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12 Abstract Cell shape and cell-envelope integrity of bacteria are determined by the peptidoglycan
15 cell wall. In rod-shaped Escherichia coli, two conserved sets of machinery are essential for cell-wall
16 insertion in the cylindrical part of the cell: the Rod complex and the class-A penicillin-binding

17 proteins (aPBPs). While the Rod complex governs rod-like cell shape, aPBP function is less well

18 understood. aPBPs were previously hypothesized to either work in concert with the Rod complex
19 or to independently repair cell-wall defects. First, we demonstrate through modulation of enzyme
20 levels that aPBPs do not contribute to rod-like cell shape but are required for mechanical stability,
21 supporting their independent activity. By combining measurements of cell-wall stiffness, cell-wall
22 insertion, and PBP1b motion at the single-molecule level we then present evidence that PBP1b, the
23 major aPBP, contributes to cell-wall integrity by repairing cell wall defects.

24

» Introduction

26 The peptidoglycan cell wall is responsible for both cell shape and mechanical integrity of the
27 bacterial cell envelope (Typas et al., 2010; Vollmer and Bertsche, 2008). In Gram-negative bacteria
28 such as E. coli the cell wall is a thin two-dimensional polymer that consists of mostly parallel glycan
29 strands oriented circumferentially around the cell axis (Gan et al., 2008) and peptide cross-links
30 that connect adjacent glycan strands. To avoid the formation of large pores in the cell wall during
31 growth, cell-wall insertion and cell-wall cleavage must be tightly coordinated (Vollmer et al., 2008).
32 Cell-wall insertion involves two kinds of enzymatic reactions: transglycosylase (TGase) activity to
33 extend the glycan strands, and transpeptidase (TPase) activity to create cross-links between glycan
34 strands. During side-wall elongation these two activities are carried out by two sets of machinery
35 (Cho et al., 2016). First, the Rod complex comprises the Penicillin-Binding Protein PBP2, an essential
36 TPase, and RodA, an essential TGase from the SEDS (shape, elongation, division and sporulation)
37 family of proteins (Meeske et al., 2016; Emami et al., 2017). Together with the MreB cytoskeleton
s these and other Rod-complex components persistently rotate around the cell (Teeffelen et al., 2011,
33 Dominguez-Escobar et al., 2011; Garner et al., 2011; Cho et al., 2016; Morgenstein et al., 2017) and
4 are responsible for rod-like cell shape. Second, bi-functional and essential class-A PBPs (aPBP's)
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4« PBP1a and PBP1b carry out both TPase and TGase activities. PBP1a and PBP1b are activated by
42 the outer-membrane lipoprotein cofactors LpoA and LpoB, respectively (Typas et al., 2010; Paradis-
43 Bleau et al., 2010; Typas et al., 20712). Mutants in either PBP1a-LpoA or PBP1b-LpoB are viable
4 and don't show any strong phenotype during regular growth, but mutants in components from
4 both pairs are synthetically lethal (Yousif et al., 1985; Typas et al., 2010; Paradis-Bleau et al., 2010).
4 aPBPs also interact with cell-wall cleaving lytic transglycosylases and DD-endopeptidases (Banzhaf
47 etal., 2019), consistent with the possibility that they form multi-enzyme complexes responsible for
4 both cell-wall expansion and insertion.

49 In the past, aPBPs have been suggested to work in close association with the MreB-based
so Rod complex (Pazos et al., 2017), motivated by biochemical interactions between PBP1a and the
s1 Rod-complex TPase PBP2 (Banzhaf et al., 2012), and by similar interactions between PBP1b and the
s2 divisome TPase PBP3 (Bertsche et al., 2006). However, each set of enzymes remains active upon
53 inhibition of the respective other one and aPBPs and Rod-complex components show different
s sub-cellular motion (Cho et al., 2016). Furthermore, cells inhibited in PBP1ab activity lyse rapidly
ss (Garcia del Portillo et al., 1989; Wientjes and Nanninga, 1991), while cells inhibited in Rod-complex
ss activity become round but do not immediately lyse (Lee et al., 2074).

57 Since aPBPs and Lpo's form envelope-spanning complexes (Egan et al., 2014; Jean et al., 2014)
ss they have been suggested to work as repair enzymes that activate at sites of defects or large pores
s inthe cell wall (Typas et al., 2012; Cho et al., 2016). In support of this idea, aPBP activity is increased
6 Uupon over-expression of the DD-endopeptidase MepS (Lai et al., 2017), which cleaves peptide bonds
61 (Singh et al., 2012). Therefore, Rod complex and aPBPs might serve different functions despite
62 catalyzing the same chemical reactions (Zhao et al., 2017; Pazos et al., 2017). In agreement with
3 this viewpoint, recent work in the gram-positive Bacillus subtilis showed that the two machineries
s« have opposing actions on cell diameter and lead to either circumferentially organized or disordered
es cell-wall deposition (Dion et al., 2079).

66 Based on the selective interactions between PBP1a-PBP2 and PBP1b-PBP3 (Banzhaf et al., 2012;
¢7 Bertsche et al., 2006), and based on a mild localization of PBP1b at the cell septum (Bertsche et al.,
es 2006), PBP1a was suggested to be mostly involved in cell elongation and PBP1b in cell division.
e However, PBP1b also contributes to cell elongation, where it might have an even more important
70 role than PBP1a under normal growth conditions: PBP1b is found throughout the cell envelope
71 (Bertsche et al., 2006; Paradis-Bleau et al., 2010), strains lacking PBP1b have greater mechanical
7 plasticity in the cylindrical part of the cell (Auer et al., 2016), their overall rate of peptidoglycan (PG)
73 insertion is reduced (Caparros et al., 1994), they are more sensitive to chemicals perturbing cell-wall
74 insertion, including mecillinam, A22, and D-methionine (Garcia del Portillo and de Pedro, 1991;
75 Nichols et al., 2011; Caparrds et al., 1992), they are more sensitive with respect to outer-membrane
76 assembly defects (Moreé et al., 20719), and they cannot recover from spheroplasts (Ranjit et al.,
77 2017).

78 Here, we studied the role of aPBPs for cell shape and cell-wall integrity. First, we measured
79 viability and cell shape during steady-state growth at different protein levels. We found that aPBPs
s have no role in maintaining cell shape and are therefore not required for proper Rod-complex
s activity. On the contrary, we confirmed that aPBPs are essential for mechanical cell-wall integrity.
g2 Second, we investigated how the major aPBP PBP1b contributes to mechanical integrity, simply
33 through a higher overall rate of peptidoglycan insertion (Caparrés et al., 1994), by constitutively
84 stabilizing the cell wall, for example by inserting peptidoglycan in a more spatially homogeneous
ss manner, or through active repair of local cell-wall damage, as previously suggested (Typas et al.,
86 2012; Lai et al., 2017; Cho et al., 2016). We first measured mechanical stability and amount of
s7  peptidoglycan in cells with aPBP levels reduced three-fold. These cells show reduced cell-wall
s stiffness and integrity while maintaining a high rate of peptidoglycan insertion. Therefore, aPBPs
s apparently strengthen the cell wall independently of changes in insertion rate. Increased integrity
90 could then come about either through constitutive PBP1b activity or through an adaptive repair
91 mechanism (Typas et al., 2012). Using a combination of cell-wall perturbations and time-dependent
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Figure 1. aPBPs have no role in maintaining rod-like cell shape.

A: Sketch of the strain AV44 (LC69 mrcB::gfp-mrcB, mrcA::rfp-mrcA) with tunable levels of RFP-PBP1a and
GFP-PBP1b. CRISPR guides are expressed either as crRNA (top) or as sgRNA (bottom), see also

Figure 1 - Supplement 1. B: Doubling time of AV51 (AV44 APBP1a)/pAV20 as a function of PBP1b level, in
minimal medium with glucose and casamino-acids at 30°C. sgRNA are expressed from pAV20 as annotated.
AV58 is AV51 P, ,-GFP-PBP1b for over-expression. Skull logo: not viable. C: Effect of aPBP concentration on cell
diameter. Points indicate the median diameter within each population. Green: AV51/pCRRNAcos with crRNA
G20, G14, G10 and G@, or AV58 (over-expression). Red: AV50 (AV44 APBP1b)/pCRRNAcos with crRNA R20, R18,
R11 and R@. AV63 is AV50 HK022::P,,,-RFP-PBP1a for over-expression. Levels were determined based on
fluorescence and normalized with respect to WT according to DIA. D: Effect of the concentration of
Rod-complex proteins on cell diameter. Green: AV88 (LC69 MreB-GFP)/pAV20 with sgRNA G14, G10 or G@. Red:
AV08 (LC69 RFP-PBP2)/pAV20 with crRNA R20, R18, R11 or R@. E: Growth curve of AV44/pAV20 with PBP1ab
repressed to lethal level (sgRNA G20-R20), and cell morphology during lysis.

Individual points are biological replicates. OD: optical density. WT: wild-type.

expression of PBP1b, we found evidence that PBP1b senses and repairs cell-wall defects. As a
complementary approach, we used single-molecule tracking of a GFP-PBP1b fusion. We found that
the bound, non-diffusive fraction of PBP1b molecules decreases with increasing PBP1b or PBP1a
levels and increases with LpoB levels, suggesting that PBP1b localizes in a need-based manner,
which is facilitated through LpoB. Second, we effectively increased the average cell-wall pore size
by transiently inhibiting cell-wall insertion during growth. We found that the bound fraction of
PBP1b molecules increases shortly after drug treatment and remains high up to 20 min after
washout, supporting that PBP1b molecules directly respond to cell-wall damage. Together, our
results support the hypothesis that PBP1b is responsible for maintaining the integrity and structural
organization of peptidoglycan on a local scale by inserting peptidoglycan in a targeted manner. On
the contrary, neither of the two aPBPs has a role in cell-shape maintenance.

Results

Class-A PBPs are dispensable for cell shape but required for cell-envelope integrity
To investigate the importance of aPBPs for cell shape and cell-wall integrity, we constructed a
strain with tunable levels of PBP1a and 1b using partial CRISPR knock-down, which reduces the
transcription rate by a fractional amount (Vigouroux et al., 2018). To that end, we used the strain
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108 LC69 (P-dCas9) (Cui et al., 2018) and fused PBP1a and PBP1b to RFP (mCherry variant) and GFP
100 (SfGFP variant) respectively, in their native loci (strain AV44). We then used combinations of different
110 CRISPR guides targeting GFP and RFP with a variable number of mismatches (Vigouroux et al.,
11 2018). To extend the range of possible repression levels, CRISPR guides were expressed in two
12 different forms: i) as a CRISPR RNA (crRNA) co-expressed with the tracrRNA, on the pCRRNAcos
13 vector (Vigouroux et al., 2018), or ii) as a single-guide (sgRNA) with fused crRNA and tracrRNA,
112 on the pAV20 vector (Dion et al., 2019) (Fig. 1A). The CRISPR guides are named according to their
ns  complementarity to GFP (G) or RFP (R), @ designating a control guide. Increasing complementary
1e leads to increased repression (Fig. 1 - Supplement 1 and Supplementary File 1).

17 To ensure that no truncated or non-fluorescent form of PBP1a or PBP1b was produced, we used
ns  bocillin-labeled SDS-page (Fig. 1 - Supplement 2A). We quantified PBP1ab protein levels by combining
119 relative mass spectrometry (Data-Independent Acquisition or DIA), absolute mass spectrometry
120 (Parallel Reaction Monitoring or PRM), SDS-page, and single-cell fluorescence measurements (see
121 methods, Fig. 1 - Supplement 3, Table 1).

122 The absolute number of PBP1b molecules per cell in the WT is 166126, in agreement with
123 previous measurements (Dougherty et al., 1996). However, in AV44, levels of non-repressed RFP-
124 PBP1a and GFP-PBP1b are 1300% and 370% higher than their homologs in the wild-type (Table 1),
125 reminiscent of previous reports of elevated levels for fluorescent fusions (Paradis-Bleau et al.,
126 2010). While not anticipated, this allowed us to explore aPBP levels ranging from strong repression
127 to strong over-expression.

128 Interestingly, when repressing GFP-PBP1b, the residual expression was higher than what the
129 same CRISPR guides would produce on constitutive GFP (Fig. 1 - Supplement 4, left), suggesting that
130 a form of negative feedback raises PBP1b expression in response to repression. We did not detect
131 such a feedback for RFP-PBP1a (Fig. 1 - Supplement 4, right), and we found only minor cross-talk
132 between the levels of PBP1a and PBP1b at low PBP1b levels (Table 1).

133 As expected from the synthetic lethality of PBP1ab, strains with a strong repression of both
13 PBP1a and PBP1b did not survive. In particular, in strain AV51 (APBP1a), using the perfect-match
135 SGRNA G20 which produces a repression to about 4% of the native level in AV44 (Table 1) leads to
136 cell death. In contrast, AV51 with PBP1b repressed to 30% using sgRNA G14 (DIA, Table 1) is still
137 viable. For all the strains that survive repression, the growth rate is unaffected, regardless of aPBP
138 levels (Fig. 1B).

139 To systematically measure the impact of PBP1ab levels on cell morphology, we varied the level
140 of each PBP between 30 and 1300% (DIA) in strains lacking the respective other PBP. Expression
141 level has hardly any effect on cell shape (Fig. 1C). From lowest to highest PBP1a or PBP1b levels
122 cell diameter increases by only 75 nm. In contrast, a 10-fold decrease in the level of Rod-complex-
123 related operons PBP2-RodA or MreBCD increases diameter by about 800 nm (Fig. 1D), as previously
124 demonstrated (Vigouroux et al., 2018). Our observations are also in stark contrast to B. subtilis,
115 where a similar change of the level of the major class-A PBP PBP1 leads to a 600 nm increase in
146 diameter (Dion et al., 2019). As a control, we used an alternative setup based on the inducible P,,
147 promoter (strains AV100, AV101) and checked the lack of any major shape phenotype at low PBP1ab
18 induction (Fig. 1 - Supplement 2BC).

149 We also examined the shape of cells that were depleted for PBP1ab to the point of lysis. To
150 that end we used time-lapse microscopy after induction of our strongest sgRNAs (pAV20 G20-R20,
151 Table 1). Cells abruptly lysed without changes in cell dimensions compared to the minimum viable
152 expression level (Fig. 1E, 1 - Supplement 5 and 1 - video 1). However, we often observed small
153 bulges on the sides of the cells just before lysis. This behavior, previously also observed upon
15 LpoAB depletion (Typas et al., 2010), is similar to the effect of beta-lactam antibiotics (Chung et al.,
155 2009), suggesting that cells accumulate lethal cell-wall defects in the absence of PBP1ab.

156 Together, our observations suggest that aPBPs are required for cell-wall integrity at the local
157 scale but dispensable for maintenance of rod-like cell shape.
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155 At low levels of aPBPs, cells insert as much peptidoglycan but show reduced me-
159 chanical integrity

10 It was previously reported that a APBP1b strain inserts about 50% less peptidoglycan, while a
161 APBP1a strain maintains a WT insertion rate (Caparrds et al., 1994). Thus, we aimed to study
162 whether aPBPs maintain cell-wall integrity simply due to an elevated rate of cell-wall insertion
163 or by modulating the cell wall structurally, e.g., through a more homogeneous distribution of
s peptidoglycan material (Typas et al., 2012).

165 We extracted cell-wall sacculi from strains with different repression levels of PBP1a and PBP1b,
166 and measured composition and amount through UPLC-UV. When PBP1b is deleted (AV105) or
167 repressed strongly (AV84/pAV20 G20-R@, Table 1), the amount of peptidoglycan is reduced to about
e one half, even with a high level of PBP1a (Fig. 2A). Intriguingly, when we reduced both PBP1a and
160 PBP1b to about 30% of WT using sgRNA G14-R20 in AV84, cells inserted as much peptidoglycan as
170 the non-repressed strain with 1300% PBP1a and 370% PBP1b (Fig. 2A). Therefore, the amount of
171 peptidoglycan per cell is independent of PBP1ab levels as long as PBP1b is expressed at a minimum
172 between 5-30% of native levels. Furthermore, the decrease of peptidoglycan insertion upon strong
173 PBP1b repression or deletion cannot be compensated by high PBP1a expression, since a strain
172 with 20% of PBP1a and 30% of PBP1b (AV84/pAV20 G14-R20) still inserts more peptidoglycan than
175 a strain with 1300% PBP1a but no PBP1b (AV105/pAV20 G@-RQ) (p=7.3%1073, t-test). We obtained
176 similar results when measuring the incorporation of the radio-labeled cell-wall precursor mDAP
177 (meso-diaminopimelic acid) (Wientjes et al., 19917) (Fig. 2 - Supplement 1). Together, these data
178 show that the total amount of peptidoglycan is rigorously buffered against variation in their levels,
179 over a wide range of concentrations.

180 Looking closer at the chemical content of the peptidoglycan, we found that with PBP1a and
181 PBP1b repressed to ~#30% (AV84/pAV20 G14-R20) the rate of cross-linking between glycan strands
1.2 was reduced, from 45% to about 35% (p=0.013, t-test, Fig. 2A, Fig. 2 - Supplement 2 and Table 2).
183 Thus, when PBP1ab levels are low, the amount of peptidoglycan per cell remains unchanged but the
1.4 chemical content of the peptidoglycan is altered. Interestingly, in the absence of PBP1b, the cross-
185 linking rate was similar to the non-repressed strain, despite the great reduction in peptidoglycan
186 amount.

187 Previously, it has been reported that cells lacking PBP1b have a more elastic cell wall (Auer et al.,
188 2016), as expected from their reduced peptidoglycan amount. Since a reduction in the levels of
189 both PBP1a and PBP1b affects cell-wall chemical composition rather than its amount, we wondered
190 if it also has an effect on the mechanical integrity of the cell wall.

191 To measure cell-wall elasticity, we submitted cells to an osmotic downshock of 1 osm/L of NaCl
152 under the microscope, similarly to Buda et al. (2016) (Fig. 2B). The sudden increase of turgor
153 pressure causes an increase of cell dimensions that is inversely related to cell-wall stiffness, in
194 agreement with Buda et al. (2016) (Fig. 2 - video 1). To avoid rapid response to osmotic shock, we
195 deleted the mechano-sensitive channels mscS and mscL from AV44 (strain AV93). We found that
196 repression of PBP1ab to about 30% of WT levels (AV93/pAV20 G14-R20) leads to a decrease of both
157 axial and circumferential stiffness if compared to the non-repressed strain (Fig. 2B). Therefore, the
19¢ reduced number of PBP1ab is likely less capable to protect the cell wall against the accumulation of
199 mechanical defects, despite unperturbed peptidoglycan density.

200 As a potential consequence of reduced mechanical integrity, we next studied cell survival after
201 osmotic shock in batch culture (Fig. 2C and 2 - Supplement 3). In AV93 repressed for PBP1ab (pAV20
202 G14-R20), the osmotic shock causes death of a large fraction of cells, while the non-repressed
203 cultures (pAV20 G@-R@) are mostly able to survive.

204 In summary, we found that cells with reduced levels of PBP1ab show reduced mechanical
205 stiffness and integrity, which leads to an increased rate of cell death upon osmotic downshock,
206 despite unperturbed levels of peptidoglycan amount. Therefore, the lack of PBP1ab affects cell-wall
207 local structure independently of peptidoglycan density.
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Figure 2. Repression of PBP1ab reduces mechanical stiffness while maintaining a high rate of
peptidoglycan insertion. A: Top: Steady-state amount of peptidoglycan per cell, measured in AV84 (AV44
ALysA)/pAvV20 and AV105 (AV44 APBP1b ALysA) as annotated. Bottom: Fraction of the peptidoglycan that is
cross-linked in the same conditions. p-values correspond to a two-sided t-test. NS: not significant. B: Extension
of the cells’ short axis (left) and long axis (right) after a 1 osm/L NaCl downshock, in AV93 (AV44 AMscLS)/pAV20
with sgRNA G@-R@ or G14-R20. A value of one corresponds to no extension. Horizontal lines represent the
medians. p-values correspond to a two-sided permutation test. C: Growth curves before and after a 1 osm/L
osmotic downshock, in AV93/pAV20 with sgRNA G@-R@ or G14-R20. The curves are scaled so all curves have the
same OD at the moment of the shock. OD: optical density.

23 PBP1b likely repairs cell-wall damage

200 PBP1ab could in principle increase mechanical integrity in two different ways: through constitutive
20 peptidoglycan synthesis that merely compensates the accumulation of mechanical defects, or
a1 through a targeted repair mechanism that inserts cell wall in response to damage, as previously
212 proposed (Typas et al., 2012). To discriminate these two possibilities, we studied the ability of
213 PBP1b to sustain and recover from transient inhibition of peptidoglycan insertion. We blocked
24 the production of peptidoglycan precursors by treating cells with D-cycloserine, which inhibits
215 L-alanine-to-D-alanine conversion and D-alanine-D-alanine ligation (Lambert and Neuhaus, 1972).
216 Upon treatment with a high concentration of D-cycloserine (1 mM) under the microscope, cells
217 continue to elongate at a nearly unperturbed rate for about 40-50 minutes before they suddenly
28 lyse (Fig. 3A and Fig. 3 - video 1). Notably, cell-wall synthesis is affected well before lysis according
219 to the rotational motion of MreB (Fig. 3 - Supplement 1A, Fig. 3 - video 2), which requires cell-wall
20 insertion (Teeffelen et al., 2011). Arrest of cell-wall insertion well before lysis was also demonstrated
221 by independent 3H-mDAP labeling (Oldewurtel et al., 2019). As cells continue to elongate while
222 inserting material at a severely reduced rate, we reasoned that the density of the cell wall must
223 decrease. In agreement, UPLC analysis of cell-wall sacculi shows that the fraction of cell-wall
24 cross-links is reduced by about one third after 1 h of 1 mM D-cycloserine treatment (Fig. 3B, Fig. 3 -
25 Supplement 2 and Table 2). Decreased cross-linking likely causes a concomitant accumulation of
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Figure 3. PBP1b facilitates quick recovery from transient inhibition of peptidoglycan synthesis.

After guide insertion, the plasmids are called “pAV20-GX-RY"” with X the complementarity against GFP and Y
the complementarity against RFP. A: Cell elongation before lysis from D-cycloserine treatment (1 mM) under the
microscope, including sample snapshots. Strain is MG1655. Length is normalized to the length at the beginning
of the movie. Solid lines describe growing cells, dashed lines correspond to phase-bright, lysing cells. Colors are
arbitrary. B: Effect of 1 mM D-cycloserine treatment on the cell-wall cross-linking rate, measured by UPLC on
MG1655 before and after 1h of treatment. C: Sensitivity to T mM D-cycloserine, for MG1655 (WT) and B150
(APBP1b)/pBC03 (pBAD33-P,,PBP1b) with arabinose (overexp.) or without arabinose (non-induced). D:
Recovery after washout from 32 min of D-cycloserine treatment (1 mM), for B150/pBC03. PBP1b is either always
induced, never induced, or induced 10 min before D-cycloserine washout. In C-D, shaded areas correspond to
mean + standard deviation of 3 biological replicates. E: Sample images of B150/pBC03 taken 10 min and 25 min
after washout from 1 mM D-cycloserine. PBP1b is either induced from the beginning, induced 10 min before
washout, or never induced. White arrows point to cells that died during the 15 min imaging window. F:
Doubling time measured from single living cells, over the 15 min imaging window, for the three different PBP1b
induction times. Each point represents a field of view with 80+40 cells (total 1152). G: Fraction of the cells that
visibly lysed during the 15 min imaging window. WT: wild-type. Normalized OD: optical density normalized to
the initial value, at the beginning of the treatment or recovery. All panels are done in M63 minimal medium,
except cultures on panel B that were prepared in LB.
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26 defects, that is locations with increased pore size, which are ultimately responsible for lysis. Since
227 UPLC-experiments were performed in rich growth medium (LB), we also checked that D-cycloserine
28 treatmentin LB had a similar behavior on cell lysis (Fig. 3 - Supplement 3) and on MreB rotation
229 (Fig. 3 - Supplement 1C) as in minimal medium.

230 We then expressed PBP1b from a multi-copy plasmid (pBCO3) under the control of an inducible
231 P,, promoter in a APBP1b background for rapid and wide modulation of PBP1b levels. In batch-
232 culture experiments, WT cells, PBP1b-induced cells (PBP1b+), and non-induced cells (PBP1b-) lyse
233 almost at the same time on average (Fig. 3C), demonstrating that the structure of the cell wall prior
234 to drug treatment and the presence of PBP1b during drug treatment have no impact on cell survival.
235 We observed the same behavior in LB (Fig. 3 - Supplement 3).

236 To study the potential role of PBP1b for cell-wall repair, we washed out D-cycloserine right before
237 rapid lysis would have started (after 32 min in minimal media or after 22 min in LB), and monitored
238 growth (Fig. 3D, Fig. 3 - Supplement 3B). We observed that optical density (ODg,) dropped for
239 PBP1b- cells, while no drop occurred for PBP1b+ cells. We thus reasoned that during an extended
240 period of about 1 h the rate of cell lysis was higher in PBP1b- cells than in PBP1b+ cells. To test this
21 hypothesis we conducted single-cell timelapses of PBP1b+ and PBP1b- cells and monitored growth
242 and lysis directly (Fig. 3E-G). Consistent with the ODg,, measurements, about half of the PBP1b- but
2e3  almost none of the PBP1b+ cells lysed between 10-25 min after drug washout according to manual
244 analysis (Fig. 3 - Supplement 4).

245 To discriminate whether the elevated rate of recovery is due to increased mechanical integrity
246 prior to drug treatment or due to PBP1b activity after washout, we induced PBP1b expression
227 only 5-10 min before washout (Fig. 3D, Fig. 3 - Supplement 3B). We found that these cells recover
24 nearly as well as cells expressing PBP1b during the whole experiment, according to ODg,, curve
220 and single-cell analysis (Fig. 3). The alleviating effect of PBP1b takes place in less than 20 min after
250 drug removal in both minimal medium and LB (Fig. 3 - Supplement 5). In minimal medium, this time
251 constitutes less than 30% of the generation time (Fig. 3F). On the contrary, PBP1b- cells recover only
252 after about one generation time. Thus, PBP1b is likely recruited to local cell-wall defects, where it
253 then serves as a repair enzyme.

254 It was previously suggested that PBP1b together with LpoB effectively serve as sensors of large
255 cell-wall pores (Typas et al., 2012). To test this hypothesis, we used PBP1b(E313D) (hereafter called
236 PBP1b*), a mutant that is locked in the active conformation and inserts cell wall in the absence of
257 LpoB (Markovski et al., 2016). Using CRISPR repression in strain AV130 (GFP-PBP1b* and RFP-PBP1a
258 in native locus, ALpoB) we confirmed that GFP-PBP1b* alone can fulfill the essential role of aPBPs for
259 exponential growth (Fig. 3 - Supplement 6A). Then, we transiently treated strain AV128 (GFP-PBP1b*,
260 ALpoB) with D-cycloserine as above. We found that GFP-PBP1b* recovered better than APBP1b but
261 worse than the non-mutated, LpoB-activated GFP-PBP1b, with a delay of recovery of about 40 min
262 (Fig. 3 - Supplement 6B). Therefore, the interaction with LpoB is necessary for immediate recovery
263 from damage, even though the constitutive activity of the mutant in ALpoB is sufficient to maintain
264 exponential growth. Our findings therefore support the hypothesis that PBP1b together with LpoB
265 is able to detect and repair regions in need for cell-wall insertion.

s PBP1b efficiently prevents lysis during reduced precursor availability

267 As a complementary approach to D-cycloserine treatment, we also inhibited peptidoglycan insertion
268 by transiently starving an auxotrophic mutant (asd-7) for the essential peptidoglycan component
260  MDAP (Hatfield et al. (1969), Fig. 3 - Supplement 3C-D). We observed similar but slightly different
270 behavior as for D-cycloserine treatment. In LB, mDAP depletion induces lysis after about 60 min
271 on average in PBP1b+ cells, suggesting that cell-wall synthesis is inhibited later than during D-
272 cycloserine treatment, in agreement with previous experiments (Teeffelen et al., 2011). Here we
273 observed that MreB-GFP rotation is severely reduced within 10-20 min (Fig. 3 - Supplement 1D and
274 Fig. 3 - video 2), a similar time as after D-cycloserine treatment. Possibly, a low, non-detected level
275 of cell-wall synthesis is still ongoing. In contrast to PBP1b+ cells, PBP1b- cells start to lyse after
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276 about 35 min (Fig. 3 - Supplement 3C). We reasoned that PBP1b might prevent or repair damage
277 efficiently already during mDAP depletion, with a reduced amount of cell-wall precursors available.
278 After re-addition of mDAP following 32 min of mDAP depletion we found that expressing PBP1b
279 right before mDAP repletion has an immediate effect on survival, leading to improved recovery
230 compared to PBP1b- (Fig. 3F). However, PBP1b+ recovers even faster, presumably because PBP1b
231 also helps maintain cell-wall integrity during the 32 min of mDAP depletion.

282 At a sub-lethal concentration of D-cycloserine (100 pM), APBP1b cells lyse after about 60 min,
283 while the WT continues to grow, as reported previously (Nichols et al. (2011), (Fig. 3 - Supplement 7).
234 Similarly to the mDAP depletion experiment, PBP1b+ cells presumably have the capacity to use
255 the reduced pool of peptidoglycan precursors to counter the accumulation of mechanical defects.
286 This is only the case with the wild-type, LpoB-activated PBP1b. With the PBP1b* mutant in a
237 ALpoB background, the population collapses like a APBP1b strain, further supporting that LpoB aids
233 efficient defect repair.

289 Together, our findings suggest that PBP1b responds to cell-wall damage by repairing defects.

20  PBP1b immobilizes in response to cell-wall defects

291 To investigate the response of PBP1b to cell-wall damage at the molecular level, we studied the
202 movement of individual GFP-PBP1b molecules in the inner membrane.

293 Previously, single-molecule tracking of PBP1a in E. coli (Lee et al., 2016) and PBP1 in B. subtilis
204 (Cho et al., 2016) revealed that enzymes can be be divided in two populations: a diffusive fraction
295 and a “bound” fraction with near-zero diffusion coefficient. Presumably, only the bound fraction
296 can insert peptidoglycan, while the diffusive fraction is searching for new insertion sites. Notably,
207 bound molecules were detected for a duration of at most a few seconds, which did not allow to
208 identify any persistent motion expected from processive transglycosylation.

299 To localize individual GFP-PBP1b molecules, we first photobleached a large fraction of them
30 in HILO (highly inclined and laminated optical sheet) or epifluorescence mode and then tracked
300 single GFP-PBP1b molecules with an imaging interval of 60 ms in HILO mode (Fig. 4 - video 1).
32 The fraction of bound molecules was measured by fitting the observed distributions of single-
303 molecule displacements to a two-state model using the Spot-On tool (Hansen et al. (2018), Fig. 4 -
304 Supplement 1).

305 In order to approximate WT levels in our fluorescently labeled strain, we used the crRNAs G10
306 and R18, which lead to an expression of about 130% for GFP-PBP1b and 280% for RFP-PBP1a in
307 strains AV51 and AV50, respectively (Table 1). Using a APBP1a background (AV51) we found about
308 20% of the PBP1b molecules to be bound around WT levels (crRNA G10), while 80% of the molecules
309 moved diffusively with a diffusion constant of about 0.075 pm?2/s. Bound molecules were found all
a0 along the cell axis, and not only at mid-cell (Fig. 4 - Supplement 2).

311 Quialitatively similar to the observations on the major aPBP PBP1 in B. subtilis (Cho et al., 2016),
sz we found that the bound fraction of PBP1b decreases with increasing concentration (Fig. 4A),
313 suggesting that the activity of individual PBP1b enzymes is reduced upon increasing levels.

314 The activity of each PBP1b molecule could be limited by the availability of LpoB, the availability
315 of peptidoglycan precursors, or the abundance of potential sites for cell-wall insertion, henceforth
316 referred to simply as “defects”. We therefore aimed to identify the potentially limiting factors by
317 modulating protein levels and precursor availability. Over-expressing LpoB from plasmid pBCO1
315 (PAM238-P.-IpoB) in AV44/pAV20 G10-R18 indeed increases the bound fraction, while deleting
319 LpoB (strain AV110/pAV20 G10-R18) reduces the bound fraction (Fig. 4B), indicating that the physical
320 interaction with LpoB aids PBP1b immobilization or stabilizes the bound form. A lower bound
s fraction was also observed for the PBP1b* mutant, which is active even in a ALpoB background
32 (Fig. 4 - Supplement 4). Therefore, the reduced bound fraction is not merely due to reduced
323 enzymatic activity.

324 Next, we investigated how PBP1b molecules respond to changes of PBP1a abundance. Main-
325 taining PBP1b at about 30% of WT, we found that when PBP1a is deleted, the bound fraction of
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Figure 4. PBP1b localizes depending on the need for peptidoglycan synthesis. A-C: Calculated bound
fraction of PBP1b at different levels of PBP1b, PBP1a and LpoB, using strains AV44, AV51 (APBP1a) or AV110
(ALpoB). For GFP-PBP1b, sgRNA G14 (in pAvV20), crRNA G10 (in pCRRNAcos) and crRNA G@ (in pCRRNAcos) are
used to reach 30%, 130% and 370% respectively. For RFP-PBP1a, sgRNA R20 (in pAV20), crRNA R18 (in
PCRRNAcos) and crRNA R@ (in pCRRNAcos) are used to reach 20%, 280% and 1300% respectively. Each point
represents a biological replicate comprising at least 5000 tracks. Horizontal lines are means. P-values are from
permutation tests. D-E: Bound fraction of PBP1b at different times during 1 mM D-cycloserine treatment (D)
and during recovery from 30 min of D-cycloserine treatment (E) in the strain AV51/pCRRNAcos G10-R@. Colored
points are individual movies and white points are medians from one sample. Corresponding free diffusion
coefficients are shown in Fig. 4 - Supplement 3.

326  PBP1b is 4-fold higher than during over-expression of PBP1a (1300% with respect to WT, Fig. 4C).
327 Since PBP1a and PBP1b do not share their outer-membrane activators LpoA and LpoB (Typas et al.,
328 2010), we reasoned that PBP1a affects PBP1b indirectly through its enzymatic activity. This could
329 happen through depletion of the common precursor pool or by reducing the number of cell-wall
30 defects detected by PBP1b-LpoB pairs.

331 To test whether PBP1b-immobilization depends on the availability of precursors or rather on
32 the structure of the cell wall, we transiently inhibited precursor synthesis using D-cycloserine and
333 thus increased the number of cell-wall defects as in Fig. 3C.

334 We observed a rise of the bound fraction of PBP1b within less than 20 min and a subsequent
335 increase to 37% within 40 min (Fig. 4D), while the diffusion constant of diffusive PBP1b molecules is
16 only mildly reduced (Fig. 4 - Supplement 3). To make sure that the increase of the bound fraction is
37 due to live, non-lysed cells, we investigated cell shape and also used the nucleic-acid dye propidium
;3 iodide, which only penetrates the membranes of dead cells. We then confirmed that visibly dead
339 cells only contributed a small number of tracks to our dataset. Furthermore, while the number of
340 lysed cells visibly rose during the latest set of movies corresponding to Fig. 4D (from about 5 to 20%
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s according to visual inspection), we did not observe a concurrent increase of the bound fraction. Our
32 experiments therefore suggest that PBP1b molecules immediately respond to damage by increased
33 binding. Furthermore, since this happens later than the arrest in MreB motion (a readout for the
344 availability of precursors), it means that PBP1b immobilization does not require PBP1b activity.

345 We then also investigated whether PBP1b shows a higher bound fraction during recovery from D-
ss  cycloserine, where the presence of PBP1b greatly increases the chance of cell survival. In agreement
37 with our expectation, we found that the bound fraction is elevated for about 20 min after a 30 min
ss  period of D-cycloserine treatment (Fig. 4E). MreB motion is restored within the same time frame
a9 (Fig. 3 - Supplement 1B).

350 In summary, our tracking results support the hypothesis that PBP1b together with its cognate
351 activator LpoB contributes to cell-wall integrity by localizing and inserting peptidoglycan in response
352 to local cell-wall defects.

= Discussion

354 In conclusion, our work suggests that different cell-wall-synthesizing machineries have distinct
355 functions in E. coli. While the Rod complex is essential for rod shape, the bifunctional aPBPs PBP1ab
36 have hardly any effect on cell shape, up to the point of cell lysis. Therefore, class-A PBPs are likely
357 not required for the shape-preserving activity of the Rod complex. However, PBP1ab are essential
353 for mechanical cell-wall integrity, and our experiments suggest that PBP1b repairs cell-wall defects
350 by inserting peptidoglycan in response to local cell-wall defects, as previously hypothesized (Cho
0 et al., 2016; Typas et al., 2012). This study therefore contributes to a growing body of evidence
361 suggesting that the local mechanical and structural state of the cell wall provides a major physical
62 cue for peptidoglycan remodeling and insertion.

363 While cell shape is hardly affected by PBP1ab repression, we found a mild but significant positive
364 correlation between cell diameter and PBP1ab levels, consistent with a previous study of a APBP1a
s mutant (Banzhaf et al., 20712). A much stronger correlation of same sign between PBP1 level and
66 cell diameter was recently also observed in B. subtilis (Dion et al., 2019). In both species, it is
367 conceivable that increased aPBP activity depletes a common pool of lipid Il precursors and thus
ses indirectly reduces the capacity of the Rod complex to maintain a narrower cell diameter. What
369 then is responsible for the qualitatively different effect of aPBP levels on cell diameter in E. coli and
370 B. subtilis? First, our tracking experiments showed that the bound fraction of PBP1b molecules is
s negatively correlated with PBP1ab expression and positively correlated with LpoB levels. These
32 findings support the model that PBP1b activity is controlled by both the structure of the cell-wall
373 substrate and by the presence of LpoB. In B. subtilis, cell-wall synthetic activity of PBP1 might be
374 less regulated, even if PBP1 molecules are more mobile at high expression level (Cho et al., 2016).
375 Second, the flux of lipid-1l precursors shared by both systems might not be fixed in E. coli. Instead,
376 both systems might secure access somewhat independently, a hypothesis also supported by the
377 overall increase in peptidoglycan synthesis upon MepS over-expression (Lai et al., 2017). Finally,
s LpoB might be an important limiting factor for PBP1b activity, which is absent in B. subtilis.

379 At first sight, our observation of an increasing PBP1b bound fraction with decreasing PBP1a
30 levels seems to be in contradiction to previous measurements of PBP1b diffusion (Lee et al., 2016).
31 Lee et al. reported that deletions of either LpoB or PBP1a hardly affected the average diffusion
32 constant of PBP1b molecules. Similar to our approach, they fused PBP1b to a fluorescent protein
383 (PAmCherry) in the native chromosomal locus. Therefore, it is possible that PBP1b expression was
84 also elevated in their strain, similar to our GFP-PBP1b fusion. We found that at high levels the
35 bound fraction of PBP1b is low, even in the absence of PBP1a (Fig. 4A). Expressing PBP1a might
s then only elicit a small relative change of the PBP1b bound fraction that is hard to detect in the
37 average diffusion constant.

388 Consistently with average diffusion constants reported in Lee et al. (2076) we found that upon
s LpoB deletion the bound fraction of PBP1b is significantly reduced but does not completely dis-
0 appear. This observation suggests that PBP1b does not strictly require LpoB for binding. We
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391 reasoned that PBP1b might be able to autonomously detect defects or sites for cell-wall insertion
32 in the absence of LpoB. This hypothesis is consistent with the previous identification of a PBP1b*
393 mutant that suppresses the lethality of a APBP1a, ALpoB background (Markovski et al., 2016) and
394 with the high residual activity of PBP1b in the absence of LpoB in vitro (Paradis-Bleau et al., 2010).
395 However, while LpoB does not seem to be required for binding and PBP1b* activity during regular
s growth, we found that LpoB is required for rapid recovery from transient cell-wall-synthesis arrest
397 (Fig. 3 - Supplement 6). We therefore speculate that LpoB improves the propensity of PBP1b (or
38 PBP1b*) to recognizes regions of the cell wall requiring repair.

399 As an alternative hypothesis, PBP1b might also immobilize independently of the cell wall in
400 the absence of LpoB, through association with one or multiple different proteins that immobilize
a1 independently of LpoB. For example, it has been suggested that aPBPs interact with hydrolytic
402 enzymes and with an outer-membrane bound nucleator of cell-wall hydrolases (Banzhaf et al.,
403 2019). As another possibility, a fraction of PBP1b molecules might co-localize with the Rod complex
404 or the divisome. We have recently shown that Rod-complex activity remains surprisingly high upon
405 RodA depletion (Wollrab et al., 2019). Potentially, a different transglycosylase might compensate
a6 for the absence of RodA. It will thus be interesting to study the possibility of PBP1b or PBP1a to
407 rescue Rod-complex activity in the absence of RodA in the future.

408 The precise nature of the defects targeted by PBP1b is still unknown. However, the fact that such
109 defects accumulate when PG precursors become unavailable suggests that they are being generated
40 during cell-wall enlargement, when cell-wall hydrolases and other enzymes cleave existing material.
41 An attractive hypothesis previously suggested is that PBP1b and LpoB come into contact in a
42 probabilistic fashion, depending on the cell-wall thickness and local pore size, independently of
«3  any particular structural feature (Typas et al., 2012). The function of class-A PBPs for constitutive
414 growth could then be seen as homogenizing the cell wall, by directing cell-wall insertion to regions
a5 of lower density and defects.

416 In contrast to class-A PBPs, the Rod complex likely inserts cell wall in a more persistent manner
4«7 (Cho et al., 2016). While Rod-complex initiation might depend on local cell-wall features (Wollrab
xws et al., 2019) it seems likely that the Rod complex is less sensitive to cell-wall structure during
a9 processive activity.

420 While repair enzymes are well understood in the context of DNA damage, PBP1b is the first
41 enzyme known to be involved in the repair of the peptidoglycan cell wall. Yet, the cell wall expe-
42 riences nearly constant damage due to cell-wall expansion during growth or due to the action of
423 cell-wall antibiotics, making repair all the more important. Recent work by some of us demonstrates
424 that cell-wall cleavage likely happens in regions of elevated mechanical strain and stress (Wong
s etal, 2017). In the absence of repair, increased hydrolytic activity in regions of increased strain
46 would then rapidly lead to more strain and eventually to lysis, as also predicted by computational
47 simulations (Furchtgott et al., 2011) and as observed upon depletion of PBP1ab (Fig. 1E) or upon
48 treatment with peptidoglycan-synthesis inhibitors (Yao et al., 20712). We therefore think that more
429 enzymes might insert peptidoglycan in a manner dependent on the local structure of the cell
40 wall. Consistently, we recently demonstrated that the Rod complex initiates at locations that are
41 independent of MreB and possibly determined by the cell wall itself (Wollrab et al., 2019). In the
42 future, the challenge remains to identify the particular local features of the cell wall that attract
43 different cell-wall-modifying enzymes.
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Table 1. Levels of PBP1ab expressed from different cassettes, and repressed using different sgRNA or
crRNA. The levels are determined using either fluorescence microscopy, SDS-page with fluorescence detection,
or mass spectrometry (DIA: Data-Independent Acquisition or PRM: Parallel Reaction Monitoring.), as described
in the methods. RFP-PBP1a is either non-repressed (AV44) or deleted (AV51 and AV58). GFP-PBP1b is either
non-repressed (AV44) or deleted (AV50 and AV63). Levels relative to LC69 are obtained by multiplying the levels
relative to AV44 by the levels obtained by DIA for AV44, with propagated error. @: Control guides producing no
repression. n.d.: not determined.

Relative and absolute quantification of PBP1b

Strain ~ Promoter System  Guide  Fluorescence Fluorescence DIA SDS-page PRM

(% of Av44) (% of LC69) (%) (copy/cell) (copy/cell)
LC69 Wild-type n.d. n.d. 100 n.d. 166128 (100%)
Av44 Native fusion ~ sgRNA G20 1.0+£0.04 3.8+0.4 n.d. n.d. n.d.
Ava4 Native fusion ~ sgRNA G14 6.6+0.79 24+2.9 2742 4045 46 (28%)
AV51 Native fusion SgRNA G14 n.d. n.d. 3343 67+14 56+7 (33%)
AV51 Native fusion  crRNA G20 4.1+2.0 15+7.6 n.d. n.d. n.d.
AV51 Native fusion ~ crRNA G14 12+3.1 44112 n.d. n.d. n.d.
AV51 Native fusion ~ crRNA G10 36+2.8 131£15 n.d. n.d. n.d.
AV51 Native fusion ~ crRNA (€1%] 97+13 356157 n.d. n.d. n.d.
Av44 Native fusion ~ crRNA Go 100+5.4 367+38 367+32 688+115 547+52 (330%)
AV58 Para crRNA G@ 509+57 18704265 n.d. n.d. n.d.

Relative quantification of PBP1a

Strain  Promoter System  Guide  Fluorescence Fluorescence DIA
(% of AV44) (% of LC69) (%)
LC69 Wild-type n.d. n.d. 100
Av44 Native fusion ~ sgRNA R20 n.d. n.d. 2042
AV50 Native fusion ~ crRNA R20 3+4 43156 n.d.
AV50 Native fusion  crRNA R18 214 278+139 n.d.
AV50 Native fusion ~ crRNA R11 4616 6204298 n.d.
AV50 Native fusion ~ crRNA RO 10041 13371615 n.d.
AV44 Native fusion crRNA RO 10017 13371622 1337615
AV63 Para crRNA R18 166114 1549+786 n.d.
AV63 Para crRNA R11 355+22 475012204 n.d.
AV63 P, crRNA RO 691+50 924344304 n.d.

Table 2. Relative abundance of the different peaks of muramidase-digested peptidoglycan, measured
by UPLC. Strains AV84 and AV105 are seen in Figure 2. MG1655 with or without D-cycloserine is seen in Figure 3.

Condition Rep. Monomers (%)  Dimers (%)  Trimers (%)  Crosslink (%)  Anhydro (%)  Glycans (units)
AV84 GB-RD 1 63.0 32.8 4.2 41.2 4.6 21.9
AV84 GO-RO 2 59.4 35.0 5.5 46.1 8.3 121
AV84 G@-RO 3 59.7 34.6 5.7 46.1 5.7 17.4
AV84 G14-20 1 68.9 289 2.2 333 2.0 49.2
AV84 G14-20 2 66.5 30.5 3.0 36.5 3.9 25.8
AV84 G14-20 3 67.7 29.9 2.3 34.6 2.5 39.9
AV84 G20-R@ 1 61.4 33.0 5.5 441 7.2 13.8
AV84 G20-R@ 2 62.5 33.0 4.4 41.9 5.7 17.6
AV84 G20-R@ 3 62.5 333 4.2 41.7 5.6 17.9
AV105 G@-R@ 1 65.4 30.7 39 384 4.6 21.6
AV105 G@-R@ 2 62.3 33.2 4.5 421 5.6 18.0
AV105 G@-R@ 3 61.8 33.9 4.3 42.6 5.5 18.3
MG1655 untreated 1 66.0 27.6 6.5 40.5 4.5 221
MG1655 untreated 2 69.9 24.1 6.1 36.2 4.0 25.3
MG1655 untreated 3 71.1 229 5.9 34.8 4.2 23.5
MG1655 D-cyc 1 75.9 21.7 2.4 26.5 4.4 22.5
MG1655 D-cyc 2 76.1 21.5 2.5 26.4 4.3 23.1
MG1655 D-cyc 3 75.7 22.4 1.9 26.2 4.4 22.6
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=  Materials and Methods
45 Key Resources Table

Reagent type (species) or re-  Designation Source or reference Identifiers Additional

source information

strain, strain background (. coli) LC69 (Cui et al., 2018) 186::Ptet-dcas9

strain, strain background (E. coli) AVO03 (Vigouroux et al., 2018) 186::Ptet-dcas9, HK022::P, A::P

strain, strain background (E. coli) AV04 (Vigouroux et al., 2018) 186::Ptet-dcas9, A::P-mcherry

strain, strain background (E. coli) AV08 (Vigouroux et al., 2018) 186::Ptet-dcas9, mrdA::mcherry-mrdA

strain, strain background (E. coli) AV29 This work 186::Ptet-dcas9, AmrcB Supp. File 1

strain, strain background (E. coli) AV31 This work 186::Ptet-dcas9, mrcB::msfgfp-mrcB Supp. File 1

strain, strain background (E. coli) AV44 This work 186::Ptet-dcas9, mrcB::msfgfp-mrcB, Supp. File 1
mrcA::mcherry-mrcA

strain, strain background (E. coli) AV47 This work 186::Ptet-dcas9, HK022::P-msfgfp, A::P-mcherry Supp. File 1

strain, strain background (E. coli) AV50 This work 186::Ptet-dcas9, mrcA:mcherry-mrcA, AmrcB Supp. File 1

strain, strain background (E. coli) AV51 This work 186::Ptet-dcas9, mrcB::msfgfp-mrcB, AmrcA Supp. File 1

strain, strain background (E. coli) AV58 This work 186::Ptet-dcas9, mrcB::msfgfp-mrcB, AmrcA, Supp. File 1
HK022::Para-msfgfp-mrcB

strain, strain background (E. coli) AV63 This work 186::Ptet-dcas9, mrcA::mcherry-mrcA, AmrcB, Supp. File 1
HK022::Para-mCherry-mrcA

strain, strain background (E. coli) AV67 This work 186::Ptet-dcas9, mrcB:msfgfp-mrcB, Supp. File 1
mrcA:mcherry-mrcA, ApbpC

strain, strain background (E. coli) AV80 This work 186::Ptet-dcas9, mrcB::msfgfp-mrcB, Supp. File 1
mrcA:mcherry-mrcA, ApbpC, AmtgA

strain, strain background (E. coli) AV84 This work 186::Ptet-dcas9, mrcB::msfgfp-mrcB, Supp. File 1
mrcA::mcherry-mrcA, ApbpC, AmtgA, AlysA

strain, strain background (E. coli) AV88 (Dion et al., 2019) 186::Ptet-dcas9, mreB::mreB-msfGFP

strain, strain background (E. coli) AV92 This work 186::Ptet-dcas9, mrcB:msfgfp-mrcB, Supp. File 1
mrcA:mcherry-mrcA, ApbpC, AmtgA, AmscS

strain, strain background (. coli) AV93 This work 186::Ptet-dcas9, mrcB::msfgfp-mrcB, Supp. File 1
mrcA:mcherry-mrcA, ApbpC, AmtgA, AmscS,
Amscl

436 strain, strain background (E. coli) AV100 This work 186::Ptet-dcas9, AmrcA, AmrcB, Supp. File 1

HK022::Para-msfgfp-mrcB

strain, strain background (E. coli) AV101 This work 186::Ptet-dcas9, AmrcA, AmrcB, Supp. File 1
HK022::Para-mcherry-mrcA

strain, strain background (E. coli) AV105 This work 186::Ptet-dcas9, AmrcB, mrcA:mcherry-mrcA, Supp. File 1
ApbpC, AmtgA, AlysA

strain, strain background (E. coli) AV109 This work 186::Ptet-dcas9, mrcB::msfgfp-mrcB, Supp. File 1
mrcA::mcherry-mrcA, AlpoA

strain, strain background (E. coli) AV110 This work 186::Ptet-dcas9, mrcB::msfgfp-mrcB, Supp. File 1
mrcA::mcherry-mrcA, AlpoB

strain, strain background (E. coli) AV124 This work 186::Ptet-dCas9, mrcB::msfgfp-mrcB(E313D) Supp. File 1

strain, strain background (E. coli) AV128 This work 186::Ptet-dCas9, mrcB::msfgfp-mrcB(E313D), Supp. File 1
AlpoB

strain, strain background (. coli) AV130 This work 186::Ptet-dCas9, mrcB::msfgfp-mrcB(E313D), Supp. File 1
mrcA:mcherry-mrcA, AlpoB

strain, strain background (E. coli) NO34 (Ouzounov et al., 2016) mreB::mreB-msfgfpsw-kanR

strain, strain background (E. coli) B150 This work AmrcB Supp. File 1

strain, strain background (E. coli) B151 (Teeffelen et al., 2011) FB83, asd-1

strain, strain background (E. coli) B157 This work FB83, asd-1, AmrcB Supp. File 1

strain, strain background (. coli) B172 This work mreB::mreB-msfgfpsw-kanR Supp. File 1

strain, strain background (. coli) B174 This work AmrcB, mreB::mreB-msfgfpsw-kanR Supp. File 1

strain, strain background (E. coli) B176 This work FB83, asd-1, mreB::mreB-msfgfpsw-kanR Supp. File 1

strain, strain background (E. coli) B178 This work FB83, asd-1, AmrcB, Supp. File 1
mreB::mreB-msfgfpsw-kanR

software, algorithm Trackmate (Tinevez et al., 2017)

software, algorithm ThunderStorm (Ovesny et al., 2014)

software, algorithm SpotOn (Hansen et al., 2018)

software, algorithm Morphometrics (Ursell et al., 2017)

software, algorithm TrackPy (Allan et al., 2016)

software, algorithm MicroManager (Edelstein et al., 2010)

= Growth conditions

43 Cloning and strain preparation were done in Luria-Bertani (LB) medium. In general, every mea-
439 surement was done in M63 minimal medium with 0.2% glucose, 0.1% casamino-acids and 5x10°%
40 thiamine. However, for the experiments described in figures 1BC and 1 - Supplement 2BC we used
an  0.5% lactose instead of glucose as a carbon source to allow expression from the P,, promoter. For
42 single-molecule tracking, the concentration of casamino-acids used during the preculture and in the
43 agar pad was only 0.01% to minimize background fluorescence. For the experiments described in
a4 figures 3 and 3 - Supplement 7, cells were grown in LB medium. The mDAP auxotroph strains were
a5 grown in LB supplemented with mDAP (50 pg/ml) and L-homoserine (50 pg/ml, Sigma-Aldrich).
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446 As needed, media were supplemented with kanamycine (50 pg/ml), carbenicillin (100 pg/ml),
47 chloramphenicol (25 pg/ml) or spectinomycin (50 pg/ml), all from Sigma-Aldrich. CRISPR repression
48 is induced with 100 ng/ml of anhydro-tetracycline (Acros Organics). For over-expression of PBP1a
49 or PBP1b from P,,, 2 mg/ml of arabinose (Sigma-Aldrich) were added to the medium. For over-
a0 expression of LpoB from P,,., we added 1 mM of IPTG. The concentration of propidium iodide used
451 toreveal dead cells was 0.4 pM.

452 Whenever CRISPR knock-down was employed, dCas9 was induced over night so the repressed
43 protein had time to be diluted to steady-state levels. In the morning, the culture was back-diluted
4« 1/500 and grown for at least 3h to ensure exponential growth before any experiment. Biological
45 replicates result from independent cultures starting from separate colonies.

s Genetic constructions

457 All strains used in this study derive from the MG1655. All plasmids constructed in this study were
4ss  assembled by Gibson assembly. Strains, plasmids, DNA fragments and oligonucleotides are all
49 described in Supplementary File 1. Gene deletions were carried out starting from the Keio collection
w0 (Baba et al., 2006). P1 phage lysate was prepared from the Keio deletion strain, then used to
41 infect the recipient strain and the cells were plated on kanamycine to select for transducers. After
42 each phage P1 transduction, as well as all “clonetegrations”, the kanamycine resistance marker
463 was removed with the flippase-expressing pE-FLP (St-Pierre et al., 2013). Integration of RFP-PBP1a
464 and GFP-PBP1b in the native locus was done using the allelic exchange procedure described in
45 (Vigouroux et al., 2018). The CRISPR plasmids are either from the pcrRNA collection described in
46 (Vigouroux et al., 2018), or were assembled using the pAV20 double-sgRNA vector (Dion et al., 2019).
47 In the later case, complementary oligonucleotide pairs (Supplementary File 1) were phosphorylated
468 With T4 PNK in the presence of T4 ligase buffer (New England Biolabs) and then annealed. A mix
49 containing the pAV20 vector, the two pairs of annealed oligos, the Bsal restriction enzyme (New
40 England Biolabs), T4 ligase (New England Biolabs) and ATP was subjected to thermal cycles for
4n  digestion, annealing and ligation. The assembly product was subsequently electroporated in DH5«
42 and the resulting plasmids were sequenced. The "@" control guides, producing no repression, still
473 contain the same 5 bp seed sequence as the GFP- and RFP-targeting guides. This is to account for
474 potential mild “bad-seed effect” (Cui et al., 2018).

o5 Measurement of optical density and doubling time

476 Exponential cultures were then transferred to a flat-bottomed 96-microwell plate (Greiner) and
477 optical density at 600 nm was recorded during growth using a microplate reader (Tecan or SAFAS)
47 or, if indicated, using shaking flasks and a spectrophotometer (Eppendorf). A well containing
479 NO bacteria was used to subtract the background OD. To calculate the doubling time, we fit an
40 exponential function to the data points corresponding to the exponential phase. To make sure that
41 the exponential phase was properly isolated, we checked that there was no correlation between
42 consecutive residuals after the fit (Durbin-Watson statistic higher than 1).

sz Microscopy

4« For measurements of cell morphology, fluorescence, elasticity and MreB motion, we used an
45 inverted microscope (TI-E, Nikon Inc.) equipped with a 100x phase-contrast objective (CFl PlanApo
a5 LambdaDM100x% 1.4NA, Nikon Inc.), a solid-state light source (Spectra X, Lumencor Inc.), a multiband
47 dichroic (69002bs, Chroma Technology Corp.). GFP and RFP fluorescence were measured using
48 excitation filters (560/32 and 485/25 resp.) and emission filters (632/60 and 535/50 resp.). Images
439 were acquired using a sSCMOS camera (Orca Flash 4.0, Hamamatsu) with an effective pixel size of 65
490  NM.

91 Single particle tracking of GFP-PBP1b was performed in either of two custom-designed fluores-
42 cence microscopes, equipped with a custom-built temperature controlled chamber at 29°C or a
493 stage-top incubation chamber (Okolab). Both microscopes were equipped with a 100x TIRF objective
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494 (Apo TIRF, 100x, NA 1.49, Nikon), three laser lines: 405 nm (Obis, Coherent), 488 nm (Sapphire,
45 Coherent), 561 nm (Sapphire, Coherent), a dichroic beamsplitter (Di03-R488/561-t3-25x36, Semrock)
496 and a laser-line filter (NF561-18, Thorlabs). Shuttering of the 488 nm laser was controlled with an
497 acousto-optic tunable filter (AA Optoelectronics) or with shutters (Uniblitz, LS3 and TS6B, Vincent
498 Associates). Images were acquired with an EMCCD camera (iXon Ultra, Andor). All components were
499 controlled and synchronized using MicroManager (Edelstein et al., 2070).

so  Measurement of cell morphology and fluorescence

s Cells were grown to steady-state exponential phase (ODg,, ~0.1) as detailed in ‘Growth conditions’
s and fixed with 4% formaldehyde in phosphate-buffered saline (PBS) for 30 minutes, except for mea-
so3  suring the fluorescence of cells repressed with sgRNA, which were fixed with 1 mg/ml kanamycine
so4 in PBS for 30 min. Fixed cells were transferred to agarose pads (1.5% UltraPure Agarose; Invitrogen)
sos containing PBS and imaged. The Morphometrics package (Ursell et al., 2017) was used to find cell
s,s  contours from phase-contrast images. Cells that are in proximity from each other were excluded
so7  using Morphometrics’ built-in algorithm. In addition, cells were filtered based on their sharpness
ss  in phase-contrast (defined as the variance of gradient magnitude). The fluorescence signal for
soo  each image was corrected with f . ...a(® = (f(F) © I(F)) — (f(F) © I(F) © bg) with f(F) the raw pixel
si0  intensities, I(F) a correction factor for uneven illumination, bg a background mask with no cells
s and © meaning element-wise multiplication. Cell contours were dilated by 1 pixel to capture all
sz the fluorescence of proteins localized to the membrane, however we found that using different
si3 dilatation sizes did not affect the results in a noticeable manner. Intracellular concentration was
s14  obtained by integrating the corrected fluorescence intensity inside cell contours, and dividing by cell
s1s  area. Auto-fluorescence level per pixel inside a cell was calculated by measuring a non-fluorescent
si6  strain (LC69) with the same procedure, and subtracted from cell concentrations. Total regression
s17 - was used to find the major axis of the cell. The polar regions were detected by setting a threshold
sis  on local contour curvature. Cell width was defined as the average distance between the cell contour
s1i9 - and this axis, excluding the poles. Cell length was calculated as the maximal distance between
s0 contour points projected on the principal cell axis.

s21 Quantification of PBP1a and PBP1b

s2  The amount of PBP1a and PBP1b following repression by different CRISPR guides was quantified
s23 by several methods. First, we measured their expression in AV44 pAV20 G@-R@ (non-repressed),
s24  AV44 pAV20 G14-R20 (strong repression) and LC69 (control strain without fusions) using mass
ss  spectrometry. We used Data Independent Acquisitions (DIA) (Bruderer et al., 2017) for relative
s26 quantification of PBP1a and PBP1b. We also used a targeted proteomics approach, Parallel Reaction
527 Monitoring (PRM) (Bourmaud et al., 2016; Gallien et al., 2012; Peterson et al., 2012), for absolute
s2s  quantification of PBP1b. We followed the same protocol previously described (Wollrab et al., 2019).
s29  Peptides used for absolute quantification of PBP1b were based on the FASTA sequence obtained
s0  from UniprotkKB database and MS evidence of identification. Peptides sequences are LLEATQYR and
s31 TVQGASTLTQQLVK (Aqua UltimateHeavy, Thermo Fisher Scientific).

532 As a confirmation, we used SDS-page with fluorescence detection to compare AV44 pAV20
533 GO-RO to AV44 pAV20 G14-R20. The detailed procedure is described in the following subsection.
s3¢  Finally, for all the strains whose expression level was not quantified by SDS-page or DIA, we used
s35 fluorescence microscopy to measure relative expression compared to non-repressed AV44, then
s36  used the DIA measurement to obtain PBP1ab expression as a percentage of wild-type level. The
537 expression values obtained from the different methods are shown in Table 1.

s:s  Quantification of GFP-PBP1b by SDS-page

s39 A msfGFP-His6 fusion protein was purified to be used as an internal standard for the semi-
s quantitative msfGFP-PBP1b SDS-page. The msfGFP-6xHis fusion was expressed and purified from a
ser BL21(DE3) E. coli strain. A 10 ml LB preculture containing carbenicillin (100 pg/ml) was inoculated
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s22 from a freshly transformed colony and grown at 37°C until an ODg,,~0.6. This culture was diluted
s3 1:100 into 500 ml fresh pre-warmed LB containing carbenicillin (100 pg/ml) and grown at 37°C to
sae - an ODgyo~0.6. At this time point, the expression was induced by the addition of 1T mM of IPTG and
ses  the culture was incubated at 20°C overnight. The next day, the culture was cooled for 15 min at
se6  4°C and the cells were recovered by centrifugation (4,000 x g) at 4°C for 15 min. Cell pellets were
sz resuspended in 12.5 ml of lysis buffer (20 mM Tris-HCl pH 8, 100 mM NacCl, 5 mM 2-mercaptoethanol,
ses 20 mM imidazole, T mM PMSF) and stored at -80°C. Cells were thawed, benzonase (E1014, Millipore)
se9  and lysozyme (L6876, Sigma) were added (respectively 500 units and 0.5 mg/ml) and cells were
sso  disrupted by sonication on ice. Cell debris and membranes were pelleted by centrifugation at
ss1 40,000 x g for 1 hour at 4°C. In parallel, a 2 ml aliquot of Ni-NTA agarose resine slurry (#25214,
ss2 - Thermoscientific), corresponding to a 1 ml beads volume, was equilibrated using 50 ml of buffer
ss3 - with 20 mM of imidazole. The soluble protein extract was incubated with the beads for 1 hour
ssa on a wheel at 4°C and loaded on a gravity column. The beads were extensively washed on the
sss column using 50 ml of buffer (20 mM Tris-HCI pH 8, 500 mM NaCl, 5 mM 2-mercaptoethanol, 50 mM
sss  imidazole, 10% glycerol). Bound msfGFP-6xHis proteins were eluted in 10 ml buffer (20 mM Tris-HCI
ss7 pH 8, 500 mM NacCl, 5 mM 2-mercaptoethanol, 120 mM imidazole, 10% glycerol). Fractions of 1
sss - ml were collected and their concentration was estimated using a Bradford-based Protein Assay
ss9  (Bio-Rad) according to the instructions. The purity of elution fractions was also estimated by loading
seo 5 pl on a4-20 percent polyacrylamide gel (Miniprotean TGX, Bio-rad) stained with Coomassie blue
s¢r and scanned with a Typhoon 9000 FLA imager (GE Healthcare) to detect GFP signal (473 nm laser,
sz excitation wavelength 489 nm, emission 508 nm) (Fig. 1 - Supplement 3A).

563 In order to estimate the copy numbers of msfGFP-PBP1b per cell, three independent cell extract
se4  preparations of AV44 pAV20-G@-R@ (non-repressed), AV44 pAvV20 G14-R20 and AV51 (APBP1a)
ses  PAV20 G14-R20 were analyzed by fluorescence gel-based assay. Cells were grown overnight in LB at
ss  30°C and diluted 1/100 into 40 ml of LB with 100 ng/ml anhydrotetracycline. Three independent
se7  cultures, for each strain, were grown at 30°C to an ODg, approximately of 0.3 and the colony
ses  forming units (cfu) of each culture were determined by plating serial dilutions on LB plates. Cells
seo  were harvested by centrifugation, resuspended in 200 pl of PBS 1x. Cells were disrupted by
s70  sonication and protein concentrations were determined using a Bradford-based Protein Assay
s71 (5000006, Bio-Rad) according to the instructions. 150 pl of the total cell extract was mixed with 25 pl
s72 of Laemmli sample buffer 4X (#1610747, Bio-Rad). Cell extracts were flash-freezed in liquid nitrogen
s73 and stored at -80°C. To determine the amount of PBP1b in each of the extracts, normalized amounts
s74  Of total protein were loaded on 4-20 % polyacrylamide gels (Miniprotean TGX, Bio-rad) together
s7s with increasing amounts of purified msfGFP-6xHis (same msfGFP used for PBP1b tagging). After
s76  Migration, the gel was stained with Coomassie blue and scanned for fluorescence as detailed above.
s77 A standard curve plotting integrated signal intensity versus protein concentration was generated for
s7s the purified msfGFP-6xHis and was used to determine the number of molecules of msfGFP-PBP1b
s79 loaded on the gel for each cell extract. The cell number determined for the initial cell cultures were
ss0  then used to calculate the number of PBP1b molecules per cell.

ssi  MDAP incorporation measurement

ss2  This experiment was done with the strains AV84 pAV20-G@-R®@ (non-repressed), AV84 pAV20-G14-
ss3 R20, AV84 pAV20-G20-R@ (APBP1b) and AV105 pAV20-G@-R@ (20-0) (see tables 1). These strains are
ssa  lacking lysA so radio-labeled mDAP is only used for cell-wall synthesis.

585 Strains were grown to exponential phase and when ODy, reached 0.4, *H-labelled mDAP was
sss added for a final activity of 5 pCi/ml. For each time point, 200 pl of culture were transferred to tubes
ss7 - containing 800 pl of boiling 5% SDS. After at least one hour of boiling, the samples were transferred
sss to 0.22 pm GSWP filters. After applying vacuum, the filters were washed twice with 50 ml of hot
ss9  water. The filters were then moved to 5 ml scintillation vials, treated overnight with 400 pl of
s 10 mg/ml lysozyme, and dissolved in 5 ml FilterCount cocktail (PerkinElmer) before counting.

591 The amount of *H-mDAP per cell was calculated by dividing the total counts by the optical density
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s2  of the culture. The growth rate y was obtained by fitting an exponential function to the OD, values
se3  as a function of time. To calculate the incorporation rate k,, and turn-over rate k., we fit the data
s with formula Z=mPAP — _Kn (] _ o~sG+kan)y with non-linear least squares optimisation. k., is kept

ODggo 7 +kout out
ses  constant across all cultures, assuming there are no difference in turn-over rate.

sss UPLC content analysis of peptidoglycan

so7 PG samples were analyzed as described previously in (Alvarez et al., 2016; Desmarais et al., 2013).
sss  Briefly, bacterial cultures were harvested, and boiled in 5% SDS for 2 h. Sacculi were repeatedly
se0  washed with MilliQ water by ultracentrifugation (110,000 rpm, 10 min, 20°C) until total removal of
s0 the detergent. Samples were treated with 20 pg Proteinase K (1 h, 37°C) for Braun'’s lipoprotein
eo1 removal, and finally treated with muramidase (100 pg/mL) for 16 hours at 37°C. Muramidase
62 digestion was stopped by boiling and coagulated proteins were removed by centrifugation (10 min,
63 14,000 rpm). For sample reduction, the pH of the supernatants was adjusted to pH 8.5-9.0 with
s4 sodium borate buffer and sodium borohydride was added to a final concentration of 10 mg/mL.
o5 After incubating for 30 min at room temperature, pH was adjusted to 3.5 with orthophosphoric acid.
e0s UPLC analyses of muropeptides were performed on a Waters UPLC system (Waters Corporation,
67 USA) equipped with an ACQUITY UPLC BEH C18 Column, 130 A 1.7 pm, 2.1 mm X 150 mm (Waters,
ss USA)and a dual wavelength absorbance detector. Elution of muropeptides was detected at 204
s0 NM. Muropeptides were separated at 45°C using a linear gradient from buffer A (formic acid 0.1%
s10  in water) to buffer B (formic acid 0.1% in acetonitrile) in an 18-minute run, with a 0.25 mL/min
¢ flow. Relative total PG amounts were calculated by comparison of the total intensities of the
¢12 chromatograms (total area) from three biological replicates normalized to the same OD600 and
¢13 extracted with the same volumes. Muropeptide identity was confirmed by MS/MS analysis, using a
¢14  Xevo G2-XS QTof system (Waters Corporation, USA). Quantification of muropeptides was based on
¢15 their relative abundances (relative area of the corresponding peak) normalized to their molar ratio.
¢16 For the measurement at different levels of PBP1ab (Fig. 2), the amount was also normalized with
617 respect to the ODgy, Of the culture at the time of harvesting. The percentage of cross-linking was
¢1s calculated as Dimers + Trimers X 2.

s1v  Measurement of cell elasticity and osmotic shock resistance

e20 Osmotic shifts were done by replacing a high-osmolarity medium (M63 with 1/10 volume 5 M NaCl)
61 with a low-osmolarity medium (M63 with 1/10 volume of water) for a shock magnitude of 1 osm. In
622 all cases, cells were grown overnight in high-osmolarity medium then diluted 1/500 and grown at
623 least 3h to reach exponential phase.

624 To perform osmotic shifts while monitoring cellular dimensions, we constructed a tunnel with
s two strips of double-sided adhesive tape attached to a glass slide and a cover slip. Poly-L-lysine
626 (Sigma-Aldrich) was flushed in the tunnel then washed once with medium. High-osmolarity medium
627 containing a mix of exponentially-growing cells with and without repression of PBP1ab was then
e2s flushed in the tunnel. The slide was incubated 15 min for cells to settle. Fresh medium was
629 flushed again to remove unattached cells. Then we took images of GFP and RFP fluorescence, to
e0 quantify the total amount of GFP-PBP1b and RFP-PBP1a in each cell. This allowed to distinguish
631 non-repressed cells from repressed ones without ambiguity. We finally recorded phase-contrast
62 images while the low-osmolarity medium was flushed into the tunnel. Cells were tracked using a
633 simple nearest-neighbor algorithm, discarding the cells that went out of focus.

634 For osmotic shock resistance, cells were prepared in a similar manner, then growth in high-
635 osmolarity was monitored for 6 h in a plate reader. The plate was then centrifuged 2 min at
636 2000 x g, medium was discarded and low-osmolarity medium was added instead. Growth was then
67 monitored again for 4 h.
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s Measurement of MreB-GFP motion

639 For measurements of cell boundaries, we focused on cells based on the phase-contrast signal. To
es0 track MreB-GFP spots moving at the bottom of the cell, we moved the focal plane 250 nm below the
e central plane of cells. Images were taken every 2 s for a duration of 120 s.

642 Images were analyzed using a custom Matlab code as described previously (Wollrab et al.,
e3 2079). MreB-GFP images are first denoised by using a bandpass filter (bpass function from
s44 https://site.physics.georgetown.edu/matlab/code.html) with highpass and lowpass parameters
ess of 100 and 0.5 pixels, respectively. Images were subsequently rescaled by a factor of 5 using spline
e46 interpolation to achieve sub-pixel resolution. MreB spots were detected as local maxima inside
ez the cell boundary obtained by segmentation using the Morphometrics package (Ursell et al., 2017).
s MreB spots with an higher intensity than the cell background were considered for tracking. Local
649 Maxima were connected to construct raw trajectories based on their distance at consecutive time
60 points (Teeffelen et al., 2011) with a maximal displacement during subsequent time frames of 3
es1  pixels. After generating the tracks, we applied a Gauss filter in time (o = 1.5 time steps) in order to
62 decrease spatial noise. Tracks which have more than 7 localizations were considered for velocity
es3 distributions. Velocity is calculated from single displacement vectors of the smoothened trajectories.
64 Flux is then calculated by summing over all end-to-end distances of smoothened tracks that are
ess longer than 200 nm, normalized by total duration of the movie (2 minutes for all movies) and total
s surface area of all cells.

7 Single-particle tracking of PBP1b

ess  Prior to imaging, cells were centrifuged for 1 min and transferred to a pre-heated 1% agarose pad
es9  (Invitrogen) and covered with a pre-cleaned cover slip. Cover slips were cleaned by bath sonication
60 ina 1M KOH solution for 1h at 40°C. For D-cycloserine treatment (1 mM) (Fig. 4D), cells were treated
es1 in liquid culture (M63 minimal medium as indicated above) for 15, and 30 min, respectively, before
s2 placing cells on agarose pads containing the same medium and drug for SPT. Time indicates total
63 time of treatment. For recovery from D-cycloserine (Fig. 4E), cells were treated with D-cycloserine
664 for 30 min (1 mM) in liquid culture, then washed and grown in medium without drug for 3, 4, 15, or
éss 30 min, and then placed on agarose pads.

666 Images were acquired with exposure time and intervals of 60 ms for a duration of 20 s to 1 min.
67 To distinguish single molecules, this requires a photobleaching phase prior to image acquisition.
es 1o that end, the sample was exposed to 488 nm laser in epifluorescence or HILO (highly inclined
69 and laminated optical sheet) mode. Since both modalities resulted in the same fractions of bound
670 molecules, the bleaching or illumination modality did apparently not bias towards either state of
e71 molecules. After photobleaching, we either switched to HILO mode or remained in HILO mode
ez for image acquisition. Bleaching time is adjusted according to the level of PBP1b and illumination
73  intensity and was about 2 or 12 s for HILO and epi illumination, respectively. A longer bleaching
e74 time of 10 or 25 s was required for GFP-PBP1b overexpression (Fig. 4A, AV51 without repression).
675 To determine the bound fraction of GFP-PBP1b, we excluded areas without cells using the
e76 brightfield channel and a combination of standard pixel-based morphological operations. PBP1b
677 spots in fluorescence images were identified using the ThunderStorm plug-in for ImageJ (Ovesny
e7s et al., 2014) with wavelet filtering. The peak detection threshold was equal to the standard deviation
e79 Of the first wavelet levels of input image (Wave.F1). Sub-pixel resolution was achieved by finding
es0 the center of a two-dimensional Gaussian fitted to the intensity profile of each spot. Spots in
631 subsequent frames were then connected using the nearest-neighbor algorithm from TrackPy with
s2 @ maximum step length of 300 nm (Allan et al., 2016). For D-cycloserine treatment experiments,
es3 TrackMate (Tinevez et al., 2017) was used for tracking with the same maximum step length and
s« allowance for 2 gaps. Here, we omitted cells segmentation as the number of localizations outside of
ess the cells was very low. To limit tracking mistakes, we discarded the frames where the peak density
ess  Was too high by only taking the last 15,000 peaks of each movie into account. The displacements
67 were fit using a two-state diffusion model from the SpotOn software package (Hansen et al., 2018),

19 of 42



Manuscript submitted to eLife

ess allowing to recover the percentage of bound molecules, the peak localization precision and the free
ess molecules’ diffusion constant. In the reference strain (strain AvV44 with near-WT levels of PBP1a and
e0 PBP1b)and in D-cycloserine-treatment/recovery experiments the diffusion constant of the "bound"
61 molecules was left as a free parameter and found to be compatible with immobilization of these
e2 molecules (D,,,,; < 0.001 um?/s, top). For the rest of the analysis we fixed D4 = 0.

sz Bocillin-labeling of the PBPs

¢4 The bocillin-binding assay used to check the absence of non-fluorescent PBP1ab is similar to
es whatis used in (Cho et al., 2016; Kocaoglu et al., 2012). We prepared exponentially-growing cells
696 at ODgoy~0.4. We washed 1.8 ml of each culture in PBS, resuspended them in 200 pl PBS and
67 kept cultures on ice. We disrupted cells by sonication (FB120, Fisher Scientific) and centrifuged
e them for 15 min at 4°C (21,000 g). We subsequently resuspended the pellet corresponding to the
69 membrane fraction in 50 pl PBS containing 15 uM fluorescently labelled Bocillin-FL (Invitrogen).
0 Membranes were incubated at 37°C for 30 min and washed once in 1 ml PBS. We centrifuged
70 the membranes for 15 min (21,000 g) and resuspended them in 50 pl PBS to remove unbound
702 Bocillin-FL. We measured the protein concentration of each sample with a colorimetric assay based
703 on the Bradford method (Bio-Rad) and loaded equal amounts of protein mixed with 4X Laemmli
704 buffer onto a 10% polyacrylamide gel (Miniprotean TGX, Bio-rad). We visualized the labelled proteins
705 with a Typhoon 9000 FLA imager (GE Healthcare) with excitation at 488 nm and emission at 530 nm.
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Figure 1 - Supplement 1. Passage probability of the different CRISPR guides used in this study. This is
measured by fluorescence microscopy in strain AV47 (LC69 HK022::P,,,-msfgfp, A::P1,7-mcherry)/pCRRNAcos for
crRNA or pAV20 for sgRNA. When used to repress the RFP-PBP1a and GFP-PBP1b fusions in Av44, the
repression level may be different because of genetic feedback. A: Repression of GFP and RFP by crRNAs
expressed from the pcrRNAcos vector. B: Repression of GFP and RFP by sgRNAs expressed from the pAvV20
vector. See table 1 for the sequences of the guides. Relative fluorescence is expressed as a percentage of
AV47/pAV20 G@-RQ, i.e. without repression. Data is from Vigouroux et al. (2018).
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Figure 1 - Supplement 2. A: The RFP-PBP1a and GFP-PBP1b fusions are the only forms of aPBPs present in
AV44, Fluorescent bocillin binds specifically to Penicillin Binding Proteins (PBP). The change in band intensity
after repression by CRISPR does not reflect the change in fluorescence measured by microscopy for the same
conditions, presumably because bocillin only labels potentially active molecules.

All experiments are done in AV44/pcrRNAcos with crRNA as annotated. B-C: Diameter of single cells at different
levels of GFP-PBP1b (B) or RFP-PBP1a fusion (C), in strains AV100 (AV51 HK022::P,,,-GFP-PBP1b) and AV101
(AV50 HK022::P, ,-RFP-PBP1a) respectively. Different colors indicate different concentrations of arabinose, from
0% to 1%.
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Figure 1 - Supplement 3. Quantification of GFP-PBP1b by semi-quantitative SDS-page.

A: Purified msfGFP-6xHis. Left: Elution fraction loaded in a 4-20% acrylamide gel stained with Coomassie blue.
The predicted msfGFP-6xHis molecular weight is ~28,42 kDa. Right: visualization of the in-gel fluorescent signal.
B: Representative 4-20% acrylamide gel with decreasing amounts of purified msfGFP-6xHis (first 3 lanes),
followed with whole cell extracts of LC69, AV44 or AV51 with pAV20 as annotated. Approximately 30 pg of
proteins were loaded. msfGFP-PBP1b isoforms: isoform a (predicted molecular weight 94,32 kDa, 121,1 kDa
tagged with msfGFP), isoform p (predicted molecular weight 88,91 kDa, 115,69 kDa tagged with msfGFP). Top:
GFP fluorescence measurement. Bottom: Coomassie blue staining. There is no signal of the purified
msfGFP-6xHis fusion protein because the amount loaded is probably below sensitivity limit for Coomassie blue
staining.
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Figure 1 - Supplement 4. Residual PBP1a and PBP1b levels in response to CRISPR-based repression,
measured by fluorescence microscopy.

Left: The same CRISPR guides produce different repression strength on GFP, depending on whether it is
expressed constitutively in AV47 (186::P-dCas9, HK022::P,,7-msfgfp, A::P41,7-mcherry) or fused to PBP1b in the
native locus (AV44). Right: Same experiment on the RFP-PBP1a fusion, on AV44, showing no evidence for
feedback. sgRNAs are expressed from pAV20 with sgRNA G@, R@, G14 or R20 as annotated. In each case,
relative fluorescence is expressed as a percentage of the fluorescence of the same strain carrying the pAv20
G@-R@ control plasmid, i.e. without repression.
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Figure 1 - Supplement 5. Dimensions of individual cells before lysis due to PBP1ab repression, in LB
Strain: AV44/pAV20 G20-R20. Imaging starts 4h45 after the induction of the CRISPR system. Cell length and cell
diameter are normalized with respect to the dimensions of the cell in the first frame of the movie. Solid lines
are living cells, dashed lines are lysed cells (phase-bright). Colors are arbitrary.
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Figure 2 - Supplement 1. Amount of incorporated *H-mDAP per optical density as a function of time
Strains are AV84 (AV44 AlysA)/pAV20 G@-R@, AV84/pAV20 G14-R20, AV84/pAV20 G20-R@ and AV105 (AV84
APBP1b)/pAV20 G@-R@, from left to right. The incorporated 3H-mDAP per cell is fit with formula

kin/7 + koy (1 — e +kaudty where k;, is the rate of mDAP incorporation, and k,,, the rate of turn-over, y the
growth rate and ¢ the time (min). y was measured to be 0.0069 min~!, k,,, was fit jointly for all curves and is
equal to 0.012 min—!. Left: Colored curves are exponential fits (see methods) to the raw measurements (open
symbols). Each color represents one biological replicate. CPM/ODgqq values are proportional to the amount of

incorporated mDAP per cell. Right: Fit values for the k;, parameter. Experiment done in minimal medium.
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Figure 2 - Supplement 2. UPLC-UV chromatograms of the peptidoglycan after digestion by muramidase.
From top to bottom, strains are AV84/pAV20 G@-R®@, AV84/pAV20 G14-R20, AV84/pAV20 G20-R@ and
AV105/pAV20 G@-RQ (APBP1b). Abs: absorbance.
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Figure 2 - Supplement 3. Growth curves before and after osmotic shock in minimal medium.

Strains are AV44 or AV93 (AV44 AmscSL) with either pAV20 G@-R@ or G14-R20. Vertical lines mark the time of
centrifugation, medium removal and resuspension in a medium of lower osmolarity. Normalized OD: Optical
density normalized with respect to the value at the time of the medium shift. Each curve is one biological
replicate. Experiment done in a plate-reader.
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Figure 3 - Supplement 1. Effect of depletion of peptidoglycan precursors measured by MreB motion.
Top: Probability distributions of the instantaneous velocity of MreB-msfGFP measured upon D-cycloserine
treatment using strain B172 (MG1655 mreB::mreB-msfgfp) (A-C), or during depletion of mDAP in an auxotroph,
B176 (MG1655 asd-1, mreB::mreB-msfgfp) (D). Bottom: Flux of MreB-msfGFP corresponding to the experiments
in A, B, respectively. Flux is calculated as sum of track end-to-end distances divided by total cell area and movie

duration. Medium is M63 minimal medium or LB, as indicated.
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Figure 3 - Supplement 2. UPLC-UV analysis of the peptidoglycan, either on cells grown without treatment, or
after 1h of 1 mM D-cycloserine treatment in MG1655 in LB.
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Figure 3 - Supplement 3. Damage sensitivity and recovery in LB. A: Sensitivity to 1 mM D-cycloserine, for
MG1655 (WT) and B150 (APBP1b)/pBCO3 (pBAD33-P,,PBP1b) with arabinose (overexp.) or without arabinose
(non-induced). B: Recovery after washout from 22 min of D-cycloserine treatment (1 mM), for B150/pBC03.
PBP1b is either always induced, never induced, or induced 5 min before D-cycloserine washout. C: Sensitivity to
mDAP depletion in the mDAP auxotroph B151 (FB83 asd-1 (Teeffelen et al., 2011)) for WT or B157 (FB83 APBP1b
asd-1)/pBCO3 for non-induced/overexp. PBP1b is expressed at different levels like in (A). D: Recovery of B157
(FB83 APBP1b asd-7)/pBC03 after 32 min of mDAP depletion. PBP1b is either always induced, never induced, or
induced 5 min before mDAP repletion/recovery.

Shaded areas correspond to mean + standard deviation of 3 biological replicates. Growth measurements are
performed in shaking flasks (A) or microplate reader (B-D) in LB. WT: wild-type. Normalized OD: optical density
normalized to the initial value, at the beginning of the treatment or recovery.
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Figure 3 - Supplement 4. Detection of lysis events during D-cycloserine recovery. Sample images from
movies taken during recovery from 32 minutes of 1 mM D-cycloserine treatment, with PBP1b never induced
(top) or induced 10 min before drug washout (bottom). Two frames are super-imposed: 10 min after washout
(red) and 25 min after washout (cyan). Growing cells have extended and thus appear to have cyan extremities.
Lysed cells have typically shrunk and appear to have red extremities. They can also have bulged, making a cyan
protrusion appear on the side of the cell. Cells that were already lysed on the first frame were not counted.
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Figure 3 - Supplement 5. Alleviating effect of PBP1b expression after transient D-cycloserine treatment.
A,C: Instantaneous effective growth rate (sum of rates of growth and lysis) of B150/pBC03 as a function of time
after drug washout following 32 min (A) or 22 min (C) of D-cycloserine treatment (1 mM) in minimal medium (A)
or LB (B). PBP1b was induced either never (yellow) or right before washout (blue). Growth rate is calculated from
an exponential fit to ODggq measurements (Fig. 3D for minimal medium, Fig. 3 - Supplement 3B for LB) from

three consecutive time points. B: Two-sided t-test between instantaneous growth rates at different time points
indicates that PBP1b-expressing strains undergo significantly less lysis than non-expressing cells within 20 min
after drug washout. The x-axis displays the last of the three time points considered for growth-rate calculation.
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Figure 3 - Supplement 6. The E313D mutant of PBP1b (PBP1b*) enables growth without LpoB, but does
not rescue D-cycloserine recovery. A: Verification of PBP1b*'s functionality in ALpoB, in AV130 (GFP-PBP1b%*,
RFP-PBP1a, ALpoB) with single-guide RNAs carried by pAvV20. With pAV20 G@-R®, both PBP1a and PBP1b* are
expressed to high levels. With pAV20 G@-R20, PBP1a is repressed strongly and only PBP1b* remains. With
pAV20 G20-R20, both PBP1a and PBP1b* are strongly repressed, leading to culture collapse. B: Recovery of
AV29 (APBP1b), AV31 (GFP-PBP1b) and AV128 (GFP-PBP1b*, ALpoB) after 32 min of 1 mM D-cycloserine
treatment. Shaded areas correspond to mean + standard deviation of 3 biological replicates. OD: optical
density. All measurements are done in M63 minimal medium using a plate reader.
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Figure 3 - Supplement 7. Sensitivity to 100 pM D-cycloserine at different levels of PBP1b. Growth curves
of AV29 (APBP1b), AV31 (GFP-PBP1b), MG1655 and AV128 (GFP-PBP1b*, ALpoB) in LB, measured with a plate
reader. The fusions to GFP are expected to be over-expressed to about 370% of WT level. Shaded areas
correspond to mean * standard deviation of 3 biological replicates. Normalized OD: Optical density normalized
to its value at the time of washout.
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Figure 4 - Supplement 1. Tracking of single molecules and quantification of the fraction of bound
molecules.

Left: Sample tracks corresponding to bound and diffusive GFP-PBP1b molecules, overlaid on a brightfield
image using strain AV44/pCRRNAcos G10-R18 (280% PBP1a, 130% PBP1b). Right: Observed and fit distributions
of particle jump lengths over n time steps of Az each, obtained using the Spot-On tool. Samples distributions
are for one replicate of strain AV44/pCRRNAcos G10-R18.
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Figure 4 - Supplement 2. Localization of bound molecules.

A-B: Mean positions of bound molecules with respect to a normalized cell-coordinate system, using 195 tracks
in 67 cells of AV51 (AV44 APBP1a)/pCRRNAcos with crRNA G10 (130% PBP1b with respect to WT) (A) and 130
tracks in 58 cells of AV44/pCRRNAcos with crRNA G10-R18 (130% PBP1b, 280% PBP1a with respect to WT) (B).
Bound molecules were identified among tracks with at least 5 time points according to their MSD

(MSD,_gpms < 50nm?2). Tracks were assigned to a cell if the distance from the axis of the cell was below 0.5 ym.
The average length of cells was 3.5 pm. x-coordinate: Position of the track along the cell centerline, normalized
by cell length. y-coordinate: Distance from cell centerline. C-D: Histograms of mean track positions along cell
centerline normalized by cell length.
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Figure 4 - Supplement 3. Diffusion coefficient of non-bound molecules during D-cycloserine treatment
or recovery.

Dyee Of GFP-PBP1b at different times during 1TmM D-cycloserine treatment (A) and during recovery from 30 min
of 1 mM D-cycloserine treatment (B) in the strain AV51/pCRRNAcos G10-R@. Corresponding bound fractions are
provided in Figure 4 (D-E).
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Figure 4 - Supplement 4. Calculated bound fraction of the PBP1b* mutant, compared to PBP1b with
and without LpoB. The strains are AV44 (GFP-PBP1b, RFP-PBP1a), AV110 (GFP-PBP1b, RFP-PBP1a, ALpoB) and
AV130 (GFP-PBP1b*, RFP-PBP1a, ALpoB). The PBP1a and PBP1b variants are repressed to 280% and 130% of WT
level respectively using pAvV20 G10-R18. Horizontal lines are means. P-values are from permutation tests.
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20 Supplementary files

Supplementary File 1. Strains, plasmids, DNA fragments and oligonucleotides used in this study.

All gene deletions were done by P1 transduction from the Keio collection (Baba et al., 2006). Py-dcas9 refers to
the cassette described in Cui et al. (2018) that minimizes the "bad seed" effect.

MG1655 is a gift from Didier Mazel.
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21 Supplementary Videos

Figure 1 - video 1. video of a cell of AV44/pAV20 with sgRNA G20-R20, bulging then lysing. Timestamps start at
the beginning of the movie, 5h after CRISPR induction. Corresponds to Fig 1E.

Figure 2 - video 1. video of sample cells in phase-contrast microscopy during a 1 osm osmotic downshock.
Cells are expanding when the lower-osmolarity medium is flushed in the tunnel. The osmotic downshock
happens at 6 seconds. Corresponds to Fig 2B.

Figure 3 - video 1. Movie of MG1655 cells lysing following D-cycloserine treatment in LB. Timestamps start at
the moment when the cells are transfered on the agarose pad with D-cycloserine. Corresponds to Fig 3A.

Figure 3 - video 2. Sample of movies used for single-molecule tracking of MreB-GFPgy, with overlaid
trajectories. Top: Untreated cells, Middle: D-cyc treatment (20 min time point), Bottom: mDAP depletion (30
min time point). Corresponds to Fig 3 - Supplement 1.

Figure 4 - video 1. Sample of TIRF-microscopy movies used for single-molecule tracking of GFP-PBP1b, with
overlaid trajectories.

Left: AV51/pAV20 G14-R@ (PBP1b at 30% of WT, APBP1a).

Right: AV44/pAV20 G14-R@ (PBP1b at 30% of WT, PBP1a at 1300% of WT).

These samples correspond to the conditions in Fig 4B.

37 of 42



Manuscript submitted to eLife

2 Supplementary datasets for figures and tables
%23 Source Data File 1 - Data related to Figure 1
924 Thefile Figl_Data.xlsx contains:

Sheet Description

Fig1B Calculated doubling times for each strain and guides.
Fig1B_raw_curves Raw optical density as a function of time, used to calculate the doubling times.

Fig1C_PBP1a Single-cell measurements of fluorescence, diameter and length. Some cells

Fig1C_PBP1b have zero fluorescence, meaning that they were too close from other cells for
accurate quantification of fluorescence. However, their contour was still used
to calculate the median diameter in the population.

Fig1D Median fluorescence, cell diameter and cell length for cells with different
repression levels of either mrdAB or mreBCD.
Fig1E Raw optical density as a function of time for AV44 pAv20 G20-R20.

925
Fig1S2A Single-cell measurements of GFP-PBP1b fluorescence, diameter and length at

different arabinose concentrations.

Fig1S2B Single-cell measurements of RFP-PBP1a fluorescence, diameter and length at
different arabinose concentrations.

Fig1S4_PBP1a Single-cell measurements of GFP and RFP in AV47, or GFP-PBP1b and RFP-
Fig1S4_PBP1b PBP1ain Av44.
Fig1S5 Cell dimensions as a function of time during lysis of AV44 pAv20 G20-R20.

If the Lysed variable is true, the cell is blurry, phase-bright or its diameter
suddenly decreased, indicating the the cell has lysed.

Fig1S6 Raw data for the HPLC of mutanolysin-digested cell wall, including the reten-

tion times and associated absorbance in UV.
926

%27 The file SDS_page.zip can be found on dryad (https://doi.org/10.5061/dryad.9s4mwémb?9). The file
928 contains uncropped SDS-page gels images for Fig1S2A (Bocillin), Fig1S3AB (GFP and Coomassie).
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%29 Source Data File 2 - Data related to Figure 2
s30 The file Fig2_Data.x1sx contains:

Sheet Description

Fig2A UPLC-UV profiles, peak intensities and calculated values for different levels of
aPBPs.

Fig2B Summary statistics for each cell, including fluorescence (for identification),

diameter and length before and after the shock.

Fig2B_raw_cells Dimensions of every cell as a function of time. Also includes criteria used for
quality control: focus score, concavity score, standard deviation of the cell’s
centroid during the movie, centroid position.

931

Fig2C Optical density, raw and scaled, as a function of time before and after the
medium replacement.

Fig2S1 CPM values for 3H-mDAP inserted in the cell wall as a function of time with
associated optical density, and the insertion rate calculated from the curve
fitting.
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932 Source Data File 3 - Data related to Figure 3
933 The file Fig3_Data.x1sx contains:

Sheet Description

Fig3A Cell length as a function of time during D-cycloserine treatment of MG1655.
If the Lysed variable is true, the cell is blurry, phase-bright or its diameter
suddenly decreased, indicating the the cell has lysed. Imaging starts 10 min
after the beginning of treatment.

Fig3B UPLC-UV profiles, peak intensities and calculated values with and without
D-cycloserine treatment.

Fig3seB Optical density as a function of time for different strains (including the PBP1b*
mutant) during D-cycloserine recovery in M63.

Fig3D Optical density as a function of time for different strains during D-cycloserine
recovery, following 32 min of treatment in M63.

Fig3F Average doubling time measured on single cells during D-cycloserine recovery.

Fig3G For each field of view, total number of cells and number of lysis events
between 10 min and 25 min of D-cycloserine recovery, with associated lysis
probability.

Fig3S1_minimal Flux of MreB, track length distribution and velocity distributions for different

934 time points during D-cycloserine treatment and D-cycloserine recovery in

M63.

Fig3S1_LB Idem for D-cycloserine treatment and mDAP depletion in LB.

Fig3S3A Optical density as a function of time for different strains during D-cycloserine

treatmentin LB.

Fig3S3B Optical density as a function of time for different strains during D-cycloserine
recovery in LB.

Fig3S3C Optical density as a function of time for different strains during mDAP deple-
tion in LB.

Fig3S3D Optical density as a function of time for different strains during mDAP recovery
in LB.

Fig3S6A Optical density as a function of time for the strain AV130 repressed with

different CRISPR guides, starting from induction time.

Fig3seB Optical density as a function of time for different strains (including the PBP1b*
mutant) during D-cycloserine recovery in M63.

Fig3S7 Optical density as a function of time for different strains during 100 pM

D-cycloserine treatment in M63.
935

a3 Tracking data are found in the file Tracking.zip on dryad (https://doi.org/10.5061/dryad.m37pvmcxq).
937 Contents related to Figure 3:

Sheet Description

e Fig3S1_tracks One file for each of the movies analyzed in Fig. 351, with the coordinates of

each peak of MreB-GFPs,, and associated track index.
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939

940

941

942

943

944

945

Source Data File 4 - Data related to Figure 4
The file Figd_Data.x1sx contains:

Sheet Description

FigdABC Parameters obtained for the fit of displacements for different strains, each
letter corresponding to one biological replicate.
“chi2” is an indicator for the goodness of fit.

FigdD Parameters obtained for the fit of displacements as a function of time during
D-cycloserine treatment.

FigdE Parameters obtained for the fit of displacements as a function of time during
D-cycloserine recovery following 25 min of treatment.

FigdS4 Bound fractions obtained for the fit of displacements with PBP1ab around
WT levels, with either WT PBP1b and LpoB, WT PBP1b and no LpoB, or PBP1b*
and no LpoB.

Tracking data are found in the file Tracking.zip on dryad (https://doi.org/10.5061/dryad.m37pvmcxq).
Contents related to Figure 4:

Sheet Description

FigdABC_tracks One file for each of the movies analyzed in Fig. 4ABC, with the coordinates
of each peak of GFP-PBP1b and associated track index. Letters indicate
replicates and numbers movies.

FigdD_tracks One file for each of the movies analyzed in Fig. 4D, with the coordinates of
each peak of GFP-PBP1b and associated track index.

FigdE_tracks One file for each of the movies analyzed in Fig. 4E, with the coordinates of
each peak of GFP-PBP1b and associated track index.

FigdS4_tracks One file for each of the movies analyzed in Fig. 454, with the coordinates of
each peak of GFP-PBP1b and associated track index.
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s Source Data File 5 - Data related to Table 1
947 The file Tablel_Data.xlsx contains:

Sheet Description
SDS-page Absolute values for quantification of GFP-PBP1b by SDS-page.
SDS-page_raw Raw peak intensity from the SDS-page.
948
DIA_and_PRM Raw data for mass-spectrometry quantification of PBP1a and PBP1b, using

DIA and PRM with 2 different peptides.

GFP-PBP1b_Fluo  Median concentration of GFP-PBP1a/b after repression by different spacers,
RFP-PBP1a_Fluo as a percentage of AV44 G@-R@'s median value.
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