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ABSTRACT: Mammalian pyruvate kinase exists in four isoforms with characteristics tuned to specific metabolic
requirements of different tissues. All of the isoforms, except themuscle isoform, exhibit typical allosteric behavior.
The case of themuscle isoform is a conundrum. It is inhibited by an allosteric inhibitor, Phe, yet it has traditionally
not been considered as an allosteric enzyme. In this series of study, an energetic landscape of rabbit muscle
pyruvate kinase (RMPK) was established. The phenomenon of inhibition by Phe is shown to be physiological.
Furthermore, the thermodynamics for the temperature fluctuation and concomitant pH change as a consequence
ofmuscle activitywere elucidated.Wehave shown that (1) the differential number of protons released or absorbed
with regard to the various linked reactions adds another level of control to shift the binding constants and
equilibrium of active/ inactive state changes (the latter controls quantitatively the activity of RMPK); (2) ADP
plays a major role in the allosteric mechanism in RMPK under physiological temperatures (depending on the
temperature, ADP can assume dual and opposite roles of being an inhibitor by binding preferentially to the
inactive form and a substrate); and (3) simulation of the RMPK behavior under physiological conditions shows
that the net results of the 21 thermodynamic parameters involved in the regulation are well-tuned to allow the
maximal response of the enzyme to even minute changes in temperature and ligand concentration.

Pyruvate kinase, an important glycolytic enzyme, catalyzes a
transfer of a phosphate group from phosphoenolpyruvate (PEP)
toADP.This process yields amolecule of pyruvate andATP.The
enzyme has been extensively reviewed by Kayne (1). Mammalian
PK exists in four isoforms with characteristics tuned to specific
metabolic requirements of different tissues (2, 3). All of the iso-
forms, except the muscle isoform, exhibit typical allosteric
behavior. The case of the muscle isoform is a conundrum. It is
inhibited by an allosteric inhibitor, Phe, yet it has traditionally
not been considered as an allosteric enzyme because the concen-
tration required to elicit demonstrable inhibitory effect is too high
to be considered physiological. In this series of study, the goal is
to establish an energetic landscape of rabbit muscle pyruvate
kinase (RMPK) to resolve this issue of whether the phenomenon
of inhibition byPhe is physiological. Furthermore, there is a long-
standing interest in the temperature fluctuation and concomitant
pH change as a consequence of muscle activity (4-6). RMPK is
being employed as amodel system to address the consequences of
temperature and pH changes in muscle enzymes.

In the two preceding papers (DOI: 10.1021/bi900279x and
10.1021/bi900280u), we have investigated the tetrameric
RMPK. Simultaneous analysis of isothermal titration calorime-
try (ITC) data and fluorescence data acquired at different
temperatures allowed for thorough thermodynamic character-
ization of the allosteric regulation of the enzyme within the frame

of the two-state concerted model (7). According to this model, the
RMPK population equilibrates between two states with highly
different enzymatic activities. Then the allosteric regulation is
achieved by transitions of the RMPK tetramer between the active
R and the inactive T state. These concerted conformational
transitions of the RMPK subunits can be shifted to favor one
state or another by temperature and ligand binding. Besides the
thermodynamic characterization of theRTT equilibrium,we also
quantified the binding of both RMPK substrates, PEP and ADP,
as well as binding of the allosteric inhibitor, Phe.

It was shown that it requires 21 thermodynamic parameters to
adequately describe the model for RMPK regulation. These
include binding enthalpies and entropies, linked proton reac-
tions, changes in the isothermal heat capacity, ligand interaction
parameters, etc. (DOI: 10.1021/bi900280u). Because of the large
amount of information, it is difficult to envision behavior of
RMPK which is the resultant of the fine interplay among these
parameters. In this paper, we present a graphical summary of the
previously obtained results with emphasis on theRMPKallosteric
regulation. Simulation of the RMPK behavior under physiologi-
cal conditions shows that all parameters involved in the regulation
are well-tuned to allow the maximal response of the enzyme to
even minute changes in temperature and ligand concentration.

RESULTS AND DISCUSSION

The foundation of the regulatory mechanism of RMPK is
the rapid equilibrium between the two structural states, namely,
the active R state and inactive T state. One of the roles of the
intricate network of linked reactions is to shift that equilibrium
with the exception of a coupling between Phe and ADP bindings.
The ability of effectors to regulate the activity is related to their
ability to influence the RT T equilibrium. The ability of a ligand
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to shift the R T T equilibrium is dependent on the existence of
a differential affinity of the ligand for the two states: the greater
the difference, the greater the ability to shift the distribution of
states. The direction of the shift is dependent on the state towhich
the ligand binds stronger.

Figure 1 presents a functional energetic landscape of the
allosteric regulatory mechanism of RMPK. The landscape is
defined by the relationship between two ligands, X and Y, as a
function of temperature. The various reactions listed above the
landscape represent the reactions that define the function of
RMPK, namely, all the reactions of the enzyme with metabolites
pertaining to the function of RMPK. The various reactions listed
below the landscape indicate the linkage of proton release or
absorption to these reactions. Let us review the evidence in
support of the mechanism shown in Figure 1.
R T T Equilibrium. A better insight into the apparently

complex allosteric regulatory mechanism of the RMPK can be
gleaned from a graphical representation of results obtained
in the two previous papers by calorimetry and fluorescence
techniques (DOI: 10.1021/bi900279x and 10.1021/bi900280u).
On the basis of the globally fitted thermodynamic parameters
(DOI: 10.1021/bi900280u), the temperature dependence of equi-
librium constants underlying the RMPK regulation was calcu-
lated. Figure 2A shows the temperature dependence of theR/T
equilibrium constant (L0 = [T0]/[R0]), i.e., ratio of the concen-
tration of inactive T0 and active R0 state of the unliganded
RMPK. L0 and its relation with the thermodynamic parameter
can be expressed by

L0 ¼ exp½-ð1=RTÞðΔHRTT -TΔSRTTÞ� ð1Þ
where ΔHRTT = ΔH0,RTT þ ΔCp,RTT(T - T0) and ΔSRTT =
ΔS0,RTT þ ΔCp,RTT ln(T/T0), where R and T are the universal
gas constant and the absolute temperature, respectively.
Figure 2A shows a bell-shaped relation between temperature
andL0, exhibiting a minimumnear 0 �C. The observedminimum
stems from a positive isobaric heat capacity change (ΔCp,RTT) of
2.2 kcal/mol. The consequence of the bell-shaped relation is to
ensure that L0 is more sensitive to fluctuations of temperature at
physiologically relevant temperatures. In turn, the activity of

RMPK is most responsive to temperature since the enzyme
activity is directly related to the distribution of the active R
and inactive T states.

Under temperatures where L0 assumes the minimum value, it
means that there is a negligible amount of RMPK in the inactive
T state; i.e., essentially all of RMPK is in the R state at low tem-
peratures. As the temperature increases, the value of L0 increases,
indicating that the distribution between the R and T states
becomes more toward the T state. The favorable shift toward
the R state at low temperatures is the basis for the observation
that RMPK exhibits a hyperbolic kinetic behavior in the absence
of inhibitor at temperatures below room temperature (8).

To improve our understanding of the influence of temperature
on the RMPK regulation, it is practical to visualize temperature-
induced changes in the fraction of inactive state fT in the absence
and in the presence of ligands. The fractions, as shown in
Figure 3A, were calculated from the corresponding equilibrium
constants between the R and T states as

f T ¼ L=ð1þLÞ ð2Þ
where L is equal to L0 or L0,lig for the unliganded or RMPK
saturated by the ligand (DOI: 10.1021/bi900279x), respectively.
The value of fT for unliganded RMPK is bell-shaped with a
negligible fraction of the inactive state between -25 and 25 �C.
The shape of the curve is governed by the temperature depen-
dence of L0, as shown in Figure 2. Above 30 �C, the value of fT
starts to sharply increase and the R f T transition is almost
completed at 40 �C.
PEP Binding. Values of Klig

R or Klig
T , the microscopic binding

constant of ligand to the R or T state, respectively, can be
calculated according to the equation

lnðKstate
lig Þ ¼ 1=RðΔHstate

lig =T -ΔSstate
lig Þ ð3Þ

where binding enthalpies ΔHlig
state and entropiesΔSlig

state are results
of the global fitting presented in the preceding paper (DOI:
10.1021/bi900280u). Figure 4 shows the Kd values of RMPK for
PEP as a function of temperature. Binding of PEP to the R state
shows a slight temperature dependence due to a ΔHPEP

R of
-2.1 kcal/mol. Negative enthalpy terms indicate weaker

FIGURE 1: Functional energetic landscape of the allosteric regulation
of RMPK.

FIGURE 2: Temperature dependence of the R / T equilibrium of
RMPK. (A) Equilibrium constant between the unliganded R and
T states in the absence of ligands (cyan solid line) and the apparent
one in the presence of 10mMADP (red dashed line). (B) Free energy
of the TfR transition in the absence of ligands (cyan solid line) and
in the presence of 10 mM ADP (red dashed line).
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binding of the ligand at elevated temperatures. The binding of
PEP to the T state is significantly weaker, so much so that no
accurate value can be derived from this series of study, although
results based on steady state kinetics imply a g10-fold weaker
affinity (8).

Differential binding affinities of a ligand toward the R and
T states, Klig

R and Klig
T , respectively, result in a shift of the R T T

equilibrium as a consequence of the relationship

L0, lig ¼ L0ðKR
lig=K

T
ligÞ4 ð4Þ

where L0,lig is L0 in the presence of a saturating amount of
ligand (4, 5). Furthermore, a differential temperature dependence
of these affinities causes the shift to be temperature-dependent as
well. Since KPEP

R < KPEP
T at all temperatures, binding of PEP will

always shift RMPK toward the active R state, a prediction
substantiated by the results of steady state kinetics (8).

We also investigated a temperature dependence of the T state
fraction ofRMPK in the presence of a saturating amount of PEP.

The calculated temperature dependence is depicted in Figure 3A
by the empty circles (fPEP

T ). It is seen that at all investigated
temperatures the presence of a saturating amount of PEP keeps
the entire RMPK population in the active R state.
Phe Binding. The temperature dependence of dissocia-

tion constants for Phe is shown in Figure 4. Phe binding to both
states exhibits only weak temperature dependence that is char-
acterized by a relatively small binding enthalpy change (ΔHPhe

R )
of -1.4 kcal/mol and a ΔHPhe

T of 0.65 kcal/mol. The differential
binding affinity as a function of temperature can be expressed as
the KPhe

R /KPhe
T ratio, as shown in Figure 5. The affinity of Phe for

the T state is greater than that for the R state at all investigated
temperatures, as shown in Figure 4; thus, the KPhe

R /KPhe
T ratio is

always greater than 1. Since KPhe
T is more favored by a higher

temperature than KPhe
R , the ratio increases with temperature, as

shown in Figure 5. Therefore, Phe always acts as an allosteric
inhibitor by shifting the RMPK population to the inactive
T state, particularly at higher temperatures.

The temperature dependence of the T state fraction of RMPK
in the presence of a saturating amount of Phe is shown in
Figure 3A as the dotted line (fPhe

T ). Similar to the case of PEP
binding, saturation of RMPK by Phe in the absence of other
ligands shifts the RMPK population fully to the inactive T state
regardless of temperature.
ADP Binding. ADP appears to be an intriguing allosteric

effector. The value of KADP
R increases more than 10-fold between

0 and 40 �C. KADP
T is even more temperature sensitive, as shown

in Figure 4. At 23 �C, KADP
R = 450 μM, a value in good

agreement with a result obtained from steady state kinetics (9).
The strong increase in the ADP dissociation constants with an
increase in temperature is caused by significantly larger binding
enthalpies for ADP (ΔHADP

R = -10.5 kcal/mol, and ΔHADP
T =

-12.8 kcal/mol) than for PEP or Phe. The R state is therefore
slightly disfavored by the ADP binding. The unfavorable free
energy change was found to be 0.3 kcal/4 = 75 cal/monomer of
RMPK (Figure 1B).

According to the model described previously (DOI: 10.1021/
bi900279x and 10.1021/bi900280u), the equilibrium constant in
the presence of ADP can be calculated as

L0,ADP ¼ L0ð1þ½ADP�=KT
ADPÞ4=ð1þ½ADP�=KR

ADPÞ4 ð5Þ
where KADP

T and KADP
R are microscopic dissociation constants of

ADP from the T and R states, respectively. The equation shows
that any differential affinity of ADP for the R and T states, i.e.,
any difference inKADP

R and KADP
T , will cause a shift of the RT T

FIGURE 3: Temperature dependence of the T state fraction of RMPK.
(A)Tstate fraction forunligandedRMPK(cyan solid line), forRMPK
saturatedwith 10mMADP (red dashed line), 12mMPhe (pink dotted
line), or 2mMPEP(green small circles), and forRMPKin thepresence
of both 12 mM Phe and 10 mM ADP (blue dashed-dotted line).
(B)Difference between theT state fraction ofRMPK in the presence of
10 mM ADP and the T state fraction of the unliganded RMPK.

FIGURE 4: Temperature dependence of dissociation constants for
PEP (green line), ADP (red lines), and Phe (blue lines). The solid
and dashed lines represent binding to the R and T states of PK,
respectively.

FIGURE 5: Klig
R /Klig

T ratio between dissociation constants from the R
andT states ofRMPKforADP (dashed line) and Phe (dotted line) as
a function of temperature.
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equilibrium. Because both KADP
T and KADP

R are temperature-
dependent

K state
lig ¼ exp½ð1=RTÞðΔHstate

lig -TΔSstate
lig Þ� ð6Þ

the shift of the equilibrium will depend on temperature
as well.

The calculated temperature dependence of L0,ADP is depicted
in Figure 2A. One can see that in the presence of 10mMADP the
L0,ADP minimum shifts several degrees Celsius to a higher
temperature, compared to the equilibrium constant L0. As
described above, this shift is caused by a difference between
KADP
R and KADP

T .
As seen in Figure 5, the ratio of the dissociation constants

(KADP
R /KADP

T ) decreases with an increase in temperature. The
ratio actually crosses over from >1 to <1 with an increase in
temperature; i.e., the relative affinities for the R and T states are
reversed. The ratio equals 1 near 12 �C. At this temperature, the
presence of ADP does not influence the R T T equilibrium.
At>12 �C,ADP binds preferentially to the R state and exerts an
activating effect on RMPK by shifting the enzyme population to
the active R state. At<12 �C,ADP acts as an allosteric inhibitor.
In conclusion, depending on the temperature, ADP induces
either activation or inhibition of RMPK.

ForRMPKsaturatedwithADP, the transition from theR toT
state shifts∼3 �C to a higher temperature, as shown in Figure 3A.
Figure 3A further suggests that the ADP-induced redistribution
of the RMPK states becomes important mainly in two rather
narrow temperature regions around -20 and 40 �C. Figure 3B
expresses the data as satfADP

T - f0
T, where satfADP

T and f0
T are the T

state fractions in the presence and absence of ADP, respectively.
The difference satfADP

T - f0
T is explicitly shown in Figure 3B. It is

seen that the physiologically relevant region is located between 30
and 45 �C where the presence of ADP causes strong RMPK
activation. Specifically, it is seen that at∼40 �Calmost 35%of the
RMPK population converts from the inactive to the active state
in the presence of ADP. Interestingly, the rabbit physiological
temperature of∼39 �C falls into this temperature interval (10, 11).
The second temperature region of the significant ADP effect can
be found at sub-zero temperatures, where ADP causes RMPK
inactivation by an increase in the T state fraction. At other
temperatures, ADP does not seem to significantly influence the
allosteric regulation of RMPK. This observation is consistent
with results of Consler et al. who did not detect any effect of ADP
on the allosteric properties of RMPK at 23 �C (9). Although the
inhibition of RMPK by ADP at temperatures below -20 �C is
probably physiologically irrelevant, the described mechanism of
switching between activation and inhibition is general for any
two-state concerted system. Depending on the temperature and
the associated thermodynamic parameters, ligands can activate or
inhibit enzymes. Because the switching temperature between the
activation and inactivation is determined by a fine interplay of
the thermodynamic binding parameters, the described effect
could be important for other allosteric proteins.

Our data presented in the preceding paper (DOI: 10.1021/
bi900280u) suggest that at low temperatures an addition of a
saturating amount of ADP to RMPK, which is fully inhibited by
Phe, would lead to an allosteric activation of RMPK. The
activation is the result of a decrease in the fraction of the T state
in the presence of both Phe and ADP. A calculated temperature
dependence of fT under these conditions is shown inFigure 3A by
the dashed-dotted line. The presence of 10 mM ADP causes a

decrease in fT in the temperature range from-20 to 20 �C even in
the presence of 12 mM Phe. In the absence of ADP, we predict
that at this Phe concentration RMPK is inactive as shown in
Figure 3A.
Role of Protonation and Deprotonation. In this study of

RMPK, it has been shown that protons are released or absorbed
in these linked reactions, as shown in Figure 1. These linked
reactions of proton release or absorption may play an equally
important role in modulating the allosteric behavior of RMPK.
For the reactions that involve proton release, a lower pH would
shift the equilibria to the left, as defined byLeChatelier’s principle.
Thus, a lower pH would strengthen the binding of ADP and PEP
and favor the T state. The net result would be an expected change
in the cooperativity of substrate binding. This may be particularly
relevant to the normal behavior of RMPK. It has long been
reported that the development of acidosis is associatedwith intense
exercise (12-15). Furthermore, intense exercise can lead to an
increase in temperature (20). An increase in muscle temperature
causes stronger RMPK activation, and a temperature decrease
causes RMPK inactivation compared to the reference state
without ADP. Thus, under intense exercise, the conditions would
favor a higher activity of RMPK to generate additional ATP.
RMPK Regulatory Behavior under Physiological Con-

ditions.Having thermodynamically characterized the regulatory
mechanism of RMPK, we were interested in simulating the state
distribution under physiological conditions when both ADP and
PEP are present in solution. It was shown that in a resting skeletal
muscle the PEP and ADP concentrations are close to 30 and
50 μM, respectively (16). At the rabbit physiological temperature
of ∼39 �C, both values are significantly lower than their corres-
ponding dissociation constants [KPEP

R =120 μM, and KADP
R =

1.1 mM (Figure 4)]. Under these conditions, only a small popu-
lation of RMPK subunits simultaneously binds both substrates
that are required for enzymatic activity. As a consequence, only
low reaction rates are observed. While the PEP concentration
does not change significantly during muscle contraction, the
ADP concentration increases primarily due to the shift in the
following equilibrium

ADPþcreatine-P/ATPþcreatine

that ismaintained by creatine kinase. Because creatine phosphate
is consumed during muscle contraction, the reaction equilibrium
is displaced toward higher ADP concentrations. During intense
muscle activity, the ADP concentration can increase to almost
3 mM (17-19). According to the data from Figures 2 and 3, the
increased ADP concentration not only causes RMPK activation
but also changes the apparent cooperativity of the PK-catalyzed
reaction. Both effects result from the ADP-induced shift in the
R T T equilibrium. To investigate the influence of temperature
and ADP concentration on the state distribution, we plotted
the change in the fraction of the R state, ΔfR, upon addition of a
variable amount of ADP (ΔfR=fADP

R - fwithoutADP
R ) at different

temperatures. The simulation was conducted in the presence of a
physiological PEP concentration of 30 μM. The apparent
equilibrium constant needed for calculation of fR = 1/(1 þ L)
in the presence of both PEP and ADP was calculated as

L0,ADP;PEP ¼ L0
1þ½ADP�=KT

ADP

1þ½ADP�=KR
ADP

 !4
1þ½PEP�=KT

PEP

1þ½PEP�=KR
PEP

 !4

ð7Þ

Because binding of PEP to the T state was found to be very
weak (DOI: 10.1021/bi900280u), i.e., the physiological PEP
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concentration is always much lower than the value of KPEP
T , the

equation can be approximated by

L0,ADP;PEP ¼ L0
1þ½ADP�=KT

ADP

ð1þ½ADP�=KR
ADPÞð1þ½PEP�=KR

PEPÞ

" #4
ð8Þ

The result of the simulation is depicted in Figure 6, where the
estimated region of the physiological ADP concentrations is
colored white. Figure 6 reveals that near the physiological
temperature of rabbit at 39 �C an intense muscle contraction
would result in a peak of almost 3 mMADPwhich would induce
an ∼20% increase in the fraction of active state RMPK.

In conclusion, we have shown the following.
1 Equilibrium constants involved in the allosteric

regulatory mechanism of RMPK are fine-tuned
to facilitate the maximal response of the enzyme
to even minute changes in temperature and ligand
concentration.

2 The differential number of protons released or
absorbed with regard to the various linked reac-
tions adds another level of control to shift the
binding constants and R T T equilibrium, which
controls quantitatively the activity of RMPK.

3 ADP was shown to be an important allosteric
effector significantly affecting the allosteric regula-
tion of RMPK. The ADP action was shown to be
highly temperature-dependent. Any ligand of any
enzyme can behave like ADP in RMPK, i.e., can
under favorable conditions exert either an activat-
ing or inhibitory effect.
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