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PFK mechanism. Phosphofructokinase (PFK, EC 2.7.1.11)
was modeled as a tetrameric enzyme. The reaction mech-
anism for PFK includes allosteric activation and inhibition
by AMP and ATP, respectively, where these regulators are
capable of binding four sites distal to the active sites. Since the
reaction catalyzed by PFK is essentially irreversible (), the
final catalytic reaction step was defined as irreversible. The
overall reaction schema was chosen to match those used by Du
et al. and Palsson (2} [3)). Although the final termolecular reac-
tions could be described as two separate bimolecular steps (4)),
the catalytic mechanisms are simplified such that the enzyme
releases all bound metabolites upon catalysis, a simplification
applied to all enzyme modules used throughout this study
that eliminates the need for additional parameterization of
potentially unknown values (e.g., equilibrium constants for
each reaction).

We have here used the notation PFK] to denote the relaxed
(i.e., active) form 4 of PFK and the notation PFK] to denote
the tense (i.e., inactive) form i of PFK; ¢ indicates the number
of allosteric activators (AMP) or inhibitors (ATP) bound to
the enzyme. The Monod-Wyman-Changeux (MWC) reaction
framework (5) was adopted for PFK, wherein the allosteric
activator and inhibitor can only bind to the relaxed and tense
state, respectively. The full reaction schema is detailed in Egs.

@-@2:

ATP + PFK;, = PFK;-ATP (1)
F6P + PFK;-ATP = PFK{-ATP-F6P (2)
PFK;-ATP-F6P — ADP 4+ FDP + H+ PFK;  (3)
AMP + PFK}, = PFK; (4)
ATP + PFK; = PFK}-ATP (5)

FDP + PFK;-ATP = PFK}-ATP-F6P (6
PFK;-ATP-F6P — ADP + FDP + H + PFK; (7
AMP + PFK} = PFK} (8
ATP + PFK} = PFK};-ATP (9
F6P + PFK}-ATP = PFK3-ATP-F6P
PFK;-ATP-F6P — ADP + FDP + H + PFK}
AMP + PFK} = PFKj
ATP + PFK; = PFKj-ATP
F6P + PFKj-ATP = PFKj-ATP-F6P 14

)

)

)

)
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)
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PFK3-ATP-F6P — ADP + FDP + H + PFK;  (15)
)

)

)

)
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AMP + PFK}; = PFK; (16
ATP + PFK}, = PFK}-ATP (17
F6P + PFK;-ATP = PFK}-ATP-F6P (18
PFK-ATP-F6P — ADP + FDP + H + PFK; (19
PFK; = PFK], (20
ATP + PFK|, = PFK] (21
ATP + PFK! = PFK}, (22
ATP + PFK}, = PFK]}, (23
ATP + PFK], = PFK}, (24
The active fraction for PFK ( XFK) is given by the summation

of all active forms of the enzyme (PFK; and bound species)
over the total enzyme, Er, given by:

) = PFK; + PFK] + PFK; + PFK; + PFK} + PFK-ATP + PFK-ATP + PFK3-ATP + PFK3-ATP +
PFK-ATP + PFK{-ATP-F6P + PFK3-ATP-F6P + PFK5-ATP-F6P + PFK3-ATP-F6P + PFK}-ATP-F6P.

HEX mechanism. Hexokinase (HEX) was modeled as a
monomeric enzyme with a single active site. Inhibition was
carried out by ADP, 2,3-DPG, and G6P (6H8). We have here
used the notation HEX™ to denote the relaxed (i.e., active)
forms of HEX and the notation HEX' to denote the tense (i.e.,
inactive) forms of HEX. The reaction mechanism mimicked
that used by Du et al. (2) and is detailed in Eqs. (26)-(33):

HEX" + ATP = HEX"-ATP (
HEX" 4+ GLC = HEX"-GLC (
HEX" + G6P = HEX'-G6P (

HEX" + ADP = HEX'-ADP (29
HEX"-ATP 4 GLC = HEX"-ATP-GLC (
HEX*-GLC + ATP = HEX"-ATP-GLC (
(

HEX*-GLC + 23DPG = HEX'-GLC-23DPG
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A
PFK _ A
= 2 (25)
where
[
HEX*-ATP-GLC = HEX* + ATP + GLC  (33)

The active fraction for HEX (fi™*) is given by the summation
of all active forms of the enzyme (HEX" and bound species)
over the total enzyme, Er, given by:

A
HEX _
A = Er (34)

where

A= HEX"+HEX"-ATP+HEX"-GLC+HEX"-ATP-GLC.

PYK mechanism. Pyruvate kinase (PYK) was modeled as a
tetrameric enzyme with allosteric activation by FDP and al-
losteric inhibition by ATP. This reaction mechanism allows
these regulators to bind to four sites distal to the active sites.
Because the reaction catalyzed by PYK is very close to irre-
versible (), we have here modeled the last catalytic reaction
to be irreversible.
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We have here used the notation PYK; to denote the re-
laxed (i.e., active) form ¢ of PYK and the notation PYKI
to denote the tense (i.e., inactive) form ¢ of PYK; ¢ indicates
the number of allosteric activators (FDP) or inhibitors (ATP)
bound to the enzyme. The Monod-Wyman-Changeux (MWC)
reaction framework (B)) was adopted for PYK, wherein the
allosteric activator and inhibitor can only bind to the relaxed
and tense state, respectively. The full reaction schema is

detailed in Egs. -I

52
53
54
55
56
57

FDP + PYK} = PYK} (
ADP + PYK} = PYK};-ADP (
PEP + PYK} = PYK;-PEP (
PEP + PYKj;-ADP = PYK}-ADP-PEP (
ADP + PYK}-PEP = PYK}-ADP-PEP (
PYK;-ADP-PEP + H — ATP + PYR + PYK}  (
FDP + PYK} = PYK; (58
ADP + PYK} = PYK}-ADP (59
PEP + PYK}, = PYK}-PEP (60
(
(
(
(
(
(
(
(
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ADP + PYKj = PYKg-ADP (35)
PEP + PYKj = PYK,-PEP (36) PEP + PYK}-ADP = PYK};-ADP-PEP 61
PEP 4+ PYKj-ADP = PYK{-ADP-PEP (37) ADP + PYK3-PEP = PYKj;-ADP-PEP 62
ADP + PYKy-PEP = PYK§-ADP-PEP (38) PYK,-ADP-PEP + H — ATP + PYR + PYK} 63
PYK{-ADP-PEP + H — ATP + PYR + PYK; (39) PYK; = PYKI, 64
FDP + PYK; = PYK; (40) ATP + PYK] = PYK] 65
ADP + PYK] = PYKji-ADP (41) ATP + PYK! = PYK], 66
PEP + PYK] = PYKj-PEP (42) ATP 4 PYK], — PYK] 67
PEP + PYK;i-ADP = PYKi-ADP-PEP (43) ; ;
ADP + PYK3-PEP = PYKi-ADP-PEP (44) ATP + PYK,; = PYK, o8
PYK;i-ADP-PEP + H — ATP + PYR+PYK]  (45) The active fraction for PYK (f *¥) is given by the summation
FDP + PYK} = PYK}, (46)  of all active forms of the enzyme (PYK;{ and bound species)
ADP + PYK} — PYK}-ADP (47) over the total enzyme, ET, given by:
PEP + PYKj; = PYK3-PEP (48) FEVE A (69)
PEP + PYK5-ADP = PYK3-ADP-PEP (49) Er
ADP + PYK5-PEP = PYK;-ADP-PEP (50) where
PYK5-ADP-PEP + H — ATP + PYR + PYK5 (51)
|
A =PYKp +PYK] + PYK; + PYK; + PYK) + PYKG-PEP + PYK]-PEP + PYK5-PEP + PYK;-PEP +
PYK}-PEP + PYK;-ADP + PYK-ADP + PYK5-ADP + PYK3-ADP + PYK;-ADP +
PYK{-ADP-PEP + PYKi-ADP-PEP + PYK3-ADP-PEP + PYK3-ADP-PEP + PYK}-ADP-PEP.
(
Hemoglobin and the Rapoport-Luebering Shunt. The 13DPG = 23DPG + H (75)
Rapoport—Ll}ebering (RL) Shl.lnt‘accounts for the presence 23DPG + HB*, — DHB' (76)
of hemoglobin (HB), whose binding to oxygen is regulated
by 2,3-diphosphoglycerate (2,3-DPG). We have modeled HB 02=9 (77)

using a cooperative mechanism (i.e., the affinity for oxygen
increases with more bound oxygen) with allosteric inhibition
by 2,3-DPG (3). We have here used the notation HB; to
denote the relaxed (i.e., active) form 7 of HB and the notation
HB' to denote the tense (i.e., inactive) form; 7 indicates the
number of oxygen species bound to HB. The full reaction

schema is detailed in Eqs. -:

HB", + 0, = HB", (70)
HB*, + O, = HB", (71)
HB"; + 0, = HB"3 (72)
HB"; + O, = HB", (73)
23DPG + H20 = 3PG + P; (74)

JT Yurkovich et al.

Here, equation 77 represents an exchange reaction with extra-
cellular oxygen. The active fraction for HB (fi®) is given by
the summation of all active forms of the enzyme over the total
enzyme, Er, given by:

e

Er (78)

where

A= HB*() + HB*l +4 HB*Q =4 HB*3 =4 HB*4.
Disturbance rejection capabilities of models with regulation.

The inclusion of feedback and other regulatory mechanisms are
designed to improve the disturbance rejection capabilities of a
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system (I0)). For biological systems, regulatory mechanisms are
expected to enable organisms to maintain a robust homeostatic
state in the face of environmental perturbations (1T} [12). We
therefore constructed nine different models representing every
combination of enzyme modules (e.g., base model plus PFK,
base model plus PFK and HEX). We then (1) investigated
the capacity for each of these models to help maintain the
homeostatic state and (2) examined how understanding the
catalytic potentials help elucidate this ability. We simulated a
50% increase in ATP utilization for 100 hours and calculated
the total ATP flux in the network (i.e., total flux through ATP-
producing reactions minus total flux through ATP-consuming
reactions) for each of the models constructed (Fig A). All
systems were able to maintain a stable homeostatic state
following the perturbation (Fig A). We calculated the sum of
squared error (SSE) for each model in order to quantify the
disturbance rejection capabilities of each model (Fig A). As
expected, the models with little or no regulation performed the
worst, while increased regulation generally lowered the SSE.
The base glycolytic model with the PYK module performed the
worst, while the model containing the PFK and HEX modules
with hemoglobin performed the best. The final steady-state
values for the energy charge differed with the inclusion of
hemoglobin in the model, although the magnitude of these
differences was small (Fig A).
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The disturbance rejection capabilities of the models im-
proved with the incorporation of additional regulatory mecha-
nisms (Fig A). We simulated physiologically-relevant pertur-
bations, observing that systems with regulation are improved
over those with less regulation (i.e., fewer modules) as shown
by quantifying the total deviation of the model output from
the setpoint (i.e., the SSE). This increase in robustness with
the addition of regulatory reactions corroborate findings from
previous studies (13), demonstrating the utility and effective-
ness of enzyme modules in capturing the subtle regulatory
actions of enzymatic entities. It is notable that models with
hemoglobin and either HEX or PFK performed well despite
not accounting for all regulatory mechanisms. In particular,
the model with PFK, HEX, and HB outperformed the model
with all three enzyme modules together; these results indicate
that while increased regulation generally improve the system’s
disturbance rejection capabilities, there is more complicated
interplay among the enzyme modules when more than one is
present. The most striking result is that the presence of the
HB enzyme module (and the RL Shunt) drastically improved
the disturbance rejection capabilities of the models. We ob-
serve that models that containing the PYK module exhibit
lower SSE than models without PYK, likely due to the fact
that PYK represents one of the last steps in the model and
therefore has a smaller impact on the rest of the system.
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Fig A. Reaction rates are not as sensitive to network-level perturbations as systemic variables like the adenylate energy charge. (A) The net rate of ATP usage (i.e., total flux
through ATP-producing reactions minus total flux through ATP-consuming reactions) is shown as a function of time. The number in parentheses represents the SSE for each
model, quantifying the total deviation of the output from the setpoint. (B) The energy charge is shown as a function of time.
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Fig B. Rate profiles for three individual models. Rate profiles are shown for PFK for models containing PFK, PFK and PYK with hemoglobin, and PFK and HEX with hemoglobin.
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Fig C. Catalytic potential plots for all models. (A) glycolysis with HEX and PFK, (B) glycolysis with HEX and PYK, (C) glycolysis with PFK and HEX, (D) glycolysis with PFK and
PYK, (E) glycolysis with PYK, (F) glycolysis with PYK and HEX, and (G) glycolysis with PYK and PFK.
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Fig D. Concentration plots of fructose 1,6-diphosphate (FDP). (A) Base model (glycolysis, RL Shunt, and hemoglobin) with PYK module. (B) Base model with all three enzyme
modules (HEX, PFK, and PYK).
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Fig E. Sensitivity analysis for 50 randomized models. (A) The net rate of ATP usage (i.e., total flux through ATP-producing reactions minus total flux through ATP-consuming

reactions) as a function of time. (B) The energy charge as a function of time. (C) Catalytic potential plots for each randomized model.
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pulse that provided a 50% increase in ATP concentration.
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