








Figure 3.28 Comparison between the fits of a representative experimental ACF with anomalous diffusion and confined
diffusion models, as indicated by different colors (upper panel), with the corresponding values of residuals of the fit (lower

panel).

We thus used the confined diffusion model to re-fit the ACF data for all constructs close to the apparent
mass-dependent upper limit and to calculate their Brownian diffusion coefficients (Figure 3.29A), using
the equation described in section 3.3. The dependence of D on molecular mass (see section 1.7.1 for a
detailed introduction) for this set of constructs was scaling as (MM)? with = 0.56 + 0.05 (i.e. inverse-
power law; Figure 3.29B, solid blue line), in great agreement with a recent report (Smigiel et al. 2022),

less steep compared to some of the previous estimates (Kumar, Mommer, and Sourjik 2010; Mika et al.
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2010; Stracy et al. 2021) but still steeper than expected from the Stokes-Einstein relation (Nenninger,
Mastroianni, and Mullineaux 2010), even when assuming S = 0.4 for not perfectly globular proteins
(Figure 3.29B, black dashed line) (Enright and Leitner 2005; Smilgies and Folta-Stogniew 2015). The
shape of the fusions between an endogenous protein and sfGFP through a short linker, substantially deviate
from that of a sphere, and can rather be approximated to that of a dumbbell. The more degrees of freedom
of a dumbbell compared to a sphere, substantially affects its hydrodynamics and diffusional properties
(Agudo-Canalejo and Golestanian 2020). Our collaborators Dr. Jaime Agudo-Canalejo and Prof. Ramin
Golestanian adapted their previously derived model (Agudo-Canalejo and Golestanian 2020) to model the
size dependence of the diffusion of two imperfectly-globular, covalently-linked proteins, one with mass
equivalent to that of sSftGFP and the other with the mass of the protein attached to it. The dependence of D
on molecular mass predicted by this linked-protein model seems indeed to better recapitulate our
experimental data, particularly for the smaller protein fusions (Figure 3.29B, solid yellow line), although
it moderately overestimate D for several of the largest protein fusions (>100 kDa). Thus, we concluded
that the size dependence of diffusion for the majority of cytoplasmic proteins follows the Stokes-Einstein

relation, once the shape of the sfGFP-tagged protein constructs is taken into account.
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Figure 3.29 (A) Dependence of the diffusion coefficient calculated from fitting the experimental ACFs with the OU model of
confined diffusion. Only the subset of apparently freely diffusing constructs from Figure 3.15 has been analyzed with the OU
model (see also Table 1). Each circle represents the average value for all individual cells that have been measured for that
particular construct, and the error bars represent the standard error of the mean. Error bars that are not visible are smaller than
the symbol size. (B) Fit of the mass dependence with an inverse power law (solid blue line, exponent 5 = 0.56 + 0.05), and
predictions of the Stokes-Einstein relation (black dashed line) and of the model describing diffusion of two linked globular

proteins (solid yellow line), both with exponent = 0.4.

3.8 Protein diffusion coefficients measured using FRAP or FCS are consistent

Many previous measurements of protein diffusion in bacteria were performed using FRAP and typically
provided estimates of protein diffusion coefficients smaller than those obtained in other studies by FCS
(see section 1.6 for more details). We thus aimed to directly compare FRAP and FCS measurements for a
set of constructs of different mass using the same cell growth conditions and microscopy sample
preparation protocols. Due to the higher sensitivity of FCS at low fluorophore concentrations, however,
several fusion constructs required higher induction by IPTG (Table 1) to obtain a fluorescence intensity
suitable for FRAP. The cells were photobleached with a high intensity laser for 48 ms in a region close to
the pole, similar to the position that was used for the FCS experiment. The recovery of fluorescence in the
bleached area by diffusion from the unbleached areas was then followed for 11 s with the time resolution
of 18 ms (Figure 3.30). Such time resolution was significantly higher than that of most earlier studies of
FRAP in bacteria (Elowitz Michael et al. 1999; Kumar, Mommer, and Sourjik 2010; Nenninger,
Mastroianni, and Mullineaux 2010), and comparable to that of more recent studies (Schavemaker, Smigiel,
and Poolman 2017). A high time resolution is critical for an accurate comparison of FRAP measurements

with the much more time-resolved FCS measurements.
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Recovery

Pre-bleach Bleaching 18 ms 36 ms 72 ms 252 ms

Figure 3.30. Examples of FRAP measurements for two different constructs, sStGFP and AcnA-sfGFP. A 3x3 pixels area close

sfGFP

AcnA-sfGFP

to one cell pole (red circle) was photobleached with a high intensity laser for 48 ms and the recovery of fluorescence in the

bleached area was monitored for 11 s with the time resolution of 18 ms.

As a first approach to quantify protein mobility, we extrapolated the half-time of the fluorescence recovery
(tnai) from the exponential fitting of the time course of fluorescence recovery in the photobleached spot
(Figure 3.31A) for all the individual cells measured for each construct (Figure 3.31B). The mobile fraction,
that quantifies the fraction of molecules that are mobile and free to diffuse, was always found higher than

0.8, and for several constructs also higher than 0.9 (Figure 3.31C), confirming that the investigated

proteins are largely free-diffusive.
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Figure 3.31 (A) Representative curves of fluorescence recovery in FRAP experiments for the indicated protein constructs and
their exponential fitting. (B) Individual measurements of #.; from the exponential fit of the fluorescence recovery curves for
the indicated E. coli protein constructs. Each dot in the box plot represents the values of . for one individual cell. More details
on the extrapolation of # are reported in section 5.8.5. (C) Mobile fraction (calculated as the ratio between the intensity of
fluorescence in the bleached spot after recovery and before photobleaching; more details in section 5.8.5) from each individual

cell for all the constructs measured with FRAP.

Estimating a diffusion coefficient from the #,. requires the precise characterization of the bleaching spot
(Axelrod et al. 1976) and the analytical modelling of the cell geometry (Hallen and Layton 2010; Kang et
al. 2012), that is particularly crucial in the small bacterial cells. Recently developed approaches based on
the numerical simulation of the diffusional process, instead, automatically account for the cell geometry

and the localization, shape, and non-negligible size of the diffraction-limited photobleached spot (Montero
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Llopis et al. 2012). We thus computed the diffusion coefficients directly from the time courses of recovery
(Figure 3.32A) using simFRAP (Blumenthal et al. 2015). simFRAP is a plugin for ImageJ based on an
algorithm that simulates two-dimensional random walks in each pixel, using the first image acquired after
bleaching to define initial and boundary conditions, and it resolves numerically the diffusion equation by
iterative simulation. We observed very good correlation between such diffusion coefficients and the
correspondent ones calculated from the fitting of FCS measurements with the confined diffusion model,
although for most of the constructs the diffusion coefficients determined by FRAP were 5 to 30% lower

than those obtained from the FCS data (Figure 3.32B and Table 1).
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Figure 3.32 (A) Representative curves of fluorescence recovery in FRAP experiments for the indicated protein construct and
their fitting using sSimFRAP. The simulation performed by simFRAP proceeds until the recovery curve reaches a plateau,
therefore it is interrupted at a different time for each curve. (B) Correlation between the diffusion coefficients measured in FCS
experiments (Drcs, fitting with the OU model; data from Figure 3.29) and in FRAP experiment (Drr4p, fitting with simFRAP).

Error bars represent the standard error of the mean. Error bars that are not visible are smaller than the symbol size.

3.9 Diffusive properties of cytoplasmic proteins are largely conserved between bacterial

species
We then investigated whether sfGFP fusions to non-native proteins, originating from other bacteria, may
show different diffusive properties in E. coli cytoplasm than their native counterparts, as expected from
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the recently postulated existence of an organism-dependent “quinary” code of unspecific, short living
interactions (Mu et al. 2017). Thus, we generated another plasmid-encoded collection of sfGFP-tagged
proteins from other Gram-negative proteobacteria Yersinia enterocolitica, Vibrio cholerae, Caulobacter
crescentus and Myxococcus xanthus and from the Gram-positive bacterium Bacillus subtilis that are
homologous to several analyzed freely-diffusing E. coli protein constructs (respectively, Adk, Pgk and
AcnA). We transformed E. coli with such constructs and we measured their diffusional properties with
FCS. Within this set of constructs, we observed no significant differences of their 1/7p values from E. coli
homologues. An exception was AcnA from M. xanthus (Figure 3.33A), whose lower mobility might be a
sign of its multimerization, although the cellular distribution of this construct was uniform. In contrast, all
constructs showed slightly but mostly significantly increased anomaly of diffusion compared to E. coli
proteins (Figure 3.33B), which might reflect the weakly increased propensity of non-native proteins to
engage in unspecific interactions in E. coli cytoplasm. Consequently, with the aforementioned exception
of AcnA-sfGFP from M. xanthus, the size dependence of protein mobility for such homologous follows
that of their E. coli counterparts (Figure 3.33C), while no size dependence is observed in their anomaly of

diffusion (Figure 3.33D).
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Figure 3.33 Mobility (1/zp; A) and anomaly of diffusion (a; B) of homologous proteins from other bacterial species in E. coli.
Dots represents the measurements from individual cells expressing the indicated sfGFP construct from different bacterial
species (E.c. = Escherichia coli; Y.e. = Yersinia enterocolitica; V.c. = Vibrio cholerae; C.c. = Caulobacter crescentus, M.x. =
Myxococcus xanthus; B.s. = Bacillus subtilis). *** p<0.0001; **p<0.001; * p<0.05 in a two-tailed heteroscedastistic t-test.
When not indicated, no statistically significant difference was observed. Size dependence of protein mobility (1/zp; C) and
anomaly of diffusion (a; D) of sfGFP fusions to the homologous of Adk, Pgk and AcnA from the indicated bacterial species.
Each dot represents the average values calculated from the individual measurements shown in A and B, respectively, and the

error bars represent the standard error of the mean. Error bars that are not visible are smaller than the symbol size.

3.10 Effects of physicochemical perturbations and cellular state on protein diffusion

Selected “fast-diffusive” constructs of different sizes were then used as probes to characterize the impact

of different environmental and cellular perturbations on the cytoplasmic diffusion. The effect of several
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of these conditions were previously explored using free GFP or large cytoplasmic particles, while the,

possibly peculiar, effect on proteins with intermediate size is still uncharacterized.

3.10.1 Ionic strength

We started with the previously characterized decrease in mobility of GFP and large protein complexes or
aggregates upon osmotic upshift (Konopka et al. 2006; Konopka et al. 2009; Mika et al. 2010; Liu et al.
2019; Wlodarski et al. 2020). E. coli cells exposed to increased ionic strength by addition of 100 mM
NaCl showed a decrease in cell length and width (Figure 3.34A, B) and an increase in cell density in the
sedimentation assay (Figure 3.24D), compared with control conditions. Such effect is consistent with the
notion that higher osmolarity induces volume contraction and thus an increase in the cytoplasmic density
(Wlodarski et al. 2020). The mobility of sfGFP decreases progressively and significantly as the ionic
strength of the external medium increases from 105 to 505 mM (Figure 3.34C, D), comparably to
previously measured values (Konopka et al. 2009). At the highest ionic strength, the formation of
plasmolysis spaces was observed, therefore only the intermediate ionic strength of 305 mM was further
investigated with other protein constructs. Importantly, the mobility of all other tested constructs
decreased proportionally (Figure 3.34C), meaning that — in this range of molecular sizes — the effect of a
moderate osmotic upshift can be interpreted as a simple increase in cytoplasmic viscosity due to higher
molecular crowding, which is in contrast to the different effects of high osmolarity on small molecules
and on GFP (Mika et al. 2010). Notably, no effect is observed on the anomaly of diffusion for any protein

construct (Figure 3.34E).
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Figure 3.34 Mobility (1/7p) of sfGFP in individual bacterial cells at the indicated ionic strength plotted as function of the
respective cell length (A) and width (B). Significance analysis was performed for the respective cell dimension. **p<0.001 in
a two-tailed heteroscedastistic ¢-test. (C) Effect of ionic strength on the size dependence of cytoplasmic protein mobility (1/zp).
Protein mobility was measured in cells that were resuspended in either tethering buffer (total ionic strength of 105 mM) or in
the same buffer supplemented with additional 100 mM NaCl (total ionic strength 305 mM). Each dot represents the average
value of protein mobility of all the cells measured for the construct of the indicated molecular mass in the indicated condition
of ionic strength. Error bars represent the standard error. Error bars that are not visible are smaller than the symbol size. The
solid black lines are the fit with an inverse power law to extract the size dependence of protein mobility (105 mM ionic strength,
£=0.60+0.01; 305 mM ionic strength, #=0.57 + 0.05) (D). Individual values of protein mobility (1/zp; D) and anomaly of
diffusion (a; E) from single cells expressing the indicated protein constructs at the indicated condition of ionic strength. sftGFP
was also measured in tethering buffer supplemented with 200 mM NaCl (total ionic strength 505 mM). *** p<0.0001;

**p<0.001; * p<0.05; NS: no statistically significant difference in a two-tailed heteroscedastistic #-test.
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3.10.2 Environmental and growth temperature

Next, we studied the effect of environmental temperature on cytoplasmic protein mobility. According to
the Stokes-Einstein equation, the diffusion of a particle depends on the system’s temperature in Kelvin
and on the viscosity of the fluid, which itself changes with temperature (see also section 1.7.3). In the
biologically relevant range, the temperature sensitivity of diffusion is primarily determined by the
temperature dependence of water viscosity. We thus compared the diffusion of sfGFP and of two fast-
diffusive constructs at the environmental (imaging) temperatures of 25°C and 35°C. Expectedly, the effect
of imaging temperature was not linked to any changes of the cell size (Figure 3.35A, B). The measured
increase in mobility between 25°C and 35°C affects the three proteins proportionally by approximately
20-25% (Figure 3.35C, D). Importantly, this effect is consistent with the expected temperature-dependent
decrease in water viscosity over 10°C (~2% per degree Celsius) (Huber et al. 2009). A weak, but
consistent, increase in the anomaly of protein diffusion is also observed at higher environmental

temperature (Figure 3.35E).
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Figure 3.35. Mobility (1/7p) of sfGFP in individual bacterial cells at the indicated environmental temperature plotted as
function of the respective cell length (A) and width (B). (C) Effect of environmental temperature on the size dependence of
cytoplasmic protein mobility (1/zp). As for the other experiments, cultures were grown at 37°C and during the experiments
bacterial cells were incubated at 25°C or 35°C. Each dot represents the average value of protein mobility of all the cells
measured for the construct of the indicated molecular mass at the indicated environmental temperature. Error bars represent
the standard error of the mean. Error bars that are not visible are smaller than the symbol size. The solid black lines are the fit
with an inverse power law to extract the size dependence of protein mobility (25°C, = 0.60 + 0.01; 35°C, = 0.60 £ 0.05).
Individual values of protein mobility (1/zp; D) and anomaly of diffusion (a; E) measured in single cells expressing the indicated
protein constructs at the indicated temperature. *** p<0.0001; * p<0.05; NS: no statistically significant difference in a two-

tailed heteroscedastistic ¢-test.

We then tested if the viscosity of the E. coli cytoplasm adapts to the growth temperature in order to

maintain constant diffusion rates of macromolecules, as recently observed in budding yeast (Persson,
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MO salts or M9 salts plus glucose and casamino acids. These conditions had only minor impact on the cell
shape (Figure 3.39A, B). Although at this high temperature residual growth was observed also for cells
on M9 salts pads, cell growth in presence of nutrients was expectedly much more pronounced. The
measured protein mobility was also much higher in the presence of nutrients, and this increase was again

similar for the four tested differently-sized constructs (Figure 3.39C, D), while no consistent trend was

observed in the anomaly of protein diffusion across these conditions (Figure 3.39E).
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Figure 3.39 Mobility (1/7p) of sfGFP in individual bacterial cells incubated at 35°C on agarose pads containing either only M9
salts or M9 salts supplemented with 20 mM glucose and 0.2% casamino acids (Glu + CA) plotted as function of the respective
cell length (A) and width (B). Significance analysis was performed for the respective cell dimension. * p<0.05 in a two-tailed
heteroscedastistic ¢-test. (C) Size dependence of cytoplasmic protein mobility (1/7p) at the indicated nutrients conditions. Each
dot represents the average value of protein mobility of all the cells measured for the construct of the indicated molecular mass
in the indicated condition. Error bars represent the standard error. Error bars that are not visible are smaller than the symbol

size. The solid black lines are the fit with an inverse power law to extract the size dependence of protein mobility (M9 salts, S
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=0.60 £ 0.05; M9 glu + CA, = 0.68 = 0.10). Individual values of protein mobility (1/zp; D) and anomaly of diffusion (a; E)
from single cells expressing the indicated protein constructs at the indicated nutrients conditions. *** p<0.0001; **p<0.001; *

p<0.05; NS: no statistically significant difference in a two-tailed heteroscedastistic z-test.

To further distinguish the respective contributions of metabolic activity, biosynthesis, and the resulting
cell growth on protein diffusion, we incubated bacterial cells in presence of both nutrients and
chloramphenicol on the agarose pad (Figure 3.40). Chloramphenicol is a bacteriostatic antibiotic, and
arrests bacterial growth by blocking the translation of new proteins. Similar to our previous experiments
where chloramphenicol was added to the batch culture, its addition had no or little effect on the mobility
of sfGFP or the AcnA-sfGFP construct in absence of nutrients. In contrast, protein mobility in presence
of nutrients was strongly affected by chloramphenicol treatment. Thus, the previously observed enhanced
protein mobility in presence of nutrients appears to be primarily due to active protein production and cell
growth. Nevertheless, even chloramphenicol-treated cells exhibited a moderate increase in protein
mobility in presence of nutrients, indicating that the metabolic activity contributes to the overall effect of
growth on diffusion. It is possible that the contribution of the metabolic activity might be even larger than

it appears in this experiment, since the inhibition of protein translation might reduce metabolic activity.
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Figure 3.40 Individual values of protein mobility (1/zp; A) and anomaly of diffusion (a; B) of the indicated protein constructs
measured in cells incubated at 35°C on agarose pads containing either only M9 salts or M9 salts together with 20 mM glucose
and 0.2% casamino acids (Glu + CA). Where indicated, chloramphenicol (Cam, 200 pg/ml) was also added to the agarose pads.

*H% p<0.0001; ** p<0.001; * p<0.05; NS: no statistically significant difference in a two-tailed heteroscedastistic z-test.

3.10.5 Growth phase

Bacterial cells in stationary phase, has largely stopped both the biosynthetic activity and the cell growth.
We thus compared the mobility of “fast-diffusing” proteins of different mass between cells in exponential
phase and in stationary phase, ~24 hours after the inoculation. For a more equal comparison with the much
shorter cells in the stationary phase, the cultures in exponential phase were not treated with cephalexin
(Figure 3.41A). Consistently with our hypothesis that protein mobility scales with cell growth, we
observed that the mobility of all constructs was much lower in cells in stationary phase (Figure 3.41B),
and such effect was roughly proportional for constructs of different mass. The anomaly of diffusion instead

was not affected by the growth phase (Figure 3.41C).
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Figure 3.41 (A) Comparison of cell length between cells in exponential and stationary phase. Cells in exponential phase were
grown as usual, except that for this experiment were not treated with cephalexin. Cells in stationary phase were grown for ~

24h after inoculation from the glycerol stock. Individual values of protein mobility (1/7p; B) and anomaly of diffusion (a; C)
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of the indicated sfGFP construct in cells in exponential or stationary phase. *** p<0.0001; ** p<0.001; * p<0.05; NS: no

statistically significant difference in a two-tailed heteroscedastistic #-test.

3.10.6 Cellular energy state

Several studies in bacteria and budding yeast have shown that in presence of the inhibitor of respiration-
dependent ATP synthesis dinitrophenol (DNP), the mobility of large multiprotein complexes is drastically
reduced (Munder et al. 2016; Parry et al. 2014). To test if a similar effect is conserved also for single
proteins, we compared the mobility of sfGFP and of two constructs with larger mass in control cells and
in cells incubated on the agarose pad in presence of DNP. No general effect of DNP on protein mobility
or anomaly of diffusion was observed in these conditions (Figure 3.42), at either 25°C or 35°C thus
suggesting that the impact of growth on the diffusion of individual proteins cannot be simply explained
by the energy state of the cell. An interesting exception was the mobility of Adk-sfGFP, which was indeed
reduced by the DNP treatment at high temperature. This might be a specific effect related to the enzymatic
activity or conformation of Adk that binds ATP as a substrate. We thus decided to further investigate the

effect of ATP on protein diffusion by taking a different approach.
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Figure 3.42 Individual values of protein mobility (1/7p; A) and anomaly of diffusion (a; B) of sSfGFP and of two constructs

with higher molecular mass measured in bacterial cells treated in batch for 60 minutes with 2 mM DNP and compared with the
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respective untreated control. Measurements were performed on 1% agarose pads prepared in tethering buffer and supplemented
with 2 mM DNP at the indicated incubation temperature. ** p<0.001; * p<0.05; NS: no statistically significant difference in a

two-tailed heteroscedastistic ¢-test.

3.11 In situ evidences of enhanced diffusion

Having observed a significant increase in protein mobility in presence of nutrients, possibly due to the
cytoplasmic stirring promoted by the energy released through different enzymatic activities (Figure 3.39),
we speculated that removing the nutrients from the cytoplasm would reduce such stirring. A consistent
corpus of classic literature proved that after the permeabilization of the inner membrane of bacterial cells
with toluene, small molecules can be efficiently eluted from the cytoplasm, while the macromolecules are
largely retained (Jackson Robert and DeMoss 1965; Deutscher 1974; De Smet, Kingma, and Witholt 1978;
McMurry, Hendricks, and Levy 1986). Although toluene-treated bacteria are not capable to grow, if the
required substrates are provided exogenously, permeabilized cells are still capable of performing the
synthesis and repair of DNA, the transcription of RNA and protein translation (Wickner and Hurwitz
1972; Ben-Hamida and Gros 1973; Deutscher 1974; Boye 1980; McMurry, Hendricks, and Levy 1986).
We first investigated whether the permeabilization of the inner membrane of E. coli had measurable effects
on cytoplasmic protein mobility. To prove that the cytoplasm of our toluene-treated cells was indeed in
equilibrium with the surrounding buffer, and it was thus also likely depleted from the endogenous
metabolites, we routinely performed the staining of the toluene-treated cells with the DNA-binding dye
SYTOX Red at a concentration sufficiently low to only stain permeabilized cells (Figure 3.43A). Of note,
SYTOX Red appeared to stain the cell cytoplasm rather homogeneously, possibly due to a toluene-induced
expansion of the nucleoid. We then measured the diffusion of several sftGFP constructs in the cytoplasm

of cells treated with toluene and fitted the ACFs with the anomalous diffusion model (Figure 3.43B). In
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agreement with our expectations, we observed that the mobility (Figure 3.43C) of all the investigated
protein constructs was significantly reduced after toluene treatment. Interestingly, we also observed that

the anomaly of diffusion increases significantly for all the tested constructs (Figure 3.43D).
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Figure 3.43 (A) Representative microscopy images of E. coli cells expressing the indicated sfGFP construct after
permeabilization with toluene and staining with of the DNA-binding dye SYTOX Red (15 nM). Cell permeabilization was
performed by incubation with 2.5% toluene for 15 minutes in tethering buffer supplemented with 10 mM MgCl, to prevent
considerable loss of cytoplasmic macromolecules (De Smet, Kingma, and Witholt 1978). (B) Representative autocorrelation
functions (ACFs) for sfGFP in control untreated cells and in toluene-treated cells fitted with the anomalous diffusion model
(solid lines). The ACF curves were normalized to their respective maximal values to facilitate comparison. Individual values
of protein mobility (1/7p; C) and anomaly of diffusion (a; D) of the indicated protein construct measured in untreated control

cells or in toluene-permeabilized cells. *** p<0.0001 in a two-tailed heteroscedastistic z-test.
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We then reintroduced ATP back to permeabilized cells, to study its specific effect on protein diffusion
inside a bacterial cell, albeit not alive (i.e. in situ). Interestingly, the mobility of sfGFP increases steadily
with progressively higher concentrations of ATP (Figure 3.44A, B) and it appears to saturate at 5-10 mM
of ATP. Of note, at concentrations of ATP in the range commonly measured in E. coli (~ 1-3 mM)
(Buckstein Michael, He, and Rubin 2008; Bennett et al. 2009; Yaginuma et al. 2014), stGFP mobility in
toluene-treated cells becomes comparable to that of untreated cells. Importantly, such effect appears to
depend largely, but not entirely, on the hydrolysis of ATP, since an equal concentration of the non-
hydrolysable ATP analogue AMP-PNP, produces a smaller, but still significant increase in sfGFP

mobility. No significant effect on the anomaly of diffusion is observed after reintroduction of ATP (Figure
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Figure 3.44 (A) Representative autocorrelation functions (ACFs) fitted with the anomalous diffusion model (solid lines) for
sfGFP in cells after treatment with toluene or cells from the same batch supplemented with the indicated concentration of ATP.
The ACF curves were normalized to their respective maximal values to facilitate comparison. Individual values of sfGFP
mobility (1/7p; B) and anomaly of diffusion (a; C) measured in toluene-permeabilized bacterial cells. For these experiments,
bacterial cells were attached to the bottom of multi-well plates with poly-L-lysine and overlaid with tethering buffer
supplemented with the indicated concentration of ATP or AMP-PNP. *** p<(0.0001; **p<0.001; * p<0.05; NS: no statistically
significant difference in a two-tailed heteroscedastistic #-test. When not indicated, no statistically significant difference was

observed.

We then looked further into the previously observed specific reduction in mobility of the enzyme Adk at
low levels of cellular ATP (Figure 3.42). Adk is the adenosine kinase, that catalyzes the ATP-dependent
phosphorylation of AMP to ADP. We thus incubated toluene-permeabilized E. coli cells expressing Adk-
sfGFP with different concentrations of ATP. As previously observed with the inert sfGFP, also the
diffusion of Adk is increased by the presence of ATP (Figure 3.45A, B), and such an increase scales with
the concentration of ATP. If cells are incubated with equimolar concentrations of both the substrates ATP
and AMP, the increase in Adk-sfGFP mobility is larger than with ATP alone. Importantly, incubation with
AMP, AMP-PNP or the combination of the two, have a much lower effect on Adk-sfGFP mobility than
that of equimolar concentrations of ATP or ATP and AMP. We also tested another ATP-hydrolyzing
enzyme, the cytidylate kinase Cmk that catalyzes the ATP-dependent phosphorylation of CMP to CDP.
Consistently with the previous observations, its diffusion significantly increases when incubated with ATP
(Figure 3.45C, D). However, the further addition of CMP, while increasing Cmk-sfGFP mobility

compared with toluene-treated cells, did not further increase diffusion above that with ATP.
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Figure 3.45. Individual values of Adk-sfGFP mobility (1/7p; A) and anomaly of diffusion (a; B) measured in toluene-
permeabilized bacterial cells attached with poly-L-lysine to the bottom of multi-well plates and overlaid with tethering buffer
supplemented with the indicated concentrations of ATP, AMP, and AMP-PNP. Individual values of Cmk-sfGFP mobility (1/zp;
A) and anomaly of diffusion (a; B) measured in toluene-permeabilized bacterial cells attached to the bottom of multi-well
plates with poly-L-lysine and overlaid with tethering buffer supplemented with the indicated concentrations of ATP and CMP.
*** p<0.0001; **p<0.001; * p<0.05; NS: no statistically significant difference in a two-tailed heteroscedastistic ¢-test. When

not indicated, no statistically significant difference was observed.

76



4. Discussion

Despite the substantial research effort produced in the past years, the dependence of protein diffusion on
protein mass and shape, and the consequences of various physicochemical perturbations and of the cellular
physiology on protein diffusion, remain still unclear. In this study, we addressed these questions,
elucidating details on how protein diffusion rates are affected by properties typical of the single proteins,
such as their mass, shape and protein-protein interactions, but also by the interplay between the external

environment and the internal cellular physiology.

4.1 The diffusion of cytoplasmic proteins in bacterial cells is Brownian

To date, we performed the most extensive analysis of the size dependence of protein diffusion in bacterial
cytoplasm by investigating the mobility of 28 sfGFP-tagged proteins endogenous of the cytoplasm of E.
coli with fluorescence correlation spectroscopy. We observed that, based on their diffusional behavior,
the constructs could be qualitatively sorted in a “fast-diffusive” or a “slow-diffusive” category. The 17
“fast diffusive” constructs showed a weak anomaly of diffusion, with an anomalous diffusion exponent
that saturates at a = 0.8 - 0.89, and a diffusion rate (1/zp) that defines a clear upper bound to cytoplasmic
protein mobility and decreases uniformly with the increase in the construct’s molecular mass. This bound
likely reflects the fundamental size-specific physical limit on protein diffusion in the crowded
environment of the cytoplasm of E. coli. Results from our Brownian dynamics simulation suggested that

the apparent weak anomaly of diffusion observed in our FCS data, that is consistent with previous reports
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(Meacci et al. 2006), could be accounted for by confinement of the otherwise purely Brownian diffusing
proteins in the small volume of a bacterial cell. Similar conclusions have been drawn by previous SPT
studies for individual proteins (Bakshi, Bratton, and Weisshaar 2011; English et al. 2011). This
interpretation is consistent with the observed decrease in the anomaly of diffusion in A22-treated E. coli
with an increased cell diameter. The interpretation of these experiments might be complicated by the
reduced cytoplasmic density of A22-treated bacteria (Oldewurtel Enno, Kitahara, and van Teeffelen
2021). Such reduced cytoplasmic density, and thus macromolecular crowding, may contribute to the
observed reduced anomaly of diffusion. However, under our growth conditions the effect of A22 on cell
density seemed to be rather negligible. The interpretation that weak anomaly depends on cell confinement
is also supported by the FCS measurements using a smaller, albeit less optimal due to lower signal-to-
noise ratio, confocal volume, which yielded higher value of a, as could be expected from protein diffusion

measured in a volume distant from the cell boundary.

4.2 Size dependence for the diffusion of dumbbell-shaped proteins in vivo

The protein constructs that showed fast-diffusion and weak, confinement-dependent, anomaly of
diffusion, were then used as inert tracers to estimate an unbiased size dependence of protein diffusion. We
fitted the autocorrelation functions of these constructs by using a model of purely Brownian diffusion
under confinement elaborated by approximating particles diffusion in proximity to the cell pole to an
Ornstein-Uhlenbeck process of Brownian diffusion confined by a harmonic potential. The overall
dependence of diffusion coefficients on the molecular mass showed the exponent = 0.56, steeper than

what expected by the Stokes-Einstein relation for fully compact particles (= 0.33), or the more realistic

case of not entirely compact proteins (£ ~ 0.4). The size dependence obtained from our large dataset, is

78



comparable to estimates of S ranging from 0.54 to 0.75, obtained from previous, more limited, datasets
(Mika et al. 2010; Stracy et al. 2021; Smigiel et al. 2022). We speculated that such commonly observed
reduced “compactness” may depend on the peculiar dumbbell shape of a typical globular protein tagged
with GFP via a short linker. Indeed, a model that takes in consideration the specific shape of two,
imperfectly globular, proteins connected via a short linker, predicts very well the size dependence of
protein diffusion, in particular for sizes smaller than 75 kDa. Above this value, this model tends to
overestimate protein mobility, possibly because larger proteins are formed by different domains whose
additional degrees of freedom are not fully predicted by a model of two linked proteins, or because large

proteins are more impacted by protein-protein interactions (von Biilow et al. 2019).

4.3 Protein diffusion is homogeneous over different spatiotemporal scales

Most of the previous studies about protein mobility were performed using FRAP. We thus directly
compared the diffusion of a subset of “fast-diffusive” constructs, with different masses, measured with
FRAP and FCS under the same growth and experimental conditions. As commonly observed in literature,
the diffusion coefficients measured with FRAP are 5-30% lower than those measured with FCS. This
underestimation is partially explained by technical reasons, since the fast-diffusive proteins already begin
the recovery during the relatively long time necessary to perform the photobleaching. Nevertheless,
considering that diffusion coefficients estimated in the more recent works (Schavemaker, Smigiel, and
Poolman 2017) are comparable with the values obtained in our work, the significantly lower values from
the earliest works may be the result of the much lower temporal resolution in older set-ups (Elowitz
Michael et al. 1999; Kumar, Mommer, and Sourjik 2010; Nenninger, Mastroianni, and Mullineaux 2010).
Moreover, discrepancies in the estimated diffusion coefficients of similar proteins in independent studies

may also be caused by differences in cell growth (e.g. growth medium) or sample preparation (e.g.
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environmental temperature or osmolarity). The size dependences obtained with FRAP and FCS are in very
good agreement, thus suggesting that the cytoplasm exerts homogeneous hindrance to protein diffusion

over the 0.2 - I um length scale explored by the two techniques.

4.4 Strong anomaly of diffusion depends on macromolecular interactions

A smaller group of 11 “slow-diffusive” constructs showed a mobility lower than that expected from their
size and in some cases also a pronounced anomaly of diffusion. At least three of them were known to have
extensive interactions with other components of the cytoplasm: ClpS interacts with the ClpAP protease
and with proteins to be degraded, DnaK interacts with co-chaperones and with client proteins to be folded,
while Map interacts with ribosomes. Theoretical studies indeed suggest that binding of diffusing
molecules to crowders can lead to anomalous diffusion (Guigas and Weiss 2008; Saxton 2007). When the
formation of these complexes was inhibited, their mobility and anomaly of diffusion was restored to values
comparable to those dictated by their molecular mass at the confinement exerted by the cell width. Strong
anomaly of diffusion is also observed for MmuM and MalZ constructs. Only putative interactors could be
identified in literature for these two proteins. MmuM (alias YagD) is involved in the S-methylmethionine
metabolism and is expressed in the same transcriptional unit as MmuP (alias Yk{D), reported as a putative
S-methylmethionine permease (Thanbichler, Neuhierl, and Bock 1999). The diffusional properties of
MmuM could then be indicative of interactions with MmuP. The eventual observation of higher mobility
of MmuM in a AmmuP strain may confirm the physical interaction between the two proteins. MalZ is
reported to be prone to aggregation in vitro, and the incubation with chaperonins GroEL and GroES
improves its folding (Paul, Punam, and Chaudhuri 2007; Pastor et al. 2016). The reduced mobility of MalZ
could thus be explained by the formation of small aggregates, not visible under the microscope. The higher
mobility of MalZ in a strain where chaperonins are overexpressed (Goltermann, Sarusie, and Bentin 2015)
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could confirm this hypothesis. Measuring the diffusion of a protein of interest by FCS in conditions where
its putative interactions are abolished, could then be an unusual, but effective, strategy to test hypotheses
on protein-protein interactions in vivo. Our data also suggest that the set of proteins used in studies that
estimated an aberrantly steep size dependence of protein diffusion (Kumar, Mommer, and Sourjik 2010),
may have been biased towards “slow-diffusive” proteins such as chaperones (DnaK and HtpG), that
interact with client proteins, and chemotaxis proteins (CheW, CheR, CheA) that interact with each other

and with membrane chemoreceptors.

4.5 E. coli cytoplasm offers only mild hindrance to the diffusion of non-native proteins

Interestingly, the anomaly of diffusion of many sfGFP fusions to proteins from other bacterial species is
slightly, but consistently higher than that of their E. coli counterparts, possibly suggesting the presence of
short-lived, unspecific interactions between such exogenous proteins and components of the E. coli
cytoplasm. Instead, the diffusion rates of such proteins are comparable to those of their E. coli
counterparts, as expected from their very similar molecular mass (+ 3 kDa). Therefore, there appear to be
only little adaptation of proteins to the specific cytoplasmic environment of the bacterial host, or, from
another point of view, the cytoplasmic structure is conserved across bacterial species with similar
lifestyles, a feature that might favor protein functioning after horizontal gene transfer. Possible exceptions
may be bacteria that live in harsh environments, characterized by high salinity or extreme pHs

(Schavemaker, Smigiel, and Poolman 2017).

The cumulative evidence from these experiments suggests that protein diffusion in bacterial cytoplasm is
Brownian and that the apparent weak anomaly of diffusion is largely explained by the confinement within

the small diameter of the bacterial cell. Larger than expected anomaly is primarily, but possibly not
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uniquely, associated with the presence of protein-protein interactions. Our experiments do not completely
clarify if the strong anomaly of diffusion depends on the interactions with largely immobile partners that
would act as “traps” for molecules that otherwise perform Brownian diffusion, or, as observed in bacteria
for large mRNA molecules (Lampo et al. 2017) and exogenous multi-protein complexes (Yu et al. 2018),
it is an emergent property of diffusing particles above a mass threshold much higher than the mass range
explored in this study. Being anomalous diffusion a phenomenological property, both hypotheses could

be true in different cases.

4.6 Macromolecular crowding, cytosolic viscosity and metabolic stirring affect diffusion of
differently-sized proteins in a proportional manner

We then selected several “fast-diffusive” constructs of different molecular mass as inert tracers to
investigate the effects that different physicochemical perturbations, likely experienced by free-living cells,
have on the structure and the viscosity of the cytoplasm and thus on protein mobility.

4.6.1 Ionic strength and rifampicin oppositely affect macromolecular crowding and protein

diffusion

We observed that conditions that alter macromolecular crowding have strong effects on protein mobility.
Increasing the osmolarity of the medium leads to a decrease in protein mobility. This effect is well known
and it has been characterized in details in several previous studies (Konopka et al. 2006; Konopka et al.
2009; Mika et al. 2010; Liu et al. 2019; Wlodarski et al. 2020). However, such studies focused on the
effect on either free fluorescent proteins or on large multi-protein complexes. By investigating proteins of
different mass, we concluded that their mobility is proportionally (~20%) affected under conditions of
mild osmotic upshift. Such effect is consistent with previous measurements where a similar shift in

osmolarity was investigated with FRAP (Konopka et al. 2009), possibly suggesting that the increase in
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crowding is homogeneous at different length scales. Experiments in vitro showed that the anomaly of
diffusion of fluorescent probes scales with the crowding of the solution: in these experiments crowding is
typically increased by adding polyethylene glycol (PEG) (Banks and Fradin 2005; Goins, Sanabria, and
Waxham 2008; Balbo et al. 2013). Since we did not observe a significant effect on the anomaly of
diffusion at increased macromolecular crowding in vivo, strong anomaly of diffusion may be a peculiar
characteristic of highly concentrated PEG solutions, that thus would not accurately mimic the molecular

crowding in the cytoplasm.

After the inhibition of RNA transcription with rifampicin, a mass-independent ~ 20% increase in protein
mobility was observed. Such increase in protein mobility is consistent with the expected fraction of the
bacterial cell dry weight constituted by RNAs (~25-30%) (Cayley et al. 1991; Zimmerman and Trach
1991). We then concluded that the observed increase in protein mobility depends on the reduction in the
total macromolecular crowding inside the bacterial cell due to the knocking down of RNAs, in particular
messenger RNAs, whose half-life is of the order of minutes (Selinger et al. 2003), but possibly also of
ribosomal RNAs whose half-life is also reported to be comparable with the relatively long incubation of
cells with rifampicin in our experiments (Fessler et al. 2020). Consistently with the minor contribution of
DNA to the cytoplasmic macromolecular crowding (~3% of the bacterial cell dry weight (van den Berg,
Boersma, and Poolman 2017)), we observed only a minor decrease of protein mobility inside the
compacted nucleoid of cells treated with chloramphenicol, compared with cell areas free of nucleoid in
the same sample.

4.6.2 Cytoplasmic viscosity affects protein diffusion and it is insensitive to the growth temperature

and the cellular energy state

The temperature dependence of the cytoplasmic viscosity in the tested range was similar to that of water

and consistent with the Stokes-FEinstein relation, decreasing by 20-30%, in a size-independent manner, for
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an environmental temperature increase of 10°C (Huber et al. 2009). Furthermore, the same temperature
dependence of protein mobility was observed upon treatment with the protonophore DNP, that
deenergizes cells by dissipating the proton gradient, arguing against a contribution of active (nonthermal)
stirring of cytoplasm (Weber, Spakowitz, and Theriot 2012) when E. coli cells lack nutrients and are non-
growing. While E. coli adapts its membrane fluidity (Sinensky 1974) and intracellular signaling (Almblad
etal. 2021; Oleksiuk et al. 2011) to the growth temperature, we did not observe dependence of the effective
cytoplasmic viscosity on the growth temperature. Since growth-temperature dependent adaptation of the
cytosolic viscosity was recently reported for budding yeast Saccharomyces cerevisiae (Persson, Ambati,
and Brandman 2020) and for Listeria monocytogenes (Tran et al. 2021), it is surprising that such
compensation apparently does not exist in E. coli. One possible explanation for this difference might be
the broader range of growth temperatures of these organisms compared to E. coli.

4.6.3 Cytoplasmic stirring might emerge from the collective contribution of metabolism,

biosynthetic reactions, and cell growth

Finally, we observed that the cellular state strongly influences cytoplasmic protein mobility. In conditions
of high environmental temperature and presence of nutrients, the diffusion rate of several investigated
proteins increased proportionally to their mass (~30-40%). If biosynthesis and growth were blocked by
inhibiting new protein translation upon chloramphenicol treatment, protein diffusion rates were reduced,
but still significantly higher than in absence of nutrients. Thus, the metabolism of glucose and amino acids
appears sufficient to increase the mobility of small proteins. Additional, and possibly stronger,
contributions are given by biosynthetic reactions (protein translation in particular) and cell growth. Of
note, the contribution of metabolic activity in presence of nutrients may have been actually underestimated
since the inhibition of protein biosynthesis by chloramphenicol could possibly indirectly reduce metabolic

activity. The observed phenomenon may be different from the previously characterized ATP-dependent
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fluidization of the bacterial cytoplasm that enables the mobility of large multiprotein complexes but
apparently does not affect free GFP (Montero Llopis et al. 2012; Parry et al. 2014) or other small proteins,
as also confirmed by our experiments. The observed decrease in protein mobility upon entering in
stationary phase is probably of complex interpretation. On one hand, biosynthesis and cell growth are less
pronounced during stationary phase (Navarro Llorens, Tormo, and Martinez-Garcia 2010). On the other
hand, the cytoplasm of cells in stationary phase is more crowded, since these cells are smaller in length,
but have a similar content of macromolecules than cells in exponential phase (Zimmerman and Trach
1991). While the interplay between energy-, metabolism- and growth-dependent effects on the diffusional
properties of bacterial cytoplasm remains to be further investigated, our results suggest that the cumulative
effect of the energy released by the enzymatic activities from metabolism, biosynthetic reactions, and cell

growth may generate active stirring and cytoplasmic mixing that increase the diffusion of proteins.

In conclusion, the size dependence of protein mobility in the E. coli cytoplasm appears to be surprisingly
robust, since it is largely conserved after exposing the bacteria to several different physicochemical
perturbations known to alter the viscosity or the composition of the cytoplasm and even for proteins
coming from bacterial species others than E. coli. We hypothesize that the biophysical properties of the
bacterial cytoplasm have evolved so that the relative diffusion rate of proteins with different sizes remain
constant under the various conditions that a bacterial cell may experience in the environment. An
imbalance in the diffusion rate of proteins in a particular size range might in fact affect protein complexes

formation and ultimately hamper cellular processes.
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4.7 ATP hydrolysis is sufficient to restore cytoplasmic mixing and enhance diffusion of inert
proteins

If the cytoplasmic membrane is permeabilized by toluene treatment and the metabolites are extracted from
the cytoplasm, the diffusion rates of several proteins were drastically reduced, possibly due to a complete
“freeze” of the metabolic and biosynthetic activities or to the previously observed condensation of the
cytoplasm after damages to the inner membrane (Chongsiriwatana et al. 2017; Wong et al. 2021). Such
condensation of the cytoplasm could also justify the observed increase in the anomaly of diffusion as an
increase in the confinement perceived by the diffusing proteins. The reintroduction of 1-3 mM ATP, and
thus the reactivation of the ATP-dependent enzymes, that alone account for ~10% of the proteome in E.
coli, is sufficient to restore the diffusion rates of several proteins to values comparable to those in intact
cells. Living cells maintain millimolar concentrations of ATP in their cytoplasm (Buckstein Michael, He,
and Rubin 2008; Bennett et al. 2009; Yaginuma et al. 2014), values that are much higher than the Kp of
most ATP dependent enzymes. Such a paradox is justified from the notion that ATP acts as a biological
hydrotope that promotes the solvation of macromolecules that would otherwise aggregate (Patel et al.
2017). The observed increase in diffusion in presence of ATP depends to a small extent also on such
solvation: in permeabilized cells incubated with AMP-PNP, that cannot be hydrolyzed but can still act as
an hydrotope, the protein diffusion rates increased, albeit not to the same level observed with an equal
concentration of ATP. Taken together, our experiments suggest that protein diffusion rates are
proportional to the “activity” in the cytoplasm. In cells metabolically inactive after toluene treatment, the
cytoplasm as a whole freezes and even the diffusion of small proteins is reduced. The reactivation of a
fraction of the enzymes appears sufficient to restore the cytoplasm mixing and increase the diffusion rates
of inert proteins, as previously observed in vitro (Zhao et al. 2017). Restoring cytoplasm mixing would

then facilitate the turnover of substrates at the active sites of the enzymes and thus begin a positive
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feedback loop where more enzymatic activity promotes more diffusion through cytoplasmic mixing. Such
positive feedback loop appears to saturate, in our experiments, at ~ 5-10 mM ATP, possibly as a
consequence of the recently hypothesized thermodynamic limit to the amount of metabolic energy that a
cell can dissipate without compromising its biomolecular functions (Losa et al. 2022). Notably, at
concentrations of ATP ~ 5-10 mM ATP, the diffusion rate of sfGFP in permeabilized cells bacame
comparable to that we previously measured in intact, growing cells. In agreement with this observation,
recent measurements at the single-cell level proved that in growth conditions similar to ours, E. coli cells

indeed reach concentrations of ATP ~ 5 mM (Lin and Jacobs-Wagner 2022).

4.8 ATP-dependent enzymes are capable of enhanced diffusion in situ

Experiments in vitro have shown that the mobility of several different types of enzymes is enhanced in
presence of their substrates, a process thus named enhanced diffusion. For the first time, we observed this
process inside a cell, although not alive (i.e. in situ). In permeabilized cells, the mobility of the ATP-
dependent enzyme Adk, in presence of both its substrates ATP and AMP, increases to an extent larger
than in presence of ATP alone. Experiments with the non-hydrolysable ATP analogue AMP-PNP, that
can be bound, but not hydrolyzed by Adk, suggest that such effect depends on both the acquisition of a
closed conformation upon substrate binding (Whitford et al. 2007) and, possibly to a larger extent, on the
actual catalytic activity of Adk. The lacking of pronounced enhanced diffusion in the enzyme Cmk may
suggests that the latter undergoes smaller conformational changes than Adk (Schultz et al. 1997), since
the catalytic properties of the two enzymes are similar (Saint Girons et al. 1987; Bucurenci et al. 1996).
A combination of theoretical modelling and simulations may help elucidating the molecular mechanism

that underlies the apparent enhanced diffusion in Adk and the reason why such is not observed in Cmk. It
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remains also to be determined if the enhanced diffusion we observe could also promote chemokinesis, the

directed motion of enzymes along a gradient of their substrates.

4.9. Concluding remarks

Diffusion is the main process that allocates (macro)molecules, proteins in particular, to the intracellular
district where their function is needed. The study and precise quantification of protein mobility is thus of
fundamental importance for the understanding of biological systems. Despite several aspects of protein
mobility in bacterial cytoplasm has been elucidated in the past, drawing general conclusions from different
studies was hampered by differences in the bacterial strain investigated, on the growth and imaging

conditions, on the technique employed and on the small number of proteins investigated.

The main goal of this project was therefore to produce a comprehensive study on cytoplasmic protein
diffusion and answer several open questions. By measuring the diffusion of a large number of protein
constructs and combining experiments with theoretical simulations and mathematical modelling, we
concluded that, in absence of strong protein-protein interactions, the diffusion of free proteins in the
confined volume of the bacterial cytoplasm is largely Brownian. We also concluded that the size
dependence of protein mobility can be more accurately predicted by considering the peculiar dumbbell
shape of the GFP-tagged proteins employed in our study. The comparable diffusion coefficients obtained
from measurements with FCS and FRAP also indicate that protein diffusion is homogeneous over different

spatiotemporal scales.

Furthermore, we observed that perturbations to the cytoplasmic protein mobility, due to the fluidizing
effect of cell growth or alterations to the cytoplasmic crowding and viscosity, have proportional effects

on differently-sized proteins. These results suggest that protein diffusion in the E. coli cytoplasm remains
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Brownian under all tested conditions, including growing cells, and the effects of these perturbations on
protein mobility can be simply accounted for by changes in the cytoplasmic viscosity. We hypothesize
that such proportional changes in the diffusion of differently-sized proteins might be important to maintain

balanced rates of diffusion-limited cellular processes under various environmental conditions.

Finally, we observed that the diffusion of inert sSftGFP molecules, in otherwise metabolically inactive cells,
can be significantly increased by reactivating the enzymatic activity of ATP-dependent enzymes, possibly
through metabolism-induced cytoplasmic stirring. Intriguingly, we also provide the first evidence that
enhanced enzyme diffusion, so far at most observed only in vitro, can be observed also in situ, after

providing metabolically inactive cells with the opportune substrates.
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5. Materials and methods

5.1 Reagents and Kkits used

5.1.1 List of reagents used in this study

Chemical

Company

80% iodixanol
A22 hydrochloride

Acetic acid

Agarose NEEO ultra-quality

Ammonium chloride

Ammonium persulphate

Ampicillin
Bacto tryptone
Bromophenol blue
Calcium chloride
Casamino acids
Cephalexin hydrate
Chloramphenicol
D-glucose
Dimethyl sulphoxide
Dinitrophenol
Disodium phosphate
dNTPs mix (10 mM)
EDTA

Gibson assembly Master Mix

Glycerol

Opti-Prep
Sigma-Aldrich
Roth
Roth
Roth
Roth
Applichem
Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Applichem
Applichem
Roth
Merck
Sigma-Aldrich
NEB
Merck
NEB
Gerbu
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Isopropyl B-D-1-thiogalactopyranoside
Kanamycin sulphate
L-glycine
L-methionine
Magnesium sulphate
PEG 4000
Poly-L-lysine
Potassium chloride
Potassium phosphate dibasic
Potassium phosphate monobasic
Rifampicin
Sodium chloride
Sodium dodecyl sulphate
Sodium hydroxide
Sodium lactate
SYTOX Orange Nucleic acid stain
SYTOX Red Dead cell stain
TEMED
Toluene
Tris base
Tween 20
Tween 80
Yeast extract

[-mercaptoethanol

Roth
Sigma-Aldrich
Sigma-Aldrich

Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Merck

Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ThermoFischer
ThermoFischer

Applichem
Sigma-Aldrich
Sigma-Aldrich

Roth

Roth

Applichem

Roth

All enzymes were purchased from New England Biosciences.

All primers were purchased from Eurofins Scientific.
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5.1.2 Kits used in this study

The kits were used according to the instructions of the guidelines given by the manufacturers.

Kit Manufacturer
GeneJET Plasmid Purification Kit ThermoFischer Scientific, Dreieich
GenelET PCR Purification Kit ThermoFischer Scientific, Dreieich
GenelET Gel Extraction Kit ThermoFischer Scientific, Dreieich

Q5 site-directed mutagenesis kit ~ New England BioLabs GmbH, Frankfurt a.M.

5.1.3 Multi-well plates

Plate Company
96-well plates glass bottom Greiner Bio-one
2-well plates glass bottom, #1.5H Ibidi
8-well plates glass bottom, #1.5H Ibidi

5.2 Media and buffer solutions

5.2.1 Media
Lysogeny broth (LB)

10 g/l Tryptone
5 g/l Yeast extract
5 g/l NaCl

Adjusted to pH 7. For preparing LB agar plates, 15 g of agar were added to 1 1 of LB liquid

medium.
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M9

48 mM Na,HPOq

22 mM KH>POg4

8.4 mM NacCl

18.6 mM NH4Cl

2 mM MgSOg4

0.1 mM CaCl,

0.4% glucose

0.2% casamino acids

The salts were prepared as 5x, diluted and sterile filtered. Nutrients were mixed with the 1x M9 salts

prior to culture inoculation.

5.2.2 Buffers

Tethering buffer
10 mM K>HPO4
10 mM KH>POq4
1 uM methionine
10 mM sodium lactate
buffered with NaOH to pH 7 and sterile filtered.

Permeabilization buffer

10 mM K2HPO4

10 mM KH>POq4

10 mM MgCl,

Buffered with NaOH to pH 7.
Phosphate-buffered saline (PBS)

137 mM NacCl
2.7 mM KCI

8 mM Na,HPO4
1.8 mM KH;PO4
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Buffered to pH 7.4
Motility buffer
10 mM KPO4
0.1 mM EDTA
67 mM NaCl
Dissolved in ddH20 and adjusted to pH 7. Sterile filtered.

TAE buffer (Tris-Acetate-EDTA - 50 x)

242 g Tris base
57.1 g Glacial acetic acid
100 ml1 0.5 M EDTA, pH 8

ddH20 was added up to a total volume of 1 1.
TSS (Transfer Storage Solution)

200 ml LB
20 g PEG 4000
10 ml DMSO
2.46 g MgCly
Adjusted to pH 6.5.
SDS-PAGE sample buffer (Laemmli), 4x

0.25 M Tris base, pH 6.8

8% SDS

40% glycerol

20% B-mercaptoethanol

0.02% w/v Bromophenol blue
SDS-PAGE running buffer, 10x

30.3 g Tris base
144 g glycine
10 g SDS
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Dissolve in 1000 ml ddH->O
Western blot transfer buffer, 10x

30 g Tris base
144 g glycine
Dissolve in 1000 ml ddH2O.

To make 1x transfer buffer, 100 ml of 10x transfer buffer are mixed with 200 ml of methanol and

700 ml of ddH-O.

Tris buffered saline (TBS), 10x

24 ¢ Tris base
88 g NaCl
Dissolve in 1000 ml ddH>O

Buffered to pH 7.6 with HCI.

To make 1x TBS-T, mix 100 ml 10x TBS with 900 ml ddH>O and 1 ml of Tween20 (0.1%).

5.2.2 Antibiotics and inducers

Ampicillin 100 mg/ml in ddH,O
Kanamycin 50 mg/ml in ddH>O
Chloramphenicol 34 mg/ml in ethanol
IPTG 0.1 M in ddH>0O

Cephalexin 10% w/v in ddH>O

A22 200 mg/ml in DMSO

Rifampicin 200 mg/ml in DMSO

DNP 100 mM in ddH2O
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5.3 Bacterial strains

All strains used in this study are listed in Table 2.

Table 2. List of strains used in this study.

Strain Relevant genotype Reference or source
E. coli W3110 W3110 derivative with functional (Serra Diego et al. 2013)
RpoS [rpoS396(Am)]
NB63 W3110 AclpA This work
RC111 W3110 Aflu, fliC::KanR This work
DLTI1215 MG1655 hu-mCherry: :frt-kan-fit (Le Gall et al. 2016)

5.4 Molecular biology methods

5.4.1 Primers

All primers used in this study are listed in Table 3.

Table 3. List of primers used in this study.

Primer name Sense Nucleotide sequence Description
ACCCATGGCACACTCC .

NBpl RW TTCACTAG Amplify pTrc99A
CTTGGACATGCTACCTC . .

NBp2 RW  CGCCCCCTTAGTACAA Amphgfzsi ﬁet‘:)ehf;‘l’:;z}égpenome

CGGTGACGCCGG

GGGGGCGGAGGTAGCA , ,

NBp3 FW  TGTCCAAGGGTGAAGA  AmPlify pTrng%;PGly'Ser i
GCTATTTAC

GTACTAGTGAAGGAGT . .

NBp4 FW  GTGCCATGGGTATGTC Amphfydléflc. ffne ;r om K12 tgenome
ACACCCCGCGTTAAC and fuse 1L to p 1re promoter

TTGACAATTAATCATCC .

NBp5 FW GGCTCG Sequence pTrc99A insert and sftGFP
CTTGGACATGCTACCTC Amplify UbiC gene from K12

NBp7 RW  CGCCCCCGTACAACGG and fuse it to linker-sfGFP: without

TGACGCCGG STOP codon
GTACTAGTGAAGGAGT .

NBp8 FW  GTGCCATGGGTATGCG Amphrfz fAudk ﬁetne f{‘r’m Iflnzl %e?"me
TATCATTCTGCTTGGCG and fuse 1o p e promote
CTTGGACATGCTACCTC  Amplify Adk gene from K12 and fuse it

NBp9 RW  CGCCCCCGCCGAGGAT to linker-sfGFP

TTTTTCCAGATCAG delete STOP codon
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GTACTAGTGAAGGAGT

Amplify mmuM gene from K12

NBp10 FW GTGCCATGGGTATGTC genome
GCAGAATAATCCGTT and fuse it to pTrc promoter
CTTGGACATGCTACCTC Amplify mmuM gene from K12
genome
NBpl1 RW CGCCC??SACZE"(C}GCGCT and fuse it to linker-sfGFP; delete STOP
codon
GTACTAGTGAAGGAGT
NBb12 FW GTGCCATGGGTATGGA  Amplify dsdA gene from K12 genome
P AAACGCTAAAATGAAC and fuse it to pTrc promoter
TCG
CTTGGACATGCTACCTC  Amplify dsdA gene from K12 genome
NBp13 RW CGCCCCCACGGCCTTTT and fuse it to linker-sfGFP; delete STOP
GCCAGATATTG codon
GTACTAGTGAAGGAGT
NBpl4 FW GTGCCATGGGTATGTCT Amplify HemN gene from K12 genome
P GTACAGCAAATCGACT and fuse it to pTrc promoter
GGG
CTTGGACATGCTACCTC  Amplify HemN gene from K12 genome
NBpl5 RW CGCCCCCAATCACCCG  and fuse it to linker-sfGFP; delete STOP
AGAGAACTGCTGC codon
GTACTAGTGAAGGAGT
NBol6 FW GTGCCATGGGTATGAG Amplify glcB gene from K12 genome
P TCAAACCATAACCCAG and fuse it to pTrc promoter
AG
CTTGGACATGCTACCTC  Amplify glcB gene from K12 genome
NBpl7 RW CGCCCCCATGACTTTCT  and fuse it to linker-sfGFP; delete STOP
TTTTCGCGTAAAC codon
NBp18 RW GATTTAATETGTATCAG Sequence pTrc insert and sfGFP
GTACTAGTGAAGGAGT .
NBpl9 FW GTGCCATGGGTATGAC Amplify folK gene from K12 genome
AGTGGCGTATATTGC and fuse it to pTrc promoter
CTTGGACATGCTACCTC .
NBp20 RW  CGCCCCCCCATTTGTTT — Amplify folK gene from K12 genome
AATTTGTCAA and fuse it to linker-sfGFP
GTACTAGTGAAGGAGT
NBo21 FW GTGCCATGGGTATGGC Amplify map gene from K12 genome
P TATCTCAATCAAGACC and fuse it to pTrc promoter
CcC
(UL, 61 TC - INECIL - (GioIle Amplify map gene from K12 genome
NBp22 RW  CGCCCCCTTCGTCGTGC P p gene 1 g
GAGATTATCG and fuse it to linker-sfGFP
GTACTAGTGAAGGAGT
NBb23 FW GTGCCATGGGTATGAA Amplify thrC gene from K12 genome
P ACTCTACAATCTGAAA and fuse it to pTrc promoter
G
CTTGGACATGCTACCTC .
NBp24 RW  CGCCCCCCTGATGATTC  Amplify thiC gene from K12 genome
ATCATCAATTTAC and fuse it to linker-sfGFP
GTACTAGTGAAGGAGT
NBp25 FW GTGCCATGGGTATGTC Amplify prpD gene from K12 genome
P AGCTCAAATCAACAAC and fuse it to pTrc promoter
ATCCG
CTTGGACATGCTACCTC .
NBp26 RW  CGCCCCCAATGACGTA Amphafg dpgsz i";‘ﬁi‘;ﬁé}fgmm
CAGGTCGAGATACTC
NBp27 FW GTACTAGTGAAGGAGT Amplify malZ gene from K12 genome
P GTGCCATGGGTATGTT and fuse it to pTrc promoter
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AAATGCATGGCACCTG

C
CTTGGACATGCTACCTC .
NBp28 RW  CGCCCCCGTTCATCCAT — Amplify malZ genelﬁ?(m Kflz genome
ACCGTAGCCGAAATG and fuse it to linker-sfGFP
GTACTAGTGAAGGAGT .
NBp29 FW GTGCCATGGGTATGTCT Amplify thrP gene from K12 genome
GAACCGCAACGTCTG and fuse it to pTrc promoter
CTTGGACATGCTACCTC .
NBp30 RW  CGCCCCCTTGCGTTAGC Ampl;flydﬂfﬁfegif‘t’g lfir;’l?;rﬁéljglﬁn"me
GCCCAGC
GTACTAGTGAAGGAGT

NBp31 FW GTGCCATGGGTATGTCT Amplify pgk gene from K12 genome

P GTAATTAAGATGACCG and fuse it to pTrc promoter

ATC
CTTGGACATGCTACCTC .
NBp32 RW  CGCCCCCCTTCTTAGCG Amplalrflyd{’fﬁls‘egi‘t"g gﬁgilféﬁgmme
CGCTCTTCG
GTACTAGTGAAGGAGT

NBp33 FW GTGCCATGGGTATGAG Amplify coaE gene from K12 genome

P GTATATAGTTGCCTTAA and fuse it to pTrc promoter

CGG
GTACTAGTGAAGGAGT .
NBp35 FW  GTGCCATGGGTATGAC  Amplify cmk gene from K12 genome
GGCAATTGCCCC and fuse it to pTrc promoter
GTACTAGTGAAGGAGT .

NBp37 FW GTGCCATGGGTATGGA Amplify entC gene from K12 genome
TACGTCACTGGCTGAG and fuse it to pTrc promoter
GTACTAGTGAAGGAGT

NBD39 FW GTGCCATGGGTATGAT Amplify murF gene from K12 genome

P TAGCGTAACCCTTAGC and fuse it to pTrc promoter

C
GTACTAGTGAAGGAGT

NBp41 FW GTGCCATGGGTATGAA Amplify panE gene from K12 genome

p AATTACCGTATTGGGA and fuse it to pTrc promoter

TGCG

NBb53 FW TCCAAGGGTGAAGAGC ATG deletion from dsdA-sfGFP,

P TATTTACTGGG UbiC-sfGFP, thrC-sfGFP, malZ-sfGFP
NBp54 RW GCTACCTCEGCCCCCAC ATG deletion from dsdA-sfGFP
NBp55 FW T%TA?&%C}TC}%%%GT@F%C ATG deletion from Adk-sfGFP
NBp56 RW GCTACCTCEGCCCCCGC ATG deletion from Adk-sfGFP
NBb57 FW TCCAAGGGTGAAGAGC ATG deletion from mmuM-sfGFP

P TATTTACTGGGG and folK-sfGFP
NBp58 RW GCTACCTC,CFGCCCCCGC ATG deletion from mmuM-sfGFP
NBp59 RW GCTACCTC/EGCCCCCGT ATG deletion from UbiC-sfGFP
NBp60 Fw TCC%%??ES?S ((}} AGC ATG deletion from glcB-sfGFP
NBp61 RW GCTACCTCE}GCCCCCAT ATG deletion from glcB-sfGFP
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NBp62 FW TCCAAGGGTGAAGAGC ATG deletion from HemN-sfGFP,
P TATTTACTG map-sfGFP, prpD-sfGFP
GCTACCTCCGCCCCCA ATG deletion from HemN-sfGFP

NBp63 RW AT and prpD-sfGFP

NBp64 RW GCTACCTCEGCCCCCTT ATG deletion from map-sfGFP

NBp65 RW GCTACCTCE}GCCCCCCT ATG deletion from thrC-sfGFP

NBp66 RW GCTACCTCiGCCCCCCC ATG deletion from folK -sfGFP

NBp67 RW GCTACCTC%GCCCCCGT ATG deletion from malZ-sfGFP
GGGGGCGGAGGTAGCT e .

Amplification of backbone flexible

NBpsS  FW  CCAAGGGTGAAGAGCT MRS, M
GCTCTTCACCCTTGGAG  Amplify cmk gene from K12 genome

NBp81 RW CTACCTCCGCCCCCTGC and fuse it to linker-sfGFP deleted
GAGAGCCAATTTCTGG STOP
GCTCTTCACCCTTGGAG .

Amplify coaE gene from K12 genome
CTACCTCCGCCCCCCGG : ;

NBp82 RW and fuse it to linker-sfGFP deleted
TTTTTCCTSEGAGACAA STOP
g’?zgg’ll“géggggé%i{?g Amplify entC gene from K12 genome

NBp83 RW CAATCCAAAAACGTTC and fuse it to linker -sfGFP deleted

AACAT S0
GCTCTTCACCCTTGGAG .
Amplify murF gene from K12 genome
CTACCTCCGCCCCCACA . :

NBp84 RW and fuse it to linker-sfGFP deleted
TGTCCCA{;PKE}TCCTGTA STOP
GCTCTTCACCCTTGGAG  Amplify thrP gene from K12 genome

NBp85 RW CTACCTCCGCCCCCTTG and fuse it to linker-sfGFP deleted

CGTTAGCGCCCAGC STOP
GCTCTTCACCCTTGGAG  Amplify panE gene from K12 genome
NBp86 RW CTACCTCCGCCCCCCCA and fuse it to linker-sfGFP deleted
GGGGCGAGGCAAAC STOP
GCTCTTCACCCTTGGAG Amplify pgk gene from K12 genome
NBp87 RW CTACCTCCGCCCCCCTT and fuse it to linker-sfGFP deleted
CTTAGCGCGCTCTTCG STOP
GTACTAGTGAAGGAGT .
NBp88 FW  GTGCCATGGGTATGGG Amplify Crr from K12 genome
TTTGTTCGATAAACTG and fuse it to pTrc promoter
TCACCCTTGGAGCTACC .
NBp89 RW  TCCGCCCCCCTTCTTGA Al O (oL D (s
TGCGGATAACC and fuse it to flexi linker and sfGFP
GTACTAGTGAAGGAGT .
NBp90 FW  GTGCCATGGGTATGCA Amp(li‘g leus from K12 genome
and fuse it to pTrc promoter
AGAGCAATACCGCC
TTCACCCTTGGAGCTAC .
NBp91 RW  CTCCGCCCCCGCCAAC Amplify le“fsl fr,"i‘f‘ﬂflz gen‘ffme
GACCAGATTGAGG and fuse it to flexi linker and sfGFP
GTACTAGTGAAGGAGT e

NBp92 FW  GTGCCATGGGTATGGC Amplify rihA from K12 genome

ACTGCCAATTCTGTTAG and fuse it to pTrc promoter
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TTCACCCTTGGAGCTAC

NB93 RW CTCCGCCCCCAGCGTA Amplify rihA from K12 genome
P AAATTTCAGACGATCA and fuse it to flexi linker and sfGFP
G
GTACTAGTGAAGGAGT
NBpn94 FW GTGCCATGGGTATGAC Amplify nagA from K12 genome
P CATTAAAAATGTAATTT and fuse it to pTrc promoter
GCGATATCG
TTCACCCTTGGAGCTAC
NBp95 RW CTCCGCCCCCGATAAC Amplify nagA from K12 genome
P GTCGATTTCAGCGACT and fuse it to flexi linker and sfGFP
G
GTACTAGTGAAGGAGT .
NBp96 FW  GTGCCATGGGTATGGG Amp(li‘g clpS$ from K12 genome
and fuse it to pTrc promoter
TAAAACGAACGACTG
TTCACCCTTGGAGCTAC .
NBp97 RW  CTCCGCCCCCGGCTTTT Amplify Clpfsl fr,"?‘ 11512 gen‘ffme
TCTAGCGTACACAG and fuse it to flexi linker and sfGFP
GTACTAGTGAAGGAGT
NBp98 FW GTGCCATGGGTATGGA Amplify aroA from K12 genome
P ATCCCTGACGTTACAA and fuse it to pTrc promoter
CcC
TTCACCCTTGGAGCTAC .
NBp99 RW  CTCCGCCCCCGGCTGCC Amplify arog fr,olmllflz gen‘tlme
TGGCTAATCCG and fuse it to flexi linker and sfGFP
GTACTAGTGAAGGAGT
NBp100 FW GTGCCATGGGTATGAG Amplify kdsB from K12 genome
p TTTTGTGGTCATTATTC and fuse it to pTrc promoter
CCG
TTCACCCTTGGAGCTAC .
NBp101 RW  CTCCGCCCCCGCGCATT Amplify kdsg ﬁ,"l‘?lllfu o GE
TCAGCGCGAAC and fuse it to flexi linker and sfGFP
GTACTAGTGAAGGAGT
NBp102 FW GTGCCATGGGTATGAA Amplify solA from K12 genome
p ATACGATCTCATCATTA and fuse it to pTrc promoter
TTGGCAG
TTCACCCTTGGAGCTAC .
NBp103 RW  CTCCGCCCCCTTGGAA Amplify SOI‘S fr,"f.“ 11512 gen‘;me
GCGGGAAAGCCTG and fuse it to flexi linker and sfGFP
CACCCTTGGAGCTACCT  Amplify folK gene from K12 genome
NBp107 RW CCGCCCCCCCATTTGTT and fuse it to linker-sfGFP deleted
TAATTTGTCAAATGCTC STOP
ACTAGTGAAGGAGTGT
NBpI2  FW  GCCATGOGTGTGAGCA  poviie ot hom MiG16SS
and insert it into pTrc99A fused to
CACCCTTGGAGCTACCT sfGFP
NBpl23 RW CCGCCCCCGTCCGCGTC
ATACCCCAGATTC
ACTAGTGAAGGAGTGT
NBpl124 FW GCCATGGGTATGTCGT
CAACCCTACGAG Amplify acnA from MG1655
CACCCTTGGAGCTACCT  and insert into pTrc99A fused to sfGFP
CCGCCCCCCTTCAACAT
NBp125 RW ATTACGAATGACATAA
TGC
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NBp126

FW

ACTAGTGAAGGAGTGT
GCCATGGGTATGACAA
TATTGAATCACACCCTC

NBp127

RW

CACCCTTGGAGCTACCT
CCGCCCCCCCCCCGAC
GCAAGTTC

Amplify metE from MG1655
and insert into pTrc99A fused to sfGFP

NBp177

FwW

ACTAGTGAAGGAGTGT
GCCATGGGTATGAGCA
GAACGATTTTTTGTAC

NBp178

RW

CACCCTTGGAGCTACCT
CCGCCCCCTTTTTTATC
TTCCGGCGTATAG

Amplify yggX from MG1655
and insert into pTrc99A fused to sfGFP

NBpl179

FW

ACTAGTGAAGGAGTGT
GCCATGGGTATGAATC
TGATCCTGTTCGG

NBp180

RW

CACCCTTGGAGCTACCT
CCGCCCCCTCCTGCAGC
GACG

Amplify adk from Caulobacter
and insert into pTrc99A fused to sfGFP

NBp181

Fw

CAGACCATGTACTAGT

GAAGGAGTGTGCCATG

GGTATGACCTTCCGCA
CCCTC

NBp182

RW

CACCCTTGGAGCTACCT
CCGCCCCCGGATTCGA
GCGCCGC

Amplify pgk from Caulobacter
and insert into pTrc99A fused to sfGFP

NBp183

FW

ACTAGTGAAGGAGTGT
GCCATGGGTATGGCGT
CTGTGGACAGC

NBp184

RW

CACCCTTGGAGCTACCT
CCGCCCCCGTCGGCCTT
GGCCAGG

Amplify acnA from Caulobacter
and insert into pTrc99A fused to sfGFP

NBp185

FwW

ACTAGTGAAGGAGTGT
GCCATGGGTATGAACT
TAGTCTTAATGGGG

NBp186

RW

CACCCTTGGAGCTACCT
CCGCCCCCTTTTTTTAA
TCCTCCAAGAAGATCC

Amplify adk from Bacillus
and insert into pTrc99A fused to sfGFP

NBp187

FW

ACTAGTGAAGGAGTGT

GCCATGGGTATGAATA

AAAAAACTCTCAAAGA
CATCG

NBp188

RW

CACCCTTGGAGCTACCT
CCGCCCCCTTTATCGTT
CAGTGCAGCTAC

Amplify pgk from Bacillus
and insert into pTrc99A fused to sfGFP

NBp189

FwW

ACTAGTGAAGGAGTGT
GCCATGGGTATGGCAA
ACGAGCAAAAAAC

NBp190

RW

CACCCTTGGAGCTACCT
CCGCCCCCGGACTGCTT
CATTTTTTCACG

Amplify acnA from Bacillus
and insert into pTrc99A fused to sfGFP

NBp191

FW

ACTAGTGAAGGAGTGT
GCCATGGGTATGAACC
TGATCCTGTTGGGG

NBp192

RW

CACCCTTGGAGCTACCT
CCGCCCCCGGCCTTGCC
CGCAG

Amplify adk from Myxoxoxxus
and insert into pTrc99A fused to sfGFP
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NBp193

Fw

ACTAGTGAAGGAGTGT
GCCATGGGTATGATCC
GTTACATCGATGATCTG
C

NBp194

RW

CACCCTTGGAGCTACCT
CCGCCCCCCCGCATCTC
CAGCG

Amplify pgk from Myxoxoxxus
and insert into pTrc99A fused to sfGFP

NBp195

FW

ACTAGTGAAGGAGTGT
GCCATGGGTATGACCG
ACAGTTTCGGC

NBp196

RW

CACCCTTGGAGCTACCT
CCGCCCCCGCCCTTGGC
CAGTTG

Amplify acnA from Myxoxoxxus
and insert into pTrc99A fused to sfGFP

NBp197

Fw

ACTAGTGAAGGAGTGT
GCCATGGGTATGCGCA
TCATTCTTCTCGG

NBp198

RW

CACCCTTGGAGCTACCT
CCGCCCCCAGCCAACG
CTTTAGCAATGTC

Amplify adk from Vibrio
and insert into pTrc99A fused to sfGFP

NBp199

FW

ACTAGTGAAGGAGTGT
GCCATGGGTATGTCTGT
AATCAAGATGATTGAC
CTGG

NBp200

RW

CACCCTTGGAGCTACCT
CCGCCCCCCGCTTTAGC
GCGTGCTTC

Amplify pgk from Vibrio
and insert into pTrc99A fused to sfGFP

NBp201

FwW

ACTAGTGAAGGAGTGT
GCCATGGGTATGAACA
GTCTGTATCGTAAAGC

NBp202

RW

CACCCTTGGAGCTACCT
CCGCCCCCCTGCGCCA
AAAAGTCTTG

Amplify acnA from Vibrio
and insert into pTrc99A fused to sfGFP

NBp216

FW

ACTAGTGAAGGAGTGT
GCCATGGGTATGCGTA
TCATTCTGCTGG

NBp217

RW

CACCCTTGGAGCTACCT
CCGCCCCCACCGAGAA
TAGTCGCCAG

amplify adk from Yersinia
and insert into pTrc99A fused to sfGFP

NBp218

Fw

CTAGTGAAGGAGTGTG
CCATGGGTATGTCTGTA
ATTAAGATGACCGATC
TGG

NBp219

RW

CACCCTTGGAGCTACCT
CCGCCCCCCTGCTTAGC
GCGCTCTTC

Amplify pgk from Yersinia
and insert into pTrc99A fused to sfGFP
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NBp220

FW

ACTAGTGAAGGAGTGT
GCCATGGGTATGTCGTT
GGATTTGCGGAAAAC

NBp221

RW

CACCCTTGGAGCTACCT
CCGCCCCCCAACATTTT
GCGGATCACATAATGC

Amplify acnA from Yersinia
and insert into pTrc99A fused to sfGFP

NBp227

Fw

gatggctggacggtagaaaccgaaG
ATCGCAGCTTGTCTGCA

C

NBp228

RW

ttccatggtgeggatctetttttc ACC
CGCGTTGACCATTGG

Mutate Lys to Glu in Map

NBp229

FW

gatggctggacggtagcaaccgecaG
ATCGCAGCTTGTCTGCA

C

NBp230

RW

tgccatggtgeggatetcttttgcAC
CCGCGTTGACCATTGG

Mutate Lys to Ala in Map

NBp231

FwW

ACTAGTGAAGGAGTGT
GCCATGGGTATGGGTA
AAATAATTGGTATCG

NBp232

RW

CACCCTTGGAGCTACCT
CCGCCCCCTTTTTTGTC
TTTGACTTCTTC

Amplify dnaK from MG1655
and insert into pTrc99A fused to sfGFP

NBp234

FW

CCAGTCTGCGtttACCAT
CCATG

NBp235

RW

TTGTCTTCAGCGGTAGA
G

Mutation V436F in dnaK

NBp240

FwW

ttttcttatgatgtagaacgtgcaacge
aattgatgctcgcetgttgcgTACCA
GGGGAAGGCCATT

NBp241

RW

gaatttttgtaacacgtcaataacaaac

tecatcggagtgtacgeccgcATTG

ACTAATATCACTTTATA
CATAGATGGC

D35A, D36A, H66A in clpS

Eril21

FW

CAGTCATAGCCG
AATAGCCT

Eril22

RW

CGGTGCCCTGAA
TGAACTGC

Checking insertion of KanR cassette
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5.4.2 Preparation of genomic DNA (gDNA) for gene amplification by PCR

5 ml of bacterial culture were spun by centrifugation at 8000g for 5 min, resuspended in 350 pl ddH,O

and heated at 95°C for 10 min. gDNA was stored at -20°C.

Strains used as source of gDNA:
e Escherichia coli MG1655 (from our strain collection)
e Yersinia enterocolitica dHOPEMTasd (gDNA kindly gifted by Dr. Stephan Wimmi)
e Vibrio cholerae N16961 (gDNA kindly gifted by Dr. Sanika Vaidya)
o  Myxococcus xanthus DK1622 (Bacterial culture kindly gifted by Dr. Luis Carreira)
e Bacillus subtilis 168 (from our strain collection)

e Caulobacter crescentus CB15N (Bacterial culture kindly gifted by Ying Liu)

5.4.3 Polymerase chain reaction (PCR)

PCR was used to either amplify genes and plasmids for cloning (Q5 polymerase) or to verify positive
plasmid assembly or genomic knock out (single-colony PCR). The PCR reactions were run in peqSTAR
thermocyclers (PEQLAB). Amplified DNA fragments were analyzed using gel electrophoresis in 1%
TAE-agarose gels and purified using the GeneJET PCR purification kit. Amplified plasmids were treated

with Dpnl for plasmid template degradation.

Single-colony PCR reaction mix

25 pl DreamTaq Green PCR Master Mix (2x)
1 pl forward primer (10 pmol/ pl)

1 pl reverse primer (10 pmol/ pl)

colony picked from plate

up to 50 pul ddH20
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Thermocycler settings

Step Temperature [°C] Time [min]

1 95 10

2 95 1

3 45-55 0.5

4 72 1/kb
Repeat 2-4 35x

5 72 15

PCR with Q5 polymerase reaction mix

10 ul QS5 reaction buffer (5x)

2.5 ul forward primer (25 pmol/ pL)

2.5 pl reverse primer (25 pmol/ pL)

1 ul dNTPs (0.8 mM)

0.5 pl Q5 high fidelity DNA polymerase

1 ul template DNA (~25 ng for plasmid, ~1 mg/ml for genomic DNA)
up to 50 ul ddH20

Thermocycler settings

Step Temperature [°C] Time [min]

1 98 10

2 98 1

3 50-72 0.5

4 72 1/kb
Repeat 2-4 35x

5 72 2

5.4.4 Dpnl treatment

In order to remove the methylated template DNA from a PCR reaction and prevent false positive E. coli
colonies, PCRs were incubated with Dpnl prior to any subsequent step. Dpnl is a restriction enzyme that
cleaves methylated recognition sites on template plasmid DNA while leaving intact PCR amplicon. After

Dpnl treatment, PCR products were purified using the GeneJET PCR Purification kit.
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Dpnl reaction mix
5 pl CutSmart 10x
1 wl Dpnl
44 wl purified PCR product

5.4.5 Agarose gel electrophoresis

The size of amplified gene fragments or plasmids were verified by agarose gel electrophoresis. Agarose
gel electrophoresis separates DNA fragments according to their size when an electric field is applied. PCR
products amplified for downstream cloning were verified by loading 5 pl with 6x loading dye on a 1%
agarose TAE gel supplemented with peqGREEN (Peqlab) for visualization of the DNA bands under UV
light. For Colony PCR products, 15 pl was loaded on the gel. The gels were run at 135 V in a chamber

with TAE buffer for 10-20 min.

5.4.6 Gibson assembly

Gibson Assembly is a DNA assembly method, allowing to assemble 2-6 linear DNA fragments with
overlapping ends in a one-pot and one-step reaction (Gibson et al. 2009). Overlapping regions were
designed to be at least 25 bp long. DNA fragments and the receiver plasmid were amplified by PCR using
Q5 polymerase, verified by gel electrophoresis and the plasmid was additionally treated with Dpnl. To
prepare the Gibson assembly, parts were combined in a 1:3 molar ratio of backbone to insert, with 100 ng

backbone.

Gibson assembly reaction mix

10 pul Gibson Assembly Mastermix 2x
100 ng backbone
3:1 molar amount of inserts

ddH2O0 to 20 ul
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Step Temperature [°C] Time [min]
1 50 15

5.4.7 Site directed mutagenesis

Point mutations on sfGFP-constructs of ClpS, Map and DnaK were obtained by site-directed mutagenesis
(NEB). Primers carrying the point mutations were used to amplify the correspondent pTrc99A plasmid
with Q5 DNA polymerase. The obtained PCR product was treated with Dpnl , phosphorylated and ligated
in a one-pot reaction using the KLD enzyme mix and transformed in competent E. coli. The presence of

the desired mutation(s) was verified by Sanger sequencing (Microsynth).

Kinase, ligase and Dpnl (KLD) reaction mix
1 pl PCR product
5 uwl KLD buffer (2x)
1 ul KLD enzyme mix (10x)
3 ul nuclease-free H.O

Step Temperature [°C] Time [min]
1 RT 15-30

5.4.8 Plasmid purification, determination of DNA concentration and sequencing

To obtain plasmid from E. coli, overnight cultures grown in LB supplemented with the appropriate
antibiotic were used and the plasmid was purified using the GeneJET Plasmid Miniprep Kit. DNA was
eluted in ddH20. The concentration of the purified DNA, as well as its purity, were determined using
spectrophotometric estimation (NanoDrop 2000). Newly constructed plasmids were sent for Sanger

sequencing (Microsynth) to verify the correct assembly.

5.4.9 Plasmids

The plasmids used in this study are listed in Table 4.
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Strain or plasmid  Relevant genotype or phenotype Reference or source

Amp'; expression vector;
pTrc99A ) ) ) (Amann, Ochs, and Abel 1988)
pBR ori; #rc promoter, IPTG inducible

pCP20 Amp*, Cam’; flp (Cherepanov and Wackernagel 1995)
pNBI1 Amp'; sfGFP in pTrc99A This work
pNB3 Amp"; Adk-sfGFP in pTrc99A This work
pNB4 Amp"; CoaE-sfGFP in pTrc99A This work
pNBS5 Amp"; Cmk-sfGFP in pTrc99A This work
pNB6 Amp'; Pgk-sfGFP in pTrc99A This work
pNB7 Amp"; MmuM-sfGFP in pTrc99A This work
pNBS Amp"; PrpD-sfGFP in pTrc99A This work
pNB9 Amp"; DsdA-sfGFP in pTrc99A This work
pNBI11 Amp"; GleB-sfGFP in pTrc99A This work
pNBI13 Amp"; HemN-sfGFP in pTrc99A This work
pNB14 Amp*; Map"T-sfGFP in pTrc99A This work
pNB15 Amp"; ThrC-sfGFP in pTrc99A This work
pNB16 Amp"; MalZ-sfGFP in pTrc99A This work
pNB17 Amp"; EntC-sfGFP in pTrc99A This work
pNBI18 Amp"; ThpR-sfGFP in pTrc99A This work
pNB19 Amp"; AroA-sfGFP in pTrc99A This work
pNB20 Amp'; ClpS"T-sfGFP in pTrc99A This work
pNB21 Amp"; Crr-sfGFP in pTrc99A This work
pNB22 Amp'; KdsB-sfGFP in pTrc99A This work
pNB23 Amp"; LeuS-sfGFP in pTrc99A This work
pNB24 Amp"; MurF-sfGFP in pTrc99A This work
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pNB25 Amp"; NagD-sfGFP in pTrc99A This work
pNB26 Amp"; RihA-sfGFP in pTrc99A This work
pNB27 Amp"; SolA-sfGFP in pTrc99A This work
pNB28 Amp"; UbiC-sfGFP in pTrc99A This work
pNB29 Amp"; PanE-sfGFP in pTrc99A This work
pNB30 Amp"; FolK-sfGFP in pTrc99A This work
pNB39 Amp"; AcnA-sfGFP in pTrc99A This work
pNB40 Amp"; MetE-sfGFP in pTrc99A This work
pNB42 Amp"; MetH-sfGFP in pTrc99A This work
pNB44 Amp"; YggX-sfGFP in pTrc99A This work
pNB45 Amp®; AdkC~sfGFP in pTrc99A This work
pNB46 Amp*; Adk"¢-sfGFP in pTrc99A This work
pNB47 Amp"; AdkM*-sfGFP in pTrc99A This work
pNB48 Amp*; AcnA™*-sfGFP in pTrc99A This work
pNB49 Amp"; AcnA"¢-sfGFP in pTrc99A This work
pNBS51 Amp; AdkPS-sfGFP in pTrc99A This work
pNB52 Amp"; AcnA®5-sfGFP in pTrc99A This work
pNB54 Amp®; Adk¥¢-sfGFP in pTrc99A This work
pNB56 Amp®; Pgk®c-sfGFP in pTrc99A This work
pNB58 Amp'; Pgk”<-sfGFP in pTrc99A This work
pNB59 Amp®; PgkM*sfGFP in pTrc99A This work
pNB60 Amp’; AcnAY¢-sfGFP in pTrc99A This work
pNB61 Amp"; DnaK"T-sfGFP in pTrc99A This work
Ampr, Ma 211E K218E K224E K226E_
pNB62 This work

SfGFP in pTrc99A
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Amp'; MapK?1HA K284 K244 K2264_

pNB63 This work
sfGFP in pTrc99A
pNB64 Amp®; DnaK"#% _sfGFP in pTrc99A This work
Amp‘; ClpSDﬁAfD“AfH“A-SfGFP in )
pNB66 This work
pTrc99A

5.5 Preparation of competent cells

For producing competent cells, two different procedures were used: a chemical method and a one-step

preparation.

5.5.1 Chemical competent cells with calcium chloride

An LB overnight culture was diluted to final ODgoo = 0.035 in 100 ml fresh LB media and grown at 37 °C
to an ODgoo = 0.6. Cells were harvested by centrifugation for 5 min at 4000 rpm at 4°C and the pellet was
resuspended in 50 ml of ice-cold 0.1 M CaCl; and incubated on ice for 20 min. Cells were centrifuged for
5 min at 4000 rpm and the pellet was resuspended in 50 ml ice-cold 0.1 M CaCl,, and incubated once
more on ice for 20 min. Cells were centrifuged once more as previous and resuspended in 5 ml 0.1 M
CaCl, with 20% glycerol and aliquoted. The aliquots were snap-frozen in liquid nitrogen and stored at -

80 °C.

5.5.2 One-step preparation of competent cells

When just small amounts of competent cells were needed, a one-step procedure for the preparation of
competent Escherichia coli cells, which use a transformation and storage solution (TSS), was used
(Chung, Niemela, and Miller 1989). 100 pl of a LB overnight culture of the cells were diluted in 3 ml

fresh LB medium and grown at 37 °C to an ODgoo = 0.6. Culture was incubated 20 min on ice. 1 ml of
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culture was centrifuged at 8000 rpm for 1 min and resuspended in 100 ul of TSS. The cells are then ready

for transformation with the desired plasmid.

5.6 Transformation

0.5-1 pl of purified plasmid DNA (~100 ng) or 10 ul Gibson assembly reaction were mixed gently with
100 pl competent cells in a 1.5 ml Eppendorf tube and incubated on ice for 30 min. For heat shock, the
sample was placed at 42°C for 45 s in a heating block. After the heat shock, the tube was immediately
placed on ice for 5 min. 900 pl of LB medium were added and the cells were incubated at 37 °C for 30-
45 min. Cells were then plated on LB agar plates with selective antibiotics. Plates were incubated over

night at 37 °C.

5.7 Gene deletion strains derived from Keio collection

The kanamycin resistant 4clpA deletion strain of the Keio collection (Baba et al. 2006) was used as donor
strain for P1 phage transduction (Thomason, Costantino, and Court 2007), into the W3110 RpoS*
background. The resulting transduced strains were tested for correct insertion of the FRT-site flanked
kanamycin cassette into the genome, using gene and kanamycin cassette specific primers, ERI121 and
ERI122 (Table 3). The kanamycin cassette was removed from the deletion strain using the temperature
sensitive pCP20 plasmid encoding a FLP recombinase (Cherepanov and Wackernagel 1995) and tested
for the loss of antibiotic resistance after several rounds of growth on LB plates at 42°C. The resulting

strains carry an 82-85 nucleotide scar in place of the disrupted gene (Datsenko and Wanner 2000).
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5.8 Protein diffusion measurements

5.8.1 Growth conditions

E. coli cultures were grown in M9 minimal medium supplemented with 0.2% casamino acids, 20 mM
glucose and 100 pg/ml ampicillin for plasmid selection. The overnight cultures, inoculated from the
glycerol stock, were diluted to ODsoo = 0.035 and grown for 3.5 hours at 37°C and 200 rpm shaking (day
culture). Cultures were treated for additional 45 minutes, under the same temperature and shaking
conditions, with 100 pg/ml cephalexin and with 0 - 15 uM IPTG (Table 1), to induce expression of the
fluorescent protein constructs. Where indicated, cultures were further incubated with 200 pg/ml
rifampicin, DMSO as a mock treatment, 200 pg/ml chloramphenicol or 2 mM DNP for 1 hour. When

treatment with A22 is performed, 1 pg/ml A22 is added from the inoculation of the day culture.

5.8.2 Sample preparation

Cells were harvested by centrifugation at 7000g for 3 minutes and washed 3 times in tethering buffer.
When indicated, 1 ml of chloramphenicol-treated cells were stained for 15 minutes with 300 nM SYTOX
Orange Nucleic Acid Stain (Invitrogen). The excess of SYTOX Orange was washed in tethering buffer
before proceeding with FCS experiments. 2.5 ul of bacterial cells were then spread on a small 1% agarose
pad prepared in tethering buffer salts, unless differently stated. Imaging was performed on Ibidi 2-well p-

Slides (#1.5H, 170 um £ 5 pm).

For toluene treatment, 1 ml of culture was harvested by centrifugation at 7000g for 3 minutes and washed
3 times in permeabilization buffer. Toluene was added to a final concentration of 2.5% v/v and cultures
were incubated with toluene for 15 min, at 37°C and 700 rpm shaking on an Eppendorf ThermoMixer.
Excess of toluene was removed by centrifugation at 7000g for 3 minutes and washed 3 times in
permeabilization buffer. Permeabilized cells were then incubated with 15 nM SYTOX Red (Thermo

Fischer) for 10 min at the same conditions of temperature and shaking. Stained cells were then
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immobilized on the bottom of poly-L-lysine coated Ibidi 8-well u-Slides (#1.5H, 170 pm & 5 um), overlaid
with permeabilization buffer supplemented with the same concentration of SYTOX Red and the indicated

concentrations of nucleotides.

5.8.3 FCS data acquisition

FCS measurements were performed on a LSM 880 confocal laser scanning microscope (Carl Zeiss
Microscopy) using a C-Apochromat 40x/1.2 water immersion objective selected for FCS. sfGFP was
excited with a 488 nm Argon laser (25 mW) and fluorescence emission was collected from 490 to 580
nm. SYTOX Orange was excited with a 543 nm laser and fluorescence emission was collected from 553
to 615 nm. In order to avoid the partial spectral overlap between the emission spectra of sfGFP and
SYTOX Orange, the fluorescence emission of sfGFP in the co-staining experiments was collected from
490 to 535 nm. SYTOX Red was excited with a 633 nm laser and fluorescence emission was collected
from 635 to 711 nm. Each sample was equilibrated for at least 20 minutes at 25°C (or 35°C when
specified), on the stage of the microscope and measurements were taken at the same temperature. FCS
measurements were acquired within 60 minutes from the sample preparation. The pinhole was aligned on
a daily basis, by maximizing the fluorescence intensity count rate of an Alexa488 (Invitrogen) solution
(35 nM) in phosphate-buffered saline (PBS). Unless differently stated, all measurements were performed
with a pinhole size correspondent to 1 Airy unit, to ensure the optimal gathering of fluorescence signal.
The coverslip collar adjustment ring of the water immersion objective was also adjusted daily, maximizing
the fluorescence intensity signal and the brightness of Alexa 488. The laser power was adjusted in order
to obtain molecular brightness (i.e. photon counts per second per molecule, cpsm) of 10 kcpsm for Alexa
488, using the ZEN software (Carl Zeiss Microscopy). The brightness of Alexa 488 was used as a daily
reference to ensure constant laser power and adjusting it using the software-provided laser power

percentage whenever necessary (range over the entire set of measurements was 0.11 — 0.18%). Before
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each measurement session, we acquired three sequential FCS measurements of Alexa488 in PBS, to verify

the reproducibility of the confocal volume shape and size. The ratio between axial and lateral beam waist

§=2 =80+02 (Avg. = SEM) was obtained from a Brownian fit of the Alexa 488 autocorrelation

Wo

curves using the ZEN software. For the lateral beam waist, we obtained @y = 0.186 + 0.001 um (Avg. +

SEM), calculated from the diffusion time zp=20.9 £ 0.11 ps (Avg. = SEM) obtained from the Brownian

fit, being
T
D= (1

and being D.iexasss = 414 pm?/s at 25°C (Petrov et al. 2006).

For the FCS measurements in vivo, the laser was positioned at the center of the short length axis and
typically 0.8 - 1 um from one of the cell poles along the long axis. For each cell, six sequential fluorescence
intensity acquisitions of 20 seconds each were performed on the same spot. The laser power used for
measurements in vivo was fixed to a value about 7 times lower than for Alexa488 in PBS, in order to
reduce photobleaching. Confocal images of the selected cell were routinely acquired before and after the

FCS measurement to verify focal (z) and positioning (xy) stability.

5.8.4 FCS data analysis

Due to the small size of bacterial cells, fluorescence intensity traces are affected by photobleaching. The
effect of photobleaching on autocorrelation curves was corrected by detrending the long-time fluorescence
decay of each of the six fluorescence intensity traces using an Imagel plugin (Jay Unruh,
https://research.stowers.org/imagejplugins/index.html, Stowers Institute for Medical Research, USA).
The plugin calculates the autocorrelation function (ACF) from each fluorescence intensity trace,
correcting it for the photobleaching effect by approximating the decreasing fluorescence intensity trend

with a multi-segment line (the number of segments was fixed to two). We obtained almost identical ACFs
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correcting for photobleaching effects by local averaging using the FCS-dedicated software package
Fluctuation Analyzer (Wachsmuth et al. 2015). In both cases, ACFs were calculated starting at 2 ps, since
at times shorter than 2 usec, ACFs can be significantly affected by the GaAsp photomultipliers

afterpulsing.

For each FCS measurement, we fitted all the six ACFs, calculated using the multi-segment detrending
method, with a three-dimensional anomalous diffusion model that includes one diffusive component and
one blinking component due to the protonation-deprotonation of the chromophore of sftGFP, according to

the Equation (2):

1-Fp

_ 1 (1-Fp+Fpe P 1
G(1) =G, + - ( )
1+(

2)
where N is the average number of particles in the confocal volume, Fp the fraction of particles in the non-

fluorescent state, zp the protonation-deprotonation lifetime at pH 7.5, S = 5)—0, the aspect ratio of the
0

confocal volume with zpand ay being the axial and lateral beam waists, 7p the diffusion time in the confocal
volume, a the anomalous diffusion exponent, and G« the offset of the autocorrelation function. The
protonation-deprotonation lifetime (zp) for sSfGFP was fixed to 25 pus according to FCS measurements of
sfGFP in PBS at pH 7.5 (Cotlet et al. 2006). The aspect ratio of the confocal volume was fixed to §= 8 in
the fittings to be consistent with the experimental calibration (see above). All other parameters were left
free. For each FCS measurement, we calculated the average diffusion time 7p and the average anomalous
diffusion exponent a based on the autocorrelation curves of the six sequential fluorescence intensity traces.
Fitting to the anomalous diffusion model was performed using the Levenberg-Marquardt algorithm in the

FCS analysis-dedicated software QuickFit 3.0 developed by Jan Wolfgang Krieger and Jorg Langowski
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(Deutsches Krebsforschungszentrum, Heidelberg, https://github.com/jkriege2/QuickFit3). Identical

results were obtained when fitting the data with OriginPro.

Alternatively, the autocorrelation functions were fitted by the Ornstein-Uhlenbeck model (Appendix 2)

according to Equation (3):

1 1
_T _1‘02 T 2 1 _1a>g T 2
1| 1-Fp+Fpe P 0% 1—-e 20%™D T\ 2z 0% 1-e 207D
G(1) = Gop + = [ 1Eetre BN q 4o e T ) (14 1) #1420 72 3)
N 1-Fp wo 1+1w0 (9)) S wo 1+1 W
802 8 g2

where § and 7p were fixed to the same values mentioned for equation (2), awy was fixed to 0.19 and o was
fixed to d/2=0.42 um, being d the typical diameter of an E. coli cell (see Ornstein-Uhlenbeck model

validation paragraph). Fitting to the Ornstein-Uhlenbeck model was performed with OriginPro.

5.8.5 FRAP data acquisition and analysis

Cells for FRAP experiments were grown and prepared for imaging following the same protocol as for the
FCS measurements. Due to the higher sensitivity of FCS at low fluorophore concentrations, several fusion
constructs required higher induction by IPTG to obtain fluorescence intensity suitable for FRAP. The
same LSM 880 confocal microscope, including objective and light path, used for the FCS measurements,
was used also for FRAP. The bacterial cell was imaged at 40x40 pixels with 30X zoom (pixel size 0.177
um) with a pixel dwell time of 3.15 ps. First, 15 pre-bleaching frames were acquired at 2% laser power,
subsequently the photobleaching was performed on a 3X3 pixels area on one cell pole with 100% laser
power for a total of 48 ms and 584 post-bleaching frames were acquired to monitor the fluorescence
recovery. During the data analysis, the bleaching spot, the target cell and a reference area for background
subtraction, were defined as ImagelJ ROIs (regions of interest). The mobile fractions and the half-times of
recovery were obtained using the easyFRAP web tool (Rapsomaniki et al. 2012; Koulouras et al. 2018).

The background intensity was subtracted at each time point and the intensity of fluorescence was
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normalized for the acquisition bleaching during the course of the experiment. Of note, we used the target
cell itself as a reference for the normalization, as done previously (Kumar, Mommer, and Sourjik 2010).

This enabled us to achieve the highest possible temporal resolution, by reducing the acquisition area to a

single E. coli cell. The mobile fractions (mf) were calculated as: mf = 11°°_II“, where I is the fluorescence

—la

intensity after full recovery (plateau of the curve) and I, the normalized intensity of the first post-bleach
time point. The half-times of fluorescence recovery (#7) were computed from the fit of the recovery

curves with a single exponential equation I¢;; = Iy — a - e Pt tharis computed by solving the exponential

oo — I

equation for the value Ir;; = . FRAP diffusion coefficients shown in the results section, were

estimated using simFRAP (Blumenthal et al. 2015), an ImageJ plugin based on a simulation approach
implemented in a fast algorithm, which bypasses the need of using analytical models to interpolate the
data. The simFRAP algorithm simulates two-dimensional random walks in each pixel, using the first
image acquired after bleaching to define initial and boundary conditions, and it resolves numerically the
diffusion equation by iterative simulation. The frame time and pixel size were fixed respectively to 0.018
s and 0.177 um. The target cell and the bleached region were defined as the same ImageJ ROIs used for
the analysis with easyFRAP. The FRAP derived diffusion coefficient Drr4p was directly obtained as

output of the plugin.

5.9 Verification of sfGFP-constructs stability

The stability of the fusion constructs was verified by polyacrylamide gel electrophoresis and western blot

(immunoblotting).
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5.9.1 Sample preparation

E. coli cultures expressing all plasmid-encoded sfGFP constructs were grown as described in paragraph
5.8.1. 10 ml culture was spun 4000g for 10 min and washed in 5 ml PBS. Cells were then resuspended in
350 pl 1x SDS-PAGE (Laemmli) sample buffer and samples were heated at 95°C for 10 min, briefly

vortexed (~10 s) and stored at -20°C overnight.

5.9.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

The method of SDS-PAGE allows the separation of proteins depending on their mass. SDS is an anionic
detergent that binds proteins in a constant stoichiometry. Proteins bound to SDS are linearized and charged
negatively, thus allowing their separation by size depending on the electrophoretic mobility in a
polyacrylamide gel. Gels were cast in two steps, starting with the preparation of the 10% resolving gel.
Components were used in the amounts indicated below and mixed by inversion before and after addition
of TEMED which initiated the polymerization of the gel. The mixture was applied to a gel caster system
and isopropanol added on top of the gel in order to flatten the surface and prevent formation of bubbles.
In the second step, the 5% stacking gel was prepared under the same conditions and poured on top of the
resolving gel after the isopropanol had been discarded. The wells for sample loading were formed by
insertion of a comb in the gel caster system. Hardened gels were either stored in moist paper at 4°C or

immediately used for gel electrophoresis.

Resolving 10% gel

2 ml ddH>O

1.3 ml 1.5 M Tris-HCI, pH 8.8
1.6 ml 30% Acrylamide

100 pl 10 % SDS

50 pl 10% Ammonium Persulfate
5 ul TEMED
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Stacking 5% gel

ddH>0 1.95 ml

315 ul I M Tris-HCI, pH 6.8

165 pul 30% Acrylamide Stock

12.5 ul 10 % SDS

6.25 nl 10% Ammonium Persulfate
1.25 ul TEMED

When loading the gel, 5 pul of protein molecular weight markers (PageRuler Plus Prestained Protein
Ladder, 10 to 180 kDa, ThermoScientific) were applied to one of the wells in order to serve as size
standard. 8 — 15 ul of samples were applied to the remaining gel wells. The stacking gel was run at 100 V
for 30 min, the resolving gel was run at 120V for ~90 min. The run was performed in running buffer. The
progress of the gel electrophoresis could be monitored by observation of the tracking dye bromophenol
blue which was included in the Laemmli buffer and due to its low molecular weight moved ahead of most

of the negatively charged proteins towards the positively charged anode.

5.9.3 Western blot (immunoblot)

By using the Western blotting technique, proteins that have been separated by gel electrophoresis are
transferred to a nitrocellulose membrane and afterwards detected by incubation with specific antibodies.
Proteins were transferred from the respective SDS gel to nitrocellulose membranes by wet blotting
procedure. For every gel to be blotted two blotting papers cut to approximate gel size and two blotting
sponges were soaked in transfer buffer. A nitrocellulose membrane was cut to gel size and shortly soaked
in transfer buffer. The SDS gel was equally incubated in blotting buffer before being assembled into the
transfer “sandwich” of blotting papers, sponges and nitrocellulose membrane and placed in the transfer
tank. Electroblotting was performed at 100 V for 1 h, or overnight at 30 V. During transfer the negatively

charged proteins are pulled from the SDS gel onto the nitrocellulose membrane towards the positively
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charged electrode of the blotting tank. To prevent overheat, the transfer was performed in the cold room
and a cooling pack was placed in the tank. The efficiency of the protein transfer was controlled by staining
of the nitrocellulose membrane in Ponceau Red, a non-permanent and unspecific protein staining dye with
low background signal. In order to prevent unspecific antibody binding during the following incubation
steps, membranes were first blocked in 5 % skimmed dry milk dissolved in TBS-Tween (TBS-T milk).
Incubation was carried out under gentle agitation for 60 min at RT. For specific labeling of sfGFP-tagged
proteins, an anti-GFP primary antibody (JL-8 monoclonal, mouse, Takara) was diluted 1:10000 in 5 %
TBS-T milk and applied to the blocked membrane. Samples were then incubated at RT for 1 h or at 4°C
overnight under gentle shaking. Thereafter, membranes were washed three times in TBS-T to eliminate
unbound antibody residues and subsequently incubated with anti-mouse secondary antibody (IRDye®
800CW Rabbit anti-mouse IgG) equally 1:10000 diluted in 5 % TBS-T milk. After incubation at RT for
1 h, membranes were again rinsed three times in TBS-T for residual antibody removal. The membranes
were then imaged with an Odyssey Li-Cor imager. The percentage of free sftGFP was estimated from the

membrane images with ImageJ.

5.10 Growth curves

Measurements of bacterial growth were performed using 96-well plates. Overnight cultures were
inoculated at an initial ODgoo of 0.01 in the same medium as used for growth in other experiments. Each
well contained 150 pl of culture and the plate was covered with the plastic cover provided by the producer
and further sealed with parafilm that prevents evaporation but allows air exchange. Plates were incubated
at 37°C with continuous shaking, alternating between 150 s orbital and 150 s linear, in a Tecan Infinite®

200 PRO plate reader.
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5.11 Cellular density measurements

Cell cultures were grown following the same protocol as for the FCS and FRAP measurements. Cultures
were harvested at 4000g for 5 minutes, and the pellet was resuspended in motility buffer (MB)
supplemented with Tween 80, a surfactant that prevents cell-surface adhesion (Nielsen et al. 2016;
Schwarz-Linek et al. 2016). Bacterial suspension was adjusted to a high cell density (ODsoo=15) by
subsequent centrifugation (4000g, 5 minutes) and resuspension in MB containing 20% iodixanol to match
the density of the medium with that of E. coli cell (1.11 g/ml) (Martinez-Salas, Martin, and Vicente 1981).
Each sample was then loaded in the chamber of a previously fabricated poly-di-methylsiloxane (PDMS)
microfluidic device. The chamber consists of an inlet connected to an outlet by a straight channel of 50
um height, 1 mm width and 1 cm length. The channel was then sealed with grease to prevent fluid flows.
After letting the mixtures reach the steady state in the microfluidic device for 40 minutes, cell
sedimentation was visualized by acquiring Z-stack images of the whole microfluidic channel using the
same microscopy setup as for the FCS and FRAP measurements (1px =0.2 um in X and Y, 1px =1 pm
in Z; field of view = 303.64 x 303.64 x 70 um>, 0.35 ps/px exposure). The number of cells in each Z plane
was quantified by the connected components labeling algorithm for ImageJ (Legland, Arganda-Carreras,
and Andrey 2016). Each experiment was conducted in three technical replicates. Because the height and
the tilt of the microfluidic channels slightly varies from sample to sample, the Z position was binned and

the mean of the cell fraction over the bins was calculated.

The vertical density profiles were fitted to the theoretical expectation for diffusing particles in a buoyant
fluid, n(z) = n,exp(— Zi), in the range z = [0.25, 0.8] X 50 pum to avoid effects of sample boundaries.

The fitted decay length is expected to obey Zl = %, with Ap the difference in density between the cells
o B

and the suspending fluid, V the average volume of the cells, g = 9.81 m?/s the acceleration of gravity and
kgT = 4.11 pN-nm the thermal energy at 25°C. To compute the buoyancy-corrected cell density Ap =
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kgT
Vg zo

, the cell volume was estimated assuming the cells are cylinders closed by hemispherical caps, V =

wd3/6 + (L — d)md? /4. For all conditions, the cell diameter d was evaluated on confocal images taken
prior to FCS measurement, and so was the length of cephalexin treated cells (L = 5.5 + 0.1 (SEM) pm),
cephalexin + A22 treated cells (L = 5.8 £ 0.1 (SEM) um), and untreated cells (L=2.8 = 0.2 um). Cell
length for 100 mM NaCl, DMSO, rifampicin and chloramphenicol treated cells was kept equal to the one
of untreated cells, because cephalexin was not used during culture growth for sedimentation assay for

these conditions.

5.12 Brownian dynamics simulations

We performed Brownian dynamics simulations of uncorrelated point particles under confinement. The N

= 50 fluorescent particles performed a random walk with steps taken from a Gaussian distribution of width

V2DAt, with D the free diffusion coefficient and At = 107¢ s the simulation step. Confinement was
imposed by redrawing the random steps that moved out of the confinement volume. Imposing elastic
reflections on the walls yielded identical results. The confinement volume was assumed to be a cylinder
of diameter d and length (L-d) closed at both ends by hemispheric caps of diameter d, idealizing the shape
of E. coli. The cell length was fixed to L = 5 pm. The diameter was varied in the range d = [0.7, 1] um.
The collected fluorescence intensity was computed at each time step assuming a Gaussian intensity profile

of the laser beam, I(t) = YN, I;(r;(t) — ry) with r;(t) the position of particle i, 7 the center of the

2 2 2
confocal volume and I;(r = (x,y,2)) = exp (—2 (x :Zy + 2—2)>, with wg = 200 nm and z, = 800 nm

0 0

the lateral and axial widths of the confocal volume. The normalized intensity autocorrelation C(dt) =

(I(t+dt)I(t))

UG aDi@) 1 is computed for logarithmically spaced lag times dt, to reflect experimental practices.

The center of the confocal volume was chosen in the center of the cell along the y and z axes and 1 pm
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away from the edge of the cell along the longitudinal x axis of the cell, similarly to experimental

conditions. The intensity autocorrelation function was finally multiplied by an exponential decay,
(1 + 0.1 * exp —f—t) /1.1 with Ty = 25 ps, to mimic the blinking component due to the protonation-
H

deprotonation process of sfGFP, before fitting with the different models of diffusion. The code used for
this simulation is available in GitHub (https://github.com/croelmiyn/Simulation FCS in Bacteria) and

via DOI: 10.5281/zenodo.5940484.

5.13 Validation of fitting by the Ornstein-Uhlenbeck model

We first estimated the relation between the width o of the potential well and the diameter d of the bacteria
by fitting the ACF of the Brownian simulations with the OU model, fixing all parameters except o to their
ansatz values. The best fit was obtained for 0 =~ d /2 over the whole range of tested parameters. To mimic
the fit procedure of experimental data and evaluate the accuracy of the diffusion coefficient estimation by
the OU model, we then fixed ¢ = d/2, and w, and z, to their ansatz values, since they are measured
independently in experiments, whereas the diffusion coefficient, number of particles N in the confocal

volume, fraction of triplet excitation and background noise were taken as free parameters.
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