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Supporting Text

1 Experimental procedure and data processing methods

In order to derive the growth rate and [3-galactosidase activity, we measured the absorbance of bacterial cells at
600nm (ODgqp) and the absorbance of the product of (3-galactosidase reaction at 405nm (ODgg5) with a Wallac
Victor3 1420 Multilabel Counter (PerkinElmer Life Sciences). The detailed experimental procedure, modified from
the literature (1-3), are as follows. First, seed cultures were incubated in the M9 minimal growth medium with
0.2% (w/v) casamino acids and 0.5% (w/v) glucose (M9+cAA+Gluc) at 37°C (the same temperature was used for
below cultivations). After ~9 hours growth, the cultures were pelleted, washed at least once by centrifugation and
resuspension with appropriate growth media and then inoculated in the media at initial ODggy ~ 0.004 for pre-
cultures. After overnight growth, pre-cultures were pelleted, washed, and then inoculated in the experimental media
with several concentrations of the growth inhibitor (chloramphenicol, paraquat or acetic acid), which were distributed
to a 48-well plate (Corning Costar) in advance. The total volume of experimental culture per well was 1 mL. ODggq of
the culture was measured no less than four times at an interval 30-50 minutes during the exponential phase (typically
at ODggg between 0.03 and 0.18). During the late exponential phase (typically at ODggo between 0.12 and 0.18),
removed 200uL culture per well to one 96-well plate (culture plate) and measured ODgoo again. Added 160 pL
permeabilization solution (0.8 mg/mL hexadecyltrimethylammonium bromide, 0.4 mg/mL sodium deoxycholate, 200
mM NasHPO,4, 20 mM KCl, 2 mM MgSOy, and 5.4 uL/ml S-mercaptoethanol) per well to another 96-well plate
(permeabilization plate), and removed 40 pL culture, which was in advance diluted fourfold with M9 salts solution (1L:
17.096g NaoHPO,4-12H,0, 3g KH2POy, 0.5g NaCl, 1g NH4Cl, dissolved in ddH50), per well from the culture plate
into the permeabilization solution. The permeabilization plate was kept at 4°C until all permeabilized samples were
collected. To reduce the waiting time, the culture with more growth inhibitor was inoculated earlier with a larger initial
ODggp (not exceeding 0.004). Next, added 190uL substrate solution (60mM NasHPO4, 40 mM NaH,PO,4, 10 mM
KCl, 20 pg/mL hexadecyltrimethylammonium bromide, 10 pg/mL sodium deoxycholate, 1 mg/mL o-nitrophenyl-3-
D-galactopyranoside, and 2.7 puL/mL S-mercaptoethanol) per well to another 96-well plate (reaction plate). Stored
both the permeabilization and reaction plates at 30°C for ~30 minutes. Then added 10uL permeabilized sample per
well into the substrate solution and mixed them fully with a multichannel pipette. Immediately, the multilabel counter
(PerkinElmer Life Sciences) was used to measure OD g5 of the sample once per 1-3 minutes for 90 to 120 minutes at
30°C.

We obtained the growth rate by deriving the slope of the plot of the logarithm of ODggy during exponential phase
versus the time. In earlier work (e.g (2, 3)), $-galactosidase activity was determined by deriving the slope of the plot
of the product absorbance (at a wavelength of around 420nm) versus time. In our measurement, however, ODyg5
has a little concave-down tendency in the change with the time, which should result from that the product of the
(-galactosidase reaction, i.e. o-nitrophenol (ONP), is steam volatile (4). We also observed that the color (yellow)
of the product, unsealed and stored in the fume hood, turned much lighter after a few days, whereas that packaged
hermetically lasted for several months. For simplicity, we assume that the detectable ONP decays slowly with a rate
that is proportional to the concentration of ONP. We use x and y to denote concentrations of 3-galactosidase and ONP,
respectively. Then the change of y follows the differential equation

dy/dt = vz — vy, (1)
where v and ~ denote the reaction rate per enzyme and decay constant, respectively. The solution can be derived as
y=wvr(l—e ) /. )

where vz and vy can be fixed by fitting the data of OD,g5 as a function of time with this equation (see examples in
Figure S6 in the Supporting Material). Since va represents the enzyme reaction rate per unit volume, /3-galactosidase
activity can be defined by
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2 Analytically solving the optimization problem of protein allocation
2.1 Ignoring the toxicity of protein aggregates and without overexpression of the unneces-
sary protein

The optimization problem of protein allocation can be mapped into a two-dimensional space (¢ g, ¢ p2). For simplicity,
we define ¢ppg = ¢r — ¢g and ¢** = ¢* — ¢g. Then the constraints (Egs. 15-18 in the main text) become

(bopo + pp2 — @™ ) (k1 —k3) > 0, 4
(appo + ¢pp2 — @) (ks — k1) > 0, %)
¢poPm/(pm + ¢p2) — (a —b) L(appo + ¢pp2 — &™) > 0, (6)
¢pro,dop2 > 0, (7N
where a = 1 + ko/ky and b = 1 + ko/ks. The objective is to maximize
p = kodpodpa/(dm + dp2)- (8)

This two-dimensional nonlinear programming problem can be solved analytically and strictly. Obviously, the optimum
(maximum) is not at ¢pg = 0 or ¢ps = 0. When ¢pg, ¢p1 > 0, we have du/dppg > 0 and dpu/ddps > 0. So
the optimum should be located at the boundary of the region defined by Eqgs. 4-7. With the boundary condition, the

optimum can be derived directly. Thus we obtain the optimal allocation solution cb(]’fot (gboRpt), gb?)p; and the maximized

growth rate fiy,q,. Then (blo.f'f and (b}’f; can be derived from Eqs. 15 and 17 in the main text. Furthermore, we can
formalize the relationship of the optimal allocation fractions and growth rate under the stress that reduces flux capacity
kl,ko or 1/¢m

As below, we give the analytic solution in two cases, from which we represent the proteome fraction of each class
proteins as a function of growth rate. (i) If k&; > k3, we have J3 = 0 and Jy = J;. Then the optimal allocation is

opt ks *k\1/2 wk\1/2 _ 41/2
Fo= @m0 [(0n 40 = 6ll] + 0, ©
opt ko *k\1/2 *x\1/2 _ 11/2
B o= @m0 [(Gn o) 2 =6l (10)
W= O (o + o™ - 012 (an
o= 0, (12)

and the maximized growth rate is

kok1

2
o+ k1 {(¢m+¢**)1/2 —¢%2} . (13)

Hmaz =

Next, we present the correlation of allocation fractions and bacterial growth rate under three limitations. (1) Under AA

supply limitation (k; declining), gboPth and d)opp; are constant, while gb‘])ft and qﬁ?ﬁ’f can be expressed as linear functions

of growth rate by

P = Aptman/ (koB) + ¢o, (14)
oL = — Apimaz/ (ko B) + AB, (15)

where A = (¢, +¢**)/2 and B = (¢, +¢**)1/2 - gb,ln/z. As can be seen from Egs. 14-13, gb?ft positively correlates

with growth rate, whereas ¢, f negatively correlates with growth rate. (2) Under translation limitation (k decreasing),

¢%y and ¢%y are still constant, while ¢ and ¢%] can be expressed as linear functions of growth rate by

W = —Amaz/(k1B) + AB + ¢p, (16)
W = Amas/(k1B). (17)



From Eqs. 16-17, ¢ t negatively depends on growth rate, whereas ¢35

UP maturation limitation (¢,,, increasing), ¢ pg

functions of growth rate by

opt

are still constant, and ¢>

posmvely depends on growth rate. (3) Under

t ¢
, P and ¢, can be expressed as linear

B = 0Btman/k1 +0.56" ko / (ko + k1) + o, (18)
P = 0.5maz/ko + 0.5¢* k1 / (ko + k1), (19)
= —0.5(1/ko + 1/k1) ftmax + 0.50™". (20)
From Egs. 18-20, as the growth rate increases, ¢%" and ¢%; increase, whereas ¢% decreases.
@ii) If k1 < k3, we have J5 = 0, J, = J3 and Jo = J;. Then the optimal allocation is
o k ok sk
B= o |€om 0V = (@) 2] (e + 671072 = (c6m) 2 4 6/ 2]+ 00 21)
k " 2
Bo= g [eon ) = ()] 22)
Bo= (eom) /2 [(com + 62~ (com) 2] 23)
ko
opt 1/2 xx\1/2 1/2
Bo= g eom) [(on + 6™ — (eom) 2] 24)
and the maximized growth rate is
kok: k) 1/2 1/2 2
mar m - m 5 25
p b Lm0 — (eom) ] (25)

where ¢(= b/a) = (1 + ko/ks) / (1 + ko/k1). In the following we study the dependence of the allocation fractions
on growth rate under three limitations. (1) Under AA supply limitation (k; declining), d)"p t and d) p3 can
be expressed as functions of growth rate by
= fiman/ko + [kadm /(o (ko + ks))]Y2 p/2, + ¢, (26)
P = —tmaz/ko — 2(ko + ks)dm / (koks)" e, + &7, 27)
B = ko + ks)om/ (koks)]'? i, (28)
Bo= kodu/ (ko + ka)ks)'? /2. (29)

From Egs. 26-29, $%* and ¢ are quadratic functions of u,,{w, while ¢% and 9% are linear functions of ,um,w )

Under translation limitation (ko decreasing), 7", o7, ¢7% and ¢7% can be expressed as functions of growth rate by
Fo= (F(man)® = mac/k3) (L + 632/ f (Hmaz)) + o, (30)
(;’plt = /’Lma;v/kl ’ (3 1 )
Po = Ol F(mas), (32)
OPP; - ¢7]:n/2/14max/(k3f(ﬂmaz))' (33)

where f(tmaz) = [(1/Ks = 1/k)pmas + 6 + ¢+ ]2 -

1/2

with growth rate, ¢33 " linearly and positively correlates with growth rate, while ¢72;

. From Egs. 30-33, (bOp " and ¢%) negatively correlate

* positively correlates with growth

rate. (3) Under UP maturation limitation (¢,,, increasing), ¢, ‘;{’1’5 Oy * and dps ! can be expressed as linear functions
of growth rate by
# = Hmas/ko = ks(ko + k1) maz/[2kok1 (ko + k3)] + 0.5k36™ / (Ko + k3) + ¢, (34)
P= fmaa/kr, (35)
By = —(ko+k1)ttmax/ (2kok1) + 0.56™, (36)
W= —(ko+ k1) maz/[2(ko + ks)ka] + 0.5k06™ / (ko + ks). (37)

We know from Eqs. 34-37, as the growth rate increases, ¢4, 1t linearly increases, QSO

w " linearly increases when k1 > koks /(2ko + k3) but linearly decreases when ki < koks/(2ko + ks3).

and ¢%y linearly decrease, while



2.2 Considering the toxicity of protein aggregates

By considering the toxicity of protein aggregate in the model, we can investigate how protein aggregates affect protein
allocation. Protein aggregates probably interfere with many cellular processes, but the main mechanism resulting in
their toxicity is still unclear. One plausible mechanism works by protein aggregates interfering with the maturation
of proteins. Thus we can add the interference of protein aggregates with the maturation of proteins in the model. We
redefine the aberrant maturation flux Jy4 in Eq. 7 in the main text as

Ji = kayupKp, /(K + ¥p2) + ks¥patup, (38)

where the new term kgt p 41y p indicates the interference effect, and kg is constant. Then Eq. 12 in the main text
becomes

p=Jo = ko(dr — ¢o)pp2/ [(1 + y1dpa)PpP2 + (1 +V20PAa)Pm] (39

where v, £ ket p/k2 and v2 £ kg¥np/ka.

We can analytically solve this optimization problem by mapping it into a two-dimensional space(¢po, $p2). For
the sake of convenience, we take ko = ky, 50 v; = 72 = 7. If v > ¢**/(¢** + ¢ ), the constraints and objective
function are the same as shown by formulas 4-8, and the results are shown by Egs. 21-25. If v < ¢**/(¢** + ém),
the constraints can be described by formulas 4, 5, 7 and

¢PO¢)WL/(¢"L + ¢P2) S (CI, - b)_l[a¢PO + ¢P2 - ¢**]a (40)

and the objective function can be expressed as
p=(1=)""ko [ppodp2/(dm + dp2) — (b —a) " (bopo + dp2 — ¢*)] 41

where a = 1+kq/k; and b = 14k /ks. Define A = (¢+0**)/2—¢5/*(1—7) "2 and B = (¢** JA — A)? /Ady, (>
1). When ¢(= b/a) < B, the results are the same as shown by Eqgs. 21-25. When ¢ > B, the optimal allocation is

opt  _ ks *x\1/2 *:\1/2 _ 11/201 _ . \—1/2
BT e @m0 [(¢m+¢ )=t (L =) }+¢o, (42)
opt  _ ko *x\1/2 x:\1/2 _ 11/201 _ \—1/2
B o= e On o) [0 ) =207 (43)
Bo= O [(6m+ ™) A=) = 02 (44)
p o= 0 (45)

and the maximized growth rate is

Hmaz = ok |:(¢m + ¢**)1/2 - ¢71r{2(1 - ’7)_1/2]

2
ko + k1 ’

(40)

The above analytical solutions show that if the toxicity of protein aggregates is large enough (v > (¢* — ) /(¢* —
®o + &m)), bacteria will degrade all the aberrant proteins without the jump taking place in the relation of protein al-
location and growth rate. Otherwise (7 < (¢* — ¢0)/(¢* — ¢o + ¢m)), the bacteria will either degrade all aberrant
proteins or allow all of them to aggregate, and which way to choose is determined by physiological conditions. More-
over, the jump point will change, and when AA supply capacity is larger than the jump point, the toxicity will make
mass fractions of ribosome-affiliated proteins and AA supply-required proteins (¢‘})§’t and qj‘l’ff ) and the growth rate
Imaz decrease while the mass fraction of chaperones (</>‘}’;p2t ) increase.

2.3 Overexpression of unnecessary protein

Overexpression of the unnecessary protein directly affects three fluxes: translation flux (J), maturation flux (J3) and
the aberrant maturation flux Jy. In order to consider the effects in our model, we partition these three fluxes into two
groups of sub-fluxes: one group for the unnecessary protein (J{/, J¥ and J{) while another for the needed proteins
(J&, J& and JI). This is helpful to address the optimization problem of protein allocation when the maturation



frustration levels of the unnecessary protein (¢¥ ) and the useful proteins (¢ ) are not the same. Referring to Egs. 10,
12 and 14 in the main text, these sub-fluxes can be represented by

IV = koo, (47)

I = kopRodp2/(ON + dpa), (48)

I = ko¢Bedn /(6N + dpa), (49)
and

I = kodB, (50)

JY = kot%odpa/ (95 + dp2), (51)

Iy = kodPeds /(05 + dp2), (52)

where the variables labeled with IV are for native proteins, while those labeled with U are for unnecessary proteins.
®%, and ¢%, indicate mass fractions of active R-sector proteins (ribosome-affiliated proteins) for needed proteins and
unnecessary protein, respectively and ¢%, + ¢%, = dr — ¢o. Accordingly, the constraints on the fluxes become

Ji+Js = JY+JY (53)
JVo= IV Iy (54)
Jy = J5 +J{ (55)
IN+ TV = I3+ s (56)
Jy = p(l—du) (57)
JY = ey (58)
The normalization condition is
dBo + %o + dp1 + dpa + pp3 = PR — g — dy = ¢ (59)

Based on the upregulation of many chaperones in response to overexpression of unnecessary protein (5, 6), we assign
the mass fraction of all chaperones (¢ p3) to an unoptimizable part (proportional to ¢¢7) and an optimizable part (Pp2),
represented by (see the main text) ~

¢p2 = ¢p2 + agy (60)

where gz~5 p2 > 0 and « is constant. Notice that here ¢ppo > a¢y, i.e. chaperones has a minimal mass fraction agy.
When a = 0 and ¢,,, = 0, our model is equivalent to that of Scott et al. (3).

Based on Egs. 47-60 and the condition k; > k3, we can solve the optimization problem in a one-dimensional

. . t .
space. First, we can obtain ¢7; = 0 and derive

= ¢pa(¢™* — ppa)/[k(dp2 + bm)] (61)

where k = (ko + k1)/(kok1) and ¢, = (1 — ¢p) oY + ¢uol. If ady < 1/ (dm + ¢***)m — dm. the maximal
growth rate and the optimal mass fraction of P»-class proteins are

fimaz = (\/ Gm + ¢ — @)2 /K. (62)

(12—?215 (ém + ¢***)ém - éwr (63)

If agy > \/(fm + ¢***)bm — Gum, we have

Hmax = Oé(bU((ZS*** - a(bU)/[];'(aqu + (]Bm)]a (64)
% = agu. (65)



Then with the formulas

o = Hmax(1— dv)(L+ N /0% / ko, (66)
%o = pmaxdu (L + 05 /07%)/ ko, (67)
dr = ¢po+ po + do, (68)
op1 = kodr/k1, (69)

N, opt U opt

we can derive ¢p) , o and P! 1 » Tespectively.

Finally, we list the optlmal solution and the maximal growth rate as below: (i) If agy < (ém + ¢***)<§m — b,
the maximized growth rate and the optimal allocation fractions are

kok: (\/qﬁm o \/a;n) /(Ko + k1), (70)
m = % (\/1 + & — 1) (\/ (Gm + &) bm + bu (6, — ¢U)> (71)
G = 2 (i oS = 1) (VG 0o + (ol - 0] a2
W= ko’f:kl (x/l + 6" Ym — 1) (6m +&™*)om + b, (73)
it kolff E (\/ L+ 0" [ — 1) (S + &), (74)

:umaw

¢17317275 = (ém + gb***)ém - éma (75)
mo= 0 7

where ¢, = (1 — év)dl + duel. (i) If ady > (g?)m + d)***)d;m — ¢y, the maximized growth rate and the
optimal allocation fractions are

fmax = agukoki (6™ — agy)/[(ko + k1) (ady + ém)], (77)
k B
o = (1= 00)(07 — agu)(adu + 0/ (adu + b)), (78)
o+ k1
k N
A = e ou(e7 —agu)(adu + 68/ (ady + du), 19
o+ k1
opt kl ok
Rp - kO + Kk ((b O[¢U) + ¢0> (80)
opt _ kO TRk
PUT TR (¢ ady), (81)
% = ady, (82)
o= 0. (83)

Here we obtain the optimal solution even when the maturation frustration levels ¢U, and ¢!\ are different from each
other. We assigned different values to ¢U (its difference from ¢7 is not too large), but the results did not change
much. So we consider the simplest case ¢¥, = ¢ £ ¢,,, in fitting the experimental data.

When ¢¥ = ¢ actually, we do not need to separate the translation flux and the normally and aberrantly matu-
ration fluxes as above (one for the useless protein and another for needed proteins). In this case, the model can still
be described by Eqs. 10-18 in the main text, but the normalization condition (i.e. Eq. 17 in the main text) should be
changed to

R+ dp1 + Pp2 + dp3 = PR — gy = ¢ (84)

where ¢y > 0. We still assign the mass fraction of all chaperones (¢ p2) to an unoptimizable part (proportional to ¢r;)
and an optimizable part (¢ p2) as above, represented by Eq. 60. Then the analytic results under the condition k1 > k3



are: (i) If ady < \/(dm + ***)dm — dm, the maximized growth rate and the optimal allocation fractions are

okt (Vo T 07 — Vo) (ko + k), (85)
k

opt  _ 1 \/T _ W

¥o= om0 = 1) V(on 67 )0m + o, (86)

o k

o — (\/1 67 [ — 1) V(G + 6" )m, (87)

Hmax

ko + k1
P o= \/ (Dm + 6***) b — b, (88)
t})jp; _ (39)
(i) If agpy > v/ (Pm + *** ) — G, the maximized growth rate and the optimal allocation fractions are
Mmax = a¢UkOk1(¢*** - Q¢U)/[(k0 + kl)(a(bU + ¢m)]7 (90)
k
opt _ 1 ok 91
R kO + kl ((b O(QSU) + ¢07 ( )
k
opt 0 sk
_ _ 92
P1 k_o 4 k_l ((b OZ¢U), ( )
% = agu, 93)
ot — . 94)

Clearly, when ¢U = ¢N £ ¢,,, (;)m = ¢, S0 Egs. 70-83 decay to Eqs. 85-94.

3 The model predicts optimal allocation of proteins under the limitation on
flux capacity (when k; < k3)

In the main text, we mainly show the change of protein allocation with growth rate under the limitation on one flux
capacity when AA supply capacity (k1) is larger than AP degradation capacity (k3), i.e. k1 > k3. Here we additionally
give the results under the condition k1 < k3 (see Figure S3 and S4 in the Supporting Material). Figure S3 A, obtained
by rescaling X-axis of Figure 3 A, more clearly shows that there is a jump in protein allocation at a growth rate of ~0.15
doublings/hour. When k1 < k3, the exponential steady-state may occur in some special cases. For example, when the
bacteria are grown in the MOPS minimal medium with 0.2% glycerol+20 mM Threonine (7). Figure S3 B presents the
results under translation limitation when k1 (= 0.09h~1) < k3(= 0.3h~1), some of which are significantly different
from those under the condition k1 > k3: the mass fraction of chaperones and other affiliated proteins (¢ p2) increases
(from 2.8% to 4.9%) while the mass fraction of proteases (¢p3) decreases (from 2.7% to 0) with the growth rate
decreasing (from 0.055 dbls/h to O dbls/h). These are likely testable predictions.

Under the protein maturation stress (e.g. thermal, acidic or oxidative stress), the mass fraction of chaperones and
other protein factors promoting maturation (¢ p2) increase with the stress intensity (¢,,) (see Table 1 and Figures 3
C and Figures S3 C). When AA supply capacity is smaller than AP degradation capacity (k1 < k3), ¢% " is nearly
constant and close to ¢, both ¢7, ! and dps hnearly increase, whereas qS linearly decreases with the growth rate
decreasing (Figure S3 C). In addition, Flgure S4 shows that the aberrant maturatlon flux (Jy) totally shifts to the
degradation flux (J3) when k1 < k3, which is in line with the above results.

4 The theoretical explanation for experimental data under translation, acidic
and oxidative stresses

The model gives the ratios of protein allocation, while what we measured is S-galactosidase activity (Z), reflecting the
concentration of 3-galactosidase (¢)z). We will derive a formula to link )z with the allocation ratios. First, we have

Z XYz = ¢zYnNp. (95)



Then we will represent ¥ p by a function of ¢r. The bacterial cell mass (M) consists of protein mass (M p), RNA
mass (M;nq), DNA mass (M) and the mass of other constituents (M¢per ), namely,

M. = Mnp + Mrna + Mana + Mother (96)
Dividing both sides by M., we obtain

1= ’L/)NP + ’(/}rna + 7wbdna + wothevm (97)

Because

wrna = ¢R1/JNP/P» (98)
where p = Mg /M, = 0.76 (3), we derive

wNP = ,0(1 - wdna - wother)/(p + ¢R) (99)

The experimental data of Basan et al. (8) shows that ¥, is independent of the growth rate iz and ¥ 4,4, < 1, sO we
approximately have

Ynp < 1/(p+ ¢r). (100)

Equation 100 provides good fits to experimental data of Bremer and Dennis (9) and Basan et al. (8) as shown in
Figure S7 in the Supporting Material. As proposed by Scott et al. (3), the mass fraction of J-galactosidase driven by a
constitutive promoter should be proportional to that of P;-class proteins, i.e.

¢z X ¢p1. (101)

Substituting Eqs. 100 and 101 into equation 95, we have

Z=Cop1/(p+ or), (102)

where C'is a scaling factor independent of growth rate.

In fitting experimental data, we take the flux capacities that are limited by the stress as variables and assign proper
values to the parameters including the unaffected flux capacities (see Table S1 in the Supporting Material). Under
the chloramphenicol stress, translational flux is limited, and then we view kg as a variable. Under the oxidative/acidic
stress, we consider that both AA supply and protein maturation fluxes are limited. Thus we take k7 and ¢,, as variables
and denote their values in the absence of oxidative/acidic stress as k7 and ¢, respectively. We use x = ¢,,, /¢, — 1 to
indicate the stress intensity, leading to ¢,,, = ¢*,(1+z). Furthermore, we assume k1 = k} /[1 + (z/K,)"], where K,
(equilibrium constant) and 8 (Hill coefficient) can be inferred by fitting experimental data. Parameters kg and k; (or
k1) are chosen properly based on those used by Scott et al. (3). The stress intensity z is a function of the concentration
of the inducer (acetic acid or paraquat) and z = 0 indicates the case without the stress.

S Molecular mechanisms adjusting protein allocation in E.coli

The sigma factor, as a subunit of RNA polymerase, recognizes the promoter to initiate the transcription. Different
sigma factors have different biases to the sequence of the promoter. In E.coli, in addition to the housekeeping sigma
factor (oP), six alternative sigma factors (0%, 0N, 08, 0E, oF and o7'¢¢!) have been identified (10, 11). Stress stimuli
lead to up-regulation of some alternative sigma factors and concomitantly up-regulation of the proteins regulated
by these alternative factors whereas the housekeeping sigma factor and its regulated proteins are down-regulated in
level and activity(12, 13). Different sigma factors compete to bind the core RNAP (E) and the regulation of their
competition is an effective strategy to adjust protein allocation (12, 13). Many global factors, such as ppGpp, Rsd,
Crl, CRP, Fis, IHF, HNS, and 6S RNA, regulate the number and the activity of sigma factors and some of them
are growth rate-dependent, such as ppGpp, Rsd and 6S RNA (14, 15). In this scenario, ppGpp, as an effector of the
stringent response, represses the transcription of rRNA directly and thereby inhibits the synthesis of ribosome-affiliated
proteins (3, 16, 17). In the bacterial adaptation to the stress, it is possible that multiple growth rate-dependent global
regulators cooperatively regulate the competition between different o factors for core RNAPs and the competition
between different mRNAs for ribosomes to achieve the reallocation of the proteome (12).



The bacterial transcript levels parallel protein levels in average (18, 19). Therefore, protein level can be roughly
determined by mRNA level (m) and translation initiation rate ([), i.e.

QR Pp1: Op2: p3 = lomg : limy 1 lama @ I3ms. (103)

The concentration of each class mRNA (m;) has an approximate linear relationship with concentrations of free RNAP
holoenzyme ([Ec?] )

1
B

m;

> oINI[Eo)y, (104)
je J

where the class set of ¢ factors J £ {D, S, N, H, E, F, Fecl} for E.coli, af and Nf denote average transcriptional
strength and the number of P;-class promoters recognized by o7, respectively and (3; indicates the degradation rate of
the ith-class mRNA. We assume that [Eo7]; and the total concentration of o7 are correlated as

[Eo’]f = Aj[07], (105)

where ); is related to free E concentration, affinity of o; with E, availability of specific/nonspecific RNAP binding
sites on DNA and corresponding strength of RNAP binding to them (13). Define

rp =107/ (07, (106)

jreg

where the total concentration of sigma factors > [07] is basically independent of the growth rate (20). Then, we have
jeJ

R Qp1: P2 Pp3 = Zz‘%?‘j : ZA{rj : ZA%TJ‘ : ZA%TJ» (107)

je J je J je J jeJ

where A7 = ;0 N7 A;/Bi. There are two normalization conditions:

3

R+ dpi = ¢, (108)
i=1
er = 1. (109)
JjeJ

Then protein reallocation in some specific stress adaptation can be understood from the change of r; and A{ .

In E.coli stress adaptation, the regulation of the competition between sigma factors can affect the ratio r; (12, 21).
In another way, ppGpp inhibits the synthesis of rRNA and some ribosomal proteins, and moreover, ribosomal proteins
that are not assembled into ribosomes repress their own translational initiation (/o and A} decreasing) by the mecha-
nism of “translation feedback of ribosomal proteins” (17). Based on the knowledge on specific promoters recognized
by each sigma factor in E.coli (10, 11), we consider Aés’ N, E, F, Feel} _ AgN’ Feel} _ ) and AgN’ Feel} _ ),
Then, we can estimate the variation tendency of protein allocation in three cases. (i) When carbon source is limited,
T(N, H, E, F, Fecl} ~ 0 and ¢pa + ¢p3 =~ 0. From Egs. 107-109, we approximately have

pr:op1 ~ (APrp): (APrp+ Afrs), (110)
Alpr+dp1) =~ 0, (111)
A(rp+rs) =~ 0. (112)

Limitation of carbon source induces the emergence of stringent factor ppGpp and some other regulators, which lead to
Aly <0, Arp < 0and Arg > 0(12, 17, 21). Then we derive A¢r < 0 and A¢p; > 0. (ii) Under the stress induced
by chloramphenicol, translational process will be inhibited (3). Then the concentration of spoT ppGpp synthetase
and the concentration of ppGpp will be reduced (3, 22). Thus lo(A}) and rp will be larger, whereas rg will be
smaller (12, 17, 21). Further considering Ar(n, 1, g, F, Fecry = 0 and Egs. 110-112, we have that ¢ rises and ¢ py
declines. (iii) In acidic/oxidative/thermal stress adaptation, empirical data imply that Ar¢y g 5y > 0, Arp < 0 and



AAP < 0(23-33). Moreover, we consider Aty r pecry =0, Affryg < APrp, Afrs+Allrg+A¥frg < APrp,
APrp < Alrg + APrp+ ASrg and APrp < Allry + A¥rg + ASrg. Then according to Eqs. 107-109, we have

br:bp1:bpa: dp3~ (ADrp): (APrp) : (AMry + Alrp + ASre) : (Aflry + Afrp + ASrs)  (113)

Based on this equation and the above assumption, ¢ ps and ¢ ps will increase, ¢ will decrease, whereas ¢p; will
either increase or decrease.
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Supporting Figures
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Figure S1: An schematic diagram for the main processes of protein self-production. Squares denote main biochemical
reaction pathways during protein producing. Circles indicate substrates, intermediate products or final products. The
normally matured proteins are partitioned into three classes: Q) (housekeeping and growth rate-independent proteins),
R (ribosome-affiliated proteins) and P (others). The allocations of P, () and R classes of proteins are indicated by
dashed lines. R-class proteins are devoted to the translation process. P-class proteins are devoted to the processes of
amino acid supply (chemotaxis, nutrient uptake, catabolism and biosynthesis), nascent polypeptides maturation and
aberrant proteins degradation. ()-class proteins are devoted to the biosynthesis process and many other processes.
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0.2 | .cune Overexpression of unnecessary protein| ]
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Figure S2: The concentration of normal proteins, i.e. the fraction of cell mass occupied by normal protein mass
(¥ p), slightly depends on the growth rate under the stresses considered in this study. The cell mass here does not
include the mass of protein aggregates. Protein aggregates as wastes from protein production contribute little to the
normal physiological processes inside the cell, and they usually occupy the isolated space (e.g. in the form of inclusion
body). Therefore, it is reasonable to refer to the concentration in the remaining connected space. Moreover, Eq .99,
ie. Ynp = (1 — Yana — Yotner)/ (1 + &r/p), was used, where p = 0.76 (3) and Ygnq + Yother = 0.12 (8).
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Figure S3: The model predicts the relation of protein allocation fractions and the growth rate when one flux ca-
pacity (k1, ko or 1/¢,,) is reduced by the stress. The plots mainly show the results when k; < k3. Insets present the
decrease of growth rate with flux capacity limitation, in which units of u, k1, ko, and ¢,,, are doublings/hour (dbls/h),
A1, k=1, and 1 respectively. ¢r, dp1, ¢p2, and ¢ps indicate proteome fractions of ribosome-affiliated proteins
(R-class), AA supply-required proteins (P;-class), chaperone-like proteins (FP»-class), and protease-like proteins (Ps-
class), respectively. The experimental data for ¢ po (circles) and ¢ p3 (triangles) are obtained with the classification of
Proteomaps (34) and those in (A) are based on the proteomic data of ref. (33, 35-37), and those in (B) based on ref.
(37). Common parameters: ¢* = 0.55, ¢g = 0.066, k3 = 0.3h~L. (A) AA supply stress shown by k; decreasing.
Parameters: ko = 6k~ ! and ¢,,, = 0.0061. (B)Translational stress displayed by k( decreasing (k1 < k3). Parameters:
k1 = 0.09h~! and ¢,, = 0.0061 (C) Protein maturation stress reflected by ¢,,, increasing (k; < k3). Parameters:
ko = 6h~! and k1 = 0.09h~ 1.
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Figure S4: Translation flux shifts from the normal maturation flux to the aberrant maturation flux under pro-
tein maturation stress (¢,, increasing). Jy: translation flux; J5: normal maturation flux; Jy: aberrant maturation
flux; J3: degradation flux; J5: aggregation flux. Jo/Jy and Jy/Jy indicate fractions of nascent polypeptides matured
normally and abnormally, respectively. J3/J4 and J5/J4 indicate fractions of aberrant proteins degraded and aggre-
gating, respectively. Notice that J5/Jy + Js/Jo = 1 and J3/J4 + J5/Js = 1. The plot shows that J5/Jy decreases
with the maturation stress (minimum=0), whereas J;/Jy increases with the maturation stress (maximum=1). When
AA supply capacity is smaller than the degradation capacity (k; < k3), AP degradation flux is switched on and all the
aberrantly matured proteins are degraded. Parameters are the same as that used in Fig. S3.
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Figure S5: Consideration of growth rate-dependence of translational capacity %, does not affect the theoretical
relationship of protein allocation fractions and growth rate much when one flux capacity (k;, ko or 1/¢,,) is
reduced by the stress. Insets present the decrease of growth rate with flux capacity limitation, in which units of
w, k1, ko, and ¢,,, are dbls/h, h=1, =1 and 1 respectively. ¢r, ¢p1, ¢ p2 and ¢p3 indicate proteome fractions of
ribosome-affiliated proteins (R-class), AA supply-required proteins (P -class), chaperone-like proteins (P»-class) and
protease-like proteins (P5-class), respectively. Experimental data for ¢ po (circles) and ¢ p3 (triangles) are obtained
with the classification of Proteomaps (34) and those in (A) are based on the proteomic data of ref. (33, 35-37), and
those in (B) based on ref. (37). Parameters are the same as those in Fig. 3 and Fig.S3: (A)-Fig. 3 A, (B)-Fig. 3 B,
(C)-Fig. S3 B, (D)-Fig. 3 C, (E)-Fig. S3 C. 17
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Figure S6: Examples for fitting the data of OD405 as a function of time from [3-galactosidase assay. Blue dots denote
experimental data. Red lines indicate the theoretical fits with Eq. 2. Decay constant v = 0.006 (for every line).
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Figure S7: Equation 100 well fits the experimental relationship between the ratio of total protein mass to cell mass
and growth rate. Blue triangles denote experimental data with various nutrient. Red circles denote experimental data
with different chloramphenicol (Cm) levels. Lines indicate corresponding fits with Eq. 100. For simplicity, the linear
relations ¢p = ¢o + 1/5.92 (for various nutrient) and ¢pr = ¢E** — 1/5.5 (for glucose with Cm) were used (based
on (3)). (A) Fitting experimental data of Bremer and Dennis (9). The fitted scaling factor is 5.53 x1017AA /OD 4.
(B) Fitting experimental data of Basan et al. (8). The fitted scaling factor is 362 11g/ODggp.
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Figure S8: Relationship between [3-galactosidase activity (A) or proteome fraction of P;-class protein (B) and growth
rate under translational inhibition induced by chloramphenicol (Cm). Circles, diamonds, triangles, and squares denote
experimental results for bacteria cultivated in four different growth media (M9+Glyc, M9+Gluc, M9+cAA+Glyc and
MO9+cAA+Gluc) with different sublethal levels of chloramphenicol. Corresponding experimental data are shown in
Table S4. Blue, green, red, and cyan lines indicate theoretical results under translational stress, whereas the yellow
lines under AA supply stress. Theoretical parameters are ¢* = 0.55, ¢g = 0.066, kg = 6h~! (Yellow line), k1=
1.3h~! (Blue line), 2h~! (Green line), 2.6h~! (Red line) or 3.34h~! (Cyan line), ¢,,= 0.0061, k3 = 0.3, C =
5 x 10° Miller units.
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Figure S9: The model predicts the relation of the proteome fraction of each class proteins and growth rate under

overexpression of unnecessary protein. Parameters: ¢* = 0.55, ¢g = 0.066, kg = 6, ¢,,, = 0.0061, k3 = 0.3h~1,
a=0.5, k=42h""1.
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Supporting Tables

Table S1: Assumptions and parameters in the model for all the stresses studied here.

specific stress

major assumptions

parameters

common

specific

chosen based on lit-
erature (3)

fixed by fitting data
i

AA supply stress

translation  inhibi-
tion

acidic/oxidative
stress

overexpression  of
unnecessary protein

Jo and Jy are
proportional to the
concentration of
unfolded
polypeptides (¢ p)
and
Michaelis-Menten
functions of the
concentration of
chaperones (¢ ps).

k1 is decreased.

9", ¢o, ko

¢77L9 k39 C

ko is decreased.

¢, G0, k1

¢m’ k37 C

k1 and 1/¢,y, are de-
creased as Hill func-
tions of stress inten-
sity.

¢*, ¢o, ko, ki

gb:n» kS» Kw’ 63 C

The mass fraction
of unoptimized
chaperones is
proportional to
that of expressed
unnecessary protein

¢*7 ¢09 k09 kl

¢’I7L9 kBs Q.

T Notice that the same parameters, i.e. ¢, (¢5,), ks and C, under different stresses were assigned the same values in

the fitting.
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Table S2: Experimental data and error estimates for Fig. 5 A.

Medium® Growth rate [-gal activity
(dbls/h)® (10° Miller units)
M9+Glyc 0.5440.02 2.03+0.07
+0.25uL/mL GAA® 0.5740.01 2.0240.06
+0.50uL/mL GAA 0.51£0.01 2.00+0.03
+0.75uL/mL GAA 0.414+0.01 2.02+0.07
+1.00pL/mL GAA 0.31£0.01 2.1940.01
M9+Gluc 0.8140.02 1.564+0.20
+0.25L/mL GAA 0.81+0.03 1.424+0.20
+0.50pL/mL GAA 0.7610.02 1.514+0.30
+0.75uL/mL GAA 0.62+0.01 1.51+0.40
+1.00uL/mL GAA 0.51+0.03 1.784+0.06
+1.25uL/mL GAA 0.33+0.03 2.014+0.20
M9+cAA+Glyc 0.86+0.02 1.324+0.01
+0.25L/mL GAA 0.8040.02 1.3040.04
+0.50pL/mL GAA 0.69+0.01 1.314+0.04
+0.75uL/mL GAA 0.601+0.01 1.3440.05
+1.00puL/mL GAA 0.50+0.01 1.384+0.05
+1.25uL/mL GAA 0.40+0.01 1.48+0.10
M9+cAA+Gluc 1.154+0.01 1.36+0.05
+0.25uL/mL GAA 1.08+0.02 1.304+0.05
+0.50pL/mL GAA 0.984+0.02 1.3040.10
+0.75uL/mL GAA 0.8040.02 1.2140.06
+1.00puL/mL GAA 0.70+0.03 1.17+0.01
+1.25uL/mL GAA 0.50+0.03 1.24+0.04

a.Abbreviations: M9+Glyc - M9+0.5% (v/v) glycerol; M9+Gluc - M9+0.5% (w/v) glucose; M9+cAA+Glyc -
M9+0.2% (w/v) casamino acids+0.5% (v/v) glycerol; M9+cAA+Gluc - M9+0.2% (w/v) casamino acids+0.5% (w/v)
glucose.

b. The value behind = indicates standard deviation among three or more replicates in one measurement. (Repeated
measurements done on different days show similar patterns in the relation of §-gal activity and growth rate).
¢.GAA-Glacial acetic acid.
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Table S3: Experimental data and error estimates for Fig. 5 B.

Medium® Growth rate B-gal activity
(dbls/h)® (10° Miller units)
M9+Glyc 0.55+0.01 1.824+0.05
+0.20puM Pd¢ 0.50£0.01 1.85£0.06
+0.25uM Pd 0.224+0.03 1.79+0.14
+0.30uM Pd 0.12£0.01 1.99+0.22
M9+Gluc 0.79£0.02 1.60+0.04
+0.20uM Pd 0.65+0.02 1.71+0.13
+0.25uM Pd 0.56+0.03 1.64+0.10
+0.30pM Pd 0.40+0.09 1.60+0.11
M9+cAA+Glyc 0.89+0.03 1.68+0.14
+1 uM Pd? 0.79+0.02 1.76+0.11
+5 uM Pd 0.65+0.01 1.73£0.13
+20uM Pd 0.54£0.01 1.85+0.09
+30uM Pd 0.42£0.02 2.21+£0.18
+35uM Pd 0.3540.01 2.254+0.19
M9+cAA+Gluc 1.194+0.04 1.4640.06
+1 uM Pd 0.90+0.03 1.19£0.05
+5 uM Pd 0.82£0.01 1.18£0.05
+20uM Pd 0.78£0.02 1.18+0.08
+40uM Pd 0.66£0.03 1.34+0.03

a.Abbreviations: M9+Glyc - M9+0.5% (v/v) glycerol; M9+Gluc - M9+0.5% (w/v) glucose; M9+cAA+Glyc -
M9+0.2% (w/v) casamino acids+0.5% (v/v) glycerol; M9+cAA+Gluc - M9+0.2% (w/v) casamino acids+0.5% (w/v)
glucose.

b.The value behind = indicates standard deviation among three or more replicates in one measurement. (Repeated
measurements done on different days show similar patterns in the relation of 5-gal activity and growth rate.)

c.Pd - Paraquat dichloride.
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Table S4: Experimental data and error estimates for Fig. S8 A.

Medium® Growth rate [-gal activity
(dbls/h)® (10° Miller units)
M9+Glyc 0.5410.01 1.8440.10
+1uM Cm¢ 0.5840.01 1.574+0.05
+2uM Cm 0.56+0.01 1.354+0.05
+4M Cm 0.43+0.01 1.16+0.06
+64M Cm 0.374+0.01 0.984+0.06
+81uM Cm 0.3140.01 0.86+0.05
M9+Gluc 0.8340.02 1.4840.04
+1uM Cm 0.8240.02 1.484+0.08
+2uM Cm 0.75+0.01 1.44+0.11
+4M Cm 0.63+0.01 1.154+0.07
+64M Cm 0.52+0.01 1.13+0.05
+8uM Cm 0.45+0.01 0.98+0.07
M9+cAA+Glyc 0.88+0.03 1.4940.04
+1uM Cm 0.8740.02 1.2440.03
+2uM Cm 0.761+0.01 1.061+0.04
+4M Cm 0.54+0.02 0.84+0.09
+64M Cm 0.434+0.02 0.64+0.03
+81uM Cm 0.344+0.01 0.69+0.04
M9+cAA+Gluc 1.214+0.03 1.3640.06
+1uM Cm 1.154+0.03 1.234+0.05
+2uM Cm 1.00+0.01 1.084+0.02
+4uM Cm 0.74+0.02 1.00+0.05
+64M Cm 0.60+0.01 0.72+0.03
+8uM Cm 0.48+0.01 0.66+0.03

a.Abbreviations: M9+Glyc - M9+0.5% (v/v) glycerol; M9+Gluc - M9+0.5% (w/v) glucose; M9+cAA+Glyc -
M9+0.2% (w/v) casamino acids+0.5% (v/v) glycerol; M9+cAA+Gluc - M9+0.2% (w/v) casamino acids+0.5% (w/v)
glucose.

b. The value behind =+ indicates standard deviation among three or more replicates in one measurement. (Repeated
measurements with not exactly same protocols show similar patterns in the relation of 5-gal activity and growth rate.)
c.Cm-chloramphenicol.
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