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1. The systems design space methodology for characterizing the

phenotypic repertoire of biochemical circuits

1.1. Basic framework

The analysis of the dynamic properties of the PTTRS is based on the systems design
space methodology [1-6], with the modifications described below relative to the published
technique. These modifications aim to improve the handling of cycles and moiety conservation

relationships.

The model in Figure 1 translates into the following system of ordinary differential equations:

de_iOZ =Vgyp —Kait H205 — Koy Prx-8™ Hy0, —kgye Prx-S0™ H,0,

dP%-S = Kpeg TrX-S™ Prx-SS — ko, Prx-S™ H,0,

dPr+SO =Koy PrX-S™ H,0, + kg, PrX-S0; —kg ¢ Prx-50~ H,0, —Kcong Prx-50~
dPrz# =Kgys Prx-S0™ H,0, —Kg,, Prx-SO; (1)
dP;%SS =Kcong PrX-SO™ —Kgeg Trx-S™ Prx-SS

dTrX-S™ VP Trx-SS
dt Kp +Trx-SS
d Trx-SS V2P Trx-sS

———— =Kgeg TrX-S™ Prx-SS —
dt Ky +Trx-SS

—Kgeg TrX-S™ Prx-SS

In order to apply the system design space methodology we must recast this system to a
canonical form, called a Generalized Mass Action (GMA) system [7], such that each term in the

right hand side of the equations becomes a product of power laws. In the present case, this can
be straightforwardly accomplished by defining a new ancillary variable X =Ky, +Trx-SS.
Further, we note that
d Prx-S™ N d Prx-SO~ N d Prx-SO, N dPrx-SS
dt dt dt dt

_ d(Prx-S™ + Prx-SO™ + Prx-SO, +Prx-SS)
= o =

0

This shows that Prx-S™ + Prx-SO™ + Prx-SO, + Prx-SS =Prx; is a conserved quantity,

corresponding to the total concentration of peroxiredoxin. Likewise,
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dTrx-S™ N dTrx-SS  d(Trx-S™ +Trx-SS)
dt dt dt

=0, showing that Trx-S~

+Trx-SS =Trx; is also a

conserved quantity, corresponding to the total concentration of thioredoxin. We can simplify

the ordinary differential equations (ODE) system (1) by replacing two of the differential

equations by these conservation relationships. Upon recasting and simplification, the equations

are transformed to the equivalent form:

d I-;ioz = Vgup — Kar H20, —koy Prx-87 H,0, —kgys Prx-SO™ H,0,
d PI’)(;SO_ =Koy PrX-S™ H,0, + Ky, Prx-SO; — kg Prx-SO™ H,0,
d Prz;SOE =Kgyr Prx-507 H,0, — kg, Prx-50;

dP(rj%SS =Keong PrX-SO™ —Kgeg Trx-S™ Prx-SS

dTL+SS = Kreg TrX-5 Prx-SS —Vh? Trx-sS X

0=Ky +Trx-SS - X
0=Prx-S™ + Prx-SO~ + Prx-SO, + Prx-SS — Prx;
0=Trx-S™ +Trx-SS —Trx;

—Kgong Prx-SO~

(2)

Although not necessary for application of the system design space methodology, one can reduce

the dimensionality of the parameters space by scaling all parameters and variables. We used

the following scaling, which makes all variables and parameters dimensionless:

7 =Keong 1,
H,0, Prx-S™ Prx-SO~ Prx-SO, Prx-SS
=—=, X = , y = , W= =
Prx; Prx; Prx; Prx; Prx;
Trx-S™ Trx-SS X
r= , S= , U= (3)
Trxr Trx; Trxy
o= Kox P&t _ Kait _ Kwm _ Vsup _ Ksrx
Kcond Kcond Trxr Keona Py Kcond
_Trq _kpeg TXr Vit _ ksurr Prxy
I:)rXT kCond kCond PrxT kCond

Scaled variables X, y, W and Z represent the fractions of the peroxiredoxin pool in each

form, and scaled variables I' , S represent the fractions of the thioredoxin pool in each form.

Upon this scaling, equations (2) become:
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h

=¢—(axh+pgh+wyh)

dr
dy
d—=(axh+nW)—(y+wyh)
T
dw
——=yyh-nw
dr
LRV (4)
dr
ds -1
HU—=prz—osu
dr
O=(y+s)—-u
O=(x+y+w+2z)-1
0=(r+s)-1

The parameters space is thereby reduced from 11 (Vsup'kAIt'kOx'kCond’kSqu Kred + Ksrxr K s

v@;’;’, Prx;,Trx;) to 9 dimensions, of which one (corresponding to ) is immaterial for steady

state analysis.

The parentheses in equations (4) highlight that the right-hand parts of these equations are
differences between two positive-coefficient linear combinations of non-negative terms. Under
most conditions the value of each of these linear combinations is dominated by one of its terms.
Henceforth we will denote by dominant positive term and dominant negative term the dominant
terms in the positive and negative linear combinations (respectively) in an equation. For

instance, if a=20,x=0.9,h=0.05,7=0.001,w=0.01,y=0.05,»y =0.1, then axh is the

dominant positive term and Y is the dominant negative term for the second equation in (4).

We will denote by dominant subsystem any subsystem of (4) that retains only the dominant
terms of the whole system. For instance, in the case where the second consumption term for h
and all the first terms in all other linear combinations are the dominant ones we obtain the

dominant subsystem:
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(5)

e
Each system can generate S :HPiNi dominant subsystems, where € stands for the number
i=1

of equations, and P, N; stand for the number of positive and negative terms (respectively) in

equation i. For instance, the present system can generate S =(1x3)(2x2)(1x1)(1x1)(1x1)(2x1)
(4x1)(2x1) = 192 dominant subsystems.

Importantly, all dominant subsystems share a canonical nonlinear form such that the right-hand
side of the differential equations is a difference between products of power laws. Systems
exhibiting this canonical form are known as S systems [8-10] and have many desirable
mathematical properties [7]. Most relevant of these, closed form analytical steady state

solutions can be straightforwardly obtained upon a logarithmic transformation of all variables

and parameters. For dominant subsystem (5), defining a” = Log(a), we obtain:

a +X +h =y
w +y +h =n"+w
o ar 4z

* * * * * *
p +Ir +7 =0 +s —U

z*:u*
X =0
r'=0

which yields the solution:
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h'=¢ —p

X =0

Y =a +¢ -p

I=a +¢ -B -p (7)
W =2¢"+a +y 28 -n"

r'=0

S*za*+z*+¢*_ﬂ*_a*

Each dominant subsystem approximates the behavior of the system in the region where the
respective dominance conditions are valid. These conditions are the inequalities that define
where each dominant term is higher than every other one in the respective positive or negative
linear combination. For instance, the dominant subsystem (5) holds where the following set of

dominance conditions is valid:

ph>axhaph>yyha
axh>npwAay>wyyha

Z>SA (8)
X>YAXSWAX>ZA

r>s

The dominance conditions define a dominance region in the phase space, which depends on
parameters. A dominant subsystem may or may not be able to reach a steady state within its
dominance region. In order to define the region of the parameters space where a dominant
subsystem can attain a steady state within its dominance region, we replace its steady state
solution into the dominance conditions. Again, we can transform these nonlinear inequalities
to linear ones by applying the logarithmic transformation. The replaced inequalities thus

become:

(2,8*+77*)—(2¢*+a*+y/*)>0 (9)
B —a >0
B (v +¢")>0
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We will call these the boundary conditions for the dominant subsystem, and we will call the

dominant subsystem valid if its boundary conditions are feasible.

The boundary conditions for all the valid dominant subsystems pave the parameters space into
up to S discrete regions whose topology and geometry is determined by the system’s

interaction structure (design). We call this partitioned space the system design space.

Some dominant subsystems can be sub-determinate. This happens in systems where a fast
(quasi-equilibrium) subsystem establishes under some conditions. These cases require special
consideration, and can be handled in a more expedite way through the matrix formulation

presented below.

System (4) can be represented in matrix form as:

X=Tf, (10)

where X is the vector of time derivatives (possibly O for constant quantities), T isthe ExT,

with T the number of different terms, is term coefficients matrix, and T is the terms vector.

Here,
1 -1 -1 -1 0 0 0 0 00O O 0 O OO O]
01 0 -11 -1 0 O0O0OO0OO0OO0OO0ODO0ODOTO
0 0o 0 1. .10 0 O O0OO0OOO0OO0ODCODOTO
T 0o 0o 0o 0o 0 2120000 0O00O0O0TO0 , (11)
0 0 0 0 0O 0O1 1000 O0O00O0O0OTO
0o 0o 0 0O 0O0 0 011 -10000TP0
0o 0o 0 0 012 0 00OO0OTI1TT1110 1
o o0 0 0 0 0 0 0 01 0 O0O0O0 1 —1j
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axh
ph

wyh
nw

prz
osu~

P = N S X ©C u X

L i (12)

The upper left 5x8 submatrix of T is the reduced stoichiometric matrix of the system, and the
remaining rows account for the ancillary variable and for the conservation relationships. Term
coefficients matrices for dominant subsystems are obtained by selecting from each row in T

one positive and one negative element and setting all other elements to 0. We identify each
dominant subsystem by a signature in the form (Py,Ny, P2,Ny,..., Pe,N) where P; and N are

the indexes of the selected positive and negative elements in the i row of T . Thus,

T(1,3,2,6,4,5,6,7,7,8,9,11,12,16,15,16) =

10-10 0 0 O O OOTOOOOOG OO

010 0 0 -1 0 0 00 0O O0OO0OOOTO

0001 -10 0 O0O0OO0ODO0OTUO0OO0OO0OOSTO
/0060001 -10000O00O0CO0CTO (13)
|00 000 0O 1 -1000 0000 O

00 o000 O O O 1O0-100HO0O0TFP®O

00 o0 00 0 O OO0OO0ODOTI1O0OO0O0SA-1

06 0 0o 06 06 0 000 O0O0O0O0T1 -1

is the term coefficients matrix for the dominant subsystem (5). The rows of this matrix are
linearly independent, and therefore this dominant subsystem has a unique steady state solution
as seen above. However, this is not the case for, say, the dominant subsystem

(1,3,5,4,4,5,6,7,8,7,9,11, 12,16,15,16):
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T(1,3,5,4,4,5,6,7,8,7,9,11,12,16,15,16) =

10-10 00000000000 0]
000 -11000000O00000
000 1 100000000000
000 0 01-100000000 0} (14)
1000 0 00-1100000000
000 0 000O0O010-100000
000 0 000O0O00O0O0 11000 -1
000 0 000O00O0O0 00O 1 -1

Here, the second and third rows, corresponding to the differential equations for y and W, are

linearly dependent. This sub-determinate dominant subsystem thus does not permit the

simultaneous determination of both y and W, but yields instead an algebraic relationship

among these variables:

(15)

<|=
[

SHEES
>

This translates the fact that under the conditions where this dominant subsystem holds a quasi-
equilibrium establishes between Prx-SO~ and Prx-SO;” owing to rapid recycling between the
sulfinylation and the sulfiredoxin-catalyzed reduction of the sulfinic acid (physiologically
implausible but possible). Prx-SO" and Prx-SO, thus form an aggregated pool whose total
concentration moves in a slower time scale and is determined by subdominant processes in the
system. The subdominant terms that can potentially determine the concentration of the
aggregated pool are those that do not cancel out upon addition of the differential equations for

d(w+y)
dt

y and W, which expresses . That is, those terms corresponding to non-null elements

in the sum of the second and third rows of T . By replacing one of the linearly dependent rows

in Ti135.4,456,78791161610.16) PY this sum, one obtains a full-rank matrix:

T13.5,2),(4,6),45,6,7,8,7,91112,16,1516) =

10-100 0 0 O0O0O0UOUOOOGO0 O]

01 0 0 0 -1 0 000 O OOOOTUO

00 01 10 0 O0OO0OO0OO0OO0OO0OO0OO0OTPO
/0060001 -10000O0O0O0COCTO (16)
|00 000 0 -1100000000

00 0 0 0O 0O 0010 -100WO0DO0SF 20

00 0 00O 0O 00OO0OO0O 11000

00 0 00 0 0OOO0OOO0O0O0T1 -1
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corresponding to a fully determinate dominant subsystem. [In this notation, the indexes in
(cee)(ceeri),(on)), ) eXpress the selected subdominant terms. We will call a system generated in this

way by choosing a set of subdominant terms a subdominant subsystem.] Note that

T(13.(5,2),(4,6).4,5,67.8,79111216,1516) = 1(1,3.2,6,456,7,8,7,91112.16,1516)» and therefore the dominant
subsystem (1,3,5,4,4,5,6,7,8,7,9,11,12,16,15,16) has the same steady state as the dominant
subsystem (1,3,2,6,4,5,6,7,8,7,9,11,12,16,15,16). However, it holds in its own dominance

region:

ph>axhaph>yyha
nw>axhayyh>yna

Z>SA , (17)
X>YAXS>SWAX>ZA

r>s

with ensuing boundary conditions
ﬁ* _a* _¢* > 0
ﬁ*+p*_a*_¢* >0

28 +1n —a -y —24 >0. (18)
Zﬂ*_a*_l//*_¢*>0
1//*+¢*—,B* >0

,B*+a*—a*—¢*>0

For purposes of steady state analysis one may thus merge boundary conditions (9) and (18) into

a single region.

The present example illustrates a relatively straightforward case of sub-determined dominant
subsystem. However, there may be multiple quasi-equilibrium subsystems, the corresponding
slow aggregated variables may not be straightforwardly identifiable, subdominant systems may
have multiple subdominant subsystems, and some of the latter may be sub-determinate.
Therefore, a general algorithm is necessary that handles all these possibilities. This is presented

below.

1.2.  Finding all the quasi-equilibrium subsystems

As illustrated in the example above, the problem of finding these quasi-equilibrium
subsystems has similarities to that of finding moiety conservation relationships from the
stoichiometric matrix of a reaction system. One can thus apply algorithms that were developed

for the latter purpose [11] to find the D=E — rank(T(m)) slow aggregated variables in a sub-

10
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determinate dominant subsystem with term coefficients matrix T . In order to do this and

generate the term coefficients matrices for the subdominant subsystems we proceed as follows:

1. We first compute the left null space of T y, ie., the DxE matrix U such that
UT)=0 We thenapply to Ty the algorithm for finding all extreme semi-positive
conservation relations developed by Schuster and Hofer [11]. This algorithm returns a
FxE, (F <D +1) matrix V of non-negative elements whose rows are the generating
vectors of the convex polyhedral cone describing all the semi- l

positive conservation relations admissible by T y. If F>D or X,

all the rows of U are linearly dependent from those of vV we

select the first D rows from V, and call the resulting matrix B

X X
. If U rows from U cannot be expressed as a linear 3 i
combination of those of V one picks those U rows from U
and D-U rows from V to form B. The DxT matrix X,
Q=B.T carries the coefficients of the potentially
subdominant terms establishing the dynamics of each quasi- )'!'
5
!

equilibrium pool.
2. From each row of B we select the index of a positive

coordinate such that all selected indices are distinct: set Supplementary Figure 1
C={c.c,,....Cp}.
3. Then, foreach C; €C we replace row C; of Ty byrowi of Q.

This procedure can be illustrated by the example circuit in Supplementary Figure 1. The

dynamics can be expressed by the system of equations:

dt
ddth =Ky Xy X3 +ks X4 —Kg X5 —ky X, Xs

The steady state equations for this system can be expressed as T.f =0 term coefficients matrix:

11



11 -1 0 0 O O O OO0O0O O
0o -11 1 -1 0 0 0 OO0OO0OTO
208 T=(0 0 0 -1 1 -1 0 0 0 O0O0 O (20)
o 0 01 11 1 -100H00
0o 0o 0 0 0 00 O0 111 -1}
209  and terms vector
_ " _
kSXZ
k2X1X3
k5X4
Kk, X, X
210 f= KX, (21)
k7
k8x5
XZ
X3
X4
L X

211 Focusing on dominant subsystem (2,3,3,2,5,4,4,5,10,12), whose dominance region is defined by

212 R(2‘3’3’2‘5’4‘4’5‘10’12) = f2 > fl VAN f3 > f4 VAN f4 > f6 VAN f4 > f7 VAN flo > f9 VAN flO > fll VAN fz > f5 AN f5 > fs
213 wefind:
0 1 -1 0 0 00 0O0O0O0O O]
011 0 0 0O0O0OO0ODO0OO0OTUDO
214 T(2,3,3,2,5,4,4,5,10,12) = 0 0 0 —1 1 O 0 0 O 0 0 O (22)
0 0 0 1 1000O0O0O0OTFPO
00 0 0 0 00O0O0T10 -1

215  This matrix has rank deficiency D =2, and accordingly we find

216 B-OOllO 23
11100 0}’ (23)

217  identifying X; + X, and X, + X5 as slow aggregated variables. Matrix Q is then

(24)

s f00000O01-10000
11001 100 0 0000

12
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The third element in the first row and the first element in the second row of Q are non-zero.

the first row in the former matrices by the second row of the latter to obtain:

1 001-10020 000 0
0111 -10020 000 0

T=[0 0 00 0 01 -1000 0], (25)
0001 -111-1000 0
00000000 1 1 1 —1]

10 01 100 0 000 0]
01100000000 0
T'(233254451012=|0 0 0 0 0 01 -1 00 0 0 (26)
0001 -1000 000 O
0 000 0 00O0 010 -1

1.3. Handling multiple alternative subdominant terms

The first row of T';33254451012) contains two positive elements reflecting the

contributions of both reactions 1 and 4 to the aggregated pool X; + X5, and therefore there

are two subdominant subsystems: ((2,2),(3,5),3,2,(5,7),(4,8),4,5,10,12) and
((2,4),(3,5),3,2,(5,7),(4,8),4,5,10,12).

In general, each sub-determinate dominant subsystem (Py,M,..., Py, N, Pg,Ng) can generate
AxB subdominant subsystems: (P Ny, (Py s pil),(nk,njl),..., Pe.Ng), .
(pl,nl,...,(pk,piA),(nk,njB),...,pE,nE), where A and B are the numbers of potentially
subdominant production and consumption terms, respectively. Each of these subdominant
subsystems in  turn corresponds to a different dominant subsystem «—
(P My, Piy Ny e Pe.Ng),s o (P MY, Pin: Mg s Peg.Ng), respectively — which may be

valid or invalid. The dominance region of a subdominant subsystem

(P1: Mo (P P55 (M NG )sees PESNE) S the intersection between that for its originating

dominant subsystem (Py,M,..., Px, N, Pg,Ng) and the sub-dominance region defining where

the subdominant terms fo and fnj are higher than every other potentially subdominant
| m

f

term. More precisely, ty Py fpil b
! C

A=t . f. >t . f
KNjm N Knjg 'nj

>t .
k’p'c d

VeefL2,.. ANchde{L2,..B){m}- The boundary conditions for the subdominant subsystem

(Prs My, (P P, ). (g, njm),..., Pe,Ng) are obtained by replacing into the conditions defining its

13
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dominance region the steady state solution for the dominant subsystem

(P, Ny Py N e PESNE) -

Thus, the subdominance region for the subdominant subsystem ((2,4),(3,5),3,2,(5,7),(4,8),4,5,

10,12) in the present example is defined by f4 > fl, and its dominance region is defined by

R((2,4),(3,5),3,2,(5,7),(4,8),4,5,10,12) = R(2,3,3.2,5,4,45,10‘12) Afg> 1

1.4. Handling subdeterminate subdominant subsystems
Simple inspection of T'333254451012) shows that T((2.4).35)3.2,(5.7).(4:8)4,510,12) is

again  subdeterminate, with D=1. In general, the subdetermination of

can be dealt with by iterating the steps above — treating T' as

ifitwas T and T, asifitwas T, o — until no more

----- (Pk» Piy (NN iy Doeess PENE) - Pk N e PENE)

sub-determinate dominant subsystems are generated.

In the present example, applying the procedure in point 1 we find that in this case it is not
possible to express the slow aggregated variable as a positive linear combination of

concentrations. We have instead:

B=[1 0 0 -1 0], (27)

Identifying X;+ X, =X, as the new slow variable. [Note that the first row of

d(X; +X,)

T contains the term coefficients for .] Multiplying B
((2,4),(35),3,2,(5,7),(4,8),4,5,10,12) dt ] plying
by T' yields
Q=[1 0000 -1 -112000 0], (28)
which can replace the first row of T, 4y 35)3,2,(5,7),(4.8).4,51012) tO give
1 0 00 -1 -1 1 0 00 O0 O]
0 -1100 0 O0OO0OOOOTO
Tl((214)1(3,5),3,2,(5,7)(4,8),4,5,10’12) = 0 0 O 0 O 0 1 _1 O O 0 O . (29)
0O 001 -1 00 0 O0O0OOFTO
0 0 00 0 OO0 O O01O0 -1
There are now four sub-sub-dominant subsystems. Namely
((2I4l1)'(3I515)I3I2’(5I7I7)l(4I8I8)I4I5I10I12)I With

R((2,4,l),(3,5,5),3,2,(5,7,7),(4,8,8),4,5,10,12) = R((2,4),(3,5),3,2,(5,7),(4,8),4,5,1(),12) A fl > f7 A f6 > f5l

14
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((2'4I1)'(315I6)I3121(517'7)[(41818)'4I5'10'12)1 With

R(2,41).(35.6).3,2.(5.7,7).(4:88).4,51012) = R(2.4),(35).3.2,(5.7).(4.8).451012) A fr > 7 A f5 > fg,

((2,4,7),(3,5,5),3,2,(5,7,7),(4,8,8),4,5,10,12), with
R(2.47).(35.5)3.2.5.7.7).(4.88).451012) = R((2.4),(35)3.2.5.7).(4.8)451012) A T7> fy A fg > 5, and
((2,4,7),(3,5,6),3,2,(5,7,7),(4,8,8),4,5,10,12), with

R((2,4,7),(3,5,6),3,2,(5,7,7),(4,8,8),4,5,10,12) = I:2((2,4),(3,5),3,2,(5,7),(4,8),4,5,10,12) A f7 > fl A f5 > fG :

All these subsystems are fully determinate, but only subsystem
((2,4,1),(3,5,6),3,2,(5,7,7),(4,8,8),4,5,10,12) has a steady state solution within its boundaries.

Namely,

Xy =k —ky +kg —Kj +ks —kg —ky +kg — Xg

Xy =k; —kjy +ke —kg —k; +kg

X3 =Xg (30)
X, =k —kg
Xz =k; —kg

with boundaries

k, —k; >0A

ke —kg >0 A

ks —k; —ky +kg >0n (31)
—k; +kg + Xg >0

—k; +ky —ke +kg +ky —kg +Xg >0.
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2. Design space analysis of the PTTRS model

2.1. Characterization of phenotypic regions and determination of region
borders
The approach described in Section 1 yields the 13 valid dominant subsystems whose
steady state properties and boundary conditions are listed in Supplementary Table 1 and
Supplementary Table 2, respectively. Not all of these are representative of the phenotypes of
real cells, though. To select the biologically plausible regions, one must consider the ranges of
kinetic parameters and protein concentrations found in real cells. We consider the following

three plausibility criteria cumulatively, which are justified in the main text.
First, reduction of sulfinylated form of peroxiredoxin is the least active process the system:

App App
Max VMax TrXT

Pr; " Prxy Ky

Ksrx <Min(Kay, Kox Prxr Ksuig PrXr Keong s Kreg THr
Second, the pseudo-first order-rate constant for Prx-S™ oxidation by H,0; strongly exceeds the
rate constant for Prx-SO” condensation:
kOx PrXT > kCond
Third, Prx sulfinylation is the slowest among all H,0,-consuming processes in the model:
Kguis PPy <min(Kpye , Koy Prxr )

The steady state properties of the eight regions that satisfy these plausibility conditions are
listed in Supplementary Table 1 in mathematical form in terms of unscaled variables and
parameters. The boundary conditions defining each region within the parameters space are

shown in Supplementary Table 2.
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298 Supplementary Table 1. Steady state concentrations for the biologically relevant phenotypic regions. Color code is as for Figure 2.

Region H20:> Prx-S Prx-SO Prx-SS Prx-SO» Trx-S Trx-SS
Keong Kepy PTX Ke V2 v v Ky V.
HTPU Colt(1d S:Ix T Sulf VSup sup sup PrxT TrX-|- MA ps:p
Sulf “sup KcondKoxKsrx PrXy Kcond Kred THXT VMax

299
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300 Supplementary Table 2. Boundary conditions for the biologically relevant phenotypic regions.

Region Boundary conditions

HTPU K att Keorg Kepy PTX
max(kSrX Prx;, \/ Al COEd ST < vy <
Sulf

R kC dkO I(S A Vl\’/?pp
<min| Keong Py, %PrxT,kRedPrxTTrxT,VMgf, Kax Trx;
Sulf M
TTPU fk Koy K KeongK
kCond PI’XT, ConE Ox™Srx PFXT, Clc()nd Ox PI‘XT,
Sulf Sulf

Vgup < Min v ADp AKaje < Koy Prxy
App Y Max
Kred PPXTTrXT,Viviax » " Trxy
M

STAU

K K
VP > Keong P max| L, —Mo | A Trxg > —C00d 1 Ky > kg Prxe A
Trxr Red

k K apcK
A Kcond max(ki't, Py [< Vg, < %
Ox Sulf

HTAU Vsup > M max 1, \/m’ kCond , kCOﬂd PrXT ’ kCOﬂd PrXT KM R
Ksuif KoxKsrx  KredTIXr  VpoP VP Trxe

KaitKcongKsrx P Kaitk Kaitk
Alt™Cond “Srx T Alt™Cond Alt™Cond
/\( \/ <Vgyp < V Vgyp > Max Ky PTX

kSulf kSulf Sulf
TTAU k k k
kCond I:’rXT ' kC_ond kAIt ' W ker IDFXT '
Kait . Sulf N Ksur
Vgyp <T—— ——min A AKage > Koy Prxy
Kox Pry App M:Ef
Kred Pr%r TrXr ,Viay - Trxy
Kwm
DTAU k K ar Keonq K
Kgeq TrX7 Max (L" ,Prx; J < Vgyp < Acond S
Ox kRed kSqu TrXT
k _ K VPP
AV > Keg Kpg PP AT < —<209 mijn| 1, AL __“Max
Red Ksuir Pt Keong PXr
A
DDAU VM{E)E) TrxT max (11 kAlt J<Vsup < kAIt kCond kirx KM PI’XT A
Kwm Kox Prxr Ksuit Ve Tr¥r

ATrxr <Ky min| 1, KaitKcond  Kcond PTXT  Kreg PrXeTrx
T M 1 App VAPP , v o

kSquVMax Max Max

DDAS

k Kapk ke, Prx
V’ﬁgf max| 1, Alt <V < Alt"Cond "Srx T A
Koy PrX k. \/.App
(0)'¢ T Sulf Max
\/ App ; kAltkC0nd K p Ko PrYX-T T K
A\ Max <min|f ———, Cond I’X—l—, Red I’XT I’XT AN I‘XT > M
Sulf
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2.2. Inventory of the qualitatively distinct arrangements of phenotypic

regions and responses

The qualitatively distinct arrangements (relative positions) of the phenotypic regions in
the various slices of the (Vsup,V,\ﬁ‘gf) plane [or similarly, in the (¢*,0'*) plane, in logarithmic
scaled coordinates, as per Section 1] determines a set of qualitatively different responses to Vsup

and to TrxR inhibition. In what follows we are only interested in generic arrangements; that is in
those that do not hold just for a specific pointwise condition. In order to enumerate all the

qualitatively distinct arrangements we proceeded as follows. These relative positions are

A

N HTPU

[ TTPU

[[]sTau

[CJHTAU

[JTTAu

[JoTAu
[ Jopau

[ opas

log(Viiah)

log(ViaR)

log(Vsup) 10g(Vsup)

log(ViA2%)

log(Viia®)

all

|°9(Vsnp) |°9(Vsup)

|°9(Vsup) |°9(Vsup)

Supplementary Figure 2. The generic qualitatively different arrangements of phenotypic regions for

slices in the (vsup,V,(j,gf:) plane. The gray dashed lines illustrate the ten generic qualitatively different

responses to Vg .
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determined by the set of relationships in Supplementary Table 2. More concretely, by the
relative values of the various sub-expressions entering the inequalities. Expressed in terms of
the logarithms of the scaled parameters introduced in Section 1, these inequalities can be

written as function of the following 9 quantities:

a*—ﬂ* a*—l//*+77* ,B*—l//*-‘r?]* (32)

p*,;(*,O,a*—ﬂ*,a*—l//*+77*,,b’*—l,u*+77*, > 5 5

There can be 9!= 362 880 distinct orderings of these quantities, (e.g., p*< y*<0<a*-f*<

*_R* * _gyyyrxan* * _gyyyxan*
atpr_aryrAn* BTy r4n”,

, each of which
2 2 2

<a*r—yrinF< fF-yF+p*<

corresponding to one subsector of the full-dimensional design space. However, only 1152 of
these orderings (subsectors) satisfy the plausibility constraints introduced in Section 2.1. Each
ordering is consistent with one and only one arrangement of the phenotypic regions in the

(¢*,o*) plane. After examining all the 1152 biologically plausible orderings, we find that only

the 12 arrangements shown in Supplementary Figure 2 are possible. Combining this analysis
with that of the properties that characterize each region (as per Supplementary Table 1 and

App

Table 1) these 12 arrangements can be grouped by similarity of the responses at high V- into

three major families (A, B, C) as follows. In family A (Supplementary Figure 2A), increasing Vsup

leads directly from a region where Prx-S is the dominant Prx form (TTPU or TTAU) to region
HTAU, where Prx-SO;" is the dominant Prx form. In turn, families B (Supplementary Figure 2B)

and C (Supplementary Figure 2C) are characterized by regions at intermediate v, where Prx

up
accumulates in Prx-SO™ or Prx-SS forms, respectively. Each of these families has four variants

(i~iv), characterized by the nature of the basal (i.e., low vsup) state and by TrxR saturation at

. . App
intermediate Vg, and low V.o

The necessary and sufficient conditions for each arrangement to hold are straightforwardly
derived as the reunion of all subsectors that are consistent with it (i.e., ORing all the consistent
ordering conditions). The conditions for the four arrangements that are represented in our

sample of cell types are presented in Figure 2.

One can recognize 10 qualitatively different generic responses to v, (Supplementary Figure 2,

Figure 2), defined by as many different region sequences. The conditions for occurrence of each

of these responses are shown in Supplementary Table 3.
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337 Supplementary Table 3. Generic qualitatively different responses of the PTTRS to v, and the conditions for their occurrence.

sup

Response* Sequence Condition
k K, Prx k K . Trx
A TTAU — HTAU X e <~ LA /M Ksry PP¥; < mm[kRedTrxT PrXy , VipoP V2P —Tj
KcondKsuit Kait Ksuif Kwm
kCond : I(Cond I(Ox App Vl\ﬁgf
P TTPU — (HTPU) > HTAU  MaX| Kgpy PrXy,, [———Kgp Kait PrXp | <min| Keong PrXy, [————Kgryx PrX , Kreg PTXr TrXs \Vigay » ——— T1X7
Ksuit Ksuit Kwm
Keo (P in| ke T Prx  KOxKsnc pry\aop y aon THET | Koy ke )P
AS TTAU — STAU — HTAU Cond "X < MIN| Kreq 1 0Xr 0T, = == F0XT 2 Viviax + Vivax e | K > max (Ko, ksuir ) Py
Sulf M
Koo P in| ke Trx Prxe , Satksnc \ aon Ao TXE )y p
PS TTPU — STAU — HTAU Cond P TXp <MIN| Kgeq | PX7 X, Vax ' YMax o | Ksulf PP <Kaye <Kox FIXy
Sulf M
AD TTAU Krea TrXr P in| KeongPréy ,~comd . [KoonaKox - pr v o TX | oy p
— DTAU — HTAU Red | X1 PPXp <min| Kegpg Prxy, Alt 1 Srx EIXT 5 Viviax + Viax A Kale > Kox PIXy
Ksur Ksuif Kwm
. K k Trx
PD TTPU — DTAU —> HTAU Krea T4 PP < Min| Koong PP, —2209 K a2 ko Kt PIXG Vil Vil T | A ke < Koy PPXT
Ksuif Ksuif Kwm
App KM H kCond I(Cond I(Ox
ADU TTAU — DDAU — HTAU Viax < Trx Min| Keong PrXy » Kreg THXT PIrXT . Kagt » " Kery PrXr | A Kage > Kox P ATy <Ky
T Sulf Sulf
App KM : I(Cond kCond
PDU TTPU — DDAU — HTAU Viax < o MiN| Keong Py Kreg TrXT Prxg . ” Kait » . Ker Kait PrXT | AKar <Koy Prxp ATy <Ky
T Sulf Sulf
. k k k
ADS TTAU — DDAS — HTAU VP < min {kCond Prxy , Kpeg TrX7 PrXy , kCO”d Kage / Clz”d OX Koy PIXT ] AKa > Ko PIXr AT > Ky,
Sulf Sulf
. k k
PDS TTPU — DDAS — HTAU VP < min {kCond Prx; , Kpeq THXy Py , kCO”d Kagt \/ cond o Ky Pry ]/\ Ko < kox Py AT > Ky,
Sulf Sulf

338  *Responses are named as follows: 1% character: basal (low Vg, ) state: A=TTAU, P =TTPU. 2" character: dominant Prx form in the intermediate Vgyp region

339 if one exists: S = Prx-SO", D = Prx-SS. 3™ character: TrxR saturation if Trx-SS is the dominant Trx form in the intermediate region: S = saturated, U = unsaturated.
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3. Parameter Estimations

3.1. Estimation of protein concentrations in human cells from proteomic
datasets

Where more reliable determinations were lacking, we estimated protein concentrations
in human cell lines based on the proteomic dataset from Geiger et al. [12] as reported in the

Proteomaps database (http://www.proteomaps.net/) [13]. Geiger et al. [12] report the

absolute protein abundance estimates for eleven human cell lines. The data for all these cell
types was obtained through the same methods in a single lab, and applying the most accurate
approach for proteome-scale absolute protein quantification. Furthermore, most proteins of
the PTTRS are very abundant and can thus be more precisely quantified than most other

proteins.

The estimates follow the method of Milo et al. [14]. They are based on the observation that
most mammalian cells have a mean protein density of 0.2 g/mL cell volume [15,16]. For
instance, Jurkat T cells contain 0.14 mg protein/10° cells [17], which translates into C,= 0.21

g/mL, considering a mean Jurkat T cell volume of 6.6+0.46x10** dm? [18]. Then, considering

that an average human protein contains 375 aminoacyl residues ( Laa below) [19], and a mean
molecular weight of 110 Da per aminoacid, and that only about .y =0.7 of the cell volume

is occupied by water [20] we obtain the following average concentration of total protein in a

human cell:

Ciop = 0.21(g/mL ) ~7.0mM (33)
0.7 x110 (Da) x 375 (aa)

Knowing the mass fraction ( @p,q , expressed as “size weighted abundance” in the Proteomaps

database) and its primary sequence length ( Laap,,;) one can then calculate its concentration
by applying the following formula:

Pprot Chot
— 7Prot ~tot 34
Prot Laap,o (34)

Laa

Wisniewski et al. [21] performed a quantitative proteomic analysis of human hepatocytes and
of HepG2 cells and expressed their results ( Cpot ) @as nmol/mg total protein. In order to refer
these concentrations to cell water volume we apply the following conversion:
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Cp 2 3 -9 -1
Crrot == Cprot =2.9%107(g dm™) x10~" (mol nmol™) x Cp; .
water

Many of the proteins of interest in this study are confined to the cytoplasm. Their cytoplasmic
concentration can be readily estimated by dividing Cpmt by the cytoplasm volume fraction,
foytoplasm - A few other proteins are distributed by other compartments as well, and in these
cases we assume that their concentration is identical in the various compartments. Therefore,
unless otherwise stated we estimate their cytoplasmic concentration by dividing Cprot by the

sum of the volumes of the compartments where the protein is present. Subcellular localizations

were obtained from the Uniprot database (http://www.uniprot.org/) [22], neglecting those that

were just electronically inferred and not confirmed experimentally. Compartment volume

fractions were estimated from the literature, or feyiopiasm = frucieus =0.5 was assumed when no

data was available (Supplementary Table 4).

Supplementary Table 4. Cell volume fractions of nucleus and cytoplasm for human cells.

Cell type fucleus feytoptasm Ref.
Jurkat T Acute T-Cell leukemia 0.6 0.3 [18] @
A549 Lung carcinoma 0.28 0.72 [23]
GaMG Glioblastoma 0.5 0.5 b
HEK293 Embryonic kidney cells 0.56 0.44 [24]
Hela Cervical carcinoma 0.18 0.78 [25]
HepG2 Hepatoma 0.25 0.63 [21] ¢
K562 Chronic myeloid leukemia 0.5 0.5 [26]°¢
LnCap Prostate carcinoma 0.44 0.56 [271f
MCF-7 Mammary carcinoma 0.53 0.47 [28]
RKO Colon carcinoma 0.5 0.5 b
U2-0S Osteosarcoma 0.5 0.5 [29]f
Hepatocyte 0.10 0.53 [21] #

9 Mitochondria account for 5% of cell volume.

b Assumed.

¢ Estimate based on relative protein masses in each compartment.

4 Mitochondria account for 12% of cell volume, as inferred from protein mass.

e Estimated by visual inspection of microscopy images.

f Estimated using 2D-area data to approximate the partition of the intracellular space in cytoplasm and nucleus.
9 Mitochondria and endoplasmic reticulum + Golgi account for 25% and 12% of cell volume, respectively, as inferred
from protein mass.
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3.2. Estimations for Jurkat T Cells

Jurkat T are arguably the nucleated human cells where the PTTRS has been most
thoroughly characterized. For this reason, we used them as a reference for the estimation of the
parameters for other nucleated human cell types. In the sections below we also discuss

information for these other cells, where available.

3.2.1. H202 Permeability

Cells’ permeability to H,0, can be determined from the experimentally observable
decay exponent of extracellular H,O, provided that the internal H.O, consumption activity is
either known or sufficient to outcompete the H,0; efflux and the morphometric parameters are
available (see eg. [30]). Based on the diagram in Supplementary Figure 3, the dynamics of

permeation can be described by the following model:

d H202 n I K S
e . (H20,,in —H20, 04t)
dt Vmedium (35)

dH,0p  KpS
= (H20; 0ut —H202in) —Kgink H202 i -

dt Vi

Here, N stands for the number of cells per

medium volume V, stands for the

medium » K

”ce!.’s Kp S p

|
medium

H,0, o0y <—X permeability constant, S and V;, stand for the

permeant surface area and cytoplasmic water

volume, and Kk

sink stands for the pseudo-first

Supplementary Figure 3. Model for cell permea-  order rate constant for H,0, consumption in the
tion by Hz0:.
4uo  cytoplasm. After a short time period in the order

KpS
of 1/[ksink +VL] , H,0, i, approaches a quasi-steady state
in

1+ ksink Vin .
KpS

H,0,, (1) =

Replacing this equation into equation (35) and integrating yields
H202,out (t) = H202,out (O)e_kce”st ’ (36)

with
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kcells = eels KpS (37)
. K,S
Vmedlum 1+ p
I(sink Vin

being the decay exponent. It follows from this equation that under experimental conditions
where cells retain sufficient cytoplasmic H.O, clearance activity to strongly outcompete the H,0;
. KpS . !
efflux (i.., Kgp > ——) the permeability per cell — Kp xS — and the pseudo-first order rate
in

constant for H,0; influx (K;,; ) can be straightforwardly computed from K5 :

%S = Vmedium k

Kp cells 1 (38)

cells
ko =—b— . 39
inf vV ( )

These conditions are met in experiments where H,0, concentrations in the medium are kept
low enough to avoid extensive oxidation of the Prx and other peroxidases, or where cells have
a high cytoplasmic catalase activity. A K, =100 s would warrant accurate determinations.
This is achieved if the Prx are no more than 70% oxidized or inhibited, or if cells contain abundant

cytoplasmic Cat activity. The latter is the case for human erythrocytes, which permitted

estimating &, =5.8x10° dms™* and Kins =11. st [31].

However, the following observations indicate that the conditions above are not met in most
determinations of Ks published so far [e.g. ,32—-35]. Determinations of K., for a variety of
cell lines strongly correlate with cells’ Cat activity [35], and inhibition of Cat with 3-aminotriazole

decreases the value of k by 1.2 to 4.6-fold, for determinations based on high H,O, doses per

cells
cell [34,35]. Should these values of ks be determined by the cells’ permeability they would

be virtually independent of the Cat activity.

Likewise, all the determinations of K., of HEK293 in ref. [33] were done under conditions
where Prxll (and presumably also Prxl) was mostly oxidized. Because in HEK293 cells, as in most
other human cells, Cat is confined within peroxisomes, it cannot effectively compete with the
H20; efflux. The value of Ky should thus reflect not the permeability of the cell membrane
but the activity of Cat (limited by permeation of the peroxisomal membrane) plus some residual

peroxidase activity.
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In lack of information about the value of kg, that applies under these conditions, the value of
Keelis can provide just lower bounds for the permeability and influx rate constant (k;, ). Such a
lower bound for ki; in HEK293 cells can be obtained based on the observation [33] that 1.5x10°

cells grown on 2.5 mL of medium consume H,0; with K —1.35x107 s, considering a

Veytoplasm =822 x 107" dm*[24] and a water content of 0.7 mL water/mL cell:

Vipedium 2.5x1073dm?

= 1.35x103s1=3.9s".
s (1.5%10° cells) x 0.7 x (8.22 x 10723 dm?®)

Kinf > rEY
Neells Twater cytoplasm

On the other hand, if the H,0; efflux cannot be neglected but K, is known, equation (37)

yields:

K,S = . (40)
P nceIIs 1

kceIIstedium ksinkVin

Under the assumption that at the high extracellular H,0, used K, is determined by the joint

activities of GPx and Cat, Antunes and Cadenas [30] determined the permeability of the Jurkat

T cell membrane as Kp=2><10_5dms'l. Considering a mean Jurkat T cell volume

V = 6.6x10"3 dm?, a surface area S =3.7+1.7x10® dm?, a cytoplasmic to cell volume fraction

feytoplasm = 0.3 [18] and a water content of 0.7 mL water/mL cell, one obtains a first order rate
constant for H,0, influx from the extracellular medium into the cytoplasm of:

Kp xS _ 2x107°(dms™) x3.7x107® (dm?)

o ——— =525t (41)
% feytoptasm > Veelr 0.7x0.3x6.6x1073(dm?)

k. —
inf f

water

The values of &, and Kj,; for HeLa and MCF-7 cells can also be estimated under the same

assumption about K, from data provided by references [36] and [37]. For Hela cells, replacing
\Y

'r‘]“edium Keenis = (0.50+0.017)mL/10%cells/min=(8.3+ 0.28) x10*2dm°cell ’s™ [36],
cells
Keink = Kapy + Kegr =86.57 (Sections 3.2.2.1 and 3.2.2.4) and

Vin = fuater *Veytoplasm =0.7x9.4x103dm?® =6.6x10 B dm® [25] into equations (40) and (39)

yields

KpS =97 x1072dm?3cell*s?,

kinf = 15 S-l.
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Considering a surface area S =3.7x1078dm? [25] one obtains x|, = 2.6x10*dms™.

Huang & Sikes [32] performed similar experiments for Hela cells, which through similar

calculations yield values in good agreement: x,S =5.1x10?dm3cell’s?, k. =9.957,
Kp =1.4x10"*dms™. We will thus consider the geometric mean k. =12.0s™ as reference for
these cells.

Vinedi .
For MCF-7 cells, from the values —mediumy  —(0.43+0.015)mL/10%cells/min=

cells
=(7.1£0.25)x10 2 dm3cell™s™ [37], kg =Kgpy +Kcar =14.5™ (Sections 3.2.2.1 and 3.2.2.4)
andVi, = fuuater XVytoptasm =0.7x1.0x1072dm* =7.3x107dm®, §=7.6x10"%dm? [28] we

obtain:

KpS =1.4x 107 dm3cells?,
kinf = 14 S_l,

K, =1.9 x10~*dms™,

As we are unaware of k; s estimations for any other human cells and the results above suggest

that this parameter does not vary widely among cell types, we assume a K, =10.S'1, the
geometric mean of the values for the four cell types discussed above, for all other human cells
in this work.
3.2.2. Alternative H202 sinks

The capacity of Jurkat T cells to clear cytoplasmic H,0, through processes other than
reduction by Prxl and Prxll is arguably the most uncertain parameter in the model. However,
despite all the uncertainties one can ascertain that at low oxidative loads their aggregated

contribution is much lower than the pseudo-first order rate constant for H,0, reduction by Prx:

Kery =4.x10" M50 % (1.2x107* + 4.6 x10°)M = 6.6 x10%s™ . (This calculation is based on the

Prxl and PrxIl concentrations estimated in Section 3.2.3.) At least five other processes that will

be discussed in the subsections below may contribute for H,O; clearance.

3.2.2.1. Reduction by glutathione peroxidase
At low to moderate H,0; supply rates the kinetics of glutathione peroxidase 1 (GPx1) is
well approximated by a simple mass action rate expression, as demonstrated by the following
considerations. GPx1 follows ping-pong kinetics with rate expression [38]
GPx1

Vepxt = W .
H,O, GSH
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This rate expression can be rearranged as

CPXL 35H x H,0,
@,
Vepx1 = ,
—LGSH +H,0,
@,

highlighting that the apparent Michaelis constant for H,0, is given by K,Gpp (H,0,)= %GSH.
2

Considering the value @, / ®@, = 5.6x10~° determined for human GPx1 [39] and 3 mM GSH, one

obtains K,Gpp(HZOZ) =17. uM.. Such a high intracellular H,O; concentration is unlikely to be

approached except under strong oxidative stress.

Antunes and Cadenas [30] determined the pseudo-first-order rate constant for this process in
Jurkat T cells as 4.1 s%. From the activity per cell determinations for Hela [36] and MCF-7 [37]
— 3.1840.45 mL/min/108 cells and 0.41+0.063 mL/min/108 cells, respectively — we estimate the
pseudo-first-order rate constants 80. s and 6.8 s, considering the respective cell volumes
9.4x101 dm?3 [25] and 1.1x10? dm3 [28], the cytoplasm volume fractions in Supplementary
Table 4 and a cell water volume fraction of 0.7. Huang & Sikes [32] made similar determinations
for Hela cells, which through similar calculations yield a pseudo-first order rate constant of
67.s. We will thus consider the geometric mean of these determinations — 73.s? — as

reference for this parameter in Hela cells.

3.2.2.2. Reduction by peroxiredoxin VI
Recent proteomic studies [12] point to a substantial concentration of the 1-Cys

peroxiredoxin PrxVI in Jurkat T cells. Using the estimation method described in Section 3.1 we

obtain:
k - -
BVl — Py Crarkat _6.4x107 x7.0x107°(M) _ 25..M
Laap,y 0.3 224
fcytoplasm Taa : ﬁ

Considering a rate constant for H,0; reduction of Kqy pr = 3x10° M™s™ [40], this translates

into a pseudo-first-order rate constant of kp, , =3.0x10° (M%) x 25.x107° (M) =75. s
when all the protein is in thiolate form.

Upon reaction with H,0; the active site thiolate is oxidized to a sulfenate whose reduction is
dependent on glutathionylation by GSH-loaded glutathione S-transferase m [41,42], which is also
abundant in Jurkat T cells [13]. At high H,0, concentrations the rate-limiting step in the catalytic

cycle is quite likely the reduction of the glutathionylated PrxVl molecule by another GSH
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molecule [41]. Therefore, the contribution of PrxVI for H,0, reduction will decrease when GSH

is depleted.

3.2.2.3. Reduction by other thiol proteins

Hansen et al. [43] showed that the concentration of oxidizable protein thiols in human
cell lines is in the order of 10 mM, which is comparable or higher than GSH concentrations.
However, the use of diamide as oxidizing agent in this study may have caused a substantial over-
estimation of the concentration of thiols that can potentially react with H,0,. This because
diamide can oxidize thiols to —RS*, which in turn readily react with other thiols.[44] In contrast,
H,0, can react at significant rates with thiolates but not with protonated thiols. Considering the
mean protonation state under physiological pH, protein thiols are expected to react with H,0,
at rate constants ~1 Ms? or lower, similar to GSH [k = 0.87 Ms? [45]]. Other than those in
the active centers of peroxidases and peroxiredoxins, few protein thiols characterized to date
have H,0, reactivities in excess of 200 M!s [46,47]. Accordingly, a study analyzing the profile
of thiol reactivities under more controlled conditions has shown that only a small fraction of the
protein thiols are very reactive [48]. Likewise, redox proteomic studies of various cell types and

organisms show few thiol proteins being oxidized in response to H,0, boluses [49-51].

The considerations above and the fact that Prx are both very reactive and very abundant suggest
that the overall contribution of protein thiols other than those in the active centers of
peroxidases and peroxiredoxins for H,0, clearance is modest. The following observations further
support this notion. First, other very abundant proteins are not very H,0O-reactive. Only 6
cytoplasmic proteins are more abundant than Prxl + Prxll in Jurkat T cells [13,52], and among
these, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) has been flagged as the most
prominent H,0; target in a redox proteomic study,[49] indicating that the few more abundant
proteins are less H,0,-reactive. Using the method described in Section 3.1 we estimate the
concentration of GAPDH as ~71 uM. This protein reacts with H,0, with a rate constant 500 M*s™*

[53,54]. Hence, the pseudo-first order rate constant for H,O, reduction by this protein is a

meager kgappy =0.036s™.

Second, only two cytoplasmic proteins other than peroxiredoxins and Trx were detected as
significantly reversibly oxidized in response to exposure of a HEK293T cell culture to a 50 pM
H,0, bolus for 5 min, in a redox proteomics study that was able to quantitatively assess the
redox state of 404 thiol proteins.[51] Those oxidized proteins were GAPDH and proteasome
subunit o type 1. Because the bolus was sufficient to extensively oxidize both Prxl and PrxIl,[51]

intracellular H,0, concentrations should have increased very substantially during the pulse.
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Third, although the redox-proteomic studies mentioned in the previous paragraph are biased
towards abundant proteins it is unlikely that the set of less abundant H,O,-reactive proteins
contributes significantly for H,O, clearance. Indeed, even generously considering a total of

10 mM H,0,-oxidizable thiols at a 500 M?s™* mean reactivity would amount to a pseudo-first
order rate constant kg =55+ for H,0, consumption, which is still less than other reductants

discussed in this section.

Nevertheless, a quantitative analysis based on a mathematical model for H,0, metabolism in

Jurkat T cells [55] suggested that these cells contain an abundant pool (1 mM) of quite reactive
(5x10° Ms™) protein thiols, amounting to a substantial kggy, =5x10% s 1. More recently, a
thorough analysis of the redox response of the 2-Cys peroxiredoxin Tpx1 from the fission yeast
Schizosaccharomyces pombe to high concentrations of ectopic H,0, also suggested the
existence of a large (¥13 mM) pool of moderately H,0,-reactive (5x10* M*s) protein thiols [56],
yielding kg = 7.57*. Nevertheless, none of these works identified the thiol proteins that might
be oxidized at such rates. And in both cases reactivities and pool sizes were estimated quite
indirectly by fitting complex kinetic models to experimentally determined time courses. Such
estimates are very sensitive to the considerable uncertainties in both data and models. For
instance, estimations in ref. [55] were based on experimental determinations of the redox
potential of GSH that did not account for subcellular distribution of GSSG, which is now known
to be concentrated in lysosomes and present at much lower concentrations in the cytoplasm
[57]. Inturn, in ref. [56] the observation of a bi-phasic response of Prx-SO, and intracellular H,0,
concentrations in HEK293 to H,0, boluses has been attributed to saturation of the peroxidases
and a buffering effect from abundant protein thiols. But as we shall see in the main text and in

Section 5 the same bi-phasic behavior is predicted by a model that neglects both these factors.

Finally, it should be noted that the pseudo-first order rate constants above represent upper
estimates of the contribution of the protein thiols for H,0, consumption, as they embody the
assumption that the respective oxidized forms are readily reduced. Otherwise, this thiol pool
will be progressively oxidized, and its contribution for eliminating H.O, under sustained load
(i.e., at steady state) vanishes. We therefore neglected the contribution of non-peroxidase

protein thiols for H,O, clearance at steady state.

3.2.2.4. Dismutation by catalase
In Jurkat T cells, as in most human cells, all catalase is contained within peroxisomes. As

consequence, the consumption of cytoplasmic H,O, by catalase is rate limited by the permeation
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of the peroxisomal membrane [30]. Taking this fact into account, Antunes and Cadenas [30]

estimated the contribution of catalase for the clearance of cytoplasmic H,0; as Kgy = 0.4 5™

From the activity per cell determinations for Hela [36] and MCF-7 [37] — 0.21+0.042
mL/min/10° cells and 0.42+0.061 mL/min/10° cells, respectively — we estimate the pseudo-first-
order rate constants 5.3 s*and 7.0 s}, considering the respective cell volumes 9.4x1013 dm?3 [25]
and 1.1x10*2 dm3 [28], the cytoplasm volume fractions in Supplementary Table 4 and a cell
water volume fraction of 0.7. Huang & Sikes [32] made similar determinations for Hela cells,
which through similar calculations yield a pseudo-first-order rate constant of 1.7 s™*. We will thus
consider the geometric mean of these determinations — 3.0s? — as reference for this

parameter in Hela cells.

3.2.2.5. Efflux
Because the plasma membrane is relatively permeable, part of the H,0, can leave the

cell. The rate constant for this process is ke =kips = 5.2 s as determined above.

Unlike all the other H,0, clearance processes discussed above, catalase and the efflux are
virtually non-saturable.[58,59] Therefore, at very high H,0, supply rates able to saturate all
other processes, cytoplasmic H,0, will nearly equilibrate with the extracellular environment,

because Kqgy > Keyt -

Altogether, the H,0; clearance capacity through processes other than reduction by the typical

2-Cys peroxiredoxins adds up to:

Kag =(4.1+75.+0.4+5.2)s 1 =855
at low oxidative loads, and to

kap =(0.40+5.2) st =565

under strong enough oxidative loads to deplete GSH.

3.2.3. Peroxiredoxin concentrations and rate constants
We consider Prx total concentration as the sum of the concentration of Prxl (Prdx1,
199aa, 22.11 kDa) and Prxll (Prxd2, 196aa, 21.892 kDa) the two main 2-cys cytoplasmic

peroxiredoxin.

Rhee et al. [60] determined the Prxl and Prxll contents in Jurkat T cells as Rpyy 1 = 2.7 pg/mg of

total soluble protein, and Rp, v = 1.0 ng/mg of soluble protein. Considering an average cell
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volume of 6.6x10* dm3 [18], an average protein content of 210 g/dm3 [14] and the molecular

weights of Prxl (22,110 Da) and Prxll (21,892 Da) we obtain, the following concentrations:

Jurk _
byl - Ciot "Ropar _ 21x10%(g/dm®) x 2.7><140 *(g Prxll/ig) _ 0.12mM
water % feytoptasm x MW 0.7x0.3x2.21x10%*(g/mol)
Bl — Cot ™ Rt _ 21x10°(g/dm*) x1.0x10"%(g Prxll/g) _ 46, M
fwater % Teytoptasm X MW 0.7 x0.3x 2.19x10*(g/mol)

The rate constants for the oxidation of PrxlI-S to PrxII-SO™ and of PrxII-SO" to PrxII-SO; ", as well

as the rate constant for conversion of PrxlII-SO" to PrxlI-SS, were experimentally determined as

Koy = (1.0+0.1)x10°Ms™? [61] or 1.2x10" M52 [62], kg =(1.2%0.2)x10°M™s™ [63,64],

Keong =1.7+0.3s[63] or 0.25+0.0157[65], respectively. The latter value for Kcong Was
determined based on the intrinsic Trp fluorescence method, which reflects the conformational
changes taking place over the Prxll redox cycle. One limitation of this method is that there is no
way to unequivocally attribute the observed slow component of the fluorescence variation to
the condensation step. This attribution is questioned by the observation that the low rate
constant inferred in ref. [65] leads to overestimation of the susceptibility of Prx2 to sulfinylation

relative to that observed in vitro [66]. For this reason, we adopted the value Kc,q =1.757[63]

in the PTTRS model.

The rate constant for PrxlI-SS reduction by human Trx1-S was determined as

Kpeq = (2.1£0.3)x10°M s [61].

For Prxl the following rate constants were experimentally determined:

kox = (3.8+£0.15)x10" M5, kgpng =9.0+0.25™ [67]. The 36-fold higher Koq value for Prxi
than for Prxll is in keeping with the lower sensitivity of the former to hyperoxidation [68,69]. We

estimated the value of kg by fitting the following kinetic model
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d H,0,
dt
dPrx-S™
dt
d Prx-SO~
dt
d Prx-SO,
dt
d Prx-SS

dt
d NADPH
dt

= kOX PI’X-S_ H202 - kSU|f PI’X-SO_ H202

=Kgeg TrX-S™ Prx-SS —kq, Prx-S~ H,0,

= kSqu PI’X-SO_ H202
=Kcong PrX-SO™ —Kgeq TrX-S™ Prx-SS

=—KReq TrX-S™ Prx-SS

to several independent NADPH consumption time series from coupled Prx1/Trx/TrxR assays.

200}
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[MADPH] (g
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0 20 40 60 a0 100 120 140
t(s)

Supplementary Figure 4. Fit to the time courses of
NADPH consumption reported in Figure 1A of ref. [70]
(top) and Figure 6A of ref. [68] (bottom). Dots,

sampled points; lines, best fit curves.

Namely, the first 150 s of the time
courses reported in Fig. 1A of ref. [70]
for 100 uM and 200 pM H,0,, after
subtracting the basal NADPH
consumption rate as computed from the
time course for [H,0;]= 0. And the first
110 s of the time course reported in
Figure 6A of ref. [68], after subtracting
the basal NADPH consumption rate as
computed from the late phase (t > 120s)

of the curve.

The parameters Ko, and Kgong were
fixed at the values indicated above,

whereas kg, and kg, were left as

adjustable parameters. The fits were
made using Mathematica™ v 11
NonlinearModelFit function with default

settings.

The best fit for the first dataset was obtained for Kgys =(1.61+0.026)x10°Ms? |

Kreg = (1.43£0.012) x10° M5t (Adjusted R?=0.99992, Supplementary Figure 4, top), whereas

the best fit for the second one was

for kg =(1.1+0.1)x10°Ms?,

Kreg = (1.11+0.010) x10° M s (Adjusted R%= 0.999999, Supplementary Figure 4, bottom).
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These values for kg, of Prxl are in close agreement, prompting us to adopt the compromise

value Kgy =13x10°M7s? in subsequent analyses. In turn, this value is one order of

magnitude lower than that determined for PrxIl, which indicates that the lower sensitivity of PrxI
to hyperoxidation [68,69] is due to both a faster condensation step and less favorable
sulfinylation. Thisisin contrast to Prxlll, whose increased sulfinylation sensitivity relative to PrxI|
is entirely due to a lower value of Kgy,q, the value of kg s being virtually identical to that for
Prxll [63].

The best-fit values for the kg.q of Prxl determined above are close to each other and comparable
to that reported for Prxll [61]. For this reason and because we could not determine the origin of
the Trx used in the experiments in refs. [68,70] we assumed that the value of Kgq for Prxlis the
same as for Prxll.

For simplicity, in the design space analysis we considered a single typical 2-Cys peroxiredoxin
with Koy =4.x10'Ms?, corresponding to the geometric mean of the values determined for

Prxl and PrxIl and Kgong» Kgye Values that are concentration-weighted averages of the values

for Prxl and PrxlI:

Keond = Tort X Kooy o X kol =0.72x9.05™ +0.28x0.6550 =6.7 s

Ksutt = Forat X K oy ke =0.72x1.3x10°M s +0.28x1.2x10*M s = 4.3x10°M s,

The value kcpg),(]g =0.655 is the geometric mean of those determined in refs. [63,65].

3.2.4. Peroxiredoxin glutathionylation

Both PrxI [71] and Prxll [72] can be glutathionylated and Grx1 and/or Srx [71,72] catalyze
their deglutathionylation. These findings raise the question of the overall importance of these

processes for the dynamics of the PTTRS, which we discuss below.

Peskin et al. [72] determined a rate constant Kg;; =500 M?s™ for Prxil-SO" glutathionylation
and found that deglutathionylation was fast in presence of Grx1+GSH, such that glutathionylated
PrxIl (PrxllI-SSG) could only be detected in erythrocytes from Grx1-knockout mice after a
peroxide challenge. In turn, although GSH was also able to reduce PrxlI-SS, this process is

relatively slow.[72]

The following considerations help evaluating the extent to which Prx-SO™ de/glutathionylation

contributes to inhibit hyperoxidation and for Prx’s catalytic redox cycle. Once a Prx-SO” forms,
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its fate is determined by a competition between sulfinylation, glutathionylation, and
condensation. At physiological H,0, and GSH concentrations both glutathionylation and
condensation are much faster than sulfinylation. But for glutathionylation to strongly inhibit
sulfinylation it must be faster than condensation, because otherwise it is the latter that will most
strongly compete with sulfinylation. In erythrocytes, where Prxll is by far the dominant Prx and

the GSH concentration is 3 mM, the pseudo-first order rate constant for glutathionylation is

1.5 s™. This is comparable to the Kgypg =1.7 s determined by the same group, and therefore

in erythrocytes PrxlI-SO™ de/glutathionylation can almost double the overall redox turnover of
Prxll and inhibit is hyperoxidation by up to =50%. (However, GSH may be depleted at the
oxidative loads where this inhibition might otherwise be most relevant.) Prx-SO" reduction by

GSH is thus relevant in erythrocytes, where Prxll is the dominant Prx.

In turn, the following observations indicate that de/glutathionylation plays only a minor role in
PrxI’s redox cycle and protection against hyperoxidation. Park et al. [71] determined PrxI-SSG
deglutathionylation rates of ~20 nM s™ with 22 pM PrxI-SSG and 1 pM Grx1 or Srx. This Grx1
and Srx concentration is similar to the cytoplasmic concentrations in the A549 and Hela cell lines
used by these authors, from which we can roughly infer a deglutathionylation pseudo-first order

rate constant (Kpegy) in the order of 10° s in these cells. In order to examine the
consequences of such a Kpgyy consider that the PrxI-SO° production rate s
Varyi-ss = Koy X PrxI-S™xH,0,. If glutathionylation is the dominant process consuming
PrxI-SO" then the rate of PrxI-SSG production will also approach Va,,ss , and the ratio between

the concentrations of PrxI-SSG and Prx-S™ at steady state will be approximately:

PrxI-SSG Koy
PrxI-S~ kDeglut

38x10'M7s?

H,0, = —~——— Hy0, =38x10'M™H,0,.
0"s

Therefore, Prxl would be strongly glutathionylated even at H,0; concentrations as low as
0.1 nM. Similar arguments apply with respect to Prx-SS glutathionylation. However, Park et al
(2009) needed to use an enrichment approach to detect PrxI-SSG even in cells exposed to 10 uM
H20,. This shows that glutathionylation/deglutathionylation cannot significantly contribute for
PrxI’s redox turnover or strongly inhibit Prx| sulfinylation. This low contribution may have the

following two explanations. First, because Kg,,q for PrxI-SO™ is substantially higher than for
PrxII-SO (Section 3.2.3) kg1 for Prxl ought to be comparably higher than that for PrxII-SO™ for

glutathionylation to have a comparable contribution for the redox turnover of the former Prx.
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Second, the estimated Kpggy is at least 100-fold lower than the pseudo-first order rate constant

for PrxI-SS reduction by a similar (1 uM) Trx1-S” concentration (>0.1 s as per Section 3.2.3).
Moreover, Grx1 and Srx together are over one order of magnitude less abundant in A549 and
Hela cells than Trx1 (Supplementary Table 6), and they are also substantially less abundant than

Trx1 in all other human cell lines examined in the present work.

As further evidence for a low contribution of GSH for the Prx redox turnover, even a strong GSH
depletion failed to increase the fraction of PrxII-SS in HeLa and A549 cells.[74] Because Prxl is
the main H,0; reductant in these cells (Supplementary Table 6), if GSH contributed substantially
its redox turnover its depletion would translate on a significant elevation of the cytoplasmic H,0,

concentration, resulting in increased Prxll dimerization.

Because in all these cell lines examined in this work Prxl is several-fold more abundant than Prxll,
the overall contribution of de/glutathionylation for the redox turnover and sulfinylation

inhibition can be neglected in the coarse-grained single-Prx model.

On the other hand, it also follows from the estimates above and from the estimated activities of
PrxVI and GPx1 (Section 3.2.2 and Supplementary Table 6) that Prxll should be the main driver

of GSH oxidation in all the examined human cells.

3.2.5. Sulfiredoxin concentration and activity

The reduction of Prx-SO, to Prx-SO™ requires ATP and a reductant and is catalyzed by
sulfiredoxin. The rate-limiting step in this process is the formation of a thiosulfinate intermediate
[75-78] (Srx-Prx) whose existence for the human enzyme has been confirmed [79]. The

733 resolution of this complex

1.20 generates an intramolecular
= 100 |o disulfide bond Srx-SS, that is
s .
. 0.80 then reduced by Trx1-SH in
g 0-60 y =-0.268In(x) + 1.6056 the case of the yeast [80] or
o C
2 040 R2 =0.9955 .

g o presumably GSH in the case
0 0.20
o of human Srx [81]. Human

0.00 )

0 50 100 150 200 250 300 Srx has a catalytic constant
t (min) of 3.0x103s? for PrxI-SO;,
Supplementary Figure 5. Fit of the time course of PrxiI-SOz and KM (ATP) = 30

reduction in A549 cells previously exposed to 250 uM H:0: from heref h
the immunoblot images for “Control RNA”,”a-PrxSO2” panel in HM.[82]  Therefore, the

Figure 8 from ref. [82]. enzyme is normally
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saturated with ATP. The Ky, (GSH) is unknown but presumed to be much lower than

physiological GSH concentrations. [81] The Michaelis constant for Prx-SO; also has not been
characterized, which prevents a detailed modeling of this process’ kinetics. On the other hand,
we were able to estimate a pseudo-first-order rate constant for PrxI-SO, reduction in A549 cells
previously exposed to 250 M H,0, from the immunoblot images for “Control RNA”,“a-PrxS0O,”
panel in Figure 8 from ref. [82]. Densitometry analysis of the image reveals a mono-exponential
decay of the concentration of PrxI-SO,, which is well fitted (R?=0.996) by a

k A549

Srx =4.45x1073s7! (Supplementary Figure 5). From the data in the Proteomaps database,

using the method described in Section 3.1, we estimated the concentration of Srx in A549 and

in Jurkat T cells as:

P39 Co 39.76x107 x7.0x102 (M)

Srx(A549) = =1.0 uM
X(A549) f Laag, 1,145 a
cytoplasm El : ﬁ
-6 -3
Srx(Jurkat)= 19-10 7'2:510 M) =0.13 uM.
0.28=—
375

Therefore, assuming that the pseudo-first-order rate constant is proportional to the
concentration of Srx in each cell, we obtained:

_ 0.13uM

= 445x103s1=58x10"%s? .
1.0 uM

Srx

The slower reduction of Prx-SO, in Hela than in A549 cells observed in ref. [83] is consistent
with the 11-fold lower Srx concentration in those cells as per the proteomic dataset (Section

3.5).

Although Prxll-SO; is known to be more rapidly reduced than PrxI-SO; in cells,[84] there is
insufficient information in the literature to determine Kg,, for the former Prx. However, because
Prxl is the predominant Prx in all the cell lines the assumption of similar kg, for both Prx does

not strongly affect the results.

3.2.6. Thioredoxin concentration
Trx1 is a predominantly cytoplasmic protein [22] that can also be found in the nucleus
[29,85]. Assuming a fully cytoplasmic localization, the cytoplasmic concentration of Trx1 (105aa)

estimated using the method described above is:
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Trxl= =36.uM .
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The quantitative proteomics data for the other nucleated human cells considered in this work
yield cytoplasmic concentrations in the range 17.-69. uM (Supplementary Table 6). These
values are in the range of determinations obtained by other methods (Supplementary Table 5),
including a recent one to determine redox-active Trx1 [86]. The widely held view that Trx1
concentrations in human cells are in the uM or sub-uM range may have been biased by early

determinations for erythrocytes, which are exceptionally Trx1-poor.

However, not all the Trx1 is necessarily available to reduce Prx-SS. Trx1 can covalently bind
numerous proteins [87], including very abundant actin [88]. Thioredoxin-interacting protein
(TXNIP), which inhibits Trx1’s redox cycling [89], is much less abundant than Trx1 in the
proteomic datasets under consideration, though. Trx1 also extensively translocates to the
nucleus under some stress conditions,[85,90] including exposure of cells to extracellular H,0;

[91].

Supplementary Table 5: Cytoplasmic thioredoxin concentrations estimated from non-proteomic
methods. Cytoplasmic concentrations were estimated from the values provided in the cited references by
assuming that the cytoplasm accounts for 50% of the cell volume (except erythrocytes, 100%), a protein
density of 0.2 g/mL cell volume [15,16] and a cell water content of 70% by volume. Although the methods
used do not discriminate between Trx1 and Trx2, the latter accounts for <6% of the total Trx contents in
cells, according to the quantitative proteomics determinations. Note the very good agreement between
the value for K562 cells in this table and that in Supplementary Table 6.

Cell type Concentration Method Ref.
(nM)
Peripheral blood 86. Fluorescein isothiocyanate-labeled insulin  [86]

mononuclear cells

Lymphocytes 53. Fluorescein isothiocyanate-labeled insulin  [86]
Ramos 21. Fluorescein isothiocyanate-labeled insulin ~ [86]
U937 1.1x10? Fluorescein isothiocyanate-labeled insulin  [86]
K562 22. Fluorescein isothiocyanate-labeled insulin  [86]
Fibroblasts 18. Immunochemical [92]
Erythrocytes 0.56 Immunochemical [93]

3.2.7. Thioredoxin oxidation
Besides the reduction of typical 2-Cys peroxiredoxins other processes also contribute
for Trxl oxidation. Prominent among these are the reduction of ribonucleotides to

deoxyribonucleotides catalyzed by ribonucleotide reductase, and the reduction of protein
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disulfides. The former process is essential for DNA replication. Replication of the 3.0x10° base
pairs of the human genome during the =12 h duration of S phase in a Jurkat T cell [94] implies
an average Trx1 oxidation rate of 2 uMs™. In turn, an upper estimate of the mean Trx1l
oxidation rate imposed by a massive oxidation of the protein thiols can be derived from the
following data. Hansen et al. [43] determined that 3.6 protein thiols (PSH) per 1000 aminoacyl
residues (aa) were oxidized to disulfides upon treatment of HEK293 cells with excess diamide.
Reduction of the protein disulfides was essentially complete 20 minutes after the treatment.
Considering that cells contain ~5x10° proteins/fL cell water [14], and an average human protein
contains 375 aa, the concentration of protein thiols oxidized to disulfides by this extreme
treatment can be roughly estimated as (5x10° proteins/107° L)x(375 aa/protein)x(3.6 PSH/1000
aa) / (6.0x10% PSH/mol) = 11. mM. Therefore, the mean rate of PSS reduction was (11. mM/2)
/ 1200 s = 4.6 uM s™. Values for Hela cells are in the same range [43]. However, only a small
fraction of the oxidized PSH reside in the cytoplasm [43]. These mean rates are much lower than
the Vmax(TrxR)= 180 uMs™, estimated in Section 3.2.8. Therefore, they are insufficient to sustain
a strong Trx1 oxidation, although peak rates may be much higher. In turn, the 166 uM Prx if fully

oxidized to Prx-SS can drive Trx1-S oxidation at a maximal rate of
2.1x10° (M) x1.7x10™# (M Prx-SS) x1.2x10° (M Trx-S") =0.43mMs™, and can thus in

principle cause the complete Trx1-S oxidation.

3.2.8. Thioredoxin reductase concentration and activity

Low et al. [95] determined the activity of Trx reductase in Jurkat T cells for 5-(3-Carboxy-
4-nitrophenyl)disulfanyl-2-nitrobenzoic acid (DTNB) as substrate as 1.63+0.35 nmol/10°
cells/min, at 37 °C, pH 7.4. We estimated [31] that the activity with human Trx1 as substrate is
1.3-fold higher. Therefore, considering a mean Jurkat T cell volume of 6.6x10** dm? and a

cytoplasmic fraction of 0.3 [18] one can estimate:

1.6x10~°(mol)

=0.18mMs .
0.3x6.6x107° (dm*) x 60 (s/min)

VMax,Ter =1.

This is the value we will use as reference in our modelling.
A partly independent estimate follows from the mass fraction of thioredoxin reductase (TxnRd1,
Laa=649) (@rwr = 4.04x107*) obtained from the proteomic dataset from Geiger et al. [12] and

as reported in the Proteomaps database [13]. Applying the method described in Section 3.1,

this corresponds to the following concentration:
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Considering the kg, =76.3s> estimated in ref. [31] this concentration yields
VMax TR =045 MM s, in reasonable agreement with the previous estimate.

TrxR follows a ping-pong catalytic mechanism [96,97] whose kinetics can be described by:

VMax,Ter

+ Kwm Tr®,NADPH + Kwm Tr® Trxss
NADPH TrxSS

V=

We Considered KM,TI’XR,TFXSS :18].1M [98] The |0W KM,TFXR,NADPH = 60 HM [99] Imp|IeS that

except under strong and prolonged oxidative stress NADPH concentrations can be considered
saturating. This should be especially true for tumor cell lines, which tend to over-express the
pentose phosphates pathway [100] and thus have a large capacity to reduce NADP* to NADPH.

Therefore, we assume that TrxR is saturated with NADPH and approximate its kinetics as

VMax,Ter TrxSS

TrxSS + Ky 1rxr Trxss

3.2.9. NADP* reduction capacity

The oxidative branch of the pentose phosphate pathway (oxPPP) is the main supplier of
reducing equivalents for NADP* reduction in the cytoplasm of most cells, with the oxidation of
methylene tetrahydrofolate to 10-formyl-tetrahydrofolate sometimes contributing significantly
(220%).[101] The flux over oxPPP is normally limited at the first step, catalyzed by by glucose
6-phosphate (G6P) dehydrogenase (G6PD). Ursini et al. [102] determined a G6PD activity of 0.23
umol NADPH / mg protein / min in untreated proliferating Jurkat T cells, which transiently
increased to 0.51 umol NADPH / mg protein / min within 6 h after cells were treated with a 200
UM H,0; bolus for 30 min. Similar results were found for HepG2 and Hep3B cells [102].
Considering a mean Jurkat T protein contents of 210 g dm™ (Section 3.1) and a cytoplasmic
fraction of 0.3 [18], and noting that each G6P molecule entering the oxidative branch of the PPP
permits the reduction of 2 NADP* molecules, one finds the following NADP* reduction capacity

of the oxPPP:

2.3x107*(mol g™ min™) x 2.1x10? (gdm®)
0.3x60s

=54mMs?

Vppp =2
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for untreated cells, and 12. mM s* for the treated ones. In turn, from the cytoplasmic G6PD
concentration estimated from the proteomic data in ref. [12] through the method described in
Section 3.1 (9.2 uM), one can estimate an upper limit for this rate by considering a 690 s*
catalytic constant for G6PD [103]. The value obtained, 13. mM s}, is in good agreement with the

rate above.

However, the activity of G6PD is in substantial excess of cells’ capacity to supply G6P [104].
Indeed, at physiological plasma glucose concentrations, in the absence of oxidative stress, Jurkat
T cells import glucose at a rate of just ~150 uM s™.[105] Under oxidative stress conditions cells
can not only direct most of the G6P through the oxPPP but also recycle intermediates from upper
glycolysis into the oxPPP.[106] Upon this metabolic reconfiguration, the oxPPP could reduce up
to 12 NADP* per G6P consumed, yielding a maximum ~1.8 mM s* NADPH production. This is a
theoretical upper limit corresponding to the full oxidation of glucose with a net expenditure of
1 ATP/glucose. As discussed in detail in refs. [104,107], the “excess” G6PD activity is
instrumental in avoiding NADPH depletion and ensuring a fast response to changes in the

demand for reducing equivalents.

In turn, actual NADPH consumption rates are much lower than the production capacities
discussed in the previous paragraph. The cytoplasmic consumption of NADPH in proliferating
HEK293T and other cell lines is ~8 uM s*.[101] Most (>80%) of this flux is devoted to
biosynthesis, and in cells that were growth arrested by exposure to a 150 uM H,0; bolus the
mean NADPH consumption over 5h actually decreases to ~5 uM s™.[101] (Though substantially

higher instantaneous fluxes may have been attained immediately after treatment.)

Altogether, these considerations indicate that cells have the means to avoid sustained strong
NADPH depletion under low to moderate oxidative stress. Indeed, Kuehne et al. [106] found that

exposure of fibroblasts to a 500 uM H,0; bolus caused just ~30% NADPH depletion.

3.3. Estimations for other human cells

The concentrations of the relevant proteins in the other cell lines considered in the
work, were computed through the mass fraction method described in Section 3.1, using the data
generated by Geiger et al. (2012) [12]. We have also used the dataset from Wisniewski et al. [21]

for human hepatocytes and HepG2 cells.

The condensation rate constants for the peroxiredoxin and the pseudo-first order rate constants
for Srx were estimated through the methods described for Jurkat T cells in Sections 3.2.1 and

3.2.4, respectively.
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The V. for TrxR was estimated from the concentration of this enzyme by considering the

catalytic constant k., = 76.3s7! estimated in ref. [31].

As discussed in Section 3.2.1, we were able to estimate k;,; for Jurkat T, HeLa, MCF-7 cells and

erythrocytes but are unaware of data that permit this estimation for any other human cells.

However, the estimates for these cells suggest that this parameter does not vary widely among
cell types. Therefore we assume K;; =10. s, the geometric mean of the values for the four cell

mentioned above, for all other human cells examined.

The sum of the contributions from PrxVIl, GPx1, catalase and efflux were used as an
approximation of the cytoplasm’s capacity to scavenge H,0, through processes other than

reduction by Prxl and PrxIl.

The contribution from PrxVI activity for all other cell lines was estimated as described in Section

3.2.2.2 for Jurkat T cells.

The GPx1 activities in Jurkat T, HelLa, MCF-7 cells and erythrocytes were obtained from the
literature (Section 3.2.2.1). For all the other human cells the GPx1 activity was assumed as
proportional to GPx1 protein mass as given in the Proteomaps database [13] for the dataset
from ref. [12] or from the dataset in ref. [21] and the same proportionality constant as for Jurkat

T cells. Therefore, drawing on the estimate in Section 3.2.2.1, and further assuming that the

total protein concentration is essentially invariant among cell types (i.e., CSHIYPe = clurkat) the

estimated value is given by:

kJurkat 4.1 -1
K Cell type _ BGPx Cell type _ 1S wCeII type o1 (42)

In all cell lines examined catalase is confined to peroxisomes. As a consequence, its action on
cytoplasmic H,0; is limited by the membrane permeation step. The peroxisomal-membrane-
limited Cat activities in Jurkat T, HeLa, MCF-7 cells and erythrocytes were obtained from the
literature (Section 3.2.2.4). For simplicity we assumed that all other cell lines show the same
proportionality between catalase abundance and effective pseudo-first-order rate constant for
consumption of cytoplasmic H,0, as Jurkat T cells. Therefore, drawing on the estimate in Section

3.2.2.4, and further assuming that the total protein concentration is essentially invariant among

cell types (i.e., CSWPe — cukat) the estimated value is given by:
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Cell type 0.4 S_l

kCeII type _ ¥Cat Jurkat _ Cell type S—l (43)
=——Koy = .
cat plurkat ca 246.98 ppm &

Although this is admittedly a rough estimate of kggt”type, its uncertainty is a minor concern

because kccgt” P€ typically has a minor contribution to Ky, -

3.4. Estimations for Saccharomyces cerevisiae

3.4.1. H202 Permeability

The permeability constant and pseudo-first order rate constant for permeation to/from
the cytoplasm were estimated from data in figure 1 of ref. [108], which shows the time course
of H,0, consumption by a yeast liquid culture with OD 0.5 (7x10°8 cells/ml). By fitting an

exponential decay to this data (Supplementary Figure 6) we first find the pseudo-first order rate

constant for the consumption of extracellular H;0: Kggs = (1.33+ 0.08)x 10~ s™*. From this

value and considering the average cell surface area for yeast as 133+9.5 um? [109] we then

obtain the permeability coefficient:

1.33x1073 (s1)

5 : — ~1.43x107° dms™?
7x10° (cells dm™) x1.33x107" (dm*)

Kperm =

Considering that the water volume fraction of S. cerevisiae cells is f,, =0.68 [110], that the

cell volume is 42 pm? [111] and that the volume ratio of cytoplasm to full cell is fe;opja5m =0.70

[112], we obtain the cytoplasmic water volume:

Vv

sytoplasm = | fater Vyeastcell =0.70%0.68x4.2x107* dm® =2.0x107* dm?®.

cytoplasm
From this we finally obtain the following pseudo-first order rate constant for permeation:

‘ 1.43x107°(dms™) x1.33x10"%(dm?)
nf 2.0x10"%(dm®)

=955,

which is similar to that for human cells.

3.4.2. Alternative H202 sinks

The cytoplasm of S. cerevisiae contains catalase T (CTT1) and alkyl hydroperoxide
reductase (Ahp1), an atypical 2-Cys peroxiredoxin. Furthermore, cytochrome c peroxidase (CcP)
in the mitochondrial intermembrane space may also contribute to clear cytoplasmic H,0, as the
latter is expected to freely cross the mitochondrial outer membrane. The contributions of these

enzymes for cytoplasmic H,O, clearance were estimated as follows.
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Supplementary Figure 6. Fit of the time course of H:0:
consumption in S. cerevisiae cells culture exposed to a 100 uM  negligible, the estimated
Hz0; bolus. Black dots, experimental data; broken line, best fit to
the function H202 = 100 exp(-Kconsumption t). Best fit parameter was
keonsumption= (1.33+0.08)x103 s. The fitting was done using the
function NonLinearModelFit in Mathematica 10.3.

concentration of CcP is:

Ncep 6725 molecule
23 1
CeP — Na _602x10 moit:culesmol _054M
chtoplasm 2.0x107" dm

Considering the rate constant for H,0, reduction by CcP (3.9x107 M!s [114]) one obtains:
Keep =0.54x107° (M) x3.9x10" (MIs?)=21.5 .

3.4.2.2. Catalase T
Branco et al. [108] determined a Acy =1.1x10% dm3g™s™? catalase activity in extracts

from yeast growing in exponential phase, which is abolished in cttIA mutants. Considering

Mprot =9.7 PY as the protein content of a yeast cell [115], this activity translates into:

At Mprot _ 1.1x10°2 (dm%gls™) x5.7 <10 (g)

TR =3.1s1.
chtoplasm 2.0x10 (dm )

Kerry =

3.4.2.3. Alkyl hydroperoxide reductase

From the molecule counts per cell in ref. [113] the estimated concentration of Ahp1l is:

N anp1 16228 molecule
N . 23 -1
Ahpil= A _6.02x10 moiicule3mol _13.M
chtoplasm 2.0x107" dm
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The second-order rate constant for H,O, reduction by Ahp1 can be estimated from the specific
activity (3.3x10™* mol g's?) and Michaelis constant (1.5x10* M) determined in ref. [116],

considering a molecular mass of 1.9x10* g mol™? (http://www.uniprot.org/)[22]:

3.3x1074(mol g™t s1) x1.9x10* (g mol™)
1.5x1074(M)

Kanp1 = =42x10*Ms?

From this one obtains the following pseudo-first order rate constant:
Kanpr =1.3x107° (M) x4.2x10% (M™s™1) =0.054 5™,
which is negligible in comparison to other H,0, sinks.
Altogether, the H,0; clearance capacity through processes other than reduction by the typical
2-Cys peroxiredoxins and including the efflux through the plasma membrane adds up to:
kye =(21.+3.1+9.5)s* =345

3.4.3. Peroxiredoxin concentrations and rate constants
S. cerevisiae contains two cytoplasmic typical 2-Cys peroxiredoxins, Tsal and Tsa2. Their

cytoplasmic concentrations can be estimated from the protein counts in ref. [113] as:

Nrsat 378212 molecule
Teale Na _ 6.02x 102 moiiculesmol’l 31,
chtoplasm 2.0x107" dm
N1sa2 4820 molecule
N _ 23 1
Tea2 — A _ 6.02x10 moiicule:smol —0.40 uM .
chtoplasm 2.0x107" dm

The rate constants for H,O, reduction by these Prx have been determined by Tairum et al. [117]
as (4.7+2.2)x107 Mst and (5.0£1.7)x10° Ms?, respectively. (For comparison, previous
determinations [118] yielded 2.2x10” Ms? and 1.3x10” M!s%, respectively.) Because Tsal is

much more abundant than Tsa2 it is a good approximation to consider Prx; =31.uM,

koy =4.7x10'M s,

The rate constants for the condensation reaction and for Prx-SS reduction by Trx1 were
estimated through a global fit of the following model (44) to the NADPH oxidation progress

curves reported in ref. [119]:
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d Tsal-S™
dt

d Tsal-SO™
dt

d Tsal-SS
dt

d Trx1-S™
dt

d NADPH
dt

Tsaly =Tsal-SS +Tsal-S™ +Tsal-SO™ + Tsal-SO,

Trxly =Trx1-SS +Trx1-S~

=KRpeg X T$al-SS xTrx1-S™ — kg, xTsal-S™ x H,0,
= kOX XTS&].-S_ X H202 - kCOnd XTS&].-SO_ — kSqu XTSal_SO_ X HZOZ
=Keong X T$1-SO™ —Kgeg x Tsal-SS x Trx1-S~

= krprp X TIX1-SS — Kgeg x Tsal-SS x Trx1-S~ (44)

= —Kqpyq % TrX1-SS

In order to make all the relevant parameters identifiable and facilitate the global fitting we

rescaled all the variables as follows:

o Tsal-S~ y= Tsal-SO™ . Tsal-SS We Tsal-SO,
Tsal ' Tsal, Tsal Tsal
_Trx1-S™  Trx1-SS _ NADPH
Trxly  Trxly Trxly
Tsal K Tsal
T =tx Ky, 4= T,6= Cond * T,
Trxl; Trxl;
Kcond Kpeg x Tsaly Koy x Tsal? Ky x Tsals
l// = i = y o= , = .
kTrrl kTrrl kTrrl kTrrl

We fixed the value of kg =3.4x10"(M's?)x2.0x107 (M)=6.85"based on the

Keat 1 Km = 3.4x10" M’s™ value determined in ref. [120], and we used the NonlinearModelFit
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Supplementary Figure 8. Determination of the rate of
NADPH consumption in the experiment reported in in Figure
6A from ref. [121]. The reaction mixture contained 0.225 uM
Trx2, 0.075 uM thioredoxin reductase 2, 2.1 uM Tsal, 0.18
mM NADPH, 20 pM H203, 1 mM azide, 100 pM DTPA, 50 mM
Hepes.NaOH, pH 7.4. The black line was fitted to the 10 s —
20 s data points, yielding a slope 5.4x107 M s,

function of Mathematica™ 10.3
with default settings to fit the
scaled model to the data, with
o, as adjustable parameters.
This

procedure achieved an

excellent fit (Supplementary
Figure 7). Solving the scaling for

the original parameters vyields

Kcong =0.58+0.04657,
Kreg = (1.33%0.072) x10° M s,
Ksuis =7.+34M7%st | of note,

this value for kg s is much lower

than that estimated for the
typical
[63],

human 2-Cys

peroxiredoxins consistent
with the low hyperoxidation
shown in the experiments in ref.
[119] for Tsal treatment with

200 pM H,0,.

The value of Kkgo.q for the

reduction of Tsal by Trx2 was
roughly estimated from the rate
of NADPH oxidation reported in
[121]

Figure 6A from ref.

(Supplementary Figure 8). In order

to approximate the concentration of NADPH we assumed that the decrease in absorbance at

340 nm over the course of the experiment corresponded to the consumption of 20 uM NADPH,

the H,0, concentration initially present in the reaction medium. With this approximation, the

time course showed a decrease in NADPH concentration at a constant rate of 0.54 uMs™ from

10s to 30's, from which a Kgeq =1.2x10°M™s™ can be estimated. This value is within the

experimental error of the value estimated above for Tsal reduction by Trx1 and of the same

order of magnitude of that (6.4x10° Ms) determined for the reduction of Ahp1 by Trx2 [122].
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The value of Kgyy to be considered in the model is a concentration-weighted average of the

values for Trx1 and Trx2:
Kreg =0.33x1.33x10°M™s™ +0.67x1.2x10°M st =1.2x10°M s,

where 0.33 and 0.67 are the fractions of Trx contributed by Trx1 and Trx2, respectively (Section
3.4.5). In lack of specific data we assume that the sulfinylation rate constant for Tsa2 is similar

to that for Tsal. This assumption is of minor consequence, given the low concentration of Tsa2.

3.4.4. Sulfiredoxin concentration and activity
The cytoplasmic concentration of Srx was estimated from spectral count in ref. [113],
under the assumptions that concentration is the same in the cytoplasm and in the nucleus and

that the nucleus constitutes 9% of the cell volume [112]:

Ny 538 molecule
N . 23 -1
Srx = A _ 6.02x10 molec_ull5e moSI 0,039 M.
chtoplasm +Vnuc|eus (20- + 2-6) x10 dm

The catalytic constant for yeast Srx is (3.0£0.1)x1072 s [78] and a Ku(Tsal-SO;)= 20 uM can be
inferred from data in ref. [76]. Thus, except when a large fraction of Tsal is sulfinylated the

reduction of Tsal-SO, follows approximately pseudo-first order kinetics with a rate constant

-2 (-1
kepe =210 () 36,108 (M) =5.9x1075 5.

2.0x10™° (M)

At Tsal-SO, concentrations substantially above 20 uM the reduction rate will eventually

saturate at 3.0x1072 (s1)x3.9x10°8 (M)=1.2nMs™. Because  these high

Tsal-SO; concentrations, corresponding to >65% hyperoxidation, should only be attained at

very high vy, , we neglect Srx saturation.

up /

3.4.5. Thioredoxin concentration

S. cerevisiae has two thioredoxin isoforms that are functionally redundant to a large
extent and are present in most organelles: Trx1 and Trx2. We considered the two isoform as a
single thioredoxin. From the protein count in ref. [113] we can estimate their aggregate

concentration as:

Nppg + Nryo (8579 +17237) molecule
N, _ 6.02x10”molecule mol ™
Watervyeast 0.68x 4.2 x 10_14 dm3

=1.5uM
f u
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1046  3.4.6. Thioredoxin reductase concentration and activity
1047 From the spectral count in ref. [113] we can estimate the concentration of TrxR1 as

1048  follows, neglecting its contents in the mitochondrial intermembrane space:

N1rr 292122 molecule
23 -1
1049 TEXR = Np _ 6.02x10 moiiculesmol 24 M
Veytoplasm 2.0x107" dm

1050 S. cerevisiae TrxR has similar K., =43. s* for both Trx1 and Trx2,[120] which translates into
1051 Viax = Kogr X TR =43.(s1) x 2.4x107° (M) =1.0 mM s,

1052  The K\, for these two substrates are also quite similar (1.3 uM and 0.6 uM, respectively
1053 [120]) yielding a weighted average

_ 8579x1.3 (uM) +17237 x 0.6 (uM)
8579 +17237

1054 K =0.8uM.
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1055 3.5. Summary of protein concentrations and kinetic parameters

1056 Supplementary Table 6. Summary of the protein concentrations and kinetic parameters estimated in this work. The values
1057 of the concentrations and parameters entering the kinetic model are presented in Table 2 of the main text. Italicized values
1058 were determined specifically for the cells in point.

Prxl Prxll PrxVlI GPx1 Cat Srx Grxl Trxl TrxR1 Kkcat kenovi Kepxa

Localization: C C C
uM uM - uM  uM
1.0 1.9 7.7

14 0.13

71. 5.4 14. 3.6 3.2 0.57 1.2 44 7.6 0.32 42. 13. 10.

1.1x10>  32. 45, 4.6 1.1 0.092 033 46. 2.5 0.11 1.3x10> 16. 10.

51. 15. 27. 0.98 19 024 041 24 31 3.0 80. 73. 12.

69. 24. 36. 2.1 45 057 49 27. 15 044 1.1x10* 7.1 10.

1.2x10*  46. 25. 1.2 41 0.12 94 36. 55 040 75. 4.1 52

72. 29. 55. 0.1 39 0.077 0.026 28. 1.8 0.38 1.6x10*> 0.35 10.

50. 36. 33. 5.6 9.8 021 023 17. 41 096 1.0x10> 19. 10.

59. 33. 17. 3.5 19 074 017 23. 3.0 7.0 51. 6.8 14.

59. 28. 43. 11 089 15 15. 69. 3.6 0.086 1.3x10*> 3.7 10.

73. 11. 27. 1.5 1.6 055 29 18 44 0.16 82. 5.2 10.

86. 24. 21. 0.049 78 034 29 24 0.62 0.76 63. 0.17 1o0.

Hepatocytes® 67. 19. 61. 2.4 43. 0.065 4.7 63. 065 4.2 1.8x10> 8.3 10.
Erythrocytes 6.8 5.7x10*> 3.0 1.3x10> 24° - - 0.56 0.13 218. 9.0 25. 11.
Yeast 314 0.40¢ - 0.54f - 0.039% - 1.5" 24, 3.1 - 21. 9.5

1059 Subcellular localization is reported as: N, nuclear; C, cytoplasmic; M, mitochondrial; P, peroxisome.
1060 2 Concentration referred to cell water volume. ® From the dataset in ref. [21]. ¢ In erythrocytes catalase is localized in the cytoplasm.
1061  9Tsal.®Tsa2.CcP 8 Also localized to the nucleus. " Present in most organelles.
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4. Numerical model considering PrxI and PrxII separately

In order to evaluate the redox state of Prxl and Prxll separately in simulations of wet-lab
experiments we set up the model below, which treats these Prx as separate entities and

accounts for H,0, permeation.

d H202 t Kn S
- out _ y cefls (H,0, - Hzoz,out)
medium
dH,0, &S
dt Veytoplasm

—kgyif Prx1-SO™ H,0, — kg PrxI1-SO~ H,0,

% =Koy Prx1-S™ H,0, + kg, Prx1-S0, — kg e PrxI-SO™ H,0, —Keong PrXI-S0O~
dpr’;ﬁ = Kgy Prx1-80™ H,0, — kg, Prxl-SO;
dprdﬁ = Kgong PPX1-SO™ — Kppeq Trx-S ™ Prxl-SS
d PerIiL-SO‘ =Koy PrXI1-8™ H,0, + g/, PrxI1-S0; — ke Prxll-SO™ H,0, —Kesong PrXI1-80~
dprxc'j% ki PrXII-SO™ H,0, — kg, Prxll-SO;
% = Keong PIXI1-SO™ — Kpeg Trx-S™ PrxIl-SS
CALL S Kgea TrX-S™ (Prx1-SS + Prxl1-SS) _ Viggy TS5
dt Km +Trx-8S

Prxly =PrxI-S™ + Prx1-SS + PrxI-SO™ + PrxI-SO;,
Prxlly = PrxIl-S™ + PrxII-SS + PrxI1-SO™ + PrxI1-SO5
Trxy =Trx-S™ +Trx-SS

Here, H,0, ., stands for the concentration of H;O; in the medium, K stands for the

permeability constant of the cell membrane, Ny stands for the number of cells in the medium

volume (Vipegium ) considered, and Keong » Keona (Ksuif » Ksuif ) represent the condensation

(sulfinylation) rate constants for PrxI-SO™ and PrxlI-SO’, respectively.
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1071 5. Simulation of experimental results
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1073 Supplementary Figure 9. Simulation of experiments treating HEK293 cells with H:0: steady states (A)
1074 and boluses (B). Plots show the percentage of disulfide-crosslinked PrxIl dimers at various steady
1075 extracellular H20: concentrations (A), or 5 min after bolus treatment (B) under the conditions of the
1076 experiments described in Figures 6A and 6B (respectively) from Sobotta et al. [33]. Simulations were
1077 carried out using Model 2 (Section 0) with the parameters in Table 2 and Supplementary Table 6.
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Supplementary Figure 10. Simulation of experiments treating HEK293 cells with H:0: boluses
considering a low Trx1 availability. (A) Percentage of disulfide-crosslinked PrxIl dimers 5 min after
bolus treatment under the conditions of the experiments described in Figure 6B from Sobotta et al.
[33]. The underestimation of crosslinked PrxIl monomers at very high H20; boluses is likely due to the
neglect of GSH and NADPH depletion at the extremely high vsuy values attained under these non-
physiological conditions. (B) Mean H20: probe oxidation rate between t=30 s and t=120 s and (C)
percentage of hyperoxidized Prx monomers 10 min after bolus treatment under the conditions of the
experiments described in Figures 6D and 6F (respectively) from Tomalin et al. [56). Simulations were
carried out using Model 2 (Section 0) with the parameters in Table 2 and Supplementary Table 6,
except for [Trx1]= 1.5 uM.
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Supplementary Figure 11. Simulated time courses for treatment of HEK293 cells with H20: boluses.
Treatments under the conditions of the experiments described in Figures 6D and 6F from Tomalin et
al. [56]. For comparison to Supplementary Figure 10B please note that the mean rate of probe
oxidation is proportional to the area under the H20: curve from t=30s to t=120s. (A) 5 uM H:0:
bolus, (B) 10 uM, (C) 15 uM, (D) 20 uM, (E) 30 pM. Simulations were carried out using Model 2, with
the same parameters as for Supplementary Figure 10. Similar results are obtained using Model 1, with
the total fractions of disulfide and sulfinate peroxiredoxins as variables.

54



1094
1095
1096
1097
1098
1099
1100
1101

1102
1103

Mean probe oxid. rate (a.u.)

]

=

6- L

[1H]

L et

l(‘\l @©

8 : o

>

% 4 o
—_ L

o 3

X o

—_

o

c

[43]

[1H]

=

%Prx-SO5~
Mean probe oxid. rate (a.u.)

0 20 40 680 80 100 0 20 40 60 80 100
H,O, bolus (uM) H,0, bolus (uM)

Supplementary Figure 12. Influence of various factors on the threshold for Prx hyperoxidation and
cytoplasmic H202 accumulation. Percentage of hyperoxidized Prx monomers 10 min after bolus treatment
(A,C,E) and mean H20: probe oxidation rate between t=30 s and t=120 s (B,D,F) under the conditions of
the experiments described in Figures 6F and 6D (respectively) from Tomalin et al. [56]. Except as otherwise
indicated, simulations were carried out using Model 1 and the parameters in Table 2 and Supplementary
Table 6 for HEK293 cells (except [Trx1]= 1.5 uM) as reference. Solid black lines, results obtained for the
reference parameter values; dotted and dashed lines, effect of 5-fold decrease or increase (respectively)

of the following parameters: (A,B) permeability constant; (C,D) TrXy, blue; V,@ﬁf, yellow; (E,F) kAIt/ blue;

PrXT , yellow, overlapping the black line.
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1106 Supplementary Figure 13. Simulated steady state response of the PTTRS in HEK293 cells to H20: supply.
1107 In panels C-F solid and dashed lines refer to Prxll and Prxl, respectively. Simulations were carried out using
1108 a variant of Model 2 (Section 0) replacing H202 permeation by a prescribed H202 supply rate (Vsup).
1109 Parameter values are as shown in Table 2 and Supplementary Table 6 for HEK293 cells, except for

1110 [Trx1]= 1.5 uM. Note the quite abrupt decrease in the fraction of both Prxl and Prxll in thiolate form over
1111 a narrow range of Vsup.
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Supplementary Figure 14. Simulation of experiments treating Jurkat T cells with H20:z boluses. Fraction
of Prx as Prx-SOz (blue) and Prx-SS (yellow) for 10° Jurkat T cells/mL 10 min after treatment with the
indicated boluses, for 100% (solid lines), 30% (dashed) and 3% of the Trx concentration indicated in
Supplementary Table 6 for this cell line. The vertical gray lines indicate the boluses examined in Figures 2E
and 3A of ref. [95]. Comparisons must take into account that the experiments over-estimate the fraction
of disulfide-crosslinked Prx dimers due to adventitious oxidation during sample handling.[95] Note that

the simulations considering the Trx concentration estimated from the proteomic dataset yield a good fit
to the experimental observations but those considering 30% or 3% of this concentration do not.
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Supplementary Figure 15. Simulation of experiments treating human erythrocytes with H20: boluses.
Fraction of Prx as Prx-S,, Prx-SO2 and Prx-SS, and of Trx as Trx-SS for 5x10° erythrocytes/mL treated with
5 uM H20: (A, compare to Figure 4A of ref. [95]) or 10 min after treatment with the indicated boluses (B,
compare to Figure 3B of ref. [95]). Comparisons must take into account that the experiments over-
estimate the fraction of disulfide-crosslinked Prx dimers due to adventitious oxidation during sample
handling.[95] Although computational predictions with Model 1 are less accurate than those with the
much more complex model in ref. [31], they still provide a good match to the experimental observations.
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Supplementary Figure 16. Comparison of simulation results from Model 1 (A,C) and Model 2 (B,D) for
HEK293 (A,B) and Jurkat T (C,D) cells. Simulations were carried out using the parameters in Table 2 and
Supplementary Table 6, except for [Trx1]= 1.5 uM in the case of HEK293. Both models predict essentially
similar behavior. Color codes are as for Figure 2 except that cytoplasmic H202 concentrations are scaled
by 100 pM.
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1132 6. Additional design space slices and responses
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Supplementary Figure 17. Slices of the design space of the PTTRS over the physiological (Vsup, Viax*?P)
planes for GaMG (A,D) , RKO (B,E), and U-2 OS (C,F) cells. In lack of reliable morphometric data for
these cells, we consider the extreme values of fcytoplasm and fauceus among the other cells in

Supplementary Table 4. Namely, fcytoplasm=0.3, fnuc/eus=0.6 (A-C), Gndfcytoplasm=0. 78, fnucleus=0.18 (D-F)
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Supplementary Figure 18. Responses of the PTTRS to H:0: supply rates in GaMG (A,D), RKO (B,E),
and U-2 OS (C,F) cells. Morphometric parameters are as for Supplementary Figure 17. Note the
logarithmic scales. Predictions at vsup >~0.5 mM s may be inaccurate due to neglect of NADPH
depletion. Color codes are as for Figure 2 from the main text. Cytoplasmic H-0> concentrations are

scaled by 100 pM.
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Supplementary Figure 19. Slices of the design space of the PTTRS over the physiological (Vsup,Viax?P)
plane considering that only 3% of the Trx1 in nucleated human cells is available to reduce Prx-SS. The
black scales inside the plots mark the apparent Vmax of TrxR and the values of vsup corresponding to 1 1M,
10 uM and 100 uM extracellular H202. These values of vsu» were estimated based on the known cell
permeability and morphology (HeLa, MCF-7, Jurkat T cells, erythrocytes and S. cerevisiae) or assuming
kinf = 10 5% (all other cells). Note the logarithmic scales. Color codes are as for Figure 2. A, HepG2, ref. [52);
B, HepG2, ref. [21]; C, hepatocytes; D, erythrocytes; E, HEK293; F, Jurkat T; G, Hela; H, K562; I, MCF-7;
J, A549; K, LnCap; L, S. cerevisiae.
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1145 Supplementary Figure 20. Responses of the PTTRS to H:0: supply rates for human cell types and S.
1146 cerevisiae considering that only 3% of the Trx1 in nucleated human cells is available to reduce Prx-SS.
1147 Note the logarithmic scales. The plots were obtained by numerical integration of equations (1) in the main
1148 text with the parameters in Table 2, except for the concentration of Trx1 in nucleated human cells being
1149 3% of the values presented in that table. Predictions of the responses at vsup > ~0.5 mM s may be
1150 inaccurate due to neglect of NADPH depletion. Color codes are as for Figure 2, except that cytoplasmic
1151 H20: concentrations are scaled by 100 uM. A, HepG2, ref. [52]; B, HepG2, ref. [21]; C, hepatocytes; D,
1152 erythrocytes; E, HEK293; F, Jurkat T; G, Hela; H, K562; I,MCF-7; J, A549; K, LnCap; L, S. cerevisiae.
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Supplementary Figure 21. Transient response of the PTTRS to temporary increases in H20z supply beyond the limits of region TTPU. (A,B,C) Jurkat T cells, Response H; (D,E,F)
HEK293 cells with Trxr set to 1.5 M, Response PD; (G,H,l) HepG2 cells, Response D. vsup was increased from 10 nM s to 250 uM s between t= 60 s and t= 1260 s, amounting
to a H20: dose near the limit of what cells can survive. The time scale is expanded around t= 60 s (B,E,H) and t= 1260 s (C,F,l) to show the fast dynamics following the onset
and termination of the high-vsup period. H202 concentrations are multiplied by 50, to fit in the same scale.
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