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1 Supplementary Text and Figures

1.1 Model structure and components
1.1.1 Empirical constraints representing cell physiology

In our model, the state variables areghe intracellular antibiotic concentration,, the concen-
tration of free (unbound) ribosomes, ang the concentration of antibiotic-bound ribosomes.
The dynamics of these variables are governed by Egs. 1-Zim#in text. These equations
are placed within a physiological context by imposing emgirrelations between the growth
rate and ribosome content, as observed in recent expesrmgi@cotiet al. (Scottet al., 2010).
These relations are given by Egs. 4 and 6 in the main text. Tétecthnstraint, Eq. 4 in the
main text, states that the growth rate is linearly relateth&ofree ribosome concentratiop
(solid line in Fig. 2B), with an “offset’r;, which corresponds to a minimal concentration of
free ribosomes needed for growth (Scaitél., 2010). These “inactive” ribosomes are assumed
not to bind antibiotic. The second constraint, Egs. 5-6 mriain text, states that when the
growth rate is decreased by imposing translational inleibifstarting from a drug-free growth
rate \y), the cell responds by upregulating its total ribosome eontsuch that total ribosome
concentratiom; = r,+ 7, increases linearly with decreasing growth rate, reachungj\zersal
maximunr,,., as the growth rate tends to zero (dashed lines in Fig. 2B)eXpeession for the
total ribosome concentration as a function of growth ratg (&of the main text; dashed lines
in Fig. 2B) can be derived by applying simple geometry to tiagicam in Fig. 2B. Because the
maximal possible ribosome concentratiqp,, is universal, cells which are initially growing
faster (large\y) have less capacity to upregulate their ribosome contéall(sver gradient of
the dashed line), whereas cells that initially grow sloveendll \,) can increase their ribosome
content by a larger factor in response to translationabitibn.

It is important to note that these two empirical constraares not contradictory, because the
first concerns théree ribosome concentration,, while the second concerns ttaal ribosome
concentratiom; = r,+r,. Maintaining a given growth raterequires the same free ribosome
concentration-, in the presence or absence of antibiotic, but in the presehaatibiotic the
total ribosome concentration will be higher due to the aatib-bound ribosomes,, which do
not contribute to growth.

The upregulation of the total ribosome pool which is enclgied in the second empirical
relation is crucial to our model; without it the model is uteatd reproduce the negative cor-
relation between 1§ and growth rate\, which we observe for our bacteriostatic antibiotics.
For example, the model of Ref (Edf al., 2006), which includes positive correlation between
free ribosome concentration and growth rate, but not ugaéiga of total ribosome concentra-
tion upon translational inhibition, predicts only a positrelation between I§ and drug-free
growth rate)\,. This is discussed in more detail in section 1.4.



1.1.2 Expressing the empirical constraints in terms of corentrations (Fig S1)

The state variables in our model are concentrations of fneeb@mund ribosomes and of an-
tibiotic, whereas in previous work (Scadt al., 2010) the empirical relations linking ribosome
content and growth rate were expressed in terms of ribosoass fractioni(e. the mass frac-
tion of the total protein pool that is ribosomal protein). releve describe how to obtain the
empirical relations in terms of ribosome concentration.
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Figure S1: Empirical relation between ribosome conceiotnaind growth rate. Data from Bre-
mer and Dennis (Bremer & Dennis, 1996), is converted intésumii ribosome concentration
and plotted as a function of exponential growth rateThe minimal ribosome concentration
compatible with growthy;,, can be directly read off the graph. To obtain the maximal ri-
bosome concentration, .., we use the observation of Scettal.(Scottet al., 2010) that the
maximal ribosome fraction corresponds to a drug-free gnoate of),,,, = 2.85h~1.

For the first empirical relation (Eq. 4 of the main text; pogtlinear correlation between
ribosome content and growth rate in the absence of antijete use the data of Bremer and
Dennis, who have tabulated the number of ribosomes peramd,the dry mass per cell, as
functions of growth rate foE. coli B/r (Bremer & Dennis, 1996). The ratio of these numbers
gives the number of ribosomes per unit dry mass, which wetdeVig/M..; 4, as a function of
the growth rate. To convefY/M..; 4, t0 ribosome concentration, we note that the ribosome
concentration = Ng/V,.; (WhereV,;, is the cell volume) can be written as= Nr/V..; =
(NR/Mcell,dry) X (Mcell,dry/Mceleet) X (Mcell,wet/‘/cell)- The cell denSityMceleet/‘/cella has
been measured by Kubitschekal. to be 1.09 g /mL, independent of growth rate (Kubitschek
et al., 1984). We can relate the wet and dry cell masaés;; ,,.. and M.y 4-,, by noting that
Cayleyet al. have measured the water-accessible cytoplasmic volunte toti K-12 as 2.1ul

/ mg dry weight under conditions of optimal osmolarity, @sponding to the MOPS medium
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used in our experiments (Cayleyal., 1991). Taking the density of water to be 1 g / mL, this
implies that, in wet cells, for every unit of dry weight theme 2.1 mass units of water — and thus
that the ratio of dry cell mass to wet cell masé..i; 4,/ Mceiwet, iS 1/ 3.1. This allows us to
convert the data of Bremer and Dennis into ribosome conagoitras a function of growth rate.
The results of this conversion are shown in Fig. S1. As oleskby Scotet al. (Scottet al.,
2010), the relation is approximately linear, with an inegtr,,;, = 19.3uM and inverse slope
Ky = 6.1 x 1072 uM~th~1, In these experiments, no antibiotic is present, so thatbasured
ribosome concentration corresponds to the free ribosomeerdration;, in our model. Thus
we can write Eq. 4 of the main text:

A
Tu = Tmin + —- (S1)
Rt
The parameters; andr,,;, can be directly measured from the slope and intercept of ridyghg
in Fig. S1;x, = 6.1 x 1072uMh~! is in good agreement with the result of Sceitel. (Scott

et al., 2010).

For the second empirical relation (Eq. 5 of the main text;atieg linear correlation between
total ribosome content and growth rate under translatntribition), we assume that the linear
relationship between ribosome mass fraction and growth shserved by Scot al.(Scott

et al., 2010) also holds for the ribosome concentratiare- we assume that we can write
Tiot = Tmax — DA. The constank can be determined by noting that in the absence of antibiotic
A = Ao andryy = 1y = min + Ao/ke; this implies Eq. 5 of the main text:

Ttot = Tmax — ArA ()\i(] - (litlA’f’)) (82)
whereAr = r,.«—"min- 10 Obtain a numerical value for, .., we note that in the experiments of
Scottet al.(Scottet al., 2010), the maximal ribosome fraction corresponds to a-fieggrowth
rate of \,,.. = 2.85h~!. Reading off from Fig. S1 the ribosome concentration cgwasing
to \o = 2.85h™! (red arrow), we find that,, .. = 65.8:M.

The second empirical relation allows us to determine thesoine synthesis rate At
steady state the rate of ribosome synthesis must matchteéhefradbosome removal by dilution:
i.e. we requires = Ary; (this can also be seen by adding together Eqgs. 2 and 3 of thretexdi
and setting the time derivatives to zero). This leads to ¥peession for the synthesis rate; Eq.
6 of the main text:

8()‘) = Alior = A |irmax — AAr ()\io - (IitlA’f‘))} . (83)

1.1.3 Antibiotic influx rate
We assume that the antibiotic influx ratein Eq. 1 of the main text, is given by

J = Pin&ex - Pout&> (84)
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wherea,, is the extracellular antibiotic concentration. Here weuass that the membrane per-
meabilitiesP,, and P,,; are constants. It is important to note, however, that, fanaglycoside
antibiotics at much higher concentrations than considereatiis work, (~ 10 x 1Csy), mis-
folded membrane proteins can disrupt the cell membrane;hwimay lead to changes in the
permeability (Kohansket al., 2008). This could be included in the model by makiagand/or
P,.; dependent on the state variable( ry,).

1.1.4 Accounting for dilution due to cell growth

In our model, cell division is not represented explicithecluse a cell division event does
not affect the intracellular concentrations (assuming-autition of the cell contents between
daughter cells). Instead our model tracks the intracellcdacentrations in time within a lin-
eage of cells. The dilution of material due to cell divisianrepresented by “sink” terms
—Aa, —Ar,, —Ar, in Eqs. 1-3 of the main text. To see how these terms arise,idema
generic intracellular component whose number of molecides and whose concentration
isn = N/V whereV is the cell volume. We suppose that the component is gernkedte
a rateg per unit volume and that the cell increases its volume (i.eowg) exponentially
at rateA. The dynamical equations fa¥ and V' in a growing cell aredN/dt = ¢V and
dV/dt = A\V. Combining these relations gives us a dynamical equatiothéconcentration:
dn/dt = (1/V)(dN/dt) — (N/V?)(dV/dt) = g — An, in which the sink term arises naturally.

1.2 Theoretical predictions of the model

1.2.1 Steady-state solution of the model; assumptions andgaliction of growth inhibition
curves (Fig. S2)

We now discuss the solution of equations Egs. 1-3 of the neairfor exponentially growing
cells. In steady state, these equations read:

0 = _kona (Tu - rmin) + koffrb —Aa + Pinaex - Pout&> (85)
0 = _kona (ru — Tmin) + koffrb — >\Tu + S()\), (SG)
0 = kona(ry — Tmin) — koi™s — ATp. (S7)

We wish to obtain from these equations a prediction for tloevtjn rate\ as a function of the
extracellular antibiotic concentratian, and the drug-free growth ratg. To this end we solve
the equations subject to the constraints given by the eocapielations, Egs. S1 and S3 (Egs. 4
and 6 of the main text).

We first use the positive correlation between unbound rib@sconcentration and growth rate,
Eq. S1, to eliminate, in favour of \. Rearranging Eqg. S7 then gives an expression for the
bound ribosome concentratiop

konaA

"= K¢ ()\ + koff).

(S8)
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Substituting this into the steady-state condition on theagellular antibiotic concentratiod
Eq. S5, yields
0= P,a a[P + fon X + A (S9)
— 4 inYex out Ky ()\ + kfoff)
which in turn yields an expression for the steady-state eotnationa. Similarly, eliminating
the bound ribosome concentratignfrom Eq. S6 yields,

A kona\?
} & 4 s(\). (S10)
Rt

0=-A mn+ —| ——F~—5—
[T O+ Fogt)

Ry

Substituting the expression for the ribosome synthests B S3, into Eqg. S10, leads to

A alk
0=(1-2)Ap— 9AFn S11
( )\0) " R O+ Fop) (S11)

Combining Eqgs. S9 and S11 to eliminate the intracellulaibastic concentratioru generates
an expression for the growth rakeas a function of the extracellular antibiotic concentnatio

Qex
A Ak
0=(1-2)Ar— on
( )\0) " Rt ()\+k0ff)

Eq. S12 can be rearranged to give a cubic equation for thetgnate A scaled relative to the
antibiotic-free growth rate,:

Pinaex

kon A2
Pou + (X% T A

. (S12)

A A

0=- (r) (ko + k1) AZ] + (r) (ko + ) N3 — (Poss -+ o) o]

)\ konpin ex
+ <)\_) |:(Pout + koﬁ) fft>\0 - Tﬁ)\o — Poutko{f’ft:| —+ Poutko{f’ft' (813)
0

Dividing through byk,,, we find that

A 3 K¢ A 2 K¢ Rt
== () [0 )] () () - e
A Pin ex
+ < ) |:(Pout + k?off) ﬁ>\0 - - >\0 - PoutKD/it:| + PoutKDHta (814)

Ao Kon Ar

where Kp = kog/kon. Defining the parameter combinations = 2/ P« Kp andIC;, =
NAr/(2Py,), as in the main text, and dividing through by;)?, we can rewrite Eq. S14 as

-G G 02 02 ) -Gt ()G




A Pout + koﬁ" Rt )\O Aex )\O 1 1
) | 2out T Roff M) (22 - Sl I s15
fWIEER) V) (X)) - (3) -1+ o

If we assume that,,, > «; and also that P, + koi)/v Poutkor dO€S Not become very large,
then Eq. S15 simplifies to Eq. 7 of the main text:
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Figure S2: The effect of the reversibility parametgron the shape of the inhibition curve
A (aex). The inhibition curve (a.) is obtained from the fixed points of the model dynamics,
Eqg. S15, for different choices of the critical parametgr= 2/ P, Kp that quantifies the
reversibility in binding and transportA and B: For near-irreversible binding < Ao, [A.:
A/ Ao = 0.083 (Kp = 0.01uM) andB.: X\j/A¢ = 0.3 (Kp = 0.13uM)], the inhibition curve
exhibits an abrupt transition from growth to no growth clésehe half-inhibition concentra-
tion. Furthermore, we predict the existence of a seconay-glowing subpopulation in the
region of antibiotic concentration where the model hasetireed points (gray band)C and
D: For reversible binding\; > A\ [C.: \j/Ao = 0.45 (Kp = 0.3uM) andD.: \j/\g = 0.83
(Kp = 1uM)], the inhibition curve decreases smoothly and a singledigoint is evident. In
the figure \§ is varied by changing the dissociation constApt = k. /kon, With the remaining
parameters fixe®,. = P, = x,Ar = 2.85h~! and)\y; = 1h~!. The full lines show the stable
fixed points; dashed lines show unstable fixed points.

The roots of this cubic equation for give the steady growth rate as a function of the model
parameters and of the drug-free growth r&je Fig. S2 shows predictions for{a., ) obtained
from Eq. S13, for increasing values &f (with \o = 1h™1). For \} < ), (Fig. S2A and B),
Eqg. S13 has three solutions. The stability of these solatc@m be determined by performing
a linear stability analysis of the dynamical equationss tieiveals that two of the solutions are
dynamically stable (full lines in Fig. S2) and one is unstalolashed line). In our experiments,
we expect to observe the upper stable solution, since we bétfi the initial condition\ /\y =

1, which is closer to the upper fixed point than the lower onee dhservation that we have two
stable states does, however, suggest that measurementgivadual cell growth rates might
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reveal population-level heterogeneity. Such measuresrteate recently been performed for
antibiotic-resistant strains (Derés al., 2013) but to our knowledge have not been carried out
for antibiotic-sensitive strains such as those used in arkwiFor\§ > A\, (Fig. S2C and D),
the bistable regime vanishes and a unique steady statalpreva

1.2.2 Growth-rate dependence of the I,

A prediction for the IG, is obtained by setting., = IC5o andA = )\y/2 in Eq. S15. This gives

K Pt + koge Fr Ag) ICso </\3) (Ag)2
0=1+—+ =2 ) (/=) (2] -2 20) 4 (22 S17
kon < \% Poutkoﬁ" ) ( kon) ()\O ICEO )\0 )\O ( )

This equation can be solved to give an expression for thed€a function of the antibiotic-free
growth rate),:

IC50 1 K¢ )\0 Pout + koff K¢ )\8):|

— == l1+— |||+ | —=— el S18

IC;O 2 |:( kon) (AS) ( Vv Poutkoff ) ( kon) (AO ( )
Making the same assumptions mentioned above, namelyithat> «; and that(P,. +
kot) /v Pouskor dO€s not diverge, Eq. S18 reduces to

ICs 1/ Ao b
_ = 20 0 S19
Ic, 2{(%)+<x)} (519)

which corresponds to Eqg. 10 in the main text.

In Eq. S19, ifAg < A}, we expect the second term to dominate, so that thgd€creases with
increasing)\y; i.e. fast-growing cells are more sensitive. Howeveajf > )¢, the first term
dominates, the I¢ increases with increasing, and fast-growing cells are less sensitive to an-
tibiotic.

Parameters extracted from literature data suggest thastemptiork,, > «; is satisfied for
all the antibiotics considered in this work (see Section3);3the largest value of,/k,, is
obtained for chloramphenicol, for whieh /k,, < 1/18.

1.2.3 Limit of the model for small A

If the critical parameteh;; is small, corresponding to very slow antibiotic effluk.(.), or very
slow antibiotic-ribosome dissociatioh.), the predictions of the model can be simplified. For
)/ Ao < 1, the cubic Eq. S16 (Eq. 7 in the main text) reduces to a quiadrat

A\2 /A Gex (N
=(=) - (= & 2
0 <M) <M)+2w%(&) (520)
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which can be solved to give the prediction for the form of thi@hition curve:

2a A\
1 1——= (20 S21

for a., < 1Cs50/2; andA/)\y = 0 otherwise. In this limit Eq. S19 for the kgreduces to

)\OICSO A’f’)\o
ICso = = .
Cro 20, 4P,

Ao 2

(S22)

BecauseAr = 7.« — "min = 46.5uM is a universal constant it should, in principle, be possi-
ble to estimate the permeability constdtyt from the slope of 1Gy (). For streptomycin and
kanamycin, however, our fits suggest that we are not quitedrsmall)\; limit (a better fit to
the 1G;, data is obtained using the full expression, Eq. S19 thanitlead approximation, as
shown in Fig. S4).

Using Eq. S22 for the I¢g allows us to express the inhibition curve, Eq. S21 as

N o
Aoty e S23
N 2 { + 1050}’ (S23)

for a.x < ICsp, and /)y = 0 otherwise. This limiting form is compared to our data for
streptomycin and kanamycin in Fig. 5 of the main text, and 54

1.2.4 Limit of the model for large \;

The predictions of the model also simplify in the limit thetis large, corresponding to rapid
antibiotic efflux (P,.;) and antibiotic-ribosome dissociatiok,§). In this case the cubic Eq. S16

reduces to \ L/ L /5
Qex 0 0

= -— —( =) —== S24

! <A) {Iczo+2<xo)} 2(Ao)’ (524)

which can be solved to give a Langmuir-like expression ferréflative growth rate
A 1

o 2aex ((Mo)
T+ (%

In this case thdCjy, (the antibiotic concentration to achieve half-inhibitiap), = 1/2) is

(S25)

simply
ICE NS k P, ki Ar
I _ 5070 _ off out t S26
©0 =0 (k P, X )’ (520)
and the inhibition curve reduces to the simple form
A ! (S27)

o 1 + Gex /IC50
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Note that in this case thi&’;, is inversely proportional to the drug-free growth rate These
predictions are compared to our data for tetracycline afar@amphenicol in Fig. 5 of the main
text and Fig. S4.

Interestingly, this form of the inhibition curve can be urgteod as a modified form of a simple
Langmuir-like binding curve for the antibiotic-ribosomguélibrium. Writing the inhibition
curve Eg. S27 in terms of the free ribosome concentrationguBiq. S1, we obtaifir, —
Tmin)/ ("o — Tmin) = (1 + aex/Kpeg) ', Wherer, is the drug-free ribosome concentration
7o = Xo/K + min, @NAKp ¢ iS an effective dissociation constalii . = Kp X (Pout/Pin) X
(kiAr/Xo). Thus the effect of cell physiology is to rescale thevitro dissociation constant
Kp by afactor that depends both on the membrane permeabititycancially, on the drug-free
growth rate\,.

1.3 Model fits to experimental data and parameter extraction
1.3.1 Model fits to growth inhibition curves on glucose-baskmedia (Fig. S3)

Fig. S3 shows model fits to our experimental growth inhilnitcurves on the three glucose-
based media. These plots are analogous to those shown in3Fif.the main text for the
glycerol-based media.

1.3.2 Residuals for fits to growth inhibition curves

The sums of squares of the residuals (RSS values) for the fitsranodel to our experimental
growth inhibition curves (Fig. 3 of the main text and Fig. 3&re:

Streptomycin, glycerol media: RSS = 0.18, 21 data points.

Streptomycin, glucose media: RSS = 0.63, 21 data points.

Kanamycin, glycerol media: RSS = 1.07, 18 data points.

Kanamycin, glucose media: RSS = 0.40, 19 data points.

Tetracycline, glycerol media: RSS = 0.013, 22 data points.

Tetracycline, glucose media: RSS = 0.015, 18 data points.

Chloramphenicol, glycerol media: RSS = 0.023, 22 data point

Chloramphenicol, glucose media: RSS = 0.145, 18 data points

1.3.3 Model predictions for \j and IC;, and comparison to literature values

Fitting our data for the nutrient-dependent growth inhdritcurves to the prediction of the
model (Eg. 7 of the main text) allows us to extract values fer ¢ritical parameters; and
IC;,. Tables S3 and S4 list these values. In many cases, estifoataschemical parameters
for membrane transport and ribosome binding are availalites literature; these can be used to
obtain estimated ranges faf = 2v/ Py Kp andICy, = A\ Ar/(2P,,), which are compared
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Figure S3: Model fits to growth inhibition curve data for ghse-based media. The parameters
A; andIC;, are obtained by numerical fitting of the solution of the cudmeoiation, Eq. 7, to our
experimental growth inhibition curves. Data sets for ddfe drug-free growth rates.€. the
different curves in each panel) were fitted simultaneouslly the same values of; andIC:,

but separate fits were obtained for glycerol-based and gaibased media. For each fit, the
bold line shows the best fit to the data while the narrow liegsasent 95% confidence intervals
on the value of the parametg}. To obtain these intervals (as well as the error bars on the fit
for \j and 1C)), we performed fits on 1000 randomised datasets generateahyling within
the experimental error ranges on the measured growth#idnllata. The parameters obtained
by our fitting procedure are listed and compared to litestlata in Table S4.

to the results of our fits in Table S4 [usirg = 6.1 x 10~2uMh~! andAr = 46.5uM (Scott
et al., 2010)]. In most cases, the values given by our fits are withiclose to the range of the
literature results.

Literature values for the membrane transport parametgrsand P, were obtained from lit-
erature data that tracks the accumulation of intracellatdibiotic over time, upon exposure
of cells to high concentrations of extracellular antilgotiTo extractP,,; and P,, from these
data, we assumed that the intracellular antibiotic comaéinha obeysda/dt = Py aex — Poyra
(neglecting the fraction of antibiotic that is bound to slmes, since typically >>IC5;). This
equation has the solutian(t) = (Pinaex/Pouw)[1 — exp(—Pout)]. Hence,P,,;, can be found
from the rate of increase of intracellular antibiotic aR¢g can be found from the saturation
level of intracellular antibiotiCgs.; = Piaex/ Pous-
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Tetracycline

For tetracycline, the dissociation const#ft has been reported 8$5-20:M (Epe & Woolley,
1984; Tritton, 1977; Berens, 2001) [note that in Ref. (dntt1977)K can be obtained as the
inverse of the quasi-first order effective association tamm$ Reported experiments that track
the inflow of tetracycline into cells allow one to obtain estites forP,,; = 80-120h~! (Argast

& Beck, 1985) andP,, ~ 17 x P, = 1360-2040h~! (Argast & Beck, 1985). This leads to
values of\;, = 2v/P,kKp in the range 3.1-24h andIC:, = \;Ar/(2P,) in the range
0.04-0.4/M. k,, for tetracycline has also been measured.as5uM—'s™! = 1026uM~th~1
(Tritton, 1977). This gives the ratik,,/x; as1.7 x 10, so that we are well within the range
where the approximatiok,, /x; > 1, used in our calculations, is valid.

Chloramphenicol

For chloramphenicol, the dissociation constail has been reported &s>-5uM (Harvey &
Koch, 1980; Pongst al., 1973; Contreras & Vazquez, 1977; Goldbet@l., 1977) [these ex-
periments were not all carried out at the same temperatuwreraxperiments, buk, has been
found not to vary significantly betwedénand30°C (Harvey & Koch, 1980)]. Estimated values
for the membrane transport parameters Arg = 15-30h~! (Abdel-Sayed, 1987; George &
Hall, 2002) andP,, = 75-4000h~! (Abdel-Sayed, 1987; George & Hall, 2002). We note that
the latter range is very large; this is due to two very diffenealues being reported for the ratio
of intra- to extra-cellular chloramphenicol in Refs. (Abd&ayed, 1987) and (George & Hall,
2002). Taking the range of values spanning the results df papers, this leads to values of
A} in the range 1.35-6.0H andIC;, in the range 0.008-1.88/. The binding constant,,, for
chloramphenicol has also been estimategbas) 4 —3.6 x 103 uM~1s™! = 1.08—13uM~th!
(Harvey & Koch, 1980). This gives the ratiQ, /x; as18 — 213, so thatk,,/x; > 1 remains a
reasonable approximation.

Streptomycin

For the aminoglycosides streptomycin and kanamycin, tepbffer as to the reversibility of
antibiotic-ribosome binding. A common view is that the effef aminoglycoside binding is ir-
reversible (Farajet al., 2006; Davis, 1987; Wishaet al., 2006; Davies, 1991). However, other
reports suggest that dihydrostreptomycin binds reverdiblribosomes withK, = 0.1uM
(Chang & Flaks, 1972; Franklin & Snow, 2006). We thereforseuase thatkp, = 0 — 0.1uM.

In experiments tracking the accumulation of streptomyeside cells, no saturation of the intra-
cellular antibiotic was observed after 30 minutes (BryanaiaDen Elzen, 1976). This suggests
that P,,, < 1/30min~'. In the same experiment®, can be determined by the slope of the
curve for accumulation of intracellular antibiotic, gigr?, = 0.9 — 1.5h~! (Bryan & Van
Den Elzen, 1976) [it is important to note, however, that arglgicosides promote the synthesis
of mis-translated proteins that disrupt the membrane, aoftin streptomycin and kanamycin,
influx may not be a linear process as assumed here]. Takisg tlamges of parameters, we
obtain); in the range 0-0.221 andIC%, in the range 0-5.68M. k., for streptomycin has also
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been measured @s16 — 0.56uM1s™! = 576 — 2016uM ~th~! (Chang & Flaks, 1972). This
gives the ratid,, /k; as9 x 10? — 33 x 104, so thatk,,/x; > 1 is a valid approximation.

Kanamycin

For kanamycin, it is difficult to obtain literature predmtis for \; andIC:,. As for strep-
tomycin, a conflicting picture appears as to the reversybdf ribosome binding; while this
is generally accepted to be irreversible for aminoglycesifFarajiet al., 2006; Davis, 1987;
Wishartet al., 2006; Davies, 1991), non-zero dissociation constantgdoamycin have been
reported p = 1.8uM for binding to the small ribosomal subunit a&d, = 2.54M for bind-

ing to the large subunit (Misunat al., 1978)). The existence of two different ribosome binding
sites for kanamycin, not considered in our model, is an &gt complicating factor (Misumi
et al., 1978; Franklin & Snow, 2006). Moreover, no data on membrtaaesport properties
appear to be available for kanamycin.

1.3.4 Fitting the model to growth-dependent susceptibilit data [IC50()\o)], rather than
growth inhibition curves (Fig. S4)

In Figs. 3 and 4 of the main text, and Tables S3 and S4, we ob#dires for the critical pa-
rameters\; andIC;, by fitting our data for nutrient-dependent growth inhibiticurves to the
predictions of the model (solution of Eq. 7 of the main texthis requires us to solve the
cubic equation (Eqg. 7 of the main text). A mathematically@ien but less well-constrained,
alternative approach would be to obtaihandIC;, by instead fitting the data for the growth-
dependent susceptibility (X o)) to the model prediction (Eq. 10 of the main text).

To test the robustness of our conclusions to the fitting o we also implemented this al-
ternative approach. To constrain the fits as much as poseiblt the data for IGy () using a
global fit with shared parameters, such that, for a giverbatic, A\ is assumed to be common
for both glycerol-based media and glucose-based media(ytan differ between these me-
dia classes. This amounts to allowifg but notP,,; to depend on the carbon source. In these
fits, the total number of parameters was 3 per antibiofjgp{us2x IC;,) and the total number
of data points was 6 per antibiotic (3 glucose-based medis piglycerol-based medid) To

be sure that the global minimum was found, we systematisaiéyched the space of the three
parameters using a grid-based procedure, for each amtibiot

The results of fitting 1Gy(\o) to our data are shown in Fig S4. Fits forshC\,) are shown in
the top panels (black lines; note that for tetracycline ardramphenicol we have plottdd ),
on the horizontal axis). The resulting values)jfandIC:, are given in the caption, and are
consistent with the values obtained by fitting the growthbitton curves (compare to Tables
S3 and S4). The bottom panels (solid lines) in Fig S4 showigtieds for the growth inhibi-

1This compares to 4 parameters per approximately 36 datasdoimour fits to the growth inhibition curves in
Fig. 3.
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tion curves, obtained by inputting these valuespandICs:, into the cubic equation, Eq. 7 of
the main text. The agreement with the data remains good, teeaigh these fits are less well
constrained than those of the main text.

Fig. S4 also shows the predictions of the limiting cases efrttodel for small\; (for strep-
tomycin and kanamycin) and large (for tetracycline and chloramphenicol), using the same
values of\§ andIC;,. In the top panels, the brown lines show model predictiongtfe IG;,

in the “bactericidal” and “bacteriostatic” limits, Eqs. Sand S26 respectively. In the bottom
panels, the dashed lines show predictions for the growtiilaition curves in the same limits,
Eqgs. S23 and S27. The bactericidal (smg) limit of the model is in reasonable but not ex-
cellent agreement with the data for both streptomycin am@ik®ycin, consistent with the fact
that the fitted values of; = 0.45 for streptomycin and; = 0.4 for kanamycin are comparable
with our slowest experimental growth rates. The bacteatas(large);) limit of the model is in
good agreement with the data for tetracycline, consistéhttive fact that here our fitted value
of \j = 3.9 is much larger than any of our experimental growth ratesohtrast, for chloram-
phenicol, bacteriostatic limit of the model is in pooreregmnent with the data, consistent with
the fact that the fitted value of; = 1.35 is within the range of our experimental growth rates.

1.4 Importance of up-regulation of ribosome synthesis in te model

In previous work, Elfet al. (Elf et al., 2006) proposed a similar mathematical model, which
accounts very generally for the inhibition of growth by atellular antibiotic and predicts a
bistability in growth rate, due to a positive feedback in @hantibiotic inhibits growth, hence
slowing dilution and allowing more antibiotic to build up the cell. Elfet al. consider the
specific case of ribosome-targeting antibiotics, taking iaccount (equilibrated) binding of
antibiotic to ribosomes and a linear relation between fieesome concentration and growth
rate, as well as dilution of intracellular antibiotic duegmwth — but not accounting for up-
regulation of ribosome synthesis upon translation intghit This model predicts that the i€
should be a universally increasing (non-linear) functiérthe drug-free growth rate,, and
thus cannot explain our experimental data for tetracyame chloramphenicol, where thesfC
decreases with,. In fact upregulation of ribosome production is essentiaxplain this be-
haviour. Solving our model as in section 1.2.1 above, butgiai constant ribosome synthesis
rates (i.e. assuming that the total ribosome concentration resiixed at its drug-free value
Ttot = Tmin + Ao/K¢, @nd using the steady-state conditios Ary), gives the result

)\(2] <1 + %) + 2)\0 (Pout + koff) + 4Poutk70ff
4k70nPin

ICso = (S28)

which is an increasing function 0§, for all parameter values. Thus the results that we see for
the bacteriostatic antibiotics cannot be explained witihazluding ribosome upregulation upon
translational inhibition.
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Figure S4: Comparison between the model predictions andégxuerimental data, when we
obtain\; andICZ, by fitting ICs,(\o) rather tham (a.x)/A\o. A global fit with shared parameters
is used such that for each antibiotig; is assumed to be common to all media bGt, is
allowed to differ between glucose-based and glyceroldbasedia. A - D: Dependence of
the half-inhibition concentration Kg on the drug-free growth rat®,. Black lines show the
universal curve (Eg. 10 in the main text); brown lines shanliitear limits. Solid and dashed
lines are for glycerol-based and glucose-based media. tRate¢he data for tetracycline and
chloramphenicol € andD) are plotted versus inverse drug-free growth rate\(). Symbols
are as in Fig. 1. of the main text. The fit parameters are aswsll Streptomycin:\} =
0.45h=1, IC%, = 0.3ug/ml (glucose)IC:, = 0.2ug/ml (glycerol), Kanamycin)\} = 0.40h~1,
IC;, = 0.2ug/ml (glucose)IC:, = 0.1ug/ml (glycerol), Tetracycline\ = 3.9h~1, IC}, =
0.6uM (glucose),IC:, = 0.3uM (glycerol), Chloramphenicol}} = 1.35h~!, IC%, = 4.5uM
(glucose)]C:, = 2.9uM (glycerol). E - H: Growth inhibition curves for glycerol-based media,
compared with the prediction of the full model (Eqg. 7 of theimxt) (solid lines), and with
the theoretically-predicted forms in the limits of largesonall \|; (dashed lines), using the same
parameters as in panéls- D

1.5 Susceptibility to kanamyecin for the translation mutant (Fig. S5)

In the main text, we show that a mutant strain with impairadstation shows growth-dependent
susceptibility to tetracycline that is in quantitative egment with the predictions of the model
for a reversible antibiotic (Fig. 6). The situation is momplex for our irreversible antibi-
otics, because the mutant is partially resistant to bo#psimycin and kanamycin, implying
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that molecular binding and transport parameters for thasgsdare likely to be altered as well
as the translation rate. Nevertheless, growth mediumsakge inhibition curves for the mu-
tant on all 6 media are well-fitted by the model (Fig. S4, usingerical solution of the cubic
equation, Eq. 7 of the main text; raw data is given in Table $& values for\; and IC;, for
the mutant that emerge from these fits are: glucage: 0.29h~'; IC:, = 0.81ug/ml, glycerol:
Ay = 0.21h™1; ICE, = 0.37ug/ml. Comparing these to the results obtained from equivale
data fits for the wild-type strain (Fig. 3; glucosg;, = 0.47h™!; IC;, = 0.26ug/ml, glycerol:
Ay = 0.17h™1; ICz, = 0.05:9/ml), we see that the fold-changesXjfand IC,, in the mutant are
different. This suggests that, as expected, moleculanpatexs for transport and / or binding
of kanamycin are affected by the mutation as well as the la#ios ratex;.
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Figure S5: Growth-medium dependent growth-inhibitionvesrfor the translation mutant in
the presence of kanamycin. The symbols show experimentalfdaglycerol-based media
and glucose-based medsa symbols are as in Fig. 1. of the main text. The solid linesasho
fits of the model to the data, using numerical solution of thieic equation (Eq. 7 of the main
text). Separate fits were performed for glycerol and gludzessed media, but for each media
type all 3 inhibition curves were fit simultaneously. Theuléag fit parameters were: glycerol:
As = 0.21h~1; ICE, = 0.37ug/ml, glucose\; = 0.29h~1; IC:, = 0.81ug/ml.

1.6 Model predictions with growth-state dependent transpa parameters

Here we explore the effects of including a growth-rate deeece for either the antibiotic influx
rate P, or the efflux rateP, .. In our studyP., and P,; have been assumed to be constants,
but it is possible that as the cell becomes inhibited by #otit) it will become either more
permeable to antibioticH,, increases a3 decreases), or less able to expel antibiofig,(
decreases ak decreases). For simplicity we assume these dependencedliteear, and we
also assume that in the absence of antibiotic the transpies take fixed valueB? and P2 .
which are growth-medium independent.
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Growth-rate dependent influx
Let us first assume a linear increase in the influx /@teas the growth rate decreases under
antibiotic treatment. This can be desribed by the functitoran

Pu(N) = Py + AP, (1 - i)
Ao

whereAP,, = Pma — PY with Pmax pheing the influx rate at zero growth rate. Inserting this

in

into the generic cubic equation Eq. (S14), we obtain

>\ ’ K >\ 2 K¢ K¢ Qa
- (& 1+ )N ( 2 1+ ) 22— (P M X NAP,
0 <)\0) |:( + kon) )\0:|+<)\0) |:( + kon) )\0 ( out +koff) kOn)\O + A’l“)\o in

a'ex

A K
_'_ ()\_0) |:(Pout _'_ koﬁ‘) k_(:;)\(] - Ar AORTaX — PoutKDK/t:| + PoutKDIih (829)

We now define the parameter combinatiofis= 2/ P,k Kp (as before) antiCr; = \jAr /(2 Pmax)
(note that this is slightly different to our previous definit of IC,). We also, as before, divide
through by(\;)?, and assume that,, > «; and that( P,y + ko) /v/ Pourkor dO€S not become
very large. This results in a modified form of the cubic equatEq. 7 of the main text:

A\ A Gex  (A3\ (AP, A e (AN 1 /AN 1A
Ao Ao 20CE \ N ) \ Pmax Mo/ | 21CE \ N ) 4\ n 4\ X\

(S30)
To determine how the susceptibility varies with drug-freevgh rate),, we setu., = IC5, and
A = \o/2. This gives
IC5 1 pmax Ao A}
=— | =" — — S31
s =3 () |G2) + (BD)] (531

Thus the modified model behaves in the same way as our “basidemthelCs, is simply
scaled by a constant.

Growth-rate dependent efflux
Next let us suppose instead that the efflux rate changes vathitly rate under antibiotic chal-
lenge. This can be described by the functional form

; A
Pou(A) = P+ AP,y <—) )
Ao

where Pt js the efflux rate when cell growth is zero andP,,, = P°. — P™in with P°

out out out ? out

being the drug-free efflux rate.
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Substituting this into the generic cubic equation, Eq. S, defining the parameter combina-
tions \i* = 24/ Pming, K andICyy = A\j*Ar/(2P,), and following the same procedure as in
the “basic” model (including assuming thaf, > x; and that( P™® + k.g)/+/ PRi"kz does

out

not become very large), we eventually obtain the foIIowiuglc equation:
3 2 2 2
1 AP, 1 AP,
0= — i )\O + out )\O + i )\O + = out )\O 1
Ao Ao 4 PR Ko Ao A" 4 PRt \ ko

aex )\0 ]- ]-Apout ]_
- — S32
(IR -

out

We also note that 5L (
This then leads to

o (2 CAY | _LARw (A
)\0 )\0 4P0r{111tn )\O

which looks very similar to Eqg. 7 of the main text, with soméraxterms m%

\_/

= AP, A%gg ;Ttn ~ 0 under the same assumptions as above.

e )\3*+1 AP (A 1
X/ | 21CE Ao Pmin |\ ) 4

(S33)

To determine how théCs;, depends on the drug-free growth raig we seta., = 1C5, and
A = \o/2. This gives

Gy 1 [AO LN [1+ mpout” 3

ICiy 2 [\ Ao 2 pumin

out
Once again, this result has the same structure as the kdy oéswr “basic” model, Eq. 10
of the main text. Here, however, the turning point betweesvérsible” and “irreversible”
behaviour is shifted by a constant.
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1.7 Sample growth curves (Fig. S6)

Fig. S6 shows typical growth curves for our experimentshegresence and absence of antibi-
otic. Here we show data for growth of our wild-type str&ncoli MG1655 on glucose with
casamino acids, in the absence of antibiotic and in the peesef increasing concentrations
of chloramphenicol. Growth curves for the other drugs aralitatively similar. The vertical
axis shows the number of cell doublings, as computed fromsareanents of the optical den-
sity at 600nm (Olgy). In all our experiments, we were careful to maintain celtues in the
exponential phase of growth by appropriate dilution of trengh medium.

Chloramphenicol in glucose casamino acids

Doublings ! oum
|0 (ODGOO(t)] 3 !
9,
ODgy(0) 2uM
4 e 4uM
[
2 ! . =
-, 8uM
-
[ 4
g 12uM
1 .
. 16uM
w ol
¥ s
.
0 : : : :
0 1 2 3 4 5

Elapsed time (hours)

Figure S6: Sample growth curves. Different symbols comwadpto replicates done on differ-
ent days. Light scattering at 600 nm (OD600) was measuredigfra 1 cm quartz cuvette.
Samples were taken from test tube cultures adapted to expalgrowth in a waterbath shaker
at 37C. Tubes were removed from the shaker less than 10 sedonicig sampling. To ease
comparison, data has been normalized relative to the OD68Da The data shown is from
cells grown in glucose casamino acids medium, with\0, 2 M, 4 M, 8 uM, 12 uM and
16 M chloramphenicol as indicated; similar growth curves damed in other growth media
and antibiotic concentrations.
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2 Supporting Tables

Table S1: Growth rate in the absence of antibiotics

Doubling Rate Growth Rate
Medium (dbl/h—Y) Error| )Xo (h™1) Repeats
Glucose RDMe 2.42 0.06 1.68 2
Glycerol RDM N 1.95 0.00 1.35 2
Glucose cAA® 1.58 0.00 1.09 2
Glycerol cAAR 1.22 0.02 0.85 2
Glucose MIN® 0.92 0.01 0.64 2
Glycerol MIN ® 0.58 0.02 0.40 6

Table S1: Growth rate in the absence of antibiotics (refetein the text as “drug-free
growth rate”). Abbreviations used in the tabl&lucose RDM - Neidhardt’s rich defined
MOPS medium (Teknova) with 0.2% (w/v) glucos8jycerol RDM - Neidhardt’s rich de-
fined MOPS medium (Teknova) with 0.2% (v/v) glycer@iucose cAA- Neidhardt’s minimal
MOPS medium (Teknova) with 0.2% (w/v) glucose and 0.2% (wA9amino acidsGlycerol
cAA - Neidhardt’'s minimal MOPS medium (Teknova) with 0.2% (vcerol and 0.2% (w/v)
casamino acids(lucose MIN - Neidhardt’'s minimal MOPS medium (Teknova) with 0.2%
(w/v) glucose;Glycerol MIN - Neidhardt's minimal MOPS medium (Teknova) with 0.2%
(v/v) glycerol. Errors are expressed as standard deviatmong repeats done on different
days. Growth Rate 0.693 x Doubling Rate.
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Table S2: Experimental data and error estimates for the plos of Fig. 1



® Glucose RDM (Rich MOPS medium with 0.2% glucose)

Ao = 1.68h!

Kanamycin Streptomycin
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(ug/mL) | (dbl/h) | Error| (/h) Repeats| (zg/mL) | (dbl/h) | Error | (/h) Repeats
0.2 2.31 0.07| 1.60 3 0.3 2.26 0.02 | 1.57 2
0.3 2.21 0.03| 1.53 3 0.4 2.06 0.02 | 1.42 2
0.4 1.26 0.04 | 0.87 3 0.5 1.56 0.07| 1.08 2
0.5 0.54 0.02 | 0.37 2 0.6 0.82 0.09 | 0.57 2
0.6 0.33 0.04| 0.23 3 0.7 0.00 0.00 | 0.00 2
0.7 0.08 0.06 | 0.05 2
Chloramphenicol Tetracycline
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(M) (dbl/n) | Error | (/h) Repeats| (uM) (dbl/n) | Error | (/h) Repeats
2 1.85 0.05| 1.28 2 0.4 1.53 0.06 | 1.06 2
4 1.38 0.03| 0.96 2 0.8 1.21 0.03| 0.84 2
8 0.70 0.01| 0.49 2 1.2 1.02 0.00| 0.71 2
12 0.38 0.00 | 0.26 2 1.6 0.83 0.04 | 0.58 2
16 0.23 0.03| 0.16 2 2 0.61 0.01| 043 2
BGlycerol RDM (Rich MOPS medium with 0.2% glycerol) Ao = 1.35h1
Kanamycin Streptomycin
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(ug/mL) | (dbl/h) | Error| (/h) | Repeats| (ug/mL) | (dbl/h) | Error | (/h) | Repeats
0.2 1.59 0.01| 1.10 2 0.2 1.72 0.02 | 1.19 2
0.25 0.92 0.01| 0.64 2 0.3 1.58 0.01| 1.10 2
0.3 0.59 0.04| 041 2 0.4 1.03 0.03| 0.71 2
0.35 0.16 0.00| 0.11 2 0.5 0.44 0.01| 0.30 2
0.6 0.08 0.11| 0.06 2
0.7 0.00 n/a 0.00 1
Chloramphenicol Tetracycline
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(M) (dbl/n) | Error | (/h) Repeats| (uM) (dbl/n) | Error | (/h) Repeats
2 1.19 0.05| 0.83 2 0.2 1.36 0.04| 094 2
2.5 1.04 0.00| 0.72 2 0.4 1.11 0.06 | 0.77 2
3 0.94 0.04 | 0.65 2 0.6 0.87 n/a 0.60 1
6 0.50 0.04| 0.34 2 0.8 0.73 0.04 | 0.50 2
8 0.36 0.03| 0.25 2 1.2 0.44 0.00| 0.31 2
12 0.27 0.03| 0.19 2 1.6 0.39 n/a 0.27 1
2 0.35 0.04| 0.24 2




® Glucose cAA (MOPS medium with 0.2% glucose and 0.2% casaatius)

Ao = 1.09h™!

Kanamycin Streptomycin
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(ug/mL) | (dbl/h) | Error| (/h) Repeats| (zg/mL) | (dbl/h) | Error | (/h) Repeats
0.2 1.55 0.02| 1.08 2 0.1 1.52 0.08 | 1.05 2
0.3 1.41 0.03| 0.98 2 0.3 1.36 0.04| 0.94 2
0.35 1.02 0.02| 0.71 2 0.4 1.07 0.08| 0.74 3
0.4 0.58 0.00 | 0.40 2 0.5 0.40 0.14 | 0.27 2
0.45 0.15 0.01| 0.10 2 0.6 0.03 0.04 | 0.02 2
Chloramphenicol Tetracycline
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(uM) (dbl/h) | Error| (/h) | Repeats| (uM) (dbl/h) | Error | (/h) Repeats
2 1.06 0.01| 0.73 4 0.4 1.08 0.05| 0.75 2
4 0.85 0.01| 0.59 2 0.8 0.85 0.04 | 0.59 2
8 0.51 0.02| 0.36 4 1.2 0.73 0.04 | 0.51 2
12 0.36 0.02| 0.25 4 1.6 0.64 0.08| 0.44 2
16 0.27 0.01| 0.19 4 2 0.60 0.07 | 0.42 2
B Glycerol cAA (MOPS medium with 0.2% glycerol and 0.2% casaoracids) A\, = 0.85h™!
Kanamycin Streptomycin
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(ug/mL) | (dbl/h) | Error| (/h) | Repeats| (ug/mL) | (dbl/h) | Error| (/h) Repeats
0.05 1.25 0.01| 0.86 2 0.2 1.07 0.09| 0.74 2
0.07 1.21 0.03| 0.84 2 0.3 0.49 0.06 | 0.34 2
0.08 1.03 0.07| 0.72 2 0.35 0.20 0.05| 0.14 2
0.09 0.69 n/a 0.48 1 0.4 0.08 0.01| 0.05 2
0.1 0.40 0.00 | 0.28 2 0.5 0.07 0.09| 0.05 2
0.11 0.11 n/a 0.08 1 0.6 0.05 0.07 | 0.03 2
Chloramphenicol Tetracycline
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(M) (dbl/n) | Error | (/h) Repeats| (uM) (dbl/n) | Error | (/h) Repeats
2 0.68 0.04 | 0.47 4 0.2 0.95 0.00 | 0.66 2
3 0.58 0.01| 0.40 2 0.4 0.78 0.02| 054 2
4 0.51 0.02| 0.35 3 0.6 0.62 0.03| 0.43 2
6 0.42 0.04 | 0.29 3 0.8 0.57 0.02| 0.40 2
8 0.33 0.01| 0.23 3 1.2 0.47 0.01| 0.33 2
12 0.24 0.02| 0.17 2 1.6 0.44 0.00 | 0.30 2
16 0.22 0.07| 0.15 2 2 0.38 0.03| 0.27 2




® Glucose MIN (MOPS medium with 0.2% glucose)

Ao = 0.64h™!

Kanamycin Streptomycin
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(ug/mL) | (dbl/h) | Error| (/h) Repeats| (zg/mL) | (dbl/h) | Error | (/h) Repeats
0.22 0.83 0.07 | 0.57 2 0.1 0.96 0.66 | 0.04 3
0.24 0.55 0.01| 0.38 2 0.15 0.92 0.64 | 0.05 3
0.25 0.46 0.13| 0.32 2 0.2 0.92 0.64 | 0.02 3
0.26 0.41 0.01| 0.29 2 0.25 0.81 0.56 | 0.07 3
0.28 0.13 0.03 | 0.09 2 0.3 0.68 0.47 | 0.08 3
0.35 0.54 0.37 | 0.09 2
0.38 0.03 0.02 | 0.00 2
0.42 0.00 0.00 | 0.02 2
Chloramphenicol Tetracycline
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(M) (dbl/n) | Error | (/h) Repeats| (uM) (dbl/n) | Error | (/h) Repeats
2 0.71 0.05| 0.49 3 0.4 0.75 0.02 | 0.52 2
4 0.55 0.01| 0.38 2 0.8 0.61 0.01| 042 2
8 0.35 0.01| 0.24 2 1.2 0.50 0.02| 0.35 2
12 0.24 0.03| 0.17 2 1.6 0.48 0.05| 0.33 2
16 0.18 0.02| 0.13 2 2 0.44 0.17 | 0.30 2
H Glycerol MIN (MOPS medium with 0.2% glycerol) Ao = 0.40h1
Kanamycin Streptomycin
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(ug/mL) | (dbl/h) | Error| (/h) | Repeats| (ug/mL) | (dbl/h) | Error | (/h) | Repeats
0.04 0.55 0.01| 0.38 2 0.05 0.58 0.01| 0.40 2
0.05 0.55 0.06 | 0.38 2 0.125 0.55 0.02| 0.38 2
0.06 0.36 0.01| 0.25 2 0.15 0.48 0.04 | 0.33 2
0.07 0.21 0.03| 0.14 2 0.2 0.28 0.01| 0.19 2
0.08 0.12 0.04 | 0.08 2 0.25 0.13 0.00 | 0.09 2
0.3 0.09 0.00 | 0.06 2
Chloramphenicol Tetracycline
Doubling Growth Doubling Growth
Conc. Rate Rate Conc. Rate Rate
(uM) (dbl/h) | Error| (/h) | Repeats| (uM) (dbl/h) | Error| (/h) | Repeats
2 0.48 0.02| 0.33 3 0.4 0.48 0.01| 0.33 2
4 0.37 0.01| 0.25 3 0.8 0.38 0.00 | 0.26 2
6 0.28 0.01| 0.19 2 1.2 0.31 0.01| 0.22 2
8 0.23 0.01| 0.16 2 1.6 0.28 0.02| 0.19 2
12 0.18 0.00| 0.12 2 2 0.25 0.01| 0.17 2
16 0.15 0.00| 0.11 2




Table S3: Half-inhibition concentration IC 5, and fitted values of IC;,

and \;
Medium Streptomycin Kanamycin
ICso (ug/ml) | 1C%, (uaiml) | A (") | 1Cso (ugiml) | 1C%, (ug/ml) | x; (hY)
Glu. RDM® | 0.55+0.01 0.407 £+ 0.005
Glu. cAA® | 0.44 £0.015 0.36+ 0.01 0.5+ 0.4 | 0.377 & 0.006 0.260+ 0.001 | 0.475+ 0.001
Glu. MIN ® | 0.354 + 0.02 0.25+0.01
Gly. RDM B | 0.41 £+ 0.005 0.246 + 0.003
Gly. cAANl | 0.28 +0.015 | 0.189+ 0.003 | 0.31+0.01| 0.094 4+ 0.004 | 0.0500=+ 0.0001| 0.169+ 0.003
Gly. MIN B | 0.196 + 0.01 0.065 + 0.004
Medium Tetracycline Chloramphenicol
ICso (uM) | 1C%, (uM) | X5 () | ICs (uM) | IC%, (uM) A (h)
Glu. RDM® | 0.8 +0.05 4.8+0.3
Glu. cAA e 1.0+£0.1 0.359+ 0.008| 6.34+0.4 4.6+0.2 4.5+0.05 1.28+0.02
GluuMIN® | 1.75+0.3 5.6 £0.25
Gly. RDME | 0.54+0.05 2.854+0.2
Gly.cAA R 0.6 =0.05 | 0.229+ 0.002| 5.24+ 0.09 2.65+0.4 2.49+ 0.05 1.83+ 0.06
Gly. MIN® | 1.45+0.1 5.74+0.6

Table S3: Half-inhibition concentration inferred from ibliion curves. The half inhibition
concentration, 16, was obtained from the growth inhibition curves (Table S&)error was

estimated by-eye, taking into account the errors on théitibn curves. The parametel§;,
and)\j are obtained by fitting the nutrient-dependent growth iitiwib curves to the prediction

of the model, obtained by solving the cubic equation, Eq. hhéamain text. Media abbrevia-
tions are as in Table S1.
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Table S4: Comparison of fitted parameters to literature valles.

L This Study Literature
Antibiotic
ICs5 A (hh) 1G5, A (™)
0.36ug/ml (Gl 0.57 (Gl
pg/ml (Glucose) (Glucose) 5 7 gimi | 0— 020
0.19ug/ml (Glycerol) | 0.31 (Glycerol)

0.26ug/ml (Glucose)| 0.47 (Glucose) Unknown Unknown
0.05u9/ml (Glycerol) | 0.17 (Glycerol)

36uM (Gl 6.3 (Gl
0.36uM (Glucose) (Glucose) 0.04 — 0.4:M 31— 94
0.23uM (Glycerol) | 5.2 (Glycerol)

4.5uM (Glucose 1.3 (Glucose
1M (Glucose) (Glucose) |, nos — 1.86,M | 1.35 — 6.0
2.5uM (Glycerol) 1.8 (Glycerol)

Streptomycin

Kanamycin

Tetracycline

Chloramphenico

Table S4: Comparison of fitted parameters to literatureeslalues of\; andIC:, obtained
from fitting our data for growth inhibition curves to the prettbn of the model, obtained by
solving the cubic equation, Eq. 9 of the main text, are coeghao values calculated using
estimates for molecular kinetic parameters from the litesa(see Section 1.3.1 for details).
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Table S5: RNA/protein ratio for the translation mutant

Growth medium | Growth rate)\, (/h) | Error | RNA/Protein (.g/uQ) | Error
Glucose RDM @ 1.36 0.02 0.68 0.01
Glycerol RDME 1.08 0.01 0.56 0.01
Glucose cAA ® 0.86 0.01 0.42 0.03
Glycerol cAAR 0.67 0.01 0.39 0.01
Glucose MIN ® 0.47 0.01 0.35 0.01
Glycerol MIN 0.38 0.01 0.29 0.01

Table S5: Error is the standard deviation between two exprtis done on different days.
From a linear least-squares fit, the slope of the mutant dapdotted in Fig. 6 of the main text
Is0.3879 RNA/ g Protein h. From a corresponding linear least-squares fit to the d&8aott
et al. (Scottet al., 2010), the slope of the wildtype datali2501g RNA/ g Protein- h. The
translational capacity; is directly proportional to the inverse slope. As a restk, tatio of the
translational capacity of the mutant to that of the wildtypeMUT = (0.250)/(0.387)x¥T =
0.65xVT,
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Table S6: Antibiotic growth-inhibition data for the transl ation mutant

® Glucose RDM)\, = 1.36h~! | MGlycerol RDM )\, = 1.08h~!
Kanamycin Kanamycin
Doubling | Growth Doubling | Growth
Conc. Rate Rate Conc. Rate Rate
(ng/mL) | (dbl/h) (/h) (ug/mL) | (dbl/h) (/n)
0.5 1.96 1.35 0.8 0.97 0.67
1.0 0.92 0.63 0.9 0.74 0.51
1.2 0.88 0.61 1.0 0.54 0.37
1.4 0.79 0.55 1.1 0.33 0.23
1.6 0.75 0.52 1.2 0.16 0.11
1.8 0.66 0.46 1.3 0.10 0.07
2.0 0.18 0.13

® Glucose cAA)\; = 0.86h~! | B Glycerol cAA )\, = 0.67h™!
Kanamycin Kanamycin
Doubling | Growth Doubling | Growth
Conc. Rate Rate Conc. Rate Rate
(ug/mL) | (dbl/h) (/n) (ug/mL) | (dbl/h) (/h)
0.8 1.03 0.71 0.4 1.0 0.69
0.9 0.95 0.66 0.5 1.0 0.69
1.0 0.85 0.59 0.6 0.89 0.62
1.15 0.92 0.64 0.65 0.38 0.26
1.2 0.71 0.49 0.7 0.29 0.20
0.75 0 0
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® Glucose MIN

Ao = 0.47h~1

Tetracycline Kanamycin
Doubling | Growth Doubling | Growth
Conc. Rate Rate Conc. Rate Rate
(uM) | (dbl/h) (/h) (ng/mL) | (dbl/h) (/n)
0.4 0.56 0.39 0.8 0.54 0.38
0.8 0.47 0.33 0.9 0.44 0.31
1.0 0.44 0.30 1.0 0.33 0.23
1.2 0.38 0.26 1.1 0.26 0.18
1.4 0.35 0.24 1.15 0.21 0.15
1.8 0.31 0.21 1.2 0.03 0.02
M Glycerol MIN Ao = 0.38h~!
Tetracycline Kanamycin
Doubling | Growth Doubling | Growth

Conc. Rate Rate Conc. Rate Rate
(M) | (dbl/h) (/h) | (ng/mL) | (dbl/h) (/n)
0.4 0.42 0.29 0.16 0.54 0.38
0.8 0.31 0.22 0.2 0.42 0.29
1.0 0.29 0.20 0.24 0.29 0.20
1.2 0.26 0.18 0.28 0.20 0.14
1.4 0.24 0.16 0.32 0.0 0.0
1.8 0.20 0.14
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