently, in the absence of
both ADP and Pi, all three models in Figure 2 will
display the ping-pong pattern (31). When both ADP
and Pi are present and both products NaJ and Rb;
are absent, the only scheme in Figure 2 showing
the ping-pong pattern will be the ping-pong model
in panel A. Therefore, to truly distinguish between
ping-pong and ternary-complex mechanisms, ADP
and/or Pi must be present in the reaction.

When working with non-compartmentalized
preparations, the concentrations of a transported
substance as substrate and product are necessarily
equal and cannot be manipulated independently. In
our system [Na;"] = [NaJ] = [Na*] and [Rb{]=[Rb;"]
= [Rb™]. The presence of products Nal and Rb;" is
thus unavoidable and will reverse the reaction steps
that involve their release. Furthermore, Na* and
Rb* compete for both intracellular and extracellular
transport sites of the enzyme. Under the conditions
described, equations for models in Figure 2 change.
In fact, even if stoichiometry for transport is set to 1
Na' for 1 Rb{, models no longer follow Michaelis-
Menten kinetics. In the absence of ADP or Pi, they
give

[Na™]
aNal K
Act([Na*]) = el @)
+ Zd [Na ]J
=LY K
g=1 Nag
where d = 2 and 3 in ping-pong and ternary-

complex models, respectively.
If stoichiometry for transport is 3 Na;" for 2
Rb}, we obtain:

[Na*]?
Kna1 Kna2 K
Nal Na2 Na3 (5)

d [Na*})/
1+ Zj:l J
g:l KNag

ANa3

Act([Na*]) =

where d = 6 and 8 in ping-pong and ternary-
complex models, respectively.

Despite the differences in the form of the
equations for non-compartmentalized systems (cf.
Equations 2-3 and 4-5), for [Rb*] tending to zero
the critical features in the patterns remain un-
changed. In the ping-pong pattern, the ratios
aNal/Kna1 and ana3/(Knai Kna2Knaz) tend to non-
zero values whereas Knai and Kyai KnaoKnas tend
to zero. Conversely, in the ternary-complex pattern
the ratios an,1/Knai and ana3/(Knai Kna2 Knaz) tend
to zero while Kya; and Kyna1 Kna2Knasz tend to non-
zero values (see Table 1; proof for this is given under
Supplementary Material, Eqs. S3-S4, S7-S8, S11-
S12, S15-S16, S20-S21, and S25-S26). Therefore,
ping-pong and ternary-complex mechanisms are still
distinguishable, remarkably, despite the reversibility
of the steps that involve the release of Na* and Rb*
as products.

Another important aspect to consider is
that Na*/K*-ATPase also hydrolyses ATP by re-
action pathways other than the physiological one
(10, 11, 32, 33): i) X/X-ATPasic cycling mode, in
the absence of alkaline cations (34, 35); ii) X/Rb*-
ATPasic cycling mode, when Rb{ is transported
in the absence of Na* (33, 36, 37); iii) Nat/Na*-
ATPasic cycling mode, when the enzyme exchanges
Na' for Naf (22, 33, 38, 39); iv) other reactions
pathways where Na; triggers enzyme phosphory-
lation but is followed by spontaneous dephospho-
rylation (uncoupled sodium efflux) (35, 40-43) or
by dephosphorylation stimulated by a single Rb*
(44). Equations from models containing alterna-
tive cycling modes show that some of these affect
the parameters to the point that they can make both
aNa3/(Kna1 KNa2 Knaz) and Knai Kna2Knas to tend to
non-zero values as [Rb*] tends to zero (cf. Egs. S15
with S27 and S21 with S32 in Supplementary Mate-
rial) thus undermining the possibility to discriminate
ping-pong from ternary-complex mechanisms using
the criteria in Table 1. We will show that the influ-
ence of alternative cycling modes can be neglected
in our system.

The roles of ADP — As mentioned before,
to truly distinguish between ping-pong and ternary-
complex mechanisms, the products ADP and/or Pi
must be present in the reaction to avoid irreversible
steps between the binding of Na™ and Rb* as sub-
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strates. It can be shown that to make the distinction
between the ping-pong model in Figure 2A and the
ternary-complex model in Figure 2B it is required
the presence of ADP (see Eq. S21 in Supplementary
Material), whereas if the ternary-complex model is
that in Figure 2C, it is required the presence of Pi
(see Eq. S25 in Supplementary Material). Never-
theless, the model shown in Figure 2C assumes that
binding of Na is essential for the release of Rb™,
which contrasts with the evidence shown both in the
literature (15) and later in this work (see Figure 5).
For this reason, we will only consider the ternary-
complex model in Figure 2B as an alternative to the
ping-pong model.

Since ADP is needed to distinguish between
these mechanisms, we must take into consideration
that this nucleotide plays a dual role: not only as
product of the ATP-dependent phosphorylation step
but also as a competitor of ATP for the nucleotide
binding sites in E1 and E2(Rb;) (15, 31, 45).

In Figure 3A we show the dependence of
Na*-ATPase activity with [ATP] when measured
in the presence of 2 mM ADP. When [ATP] is
higher than around 1 mM, Na*-ATPase activity al-
most reaches its maximum, meaning that most of the
ADP has been displaced by ATP from the nucleotide
binding sites in E1. The effect of 2 mM ADP on AT-
Pase activity measured at 2.5 mM ATP is therefore
mainly due to the reversion of the phosphorylation
step.

Both ATP and ADP bind to Rb-occluded in-
termediates leading to an increase in the rate of Rb*
deocclusion, but ADP is not as effective as ATP and
binds with lower affinity (15). Figure 3B shows that
at 2.5 mM ATP, the apparent velocity constant of
Rb™ deocclusion, Kapp-deoce, decreases slightly with
the concentration of ADP.

Based on these results, ADP effects on the
reaction cycle other than the reversion of the phos-
phorylation step are minimized when using ATP and
ADP concentrations of 2.5 and 2 mM, respectively.

ATPase activity and levels of occluded Rb*.
General properties of the catalytic mechanism — We
performed parallel measurements of ATPase activity
(Act) and steady-state levels of occluded Rb™ (Occ)
as a function of [Na™] at different fixed [Rb*]. Reac-
tion media contained 2.5 mM ATP, O or 2 mM ADP,
and CholineCl to keep constant the ionic strength.

For each [Rb*], Act and Occ were adequately de-
scribed by rational equations (see Equations 7 and
8) with the same denominator, as expected if both
measurements expressed steady-state properties of
the same enzyme (see for instance references (1)
and (46) and Supplementary Material).

Here, we will make a qualitative analysis of
representative Act and Occ curves at Rb™ concen-
trations arbitrarily classified as low (approximately
between 0.03 and 0.3 mM) and high (approximately
above 1 mM). We will focus on the predominant cy-
cling modes of the enzyme under the experimental
conditions tested.

Figure 4A shows the results of a typical ex-
periment performed at low [Rb*]. In the absence of
Na*, both Act and Occ have small but significant
non-zero values as a result of the X/Rb*-ATPasic
cycling mode (33-37), where the enzyme couples
the hydrolysis of ATP to the occlusion and transport
of Rb*. As [Na'] increases, Act and Occ curves
exhibit a correlated increase due to the transition to-
wards the physiological Na*/Rb*-ATPasic cycling
mode. Further increments in [Na®] causes a cor-
related decrease in these curves which are easily
explained by posing that Na* displaces Rb* from
its transport sites in E2P reducing both the level of
occluded-Rb™ and the rate of enzyme dephospho-
rylation. When [Na™] is increased even more, the
Na*/Na*-ATPasic cycling mode (exchanging 3 Na."
for 2 NaY) starts to prevail (22, 33, 39), resulting in
an increase in Act, while Occ tends to zero.

Figure 4B shows the results of a typical ex-
periment performed at high [Rb*]. At null [Na*],
there is a substantial occlusion of Rb* through the
direct route, i.e. without formation of phosphoen-
zyme. The strong accumulation of intermediates
occluding Rb* inhibits the ATPase activity given
by the X/Rb*-ATPasic cycling mode (33, 36, 37).
When [Na*] is raised, Act and Occ curves exhibit a
correlated increase due to the transition towards the
physiological Na*/Rb*-ATPasic cycling mode. Fur-
ther increments in [Nat] lead to a decrease in Occ
that is less steep than that observed at low [Rb*]
and is correlated not to a decrease but to a consid-
erable increase in ATPase activity. These effects of
Na* cannot be attributed to a transition towards the
Na*/Na*-ATPasic cycling mode (expected to take
place at much higher [Na*]) but to the fact that Na*
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binds with low affinity to the Rb-occluded interme-
diate and promotes Rb* deocclusion, which is the
rate limiting step of the Na*/Rb*-ATPasic cycling
mode (see Figure 5 and references (15, 47, 48)).

The continuous lines that describe the re-
sults of ATPase activity in Figure 4 respond to equa-
tions of the form of Equation 7 with n = d (see
Experimental procedures). When the denominator
(denom) is distributed among the numerator terms,
Act can be expressed as

n

Act([Na*]) = Z VNaj (6)

J=0

with n equal to 5 or 4 for low and high [Rb*], re-
spectively, and
[Na"}
ANgj —————
Hg=1 I<Nag

VNaj =
J denom

VNaj terms estimate the flux of the reaction through
specific cycling modes and are plotted in Figure 4C
and 4D. At low [Rb*], ATPase activity is mostly
given by Va3 and, at high [Rb™], by the sum of v,3
and vNa4. As we show in Comparison of global
and partial reactions below, the terms vng3 and
VNa4 Mainly reflect the contribution to Act of the
Na*/Rb*-ATPasic cycling mode that takes place,
respectively, without or with the low affinity bind-
ing of Na* to the Rb-occluded intermediate. The
SUM VN0 + VNal + VNa2 = VNao12 1S given by cycling
modes where the enzyme is phosphorylated through
pathways other than the physiological one, whereas
VNas is mostly given by the Na*/Na*-ATPasic cy-
cling mode, i.e. exchange of 3 Na;" for 2 Na].
Comparison of global and partial reac-
tions — To evaluate if the binding of Na™ to the Rb-
occluded intermediate can account for the low affin-
ity increase in ATPase activity observed in Figure 4B
(VNaa in Figure 4D), we measured the time course of
Rb* deocclusion at different concentrations of Na™
and obtained the apparent velocity constant of the
process (Kapp-deocc)- Figure 5 shows (empty circles)
that Kapp-deoce increases from 10 s~! in the absence
of Na* to about 24 s~! at 100 mM Na* and then de-
creases very slightly with further increments in the
cation concentration. We have included the results

of a similar experiment performed in the presence
of 5 mM RbCI (filled circles). Our results suggest
that Na* and Rb* compete for the same site(s) since
their effects on Kypp-deoce are not additive (the effect
of Rb* tends to disappear as [Na™] increases). As
previously reported (15), not only Na* but also other
alkali cations, including Rb*, increase Kapp-deoce t0 @
similar extent supporting the allosteric nature of the
binding site.

We have solved models like those in Figure
2A and 2B but including both alternative cycling
modes (e.g., X/X-, X/Rb"- or Na*/Na*-ATPasic cy-
cling modes) and the binding of Na* to E2(Rb;)ATP
as a putative activator of Rb* deocclusion, like in the
scheme in Figure 5B. The models lead to more com-
plex equations with the form of Equations 7 and 8.
The solutions are given under Supplementary Ma-
terial (see models PP1 and TC2). When alternative
cycling modes are canceled, both models predict
that in the absence of ADP (see Eqs. S29-S30 and
S34-S35, in Supplementary Material):

aNa3/(0Na3/2)[aDPI1=0 = Kdeoce

and
aNa4/(ONa4/2)[ADPI=0 = Kdeocena

As these equalities are met only when cycling modes
other than the physiological one are neglected, they
are a good test for the contribution of such modes to
the terms vny3 and vNa4 above.

Values for an,3/(0Na3/2) and ana4/(0Na4/2)
were obtained from the fitting of Equations 7 and
8 to the whole set of results of Act and Occ as de-
scribed under Empirical equations. Figure 6 shows
that fitted curves reproduced very well the results
(parameter values are given in Table 3). From re-
sults obtained in the absence of ADP, ana3/(0Na3/2)
was 10.1 + 0.2 s~! regardless of [Rb*], whereas
aNa4/(ONas/2) Was 22.1 + 0.6 s™! at 5 mM Rb*.
These values are in very good agreement with those
of Kgeoce (10.4 + 0.9 s71) and kgeoeena (23.4 % 0.8
s~ respectively, given by model in Figure 5B when
fitted to direct measurements of Kapp-geoce (S€€ COn-
tinuous line in Figure 5A; model parameters values
are listed in Table 2).

The analysis above confirms, at least for
measurements performed at zero [ADP], that the
contribution of alternative cycling modes to Vg3 is
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negligible for all [Rb*] tested whereas this is true
for vNa4 only at high [Rb*].

Noteworthy, the agreement between the val-
ues of ana3/(ONa3/ 2)[ADP]:O and kapp-deocc at zero
[Na*] (Kgeocc in Figure 5B) indicates that the bind-
ing of Na™ to the Rb-occluded intermediate is not
essential for the release of Rb;" during the ATP-
driven exchange of 3 Na;" for 2 Rb{. In other words,
Na*-independent deocclusion of Rb* is compatible
with the turnover rate of the enzyme. Moreover, the
simple assumption of the existence of an allosteric
site for Na* in E2(Rb})ATP explains qualitatively
and quantitatively both the activation of Rb* deoc-
clusion and the significant contribution of vnu4 at
high [Rb*].

Validation of the ping-pong mechanism for
the transport of Na* and K* by steady-state deter-
minations — To validate the ping-pong mechanism,
we evaluated the pattern obtained for parameters
aNa3/(KNa1 Kna2Kna3) and Knai Kna2Knaz as a func-
tion of [Rb*]. In one set of experiments, we omitted
both ADP and Pi as a control of the ping-pong pat-
tern. In another set, media contained enough ADP
as to reverse the phosphorylation step, bringing to
a minimum its effects as a competitor of ATP for
the nucleotide binding sites in E1 and E2(Rb;r ) (see
Figure 3). Figure 6 shows the fitting of empirical
equations to the complete set of results for ATPase
activity and occluded Rb* as a function of [Na*] at
different Rb* concentrations, as described under Ex-
perimental procedures. Addition of 2 mM ADP to
the reaction medium causes ATPase activity to de-
crease by nearly one-half, evidencing the reversion
of the ATP-driven phosphorylation step.

Figure 7 shows the dependence of the fit-
ted values of the parameters ana3/(Knai Kna2 Kna3)
and KnaiKna2Knaz on [Rb*] in the absence and
in the presence of ADP. The results clearly vali-
date the ping-pong nature of the transport mech-
anism of Na*/K*-ATPase. Notably, the product
Kna1 Kna2Knaz tends to zero as [Rb*] tends to zero
(Table 1).

A model to describe the results — Figure 8§
shows a ping-pong model for the active transport of
three Na* for two Rb* cations. The model includes
alternative cycling modes that were extensively stud-
ied elsewhere in our system (33). The continuous
lines in Figure 9 are the plot of model equations fit-

ted to the results shown in Figure 6. The values for
the parameters are listed in Table S1 under Supple-
mentary material.

The physiological cycling mode is given by
the reaction cycle EIATP — E1P(Naj) — E2P —
E2(Rb])ATP — E1ATP. The ping-pong nature of
the model becomes evident by noting that binding
of Naf (Rb{) to transport sites is not mandatory
for Rb* (Na*) to be released from the enzyme as
product. We included in the model the allosteric
binding of one Na™ ion to the Rb-occluded state,
E2(Rb3)ATP. This binding increases the velocity of
Rb™ release since Kgeocena > Kdeoce (see Table S1 in
Supplementary Material) and is responsible for an
important fraction of the ATPase activity given by
the physiological cycling mode at [Na*] higher than
50 mM.

Dotted lines in Figure 9 show the contri-
bution of the physiological cycle to ATPase activ-
ity, and is calculated as kymo fprv [E2P] (see Figure
8). As [Rb™] tends to infinity, this contribution ap-
proaches ATPase activity, i.e. alternative cycling
modes tend to vanish.

FINAL REMARKS

We characterized the kinetic mechanism of
Na*/K*-ATPase from steady-state determinations.
The analytical procedure we implemented here is
also valid for other membrane transport ATPases.
Of note, we used a non-compartmentalized enzyme
preparation since the transported substances as prod-
ucts do not interfere with the analysis.

To describe non-Michaelis-Menten kinet-
ics, we found very useful to reparametrize the equa-
tion recommended by the International Union of
Biochemistry (IUB, now ITUBMB), which has not
been revised since 1981 (49). We proposed param-
eters that facilitate predicting the trace of the curve
from their values and vice versa. For example, pa-
rameter ang;3 in Equation 3 equals the limiting value
of Act when [Na;'] tends to infinity. An approximate
value of parameter ay3 is therefore easy to guess
from visual inspection of the results. This facilitates
the selection of the equation that best reproduces the
results. In contrast, the equation recommended by
the IUBMB (Equation 1) contains the parameter a3
which equals ani3/(Knai1 Knai2 Knaiz) and, as a con-
sequence, is difficult to guess an approximate value
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for it.

In addition, we identified parameters that
report key features the reaction scheme must have
to reproduce the results. The parameters exhibit the
same patterns as those of k,/Ky and Ky in the clas-
sical Michaelis-Menten equation. Therefore, it is
possible to use the same general approach to analyze
both Michaelis-Menten and non-Michaelis-Menten
kinetics. Of note, the analytical procedure we de-
scribed here is a “model free” strategy (it does not
require to pose models a priori) and is valid for the
kinetic analysis of any other system.

The complexity of the kinetic mechanism
of Na*/K*-ATPase prevented previous attempts to
solve it by steady-state approaches. In this sense,
Sachs (14) pointed out that the existence of an un-
coupled Na* efflux makes impossible the use of
standard steady-state methods to confirm the ping-
pong nature of the mechanism. Although this state-
ment is mathematically correct (see models PP1 and
TC2 under Supplementary Material), we have shown
here that the impact of alternative cycling modes on
those parameters that are crucial for assigning a ki-
netic mechanism is negligible. This is evidenced
by the fact that one of the parameters of analysis,
Kna1 Kna2Knas, approaches zero when [Rb*] tends
to zero (as discussed under Theory). We gave fur-
ther support for disregarding the impact of alterna-
tive cycling modes by proving that an,3/(0Na3/2) at
zero [ADP] equals the Na*-independent rate of Rb™
deocclusion.

We obtained values for an,3/(ona3/2) from
parallel determinations of ATPase activity and
steady-state levels of occluded Rb*. This is the
first study that performed determinations of Rb*-
occluded intermediates at varying concentrations of
the transported cations during the hydrolysis of ATP.

We proved the ping-pong nature of the trans-
port mechanism from steady-state determinations.
To date, the ping-pong mechanism was supported
by few transient-state studies (13—16) and suggested
by crystal structures of the enzyme occluding two
Rb* (6, 7) or three Na* (8, 9) cations. Crystal-
lographic analysis indicated that transport sites for
Na* and Rb* share some of the binding residues (8),
suggesting that it is not possible to form a ternary-
complex.

Although the release of Rb* does not re-

quire Na* to complete the Na*/Rb*-ATPase cycle,
we found that the allosteric effect of Na* on the deoc-
clusion rate accounts for an increase of almost twice
in ATPase activity. This significant effect might ex-
plain why many authors misinterpreted this kind of
results as proof of a ternary-complex mechanism.

The presence of an allosteric site has also
been suggested in previous kinetic and structural
works. Forbush showed (15) that the allosteric effect
on Kapp-deoce 18 exerted not only by Na* but also by
K™* and other monovalent cations. In this work, we
have shown that Rb* competes with Na* for the site
that promotes Rb*-deocclusion, strongly suggesting
that they bind to the same allosteric site. Under
physiological conditions Naj and K" are present
in concentrations high enough to maximally acti-
vate K*-deocclusion and ATPase activity. If the
allosteric site were intracellular, as suggested by the
crystal structure of the intermediate occluded with
Rb* (6, 7), then K" would be the main responsible
for the activation effect. Crystallographic analysis
showed an allosteric site for Rb* at about 30 A from
the two membranous transport sites towards the cy-
toplasmic side, in a binding cavity at the boundary
between the P-domain and the transmembrane do-
main. Other authors also found kinetic evidence for
an allosteric site for Na* although they claim it is on
the extracellular face of the pump (48).

Since the allosteric modulation has a signif-
icant impact on the catalytic activity of the enzyme,
studies of ligands for the allosteric site might have
relevant pharmacological interest, whereas detailed
kinetic studies in patients with some mental disor-
ders may also lead to insights into the disease. In
this sense, it is worth noting that Li*, a cation that
inhibits Rb*-deocclusion (15), leads to an upreg-
ulatory response in the number of pump units in
lymphocyte membranes of healthy patients, and this
is not observed in patients with maniac-depressive
psychosis (50-52). Whether the difference in these
patients is due to alterations on the allosteric site
requires further investigation.

EXPERIMENTAL PROCEDURES

Enzyme — We used a purified preparation of
Na*/K*-ATPase inserted in open membrane frag-
ments. This was obtained from pig kidney red-outer
medulla by treatment of the microsomal fraction
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with sodium dodecyl sulphate and extensive wash-
ing (53) based on the method of Jorgensen (54).
The preparation was kindly provided by the De-
partment of Biophysics, University of Arhus, Den-
mark. Enzyme (abbreviated as Ez when present in
the units) was quantified by measuring occluded Rb*
under thermodynamic equilibrium in media contain-
ing 250 uM [3*Rb]RbCI, 0.25 mM EDTA and 25
mM imidazole-HCI] (pH=7.4 at 25 °C). Under this
condition, it is a good approximation to consider that
every enzyme molecule occludes two Rb* ions. Us-
ing this stoichiometry, we obtained an average value
of 2.51 + 0.09 (nmol of Ez / mg protein) from four
independent experiments.

Reagents and Reaction Conditions —
[8°Rb]RbCl and [y—32P]ATP were from PerkinElmer
Life Sciences. All other reagents were of analytical
grade. Experiments were performed at 25 °C in me-
dia containing 2.5 mM ATP, 0.25 mM EDTA, 0 or 2
mM ADP, enough MgCI2 to give 0.5 mM free Mg?*,
25 mM imidazole-HCI (pH=7.4 at 25 °C), and differ-
ent concentrations of RbCl (instead of KCl), NaCl,
and CholineCl so that the total concentration of the
last three salts was always 170 mM.

ATPase activity (Act) — We determined AT-
Pase activity from the time course of the release of
[3*P]Pi from [y-*’P]ATP, as in Monti et al. (33).
Briefly, after the incubation time, we quenched the
reaction, extracted the [32P]Pi, and measured radia-
tion due to Cerenkov effect in a scintillation counter.
Despite we avoided hydrolysis of more than 10 %
of the ATP initially present, we always checked that
the release of Pi was linear with time in order to
ensure initial rate conditions. These steady state de-
terminations were made in media containing a pro-
tein concentration of 20 pg/ml and incubation times
ranging from zero to 30 minutes. Reaction blanks
were determined by measuring ATP hydrolysis in
media containing 170 mM K*, giving values not
significantly different from those at 170 mM Na*
and 1 mM ouabain (a specific inhibitor of Na*/K™-
ATPase).

Specific concentration of occluded Rb*
(Occ)— The methodology is described in Rossi et
al. (55). Briefly, we employed a rapid-mixing appa-
ratus (SFM4 from Bio-Logic, France) to start, incu-
bate, and then squirt the reaction mixture at 2.5 ml/s
into a quenching-and-washing chamber. There, the

reaction is stopped by sudden dilution and cooling
with an ice-cold solution of 30 mM KCl in 5 mM
imidazole-HCl (pH=7.4 at 0 °C) flowing at 40 ml/s
through a Millipore-type filter, where the enzyme
is retained and washed. We measured the unspe-
cific [**Rb]Rb* binding to the filter by omitting the
enzyme from the reaction medium. These values
were similar to those obtained in the presence of en-
zyme inactivated either by heat (30 min at 65 °C)
or by dilution 1/44 (final concentrations: 36 ug/ml
of protein, 6 mM sucrose, 25 mM imidazole-HCI,
0.25 mM EDTA, pH=7.4 at 25 °C) and exposure to
a freeze (-18 °C, overnight) and thaw cycle. Steady
state determinations were made in media contain-
ing a protein concentration of 30-40 ug/ml, after an
incubation time of 7 seconds.

Determination of the apparent velocity con-
stant of Rb* deocclusion (kapp-deocec)— This was
done by following the time course of Rb* deocclu-
sion and fitting the equation

OCC(t) = OCCt:_q e_kapp-deocc(t+q)

where ¢ is the time required to quench the reaction
(8.0 £ 0.9 ms) and ¢ is the incubation time. We
obtained the Rb-occluded intermediates through the
direct route of occlusion by incubation of the enzyme
at 25 °C in a medium containing 0.10 mM [8°Rb]
RbCI, 0.25 mM EDTA and 25 mM imidazole-HCI
pH=7.4 for atleast 20 min to achieve thermodynamic
equilibrium. With the aid of the rapid mixing ap-
paratus, we mixed 1 volume of the suspension (time
zero) with 1 volume of media lacking [8°Rb] RbCl
for different incubation times. Final concentrations
were 2.5 mM ATP, 0.25 mM EDTA, 0.5 mM free
Mg?*, 25 mM imidazole-HCl pH=7.4, 0.05 mM (the
minimal concentration attainable after the dilution)
or 5 mM RbCI and different concentrations of NaCl,
using CholineCl to keep constant the ionic strength.
At the end of the incubation period, we quantified
the Rb" that remained occluded. To determine the
Rb* occluded at time zero, the suspension was di-
luted in a medium with 0.25 mM EDTA in 25 mM
imidazole-HC] pH=7.4, a condition where Rb* de-
occlusion is very slow.

Empirical equations —For each [Rb"]
tested, we described steady-state measurements of
ATPase activity and occluded Rb*™ by empirical
equations of the form:
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n Na®}/
aNao t Z . aNaj[-—]
j=1 HJ K
+ g=1 ~Nag
Act([Na™]) = yp— (7)
and
m Nat}
ONa0 t+ Zj | ONaj E K]
=1 ™Nag
Occ([Na*]) = — £ (8)
where
d .
Nat}/
denom =1+ E.;]
]:1 Hg:l KNag

and the parameters K, ’s are apparent stepwise dis-
sociation constants expressed in concentration units,
whereas the parameters an,;’s and onaj’s are co-
efficients with units of Act and Occ, respectively.
All parameters where simultaneously fitted to the
results by weighted nonlinear regression based on
the Gauss-Newton algorithm using commercial pro-
grams (Excel, Sigma-Plot, and Mathematica for
Windows). Weighting factors were calculated as
the reciprocal of the variance of experimental data.
We performed a systematic search of the equations
that best describe the results for each [Rb*]. First,
we determined the degree of the polynomials in
the numerator and the denominator. We restricted

n < dand m < d, to conform to steady-state equa-
tions for enzymes. Secondly, we evaluated the con-
tribution of terms of intermediate degree by fixing
some coefficient values to zero or establishing math-
ematical constraints between two or more coeffi-
cients. The goodness of fit of these equations was
assessed by the corrected asymptotic information
criterium (56) defined as:

AIC. = nd1n (SS,) 2(np + 1)nd

nd (nd —np —2)

where nd is the number of data points, np is the
number of parameters to be fitted, and SS; is the
sum of weighted square residual errors. We selected
the equation that gave the minimum A/C, value,
since it is the one that describes the results using the
minimum number of parameters.

We minimized the errors of the parameters
by introducing constraints to their fitting values. For
a given [Rb*] and [ADP], we obtained good fitting
results by setting anag = anal = ana2 (= aNa012), ONa0
= ONal = ONa2 (= ONa012), and Knai = Kna2 (= Kna12).
These constraints are purely empirical. Additionally,
for a given [ADP], we forced all equations to have
the same ratio an,3/(0na3/2). This constraint did not
affect the capacity of equations to reproduce the re-
sults. It is based on equations from models as those
in Figure 2 (see Equations S17 and S22, or S29 and
S34 in Supplementary Material) and is independent
of the nature of the transport mechanism.
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TABLES

. Value of the parameters as [Rb*] tends to zero
Parameters equivalent to

Ping-pong Ternary-complex
kcat / KM > 0 = 0
Kwm =0 >0

Table 1: Ping-pong and ternary-complex patterns. Parameters equivalent to k.,/Ky and Ky are, respectively,
KcatNai/KmNai and Kmnai in Equation 2, anai3/(Knai1 Knaiz KNai3) and Knait Knaiz Knaiz in Equation 3, anai1/Knai
and Ky, in Equation 4, and ang3/(Kna1 Kna2 Knaz) and Ky Kna2 Knas in Equation 5.
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Parameter Value = SE  Units
Kgeoce 104+09 57T
Kgeoccna 234 +0.8 57!
Kya 8+4 mM

Table 2: Fitted values of parameters of the model in Figure 5B
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Steady-state analysis of enzymes with non-Michaelis-Menten kinetics

> E1ATP

E2(K*,)ATP <
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E2P

> E1P(Na*y)
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Figure 1: A simplified version of the Albers-Post model for the physiological functioning of Na*/K*-ATPase.
The reaction scheme (left) has been cartooned (right) for better comprehension. Subscripts i and e are for
intracellular and extracellular respectively. For the diagram on the left, occluded cations are written within
parentheses. For the diagram on the right, each intermediate is represented with its cytoplasmic side (in)
facing up. Under physiological conditions, the reaction cycle proceeds clockwise.
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E2(Rb+2)ATP<— E2(Rb+2)ATP<—
2 Rb, 2 Rb*,

ATP H Pi 3 Na*, ATP H Pi 3 Na*,
E2PRb*, ‘ A > E1ATPNa, E2PRb*, ( B Y E1ATPNa*, E2PRb*, < 6 > E1ATPNa,

ADPH H3 Na*, 2 Rb*, ADPH
3Nat, Y e ¥

. ™ 3Na
————=2>E1P(Na*;) { E2P(Na*;)Rb*,3 <:e—>E1P(Na+3)

............................ 2 Rb*,

Figure 2: Ping-pong (A) and ternary-complex (B and C) models for the transport mechanism of Na*/K™*-
ATPase. The reaction proceeds clockwise. Ellipses in continuous lines enclose the reaction intermediates
that bind cations as substrates (Na;” and Rby). Ellipses in dotted lines enclose ternary complexes.
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Figure 3: Effects of ADP on the substrate curve of the Na™-ATPase activity and on the rate of Rb*-
deocclusion. Reaction media contained 0.25 mM EDTA, 0.5 mM Mg2+ free, 25 mM imidazole-HCI
pH= 7.4 and CholineCl to keep constant ionic strength. Panel A: Na*-ATPase activity was measured in the
presence of 170 mM NaCl and 2 mM ADP (filled triangles). One determination was performed at 2.5 mM
ATP in the absence of ADP (empty triangle). Panel B: kypp_geocc measured at 2.5 mM ATP in the abscence
(empty circles) and in the presence of 170 mM Na* (filled circles). Vertical bars are + Standard Error (SE).
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Figure 4: Typical curves of Act and Occ as a function of [Na*] at low (panel A) and high (panel B) [Rb*]
and the analysis of Act (panels C and D) in terms of vn,; (see Equation 6). We show results for ATPase
activity (A) and steady-state levels of occluded Rb* (O) at 0.12 (panels A and C) and 3 (panels B and D)
mM RbCI. Solid lines are the plot of the empirical equations that gave the best fit to the results (see main
text). Dotted/dashed lines are the contribution of each vy,; term to Act. Note that contribution of vnag2 to
Act is negligible for most Na* concentrations.
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25 B
= 20 kdeocc
‘:'(ﬂ E2(Rb*)ATP ——
e | Na+'[ K.
% 10 O 0.05 mM RbCl . EZ(Rb+ )ATPNa* Kgeoccna
x ® 5mMRbCl . 2
5 |
0 1 1 ! ! 1 !

g 25 B0 75 100 125 150 175
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Figure 5: Effect of [Na*] on the apparent velocity constant of Rb* deocclusion. Panel A shows Kapp-deoce
values measured at 0.05 (O) and 5 (@) mM RbCI. Vertical bars are = SE. The solid line is the best fit to

Kdeocena[Na™] / [Na']

the results of the equation Kapp-deoce = |Kdeoce + 1+

, which is given by the model

KNa na
shown in panel B. In panel B, Kgeoce and Kgeocena are the velocity constants of Rb* deocclusion when the
allosteric site is free or occupied by Na*, respectively; whereas Ky, is the dissociation constant of the
allosteric site for Na™. Best fitting values of parameters of model in panel B are given in Table 2.
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Figure 6: Empirical fit to the results. Solid lines are the plot of the empirical Equations 7 and 8 with the
constraints specified under Empirical equations. Best fitting values of the parameters are shown in Table 3.
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Figure 7: Dependence of the parameters an,3/(KnaiKna2Knaz) (upper panel) and Ky, KnaoKnaz (lower
panel) with the fixed concentration of Rb* in the absence (empty symbols) and in the presence of 2 mM
ADP (filled symbols). Vertical bars are + SE. Insets show more clearly the results obtained at low Rb*
concentrations.
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Figure 8: A ping-pong model of the kinetic mechanism of Na*/K*-ATPase. Reaction intermediates within
a rapid equilibrium segment are grouped (see (57)) and included into a box. Intermediates within each box
are explicitly shown below the model. k‘s are rate constants and K*s are equilibrium dissociation constants.
The f*s represent the fractional concentration of an intermediate within the box. The model includes the
alternative cycling modes of functioning. There are two phosphorylation pathways: the physiological
one to give E1P(Naj) and another that takes place in the absence of Na™ to give EXP (see (33)). E2P
dephosphorylation is strongly stimulated by the binding of 2 Rb* (fpy,2). Dephosphorylation can also occur
at a slow rate through any of the following reactions: (i) spontaneously (fp) or after the binding of (ii)
2 Na* (fpna), (iii) 1 Rb* (fpyy,), (iv) 1 Nat (fppa), or (v) 1 Na™ and 1 Rb* (fppap). The deocclusion of
Rb* from E2(Rb;)ATP is the main rate limiting step of the physiological cycle, and leads to EIATP either
spontaneously (fp) or after the binding of Na™ to an allosteric site (fon,). Dephosphorylation is considered
irreversible because of the absence of Pi. Itis worth nﬁptioning that a good fit was obtained even by assigning
values of zero to kyn, and kyy, (see Table S1 in Supplementary Material).

/T0Z ‘€T Joguesa Uo sally sousng ap pepisieAlun 1 /610°0g [ mmmy/:dny wouy papeo umoq



Steady-state analysis of enzymes with non-Michaelis-Menten kinetics

[ADP] =0mM

[ADP] =2 mM
8 — . —

[Rb*] (mM)

ATPase activity
(mol Pi / (mol Ez - s))

[R b*] (M)

N
C4<R0O®

Occluded Rb*
(mol Rb* / mol Ez)

Figure 9: Fit of the model in Figure 8 to the results.
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The continuous lines are the plot of the equations

corresponding to the model in Figure 8 for the parameters values shown in Table S1 in Supplementary
Material. The dotted lines are the plot of the contribution to Act of the physiological flux.
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