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Response to reviewer comments 

We thank each of the reviewers for their constructive critical comments that have helped to improve the manuscript.  

Please note that all citations to line numbers in the revised manuscript are based on the manuscript file with tracked 
changes, and not the clean version. 

 

Reviewer #1 comments:  

The manuscript is well-written, is based on extensive and relevant literature, and employs robust validation of their model to 
provide confidence in their conclusion that ADP imparts the larger contribution to triggering AMPK activation. Limitations 
are readily acknowledged and discussed.  

We thank the reviewer for his positive impressions of our work. 

Why is consideration not given to AMP clearance mechanisms? e.g. AMP deaminase reaction, which influences the degree to 
which the AMP/ATP ratio increases during metabolic stress. Plaideau, C., et al (2012). doi: 10.1096/fj.11-198168. I note this 
is referred to in Fig 1 but not included in the model. Thus changes in [AMP] are likely to be lower than that predicted from the 
AK reaction alone. Of course, this will not alter the main conclusion of the study, however I consider this to be an important 
consideration for model refinement and one that is often over-looked by researchers in arguments supporting the AMP-centric 
hypothesis, or predicting AMP levels from measured ADP/ATP ratio. At the very least this should be included in the 
Introduction in line 96, and will likely improve accuracy of the model (e.g. predicted vs measured [AMP] fig 2B). 

We concur with the reviewer’s comment and have ongoing efforts to expand the model to include the AMP 
deaminase reaction. However, doing so requires that we also include a counterbalancing synthesis reaction to 
resupply the adenine nucleotide pool, as well as regulatory mechanisms for AMP deaminase to enable the revised 
model to fit data at rest and during exercise at different intensities. These modifications have been nontrivial to 
implement, and their inclusion would detrimentally increase the scope of the present study. Given that omitting this 
reaction does not significantly affect our conclusions, we are reserving this work for a future publication.  

We revised the manuscript text to incorporate the reviewer’s comment. He suggested mentioning the AMP 
deaminase reaction on line 96, but that paragraph is devoted to arguments supporting AMP as the dominant 
controller of AMPK, whereas the following paragraph is devoted to arguments supporting ADP as the controller. 
We therefore edited the latter paragraph to include the following sentence beginning on line 111: “The disparity in 
the intracellular concentrations of ADP and AMP is a manifestation of the adenylate kinase reaction operating near 
equilibrium and is further promoted by the AMP deaminase reaction, in which AMP is degraded into inosine 
monophosphate (IMP) and ammonia [1,2]. This reaction is particularly discernible during maximal-intensity sprint 
exercise, because intramuscular IMP levels increase from undetectable levels at rest to ~20 μmol∙g dry mass-1 after 
exercise [3].” 

An important component of model validity is selection of appropriate kinetic data. For a2b2g3, why did the authors select 
allostery data from Rajamohan et al ref 26 in preference to Ross et al ref 42 (Table S5)? The former provides data at sub-
physiological ATP 20 uM using bacterial-expressed AMPK, whereas ref 42 employed a range of ATP concentrations up to 5 
mM and mammalian cell expressed AMPK. It should be noted in the Introduction line 99 that g3 complexes are generally 
regarded to be poorly AMP-sensitive. Difference in fold activation between the two studies may be small (1.4 vs. 1.54), but 
will likely have a large influence on outputs. 

We appreciate the reviewer’s comment and acknowledge that some data are better than others. We explain our 
inclusion of the Rajamohan data as follows: Once we observed that ADP-p-AMPK complexes vastly outnumbered 
AMP-p-AMPK (Figures 2D, 3D, 3H, 3L), our next objective was to rigorously test the hypothesis that ADP was 
the dominant controller. A stringent way to test this hypothesis using modeling is to simulate models in a manner 
that includes the full scope of uncertainties for each parameter value. Accordingly, we deliberately sampled from 
the full ranges of reported parameter values, regardless of their experimental source, even if that meant including 
values that would lead to results that were unfavorable to the hypothesis. This approach led us to observe that ADP 
was dominant for most parameter sets, thus robustly supporting the hypothesis. 
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Regarding the reviewer’s final point, this approach enabled us to learn that changing the allosteric activation of 
AMPK from 1.54 to 1.4-fold causes only a small decrease in the probability that the corresponding parameter set 
leads to strong AMP or ADP dominance (see Figure S3C, rightmost panel, which shows that many of the ADP-
dominant simulations had AMP-allosteric-activation potencies of 1.5 or higher). 

----- 

The following six comments made by the reviewer pertained to three successive paragraphs in the Introduction, 
such that we addressed them collectively. We incorporated all the comments by extensively editing the three 
paragraphs, which we have pasted below the sixth comment. The yellow highlights indicate the changes we made 
to address each of the specific comments. 

line 84: AMPK has several known regulatory phosphosites, the authors need to be more specific here. Suggest changing to 
”ADP and AMP inhibit AMPK pThr-172 dephosphorylation and promote AMPK Thr-172 phosphorylation by LKB1”. 

Change made, please see below. 
line 84 & 97. It should be mentioned that AMP and ADP stimulate Thr172 phosphorylation by CaMKKB (Oakhill et al 2010 
PNAS doi/10.1073/pnas.1009705107 and ref 18) although I do not propose this element be incorporated into the modelling. 

Change made, please see below. 
line 85: include ref 26 (1st to show ADP protects against pT172 dephosphorylation). 

References now included. 
line 96-8: this sentence could be misinterpreted, AMP does not affect LKB1 activity directly, but instead makes AMPK T172 
a better substrate for upstream kinases. 

Change made, please see below. 
line 105-8: consider changing to “…ADP-mediated net increase in pThr172…”to include both phos and dephos mechanisms. 

Sentence replaced altogether in the rewrite of the paragraph. 
lines 111 & 112: this concept was introduced in ref 24, not 18. 

Change made, please see below. 

 

The edited paragraphs in the revised manuscript now read as follows (starting at Line 87): 

ADP and AMP inhibit phospho-AMPK Thr172 dephosphorylation [4,5] and promote AMPK Thr172 
phosphorylation by LKB1 and CaMKKβ by enhancing AMPK’s ability to serve as a substrate for these 
upstream kinases [2,6–8]. ATP inhibits AMPK phosphorylation by competing with ADP and AMP for 
binding to AMPK and by stabilizing it in a conformation that favors its dephosphorylation [9]. AMP 
allosterically activates AMPK catalytic activity by 1.5- to 13-fold, depending on the estimate, by binding 
to cystathionine-β-synthase (CBS) domains within the  subunit [5,6,8]. How these factors interact to 
control overall AMPK activity is poorly understood. 

Two principal hypotheses have been proposed to explain AXP-mediated control of AMPK activity in vivo. 
One hypothesis posits that AMP (or its ratio with ATP) is the primary controller of AMPK [10,11]. Three 
lines of argument support this hypothesis. First, AMP is proposed to act as a more sensitive controller of 
AMPK activity than ADP for a given amount of ATP breakdown because the adenylate kinase reaction 
involves ATP and AMP interconverting into two ADP, such that the AMP:ATP ratio would vary as the 
square of the ADP:ATP ratio [12]. Second, AMP enhances the phosphorylation of AMPK by LKB1 and 
by CaMKKβ by up to four fold [6–8], whereas ADP enhances this phosphorylation by only ~1.5-fold [2,6]. 
Third, only AMP allosterically activates AMPK [5,6,8]. Overall, AMP is more potent on a per-molar basis 
than ADP in activating AMPK [8,11], which ultimately reflects a higher per-molecule activation potency, 
i.e., the degree of activation per AMPK molecule upon the binding of activator. 
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An alternative hypothesis is that ADP is the primary controller of AMPK activity, which is based on two 
main arguments. First, the concentration of free ADP is orders of magnitude higher than that of free AMP 
(50-200 M versus 0.5-5 M) [2,4,9,13,14]. The disparity in the intracellular concentrations of ADP and 
AMP is a manifestation of the adenylate kinase reaction operating near equilibrium and is further promoted 
by the AMP deaminase reaction, in which AMP is degraded into inosine monophosphate (IMP) and 
ammonia [1,2]. This reaction is particularly impactful during maximal-intensity sprint exercise, because 
intramuscular IMP levels increase from undetectable levels at rest to ~20 μmol∙g dry mass-1 after exercise 
[3]. Second, ADP and AMP both bind to the AMPK -subunit nucleotide-binding site 3 with roughly similar 
affinities [4]. Data from human exercise studies show that the concentration of ADP exceeds its dissociation 
constant (KD) of binding to site 3 on the  domain, whereas the concentration of AMP does not, thus 
implying that ADP outcompetes AMP for binding to that site [13]. In accordance, ADP levels and AMPK 
activities increase in parallel as a function of exercise intensity [13]. Together, the comparable affinities of 
binding and the higher ADP concentration may enable it to serve as the primary controller of AMPK despite 
its lesser per-molecule activation potency compared to AMP. 

 

line 431….”164 simulations…..” should this read “plausible”? 

We reread the paragraph and noticed an error that may have led to confusion and prompted the reviewer’s comment. 
Specifically, on line 429 of the original manuscript, we stated “164 simulations…” and this should have read “201 
of these simulations”. On line 431, we stated “Of the 164 remaining models…”, which is correct and should be 
more understandable now that the prior error was corrected, especially given that the numbers now align with those 
listed in Figure 4A. 

The corrected passage can be found on line 476 of the revised manuscript. 

line 501: for clarity suggest changing to…”The 10-2 mM dose of C991 elicited lower phospho-AMPK levels but higher AMPK 
activity, when compared to AICAR and moderate exercise (Fig. 5B and 5C)”. The authors could mention this is consistent with 
the view that synthetic AMPK agonists elicit robust AMPK signalling without affecting Thr172 phosphorylation (Scott et al 
2015, http://dx.doi.org/10.1016/j.chembiol.2014.03.006). 

Change made, see line 519 of revised manuscript. 

ref 26 and 42 are identical. 

Corrected. 

 

Reviewer #2 comments:  

This is a well-written manuscript and the results may have significance for understanding what cellular signals drive muscle 
plasticity. In addition, there is significance for pharmaceuticals and dietary supplements, “exercise mimetics” that include small 
molecule activators of AMPK. 

We thank the reviewer for their positive impressions of our work. 

My biggest concern about this manuscript is what the authors consider to be the physiological range of free, cytoplasmic [ADP]. 
This may have a major impact on the authors’ conclusion. The concentration range of AMP specified on page 5, line 6 from 
bottom, seems off (specifically too high) at the lower end. For example, see Kushmerick et al., 1992, Mammalian skeletal 
muscle fibers distinguished by contents of phosphocreatine, ATP, and Pi. Proc. Natl. Acad. Sci. USA 89:7521-7525. There is 
additional relevant ref data in related papers from the Kushmerick lab, e.g., Chase and Kushmerick, 1995, Effect of 
physiological ADP levels on contraction of single skinned fibers from rabbit fast and slow muscles. Am. J. Physiol. 268:C480-
C489. The authors’ argument that “ADP is the dominant controller“ relies in part on their higher concentrations of ADP relative 
to AMP (in combination with affinities). My reading of the 31P NMR literature on muscle suggests that the range of ADP 
indicated by the authors would only be found during heavy exercise or hypoxia. The authors therefore need to clarify what 
happens at lower ADP levels and whether their conclusion would change; perhaps in a 3D plot define the concentration ranges 
over which ADP or AMP would dominate. 
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Indeed, the concentration estimates of the adenine nucleotides are critical to our conclusions. We address the 
reviewer’s comments by stating the following three points: 

1) The concentrations of ADP and AMP relative to each other are the critical factor driving system behavior, 
rather than the absolute values of either alone. These concentrations are positively correlated due to the 
adenylate kinase reaction, such that models featuring lower ADP concentrations tend to feature 
correspondingly lower AMP concentrations. 

2) Our model reproduces measured ADP concentrations in skeletal muscle during rest and exercise. 
3) Slight discrepancies are observed between NMR and biochemically based measurements of ADP, with the 

former tending to feature lower values. 

The details underlying these points are as follows: 

1) The global sensitivity analyses demonstrated that varying the parameters caused the maximum ADP and AMP 
concentrations to vary, and both ADP and AMP dominant cases were observed over a range of maximum 
absolute concentrations for both (Figures S1C, S2C, S3C; second and third panels of each). Dominance was 
determined more by their relative concentrations, which is evident by the clear shift of the boxplots associated 
with ADP and AMP dominant cases for the Ratio of ADP/AMP Concentration in Figures S2C and S3C (fourth 
panel of each)1.  
 
This result accords with theory: ADP and AMP concentrations are connected through the adenylate kinase 
reaction. Lower estimates of ADP would coincide with lower estimates of AMP, with the relative difference 
dependent on the KeqADK value. The latter value was plotted in the leftmost panels of Figures S1C, S2C, and 
S3C. It is evident that the shifts in the boxplots for KeqADK and for Ratio ADP/AMP Concentration are similar. 
 
To demonstrate this effect using our model, we adjusted the model to reduce the resting ADP concentration to 
22.5 μM, and resimulated it according to the “Nielsen Sedentary” exercise protocol. ADP is still clearly 
dominant in this case (compare ADP-p-AMPK with AMP-p-AMPK in panel D of the Figure below). 

 

Figure. Resimulation of the Neilsen 
Sedentary protocol with lower ADP 
levels. In this simulation, the pH was 
reduced from 7.2 to 7, thus causing the 
KeqCK to increase from ~112 to 177, which 
resulted in the lower resting ADP 
concentration of 22.5 μM (panel B). kstim 
and krest were adjusted to ensure the fit of 
the PCr data. ADP-p-AMPK levels still 
far exceeded AMP-p-AMPK values 
during simulated exercise (panel D). 

 
1 In Figure S1C, which corresponds to the unconstrained MPSA, changes in the AXP-(p)-AMPK KD were the primary factor 
determining AXP dominance, such that the boxplots related to concentrations are similar for ADP and AMP-dominant cases. 
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2) The calibrated model demonstrates the satisfactory fit of the model to ADP measurements presented in 

Stephens et al. [15] (Figure 2B, green line) at both rest (49 μM vs. 57 μM for the model and data, respectively) 
and during exercise (91 μM vs. 93 μM for the model and data, respectively). 
 

3) We tabulated ADP concentration estimates in human muscle at rest and exercise from several studies. Free 
ADP is calculated from measurements of the other reactants in the creatine kinase reaction. These 
measurements were made either biochemically (from muscle biopsies) or using nuclear magnetic resonance 
(NMR) techniques.  
 

Reference Species Condition Measurement 
method 

Free [ADP] 
(μM)* 

Stephens 2002 [15] Human Rest biochemical 57 
Chen 2003 [16] Human Rest biochemical 27 

McConell 2005 [17] 
Human Rest, low CHO diet biochemical 50 
Human Rest, high CHO diet biochemical 42 

Hellsten 1999 [18] Human Rest biochemical 18 
Veech 1979 [19] Rat muscle Rest biochemical 37 
Malucelli 2011 [20] Human Rest NMR 62 
Vicini 2000 [21] Human Rest NMR 16 
Kushmerick 1998 [22] Mammalian Rest Assumed (model) 10 

Cited data in Chase 
1995 [23] 

Vertebrate 
(frog, cat, 
rat, mouse, 
human) 

Rest NMR 1-10 

Exercise NMR 50-300 

* Biochemically obtained estimates were calculating by converting the reported units (μmol∙kg dry mass-1) into μM using 
the conversion factor 3.13 L/kg [24]. 
 
The data suggest that estimates of free [ADP] vary somewhat between studies but are consistently in the low 
micromolar range (1-60 μM). Measurements obtained from biochemical measurements in muscle biopsies tend 
to be higher than those obtained via NMR.  
 
In our case, we sought to enhance our ability to compare the model predictions to data in an internally consistent 
manner, such that we selected calibration and validation data from studies in which both metabolites and 
AMPK signaling were measured from the same muscle biopsies.  
 
Altogether, we stand by the [ADP] estimates used in our study and we contend that our conclusions are robust 
to variations in measured [ADP]. 
 

In the concluding line of Abstract, clarify “ADP is the dominant controller of AMPK activity dynamics in skeletal muscle 
during exercise by virtue of its higher concentration.” Specifically, clarify “higher concentration” relative to what (AMP) as 
stated more clearly in the author summary. 

Change made as requested. 

In the Author Summary: “How the adenine nucleotides interact to control AMPK activity is poorly understood.” Clarify or 
eliminate because there are plenty of 3D structures and in vitro biochemistry. 

We changed the sentence to read “How the adenine nucleotides interact to control AMPK signaling dynamics is 
incompletely understood.” 
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Reviewer #3 comments:  

This paper deals with an important issue, and uses a computational approach to draw some interesting conclusions.  

We appreciate the reviewer’s positive impressions of our work. 

I’d like to see a little more detail about the bioenergetic module, which is basically Vicini plus Lambeth (to use a lazy 
shorthand). Lambeth models glycogenolysis to lactate in a closed system at constant pH (assuming a fixed glycogen 
phosphorylase a/(a+b) ratio), Vicini models oxidative phosphorylation, and both include the creatine kinase system. The present 
paper I think assumes no lactate production (i.e. pyruvate is fully oxidised) and although pH-dependence of various model 
parameters is (rightly) included explicitly, the actual pH is fixed in the model.  

 It would be useful to have this explicitly stated in the Supplement, along with the reasons for the simplifications. 
 ‘The module includes…’ section in the Supplement should presumably contain glycolysis. 

The reviewer’s comments refer primarily to the “Bioenergetic module” passage of the “Model construction: 
Topology” subsection of the Supplementary Methods. In rereading that passage, we agree with the reviewer that 
our description of how we incorporated elements of the Lambeth model was unclear. We have edited the original 
paragraph and added a second paragraph to make explicit what was included and what was omitted from the model: 

The bioenergetic module. The bioenergetic module is based on the previously validated model of Vicini et 
al. [21], and incorporates the adenylate kinase (AK) reaction from the model of Lambeth et al. [25]. This 
module explicitly models ATP hydrolysis (Fig. 1 and Table S2, reaction r1) and the ATP supply processes 
of oxidative phosphorylation (Fig. 1 and Table S2, reaction r2), the creatine kinase reaction (CK; Fig. 1 and 
Table S2, reactions r3 and r4), and the AK reaction (Fig. 1 and Table S2, reaction r5). The rate equations 
and pre-calibration initial conditions for these reactions were obtained from the source models [21,25].  

The bioenergetic module features the following simplifications to foster parsimony. First, we assumed a 
constant total adenine nucleotide pool: we omitted the AMP degradation reaction to inosine monophosphate 
(IMP) and ammonia [1] and the various counterbalancing synthesis reactions. Second, we did not include 
glycolysis and lactate formation, which supply ATP and NADH. We also omitted modeling dynamic 
changes in pH but instead set pH at a constant level. These simplifications were justified on theoretical 
grounds because the primary purpose of the bioenergetic module was to satisfactorily replicate AXP 
dynamics, which served as inputs into the AMPK regulatory module, rather than faithfully replicate all 
aspects of muscle metabolism. We empirically validated these assumptions by comparing the model 
predictions to data and by performing sensitivity analyses, as described in the Results.  

 To be clear, this approach seems reasonable to me, and unlikely to affect the novel results which are the point of the paper. 
The one possible exception is pH: you do discuss this (p. 22) but I’m not sure why you conclude ‘.. thus reinforcing our 
conclusions’ (line 635). 

We are pleased that the reviewer concurs with our approach. We concluded that the pH assumptions “reinforced” 
our conclusions indirectly because lowered pH favors ADP formation as opposed to AMP, as explained in that 
paragraph. In retrospect, we now see that the statement could be misinterpreted. Accordingly, we have revised it as 
follows (see line 652 of revised manuscript): 

Collectively, these effects would reduce AMP concentration proportionally more than that of ADP, which 
would favor ADP-dominant control of AMPK activity. Accordingly, the dynamic pH changes observed 
in working skeletal muscle are unlikely to affect our conclusions. 

A more general comment on the physiological context. I agree that ‘Enhanced understanding of AMPK activation would inform 
both exercise training biology and AMPK pharmacology’. I’m struck by the difference in time-scale between three things: (i) 
AMPK activation by ADP and AMP (which go up and down, roughly together, in potentially complicated patterns as the 
myocyte happens to start, stop or change the intensity of contractions; and much of the time are around resting levels), (ii) the 
downstream consequences, dependent on complex series of gene activations, and (c) AMPK activation by potentially 
therapeutic pharmacological agents. 

The reviewer poses an excellent question, and it is one that is central to the senior author’s research program!  
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We are also curious about the apparent “separation of timescales” observed for i) and ii); indeed, signaling operates 
on a relatively fast timescale (minutes to hours), transcription operates on a timescale of hours, and protein synthesis 
on a timescale of hours to days. The interplay of these processes in response to exercise training was clarified in an 
elegant study by Perry et al. [26]. The progressively slower kinetics of these processes are such that repeated stimuli 
(individual exercise training sessions) performed at sufficient frequency enable the gradual but relatively stable 
accumulation of the final product of the pathway, i.e., fitness-promoting proteins and cellular structures and 
organelles. We have ongoing theoretical and experimental work to characterize these dynamics and demonstrate 
this principle.  

It should also be mentioned that AMPK stimuli beyond the adenine nucleotides may exist and continue to operate 
after the cessation of exercise, such that the apparent separation of timescales may not be as stark. These stimuli, 
such as glycogen depletion [27], increased body temperature [28], autocrine/paracrine/endocrine IL-6 signaling 
[29], could promote AMPK signaling during the recovery period from exercise. However, the data supporting these 
possibilities as major contributors to AMPK signaling are not particularly strong, such that these effects are likely 
small relative to those of the adenine nucleotides. 

Presumably what relates (i) and (ii) is just the averaging/integrating effect of multiple processes. Does this model have anything 
to say about that? 

This study does not make any suppositions for how AMPK signaling dynamics are translated into adaptations. 
However, we have ongoing computational and experimental work to determine the signaling properties that predict 
adaptation. It is reasonable to hypothesize that the area under the curve of AMPK activity is the primary factor 
[30], but if downstream processes vary with higher-order kinetics as a function of signaling, then the possibility 
exists that other features of the signaling dynamic might be more predictive of their kinetics and eventual adaptation 
[see ref 31 for a review of how signaling dynamics encode information].  

What is the best way of thinking of the relationship of the pharmacology of (iii) to that physiology?  

AMPK physiology and pharmacology are analogous. Exercise acts like a drug [32], and drugs are being developed 
to mimic exercise [33]. The link between the two is pharmacokinetics: in the case of AMPK, exercise elicits a time 
course of the activator molecules (ADP, and to a lesser extent AMP), whereas administration of pharmacological 
activators of AMPK such as AICAR will lead to a time-dependent concentration profile in blood that perfuses the 
tissues and exposes the cells to the drug.  

Pharmacokinetic studies of AICAR administered in human participants reveal a half-life of 1-2 hours [34], which 
corresponds approximately to the duration of prolonged endurance training workouts that well-trained athletes 
commonly undertake. Equating intensity with concentration of drug is challenging without more data on both. 
Repeated AICAR infusion has been attempted in humans to address metabolic diseases such as diabetes but with 
mixed results [35,36]. 

In any case, our model could be combined with pharmacokinetic models of molecules that target AMPK to predict 
the effect on signaling. Such physiologically-based pharmacokinetic-pharmacodynamic (PB-PKPD) models are the 
central tools of the nascent field of quantitative systems pharmacology [37]. 

Fig 6 simulates direct activation of AMPK by infused activators (alone and together), but how would that interact with the 
exercise response? 

The interplay would be complex and would depend on the mechanism of action of the drug. Some activators like 
ZMP (the metabolite of AICAR) bind to adenine nucleotide sites on AMPK, such that they compete for binding 
with the endogenous activators. Other activators, such as compound 991, bind elsewhere on AMPK, such that 
additivity, antagonism, or synergism are all possibilities. Our model would have to be extended to include all these 
possibilities. 

Refs 35 and 39 are the same 

Corrected. 
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Something about the phrasing of ‘Reduced pH provides a driving force away from ADP and towards ATP in the creatine kinase 
reaction’ doesn’t seem quite appropriate to an equilibrium. If Cr/PCr is unchanged, yes, a lower pH implies a lower [ADP], but 
embedded in the whole metabolic regulatory network that condition can’t be assumed. 

We acknowledge the reviewer’s point and agree that changes in the concentrations of individual reactants cannot 
be straightforwardly predicted for reactions embedded in interconnected dynamic systems. There are, however, 
studies that support our contention [e.g., see ref 38]. We therefore replaced the sentence with the one that follows 
to state our point more specifically and to incorporate the reviewer’s comment (line 646, revised manuscript):  

Because this reaction operates close to equilibrium in vivo [19], decreased intracellular pH is thought to 
contribute to decreased free ADP concentration [38,39]. 
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