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wvate kinase (PK) produces g + 1 molecules of v

for a net (normalized) production of one unit,

= = = = = which s consumed i a final reaction modding
Glycolytic Oscillations and Limits on s we or ame i gycosis o ate

. = molecules are consumed upstream and four are

Robust Efficiency prodwed dowmres, which omlizs 0. - |
(each y molecule produces two downstream) with

kamene exponent a = 1 To highhght essential
trade-ofts with the simplest possible analysis, we
nommalize the concentrabom such that the un-
perturbed (& = 0) steady states are ¥ = 1 and
¥ = 1/k [the system can have one additional
deady state, which is unstable when (1, k) 15 sta-
ble]. [See the supporting onlme materal (S0M)
part ). The basal rate of the PFK reaction and
the consumption rate have been normalized to
1 (the 2 in the numerator and feedback coefh-

Fiona A. Chandra,’* Gentian Buzi,® John C. Doyle®

Both engineering and evolution are constrained by trade-offs between efficiency and robustness,
but theory that formalizes this fact is limited. For a simple two-state model of glycolysis, we
explicitly derive analytic equations for hard trade-offs between robustness and efficiency with
oscillations as an inevitable side effect. The model describes how the trade-offs arise from
individual parameters, including the interplay of feedback control with autocatalysis of network
products necessary to power and catalyze intermediate reactions. We then use control theory to
prove that the essential features of these hard trade-off "laws” are universal and fundamental, in
that they depend minimally on the details of this system and generalize to the robust efficiency cients of the reacticns come from these normaliza:
of any autocatalytic network. The theory also suggests worst-case conditions that are consistent L ) . ' o
el s aes . tions). Our results hold for more general systems
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Figure S4Simulation ofwo state model (S7.1) qualitatively recapitulates
experimental observation fror@ STRtudies[5] and [12]. As the flow of material
In/out of the system is increased, the system enters a limit cycle and then
stabilizes again. For this simulation, we taka=/n=1, k=0.2, g=1u=0.01, h=2.5
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Nikolaey BurgardMaranas Elucidation and Structural Analysis@onserved Pool®r GenomeScale
Metabolic Reconstructions ,Biophysical Journal, Volume 88, Issue 1, January 2005, Pé&ges 37
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ATP H,O (P1) Total NAD moiety: [NAD*] + [NADH]
1
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G6P (P2) Total adenylate moicty: [ATP]+ [ADP] + [AMP]
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System:

Robust and efficient

Robust=maintain energy charge (y)
w/fluctuating cell demand (d)

Efficient=minimize metabolic overhead
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What about arbitrary
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System:

Robust and efficient

Robust=maintain energy charge (y)
w/fluctuating cell demand (d)
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GFF

Fluorescence histogram (fluorescence vs. cell count) c
GFPtagged Glyceraldehyd&-phosphatedehydrogenase
(TDH3). Cells grown in ethanol has lower mean and
median of fluorescence, and also higher variability
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w Microfluidicexperiments
w Yeast strain W303 grown in Ethanol

w Glucose and KCN addedanaerobic glycolysis
w NADH measured every 3 s
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Fragility

Hard tradeoffs between

1. Fragility (disturbance rejection
2. Amount (of enzymes)

3. Complexity (of enzymes)

W

Metabolic overhead




Theorem

Fragility

[.n

Z+ p

Z_

P

|

1° . yqa z " Z+
S ovisis 2 ool 2]

Why oscillations?

Side effects of hard tradeoffs
X Why complexity?
Robustness.

complex enzyme

Enzyme amount
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What reviewers say

AGLFT &dzOK zaoxffrgxzya I NE A
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perhaps not so useful in biological sciences and medicine. T

develop a set of universal principles for biological and

physiological systems is mostly likaelgream that will never be
realize RdzS (2 GKS @I a0 RAYSNA

A & Moes not seem to have an understanding or appreciatioh
0KS Ol aid RAOSNBAGE 2F o0A2f 2

AGXRSAANBE (2 RSOSf 2L NRAR3I2 NP dz
usually this can be done only by imposing a high degree of
abstraction, which would themake the model uselesX €
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