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1 Approximating cytoplasmic drymass density from total drymass density

A central component of this work is the empirical observation that the total drymass density (meaning, total
drymass per total cell volume) is i) constant across growth conditions and ii) approximately equal to the cyto-
plasmic drymass. The former is supported by measurements of total drymass densities in different studies
(Fig. 1(C) of the main text), the latter is expected given that the cytoplasm accounts for most of the celluar
volume and harbors most of the cellular mass. In this section we present a reanalysis of proteomics and
other cellular composition data to show that the total drymass density well approximates the cytoplasmic
drymass.

The total cytoplasmic density can be defined as

ρcyt =
MRNA + MDNA + M(cyt)

prot + . . .

Vcyt
, (1)

where MRNA is the total RNA mass, MDNA is the total DNA mass, M(cyt)
prot is the total mass of cytoplasmic

protein, and the ellipsis (. . . ) denotes all other drymass components like metabolites. A difference from the
Eq. 2 of the main text is the specification of the cytoplasmic volume Vcyt rather than the total cell volume,
which accounts for a periplasmic volume Vcyt = Vtot − Vperi.As DNA, RNA, and protein are the predominant components of E. coli drymass [1], we examined if these
masses, and therefore the total cytoplasmic density, could be inferred from literature data. Specifically, we
leveraged a collection of proteomic datasets [2–7] and direct measurements of the total DNA-to-protein
ratio [1,8–10].

Recently, Babu et al. [11] peformed a thorough survey of the E. coli envelope proteome. Using their gene-
by-gene level classification of protein localization, we computed the total mass fraction of all cytoplasmic
proteins ϕcyt as identified in the proteomic data sets. Thus, to estimate the total mass of cytoplasmic protein,
we can simply perform the multiplication

M(cyt)
prot = ϕcyt M

(tot)
prot (λ), (2)

where M(tot)
prot (λ) is the total protein mass per cell as a function of the growth rate. As each measurement in

our collated proteomic dataset corresponds to a specific growth rate λ, this property can be computed on a
per-point basis, so long as one knows how the total protein mass scales with growth rate. To generate this
relation, we performed an empirical fit of an exponential function to a collection of literature measurements
of total protein per cell [1, 5, 7, 8, 12, 13] [Fig. A1(A)]. Details for how this fit was performed, along with
specific prior distributions used, is provided in Sec. 2.

In a similar vein, we can caluclate the total RNA mass MRNA by knowing the ribosomal mass fraction
of the proteome. By mass, ribosomal RNA accounts for the vast majority of all cellular RNA (≈ 86% BNID:
106421; [14,15]). We can thus calculate the total mass of RNA from the total ribosomal content as

MRNA = βϕrib M(tot)
prot (λ), (3)

where ϕrib is the proteome mass fraction of ribosomal protein and β is a conversion factor. This factor can
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be calculated as
β =

MRNA

MrRNA

MrRNA

M(rib)
prot

=
1 µg RNA

0.86 µg rRNA
× 1 µg rRNA

0.53 µg ribosomal protein = 2.19
µg RNA

µg protein , (4)

which is also derived in the supplement of Scott et al. [15].
The remaining mass that we must compute is the total DNA, MDNA. Literature studies [Fig. A1(B)]

[8–10,13] suggest that the relative mass of DNA to protein θDNA is i) small and ii) not strongly dependent
on the the growth condition. Assuming this ratio is constant, we can calculate the total DNA mass as

MDNA = θDNA M(tot)
prot (λ). (5)

With Eq. 2 through Eq. 5, we have calculations in place for all of the major components of cellular
drymass. As the proteomic data are not coupled with cell size measurements, however, wemust further use
empirical descriptions to calculate the cytoplasmic volume. In themain text, we treated the total cell volume
Vtot to be approximately equal to the cytoplasmic volume Vcyt. This is a fair approximation in conditions
where the total cell volume is large, but can be inadequate in cases where the total cell volume is small and
the periplasm thus accounts for a larger fraction of the total cell volume. Here, we do a full accounting for
this volume effect.

The periplasm of E. coli is on average very narrow, on the order of δ ≈ 25 nm [16]. As a result, the total
periplasmic volume can be approximated as

Vperi = SA · δ, (6)
where SA is the cell surface area. With this in hand, we can calculate the cytoplasmic volume at growth rate
λ given knowledge of the surface area SA and total volume Vtot,

Vcyt = Vtot(λ)− δSA(λ). (7)
which demands empirical descriptions ofVtot and SA as a function of the growth rate. For these, we assumed
an exponential and linear dependence on the growth rate, respectively, which adequately described the
observations [Fig. A1(C-D)]. In Section 2, we enumerate the Bayesian model used for this fitting.

Thus, with Eq. 7, we have complete parametric knowledge of Eq. 1, allowing us to estimate the cyto-
plasmic density at a given growth rate λ as

ρcyt =
M(tot)

prot (λ)
[
βϕrib + ϕcyt + θDNA

]
Vtot(λ)− δSA(λ)

. (8)
Fig. A1(E) shows this calculation for each measurement in our collated proteomic dataset (green) overlaid
with the direct measurements of the total drymass (grey). We see a growth-rate independent, systematic
upward shift in the cytoplasmic drymass density, though the error bars (representing the 95% credible
region for each estimate) are wide. Importantly, while there is a systematic shift by ≈ 30-50 fg / fL, this
corresponds to a 10% - 20% change in its absolute value, changing the density ratio κ by the same degree,
not impacting the density theory introduced and probed in the main body of this study.
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Figure A1: Comparison of measured drymass density with cytoplasmic drymass density inferred from mass spectrometry
data. (A) Empirical fit of total protein as a function of the growth rate. (B) Inferred empirical constant for the DNA-to-
protein ratio as a function of growth rate. (C) Empirical exponential fit of cell volume as a function of the growth rate.
(D) Empirical linear fit of total cell surface area as a function of the growth rate. (E) Using empricial fits, and analysis
described in this section, we computed the empirical cytoplasmic drymass density, shown in green. Error bars correspond to
bounds of the 95% credible regions. Shaded regions in (A-D) correspond to the bounds of the 95%, 75%, 25%, and median
percentiles of the fit from light to dark, respectively.

2 Bayesian Inference

In this work, we utilize Bayesian statistical methods to systematically propagate all uncertainty from mea-
surements and our model assumptions to generate the final predictions and experimental data presented
in this work. In the subsections that follow, we present detailed descriptions of the various components
of the inference. In all cases, inferences using literature data and inferences using our suite of experi-
mental measurements were performed independently. Further, we note that all inference of model pa-
rameters and calculation of estimated membrane protein densities were conducted simultaneously, result-
ing in a rather large posterior probability distribution that precludes complete enumeration here. How-
ever, we invite the reader to examine the full statistical inference models, which are written using the
Stan probabilistic programming language [17], and which are available on the paper GitHub repository
(github.com/cremerlab/density_maintenance). We find that these models, coupled with the inline com-
ments, are easier to parse than a full mathematical statement.

Speaking generally, we sought to inference the probability of a parameter θ taking on a given value,
conditioned on an experimental measurement y. This quantity, termed the posterior probability distribution
g(θ | y) (heretofore called simply the posterior) can be computed using Bayes’ rule,

g(θ | y) =
f (y | θ)g(θ)

f (y)
(9)

where g and f denote probability density functions over parameters and data, respectively. In comput-
ing the posterior, one must minimally enumerate the likelihood function f (y | θ) and the prior g(θ). The
denominator of Eq. 9 is termed the evidence or the marginalized likelihood and represents the probability
of observing a datum y irrespective of the model. For our purposes, we can treat this as a normalization
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constant and neglect it. As such, Eq. 9 becomes
g(θ | y) ∝ f (y | θ)g(θ). (10)

The likelihood function f (y | θ) represents the probability of observing a datum y given a particular value
of the parameter θ. In all cases for this work, we took the likelihood to have the form of a Gaussian distri-
bution parameterized by a mean µ and homoskedastic error σ,

f (y | θ) =
1√

2πσ2
exp

[
− (y − µ)2

2σ2

]
⇒ f (y | θ) ∼ Normal(µ, σ) (11)

where we have introduced a short-hand notation. Asserting a Gaussian likelihood makes an assumption
about how the measurements are distributed about a mean value µ, but not what that mean value is. The
remaining subsections of this Appendix section outline how we determine what the mean value of this
likelihood function is for a variety of components of our models.

Finally, we must also provide a definition of the prior distribution over the parameter g(θ). This distribu-
tions encapsulates all knowledge we have of what the true parameter value of θ might bewithout taking the
observations into account. This is a critically important point and each prior choice represents the assump-
tions and domain expertise we employ in crafting these models. In general, we will not justify the choice of
every prior distribution in this section as there are very many. However, we have listed the prior choice for
each parameter discussed in the coming sections in Table 1.
2.1 Growth-Rate Dependent Total Protein Per Cell From Literature Data

In this work, we repeatedly used literature measurements of the total protein per cell to calculate various
properties, including the total periplasmic protein mass and the membrane protein density. To do so, we
assumed that the total protein per cell scaled exponentially with the steady-state growth rate across con-
ditions with the form

M(tot)
prot = Mprot,0ekprotλ. (12)

To simplify the inference, we performed a Bayesian linear regression on the log transform of this equation
as

log(M(tot)
prot ) = βprot,0 + kprotλ, (13)

which we took to be the mean value of a Gaussian likelihood function (Eq. 11) with a homoskedastic error
σ

M(tot)
prot

. Chosen prior distributions are provided in Table. 1. The result of the fit of this quantity is shown in
Fig. A2.
2.2 Growth Rate Dependent Surface Area from Literature Data

To calculate the membrane protein densities from proteomic data [Fig. S2], we had to compute an empirical
description of the surface area as a function of the growth rate. Here, we chose a linear relation that well
describes the data with the parameters,

SA = βSA,0 + βSA,1λ, (14)
5
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Figure A2: Bayesian fit of total protein per cell as a function of the growth rate. Makers correspond to literature data.
Shaded lines denote the bounds of the 95%, 75%, 25%, and median values of the posterior distribution, from light to dark
respectively.

0.0 0.5 1.0 1.5 2.0 2.5
growth rate

 [hr−1]

0

2

4

6

8

10

12

14

S A
 [µ

m
2

]
av

er
ag

e 
ce

ll 
su

rf
ac

e 
ar

ea

Grossman et al. 1982
Pierucci 1978
Trueba & Woldringh 1980
Zaritsky & Woldringh 1978
Zaritsky et al. 1993

Figure A3: Bayesian fit of average cell surface area as a function of the growth rate. Makers correspond to literature data.
Shaded lines denote the bounds of the 95%, 75%, 25%, and median values of the posterior distribution, from light to dark
respectively.

which we took to be the mean value of a Gaussian likelihood function (Eq. 11) with a homoskedastic error
σSA . Precise choices of the prior distributions is provided in Table 1. The result of this fit is shown in Fig.
A3.
2.3 Growth Rate Dependent Ribosomal Proteome Fraction from Literature Data

In this work, we present a union between the bacterial "growth laws" which relate cell composition or cell
dimension to the steady-state growth rate. Our work presents a predictive theory for the scaling of the
surface-to-volume SA/V with the RNA-to-protein ratio. To evaluate the predicbtive power of our the-
ory, we scoured literature data, but failed to find high-quality measurements of these two quantities made
simulataneously. As the ribosomal growth law [Fig. 1(A) of the main text] is well characterized and well un-
derstood, we used an empirical fit of this relation to infer the most-likely ribosomal content (and therefore,
the RNA-to-protein ratio as described by Eq. 4) for literature data of SA/V which reported the steady-state
growth rate.

To do so, we performed a Bayesian linear regression of the ribosomal proteome fraction ϕrib as a functionof the growth rate λ with the form
ϕrib = βϕrib,0 + βϕrib,1λ, (15)
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which we took to be the mean value of a Gaussian likelihood function (Eq. 11) with a homoskedastic error
σϕrib . Precise choices of the prior distributions is provided in Table 1. The result of this fit is shown in Fig.
A4.
2.4 Growth-Rate Independent Inference of Total Drymass Density from Literature Data

In this work, we make the well-justified assumption that the total drymass density is independent of the
growth rate. As is outlined in Section 1, we further assume this is approximately equal to the cytoplasmic
drymass density. To infer this value, we assumed that the drymass density was distributed about a mean
µdrymass with a homoskedastic error σdrymass, with specific prior distributions outlined in Table 1. The result
of this fit is shown in Fig. A5
2.5 Growth-Rate Independent Inference ofMembrane Proteome Fraction from Literature Data

A key aspect of the density maintenance theory is that the membrane protein proteome fraction is held at a
constant value and is independent of the cell composition as a whole, and thus independent of the growth
rate. To infer this value, we assumed that the membrane protein proteome fraction was distributed about
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a mean µϕmem with a homoskedastic error σϕmem , whose specific value prior choices are presented in Table. 1.The result of this inference is shown in Fig. A6.
2.6 Growth-Rate Independent Inference of Membrane Protein Density From Literature Data

To our knowledge, there is no comprehensive data set in the literature which directly measures (or infers)
the membrane protein areal density as a function of the growth rate across conditions. Thus, we must infer
this from other datasets, such as measurement of the membrane protein proteome fraction from proteomic
data and empirical measurements of the cell surface area across conditions.

To infer the membrane protein areal density σmem, we note that this quantity can be computed as

σmem =
ϕmem M(tot)

prot

2SA
, (16)

where M(tot)
prot is the total protein mass per cell aned SA is the average cellular surface area. As demonstrated

in the Sec. 2.1 and Sec. 2.2, we have empirical descriptions of these quantities as a function of the growth
rate. Futhermore, as we have direct measurements of ϕmem from various proteomic data sets (Sec. 2.5), we
can state that by Eq. 16, ϕmem can be calculated as

ϕmem =
2σmemSA

M(tot)
prot

. (17)

In our inferential approach, we assumed that measurements of ϕmem were normally distributed about Eq.
17 with a homoskedastic error σphimem . Prior choices for σmem and σϕmem are enumerated in Table 1 and the
result of this inference, overlaid with the calculated membrane protein densities as described in Fig. S2, are
shown in Fig. A7. We note that the density ratio κ used in this work was then calculated as the ratio

κ =
µdrymass

µσmem

, (18)
using the notation defined in Table 1.
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Figure A8: Bayesian fit of periplasmic proteome fraction as a constant periplasmic pass. Makers correspond to literature
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2.7 Growth-Rate Dependent Inference of Periplasmic Proteome Fraction From Literature Data

In addition to the membrane protein proteome fraction parameter ϕmem, the periplasmic proteome fraction
ϕperi is an important component in calculating the surface-to-volume SA/V. Unlike ϕmem, however, this
quantity is not constant and does appear to have a dependence on the bulk growth rate. Interestingly, we
identified using proteomic data that this dependence, coupled with an empirical description of the total
protein per cell (Sec. 2.1) resulted in an apparently constantmass of periplasmic protein per cell [Fig. S4(B)].
Assuming this is the case, we note that the periplasmic proteome fraction ϕperi could then be computed as

ϕperi =
mperi

M(tot)
prot

, (19)

where M(tot)
prot denotes the total protein mass per cell as described in Sec. 2.1. We thus assumed that pro-

teomic data measurements of ϕperi would be Gaussian destributed about a mean defined by Eq. 19 with a
homoskedastic error σϕperi and mperi as a parameter. Specific prior distributions assumed for these parame-
ters are provided in Table 1 and the result from this fit is shown in Fig. A8.
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Figure A9: Posterior predictive checks for inference of total RNA, total protein, and ribosomal proteome fractions
from our experimental measurement. Black horizontal lines denote draws from the posterior predictive distribution. Red
horizontal lines correspond to observed experimental measurements.

2.8 Inference of RNA-to-Protein From Our Experimental Measurements

As described in detail in Sec. 3.2, we experimentally determined the total RNA and total protein mass of E.
coli cell cultures growing in various conditions. These experiments were preformed in triplicates, meaning
that for each growth condition, we had three independent measurements of the RNA-to-protein ratio. We
applied a Bayesian inferential model that assumed that measurements of total protein per OD600nm, total
RNA per OD600nm, and their ratios were normally distributed about a mean µ each with a homoskedastic er-
ror σ and with the specific prior choices as defined in Table. 1. To ensure this model was correctly describing
the data generating process, we computed the posterior predictive checks which are simulated experimen-
tal draws from a distribution that are conditioned on experimental measurements (Fig. A9). We found that
our experimental measurements (red lines) overlappedwell with the posterior predictive distributions (black
lines).
2.9 Inference of Membrane and Periplasmic Protein From Our Experimental Measurements

In this work, we developed and employed experimental methods to measure the total periplasmic protein
and total membrane proteinmass for E. coli cultures grown in various conditions. These protocols, described
in Secs. 3.3.1 and 3.4, respectively, result in biologically independent measurements of the total masses
per OD600nm unit. To infer these values, we assumed each set of biological measurements to be drawn
from a Gaussian distribution with a mean µ and a homoskedastic error σ. We prescribe the precise prior
distributions chosen in Table 1 and show the experimental measurements (red) overlaid with the posterior
predictive check distributions (black lines) in Fig. A10, as described in Sec. 2.8.
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Figure A10: Posterior predictive checks for inference of total periplasmic and total membrane proteins from our
experimental measurements. Black horizontal lines denote draws from the posterior predictive distribution. Red horizontal
lines correspond to observed experimental measurements.

Figure A11: Posterior predictive checks for inference of average growth rates in each condition from experimental
measurements. Black horizontal lines denote draws from the posterior predictive distribution. Red horizontal lines correspond
to observed experimental measurements.

2.10 Inference of Steady-State Growth Rates From Our Experimental Measurements

For each experiment, we directly measured the growth kinetics of each sample in each condition, resulting
in a large collection of growth curves. We restricted each growth curve to the linear regime of our spec-
trophotometer (determined independently to be between 0.04 and 0.5 OD600nm units) and performed an
ordinary linear least squares regression on the log-transformed optical density measurements (not employ-
ing a Bayesian approach). To infer the average growth rate of E. coli in each growth condition, we compiled
the inferred slope from each individual growth curve in that condition and assumed they represented draws
from a Gaussian distribution with a mean µ and a homoskedastic error σ. Specific prior choices for these
parameters are provided in Table 1. We ensured that this model accurately captured the data-generating
process by comparing our experimental measurements (red lines) with draws from the posterior predictive
distributions (black lines) as shown in Fig. A11.
2.11 Inference of Cell Shape Parameters From Our Experimental Measurements

In addition to biochemical measurements, we directly measured cell size characteristics from microscopy
images. Using the average shape parameters from each biological replicate (image processing procedure
described in Sec. 4), we again employed a Bayesian model to infer the average values. For each shape prop-
erty, we assumed that per-replicate averages of width, length, volume, surface area, surface-to-volume, and
the aspect ratio were normally distributed about a mean µ and a homoskedastic error σ for each parameter
(Table 1). As described in Sec. 2.8, we confirmed we were adequately modeling the data generating process
by comparing experimental measurements (red lines) with draws from the posterior predictive distribution
(black lines) as shown in Fig. A12.
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Figure A12: Posterior predictive checks for inference of average cell size parameters in each condition from experimental
measurements. Black horizontal lines denote draws from the posterior predictive distribution. Red horizontal lines correspond
to observed experimental measurements.
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Parameter Description Prior(parameters)
µϕmem Average membrane proteome fraction Beta(α = 2.5, β = 8.5)
µσmem Average membrane protein areal density HalfNormal( σ = 1)
σϕmem Average membrane proteome fraction homoskedastic error HalfNormal(σ = 0.1)
µσmem Average membrane protein density HalfNormal(σ = 1)
µmperi Average periplasmic protein mass HalfNormal(σ = 10)
σϕperi Average periplasmic proteome fraction homoskedastic error HalfNormal(σ = 0.1)
µdrymass Average drymass density Normal(µ = 300, σ = 20)
σdrymass Average drymass homoskedastic error HalfNormal(σ = 10)
µα,0 Average aspect ratio (1 subtracted) HalfNormal(µ = 0, σ = 3)
σα Average aspect ratio homoskedastic error HalfNormal(σ = 1)
βprot,0 Log minimal protein per cell HalfNormal(σ = 1)
kprot Protein per cell increase per growth rate Normal(µ = 3, σ = 2)
σ

M(tot)
prot

Log protein per cell homoskedastic error HalfNormal(µ = 0, σ = 0.1)
βϕrib,0 Ribosomal proteome fraction linear intercept HalfNormal(σ = 0.1)
βϕrib,1 Ribosomal proteome fraction linear slope HalfNormal(σ = 1)
σϕrib Ribosomal proteome fraction homoskedastic error HalfNormal(σ = 1)
βSA ,0 Average surface area linear intercept HalfNormal(σ = 3)
βSA ,1 Average surface area linear slope HalfNormal(σ = 2)
σSA Average surface area homoskedastic error HalfNormal(σ = 1)
µprot Average protein mass (µg) per OD600nm HalfNormal(σ = 300)
σprot Average protein mass (µg) per OD600nm homoskedastic error HalfNormal(σ = 1)
µRNA Average RNA mass (µg) per OD600nm HalfNormal(σ = 200)
σRNA Average protein mass (µg) per OD600nm homoskedastic error HalfNormal(σ = 1)
µexperimentalϕrib

Average ribosomal proteome fraction for experimental data Beta(α = 2.5, β = 8.5)
σexperimentalϕrib

Average ribosomal proteome fraction for experimental data homoskedastic error HalfNormal(σ = 0.01)
µperi Average periplasmic protein mass (µg) per OD600nm HalfNormal(σ = 100)
σperi Average periplasmic protein mass (µg) per OD600nm homoskedastic error HalfNormal(σ = 10)
µmem Average membrane protein mass (µg) per OD600nm HalfNormal(σ = 20)
σmem Average membrane protein mass (µg) per OD600nm homoskedastic error HalfNormal(σ = 1)
µλ Average growth rate (hr−1) for each experimental condition HalfNormal(σ = 1)
σλ Average growth rate (hr−1) homoskedastic error for each experimental condition HalfNormal(σ = 1)
µw Average cell width (µm) for each experimental condition HalfNormal(σ = 1)
σw Average cell width (µm) homoskedastic error for each experimental condition HalfNormal(σ = 0.5)
µℓ Average cell length (µm) for each experimental condition HalfNormal(σ = 3)
σℓ Average cell length (µm) homoskedastic error for each experimental condition HalfNormal(σ = 1)
µV Average cell volume (µm3) for each experimental condition HalfNormal(σ = 3)
σV Average cell volume (µm3) homoskedastic error for each experimental condition HalfNormal(σ = 0.5)
µα Average cell aspect ratio (one-subtracted) for each experimental condition HalfNormal(σ = 1)
σα Average cell aspect ratio homoskedastic error for each experimental condition HalfNormal(σ = 0.1)
µSA Average cell surface area (µm2) for each experimental condition HalfNormal(σ = 3)
σSA Average cell surface area (µm2 homoskedastic error for each experimental condition HalfNormal(σ = 1)
µSA/V Average cell surface-to-volume (µm−1) for each experimental condition HalfNormal(σ = 3)
σSA/V Average cell surface-to-volume (µm−1) homoskedastic error for each experimental condition HalfNormal(σ = 1)

Table 1: Prior distribution choices for each parameter inferred in this work.

Strain Source DescriptionNCM3722 Laboratory of Terence Hwa WTGE463 Plasmid from Addgene, AddGeneID:175594 pMeshIGE462 Plasmid from Addgene, AddGeneID:175595 pRelA
Table 2: Strains used in this study.
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3 Culturing Media and Biochemical assays

3.1 Culturing media

Cultures were grown inMiller LBmedium (Fisher Scientific BP1426) or a minimal media, commonly reffered
toN-C-. The recipe for the latter is provided on theGitHub repository (github.com/cremerlab/density_maintenance).
It contains buffer salts (1 g K2SO4, 13.5 g K2HPO4, 4.7 g KH2PO4, 2.5g NaCl, and 0.4mmolMgSO4 dissolvedin water to a volume of 1 liter) which are supplemented with NH4Cl as nitrogen source (10mM concentra-
tion). As carbon sources glucose, glycerol, sodium acetate, or sorbitol were added to theminimalmedia (with
a concentration of 10mM, 20mM, 30mM, or 10mM respectively). Alternatively, glucose and casamino acids
were both added as carbon sources (0.1%w/v and 10mM final concentration). Minimal media was freshly
prepared on the day of experimentation from a filter-sterilized 4x stock of the buffer salts and by adding
NH4Cl and a selected carbon source from filter-sterilized stock solutions. When needed, antibiotics or
inducers were added as described in the Methods.
3.2 Quantification of Total Protein and Total RNA

To quantify total protein in culture samples, we used the well-established biuret method [18] optimized for
small sample sizes. The protocol is provided in the following with a step-by-step guideline version further
provided on the GitHub repository (github.com/cremerlab/density_maintenance). To start, OD600nm of
the culture was measured and 1 mL of culture volume was collected from a steadily growing culture (≈
OD6000.4 − 0.5). Cells were then harvested via centrifugation, the obtained cell pellet was washed with
water, the pellet was re-suspended in 0.2 ml water, and the sample was fast-frozen on dry ice for temporary
storage. To quantify protein content, the sample was subsequently thawed at room temperature, 0.1 ml
3M NaOH was added to the sample tube, and the tube was incubated at 100°C to hydrolyze the cells.
Samples were then cooled in a water bath at room temperature for 5 min and the biuret reaction was
carried out by adding 0.1 ml 1.6% CuSO4 to the sample tube and waiting for 5 min. The sample was then
centrifuged (13k RPM for 3 minutes) and absorbance is measured at a wavelength of 555 nm. To obtain
a standard curve, the same steps are also replied to a series of BSA concentrations (0, 25, 50, 125, 250,
500, 750, 1000, 1500, 2000 µg/mL). If not stated, centrifugation was run at 13k RPM for 1 minute. For the
quantification of cytoplasmic proteins, the same steps were followed but the cell pellet from the periplasmic
protein extraction protocol was used as a starting point.

To quantify the total RNA content we used a classical perchloric acid assay [19]. The protocol is pro-
vided in the following with a step-by-step guideline version further provided on the GitHub repository
(github.com/cremerlab/density_maintenance). To start, 1.5 mL sample volume was transferred from a
cell culture into a 2 mL microtube, cells were collected via centrifugation and suqsequent supernatant re-
moval, and tubes were put on dry ice. Next, cells were washed twice with 600 µL cold 0.7M HClO4, andcells were digested with 300 µL 0.3M KOH for 60 minutes at 37C. 100µL 3MHClO4 was next added to theextracts, followed by a centrifugation step and the collection of 400µL supernatant into a new 2 mL collec-
tion microtube. The remaining precipitate was washed twice with 550µL cold 0.5M HClO4. Each time the
supernatant was added to the collection tube. The 1.5 mL liquid in the collection tube was the centrifuged
to spin down any remaining precipitates and the OD260nm of the supernatant was measured with a UV-Vis
spectroscope (Thermo Genesys 10S). The RNA amount follows as R(µg/ml/OD600) = OD260 ∗ 31/OD600.
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To account for cell loss during washing steps, OD600nm of all supernatants were measured and the initial
culture OD600nm was corrected accordingly.
3.3 Quantification of Total Periplasmic Protein

3.3.1 Overview and Control

To quantify periplasmic protein mass, we adopted a previously used protein separation assay [20]. The
assay is outlined in Figure A13(A). It works by exposing cells to a sucrose solution followed by a mild os-
motic shock such that the outer membrane becomes leaky and periplasmic proteins escape into the sur-
rounding solution. Periplasmic proteins are then separated from cytoplasmic and membrane proteins by
centrifugation with the periplasmic protein fraction remaining in the supernatant. The protein mass of the
supernatant is then quantified via a total protein assay. We optimized the protocol to require small sam-
ple volumes and use a protein quantification assay compatible with the separation steps. The protocol is
provided in the following with a step-by-step guideline version further provided on the GitHub repository
(github.com/cremerlab/density_maintenance). As control, we further quantified the enrichment of dif-
ferent proteins in the periplasmic protein fraction using mass spectrometry (experimental details below).
The results show that the separation assay works well. First, as expected, most of the periplasmic proteins
are highly enriched in the periplasmic protein fraction compared to a total protein sample (no separation),
while the relative abundance of most other proteins was substantially lower in the periplasmic protein frac-
tion.[Figure A13(B)].
3.3.2 Separation Protocol

To start, the density (OD600nm) of the culture was measured and 1 ml culture volume was transferred to a 2
ml microtube. A cell pellet was obtained via centrifugation which was then washed with 400 µL PBS at pH
7.4 (NaCl 137 mM, KCl 2.7 mM, Na2HPO4 24.2 mM, KH2PO4 5.2 mM). After centrifugation and the careful
removal of the supernatant, the cell pellet was then resuspended in 400 µL of spheroplast buffer (0.1 M
Tris pH 8.0, 500 mM sucrose, 0.5 mM EDTA pH 8.0) and incubated for 5 min on ice. Next, the sample was
centrifuged again, and the supernatant was discarded. Cells were then subjected to an osmotic shock by
resuspending the pellet in 400 µL hypotonic solution of 1mM MgCl2 with a 2-minute incubation on ice
following. After centrifugation, the supernatant was carefully transferred to a new microtube. Periplasmic
proteins mass in the supernatant was immediately quantified via the Bradford assay using the Bio-Rad
protein assay kit (catalog number 5000002) and following the instructions for the micro assay protocol.
Specifically, 800 µL of protein sample was mixed with 200 µL of the Bradford dye solution and absorbance
was measured at a wavelength of 595 nm. Standard curves were generated using BSA and IgG over the
concentration ranges mentioned in the manual. All centrifugation steps were carried out with a bench top
centrifuge at 4C, 8000 rpm, and for a duration of 8 min.
3.3.3 Mass Spectrometry to Confirm Separation Assay

The proteome samples were collected after the separation procedure depicted in Fig. A13(A) and as de-
scribed above. Proteins were denatured and reduced with 1% SDS and beta-mercaptoethanol at 95◦C for
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Figure A13: Validation of the periplasmic protein extraction protocol.(A) Periplasmic protein isolation protocol employing
sucrose incubation and a mild osmotic shock. (B) Probing separation assay using mass spectrometry. Fold change in relative
abundance of detected proteins comparing a periplasmic protein fraction sample with a total protein sample (no separation).
Classification into proteins annotated as periplasmic proteins and all others. (C) Fraction of overall detected ion intensity
from all proteins classified as periplasmic, ribosomal, or other proteins. Analysis shown for periplasmic protein fraction and
total protein (no separation) samples. Samples were taken from a steady state culture (minimal media with acetate as
carbon source).

10min (with vortexing). Debris was pelleted by centrifugation for 10 minutes (10,000g). Cleared super-
natants were alkylated with 5mM iodoacetamide, and then precipitated with three volumes of a solution
containing 50% acetone and 50% ethanol. Proteins were re-solubilized in 2M urea, 50mMTris-HCl, pH 8.0,
and 150 mM NaCl, and then digested with TPCK-treated trypsin (50:1) overnight at 37◦C. Trifluoroacetic
acid and formic acid were added to the digested peptides for a final concentration of 0.2%. Peptides were
desalted with a Sep-Pak 50mg C18 column (Waters). The C18 column was conditioned with 500µl of 80%
acetonitrile and 0.1% acetic acid and then washed with 1000µl of 0.1% trifluoroacetic acid. After samples
were loaded, the column was washed with 2000µl of 0.1% acetic acid followed by elution with 400µl of
80% acetonitrile and 0.1% acetic acid. The elution was dried in a concentrator at 45◦C. De-salted peptides
were resuspended in 0.1% formic acid.

Desalted SILAC-labeled peptides were analyzed on a Fusion Lumos mass spectrometer (Thermo Fisher
Scientific) equipped with a Thermo EASY-nLC 1200 LC system (Thermo Fisher Scientific). Peptides were
separated by capillary reverse phase chromatography on a 25 cm column (75 µm inner diameter, packed
with 1.6 µm C18 resin, AUR2-25075C18A, Ionopticks, Victoria Australia). Peptides were introduced into
the Fusion Lumos mass spectrometer using a 125 min stepped linear gradient at a flow rate of 300 nL/min.
The steps of the gradient are as follows: 3–27% buffer B (0.1% (v/v) formic acid in 80% acetonitrile) for 105
min, 27-40% buffer B for 15 min, 40-95% buffer B for 5min, maintain at 90% buffer B for 5 min. Column
temperature was maintained at 50◦C throughout the procedure. Xcalibur software (Thermo Fisher Scien-
tific) was used for the data acquisition and the instrumentwas operated in data-dependentmode. Advanced
peak detection was enabled. Survey scans were acquired in the Orbitrap mass analyzer (Profile mode) over
the range of 375 to 1500 m/z with a mass resolution of 240,000 (at m/z 200). For MS1, the Normalized
AGC Target (%) was set at 250 and max injection time was set to “Auto”. Selected ions were fragmented by
Higher-energy Collisional Dissociation (HCD) with normalized collision energies set to 31 and the tandem
mass spectra was acquired in the Ion trap mass analyzer with the scan rate set to “Turbo”. The isolation
window was set to 0.7 m/z window. For MS2, the Normalized AGC Target (%) was set to “Standard” and
max injection time was set to “Auto”. Repeated sequencing of peptides was kept to a minimum by dynamic
exclusion of the sequenced peptides for 30 seconds. Maximum duty cycle length was set to 1 second.
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All raw files were searched using the Andromeda engine embedded in MaxQuant (v2). Maxquant’s
LFQ was enabled. Variable modifications included oxidation (M) and protein N-terminal acetylation. Car-
bamidomthyl (C) was a fixed modification. The number of modifications per peptide was capped at five.
Digestion was set to tryptic (proline-blocked). Maxquant’s match-between-runs feature was not enabled.
Database search was conducted using the UniProt proteome - Ecoli_UP000000625_83333. The minimum
peptide length was 7 amino acids. 1% FDR was determined using a reverse decoy proteome. Quantified
peptides were collated into protein-level ion intensities in Maxquant’s “proteinGroups.txt” file.

To approximate the enrichment of periplasmic and ribosomal proteins before and after the enrichment
procedure, each protein was first annotated as either a periplasmic, ribosomal, or “other” protein (based
on Uniprot annotations). The relative enrichment for each detected protein in the periplasm is shown in
Fig. A13(B).
3.4 Quantification of Total Membrane Protein

To quantify membrane protein mass we developed a biochemical assay which in short, combines cell ly-
sis via sonication, ultra-centrifugation to extract membrane proteins. Total protein mass of the obtained
membrane fraction is then measured. We have optimized the protocol to work with small culture vol-
umes and to ensure that protein separation and quantification steps are compatible. The protocol is pro-
vided in the following with a step-by-step guideline version further provided on the GitHub repository
(github.com/cremerlab/density_maintenance). To start, 2x 1ml culture volumes were transferred from a
steadily growing culture at a density of OD600 ≈ 0.5 into a 2ml microtube. Cells were collected via stan-
dard centrifugation and the subsequent removal of the supernantant. To remove protein from the media,
samples from LB cultures were further washed in 1ml of PBS at pH 7.5 (137 mM NaCl, 2.7 mM KCl, 24.2
mMNa2HPO4, 5.2 mMKH2PO4) with subsequent centrifugation and removal of the supernantant. Samples
were frozen at -80C for at least 30 minutes before further processing. For lysis, samples were then thawed
at room temperature for 5 minutes, cell pellets were suspended in 500µL of cold spheroplast buffer (0.1
M Tris pH 8.0, 500 mM sucrose, 0.5 mM EDTA pH 8.0), and tubes were incubated on ice for 20 min. Next,
500µL of 100 mM MgCl2 was added and tubes were incubated for an additional 10 minutes. The liquid
was then transferred to a 15ml Falcon tube and sonication (Branson Sonicator 450) was run 3 times for an
interval of 30-seconds each with 5 second breaks between the runs. After sonication, the liquid was trans-
ferred back to the original microtube, followed by centrifugation. The supernatant (approx. 1mL) was then
transferred to two ultracentrifugation tubes (Beckman Coulter 8x34mm tubes, catalogue number 343775;
approx. 0.5 mL supernatant per tube). To quantify the protein content of unlysed cells, the remaining cell
pellet was resuspended in 500µL of 2% SDS, heated at 100◦ C for 30 min, and quantified via the biuret to-
tal protein assay (see Section 3.2). To separate membrane proteins from other proteins, spheroplast buffer
was then added to the lighter tube until less than 0.01g difference in weight between both tubes was ob-
tained, arranged on the rotor, and ultra-centrifugation was run for 1h at 4C. Subsequently, the supernatant
containing mostly cytoplasmic proteins was carefully removed without touching the pellet. To extract the
pellet with membrane proteins, 150µL 2% SDS was immediately added to the UC tubes and the pellet was
suspended and mixed via thorough pipetting (30-60 seconds per sample). To quantify protein content we
used the Thermo Fisher Micro BCA Protein Assay Kit (catalogue number 23235) following the provided
instructions and using a BioTek Epoch2 microplate reader set for incubation at 37C. Specifically per sample,
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150µL of the supernatant was transferred to a well of a 96-well microtiter plate (Greiner CELLSTAR 655
185). To start the reaction, 150µL of working reagent were then added to each well and the plate was trans-
ferred to the plate reader. After 30 seconds of shaking, incubation was continued for 2h without shaking
before absorbance readings at a wavelength of 562nm were taken. To generate a standard curve samples
with different BSA concentrations were taken following the same protocol and concentrations were cal-
culated comparing absorbance reading and accounting for culture dilutions. Standard centrifugation steps
were carried out with a bench top centrifuge at 4◦C with a speed of 8000 rpm, and for a duration of 2 min.
Ultra-centrifugation was carried out with a Beckman Coulter OptimaMAX ultracentrifuge at 4◦C with rotor
Beckman Coulter TLA-120.1 at a speed of 65k rpm.

4 Image Processing

In this work, we directly measured cell size parameters from phase-contrast microscopy images at 100X
magnification. We employed an in-house image processing Python pipeline to segment and measure per-
cell parameters. The steps of this segmentation algorithm are outlined in Fig. A14. Briefly, individual cells
are identified in an image through several rounds of filtering and thresholding. Once cell masks are identified,
each is rotated and aligned to a common axis and contours are determined by edge detection, smoothing,
and spline interpolation. With a spline interpolation in place, the curvature k along the contour along an xy
coordinate system at each point is calculated via

k =
x′y′′ − y′x′′

(x′2 + y′2)3/2 (20)
Note that this preserves sign of the curvature. By rotating each cell mask to have the same axis of orienta-
tion, we can ensure that the sign of the curvature is consistent between individual cells and images.

With an estimate of the cell curvature in place at each position along the contour, we apply a threshold
on this value to identify what portions of the contour correspond to the cell sides (k ≈ 0) versus the cell
caps (|k| > 0). We identified the cap regions of the cells as the contour points with radii of curvature
greater than 0.5 µm. To compute the cell length dimension, we took the length to be the maximum y
coordinate difference between contour points of the two caps. For the width, we computed the average
minimum pairwise distance between the two cell side contours. Representative segmented cell peripheries
are shown in Fig. A15 for 60 cells from a single image. We found that our segmentation protocols yielded
measurements that were in line with literature cell size measurements and exhibited the same apparent
growth-rate dependence, as shown in Fig. A16
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Figure A14: Segmentation and cell measurement pipeline. Raw phase-contrast images of cells are passed through (A) a
black tophat filter and (B) Otsu thresholding to arrive at emphasized cell boundaries. (C) Laplacian of Gaussian segmentation
is then applied to arrive at rough cell masks. For each cell, the sgementation mas is (D) rotated and aligned and the
periphery is identified using (E) contouring and (F) Savgol filtering. The isolated contours are then smoothed with (G)
spline interpolation. In a clock-wise direction, the (H) curvature of the contour is calculated and used to (I) identify sides
and caps. With morphology assigned, cell dimensions are then (J) measured.
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Figure A15: Example segmentation of E. coli cells grown steadily on a glucose and casamino acid supplemented minimal
medium. Blue and green regions of the contours correspond to the caps and sides of the cells, respectively.
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