Supplementary Note 1: Theoretical analysis of upshifts

We will describe in this note a kinetic model for upshifts, rooted in the work of several authors such as
Schleif [1] and Dennis & Bremer [2, 3]. We will then link the kinetics to the protein allocation model
introduced in [4]. The list of all symbols used can be found in Supplementary Table 1.

1.1 Kinetic modelling of the proteome composition

The proteome can be separated into different sectors ¢, depending on the growth rate dependency of
the individual proteins [4]. These sectors, defined as mass fractions, i.e. proteins of mass M; have the
mass fraction ¢; = M; /M of the total protein mass M, sum up to unity

S o) =1 (1

The R-sector ¢p = Mg /M is the most prominent sector [4], and it mostly contain ribosomes and
ribosome-affiliated proteins (e.g. elongation factors). It increases if growth rate increases due to better
growth media. The R-sector Mg can be thought of as the mass of the “extended ribosomes”, that is,
ribosomal proteins plus their ribosome-affiliated proteins. The total mass of the R-sector proteins Mg
is about 1.6 times larger than the mass of the ribosomes alone [5]. Due to the constraint of Eq. (1),
an increase of the R-sector means a decrease of another sector.

Protein synthesis is proportional to the mass of R-sector proteins My times the “translational effi-
ciency” o(t),
dM (t)
dt

= o(t)Mg(t) (2)

Dividing both sides of Eq. (2) by the total protein mass we obtain an equation for the instantaneous
growth rate A(t):
1 dM(t)
AMt) =
M(t) dt

=o(t)¢r(t) - (3)

The translational efficiency o is an average translation rate, and does not distinguish between active

and inactive ribosomes. If we consider that at any moment only a fraction facx = Mﬁ%t /Mgy, is
translating at a rate ke;, we may write:

dM

E = kelMﬁCt = kelfactMR =oMr . (4)

Therefore, o can be decomposed as the product of the elongation rate of the active ribosomes and the
active ribosome fraction, o(t) = kei(t) - fact(f). A recent study [6] highlighted the contribution of the
translation rate ko and the fraction of active ribosomes f..; to o. As the nutrient source is decreased
from rich to poor media, the steady state elongation rate k. drops from ~ 17 aa/s in fast growth to
about 8 aa/s in slow growth or stationary state. Given the elongation rates k¢, the fraction of active
ribosomes f,.t were computed from the known ribosome abundances and the protein flux. While at
fast growth about 90% of the ribosomes are active, this number decreases down to 20% for very slow
growth [6].

In the upshift experiments performed in this work we notice that growth rate increases up to eightfold
in the few minutes after upshift. As can be seen in Main Text Figure 2b, where the culture was shifted
from aspartate (A\; = 0.06/h) to rich media, growth rate increases to Ao ~ 0.50 in a few minutes. Since



protein abundances cannot change significantly in this short period, the increase of growth rate must
orginate in an increase of the the translational efficiency o(¢) by a factor Ao/ ~ 8. Such an 8-fold
increase of the translational efficiency requires both an increase in elongation rate k and an activation
of previously inactivated ribosomes fact.

1.2 Protein allocation

In order to solve how the increase of the translational efficiency impacts the growth transition kinetics,
we describe the protein synthesis flux. The total synthesis flux dM/dt is allocated to different protein
sectors j, under the condition that the protein synthesis fractions x; sum up to unity,

> =1, 5)

The values of x;(t) are set by several factors, such as the abundance of mRNA of the species j and/or
the translation efficiency of the specific transcript. Using the total protein synthesis, Eq. (2), the
synthesis of a protein section j is given by

dMT;(ﬂ = x;(t) d]gt(t) = x;j(t)o(t)Mr(t) , ©

From this equation, we can compute the time derivative of the protein fraction ¢;:

dg;(t) _ d (Mj(t)> _ L dM(t) - M;(t) dM(E)

e dt \ M(t) M) dt M) dt @

Using equations (2) and (6) we obtain a logistic equation for the proteome fractions:
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The above equations describe the dynamics of growth, Eq. (3) and of the protein fractions, Eq. (8).
They are determined by the translation rate o(t) and on the synthesis fractions x;(¢). The knowledge
of these functions allows solving the dynamic system. In particular, specializing this equation to the
R-proteins, we see that ¢r depends on o(t) and xg(t) only:

dor(t)
dt

= o(t)or(t) (xr(t) — ¢r(t)) - (9)

If o and x; are constant in time, Eq. (8) directly gives the steady state values of the mass fractions,
¢} = Xj, and the growth rate, \* = oxr.
Let us note that, even for instantaneous variations of the regulatory functions x;(¢), the mass fractions

¢;(t) do not adjust immediately. Instead, the timescale is set by the growth rate A(t), as can be checked
rewriting Eq. (8) in terms of A;(t) = x;(t) — ¢;(¢):

d d

—Ai(t) = =At)A; —x;(t) . 1
S8 ) = MDA+ (0 (10)
which is a first-order differential equation for Aj(t), driven by an external “force” dy;/dt. After a
change in x;, A; relaxes toward zero with a rate A;/A; = —\(t) for all protein sectors j.



1.3 Solution of the instantaneous model

As described in the main text, the experimental findings of Schleif and Dennis & Bremer [1, 2, 3]
showed that the the total protein synthesis rate and the ribosome synthesis rate increase within a few
minutes to their final values after an upshift to rich medium. These fast kinetics can be approximated
by an instantaneous increase of the of the translational efficiency ¢ and the R-protein synthesis fraction

XR-

o, t<0, XL, t<O0,

a(t) = Xe(t) = ¢ °F (11)
of , t>0 ) XR > t>0.

where the sub and superscripts indicate the initial and final states. Under these assumptions, Eq. (9)

can be readily solved, obtaining ¢ (t) as:

Xk > t<o0,
Pr(t) = Xk
1— (1= xh/ok) exp (=Agt) ’

The growth rate A(t) is then obtained by combining the equation above and the relationship A(¢) =
o(t)or(t), Eq. (3), yielding Main Text Equation (6). The mass increase M (t)/M(0) can then be
computed by integrating A(t) over time. However, another derivation of the same equations might
allow for a better understanding of the growth kinetics. Specializing Eq. (6) for the R-proteins, we see
that the accumulation of R-proteins is exponential, with pre-shift rate \; = oiXiR and post-shift rate
)\f = O’fX%:

(12)

t>0.

Mg(0)eMt , <0,

13
Mg(0)erM | t>0. (13)

Mg(t) = {

Here Mg(0) = xh M (0) is the mass of R-proteins at time ¢ = 0. We can then plug expression into
Eq. (2), which can be integrated to obtain the kinetics for the total protein mass, Main Text Eq. (7):

M(t)_ €>\it7 tSOa
M) |1+32(eM—1), t>0,

(14)

with Ao = Aexk/xk = orxly. Given M(t) and Mg(t), we can now compute both ¢g(t) and A(t) from
their definitions; for the growth rate, we again obtain Main Text Eq. (6) by taking the logarithmic
derivative of M (t). Note that both the protein fractions and the growth rate kinetics take a particularly
simple form when expressed as a function of W (t) = M (t)/M(0):

on(t) = b+ 0k =) (1= ) €20 (15)
M) = Ao + (A — Ao) (1 - Wl(t)> (t > 0) (16)

This form makes evident how the growth kinetics after the shift are simply set by biomass accumulation.
For instance, at one doubling after the shift (W = 2) the protein fractions are half-way between the
pre-shift and the post-shift values, gr(W = 2) = (¢} +¢%)/2. Eq. (15) also holds for a generic protein
fraction ¢;(t), as long as its synthesis fraction x;(¢) also changes instantaneously (X} — Xﬁ) at the
shift.

The upshift kinetics can be summarized as follows:



e The first phase is a rapid increase in the instantaneous growth rate from \; = aiqﬁiR to a larger
value Ao = o¢¢pp. The jump in growth rate stems from an increase in translational efficiency:

/\0—)\1 = (O’f—O'i)QSiR . (17)

e The second phase is a much slower increase in the growth rate from Ay = afqﬁiR to the final value
Af = af(b{{. This time, the further increase in growth rate is due to the increase in ribosomes,
with no variation in the translational efficiency:

A = Ao = or(dk — OR) - (18)

Lag time

The quantity Ao, is related to the lag time m,s. The relative mass increase W (t) = M(t)/M(0), Main
Text Eq. (7) or Eq. (14), can be written as:

Wt — o0) ~ i\\—(f)exp()\ft) . (19)

The lag time is defined as W(t — 00) = exp(A¢(t — Tiag)), therefore, we can solve for the lag time and

obtain
1 A 1 vk
e = —log [ 22 ) = —1og [ 2B ) . 20
Tag = 3 og(%) M Og(xk (20)

or vice-versa, Ao in terms of the lag time Tja,:

Ao = Ape 7w (21)



Supplementary Note 2: Upshift fitness landscape

The aim of this Note is to derive the fitness of strains with different ¢grg, exposed to different en-
vironments. We will restrict ourselves to the simple situation in which the cell culture undergoes a
nutritional upshift at time ¢ = 0, that lasts a fixed amount of time 7. We study the fitness, or rel-
ative mass increase W(T') = M(T)/M(0) during this feast period. This models a famine and feast
environment in which the cells are supplied with rich nutrients (feast) for a time interval T', followed
by long periods of no-growth (famine). The strain which produces more mass in the time window has
the selective advantage over the others.

Adaptation kinetics is set by Ag, the growth rate “immediately” after the shift, and the asymptotic
growth rate A\;. To see the importance of Ay, let us consider two identical cell populations, whose
growth kinetics are both described by Eq. (14), undergoing an upshift at time ¢ = 0. In the simple

case in which the initial populations are the same (M) (0) = M(?(0)) and the final growth rates are

the same ()\El) = )\52) = )\¢), one can compute the ratio of the bacterial (protein) masses using Eq. (14)

MO _ WO@) 1+ 67 A)(e —1)

MOty ~ W) 11 0D /a) (e — 1)

(22)

From this equation we can see that the mass ratio asymptotically reaches the value /\él) / )\82) as T > A
This simple example shows that a large value of \g, and thus of the ribosomal overcapacity ¢ro, may
provide a large increase in the mass of the cell population in dynamic environments. However, if the
final growth rates /\151) and )\Ez) are not equal, the fastest growing strain will always dominate after a
long time from the shift.

2.1 Cost of the R-sector overcapacity

To model the reduction of growth rate due to an R-protein overcapacity, we use the empirical relation
of growth rate established for different levels of useless protein overexpression [4], which states that
growth rate linearly decreases with the amount of useless proteins. Given that the wild type strain,
with overcapacity gb}%T, has a growth rate A\W7T (we suppress the asterisk in order not to overload the
notation), the growth rate of a strain with a different overcapacity ¢grg is given by:

max __
)\*(¢RO) = )\WT (brrl?ax _ (b\gOT ’
R RO

(23)

where ¢f** is empirically determined to be close to 48% [4]. This expression can be rearranged in the
following equivalent form, more useful for an analysis of the fitness landscape:

A*(Qz)RO) _ /\WT (24)
(b?{]ax _ ¢RO ﬁlax _ \PIQIOT ’

which means that the r.h.s. of the equation does not depend on the offset ¢rg. We can divide the
above equation by vy, thus allowing us to define a dimensionless constant z*,

A* A*
= max = * (25)
VR(¢R - ¢RO) >\max

*

z

where Apax is the growth rate in rich media (see Main Text Eq. (10)). Note that z* is independent
of ¢ro. The quantity z* reflects the quality of the nutrients, with z* = 1 corresponding to rich media,



and lower values to poorer media. In the case of upshifts, the two steady states are described by two
nutrient qualities z; < zy. We can then express the growth rate A\* for different nutrient levels and
different offsets as:

AN = 2R (B — dro) = 2" (AE™ — Aro) (26)
where AR®* = vpoR®™ is close to 2.9/h for our strain. This value can be computed from the known
offset and maximum growth rates of our strain as AF® = A\ .. + Aro, where Arg ~ 0.44/h (see Fig.
Sla) and A}, ~ 2.45/h (growth rate in rich media). (The value of ¢f** = 48% can be then obtained
as AR*/vgr, with vg ~ 6/h, see again Fig. S1).

The growth rate AW7T of the wild type strain can be thus expressed in terms of z* and the wild type

overcapacity through Eq. (26); the same relation can be inverted, if needed, to express z* in terms of
AWT and ¢¥¥0T. In the following we will use the more convenient z* to study the fitness landscape.

2.2 Relation to the Scott et al. model

Equation (26) can be seen as a specialization of the protein allocation model introduced by Scott
and coworkers in Ref. [4] to the case of different nutrient, without considering the case of translation
inhibition. In Ref. [4], the proteome is partitioned into three sectors P, R and Q, with mass fractions
op, Or an ¢q, respectively. As in this work, ¢r gathers ribosomal proteins and other proteins which
are coexpressed with ribosomes ( “affiliated”). The P- and R-sectors depend on the steady state growth
rate A" as:

¢P = A*/’{n (27)
Or = ORrRO + A" /K¢ (28)

Here, k, is the “nutritional capacity” of the cell, and is set by the nutrient quality of the medium
the cells grow in. The “translational capacity” k¢ of the cell is independent on the nutrients, but is
reduced as translation-limiting antibiotics are added to the medium. Eq. (28) is analogous to Main
Text Eq. (1) if we identify x; = vg. The third sector, with mass fraction ¢q, is taken to be constant.
The sum of all proteome sectors has to sum up to one, ¢p + ¢r + ¢pq = 1, see (1); this constraint
allows to compute growth rate as a function of the parameters x, and x; as follows:
* RnKt

A= (1—¢q — ¢ro) pa——

(29)

There is a 1:1 relationship between the quantities appearing in Eq. (26) and the ones considered in
Scott et al. A direct comparison reveals:

K
max _ | _ f— n . 30
RO 0%e) ) z Fon + Rt (30)

These relationships form a 1:1 mapping between the two notations. However, in the following, it will
be more convenient to use the notation of Eq. (26).

2.3 Analysis of the fitness landscape

The upshifts in rich media are fully specified described by the kinetics derived in Supp. Note 1. The
absolute fitness is defined as the relative mass increase, W(T') = M(T)/M(0) (Main Text Eq. (7) and
Eq. (14) in Supplementary Note 1) after a feast period T. By plugging the R-sector growth law into
W (t), we obtain:

Aro + Ai

V=142 (M 1) for T > 1
W(T) +)\RO+/\f(e ) orT >0, (31)



where the initial and final growth rates are functions of the nutrient qualities z and the overcapaci-
ties/offsets as in Eq. (26). An alternate form for the same quantity can be obtained in terms of the
lag time Ti,q, defined in Eq. (20):

W =1+ (e Mmes) (M —1) . (32)
In principle, W is a function of three environmental variables T', z; and zf, and three strain variables

Aro (or ¢ro), o> and vg. However, dynamics is specified by less than six variables. We define the
non-dimensional parameters

A
TS NT. (33)
R R

These quantities allow us to rewrite Eqs. (26) and (31) with only four variables, instead of six. The
fitness W is therefore only a function of the rescaled R-sector offset, z = Ag /AF®*, the rescaled feast
time 7 = AR**T and the initial and final nutrient source qualities z and z¢. Equation (31) reduces to
a very simple form:
r+z(l—2) /7 -
W(z|t, 2,2 :1+7(e( ””)z”—1>. 34
(|T 1 f) $+Zf(1—.13) ( )
The optimal value of the overcapacity «* (7, z, z¢) for a given environment — described by 7, z and z¢
— is obtained by setting to zero the partial derivative of W with respect to x, yielding the following
equation:
1— e*Zf‘T(l*I*)
(zi +(1- zi)z*) (Zf +(1- zf)x*) = (Zf — zi) Zf—T (35)
This equation cannot be solved in closed form, however, it is possible to obtain simple expressions in
a few limiting cases, such as in the limit of either small or large 7.

2.3.1 Small time limit, upshift to rich media

In this case consider the limit 7 — 0, and we will only consider upshifts to high quality nutrients, that
is, V£> > g, or z = 1. For small 7, one can approximate e(!=%)7 — 1 ~ (1 — )7, thus obtaining;:

Wr~lt (401 —2)1—2)7, (36)
S~ - zi)(im = x) : (37)
* 1-— 221
X (T%O,ZI)NM . (38)
or 1 9
* — 4%y max
RO 2(1 _ Zi) /\R . (39)

This condition favors the largest possible offset for very low nutritional quality (z; = 0, corresponding
to z* = 1/2), while the optimal offset goes to zero when z = 1/2. Given that the value of the offset
maximizing the fitness is a monotonously decreasing function of the feast time 7' (see e.g. Fig. 4a
in the Main Text), the strains with = > 1/2, or Agg > AR®, are suboptimal in any environmental
condition.



2.3.2 Large time limit

In the opposite limit, i.e. 7 >> 1, one can write e(=)7 — 1 ~ (1797 We will discuss the limits of
validity of this approximation below. By taking the derivative 9W/dz and setting it to zero, we obtain
a quadratic equation for x*:

a(x*)? +br* —c=0, (40)
with

a=1-z)1-2), b=z+z—2z52, c=2_4

— zizf (41)

Z¢T
We are looking for positive solutions to the equation, which is only possible for ¢ > 0, or
2f — 2

T<T,.= B 42
ZiZf2 R ( )

Therefore, the optimal offset is larger than zero if T' < T,, and equal to zero if T' > T,.. This relation
shows that, for any given value of z; > 0, the strains with no offset (x = 0) become optimal in a
finite time T,. At steady state, we know that the strain with no offset has the largest growth rate (by
directly inspecting from Eq. (26)). We thus recover the steady state solution either if we take T to
be larger than T,, or if we set z; = 2%, i.e. there is no upshift at all. However, the critical time T,
diverges when z; = 0, i.e. for upshifts from vanishing initial growth rates. This implies that the strain
with no offset is never optimal for any finite feast time 7". The reason is that such strain would have
no ribosomes at all in the pre-shift condition, and therefore its growth rate will be zero at all times!

In the large time limit, T — T, one has ¢ = z2¢(T./T — 1) — 0. Instead, if z; — 0, then a — 0.
In both cases, the solution of the equation is approximately given by x* = ¢/b, plus terms of order
a-c/b?. In terms of z;, 2z and 7:

. C 1—2zi/z 1 2%

= - = - . 43
. b 2+ 28 — 2zi2e T 2 + 2f — 222 ( )

This expression is not very informative. We will describe the two limits z; — 0 and 2 — 1, as well as
the combination of the two. In this last case, we set z; = 0 and zf = 1 in Eq. (43), obtaining Equation
(11) from the Main Text:

== = M\, =—=

T RO
If the initial growth rate is not zero, the optimal offset is linearly reduced by 1/T., therefore going to
zero for large enough times:

(1 =0, z¢—>1). (44)

1 1 1 z

* = — — — _— =
ROTr 7.0 T. 1-—z
If instead the initial growth rate is zero, but the final nutrient quality is reduced, the optimal value of
the offset is increased by a factor 1/z¢, corresponding to the decrease in the post-shift growth rate:
1
*

1
)\RO = ;f X T (Zi — 0) . (46)

AR (5 1) (45)

The expressions above have been computed by assuming exp(zs7(1 —x)) = exp(AfT) > 1. Corrections
to these expressions are be exponentially small, as can be seen in the case z; = 0, zf = 1. In this case,
we can rewrite the equation OW/0x = 0 as:

(1—7x)e! ™ =77 | (47)



which is solved in terms of Lambert’s W function (which we denote as W) as:
l—rz=W (") . (48)

Lambert’s W function admits a power series expansion around 0 as Wr(z) ~ z — 22 + ..., with a
convergence radius of 1/e. Therefore, one obtains:

1 1
p=— (1=Wp (7)) ~ (1-etm ety ) (49)

The series converges quickly for 7 > 2, or T' > 2/AF** ~ 0.6 h.



Supplementary Figures

6\20 T T T
€
2
(@]
3
O?CD 15 [ ) ) b
T -——o-—g- @ ————————
= {
QL
= 10 -
‘»
c
(O]
©
£
3 5 -
o
o
S
o
— 0 L L L
0 0.5 1 1.5 2

Growth rate (1/h)

Supplementary Figure 1: Protein density for exponentially growing cells. Density of total
proteins prp as a function of growth rate, for different nutrient sources; the dashed line indicates the
average value prp = 13.51 x 10~8ug/um?®. The total density prp has been computed using data from
Basan et al. (2015) [9] as prp = M7p/(N - V), where Mrp is the total protein mass per OD, N is
the number of cells per OD, and V is the average cell volume. For a given protein ¢ with protein mass
fraction ¢;, the correspondent density p; (protein mass per volume) is simply given by p; = ¢;prp; the
concentration (copy number per volume) is then obtained by dividing p; by the protein mass.

10



0.75

. S sib
. =
- . OO
Re) <
® R4
% 0.5 "b~
£ g 3
£ @
8 =
o
& 025} o 2
< S
pd ©
x 2 1
e
|_
0 : : : : 0 0 ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Growth rate, X' (1/h) Growth rate, X’ (1/h)

Supplementary Figure 2: RNA to protein ratio and translational efficiency. (a) Ratio of
total RNA mass to total protein mass, r*, as a function of the steady state growth rate, A*. Each point
corresponds to a different nutrient source; The right-most point corresponds to rich media (LB + 0.2%
glucose, A\* = 2.45/h). The black line is a linear fit 7* = a 4+ bA* to the data, with a = 0.0967 and
b = 0.2206 h. The right axes shows the correspondent R-sector protein fraction, using ¢ = pr* with
p = 0.76 (from Scott et al (2010) [4]). (b) Steady state translation efficiency o* = A*/¢}, computed
from the mRNA-protein mass ratio with the same conversion factor as before. The line is a Michaelis-
Menten function of the growth rate, with equation o* = vrA*/(A* + Arg), computed using the same
parameters as the line in panel (a), i.e. vg = 1/(pb) ~ 6.0 h™" and A\go = a/b~ 0.43 h™'.
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Supplementary Figure 3: Mass accumulation in upshifts to rich medium. (a-i) Cells grown
exponentially on N-C- minimal medium supplemented with 20mM NH, and the carbon substrate
indicated above panel are subjected to an upshift to rich medium (LB + 0.2% glucose) at ¢ = 0
(symbols). The solid line represents, for ¢ > 0, Eq. (7) in main text, using A = 2.45/h and the fit
results in Supplementary Table 2 for A\g. The standard deviation of the fit residuals is between 0.006
to 0.013 for the various upshifts, yielding error bars roughly the size of the markers.
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Supplementary Figure 4: Instantaneous growth rate in upshifts to rich medium. (a-i)
Cells grown exponentially on N-C- minimal medium supplemented with 20mM NHy and the carbon
substrate indicated above panel are subjected to an upshift to rich medium (LB + 0.2% glucose) at
t = 0 (symbols). The points are computed from the experimental OD measurements, Fig. 3, by taking
the best fitting slope between triplets of adjacent points, yielding A\, = (log My11 — log My_1)/2At.
The error bar is propagated from the average residuals of log My, o,, as oy = V20, /2At. The solid
line represents Eq. (6) from the Main Text, using the the final growth rate A¢ = 2.45/h and the best
fitting Ag; fit results, summarized in Supplementary Table 2, are plotted in Fig. 2c of the main text.
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Supplementary Figure 5: Fitness landscape for several nutrient shifts. (a-e) Growth rate
after the shift (at time T' = 0), for three strains with different overcapacities (¢ro = 2%, 7%, 15%, as
in Fig. 3ab), for five different upshifts: four shifts from poor media (aspartate, mannose, glycerol ad
glucose, with pre-shift growth rates A; =0.06/h, 0.3/h, 0.73/h, 0.91/h, respectively, as in Main Text Fig.
4ab) to rich media, and a shift from slow growth (A; = 0.06/h) to an intermediate growth rate (the one
yielded by glucose, Ay = 0.91/h). Optimal overcapacity qb%pot as a function of feast time T for different
values of the initial and final nutrient qualities. (f-j) Absolute fitness W(T') = M(T)/M(0) (mass
accumulation) for the same three strains. (k-o) The contours show, for each strain with overcapacity
¢ro, and for each feast time T, the fitness W (¢ro,T’) normalized by the optimal value WOPY(T) =
W (e (T), T): W/WOPt > 90% (white), 50% < W/W°P* < 90% (light brown), W/W°Pt < 50% (dark
brown). The three horizontal lines correspond to the three strains in the previous panels.
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Supplementary Figure 6: RNA to protein mass ratio for different E. coli strains. In this
figure we show the ratio of total RNA mass to total protein mass for different strains of E. coli, in expo-
nential growth in different nutrient sources. The strains are: NCM 3722, in white or grey ([11],[9],[6]);
EQ-2 (derived from MG 1655), red circles [4]; B/r, green circles [12]); 157-bar (an auxotroph, non K-
12, strain), blue diamonds [10]. We show on the right axis the corresponding R-protein mass fraction,

R-protein mass fraction, ¢ (1.9/1:9)

using the same conversion factor (0.76 grams of R-proteins per gram of RNA).
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Symbol and definition Description
M Total protein mass of the cell population.
M Mass of R-proteins, proportional to the mass of ri-
R bosomal proteins.
or = My /M Mass fraction of R-proteins
M =dM/dt Protein synthesis rate
A= M/M Growth rate
o=M/Mgr=\¢r Translational efficiency
XR = Mg / M Production rate of ribosomal proteins
I Initial (pre-shift) and final (asymptotic post-shift)
b At steady state growth rates
Growth rate reached immediately after the nutri-
Ao . .
tional shift.
AN =X — N\ Jump in growth rate at the upshift.
R-sector growth law, valid at steady state (indi-
cated by the asterisk). The first term, ¢go, is the
O = dro + /R “R-sector overcapacity” while the inverse of the
slope (vg) matches the maximum translation ca-
pacity.
“R-sector offset”. It equals the maximum jump AM\;
ARO = OROVR in particular, AX = Agg when Aj is much larger
than Arg itself.

Supplementary Table 1: Symbols used in the text. This table lists all symbols used in the Main
Text. Asterisks always indicate steady state, time-independent, quantities; when discussing nutritional
shift, we use the apices/pedices i and f instead of the asterisks to indicate the (steady state) pre-shift
or post-shift conditions, respectively. Similarly, the superscript WT refers to steady state quantities
for a wild type strain; for example, AW7T is the steady state growth rate of the wild type strain, and
d)\éVOT its R-protein overcapacity.
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Pre-shift C-substrate | A; (1/h) Ao (1/h)

0.2% Glucose 0.91 4+ 0.03 1.04 £0.10
0.2% Arabinose 0.87£0.03 0.99£0.10
0.2% Glycerol 0.68 £0.03 0.86 £0.09
0.2% Fructose 0.63 £0.03 0.77 £0.08
0.2% Mannose 0.44 +0.03 0.72 +0.08
0.1% Mannose 0.36 £0.03 0.64 £ 0.08
0.075% Mannose 0.34 £0.03 0.68 £ 0.08
0.05% Mannose 0.30 £0.03 0.66 £ 0.07
20mM Glutamate 0.10 £0.03 0.50 £ 0.06
20mM Aspartate 0.06 + 0.03 0.52 +0.07

Supplementary Table 2: Fit results. Fit results for the growth kinetics in various upshift ex-
periments (these data are shown in Main Text Fig. 2c and Fig. 2d). Pre-shift growth rates A’ are
computed from the pre-shift growth curves or from separate steady state experiments; we estimate for
them an error of 0.03/h. The values of A\¢ were extracted by fitting (the log-transformed) Eq. (7) from
the main text to the experimental log(M (t)/M(0)) (data in Fig. S3). In each fit, A\g is the only fitting
parameter; A¢ was instead set to the value A\ = 2.45/h, obtained for steady state exponential growth
on LB + 0.2% glucose medium. Uncertainties for Ay arise from two sources. (1) The error arising
from the scatter of M (t)/M(0) can be estimated with a jack-knife resampling, yielding an error ojack
(2) The error arising from the uncertainty in A¢, oy, = 0.2/h, can be propagated on A by numerically
computing the derivative d\g/dAs. The values reported here are computed by summing in quadrature
the two errors, i.e. 0% = 03, + (dho/dAs)?03 .
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