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The system (PTTRS) formed by typical 2-Cys peroxiredoxins (Prx), thioredoxin (Trx), Trx reductase (TrxR), and
sulfiredoxin (Srx) is central in antioxidant protection and redox signaling in the cytoplasm of eukaryotic cells.
Understanding how the PTTRS integrates these functions requires tracing phenotypes to molecular properties,
which is non-trivial. Here we analyze this problem based on a model that captures the PTTRS’ conserved fea-
tures. We have mapped the conditions that generate each distinct response to H;O, supply rates (vVsp), and
estimated the parameters for thirteen human cell types and for Saccharomyces cerevisiae. The resulting compo-
sition-to-phenotype map yielded the following experimentally testable predictions. The PTTRS permits many
distinct responses including ultra-sensitivity and hysteresis. However, nearly all tumor cell lines showed a si-
milar response characterized by limited Trx-S™ depletion and a substantial but self-limited gradual accumulation
of hyperoxidized Prx at high vyp. This similarity ensues from strong correlations between the TrxR, Srx and Prx
activities over cell lines, which contribute to maintain the Prx-SS reduction capacity in slight excess over the
maximal steady state Prx-SS production. In turn, in erythrocytes, hepatocytes and HepG2 cells high vy, depletes
Trx-S” and oxidizes Prx mainly to Prx-SS. In all nucleated human cells the Prx-SS reduction capacity defined a
threshold separating two different regimes. At sub-threshold vy, the cytoplasmic H,O, concentration is de-
termined by Prx, nM-range and spatially localized, whereas at supra-threshold v, it is determined by much less
active alternative sinks and pM-range throughout the cytoplasm. The yeast shows a distinct response where the
Prx Tsal accumulates in sulfenate form at high vy, This is mainly due to an exceptional stability of Tsal's
sulfenate. The implications of these findings for thiol redox regulation and cell physiology are discussed. All
estimates were thoroughly documented and provided, together with analytical approximations for system
properties, as a resource for quantitative redox biology.

1. Introduction signaling and antioxidant protection is yet to emerge [10-13]. Clar-

ifying how the dynamics of the PTTRS in cells relates to the properties

The PTTRS (Fig. 1) plays key roles in antioxidant protection and
redox signaling in the cytoplasm of eukaryotic cells. This system con-
trols cytoplasmic hydrogen peroxide (H,O,) concentrations at low
oxidative loads [1-3], and plays prominent signaling roles in vascular
adaptation [4], mitogenesis [5], inflammation [6], tumorigenesis [7]
and apoptosis [8,9]. But despite the numerous studies associating the
PTTRS to redox signaling, a consensus about the mechanisms conveying
H-0, signals to redox-regulated targets, and how this system integrates

and abundances of these proteins is a critical step towards under-
standing these problems.

This dynamics is largely determined by the redox behavior of the
cytoplasmic Prx (Fig. 1). These are pentamers of dimers in antiparallel
orientation. Each monomer carries a very H,O,-reactive thiolate (per-
oxidatic cysteine, Cp) and a less reactive thiol (resolving cysteine,
Cr)'H,0, oxidizes the peroxidatic cysteine to a sulfenate (Prx-SO),
which then condenses with the resolving cysteine of the opposing

Abbreviations: ASK1, apoptosis signal-regulating kinase 1; Cat, catalase; GSH, glutathione; GPx1, glutathione peroxidase 1; Grx, glutaredoxin; KEAP1, Kelch-like ECH-associated protein
1; NRF2, nuclear factor erythroid 2-related factor 2; Prx, typical 2-Cys peroxiredoxin; PTTRS, peroxiredoxin / thioredoxin / thioredoxin reductase system; Srx, sulfiredoxin; Trx,

thioredoxin; TrxR, thioredoxin reductase
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Fig. 1. A. A simple model of the peroxiredoxin / thioredoxin / thioredoxin reductase
system. The kinetic parameters for each process are indicated near the respective arrow.
B. Notation used to designate each phenotypic region.

monomer to form a disulfide (Prx-SS). In eukaryotic Prx the rate of this
last step is limited by the local unfolding (LU) around the active site
that is required to bring the sulfenate close enough to the resolving
cysteine [12]. This delay prompts the accumulation of the sulfenate
form, and thereby its further oxidation (called “hyperoxidation”) by
additional H,O, molecules to sulfinate (Prx-SO,) and sulfonate
(Prx-SO37). The conversion to sulfonate irreversibly inactivates the
peroxidatic activity. However, Prx-SO, can be slowly reduced to
Prx-SO™ at the expense of ATP and reducing equivalents, under catalysis
by sulfiredoxin (Srx) [14]. In turn, Prx-SS is reduced by thioredoxin
(Trx-S°) eventually returning Prx to its fully folded (FF) thiolate form.
Thioredoxin becomes oxidized to a disulfide (Trx-SS) in the process,
and this disulfide is reduced by NADPH under catalysis by thioredoxin
reductase (TrxR).

The characterization of the responses of the PTTRS to H,0, in a
variety of conditions, cell types and organisms highlighted both com-
monalities and differences, as the following examples illustrate.
Treatment of human erythrocytes (5 X 10° cells/mL) with H,0, bo-
luses up to 200 uM caused both PrxII and Trx1 to accumulate in dis-
ulfide form, with virtually no Prx hyperoxidation [1]. Hyperoxidation
was detectable only in erythrocytes treated with = 100 uM H,O, bo-
luses after Cat inhibition [1]. In contrast, treatment of Jurkat T cells
(106 cells/mL) with = 100 pM H,0, caused extensive hyperoxidation
even in absence of Cat inhibition [1]. Remarkably, this happens despite
the predominant Prx in Jurkat T cells being PrxI [15], which is more
resistant to hyperoxidation than the dominant Prx in erythrocytes, PrxII
[5,16]. Extensive hyperoxidation of PrxI and PrxII was also observed
when confluent cultures of human umbilical vein endothelial cells
(HUVEC) were exposed to = 30 uM H,0, boluses [17]. In these cells
hyperoxidation of PrxII is already extensive, and that of PrxI clearly
observable, by 2 min after a 100 pM H,0, bolus [17].

Sobotta et al. [18] exposed 10° HEK293 cells/mL to either
0.2-3.7 uM H,0, steady states for 1 h or 2.5 yM - 5 mM H,0, boluses
for 5 min. In the former case the fraction of PrxII in disulfide form in-
creased in a dose-dependent manner from = 5% to 100%. In the latter
case that fraction peaked at =80% for a 25 uM bolus and progressively
decreased for increasing boluses, presumably due to increasing double
hyperoxidation of the dimers preventing disulfide formation. Tomalin
et al. [19] reported that treatment of 2 x 10° HEK293 cells/mL with
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10-80 uM H50, boluses for 10 min caused a progressive increase in
total hyperoxidation only after a = 20 uM H,0, bolus threshold.

These commonalities and differences prompt important questions
with practical relevance for research in thiol redox regulation and for
therapy. To what extent are results obtained in one organism or cell
type generalizable? What among the many factors that may change
form cell type to cell type explain the observed differences in the re-
sponses of the PTTRS? What are the determinants of the observed re-
sponse thresholds? How can oxidative stress and apoptosis be most
effectively induced in tumor cells? Will different types of tumor cells
react in different ways? Again, understanding the answers to these
questions requires clarifying how the dynamics of the PTTRS relates to
the properties and cellular abundances of these proteins.

Mathematical modeling has consistently yielded useful insights
about the operation of antioxidant and thiol redox systems [20-27] and
is recognized as an important tool for the progress of redox biology
[28]. Most previous computational studies have focused on accurately
modeling specific cells. Instead, the present work seeks to identify
generic principles connecting design and function in redox signaling
and antioxidant protection by the PTTRS, and on understanding the
underpinnings of differences among cell types. Further, we focus on
overall dynamic properties, and not yet on details that hinge on further
experimental characterization of the components. These distinct goals
required a distinct modeling approach. Thus, we proceeded as follows.
First, we extensively reviewed the literature and databases to identify
(a) the features of the PTTRS in the cytoplasm of eukaryotic cells that
are conserved and most relevant for its dynamics, and (b) the typical
ranges of the kinetic and composition parameters. This preliminary
analysis revealed that most current uncertainties — such as the con-
tribution of GSH for Prx reduction, or a contribution of generic protein
thiols for buffering H,0, and oxidizing Trx1 — have a minor impact on
the overall dynamics of the PTTRS and can be neglected in a first ap-
proach. The quantitative analyses supporting this conclusion are
documented in the Supplementary Information Section 3 (SI3).

Second, we set up a simple coarse grained model of the PTTRS and
analyzed it through a mathematical framework [29,30] that provides
an approximated but intelligible comprehensive description of the re-
lationship between system and molecular properties. The usefulness of
this approach to clarify the functional significance of biological varia-
bility has been demonstrated [31]. This analysis permitted enumerating
the qualitatively distinct states and responses available to the PTTRS
and determine closed-form analytical relationships among H»O, supply
rates, protein concentrations and kinetic parameters that take the
system to each state. Importantly, these results do not depend on nu-
merical parameter values, but just on the order-of-magnitude con-
siderations that informed model set up.

Third, based on selected data in the literature and quantitative
proteomics datasets we estimated the kinetic parameters and cyto-
plasmic concentrations for human erythrocytes, hepatocytes, eleven
human cell lines, and S. cerevisiae. (These estimates are thoroughly
documented in the SI.) We validated the quantitative models by com-
paring computational predictions to the most comprehensive quanti-
tative observations of the PTTRS’ responses to H,O, available. In light
of the analysis mentioned in the previous paragraph, we then examined
the functional implications of the variation in protein composition and
properties among cell types, and we dissected the underpinnings of
commonalities and differences among the predicted responses.

These analyses show that the PTTRS can in principle respond to H>O,
supply in many distinct ways. Nevertheless, once the actual parameter
values and composition are considered distinct tumor cell lines are
predicted to show a surprisingly similar response that (a) prevents
strong Trx-S™ depletion, (b) favors a gradual moderate accumulation of
hyperoxidized Prx at high vy, and (c) avoids a run-away hyperox-
idation of all the Prx. This response hinges on the Prx-SS reduction
capacity just slightly exceeding the maximal steady state Prx-SS pro-
duction. Its near-universality over cell lines with quite heterogeneous
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protein composition is due in part to previously undocumented strong
correlations between the concentrations of TrxR, Srx and Prx. In turn,
erythrocytes, hepatocytes and hepatoma cells are predicted to show a
distinct response where at high vy, Trx-S™ is depleted and Prx accu-
mulates mainly as Prx-SS.

In all nucleated human cells examined the Prx-SS reduction capacity,
which is in most cases determined by the TrxR activity, defines a
threshold separating two different H,O, signaling regimes. At sub-
threshold v, cytoplasmic H,O, concentrations are determined by Prx,
very low (nM-range) and spatially localized, whereas at supra-threshold
Vsup H2O; concentrations are determined by much less active alternative
sinks and in the pM range throughout the cytoplasm.

The PTTRS in S. cerevisiae is predicted to show a distinct response
where at high vy, Prx accumulates in sulfenate form. This is due to the
exceptional stability of TSA1's sulfenate.

The computational predictions are experimentally testable and have
important implications for understanding how the PTTRS integrates
redox signaling and antioxidant protection, which are examined in the
Discussion.

2. Model formulation

We set up a minimal model that captures the basic features of the
PTTRS common to most cells where it occurs (Fig. 1A). It provides a
reasonable description of system behavior in absence of stresses that
might deplete NADPH over an extended period. The latter should only
occur under strong stresses or in cells with a compromised pentose
phosphate pathway. Most healthy cells have glucose 6-phosphate (G6P)
dehydrogenase (G6PD) activity in large excess of their capacity to
supply G6P, which ensures a fast and effective NADPH supply-demand
coupling and avoids strong depletion [32,33] (SI3.2.9). Indeed, even a
500 uM H,0, bolus caused just 30% NADPH depletion to human fi-
broblasts [34].

In the model, vy, stands for the overall supply of H;O, to the
cytoplasm'H,O5 can be reduced by Prx through both Prx-S™ (rate con-
stant koy) and Prx-SO™ (ksur). The rate constant kox can be regarded as
an effective rate constant for H,O, reduction by Prx-S°, which allows to
consider a diminished effective peroxidatic activity such as postulated
[21] for PrxII in human erythrocytes. The H,O, can also be cleared by
efflux from the cytoplasm, by the activities of catalase, peroxidases, 1-
Cys Prx, and by reaction with other thiolates. These alternative sinks
were aggregated into a single process with first-order kinetics (rate
constant ka;), as peroxidases should only saturate at very high
(> 17 uM) intracellular H,O, concentrations (S13.2.2.1). With the ex-
ception of erythrocytes [21], under low vy, these alternative sinks
contribute little for H,O, clearance in all other cells analyzed (S13.2.2,
Supplementary Table, ST, 6).

For simplicity, we consider each Prx's proximate Cp-Cg pair as an
independent functional unit. The Tpxl peroxiredoxin of
Schizosaccharomyces pombe [19] and the human mitochondrial Prx3
[35] may violate this assumption. However, there is no evidence that
the same happens extensively for other eukaryotic Prx in the cytoplasm
[35]. Further, even in the noted exceptions, the PTTRS shows qualita-
tively the same overall dynamics.

The FF—LU transition plus condensation sequence, as well as the
Prx-SS reduction plus LU—FF transition were each aggregated into
single steps, with apparent first- and second-order rate constants kcong
and kgeq, respectively.

The reduction of Prx-SO,™ to Prx-SO” is treated as a pseudo-first-
order process (ksx). Srx has relatively low Michaelis constants for ATP
and Trx1-S™ [36], which supports this approximation. Its Michaelis
constant for Prx-SO,™ has not been determined. However, from results
in ref. [37] it can be inferred that the K, of Saccharomyces cerevisiae Srx
for Tsal is = 20 uM. This suggests that Prx-SO5™ reduction by Srx fol-
lows pseudo-first order kinetics with respect to this substrate in vivo,
except under high oxidative stress.
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The reduction of Trx-SS was treated as a one-substrate Michaelis-
Menten process. This process is catalyzed by TrxR and follows a ping-
pong mechanism that uses NADPH as a second substrate [38]. How-
ever, the Ky nappn Of human TrxR1 is 6 uM [39] and the apparent
Ky nappu is substantially lower when the enzyme is far from saturation
with Trx-SS. Therefore, physiological concentrations of NADPH should
be saturating for TrxR, which justifies neglecting the influence of this
substrate on the reaction rate. Below we write the rate expression for
TrxR as function of a Vi}¥? to highlight that the maximal rate of TrxR
may decrease at very high vy, due to NADPH depletion or to TrxR
inactivation by electrophilic lipid peroxidation products [40].

PrxI can be glutathionylated at C52, C173 and C83, and the extent
of glutathionylation was 40-60% increased (vs. untreated controls)
10 min after treatment of A549 or HelLa cells with a 10 uM H,0, bolus
[41]. Both Srx and glutaredoxin 1 (Grx1) can catalyze the deglu-
tathionylation of these residues [41]. Altogether, these findings suggest
that glutathione (GSH) might reduce PrxI-SS and/or PrxI-SO". This
hypothesis was recently supported by the observation that GSH plus
Grx1 can reduce both PrxII-SS and PrxII-SO™ [42]. However, as dis-
cussed in SI3.2.4 these reactions do not dominate the dynamics of the
PTTRS and can thus be neglected in a coarse-grained model for cells
where PrxI is the dominant cytoplasmic Prx. They can play a significant
role in increasing resistance to hyperoxidation and reducing Prx-SS in
erythrocytes, where PrxII is the dominant Prx and the TrxR activity is
very low [42]. But even here only a very minor fraction of PrxII is
glutathionylated [42].

Trx-SS can also be reduced by GSH + Grx1, but similarly to the case
for Prx this is not the dominant reductive process [43], and can thus be
neglected in a coarse-grained model of the PTTRS.

Although Trx1-S™ can be oxidized by numerous protein disulfides
and several enzyme-catalyzed processes, our estimates (SI3.2.7) in-
dicate that under oxidative stress Prx-SS reduction is the dominant
process oxidizing Trx1-S". In turn, at lower v, cells’ TrxR activity is
sufficient to keep Trx1 strongly reduced despite all the oxidizing pro-
cesses. Because the objective for the model is to provide a simple de-
scription of the PTTRS dynamics and not a quantitative estimation of
the Trx redox status we neglected the other processes oxidizing Trx-S".
For similar reasons we also neglected the oxidation of Prx-S™ by Trx-SS.

Note that the overall reaction for the chemical system represented in
this model couples the reduction of H,O, to water to NADPH oxidation.
The overall process is extremely thermodynamically favorable owing
largely to the high redox potential of the first half reaction [+1.32 V at
25 °C, pH 7 [44]]. Therefore, the PTTRS should operate irreversibly.

The assumptions discussed above and the scheme in Fig. 1A trans-
late into the following system of algebraic differential equations to
describe the dynamics of the PTTRS:

02 = yup — kau X HyO5 — ko X Prx-S™ X HyO5 — ksuy X Prx-SO™
X H,0,
dpmd-[so’ = kox X Prx-S= X Hy0; + kgpe X Prx-SO; — kgyp X Prx-SO~
X H, 05 — kcong X Prx-SO~
] dPVX(;tSOf = ksuf X Prx-SO~ X Hy0; — ksp X Pre-SO5
dPrZ[ 55 = keona X Pre-SO™ — kgea X Trx-SH X Prx-SS
9155 Kgea X Trx-SH X Prx-SS — %
Prxp = Prx-S™ + Prx-SS + Prx-SO~ + Prx-SOj
Trxy = Trx-SH + Trx-SS

@

Henceforth, we will denote this model by “Model 1”.

For physiological Prx concentrations there are substantial con-
centration gradients of H,O,, Prx-SO", and Prx-SS over the cytoplasm
[13,22,45], which this model does not account for. However, recent
reaction-diffusion simulations [13] confirm that the model provides a
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good overall description of the behavior of the average concentrations
of these species.

3. Methods

The systems design space analysis was performed using the algo-
rithms described in SI1, which extends the applicability of the approach
published in ref. [30]. Sensitivity analyses were performed according to
the methodology in refs. [46,47]. Except where otherwise stated, all
these analyses and the numerical simulations were performed in
Mathematica™ 11 [48].

Parameters for human erythrocytes were estimated as described in
ref. [21]. Those for Saccharomyces cerevisiae and for human Jurkat T,
A549, GAMG, HEK293, HeLa, HepG2, K562, LnCap, MCF-7, RKO, and
U-2 OS and hepatocyte cells were estimated from the literature and
databases as described in SI3.

Numerical simulations for a quantitative comparison between
computational and experimental results on PrxII were based in the two-
Prx model described in SI4.

4. Results
4.1. A phenotypic map of the PTTRS

We first seek to map the properties of the system as a function of
kinetic parameters and protein concentrations. As a starting point, this
requires analyzing the steady state solutions of Model 1. However, these
solutions cannot be expressed in closed analytical form, and the large
number of parameters prevents an effective numerical exploration. We
therefore applied the system design space methodology [29,30] to ob-
tain an intelligible approximate description. This methodology sub-
divides the parameters space into a set of regions. The dynamics in each
region is described by a distinct combination of alternatively dominant
production and consumption fluxes for each chemical species, and of
alternatively dominant concentrations among the forms included in
each moiety-conservation cycle. Whenever a region contains a steady
state solution, this is guaranteed to be unique and analytically de-
scribed by a simple product of power laws of the parameters. By the
construction of the approximation, these regions represent qualitatively
distinct behaviors of the system, and are accordingly denoted by
“phenotypic regions”. The parameters space partitioned into the set of
phenotypic regions is called the system's “design space”.

The construction of the design space for Model 1 is explained in
SI1,2. This design space contains 13 regions with positive steady state
solutions, but not all of these are biologically plausible. In order to
select these, one has to consider the ranges of kinetic parameters and
protein concentrations found in real cells. We consider the following
three plausibility criteria cumulatively (see SI2 for mathematical defi-
nitions).

First, the maximum flux of Prx-SO, reduction is the lowest max-
imum flux of the system. This is because Srx is an inefficient enzyme
[37,49-51] and is much less abundant in cells than the other proteins
considered in the model (ST6).

Second, the pseudo-first-order rate constant for H,O, reduction by
Prx-S” exceeds the rate constant for Prx-SO™ condensation. This follows
from the high reactivity and abundance of typical 2-Cys Prx in the
cytoplasm, contrasting with the kinetic limitation imposed by the local
unfolding to condensation step.

Third, Prx sulfinylation is the slowest among all (aggregated) H>O,-
consuming processes in Model 1. This holds with a large margin for all
cells we examined (SI3).

Only the 8 phenotypic regions that we describe below satisfy the
three plausibility criteria above. We designate each region by a four-
character code as explained in Fig. 1B. A pictorial representation of
system steady state properties in each of these regions is presented in
Table 1. For the corresponding mathematical descriptions of the steady
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state properties and of the boundaries of each region in the parameters
space please see ST1 and ST2, respectively, in SI2.1.

Phenotypic regions TTPU and TTAU are characterized by the thiol
(ate) forms of Prx and Trx being the dominant ones and differ on
whether most of the H,O, is consumed by Prx (TTPU) or by alternative
sinks (TTAU) (Table 1). These regions occur where, cumulatively, the
H,0, supply is low and the TrxR activity is not too low (ST2, Fig. 2). In
these regions, the concentrations of Prx-SO’, Prx-SS and Trx-SS show an
approximately linear response to changes in vy, (ST1, Fig. 2).

Region HTAU is characterized by extensive Prx sulfinylation and
low Trx oxidation (ST1, Fig. 2). This region occurs at very high v, and
not very low TrxR activity (ST2, Fig. 2).

Under some conditions, regions TTPU and HTAU partly overlap
(Fig. 2C). When this occurs, there is also a region (HTPU) of unstable
steady states that coincides with the overlap between TTPU and HTAU.
This feature reveals the possibility of bi-stability and hysteresis in the
PTTRS, which had not been appreciated before. That is, under these
conditions as vy, increases up to the critical value (v;’{,p) at the right
hand side of region TTPU, entering region HTAU, the concentrations of
Prx-SO5™ and H,0, abruptly increase, whereas those of Prx-S’, Prx-SO’,
Prx-SS, and Trx-SS abruptly decrease. However, as vy, decreases from
high values in region HTAU the opposite transition occurs only at a
lower critical value (v < vy,) at the left hand side of region HTAU,
entering region TTPU. The abrupt changes are driven by the following
positive feedback. As vy, and hence H,0, concentration, increases Prx
becomes more hyperoxidized, depleting Prx-S". As reduction by Prx-S™
is the main H,0, sink, this depletion causes a sharp increase in the
concentration of H,O,, which accelerates hyperoxidation even further.
Biological systems use toggle switches like this to avoid random back-
and-forth switching between discrete physiological or developmental
states, driven by gene expression noise and environmental fluctuations
[52]. On the other hand, the positive feedback just described will cause
near-complete Prx hyperoxidation, from which cells can recover only
very slowly due to the usually very low Srx activity. Therefore, the
findings above raise the intriguing question of whether cells use the
PTTRS’ hysteretic behavior as part of a stress switch, or avoid it due to
its potentially very deleterious consequences.

Regions STAU and DTAU are characterized by Trx being pre-
dominantly in thiol form and the dominant Prx forms being Prx-SO™ or
Prx-SS, respectively (Table 1, Fig. 2B,D, ST1). Both regions occur at
intermediate H,O, supplies and high TrxR activities, only under con-
ditions where regions TTPU and HTAU do not overlap (ST2, Fig. 2B,D).

Finally, regions DDAU and DDAS are characterized by the dom-
inance of the disulfide forms of both Prx and Trx, and differ on whether
TrxR is saturated (DDAS) or not (DDAU) (Table 1, ST1). They occur at
intermediate H,O, supplies and low TrxR activities (Table 1, Fig. 2,
ST2).

The analysis of the design space permits the following general-
izations. First, the system can always be driven to either TTPU or TTAU
by making vy, sufficiently low, and to HTAU by making vy, suffi-
ciently high. However, the latter high vy, values are not necessarily
physiological. Second, the system can always be driven to regions
DDAU and DDAS through a strong enough inhibition/under-expression
of TrxR or Trx, though DDAS becomes unreachable where the con-
centration of Trx is too low to saturate TrxR. Third, not all dominance
configurations are feasible or biologically plausible. For instance,
whenever Trx-SS is the dominant Trx form Prx-SS is the dominant Prx
form, and whenever Prx-SO, is the dominant Prx form Trx-S is the
dominant Trx form. Fourth, only regions TTPU, HTPU and HTAU can
overlap. In particular, regions TTAU and HTAU cannot overlap, which
means that the hysteretic behavior described above can only occur
when Prx are the main H,0, consumers under low oxidative loads.

4.2. The PTTRS permits many distinct responses to H,O, supply

As illustrated in Fig. 2 the eight phenotypic regions can be arranged
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Table 1
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System states in the physiologically plausible phenotypic regions. Each phenotypic region is characterized by a hierarchy of concentrations of alternative protein forms (represented by
symbols of different sizes) and one or more flux hierarchies (arrows of different widths). Distinct flux hierarchies belong to the same phenotypic region when they originate the same
steady state solution. A bar at a reactant tip of an arrow indicates that the reactant in point is saturating for the corresponding process.

Region Phenotype
HTPU H,0, Prx-SS Trx-S~
Prx-SO; €5 P50~
Prx-S Trx-SS
—> H0, —>
TTPU H,0, Prx-SS Trx-S~
Prx-SO; i Prx-SO~
,F Prx-S— Trx-SS
—> H0, —
STAU H,0, Prx-SS Trx-S~ H,0, Prx-SS Trx-S~
Prx-SO; <L Prx-SO~ T Prx-SO; €_L> Prx-SO~ T
Prx-S- Trx-SS Prx-S- > Trx-SS
— 1o, =P — Ho, =)
HTAU H,0, Prx-SS == Trx-S~ W0 > Prxss - Tx-S°
Prx-SO§<_L> Prx-SO~ T Prx-SO;f_J') Prx-SO" T
Prx-S- Trx-SS Prx-S~ > Trx-SS
- H,0, === -) H,0, e==p
TTAU H,0, Prx-SS Trx-S~ H,0, |9 Prx-SS Trx-S~
Prx-SO; %Prx-SO‘ T Prx-SO§<i> Prx-SO~ T
'FPrX-S' Trx-SS Prx-S~ < Trx-SS
—) H,0, == — HO, =P
DTAU H,0, I—)PI’X-SS—- Trx-S~ H,0, |9 Prx-SS Trx-S~
Prx-SOgi Prx-SO~ T Prx-SO;f_L) Prx-SO- T
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composition ranges yielding each type of section are as follows:

For multistationarity to occur the ratio between the highest and the lowest value of vsyp in the overlap region in (C) must exceed 2. (For interpretation of the references to color in this

figure, the reader is referred to the web version of this article.)

in several alternative ways, yielding potentially many qualitatively
distinct responses of the various chemical species to changes in v, and
VAP, We have systematically inventoried the qualitatively different
arrangements of the eight phenotypic regions in the (v, ViZ2) plane
that are possible under physiologically plausible conditions (SI12.2).
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This analysis reveals that 12 qualitatively distinct generic configura-
tions can occur (SF2). Furthermore, 10 qualitatively distinct generic
types of responses to vy, are possible, corresponding to as many dif-
ferent sequences of phenotypic regions. (“Generic” here means that it
does not hinge on specific “pointwise” relationships between
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parameters.) Six of these generic types of responses are illustrated in
Fig. 2, and the conditions where each of the 10 responses hold are listed
in ST3.

With relevance for signal transduction, these results demonstrate
that the PTTRS can exhibit many distinct types of responses to vgyp.
These include: (i) saturation, as for Trx-SS and Prx-SO transitioning
from TTAU to DDAU (Fig. 2A); (ii) ultrasensitivity, as for Prx-SS, Trx-SS
and Trx-S” transitioning from TTPU to DDAS and from DDAS to HTAU
(Fig. 2B); (iii) hysteresis (toggle-switch behavior), as for all variables
transitioning from DTAU to HTAU over the overlap region (Fig. 2C);
(iv) non-monotonic behavior of all variables except H,O,, Prx-S” and
Prx-SO'.

4.3. Composition and kinetic parameters of the PTTRS show high variability
across cell types

All the results obtained above depend on just a few generic as-
sumptions about parameter values and protein concentrations. They
suggest a potentially high diversity of responses of the PTTRS to H,0,
supply under the biological plausibility conditions specified above. But
do cells manifest all this diversity, or do they orchestrate protein con-
centrations and kinetic parameters to generate a common phenotype?
That is the problem we address over the next sections.

In order to address the previous question and to quantitatively de-
fine region boundaries and their locations relative to physiological
operating ranges, parameter values must be known. Until recently, this
requirement would pose an insurmountable obstacle. However, a con-
sistent effort by several laboratories has provided reliable determina-
tions of most of the necessary kinetic parameters, and quantitative
proteomic methodologies now allow reliable estimates of the con-
centrations of all the relevant PTTRS proteins. These developments
permitted estimating the relevant parameters for human erythrocytes
(as per ref. [21]) and hepatocytes, one non-cancer human cell line
(HEK293), ten human tumor cell lines, and S. cerevisiae. Protein
abundances for the eleven human cell lines were determined in a single
laboratory through the same state-of-the-art methods [53], which adds
confidence on the comparability of the results. Furthermore, a separate
quantitative proteomics study [54] obtained protein abundances for
human hepatocytes and for the HepG2 cell line under the same con-
ditions. The estimates are documented in SI3, and parameters for all
cell types are presented in Table 2. A more detailed account of the es-
timated protein concentrations and activities contributing for these

Table 2
Summary of estimated parameters for the cell types addressed in this work.
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aggregated parameters is presented in ST5. The latter results suggest
that at low oxidative loads the 2-Cys peroxiredoxins consume ~99% of
the H,O, in the cytoplasm of human cells. In turn, glutathione perox-
idase 1 (GPx1) is much less abundant and typically consumes < 0.2% of
the H,0,, and Cat has a negligible contribution because it is located in
peroxisomes. The main contributor for cytoplasmic H,O, clearance
other than the typical 2-Cys peroxiredoxins is PrxVI. Despite their very
high PrxII concentrations, erythrocytes are an exception to this pattern,
as experimental evidence [2,55-57] indicates that Cat plays a major
role in H,0, clearance in these cells even at modest H,O, supply rates.
This is due to a very high cytoplasmic concentration of Cat and pre-
sumably to a postulated [21] strong and quickly reversible PrxII in-
hibition Cat.

The last two rows in Table 2 highlight that protein concentrations
and kinetic parameters of the PTTRS can vary by several orders of
magnitude over the various cell types and organisms. Remarkably, both
Srx and TrxR activities can vary by over one order of magnitude among
the nucleated human cells in our dataset. This variability makes the
question about phenotypic diversity especially pertinent.

4.4. The underlying model is consistent with and yields insight on
experimental observations

Before analyzing the predicted phenotypes for the various cells one
must test if the underlying model and parameter estimates yield pre-
dictions that are consistent with known experimental observations. Few
studies so far have investigated the responses of the PTTRS quantita-
tively under steady state conditions. However, experimental observa-
tions of cells’ responses to H,O, boluses can also be used to validate
model and estimates.

Sobotta et al. [18] examined the response of PrxII redox status of
HEK293 cells exposed to 0.2-3.7 pM H,0, steady states and to 5 min
2.5-5000 uM H,0,, boluses. Because PrxI is more abundant than PrxII in
these cells (ST6) the Prx-SS variable in Model 1 reflects mainly the
concentration of PrxI-SS. Seeking a more direct quantitative compar-
ison between computational predictions and these experimental ob-
servations we set up the model presented in SI4. This model (“Model
2”) differs from Model 1 by considering the redox cycles of PrxI and
PrxIl separately and by considering H,O, exchange between the
medium and the cytoplasm explicitly. Parameterized with the data from
Table 2 and ST6 for HEK293 cells, Model 2 shows qualitative agreement
with the experimental observations (SF9). Namely, a near-linear

Prxr Trxr kare kox Kcona ksuie kged ksex VMax Kwm
Units: uM uM st M1's? s Ms? M's? 102 5! mMs™! uM
A549 49, 29. 44, 4.0 x 107 8.7 1.7 x 10° 2.1 x 10° 4.5 0.59 1.8
GAMG 76. 44, 65. 4.0 x 107 8.5 2.0 x 10° 2.1 x 10° 2.6 0.58 1.8
HEK293 1.4 x 10? 46. 1.6 x 102 4.0 x 107 7.3 3.7 x 10° 2.1 x 10° 0.41 0.19 1.8
Hela 65. 24. 1.8 x 10? 4.0 x 107 7.3 3.8 x 10° 2.1 x 10° 1.1 0.23 1.8
HepG2 93. 27. 1.3 x 107 4.0 x 107 7.1 41 x 10° 2.1 x 10° 2.5 0.12 1.8
Jurkat T 1.7 x 10? 36. 85. 4.0 x 107 7.0 4.3 x 10° 2.1 x 10° 0.52 0.18 1.8
K562 1.0 x 10? 28. 1.8 x 10? 4.0 x 107 6.9 4.4 x 10° 2.1 x 10° 0.34 0.13 1.8
LnCap 86. 17. 1.3 x 10% 4.0 x 107 5.9 5.8 x 10° 2.1 x 10° 0.93 0.31 1.8
MCF -7 92. 23. 79. 4.0 x 107 6.4 51 x 10° 2.1 x 10° 3.3 0.23 1.8
RKO 87. 69. 1.4 x 10? 4.0 x 107 6.6 4.7 x 10° 2.1 x 10° 6.6 0.27 1.8
U-20S 84. 18. 97. 4.0 x 107 8.0 2.7 x 10° 2.1 x 10° 2.4 0.34 1.8
HepG2 1.1 x 10? 24, 74. 4.0 x 107 7.4 3.6 x 10° 2.1 x 10° 1.5 0.047 1.8
Hepatocytes 86. 63. 2.1 x 10? 4.0 x 107 7.4 3.7 x 10° 2.1 x 10° 0.29 0.050 1.8
Erythrocytes 5.8 x 10° 0.56 2.6 x 10? 3.8 x 10°" 1.8 1.2 x 10* 2.1 x 10° 0.1 0.010 1.8
S. cerevisiae 31. 1.5 34. 4.7 x 107 0.58 7. 1.2 x 10° 0.059 1.0 0.8
Max/Min "~ 3.5 4.1 4.8 1.0 1.5 3.4 1.0 23. 12. 1.0
Max/Min 19. 95. 7.6 1.2 x 10? 15. 8.3 x 10? 5.7 1.1 x 10? 59. 2.2

* Dataset from ref. [54].
** Value reflects the PrxII inhibition postulated in ref. [21].
*** For nucleated human cells.
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Fig. 3. Slices of the design space of the PTTRS over the physiological (Vsyp , vﬁl;g) plane for human cell types and S. cerevisiae as computed for the parameters estimated in ref. [21] and

SI3. The black scales inside the plots mark the apparent Vyax of TrxR and the values of vgyp corresponding to 1 pM, 10 uM and 100 pM extracellular H,O,. These values of vsup were

estimated based on the known cell permeability and morphology (HeLa, MCF-7, Jurkat T cells, erythrocytes and S. cerevisiae) or assuming ks = 10 s™! (all other cells). Note the
logarithmic scales. Color codes are as for Fig. 2. A, HepG2, ref. [53]; B, HepG2, ref. [54]; C, hepatocytes; D, erythrocytes; E, HEK293; F, Jurkat T; G, HeLa; H, K562; I, MCF-7; J, A549; K,
LnCap; L, S. cerevisiae. Design space slices for GaMG, RKO and U-2 OS cells are presented in SF17.

increase in PrxII-SS with extracellular H,O, concentration up to near-
maximal values and the biphasic response of PrxII-SS to H,O5 boluses.

However, the maximal fraction of PrxII disulfide attained is much
lower than observed. The design space analysis above helps tracing the
likely source of this discrepancy. The Prx-SS response curves in Fig. 2
show that for high fractions of Prx crosslinking to be achieved with a
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near-linear response to vy, as observed, the protein composition should
allow attainment of region DTAU (e.g. Fig. 2D). The analysis shows that
this will happen if the total concentration of Trx is lower than assumed.
Indeed, numerical simulations of Model 2 with the cytoplasmic con-
centration of Trx1 set to = 1.5 uM (= 3% of the previously estimated
value) show remarkable agreement with the observations (SF10A).
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Model 2 with Tre= 1.5 uM also agrees with the experimental ob- thiols [19]. However, it is predicted even by Model 1, which includes
servations [19] of a threshold H,O5 bolus beyond which Prx hyperox- neither of these effects. A comparison of the simulated progress curves
idation starts increasing, and intracellular H,O, increases more steeply of the various species for boluses around the threshold value (SF11)
(SF10B,C). This threshold behavior has been attributed to the satura- points to the following alternative explanation. The steeper increase in
tion of alternative H,O, sinks and a buffering effect by generic protein hyperoxidation starts once the bolus becomes sufficient to fully oxidize
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Prx to Prx-SS, thereby sharply decreasing the cytoplasmic H;O, clear-
ance rate. In turn, the ensuing sharp increase in cytoplasmic H,O,
concentration causes a strong increase in sulfinylation and accumula-
tion of Prx-SO,". Noting that the full oxidation of the Prx-S™ pool to Prx-
SS can only happen when the rate of Prx-S™ oxidation exceeds the rate of
Prx-SS reduction, one can make several experimentally testable pre-
dictions about the factors that influence the threshold value of extra-
cellular H,O,. First, the threshold must be inversely proportional to the
membrane permeability (SF12A,B), as for the same extracellular H,O,
the H,0, influx rate is proportional to membrane permeability. There is
growing evidence that cells’ permeability to H,O is largely determined
by some aquaporins [58,59], and the previous prediction can thus be
tested through the use of aquaporin inhibitors. Second, the threshold
should be higher the higher the concentration of Trx available in the
cytoplasm (SF12C,D), as Prx-SS reduction in these cells is rate limited
by Trx availability. Third, increasing the TrxR activity should have
qualitatively the same effect as increasing the Trx concentration, but
the effect should be much less pronounced in these cells than the latter
(SF12C,D) because here the TrxR activity is not rate-limiting for Trx-SS
reduction. In most other cells examined TrxR activity is rate-limiting for
Trx-SS reduction in absence of extensive Trx1 sequestration and should
there have a stronger effect on the threshold. Fourth, the activity of
alternative H,0, sinks should have little effect on the threshold in these
cells (SF12E,F). This because while there is Prx-S™ available those sinks
contribute little for H,O, elimination and to determine the cytoplasmic
H,0, concentration. Fifth, the total concentration of Prx should have
virtually no effect on the threshold (SF12E,F). This because as Prx-S
consumes the overwhelming majority of the HO,, the rate of Prx-SS
formation is determined by the rate of H,O5 supply and not influenced
by Prxr. The threshold's dependence on the last four factors was not
tested for HEK293 cells. However, the observations reported in ref. [19]
for Schizosaccharomyces pombe agree with all these predictions, which
further supports our interpretation of the threshold's underpinnings.

Further experimental data for model validation can be found in Low
et al. [1], where the response of PrxII redox status in Jurkat T cells and
erythrocytes to various H,O, boluses is examined. Model 2, para-
meterized with the data from Table 2 and ST6 for Jurkat T cells yields
results in very good agreement with the experimental observations for
these cells (SF14). A much sharper threshold response of PrxII-SO," than
for HEK293 cells is predicted, which the experimental observations do
indeed support. Remarkably, in the case of Jurkat T cells setting the Trx
concentration to 3% or even 30% of the value estimated from the
quantitative proteomics data yields a poor agreement with the experi-
mental observations, which indicates that Trx1 is not much sequestered
in these cells.

Because in erythrocytes PrxIl is by far the dominant Prx, one can use
Model 1 to simulate the redox state of PrxIl. Parameterizing Model 1
with the data from Table 2 and ST6 for these cells again yields results in
very good agreement with the experimental observations (SF15).

Although some of the simulations above were carried out with
Model 2, the single-Prx Model 1 provides a good approximation of the
overall Prx redox state (SF16). Thus, altogether, the results above va-
lidate the model and parameter estimates underlying the subsequent
analysis, though the possibility that in some cells just a small fraction of
the Trx1 is available to reduce Prx-SS needs to be considered. To obtain
a more general perspective of the predicted phenotypes of the cell types
under consideration we turn again to the design space analysis, now
informed by the quantitative estimates.

4.5. Most human cell lines share a common PTTRS phenotype

When all the Trx1 is considered available to reduce Prx-SS the slices
of the quantitative design spaces in the plane (vyyp, ViPP) (Fig. 3, SF17),
and the responses to vy, (Fig. 4, SF18) for all cell types reveal the fol-
lowing remarkable patterns.

First, the design spaces based on two quantitative proteomic
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datasets obtained in distinct laboratories [53,54] for the HepG2 cell line
are remarkably consistent (Fig. 3A,B). Namely, they both predict that at
relatively wide range of intermediate values of vy, (=40-450 pM sH
both Prx and Trx accumulate mainly in disulfide form (Fig. 4A,B). This
accumulation sets in at a sharp vy, threshold and is accompanied by a
sharp ultrasensitive increase in the H,O, concentration. Prx-SO," only
becomes the predominant Prx form at even higher vy,,. This behavior
matches response PDS in ST3.

Second, the design space (Fig. 3C) and response to v, (Fig. 4C) for
hepatocytes are very similar to those for the hepatoma-derived HepG2
cell line. Thus, the distinctive compositional pattern of hepatocytes
(Table 2, ST6) does not translate into qualitative differences from
HepG2 cells in the response of the PTTRS to H,0,.

Third, the responses of human erythrocytes to H,O, supply (Fig. 3D,
Fig. 4D) are predicted to show some unique features, characteristic of
Response A in ST3. Namely, at low vy, the PTTRS of erythrocytes
operates in phenotypic region TTAU, and not in TTPU as all the other
cells examined. Also unlike all the other cells, in erythrocytes the
concentration of Trx1 is insufficient to saturate TrxR, and therefore at
higher vy, the PTTRS operates in region DDAU and not in region DDAS.
Consequently, the Trx-SS concentration should not show the sharp ul-
trasensitive behavior predicted for hepatocytes and HepG2 cells, and
the H,O, and Prx-S” concentrations also should not show the strongly
ultrasensitive behavior predicted for all other human cells in this study.
The response of the PTTRS in erythrocytes is otherwise most similar to
that of hepatocytes and HepG2 cells. Henceforth, for simplicity, we will
denote all the responses that involve substantial Trx-S™ depletion over a
wide interval of intermediate vy, (i.e., responses A, ADU, ADS, PDU
and PDS from ST3) as “Response D”.

Fourth, the remaining 10 human cell lines are predicted to show
broadly similar responses that are transitional between the generic re-
sponses P, PD, and PDS in ST3. Namely, they share the following fea-
tures. (i) Little Trx-S” depletion at medium-high values of vy, . (ii) High
Prx-SS accumulation at only a narrow range of v, followed by pro-
gressively decreasing concentrations with increasing vyp. (iii) An ul-
trasensitive increase in the cytoplasmic concentration of H,O, and Prx-
SO, and decrease of that of Prx-S” by several orders of magnitude over
this narrow vy, range. Henceforth we will denote this overall behavior
as “Response H”.

If only 3% of the Trx1 is available to reduce Prx-SS, all the nucleated
human cells are predicted to exhibit Response PD from ST3, where
region DTPU appears between regions TTPU and HTAU (SF19).
Accordingly, Prx-SS becomes the dominant Prx form over a range of
vsup and the increase of Prx-SO,  with vy, becomes more gradual
(SF20). A comparison of Figs. 3 and 4 to SF19 and SF20 (respectively)
highlights the following three points. First, a strong Trx oxidation can
be prevented by decreasing the concentration of Trx available to reduce
Prx-SS. Second, the decreased Trx availability shifts the vy, at which
Prx-SS becomes dominant (vs‘fjp) to lower values. Third, although the
strongly decreased Trx availability makes the phenotype of all nu-
cleated cells qualitatively similar, it increases the variability in cells'
tolerance to Prx oxidation.

4.6. Tracing phenotype to molecular properties

What specific differences and similarities in protein composition
underlie the differences and similarities in the predicted PTTRS phe-
notypes of human cells?

Response D and the high resistance of PrxII in human erythrocytes
to hyperoxidation were attributed to the low TrxR activity in these cells
[1]. The analysis below supports this view and provides a more com-
plete understanding of the multiple factors underlying this outcome. It
follows from rearranging the boundary conditions in ST2 that for the
PTTRS to enter the regions where both Prx and Trx are mostly oxidized
to disulfides (DDAS or DDAU) at some range of vy, the following
condition must hold:
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stands for the maximum rate of Prx-SS reduction when not limited by
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The left hand side of this inequality approximates the maximal possible
rate of Trx-SS reduction in the system, and the right hand side ap-
proximates the maximal rate of Prx-SS production (and thus Trx oxi-
dation) taking into account the balance between hyperoxidation and
Prx-SO5 reduction. Therefore, this inequality shows that a maximal Trx
reduction rate lower than the maximal Trx oxidation rate warrants the
accumulation of both Prx-SS and Trx-SS at some range of Vgyp.

In cells showing Response D the value of vy, (vs’{lp) at which
Prx-SO,” becomes the dominant Prx form (i.e., the PTTRS crosses from
regions DDAU or DDAS into region HTAU) is approximately:

Prxr
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> Km (5)
as can be derived from the expressions in ST2. Therefore, a high re-
sistance of Prx to hyperoxidation in these cells depends on the following
factors. (i) The intrinsic resistance of the dominant Prx to hyperoxida-
tion (kcona/ksur); (ii) a high Srx activity; (iii) the availability of alter-
native H,0, sinks (ka;); and (iv) a low Prx reduction turnover, as ex-
pressed by the last factor in expression (5). (The value of vsﬁ‘lp for
erythrocytes inferred from Fig. 3E is underestimated because Srx re-
duces PrxIl more rapidly than PrxI [60] and because the PrxII-SO
glutathionylation rate approaches the condensation rate [42], thereby
inhibiting hyperoxidation to some extent.)

In turn, the value of vy, (vs’flp) at which Prx-SS and Trx-SS become
the dominant forms (i.e., the PTTRS crosses from regions TTPU or TTAU
into regions DDAU or DDAS) is approximately:
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which for cells transitioning from TTPU into DDAS simplifies to:
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Response H emerges in cells where at some intermediate range of
Veup the PTTRS crosses the overlap between regions TTPU, HTPU and
HTAU. According to the design space analysis the range of vy, where
the overlap occurs is determined by:
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representing the maximal steady state rate of Prx oxidation to Prx-SS.
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(2)

This is a particular case of the expression in the right hand side of
Expression (4) reflecting the fact that the overlap only occurs where
kox Prxy > k. Taking the kinetic parameters and protein concentration
ranges in the human cell lines into account, the overlap range simplifies
to:

V;rx—ss < Vsup < min(vﬂ/}lgfcjy VP_rx—SS)’ (10)
which yields the following condition for occurrence of the overlap:

+
VPrx—SS
R A _
min(Vigf%, Vi—ss)

<1
(11)

Note that the denominator approximates the maximal rate of Prx-SS
reduction, and therefore this expression means that the overlap occurs
when this maximal rate exceeds the maximal rate of Prx-SS production.

The overlap between regions indicates that multistability might
occur, but the approximations in the design space analysis tend to un-
derestimate the minimum and overestimate the maximum values of v,
for overlap (Fig. 2C). As result, only Jurkat T cells are numerically
predicted to show hysteresis over a very narrow v, range (Fig. 4F). But
remarkably all Response H cells with known morphometry have R va-
lues in the range 0.61-0.76 (except R = 0.34 for LnCap cells as an
outlier), indicating that their PTTRS operates at the margins of the
overlap region. For progressively lower values of this ratio the switch
from low to high hyperoxidation becomes increasingly ultrasensitive
and then hysteretic. Importantly, the maximum fraction of Prx in Prx-SS
form and the maximum fractions of oxidized Trx attained at the switch
get progressively lower.

For cells predicted to show Response H, Prx-SO, becomes the
dominant Prx form at

, . [ kcond -
‘)sp‘llp = min| Vi, kcona Prer, \/ o ke rkox Prr, Ve _ss |»
kesuie (12)
which in most cells corresponds to
vsﬁ'p ~ VIR, (13)

R is higher than 1 when ViZ2 or Trx; are too low to cope with the
maximum Prx-SS production rate. When the low V2 is the culprit,
Response D ensues, as discussed above. In turn, when Vi is high en-
ough but Trx is not, Prx can accumulate as Prx-SS without substantial
Trx oxidation over a range of vy, (Region DTAU). This will happen in
virtually all nucleated human cells in our set if only 3% of the Trx
estimated from the proteomic datasets is available to reduce Prx-SS, as
estimated above for HEK293 cells (SF19,20).

More precise conditions for occurrence of this behavior can be de-
rived by rearranging the boundary conditions for region DTAU in ST2:

VAI:‘[PP
Vi, =M% Ty |,
Ky ®
Vi—ss < min( [min (Kate, Ko Prey) KCondksexPraor. | Kcond e by Vi? |
\ ksul Sulf (14)

which for the kinetic parameters and protein concentration ranges in
the human cell lines in this study simplifies to
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Vin_ss < min(Vi_ss, Viith). (15)

Under these conditions, Prx-SO,” becomes the dominant Prx at
[compare to (5)]

/ k 1
Y CondkerkAlt

V. B
kSulf kRed Trxr

sup "~

(16)

reflecting the fact that the Prx reduction turnover is then determined by
Trx availability. In turn, Prx-SS becomes the dominant form at

a4

— h'
vsup 54 VPrx—SS < vsup' (17)
d hod R
As R approaches 1, v, , Vs » Vip and vy, converge at
h +
vsup 5 VPrx—SS! (18)

which is the minimum value of vy, at which Prx-SO,™ can become the
dominant Prx form (Fig. 2C).

4.7. Enzyme activities in the PTTRS are correlated over cell lines

Is the similarity of the responses among human cell lines due to
similar concentrations of the PTTRS proteins in all cells, or to correla-
tions among the protein concentrations over cells? The following two
observations support the latter possibility. First, Table 2 shows that
there is substantial compositional heterogeneity among cell lines. For
instance, ks,x varies over a = 20-fold range over cells showing Response
H. Second, the values of kg, over these cells are very strongly correlated
with the kg threshold value,

. App (/- 2
ksur min (Vagey, Verx—ss)
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A statistical analysis reveals three prominent features of the or-
chestration among the parameters of the PTTRS over cells predicted to
show Response H. First, a positive correlation between Vi2 and kg
(Fig. 5B). Remarkably, Vi scales approximately as \/ks, over these
cell lines (Fig. 5B), suggesting that the relative concentrations of TrxR
and Srx are balanced in such way as to make the ratio between the
maximal Prx-SS production rate and the maximal Trx-SS reduction rate
approximately invariant over cell lines.

Second, a negative correlation between kg, and Prxp (Fig. 5D). In
Region TTPU, where most cells operate in absence of stress, the con-
centration of Prx-SO5’ is inversely proportional to the product kg Proy
(ST2). Furthermore, the value of vy, at which Prx-SO, becomes the
dominant Prx form in Response H cells is approximately proportional to
Jksx Prxr . Therefore, the negative correlation between kg and Prxy
attenuates the heterogeneity of Prx-SO, concentration and hyperox-
idation resistance among cell lines.

Third, a strong negative correlation between VI(}Z,’; and Prxr (Fig. 5C).
This correlation may be just a consequence of the previous ones, as it
lacks an obvious direct functional relevance.

Interestingly, Vial? correlates with Vi, _ss over Response H cells (05
= 0.65, p = 0.043), but Trxy and Vp,,_gs do not (o5 = 0.28, p = 0.42;
os = 0.018, p = 0.96, respectively). This is consistent with the esti-
mates from the data in Table 2 indicating that Prx-SS reduction is rate
limited by TrxR activity and not by Trx1 availability in most human
cells. It is also consistent with the notions that Prx-SS reduction is the
process with the greatest capacity to drive Trx1 oxidation (SI3.2.7) and
that Trx1 is not strongly sequestered in most cells.

Finally, Fig. 5 also highlights that Response D cells in our dataset
have Srx and Prx concentrations in the range of the other cells but have

k& = . .

Srx Kcond Kas Pror (19) disproportionally low TrxR.
for occurrence of the overlap (Fig. 5A).

p Fig. 5. Correlations between parameters over cell
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4.8. The PTTRS in yeast has distinct properties

Does the dynamics of the PTTRS in other eukaryotic organisms
differ from that in human cells? In order to address this question we
estimated the parameters for S. cerevisiae (SI3.4). The design space
analysis (Fig. 3L) and numerical simulations of Model 1 (Fig. 4L) based
on these parameters predict that the responses of the PTTRS in the yeast
depart from those described above for human cells in at least the fol-
lowing three aspects. First, Prx-SO™ concentrations are =7-fold higher
than those of Prx-SS over all the range of vy,,, whereas in human cells
Prx-SO™ concentrations are roughly similar to those of Prx-SS. Second, at
intermediate values of vy, Prx accumulates mainly as Prx-SO’, and this
remains the dominant Prx species over a wide range of vy, values.
Third, the concentration of Prx-SO," increases more gradually with vy,
than in human cells.

Table 2 shows many differences in protein composition and kinetic
parameters between yeast and human cells. Which of these determine
the differences between the behavior of the PTTRS in the yeast and in
human cells? The high Prx-SO"/Prx-SS ratio in the yeast is explained as
follows. The results in ST1 show that in all the phenotypic regions that
can be attained in cells with high TrxR activity (i.e., the *T*U regions)
the ratio between the concentrations of Prx-SO™ and Prx-SS is approxi-
mated by kreq Tr¥r/kcond- The about one order of magnitude lower cy-
toplasmic Trx concentration in the yeast is compensated by a = 6-fold
higher kgeq (SI3.4.3), yielding a similar value of kpeq Trxr. However, the
value of kcong is > 10-fold lower for yeast's Tsal than for human PrxI,
explaining the higher ratio.

In turn, the following conditions for Prx-SO™ to become the domi-
nant Prx species over a range of vy, can be derived from the results in
ST2 for region STAU:

TDCT )
Ky

Both yeast and human cells fulfill the condition kgyfPry < kaj.
However, only yeast cells fulfill the condition kconqPryr < :ssszA“' This
is due to a combination of factors: (a) both kconq and Prx; are lower in
the yeast; (b) although both kg and kay; are also lower in the yeast, kg
is much lower than in the human cells, makmg kAlt higher in the
yeast. Therefore this behavior can be ascribed to the much higher sta-
bility of Tsal's sulfenate relative to Prx-SO’, and to the low Tsal + Tsa2
concentration in the yeast.

The more gradual increase in Trx hyperoxidation in the yeast is
explained by the following considerations. In the intermediate region
STAU the concentration of Prx-SO is practically constant with vy, as
most of the Prx was accumulated in this form. In turn, the concentration
of H,0, increases linearly with vy,,. As a consequence, the rate of hy-
peroxidation increases linearly with vy, rather than quadratically as in
region TTPU.

k,

Srx k k
—Kkalt»
ksut ksut

A ksut Prop < kay

yApp VApp

kcona Pry < min(Vp_rx_SS, —koxPrxr, Vs,

(20)

5. Discussion
5.1. The PTTRS can respond to H,0» supply in multiple ways

The results provide an approximated but simple description of the
responses of the PTTRS in the cytoplasm of eukaryotic cells to physio-
logical H;0, supply rates (Vs ), and of how these responses depend on
protein concentration and kinetic parameters. The approximations were
thoroughly justified in the previous sections and in SI3, and are valid
for vg,, values that are insufficient to strongly deplete NADPH. For
simplicity the model neglected the strong cytoplasmic concentration
gradients of H,0,, Prx-SO™ and Prx-SS expected under low v, [13].
The concentrations discussed below are thus spatially-averaged cyto-
plasmic concentrations.

The analysis highlights the versatility of the PTTRS. For
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physiologically plausible parameters the PTTRS can exhibit eight qua-
litatively distinct types of steady states (“phenotypes”), corresponding
to distinct hierarchies among fluxes and concentrations of the various
Prx and Trx forms (Table 1, Fig. 2, ST1). Two of these phenotypes allow
the maintenance of Prx and Trx mostly in thiolate form and of strong
concentration gradients. The remaining six are stress phenotypes where
Prx is predominantly oxidized and gradients collapse.

The PTTRS can transition across 10 qualitatively distinct sequences
of phenotypes as vy, increases from very low to very high values, de-
fining as many distinct responses. In the process, the PTTRS has the
potential to generate, proportional, saturable, ultrasensitive, non-
monotonic, and even hysteretic behaviors. Cells may in principle take
advantage of this diversity of behaviors to achieve distinct modes of
regulation of downstream processes by H,O, supply rate signals.

We mapped systematically the relationships among kinetic para-
meters and protein concentrations that make each of these phenotypes
and responses emerge (ST2,3), and we derived simple approximations
for the main PTTRS response thresholds. These phenotypes and
thresholds usually depend on an interplay among multiple factors, as is
well illustrated by the sensitivity to hyperoxidation in vivo. As shown by
expressions (5) and (16) this property depends not only on the
Prx's intrinsic susceptibility of the Prx and on the Srx activity but also
on the activity of non-Prx H,O, sinks, on the Prx concentration and on
the Prx-SS reduction capacity of the cytoplasm. Proper interpretation of
the functional significance of gene expression, protein abundance or
metabolic changes must take this interplay into account, which is dif-
ficult to accomplish without the help of modeling approaches such as
illustrated here.

5.2. The quantitative model is consistent with experimental observations
and yields novel insights

In order to examine what of the potential behaviors discussed above
can be realized in real cells, we estimated the necessary protein con-
centrations and kinetic parameters for ten human cancer cell lines, one
non-cancer human cell line (HEK293), two differentiated human cell
types (hepatocytes and erythrocytes), and S. cerevisiae. These estimates
are based on quantitative proteomics data and published kinetic data.
They are also thoroughly documented in SI3 and summarized in Table 2
and ST6, which we hope will provide a useful reference for quantitative
redox biology.

With these data we first tested if simulations based on the para-
meterized models yielded results in agreement with available quanti-
tative experimental data for human erythrocytes, Jurkat T cells and
HEK293 cells. Computational predictions for the first two cell types
were in very good agreement with the experimental observations
(SF14,15) [1]. Of note, they fully capture the observations that whereas
treatment of 5 x 10° erythrocytes/mL with H,0, boluses up to 200 uM
caused PrxII to accumulate in disulfide form and little Prx hyperox-
idation, treatment of 10° Jurkat T cells/mL with 100 pM or 200 M
H,0, boluses caused extensive hyperoxidation [1].

In turn, the simulations for HEK293 cells agree qualitatively with
the observations in ref. [18], but predict much lower Prx-SS fractions
for the same extracellular H,O, concentrations. This discrepancy is
eliminated if only =3% (1.5 pM) of the Trx1 concentration estimated
from the proteomic dataset is available to reduce Prx-SS (SF10A). Be-
cause the Trx1 concentrations Table 2 are in the range determined by
other methods (see SI3.2.6) [61,62], the most likely explanation for the
discrepancy is the sequestration of Trx1 in the nucleus [63,64] and/or
in complexes with other proteins [65].

The following observations suggest that a larger fraction of Trx1 is
available for Prx-SS reduction in other cell lines. First, the small fraction
of PrxII oxidized to PrxII-SS in Jurkat T cells exposed to various H,O5
boluses in ref. [1] is not consistent with extensive Trx1 sequestration
(SF14). Second, the TrxR activity, and not the Trx1l concentration,
correlates with the maximum steady state rate of Prx-SS production
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over Response H cells, which suggests that in most cells the capacity for
Prx-SS reduction is limited by TrxR activity and not by Trx1 avail-
ability.

5.3. Threshold behavior of Prx hyperoxidation and cytoplasmic H,0, is
intrinsic to the PTTRS dynamics

Surprisingly, this simple model for HEK293 cells (with
Trxr = 1.5 uM) shows very good agreement with the experimental ob-
servations [19] of a threshold H,O, bolus beyond which Prx hyperox-
idation starts increasing, and intracellular H>O, increases more steeply
(SF10B,C). Because the model considers neither a buffering effect by
generic protein thiols nor saturable alternative H,O5 sinks, the observed
agreement strongly argues against inferring the occurrence of such
phenomena from the observed threshold behavior. Moreover, the bal-
ance of experimental evidence does not support the notion that generic
(non-redoxin) protein thiols can provide a significant buffering capacity
(see SI3.2.2.3). Instead, our results (SF11) indicate that the threshold
behavior described in ref. [19] is intrinsic to the dynamics of the
PTTRS. Concretely, the steeper increase in cytoplasmic H,O, con-
centration and hyperoxidation starts once the bolus becomes sufficient
to fully oxidize Prx to Prx-SS, thereby sharply decreasing the cyto-
plasmic H,0, clearance rate. The cytoplasmic H,O, concentration then
becomes sufficient to cause accumulation of Prx-SO,. Further sup-
porting this interpretation, simulations using Model 1 to analyze the
influence of the Trx concentration, TrxR activity, activity of alternative
H,0, sinks and Prx concentration on the threshold (SF12) agree with
the observations in ref. [19]. There is a close correspondence between
these thresholds and the vy, threshold marking the border of the TTPU
region in the design space, whose physiological significance we will
discuss in Section 5.5 below. Namely, they all reflect the saturation of
cells’ Prx-SS reduction capacity.

5.4. Human cell lines are predicted to show similar responses to H,0-
supply

Once applied to the quantitative estimates, the phenotypic map we
derived allowed to make quantitative predictions about the responses of
the PTTRS to H,0, supply and TrxR modulation and to classify distinct
cell types according to the predicted behavior of their PTTRS. This
analysis revealed several intriguing commonalities and differences,
which we discuss below.

When all the Trx1 is available to reduce Prx-SS in the cytoplasm, the
13 human cell types in our sample are predicted show just two major
types of responses to vy, despite the diversity of cell types (ST4), and
the variability in protein concentrations (ST6). Namely, in “Response
D” intermediate values of vy, lead to oxidation of both Prx and Trx to
disulfide forms, as well as to Trx-S™ depletion. In this response sub-
stantial hyperoxidation occurs only at very high vg,. In turn, in
“Response H” there is modest Trx-S™ depletion at any vy, and the
steady state fraction of Prx-SS only reaches high values at a very narrow
range of vg,,. In contrast, responses including an extensive accumula-
tion of Prx-SS or Prx-SO” without Trx-S” depletion over a wide range of
Vsup, OF an abrupt bi-stable switch between a low and a high hyperox-
idation state are possible (Fig. 2, ST3) but not predicted to occur in any
of the cells considered. (Jurkat T cells may show bistability over a tiny
Vsup Tange but this is strongly dependent on parameter uncertainties.)

Remarkably, all but one of the cell lines are predicted to exhibit
Response H, and the two differentiated human cell types are predicted
to exhibit Response D. The exception is the hepatoma HepG2 cell line.
The model parameterizations based on both independent proteomic
datasets for HepG2 [53,54] consistently lead to the prediction that
these cells exhibit the same type of response as hepatocytes: Response
D. This observation raises the question of whether cancer cell lines tend
to respond to vy, similarly to the differentiated cell types they derive
from, but unfortunately we are unaware of other data sets that would
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permit such a comparison for other cell types.

Our analysis revealed the underpinnings of the predicted similarities
and distinctions among the PTTRS responses of human cells. Response
D occurs in cells where the maximal Trx reduction rate is substantially
lower than the maximal Trx-SS production rate [Expression (4)]. Re-
sponse H occurs where the TrxR activity and/or the maximal Prx-SS
reduction slightly exceed the maximal Prx-SS production rate
[0.3 <R <1 in expression (11)].

In turn, when just =3% of the Trx1 is considered available to re-
duce Prx-SS, all nucleated human cells in our sample are predicted to
show Response PD (ST3), which differs from Response H in that Prx-SS
becomes the predominant Prx form over a wide range of vy, (SF19,20).
The threshold value of vy, at which the Prx-S™ pool collapses also de-
creases. While for Response D and for most cells showing Response H
this threshold occurs at vy, ~ Vﬁﬁﬁ < Vpx—ss [expressions (7) and (13)],
for Response PD it occurs at Vg, & Vpy_ss < VPP [expression (17)].

While the conditions above for occurrence of each type of response
are intuitive and nearly trivial when stated in terms of maximum steady
state fluxes, these fluxes have a more complex dependence on the ki-
netic parameters and protein concentrations. However, the design space
approach permitted deriving relatively simple approximations that can
be straightforwardly used to predict responses and threshold values.

5.5. Landmarks of the quantitative design space have a physiological
correspondence

Irrespective of the predicted Response type, under physiological,
non-stress conditions all human cells analyzed here operate far within
regions TTAU (erythrocytes) or TTPU (all others). As vy, increases, the
fraction of Prx in oxidized forms gradually increases. Then, as vy,
approaches 50-500 uM s}, corresponding to 5-50 uM extracellular
H50,, nucleated human cells transition into regions DTAU, DDAS or
HTAU, where Prx-SS or Prx-SO,” predominate (Fig. 3, Fig. 4, SF17,18).
This transition is accompanied by an ultrasensitive increase of the in-
tracellular H,O, concentration from the 1-10 nM to the uM range over
a relatively narrow range of vy, (Fig. 4, SF18). The sharp increase is
due to cellular H>O, sinks other than PrxI and PrxII being less active
towards H,O5 (PrxVI), much less abundant (GPx1) and/or not directly
accessible from the cytoplasm (Cat). The inability of these sinks to
maintain a strong transmembrane H,0O, gradient is experimentally
demonstrated by the observation that partial Cat inhibition has a sub-
stantial effect on the pseudo-first order rate constant (k) for the
consumption of extracellular H>O, boluses that are sufficient to ex-
tensively oxidize PrxI and PrxII [66,67]: otherwise H,O5 consumption
would be strongly limited by the membrane permeation step and vir-
tually insensitive to Cat inhibition (see SI3.2.1). It is also supported by
recent experiments in living zebra fish [59]. In turn, a strong trans-
membrane gradient when Prx-S™ is predominant is predicted by reac-
tion-diffusion models [13,68] and was experimentally estimated as
=~ 650 for HeLa cells [68].

Could the Prx-S’ collapse and ensuing sharp increase in cytoplasmic
H,0, associated to the transition from TTPU to the stress regions mark
the threshold for H,0, toxicity? Antunes & Cadenas [69] found that
steady state H,O, induces apoptosis of Jurkat T cells only above a
threshold extracellular concentration. Moreover, this threshold is very
sharp, such that doubling the H>O, concentration from the threshold
value causes the fraction of apoptosing cells to increase from control to
saturation values. The threshold is also dependent on exposure dura-
tion, suggesting that H,O, toxicity manifests only beyond a given do-
sage (concentration X time) threshold [69]. Huang & Sikes [68] re-
cently reported similar findings for HeLa cells with respect to
intracellularly produced H,0, and further elaborated this concept. In-
terestingly, the extracellular H,O, concentration where the TTPU—
HTAU transition in Jurkat T cells is expected (Fig. 3F, Fig. 4F) corre-
sponds approximately to the steady state concentration observed to
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cause apoptosis of 50% of these cells [69]. Furthermore, steady state
extracellular H,O, concentrations that are just enough to fully oxidize
PrxII to PrxII-SS, but not lower concentrations, cause apoptosis of
HEK239 cells [18]. According to our simulations of the PTTRS in these
cells (SF13), under these circumstances PrxI should also become fully
oxidized and intracellular H,O, should attain the uM range. Therefore,
these observations support the notion that the onset of H,0, toxicity is
associated to the collapse of the Prx-S™ pool. Accordingly, it should be
modulated by the TrxR activity in cells showing Responses H or D, or
Trx1 availability in cells where extensive Trx1 sequestration dictates
Response PD. These predictions are experimentally testable.

The considerations above question the assertion that perturbations
of the intracellular H,O, concentration in the order of 10 nM can in-
duce apoptosis. This assertion was based on a re-evaluation of the
transmembrane H,0, gradient to account for the activity of the cyto-
plasmic Prx [68]. This estimated =650-fold transmembrane gradient
applies where the H,0, supply rate to the cytoplasm is insufficient to
strongly oxidize Prx (i.e., well within region TTPU). However, apoptosis
seems to be induced only upon the collapse of the Prx-S” pool. Under
these conditions the transmembrane gradient should be no higher than
the =7-fold determined in ref. [70], and intracellular H,O, con-
centrations should then approach the uM range [69].

Could the changes in Prx and/or Trx redox state that occur as the
PTTRS transitions from region TTPU to the stress regions directly reg-
ulate apoptosis? Apoptosis induction by H,O, is mediated by activation
of apoptosis signal-regulating kinase 1 (ASK1). In the most consensual
redox regulation model, this protein is inhibited by non-covalent
binding of Trx1-S to its Trx1-binding domain, and released from in-
hibition by Trx1-S™ oxidation to Trx-SS [71]. However, the dissociation
constant for the complexes of Trx1-S™ and Trx1-SS with ASK1's Trx1-
binding domain — 0.3 = 0.1 uM [72] and 4 + 2 pM [73], respectively
— are both much lower than typical cytoplasmic Trx1 concentrations
(Table 2). Therefore, not even the full oxidation of Trx can dissociate
the inhibitory Trx1:ASK1 complex unless the dissociation from Trx1-SS
is coadjuvated by other factors. These might include destabilizing in-
teractions with other proteins (e.g. tumor necrosis factor receptor-as-
sociated factors 2 and 6), extensive Trx1 sequestration and/or oxidation
of ASK1's Cys residues [74]. The latter might be driven by the recently
characterized redox relay mediated by Prx1-SS [9]. It is thus tempting
to speculate that the PrxI-SS accumulation as cells cross from pheno-
typic region TTPU to DTAU, DDAS or HTAU might thereby trigger
apoptosis. However, ASK1 regulation is complex and still poorly un-
derstood [75], and none of the proposed models explains, for instance,
the iron dependence of H,0»-induced apoptosis [69].

Although if sustained over a long time a strong oxidation of the
Prx-S” pool may trigger cell death, temporary strong Prx oxidation does
occur in the normal physiology of higher organisms. The events asso-
ciated to zebra fish wounding illustrate this point: 2-5 uM extracellular
H,0, concentrations are attained within =30 nm of wound margins
during tens of minutes, which strongly oxidize the cells’ Prx-S™ pool
[59]. Studying the steady state response to H,O, supply rates beyond
region TTPU yields insight on cells’ responses to such temporary H,O»
surges. In all human cells examined in this work, sudden exposure
to vy, beyond the threshold initially causes a short-lived surge in
Prx-SO™ and then extensively oxidizes Prx-S™ to Prx-SS, dramatically
increasing the cytoplasmic H,O, concentration within seconds (SF21).
In Response H and Response D cells, but not in Response PD cells, Trx-S
is also rapidly and extensively oxidized. In turn, Prx-SO,™ accumulates
much slower. In Response H cells, Prx-SO5” may eventually accumulate
as the dominant Prx form thereby relieving the load on the Trx-S™ pool.
However, in other cells this would only happen at vy, beyond the
thresholds defined by expressions (5), (16), which cells are unlikely to
survive. Recovery of the Prx-S” pool from Prx-SS once the stimulus stops
can occur in seconds, but recovery from Prx-SO,™ can take hours.
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5.6. Dynamics of the PTTRS defines two distinct H,0 signaling regimes

The considerations above have important implications for redox
signaling in the cytoplasm of eukaryotic cells. The much higher activity
of PrxI and PrxII as H,O, reductants relative to the alternative H,O,
sinks determines the existence of two very distinct H,O, signaling re-
gimes with physiological relevance. For vy, below the cytoplasmic
capacity to reduce Prx-SS, cytoplasmic H,O, concentrations are de-
termined by the Prx-S™ pool. Under these conditions there are strong
H,0, concentration gradients both across the cell membrane and over
the cytoplasm [13,68]. And even though cytoplasmic H>O, concentra-
tions are much higher near H,0, supply sites than elsewhere, they are
far too low to directly oxidize thiolates other than those in the active
sites of peroxiredoxins and peroxidases in a signaling time frame even
there [13]. Therefore, in this regime Prx must act as primary H,0,
sensors, which then actuate regulatory targets through localized [13]
redox relays [9,10,76-78] or non-covalent binding/release of the oxi-
dized Prx forms [11]-H»O, chemotaxis by leukocytes far away from
wound borders may be an example of H,O, signaling in this regime
[591.

In turn, at vy, above the cytoplasmic capacity to reduce Prx-SS,
cytoplasmic H,O, concentrations are determined by the activities of
peroxiredoxin VI, GPx1 and Cat. These activities are, collectively, too
low to impose a significant H,O, gradient over the cytoplasm or even a
very large transmembrane gradient. Thus, H>O, concentrations are
expected to be in the uM range throughout the cytoplasm. However, as
per the previous section, cells are unlikely to survive such H>O, con-
centrations for more than a few tens of minutes, which constrains the
redox targets that can be directly actuated by H,O, even in this regime:
For 50% of a target's molecules to be oxidized within 1 h by 1 pM H»0,
the oxidation rate constant must exceed In(2)/(3600s x 10° M) =
193 M1 s, Indeed, several regulatory targets that are involved in
adaptation to oxidative stress and thus should be actuated in this re-
gime and not in the low-vg,, one, have H,O, reactivities in this range.
These include glyceraldehyde 3-phosphate dehydrogenase (GAPDH, k
= 500 M's [79,80]), Kelch-like ECH-associated protein 1 (KEAP1, k
= 140 M s? [81]), and a still unidentified target that regulates nu-
clear factor erythroid 2-related factor 2 (NRF2) protein synthesis (k =
1300 M 's™ [81]). Of these, the oxidative inhibition of GAPDH by H,0,
contributes for adaptation by redirecting the metabolic flux from gly-
colysis to the oxidative part of the pentose phosphate pathway flux,
thereby increasing NADPH regeneration [82]. The reactions with
KEAP1 and the NRF2 regulator induce multiple antioxidant defenses
whose promoters carry the antioxidant response element. On the other
hand, various protein tyrosine phosphatases that are rapidly inactivated
upon cells’ stimulation with mitogenic factors have substantially lower
rate constants for direct oxidation by H>O, [83,84]. Therefore, even in
this regime their inactivation requires other mechanisms (e.g. perox-
imonocarbonate-mediated [85,86]).

The analysis of a simpler reaction-diffusion model of H,O, signaling
also supports the notion of two distinct regimes [13], with the transi-
tion here occurring through the hysteretic switch to the high-hyper-
oxidation regime (as in Fig. 2C, bottom). This hysteretic switch is un-
likely to occur in the cells examined in the present work, except under
glutathione depletion (discussed below). However, this does not change
the remaining conclusions in ref. [13]. In particular, the estimated
times required to actuate redox targets by direct oxidation by H0,
remain pertinent. It has been argued [86] that by neglecting target
reduction ref. [13] overestimated the signaling response times. How-
ever, the analysis in ref. [86] refers to the time required for the target's
redox state to approach a new steady state, not to the time required to
oxidize a given fraction of the target's molecules as ref. [13] does.
Target reduction cannot shorten the latter time. And it only accelerates
the response time by decreasing the fraction of the target that is oxi-
dized at the new steady state — that is, fewer target molecules need to
be oxidized for approaching the new steady state. The experimental
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observations that most targets are substantially oxidized upon the sti-
muli indicate that reduction could accelerate the responses perhaps by
up to 3-fold, but not by orders of magnitude.

5.7. Is Response H an optimal trade-off between signaling and protection?

Why is Response H so prevalent among human cell lines? Could this
be explained by any functional advantages? A main distinguishing
feature of Response H over Responses D and PD is that at high vy,
Prx-SO,~ gradually accumulates, eventually replacing Prx-SS as the
dominant Prx form (SF21A). This behavior may have the following
advantages.

First, it may better protect nascent proteins in proliferating cells
against aggregation. The strong increase in cytoplasmic H,O, to uM
concentrations accompanying the collapse of the PTTRS’ redox capacity
should dramatically accelerate oxidative damage by Fenton-reaction-
derived hydroxyl radicals, lipid-peroxidation-derived electrophiles, etc.
Recently synthesized proteins that have not yet folded [87] and mis-
folded proteins [88] are particularly vulnerable to this damage and to
aggregation. Interestingly, hyperoxidation converts Prx to efficient
holdases [89-91], which protect damaged and misfolded proteins
against aggregation [92]. The following recent findings [93] support an
even more central role of Prx-SO,™ in protection against H,O»-induced
protein aggregation/inclusions. In S. cerevisiae, hyperoxidized Tsal re-
cruits Hsp70 chaperones to damaged or unfolded proteins, thereby
promoting their folding or destruction. Additionally, it recruits Hsp70/
Hspl04 to H,0O,-induced protein inclusions, promoting their dis-
aggregation. Something similar may happen in human cells. Accord-
ingly, PrxIl hyperoxidation protected HeLa cells from H,O,-induced
apoptosis, whereas hyperoxidation-resistant, peroxidase-competent
PrxII mutants were less protective [90]. Supporting a connection with
cell proliferation, PrxII hyperoxidation correlated with reversible H,O-
induced cell cycle arrest of C10 mouse lung epithelial cells [94].

Second, the higher hyperoxidation decreases Prx-SS production and
the ensuing load on the Trx-S” pool (compare SF21A to SF21G), which
has at least three advantages. (A) Leaving this pool available for other
protective processes such as the reduction of methionine sulfoxides
[95]. (B) Improving resistance to apoptosis by delaying ASK1 activa-
tion. (C) Decreasing the excretion of pro-inflammatory glutathionylated
PrxI-SS and PrxII-SS [96-98]. Excretion of these Prx forms is propor-
tional to the intracellular Prx-SS concentration [97], and it may signal
the imminent collapse of the cell's ability to sustain oxidative stress.

Also important, in cells lacking sufficient TrxR activity or Trx1 to
avoid Responses D and PD the Prx-S™ pool collapses at lower vy, than in
cells with higher TrxR and Trx concentrations and otherwise identical
protein concentrations and activities. Those cells may thus be less tol-
erant of H>O, supply.

The discussion in the previous paragraphs raises the question of why
shouldn’t cells carry more Trx1 and TrxR, as this might increase their
resistance to H,O,. Perhaps the physiological H,O, supply rates are
rarely high enough for the advantages of increased resistance to com-
pensate the costs of increased protein expression. But there may be two
other reasons. First, higher Trx1 and TrxR would cause bi-stability, such
that transient increases in vy, beyond vshup in Expression (18) could
then trigger the positive feedback causing near-complete Prx hyperox-
idation (Fig. 2C, bottom). This positive feedback is intensified, making
the switch more likely, if the GSH pool is depleted. This is both because
the decrease in H,O, clearance due to hyperoxidation then has a
stronger impact on H,O, concentrations and because Srx-catalyzed
Prx-SO,™ reduction is itself GSH-dependent. Recovery from the high-
hyperoxidation state can start only after vy, decreases below Vsﬁp and is
very slow, limited by the low Srx activity. Therefore, cells would be left
with a diminished H,O, clearance capacity for a long time, which
would eventually trigger apoptosis. Intriguingly, the Trx1 and TrxR
concentrations in almost all cell lines in our sample are just low enough
to avoid this run-away hyperoxidation, which suggests that precisely
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controlling the extent of hyperoxidation is critical for optimal anti-
oxidant protection.

The second reason to avoid very high Trx1 and TrxR concentrations
is that this would prevent the attainment of high Prx-SS and/or Trx-SS
concentrations, thereby disengaging redox relays mediated by these
species.

Altogether, the considerations above suggest that Response H em-
bodies an optimal trade-off between effective signal transduction and
effective antioxidant protection. Together with the prediction that both
differentiated human cell types in our sample show Response D they
also raise the question of whether Response H is associated to cell
proliferation and helps tumor cells survive.

The hypothesized functional advantages of Response H are experi-
mentally testable through genetic or pharmacological manipulation of
the PTTRS.

5.8. Strong correlations among protein concentrations over cell lines ensure
the maintenance of Response H

The predicted similarity among the responses of the PTTRS is not
simply due to a similar protein composition of the cell lines. Instead, it
is due to strong correlations among the concentrations of several pro-
teins over cell lines in such a manner as to keep the maximum rate of
Prx-SS production and the capacity for Prx-SS reduction approximately
balanced. A positive correlation between Vﬁgﬁ and k¢ (Fig. 5B), and
negative correlations between V{2 and Prx; (Fig. 5C) as well as be-
tween ksx and Prxy (Fig. 5D) are strong and statistically significant.
However, these three correlations are insufficient to explain the low
variability of R over these cell lines, as can be verified by replacing the
scalings described in Fig. 5B-D into Expression (11). The additional
dependencies among protein concentrations and activities that are re-
quired to explain the invariance are likely embedded in various other
correlations that border the significance threshold. Thus, larger cell
type samples and/or more precise determinations may reveal additional
aspects of the orchestration among the concentrations of the PTTRS’
proteins.

This orchestration should be at least in part the result of developmental
processes associated to cell differentiation and determining, for instance,
that mean Srx concentrations are > 100-fold higher in some human cell
types than in others. However, it likely also reflects faster (hours-scale)
regulatory mechanisms ensuring that each cell keeps a proper balance
among the PTTRS’ proteins despite substantial fluctuations (“noise”) of each
protein's concentration. Microscopy techniques allowing to follow the
abundances of, say, fluorescently labeled Srx and TrxR in single cells over
time may clarify this point in the near future.

Given the strong involvement of the PTTRS in cancer and vascular
processes [99-101], the characterization of these regulatory mechan-
isms may have important implications for human health. For instance,
therapies that interfere with these mechanisms thereby imbalancing the
PTTRS may be more effective against cancer than therapies modulating
the activity of any single PTTRS protein.

The orchestration discussed above also implies that the functional
consequences of up- or down-regulation of any single PTTRS protein
must be evaluated in light of likely compensatory regulation of the
other proteins. Quantifying multiple selected proteins will thus be im-
portant for understanding potential disturbances of the PTTRS in dis-
ease. However, even these multiplexed approaches may yield little in-
sight in lack of a proper theoretical framework to help interpret the
results.

5.8.1. Yeast show a distinct response to H,O» supply

The strong similarities in the response of the PTTRS across human
cell lines prompted to question if the PTTRS from phylogenetically
distant eukaryotes shows similar responses. This turns out not to be the
case. S. cerevisiae was predicted to exhibit a distinct response to H;O,
supply: its main Prx (Tsalp) accumulates predominantly as Prx-SO
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over a wide range of intermediate vy, (Fig. 3L, Fig. 4L). Furthermore,
over all values of vy, Prx-SO” concentrations are = 7-fold higher than
those of Prx-SS, whereas in human cells they are similar or lower than
those of Prx-SS. That is mainly a consequence of the low
kcong = 0.58 s~! estimated for Tsal (SI13.4.3) from the data in ref. [102].
The low kconq and consequent high Prx-SO™ concentrations might make
the yeast very sensitive to hyperoxidation. But remarkably the same
data indicate that Tsal's sulfenate group is exceptionally stable, with a
ksut = 7. M1s7! (SI3.4.3), as compared to 1.2 x 10* M~'s™! for human
PrxII and PrxIII [103] and estimated 1.3 x 103 M~1s~! for PrxI (SI3.2.3).
Consequently, the yeast is predicted (Fig. 4L) to be more resistant to Prx
hyperoxidation than most human cell lines, which is indeed experi-
mentally observed [91].

How these “special” properties of Tsal relate to its recently char-
acterized [93] roles in proteostasis and aging is an interesting matter for
future research.

6. Concluding remarks

The relationship between the PTTRS’ responses to H,O, and its
proteins’ concentrations and properties is complex, but it can be ex-
pressed in terms of simple analytical approximations. The concentra-
tions-to-phenotype map presented here can guide the interpretation of
protein concentration or gene expression datasets as well as the design
of new redox biology experiments and therapies.

The analysis identifies the Prx-SS reduction capacity as a critical
factor separating two distinct H,O, signaling regimes in all nucleated
human cells. At H,O, supply rates below Prx-SS reduction capacity,
H,0, concentrations are very low throughout the cytoplasm and highly
localized. Signaling in this regime should thus be mediated by localized
Prx-mediated redox relays. In turn, at H,O, supply rates above Prx-SS
reduction capacity uM-range H,O, concentrations are attained uni-
formly throughout the cytoplasm. Signaling in this regime can occur
through direct oxidation of some targets by H,O,. But as cells are un-
likely to tolerate such high cytoplasmic H,O, for more than a few tens
of minutes this signaling mechanism is only effective for targets with a
H,0, reactivity > 10> M s,

Nearly all human cell lines analyzed here are predicted to show a
similar response to H>O, supply that may optimize a trade-off between
effective redox-relay signaling and effective antioxidant protection.
This response favors a gradual and moderate accumulation of hyper-
oxidized Prx after the H,O, supply exceeds the above-mentioned
threshold. It hinges on the Prx-SS reduction capacity exceeding the
maximal steady state Prx-SS production rate by a small margin that is
insufficient to trigger a positive feedback causing full Prx hyperoxida-
tion. This balance between maximal Prx-SS production and reduction
capacity is maintained through strong correlations between the con-
centrations of TrxR, Srx, and Prx over cell lines.

The Tsal-based PTTRS in S. cerevisiae is predicted to show a distinct
response to H>O, supply, largely by virtue of the exceptional stability of
Tsal-SO".

The phenotypic map can be gradually refined as the kinetic prop-
erties of further relevant redox interactions are determined, allowing to
better define the responses to high H,O, supply rates, the functional
complementarity between PrxI and PrxII, and the interactions between
the PTTRS and the Grx/GSH/GSSG reductase system.
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