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ABSTRACT 14 
The bacterial HflK-HflC membrane complex is a member of the highly conserved SPFH protein family, 15 
which is found throughout all domains of life and includes eukaryotic stomatins, flotillins, and prohibitins. 16 
These proteins organize cell membranes and are involved in various processes. However, the exact 17 
physiological functions of most bacterial SPFH proteins remain unclear. Here, we report that the HflK-18 
HflC complex in Escherichia coli is required for growth under high aeration. The absence of this complex 19 
causes an aerobic growth defect due to a reduced abundance of IspG, a crucial enzyme in the 20 
isoprenoid biosynthetic pathway. This reduction leads to lower levels of ubiquinone, reduced respiration, 21 
lower ATP levels, and misregulated expression of respiratory genes. The regulation of aerobic 22 
respiration by the HflK-HflC complex resembles the mitochondrial respiratory defects caused by 23 
prohibitin mutations in mammalian and yeast cells, suggesting a functional commonality between these 24 
bacterial and eukaryotic SPFH proteins.  25 
 26 
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INTRODUCTION 30 
 31 
Members of the SPFH (Stomatin, Prohibitin, Flotillins, and HflK-HflC) protein family have been identified 32 
in all three domains of life1, 2. A common feature of these membrane proteins is an evolutionarily 33 
conserved prohibitin homology (PHB) domain (also called SPFH domain), which may have lipid-protein 34 
binding properties3. The SPFH proteins share a common property of self-oligomerization into large 35 
membrane-spanning or membrane-anchored complexes, and they appear to have diverse but poorly 36 
understood functions, mostly related to the organization of lipid membranes4–6.   37 

In eukaryotic cells, SPFH proteins are present at various cellular locations, including the plasma 38 
membrane, Golgi apparatus, mitochondria, and endoplasmic reticulum3, 7, where they play an important 39 
role in scaffolding proteins and specific lipids within lipid domains. The SPFH proteins are involved in 40 
various biological processes, with stomatins contributing to the regulation of ion channels8, 9, and flotillins 41 
being associated with signal transduction, endocytosis, and neuronal regeneration7, 10, 11. Prohibitins, 42 
located in the inner mitochondrial membrane, form large hetero-oligomers that interact with the AAA+ 43 
membrane protease12. The absence of prohibitins affects several cellular processes, including cell 44 
proliferation, apoptosis, and respiration, but the mechanisms behind these effects are still unknown13–45 
16.  46 

Bacterial SPFH family proteins were described more than two decades ago1, but their functions are 47 
even less understood than those of their eukaryotic counterparts. Research on Gram-positive bacteria 48 
has revealed certain structural and functional similarities between eukaryotic and bacterial flotillins17, 49 
with the scaffolding activity of these bacterial flotillins being important for the regulation of membrane 50 
fluidity and the assembly of protein complexes involved in signal transduction18–20. Even less is known 51 
about the functions of SPFH proteins in Gram-negative bacteria. In Escherichia coli, four proteins 52 
containing the PHB domain have been identified: QmcA, YqiK, and the complex HflK-HflC (=HflKC), all 53 
of which are localized in the inner membrane. While the functions of QmcA and YqiK remain unclear, 54 
the HflKC complex is known to interact with FtsH, an integral membrane ATP-dependent Zn2+ 55 
metalloprotease belonging to the AAA+ family of ATPases21. HflK and HflC have a similar secondary 56 
structure consisting of a single transmembrane helix at the N-terminus followed by large periplasmic 57 
SPFH1 and SPFH2 domains and coiled-coil domains. HflK, HflC, and FtsH form a large structure 58 
consisting of 12 copies of the HflKC heterodimer, providing a large compartmentalized cage for four 59 
embedded FtsH hexamers22, 23. This complex shares features with the multimeric assemblies formed by 60 
eukaryotic prohibitins in the inner membrane of mitochondria interacting with a hexameric AAA+ 61 
protease homologous to FtsH24, 25.  62 

FtsH degrades membrane and cytoplasmic proteins involved in several cellular pathways26, 27, 28, and 63 
deletion of the ftsH gene causes a severe growth defect29. In contrast, no pronounced growth phenotype 64 
has been reported for E. coli lacking the HflKC complex30, and the physiological significance of this 65 
complex, including the HflKC-dependent regulation of FtsH, remains unclear28. Here, we demonstrate 66 
that the HflKC complex is necessary for growth under conditions of high aeration. This effect could be 67 
explained by a decrease in the abundance of IspG, a key enzyme in the isoprenoid biosynthesis 68 
pathway, resulting in reduced levels of ubiquinone, which is essential for aerobic respiration. These 69 
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findings reveal a novel function of the HflKC complex in aerobic respiration, which may be analogous to 70 
the function of eukaryotic prohibitins in mitochondria. 71 
 72 
 73 
RESULTS 74 
 75 
HflKC complex is important for E. coli growth under high aeration 76 
When an E. coli strain deleted for the hfl genes was phenotyped under various conditions, it exhibited a 77 
growth defect that was dependent on aeration and medium composition. When E. coli was cultured in 78 
rich tryptone broth (TB) medium on an orbital shaker, the growth of both single and double deletions of 79 
the hflK and hflC genes was similar to that of the wild-type strain at low shaking rates (Figures 1A and 80 
S1A). However, at higher shaking rates, the growth of the ΔhflK ΔhflC (= ΔhflKC) strain was significantly 81 
slower than that of the wild-type strain (Figures 1B-1D and S1B, S1C). While wild-type growth increased 82 
at higher shaking rates, as expected from better aeration, growth of the ΔhflKC mutant actually 83 
decreased. A weaker but similar growth defect was observed for the ΔhflK strain, whereas the ΔhflC 84 
strain did not differ from wild-type growth. The observed growth defect of the ΔhflKC strain was specific, 85 
as it could be largely complemented by co-expressing the hflK and hflC genes from a plasmid (Figures 86 
1E and 1F).  87 
These results indicate that the absence of the HflKC complex or of HflK causes a specific aeration-88 
dependent growth phenotype. Interestingly, however, no growth defect was observed for the ΔhflK and 89 
ΔhflKC strains at high aeration in an even richer Luria-Bertani (LB) medium (Figures 1G, 1H and S1D), 90 
which contains yeast extract in addition to the tryptone and NaCl that are present in both LB and TB. 91 
We therefore tested whether the addition of a fermentable carbon source to TB could restore the growth 92 
of the ΔhflKC mutant. However, while supplementation of TB with glucose resulted in faster growth, the 93 
difference between the ΔhflKC strain and the wild type remained (Figures S1E and S1F). The growth 94 
phenotype of the ΔhflKC strain further remained evident when cells were cultured at high aeration in M9 95 
minimal medium containing glucose as the sole carbon source (Figures S1G and S1H). Consistent with 96 
the aeration dependence of the growth defect observed for the ΔhflKC strain, no difference in growth 97 
from the wild type was observed in TB under anaerobic conditions (Figures S1I and S1J).  98 
 99 
Absence of HflKC complex affects the abundance of respiration-related proteins  100 
To identify possible causes for the observed growth defect, we first analyzed changes in whole-cell 101 
protein levels caused by deletion of the hflK and hflC genes for E. coli cultures grown in LB or TB under 102 
strong shaking. Consistent with similar growth of the ΔhflKC and wild-type strains in LB (Figure 1G), 103 
only a small number of proteins showed pronounced differences in abundance under these conditions 104 
(Figure 2A; Tables 1 and S1). In contrast, differences between cultures grown in TB, where the deletion 105 
strain showed a growth defect at high aeration (Figure 1B), were much more extensive (Figure 2B; Table 106 
S2). Fewer differences in protein composition were observed when the two strains were grown under 107 
anaerobic conditions (Figure 2C; Table S3), consistent with their similar growth (Figure S1I).   108 
Despite this dependence on incubation conditions, the levels of several proteins showed consistent 109 
differences between the ΔhflKC and wild-type strains (Figure 2D). Among the proteins whose 110 
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abundance was significantly perturbed under aerobic conditions in both LB and TB were two cytochrome 111 
quinol oxidases, CyoABCD (bo3) and CydAB (bd), which are used by E. coli under aerobic (i.e., high 112 
O2) and microaerobic (low O2) conditions, respectively31. The levels of two cytochrome quinol oxidases 113 
showed opposite changes, with the catalytic subunits CyoAB of the aerobic quinol oxidase bo3 being 114 
reduced in the ΔhflKC strain, whereas the levels of the microaerobic quinol oxidase CydAB were 115 
increased. The expression of several other respiration-related proteins was also affected in LB (Figure 116 
2E; Table S1), and even more so in TB under aerobic conditions (Table S2).   117 
We also observed a strong reduction in the levels of two metabolic enzymes, UbiE and IspG, which are 118 
involved in the biosynthesis of respiratory chain electron carriers. UbiE methyltransferase is part of the 119 
ubiquinone and menaquinone biosynthetic pathway32. IspG belongs to the methylerythritol phosphate 120 
(MEP) pathway and catalyzes the conversion of ME-cPP (2C-methyl-D-erythritol 2,4-cyclodiphosphate) 121 
to HMBPP (hydroxymethylbutenyl 4-diphosphate), a key substrate for the production of isoprenoids, 122 
which are also required for quinone biosynthesis33 (Figure 3A). The reduced abundance of these two 123 
enzymes was also observed even under anaerobic conditions and thus independent of the respiratory 124 
status of the E. coli cells. Notably, although the change in UbiE level was below the significance 125 
threshold in TB under aerobic conditions, its expression was still reduced (Figure 2B). 126 
In addition to the cluster of respiration-related proteins, significant changes in the levels of other proteins 127 
were also observed in the ΔhflKC strain. In particular, proteins involved in motility and chemotaxis were 128 
downregulated in LB (Figure 2E; Table S1) and also in TB under both aerobic and anaerobic conditions 129 
(Tables S2 and S3). Notably, the abundance of known FtsH substrates34 and of FtsH itself was not 130 
significantly affected in either LB or TB (Figures S2A and S2B), confirming that the ΔhflKC deletion does 131 
not lead to a general change in FtsH activity.  132 
Although our primary focus was on the phenotype of the strain lacking the entire HflKC complex, we 133 
also evaluated the individual effects of the hflK and hflC deletions. Consistent with their growth, the 134 
proteome profiles of the ΔhflKC and ΔhflK strains were similar (Figures 2A, 2B and S3A, S3C), whereas 135 
the ΔhflC strain showed little change in proteome composition compared to the wild type (Figures S3B 136 
and S3D). Thus, the phenotype observed in the ΔhflKC strains appears to be primarily due to the 137 
absence of HflK, whereas the absence of HflC can be tolerated by the cell and becomes apparent only 138 
in the background of the hflK deletion. Notably, both single deletions of hflK and hflC caused a reduction 139 
in the level of the other component of the HflKC complex (Figures S3A-S3D), but such a reduction in 140 
the case of the ΔhflC strain was apparently not sufficient to cause the growth phenotype or to affect 141 
proteome composition.  142 
 143 
ΔhflKC strain shows reduced ubiquinone levels, aerobic respiration, and ATP levels  144 
Given the greatly reduced levels of IspG in the ΔhflKC strain and the importance of the MEP pathway 145 
for the ubiquinone biosynthesis (Figure 3A), we examined the impact of the ΔhflKC deletion on the MEP 146 
pathway and on ubiquinone levels. Consistent with low IspG activity, the level of the IspG substrate ME-147 
cPP was largely elevated in the ΔhflKC strain compared to the wild type (Figure 3B), whereas the levels 148 
of the oxidized (ubiquinone-8) and especially the reduced (ubiquinol-8) forms of ubiquinone were 149 
strongly reduced (Figures 3C and 3D). Thus, the downregulation of IspG, and possibly also of UbiE 150 
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downstream in the pathway (Figure 3A), apparently causes a disruption in the ubiquinone biosynthesis 151 
in the absence of the HflKC complex.  152 
Because low levels of ubiquinone could cause a reduction in aerobic respiratory activity, we compared 153 
the consumption of dissolved oxygen by the ΔhflKC and wild-type cell cultures. Indeed, oxygen 154 
consumption by the ΔhflKC cell culture was significantly reduced (Figures 3E and S4). Further 155 
consistent with reduced respiration, the level of reactive oxygen species (ROS) assessed using the 156 
dichlorodihydrofluorescein (DCF) probe (Figure 3F and S5), as well as the membrane potential 157 
assessed using the 3,3'-diethyloxacarbocyanine iodide DiOC2(3) probe (Figure 3G and S6) were also 158 
reduced in ΔhflKC cells.  159 
Such reduced respiration and the resulting decrease in membrane potential could lead to reduced ATP 160 
production in ΔhflKC cells. This decrease was indeed evident when the levels of ATP, ADP, and AMP 161 
were quantified in ΔhflKC and wild-type cultures using targeted metabolomics. We observed that the 162 
level of ATP was lower and the level of AMP was higher in ΔhflKC cells, whereas the level of ADP 163 
remained unchanged (Figure 3H). These changes in the levels of adenosine phosphate groups could 164 
result in a lower energy charge in ΔhflKC cells. 165 
 166 
Reduced levels of IspG account for the respiratory phenotype of the ΔhflKC strain 167 
Collectively, our data suggest that the lower ubiquinone levels, and consequently reduced aerobic 168 
respiration and poor growth at high aeration, may be due to low levels of IspG and/or UbiE. Since the 169 
reduction in IspG abundance was more pronounced and consistent across data sets, we hypothesized 170 
that it might be the primary cause of the observed respiratory phenotype. Indeed, induced expression 171 
of IspG from a plasmid restored ubiquinone (Figure 4A) and ubiquinol (Figure 4B) levels in ΔhflKC cells, 172 
as well as their oxygen consumption (Figures 4C and S7A), to wild-type strain levels. Growth of the 173 
ΔhflKC strain at high aeration (Figures 4D and 4E) and cell membrane potential (Figure 4F) also 174 
increased upon induction of IspG expression, even exceeding the wild type levels.  Thus, all the 175 
observed respiration-related phenotypes of the ΔhflKC strain could be complemented by the 176 
overexpression of IspG.   177 
Because ispG is essential in E. coli, we used dCas9 ispG knockdown to assess the effect of reduced 178 
IspG levels. This knockdown had no effect on E. coli growth at low aeration (Figure S7B), but reduced 179 
growth at high aeration (Figures 4G, 4H and S7C), effectively phenocopying the effects of ΔhflKC 180 
deletion. Changes in the abundance of several respiration-related proteins due to ispG knockdown were 181 
similar to those in the ΔhflKC strain (Figures 4I, 4J; Table S4), including reduced levels of UbiE and 182 
CyoAB and increased levels of CydAB. In contrast, the levels of motility-related and some other proteins 183 
were not affected by ispG knockdown, suggesting that their changes are unrelated to the reduced IspG 184 
levels.  185 
 186 
Changes in the abundance of respiratory proteins are caused by activation of the ArcAB system  187 
Finally, we investigated the mechanism responsible for the observed global changes in the abundance 188 
of respiratory proteins due to reduced levels of IspG. In E. coli, the levels of (oxidized) quinones are 189 
known to repress the two-component ArcAB system35. The latter, in turn, controls the expression of a 190 
large number of respiration-related genes to mediate the transition from aerobic to anaerobic growth36, 191 
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37. Thus, we hypothesized that the reduced ubiquinone biosynthesis in the ΔhflKC might cause activation 192 
of the ArcAB system, leading to downregulation of aerobic respiratory genes and induction of the 193 
microaerobic cytochrome oxidase bd-I.  194 
Indeed, although deletion of the arcB gene, which encodes the sensory kinase, itself negatively affected 195 
growth, we observed no additional impact of deletion of the hflKC genes in the ΔarcB background on 196 
aerobic growth in TB (Figures 5A, 5B and S8A, S8B). Furthermore, the changes in proteome 197 
composition caused by arcB deletion were largely opposite to those caused by hflKC deletion (Figures 198 
5C and 5D; Table S5), and no changes in the levels of CyoAB or CydAB proteins were observed when 199 
comparing ΔarcB and ΔhflKC ΔarcB strains (Figures 5E and F; Table S6).  This is consistent with our 200 
hypothesis that observed changes in the levels of respiratory proteins are dependent on the ArcAB 201 
system (Figure 5G). In contrast, the downregulation of IspG and UbiE, as well as of several other 202 
proteins, including those involved in motility, appears to be independent of the ArcAB system.   203 
 204 
The decrease in IspG levels is partly explained by its lower stability in the ΔhflKC strain 205 
To better understand the possible origin of the reduced abundance of IspG in the ΔhflKC strain, we first 206 
compared ispG transcript levels between the ΔhflKC and wild-type strains grown in LB at 220 rpm. Our 207 
RT-PCR analysis revealed no significant difference (Figure 6A; Table S7), ruling out transcriptional 208 
regulation as a cause of the reduced IspG levels. Since the HflKC complex interacts with FtsH, an 209 
alternative explanation could be an increased degradation of IspG in the absence of this complex. We 210 
therefore examined the stability of IspG in both the wild-type and ΔhflKC strains. This was done by 211 
quantifying changes in the levels of IspG in bacterial cultures incubated in LB for varying periods of time 212 
in the presence of the translation inhibitor chloramphenicol. While no reduction was observed in the 213 
wild-type cells, suggesting that IspG is stable in the presence of the HflKC complex, a significant 214 
decrease in IspG abundance was observed after 30 min and 60 min in the ΔhflKC strain (Figures 6B 215 
and S9A). Thus, in the absence of the HflKC complex, IspG degradation is moderately but significantly 216 
increased. A similar decrease in IspG stability in the ΔhflKC strain compared to the wild type was 217 
observed in cultures grown in TB at 100 rpm (Figures S9B and S9C).   218 
 219 
 220 
DISCUSSION  221 
Although SPFH proteins are conserved between prokaryotes and eukaryotes, suggesting their 222 
fundamental importance for cellular function, the specific roles of these proteins remain poorly 223 
understood2, 38. In particular, only a few examples of the functional importance of SPFH proteins have 224 
been reported in prokaryotes39–42. Studies of SPFH proteins in E. coli have so far identified mild 225 
phenotypes that have not been mechanistically explained30, 43. This is particularly surprising for the 226 
HflKC complex, which is known to form a large oligomeric inner membrane cage that encloses the nearly 227 
essential AAA-type protease FtsH22, 23 and is thought to regulate FtsH access to its substrates23.  228 
Here we demonstrate that the HflKC complex plays an important role during the growth of E. coli under 229 
conditions of high aeration. Our results suggest that the growth defect of the ΔhflKC strain under high 230 
aeration could be largely explained by a reduction in the level of IspG, an enzyme in the methylerythritol 231 
phosphate (MEP) pathway for isoprenoid biosynthesis (Figure 5G). The MEP pathway provides 232 
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essential precursors for several cellular processes44, including the biosynthesis of pigments and 233 
ubiquinone45–47. Indeed, the level of ubiquinone-8 was greatly reduced in ΔhflKC cells. In addition to 234 
limiting the precursor supply for ubiquinone biosynthesis, the low level of IspG may further decrease the 235 
production of ubiquinone-8 because of the downregulation of UbiE, one of the downstream enzymes 236 
involved in this biosynthetic pathway. The decrease in ubiquinone-8 biosynthesis leads to reduced 237 
aerobic respiration in ΔhflKC cells, probably due to low activity of cytochrome ubiquinol oxidases. This 238 
could be enhanced by their perturbed expression, including downregulation of the major E. coli 239 
cytochrome ubiquinol oxidase bo3 (CyoABCD), which operates under high O2 conditions, and 240 
upregulation of the less efficient cytochrome ubiquinol oxidase bd (and CydAB), which normally 241 
operates under microaerobic conditions31.   242 
This misregulation of cytochrome ubiquinol oxidases and several other respiration-related proteins could 243 
be largely explained by the activation of the two-component system ArcAB, which allows bacteria to 244 
adapt to changes in oxygen availability and activates the expression of genes involved in anaerobic 245 
respiration while inhibiting the expression of aerobic respiratory genes36. Its sensory kinase, ArcB, is 246 
normally repressed at high O2 by oxidized ubiquinone35, 48, but this repression appears to be alleviated 247 
in ΔhflKC cells due to the overall reduction in the ubiquinone levels, causing an aberrant activation of 248 
the ArcAB system. However, the levels of IspG and UbiE were affected by ΔhflKC deletion even in the 249 
absence of ArcB, confirming that the ArcAB system is downstream in this regulatory cascade.  250 
In contrast to TB or minimal M9 medium, no growth defect was observed for ΔhflKC cells in LB 251 
containing yeast extract, even at high aeration. Compared to TB, changes in the levels of respiration-252 
related proteins in LB were also limited to a smaller set of proteins, including IspG, UbiE, and both 253 
cytochrome oxidases. Possible explanations for this difference in growth could be the presence of 254 
isoprenoids or quinones in the yeast extract, which partially complement the effect of IspG and UbiE 255 
downregulation on ubiquinone biosynthesis and thus on respiratory activity, or a lower importance of 256 
respiration for E. coli growth in LB.   257 
In addition to the respiratory proteins, the absence of the HflKC complex led to changes in the levels of 258 
a number of other proteins independent of IspG regulation. The most prominent group of these 259 
respiration-independent proteins are those involved in E. coli motility. The levels of all classes of motility 260 
proteins were reduced in the ΔhflKC strain, indicating that the underlying mechanism is based on 261 
changes in the levels or activity of an upstream regulator.  262 
What is the cause of the severe reduction of IspG levels in ΔhflKC cells? Our results suggest that a 263 
decreased stability of IspG in the absence of the HflKC complex may be at least partly responsible for 264 
its lower level. This is most likely explained by increased degradation of IspG by FtsH in the absence of 265 
the HflKC complex, although this hypothesis remains to be proven. However, as the observed increase 266 
in IspG degradation was modest, other post-transcriptional regulatory mechanisms could not be ruled 267 
out.  268 
Interestingly, although the FtsH-regulatory HflKC complex normally contains equal number of HflK and 269 
HflC subunits22, we observed a striking asymmetry in the effects of individual deletions of the hflK and 270 
hflC genes. While the loss of hflK causes phenotypes similar to the absence of the entire HflKC complex, 271 
deletion of the hflC gene alone has no apparent effect and only slightly enhances the phenotype of the 272 
hflK deletion. This observation is even more surprising considering that deletion of hflC causes a 273 
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decrease in the level of HflK, as is frequently the case for the unassembled components of the 274 
heterooligomeric complexes49, 50. This implies that HflK alone, even at reduced protein levels, can largely 275 
carry out the function of the HflKC complex. Although the overall structures of HflK and HflC are similar, 276 
HflK has an additional C-terminal extension that resides inside the HflKC complex and interacts with 277 
FtsH, indicating that HflK may be more important for the assembly of the HflKC-FtsH complex and for 278 
FtsH regulation22, 23.  279 
Although HflK and HflC are phylogenetically distant from eukaryotic prohibitins PHB1 and PHB2, the 280 
PHB1-PHB2 complex also forms a ring-like heterooligomer in the mitochondrial membrane that 281 
regulates the activity of an AFG3L2 AAA+ metalloprotease homologous to FtsH22 24, 25. Notably, the 282 
PHB1-PHB2 complex is important for respiratory activity in human cells15 and associates with respiratory 283 
proteins51, 52. It has therefore been proposed to be involved in the assembly of respiratory complexes14, 284 
53, 54, but the relationship between such putative chaperone activity and the control of the associated 285 
protease by the PHB1-PHB2 complex remained unclear. Our results demonstrate a different mechanism 286 
of regulation of respiratory activity by the bacterial analog of this complex, through control of ubiquinone 287 
biosynthesis. Although the relevance of this mechanism for eukaryotes remains to be investigated, the 288 
structural and functional similarity of the HflKC and PHB1-PHB2 complexes suggests that a similar 289 
mechanism may operate in mitochondria.   290 
 291 
ACKNOWLEDGMENTS 292 
We thank Jörg Kahnt, Peter Claus, and Silvia Gonzalez Sierra for their technical assistance with 293 
proteomics, lipidomics, and flow cytometry measurements, respectively. We thank Seigo Shima for his 294 
help with anaerobic cultivation, Andreas Brune and Evgenii Protasov for help with oxygen consumption 295 
measurements, and Jorina Eckersberg for help with bacterial growth measurements. We thank Jing 296 
Yuan for her insightful discussions. This research was funded by the Max Planck Society and the 297 
IMPRS-µLife graduate program. 298 
 299 
AUTHOR CONTRIBUTIONS  300 
M.I.P.L. and V.S. conceived the study; M.I.P.L., P.L., N.P., and T.G. performed the measurements; 301 
M.I.P.L., P.L., G.A., N.P., T.G., and  H.L. analyzed the data; M.I.P.L. and V.S. wrote the paper with input 302 
from all other authors.  303 
 304 
DECLARATION OF INTERESTS  305 
The authors declare no competing interests.  306 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.21.590321doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.21.590321
http://creativecommons.org/licenses/by-nc/4.0/


9 
 

REFERENCES 307 
 308 
1. Tavernarakis, N., Driscoll, M., Kyrpides, N.C. (1999). The SPFH domain: Implicated in 309 

regulating targeted protein turnover in stomatins and other membrane-associated proteins. 310 
Trends Biochem. Sci. 24, 425–427. 10.1016/S0968-0004(99)01467-X. 311 

2. Hinderhofer, M., Walker, C.A., Friemel, A., Sturmer, C.A., Moller, H.M., Reuter, A. (2009). 312 
Evolution of prokaryotic SPFH proteins. BMC Evol. Biol. 9, 10. 10.1186/1471-2148-9-10. 313 

3. Morrow, I.C., Parton, R.G. (2005). Flotillins and the PHB domain protein family: Rafts worms 314 
and anaesthetics. Traffic. 6, 725–740. 10.1111/j.1600-0854.2005.00318.x. 315 

4. Browman, D.T., Hoegg, M.B., Robbins, S.M. (2007). The SPFH domain-containing proteins: 316 
more than lipid raft markers. Trends Cell Biol. 17, 394–402. 10.1016/j.tcb.2007.06.005. 317 

5. Boehm, M., Nield, J., Zhang, P., Aro, E.M., Komenda, J., Nixon, P.J. (2009). Structural and 318 
mutational analysis of band 7 proteins in the Cyanobacterium Synechocystis sp. strain PCC 319 
6803. J. Bacteriol. 191, 6425–6435. 10.1128/JB.00644-09. 320 

6. Takashi, T., Kirstin, Model, A., Thomas, L. (2005). Formation of Membrane-bound Ring 321 
Complexes by Prohibitins in Mitochondria. Mol. Biol. Cell. 15, 248–259. 10.1091/mbc.E04-09-322 
0807. 323 

7. Langhorst, M.F., Reuter, A., Stuermer, C.A.O. (2005). Scaffolding microdomains and beyond: 324 
The function of reggie/flotillin proteins. Cell Mol. Life Sci. 62, 2228–2240. 10.1007/s00018-005-325 
5166-4. 326 

8. Wetzel, C. et al. (2007). A stomatin-domain protein essential for touch sensation in the mouse. 327 
Nature. 445, 206–209. 10.1038/nature05394. 328 

9. Gillespie, P.G., Walker, R.G. (2001). Molecular basis of mechanosensory transduction. Nature. 329 
413, 194–202. 10.1038/35093011. 330 

10. Glebov, O.O., Bright, N.A., Nichols, B.J. (2006). Flotillin-1 defines a clathrin-independent 331 
endocytic pathway in mammalian cells. Nat. Cell Biol. 8, 46–54. 10.1038/ncb1342. 332 

11. Otto, G.P., Nichols, B.J. (2011). The roles of flotillin microdomains-endocytosis and beyond. J. 333 
Cell Sci. 124, 3933–3940. 10.1242/jcs.092015. 334 

12. Patron, M., Sprenger, H.G., Langer, T. (2018). M-AAA proteases, mitochondrial calcium 335 
homeostasis and neurodegeneration. Cell Res. 28, 296–306. 10.1038/cr.2018.17. 336 

13. Mishra, S., Murphy, L.C., Murphy, L.J. (2006). The prohibitins: Emerging roles in diverse 337 
functions. J. Cell Mol. Med. 10, 353–363. 10.1111/j.1582-4934.2006.tb00404.x. 338 

14. Merkwirth, C., Langer, T. (2009). Prohibitin function within mitochondria: Essential roles for cell 339 
proliferation and cristae morphogenesis. Biochim Biophys Acta- Mol. Cell Res. 1793, 27–32. 340 
10.1016/j.bbamcr.2008.05.013. 341 

15. Schleicher, M. et al. (2008). Prohibitin-1 maintains the angiogenic capacity of endothelial cells 342 
by regulating mitochondrial function and senescence. J. Cell Biol. 180, 101–112. 343 
10.1083/jcb.200706072. 344 

16. Osman, C., Merkwirth, C., Langer, T. (2009). Prohibitins and the functional 345 
compartmentalization of mitochondrial membranes. J. Cell Sci. 122, 3823–3830. 346 
10.1242/jcs.037655. 347 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.21.590321doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.21.590321
http://creativecommons.org/licenses/by-nc/4.0/


10 
 

17. Bach, J.N., Bramkamp, M. (2015). Dissecting the molecular properties of prokaryotic flotillins. 348 
PLoS ONE. 10, 11–15. 10.1371/journal.pone.0116750. 349 

18. Bach, J.N., Bramkamp, M. (2013). Flotillins functionally organize the bacterial membrane. Mol. 350 
Microbiol. 88, 1205–1217. 10.1111/mmi.12252. 351 

19. Lopez, D., Koch, G. (2017). Exploring functional membrane microdomains in bacteria: an 352 
overview. Curr. Opin. Microbiol. 36, 76–84. 10.1016/j.mib.2017.02.001. 353 

20. Schneider, J., Mielichsüss, B., Böhme, R., Lopez, D. (2015). In vivo characterization of the 354 
scaffold activity of flotillin on the membrane kinase KinC of Bacillus subtilis. Microbiol. 161, 355 
1871–1888. 10.1099/mic.0.000137. 356 

21. Chiba, S., Ito, K., Akiyama, Y. (2006). The Escherichia coli plasma membrane contains two 357 
PHB (prohibitin homology) domain protein complexes of opposite orientations. Mol. Microbiol. 358 
60, 448–457. 10.1111/j.1365-2958.2006.05104.x. 359 

22. Qiao, Z. et al. (2022). Cryo-EM structure of the entire FtsH-HflKC AAA protease complex. Cell 360 
Rep. 39, 110890. 10.1016/j.celrep.2022.110890. 361 

23. Ma, C. et al. (2022). Structural insights into the membrane microdomain organization by SPFH 362 
family proteins. Cell Res. 32, 176-189. 10.1038/s41422-021-00598-3. 363 

24. Back, J.W. et al. (2002). A structure for the yeast prohibitin complex: Stuctural prediction and 364 
evidence from chemical cross-linking and mass spectrometry. Protein Sci. 11, 2471-2478. 365 
10.1110/ps.0212602. 366 

25. Ramelot, T.A. et al. (2013). NMR structure and MD simulations of the AAA protease 367 
intermembrane space domain indicates peripheral membrane localization within the 368 
hexaoligomer. FEBS Lett. 587, 3522–3528. 10.1016/j.febslet.2013.09.009. 369 

26. Ogura, T. et al. (1999). Balanced biosynthesis of major membrane components through 370 
regulated degradation of the committed enzyme of lipid A biosynthesis by the AAA protease 371 
FtsH (HflB) in Escherichia coli. Mol. Microbiol. 31, 833–844. 10.1046/j.1365-372 
2958.1999.01221.x. 373 

27. Arends, J., Thomanek, N., Kuhlmann, K., Marcus, K., Narberhaus, F. (2016). In vivo trapping of 374 
FtsH substrates by label-free quantitative proteomics. Proteomics. 16, 3161–3172. 375 
10.1002/pmic.201600316. 376 

28. Langklotz, S., Baumann, U., Narberhaus, F. (2012). Structure and function of the bacterial AAA 377 
protease FtsH. Biochim. Biophys. Acta- Mol Cell Res. 1823, 40–48. 378 
10.1016/j.bbamcr.2011.08.015. 379 

29. Yi, L., Liu, B., Nixon, P.J., Yu, J., Chen, F. (2022). Recent Advances in Understanding the 380 
Structural and Functional Evolution of FtsH Proteases. Front Plant Sci. 13, 1–16. 381 
10.3389/fpls.2022.837528. 382 

30. Wessel, A.K. et al. (2023). Escherichia coli SPFH membrane microdomain proteins HflKC 383 
contribute to aminoglycoside and oxidative stress tolerance. Microbiol. Spectr. 11:e01767-23. 384 
10.1128/spectrum.01767-23. 385 

31. Unden, G., Steinmetz, P.A., Degreif-Dünnwald, P. (2014). The aerobic and anaerobic 386 
respiratory chain of Escherichia coli and Salmonella enterica : Enzymes and Energetics . 387 
EcoSal Plus. 6, 10.1128/ecosalplus.esp-0005-2013. 388 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2024. ; https://doi.org/10.1101/2024.04.21.590321doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.21.590321
http://creativecommons.org/licenses/by-nc/4.0/


11 
 

32. Aussel, L., Pierrel, F., Loiseau, L., Lombard, M., Fontecave, M., Barras, F. (2014). Biosynthesis 389 
and physiology of coenzyme Q in bacteria. Biochim. Biophys. Acta- Bioenergetics. 1837, 390 
1004–1011. 10.1016/j.bbabio.2014.01.015. 391 

33. Lee, M. et al. (2010). Biosynthesis of Isoprenoids: Crystal structure of the [4Fe-4S] cluster 392 
protein IspG. J. Mol. Bio. 404, 600–610. 10.1016/j.jmb.2010.09.050. 393 

34. Bittner, L.M., Arends, J., Narberhaus, F. (2017). When, how and why? Regulated proteolysis 394 
by the essential FtsH protease in Escherichia coli. J. Biol. Chem. 398, 625–635. 10.1515/hsz-395 
2016-0302. 396 

35. Brown, A.N., Anderson, M.T., Bachman, M.A., Mobley, H.L.T. (2022). The ArcAB Two-397 
component system: Function in metabolism, redox control, and Infection. Microbiol. Mol. Biol. 398 
Rev. 86, 10.1128/mmbr.00110-21. 399 

36. Kargeti, M., Venkatesh, K. V. (2017). The effect of global transcriptional regulators on the 400 
anaerobic fermentative metabolism of: Escherichia coli. Mol. BioSyst. 13, 1388–1398. 401 
10.1039/c6mb00721j. 402 
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 451 

 452 
Figure 1. HflKC complex is important for E. coli growth under high aeration 453 
(A-D) Growth of E. coli ΔhflKC, ΔhflK, and ΔhflC strains and corresponding wild-type (WT) in TB medium 454 
at 100 rpm (A), 220 rpm (B), or 300 rpm (C) shaking rate, quantified by optical density at 600 nm (OD600), 455 
and final OD600 after 8 h of growth (D).  456 
(E, F) Growth of ΔhflKC and WT strains carrying either an empty vector (pBAD33) or the pBAD33-457 
derived expression plasmid pMI93 encoding hflK and hflC, in TB at 220 rpm (E) and corresponding final 458 
OD600 (F). Where indicated, 0.05% L-arabinose was added to induce expression.  459 
(G, H) Growth of E. coli ΔhflK, ΔhflC, ΔhflKC, and WT strains in LB at 220 rpm (G) and corresponding 460 
final OD600 (H).  461 
For these and other growth curves, data represent the mean and standard deviation (SD) of three 462 
independent cultures grown in the same representative experiment. See Figure S1A-S1D for additional 463 
biological replicates. For final OD600 comparisons, data represent the mean and SD of independent 464 
cultures, indicated by dots, grown in three different experiments. Significance of indicated differences 465 
between samples: *p<0.05, ***p<0.001, and ns = not significant by unpaired t-test.   466 

 467 
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468 
Figure 2. Absence of HflKC complex affects the abundance of respiration-related and other 469 
proteins  470 
(A-C) Difference in protein levels between ΔhflKC and WT strains. Cultures were grown in LB (A), TB 471 
(B), or anaerobically in TB (C). Data represent six (LB) or three (TB) independent cultures. Proteins with 472 
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differences in expression that were considered significant (see also Tables 1, S1, S2, S3) are labeled, 473 
with respiration-related proteins highlighted in either blue (downregulated) or red (upregulated). 474 
(D) Commonalities and differences between proteins significantly up- or downregulated in ΔhflKC under 475 
different conditions. Colors of protein labels are the same as in other panels. Respiration-related 476 
proteins and those affected under more than one condition are shown, and the number of other proteins 477 
affected under a particular condition is shown.  478 
(E) The STRING diagram showing proteins that are significantly up- or downregulated in the ΔhflKC 479 
deletion strain, with links indicating relationships between proteins. Proteins related to respiration are 480 
colored in red (upregulated) or blue (downregulated).   481 
  482 
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 483 
Figure 3.  ΔhflKC strain shows reduced ubiquinone levels, aerobic respiration, and ATP levels 484 
(A) Methyl-D-erythritol phosphate (MEP) pathway in E. coli. Metabolic intermediates are colored in light 485 
blue, and selected enzymes are shown on either dark blue (MEP pathway) or purple (ubiquinone 486 
biosynthesis) background.  487 
(B-D) Levels of the IspG substrate ME-cPP (B) and of ubiquinone-8 (C) and ubiquinol-8 (D) in ΔhflKC 488 
relative to the WT strain.  Strains grown at 220 rpm in either M9 glucose minimal medium (B) or in TB 489 
(C, D). Data represent the mean and SD of three independent cultures. 490 
(E) Oxygen consumption by WT and ΔhflKC cells. Cultures were grown in TB at 220 rpm, resuspended 491 
in fresh TB, and changes in the levels of dissolved oxygen were quantified over time. Large symbols 492 
represent the mean and SD of eight independent measurements (shown by small dots) for cells from 493 
one culture. See also Figure S4.  494 
(F) Levels of ROS in WT and ΔhflKC cells grown in TB at 220 rpm, measured using the DCF fluorescent 495 
probe as illustrated in Figure S5. Treatment with hydrogen peroxide (H2O2) was used as a positive 496 
control for elevated ROS levels. Data represent the mean and SD of five measurements with 30,000 497 
cells per measurement.  498 
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(G) Membrane potential of WT and ΔhflKC cells grown in TB at 220 rpm, measured using the DiOC2(3) 499 
dye as illustrated in Figure S6. Dinitrophenol (DNP) was used as a control. Data represent the mean 500 
and SD of twelve measurements from two independent experiments with 30,000 cells per measurement.  501 
(H) Levels of ATP, ADP, and AMP (H) in cells grown in M9 glucose minimal medium at 220 rpm. Means 502 
of three independent cultures and SD are shown.   503 
Significance of indicated differences between samples: * p<0.05, ** p<0.01, *** p<0.001, and ns = not 504 
significant by unpaired t-test.   505 
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 506 
Figure 4. Reduced IspG levels cause the respiratory phenotype of the ΔhflKC strain 507 
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(A, B) Levels of ubiquinone-8 (A) and ubiquinol-8 (B) in the ΔhflKC strain, expressing IspG from an 508 
inducible plasmid vector, relative to WT strain carrying pBAD33. WT or ΔhflKC strains, transformed with 509 
empty vector pBAD33 or with pMI107 encoding ispG were grown in TB at 220 rpm; 0.02% L-arabinose 510 
was added to induce expression where indicated. Data represent the mean and SD of three independent 511 
cultures.   512 
(C) Oxygen consumption by the indicated strains. Measurements were performed as in Figure 3E. Large 513 
symbols represent the mean and SD of eight independent measurements for cells from one culture.  514 
See also Figure S7A.  515 
(D, E) Growth of the indicated strains (D) and corresponding final OD600 (E).  516 
(F) Measurements of membrane potential in the indicated strains, performed using the DiOC2(3) dye as 517 
in Figure 3G.  518 
(G, H) Growth of E. coli YYdCas9 (WT*) strain carrying the empty pgRNA vector or the pgRNA-derived 519 
pMI112 construct expressing guide RNA for ispG knockdown under the constitutive promoter (G) and 520 
final OD600 at indicated shaking rates (H). dCas9 expression was induced with 0.02 µM aTC 521 
(anhydrotetracycline).  522 
(I) Difference in protein levels between WT* carrying either pMI112 or pgRNA vector. Data are from 523 
three independent cultures. Proteins whose levels were considered to be significantly different between 524 
the two strains are labeled as in Figure 2. See also Table S3. 525 
(J) Commonalities and differences between proteins that are significantly up- or downregulated during 526 
growth in TB  upon hlfKC deletion (Figure 2B) and upon ispG knockdown. Labels are as in Figure 2D.  527 
Significance of indicated differences between samples: * p<0.05, ** p<0.01, *** p<0.001, and ns = not 528 
significant by unpaired t-test.   529 
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Figure 5. Changes in the abundance of respiratory proteins are caused by activation of the 531 
ArcAB system  532 
(A, B) Growth of the WT, ΔhflKC, ΔarcB and ΔhflKC ΔarcB strains (A) and final OD600 at indicated 533 
shaking rates (B).  ns = not significant by unpaired t-test. 534 
(C)  Difference in protein levels between ΔarcB and WT strains. Data are for three independent cultures. 535 
Proteins whose levels were considered to be significantly different between the two strains are labeled 536 
as in Figure 2. See also Table S4. 537 
(D) Commonalities and differences between proteins that are significantly up- or downregulated during 538 
growth in TB upon hflKC deletion (Figure 2B) and upon arcB deletion (C). Labels are as in Figure 2D, 539 
but the sign of changes upon arcB deletion is inverted. 540 
(E) Difference in protein levels between the ΔhflKC ΔarcB and ΔarcB strains strains.  Data are for three 541 
independent cultures. Labels are as in Figure 2. See also Table S5. 542 
(F) Commonalities and differences between proteins that are significantly up- or downregulated during 543 
growth in TB at 220 rpm upon hflKC deletion or in ΔarcB strain. Labels are as in Figure 2D.  544 
(G) Schematic representation of proposed function of the HflKC complex in respiration control. See text 545 
for details. 546 
  547 
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 548 
 549 
Figure 6. Decreased stability of IspG in the ΔhflKC strain  550 
(A) Quantification of ispG transcript level in ΔhflKC and WT strains using real-time PCR (RT-PCR). The 551 
relative mRNA level of ispG is quantified as the Cq value and normalized to the Cq value for the 552 
housekeeping gene ssrA. Data represent the mean and SD for three independent RNA samples with 553 
quadruplicate measurements each. See also Table S7. 554 
(B) Changes in abundance of IspG in the WT and ΔhflKC strains upon incubation with chloramphenicol 555 
in LB at 220 rpm for 30 minutes or 1 hour. Abundance of IspG was determined by proteomics,  and 556 
normalized to the initial time point. Data represent the mean and SD of two independent experiments 557 
with six independent cultures each. See also Figure S9A. 558 
Significance of the difference from the value of 1 by one sample t-test is indicated, as well as the 559 
significance of the difference between WT and ΔhflKC values at the same time point (indicated by 560 
brackets): *p< 0.05, **p< 0.01, ***p< 0.001, and ns = not significant.  561 
  562 
 563 
 564 
 565 
 566 
 567 
 568 
 569 
 570 
 571 
 572 

  573 
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Table 1. Respiratory proteins showing significant differences between ΔhflKC, ΔhflK, or ΔhflC and 
wild-type strains during growth in LB at 220 rpm 
    Log2 (Fold change) 

Protein Function ΔhflKC vs 

WT 

ΔhflK vs 

WT 

ΔhflC vs 

WT 

ISPG Oxidoreductase involved in isoprenoid biosynthesis  -2.28 -2.37 0.02 

MQO Malate: quinone oxidoreductase -2.15 -1.84 -0.33 

LLDR L-lactate dehydrogenase operon regulator -1.90 -2.26 -0.44 

LLDD L-lactate dehydrogenase  -1.66 -1.52 -0.38 
DHG Quinoprotein glucose dehydrogenase -1.34 -1.26 -0.23 

FADE Acyl-CoA dehydrogenase -1.13 -0.50 -0.78 

CYOB Cytochrome bo(3) ubiquinol oxidase subunit 1 -1.01 -1.01 -0.20 

UBIE Ubiquinone biosynthesis -0.92 -0.93 -0.01 

CYOA Cytochrome bo(3) ubiquinol oxidase subunit 2 -0.91 -0.85 0.00 

SRLD Sorbitol-6-phosphate 2-dehydrogenase 1.18 1.44 -0.36 

CYDA Cytochrome bd-I ubiquinol oxidase subunit 1 0.96 0.85 -0.03 

ADHE Fused acetaldehyde-CoA dehydrogenase  0.94 0.89 -0.08 
CYDB Cytochrome bd-I ubiquinol oxidase subunit 2 0.91 0.68 -0.05 

GATD Galactitol-1-phosphate 5-dehydrogenase 0.82 1.12 0.28 

DMSA Dimethyl sulfoxide reductase subunit A 0.26 -0.95 0.40 

Data from Figures 2A and S3A, S3B. Differences with p-value <0.05 and log2 of fold change >0.8 were 574 
considered significant.  575 
 576 
 577 
 578 
  579 
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STAR METHODS  580 
 581 
KEY RESOURCES TABLE 582 
 583 

 SOURCE IDENTIFIER 

Bacterial strains   

E. coli MG1655  [1] N/A 

MG1655 ΔhflK  This study MI36 

MG1655 ΔhflC  This study MI37 

MG1655 ΔhflKC  This study MI59 

MG1655 ΔhflKC ΔarcB  This study MI120 

MG1655 ΔarcB  This study MI122 

E. coli YYdCas9 [4] N/A 

Plasmids 
pCP20 Ampr; Camr;  flp [3] N/A   

pBAD33 Cmr; araC promoter [5] N/A 

pBAD33 bearing hflk_hflC This study pMI93 

pBAD33 bearing ispG This study pMI107 

pgRNA [7] N/A 

pgRNA bearing ispG protospacer 

AATTCCTGACGCGAACAGGT 

This study pMI112 

 584 
RESOURCE AVAILABILITY 585 
 586 
Lead contact 587 
Further information and requests for resources and reagents should be directed to and will be fulfilled 588 
by the lead contact, Victor Sourjik (victor.sourjik@mpi-marburg.mpg.de). 589 
 590 
Materials availability 591 
All plasmids and strains generated in this study are available from the lead contact without restriction. 592 
 593 
 594 
METHOD DETAILS 595 
 596 
Bacterial strains, plasmids, and growth conditions. Escherichia coli K-12 MG16551 was used as the 597 
wild-type (WT) strain in this study. ΔhflK and ΔhflC gene deletions were constructed using P1 598 
transduction from the Keio collection strains (JW 4132 and JW 4133, respectively). ΔhflKC, ΔhflKC 599 
ΔarcB, and  ΔarcB strains were constructed using lambda red recombination as described previously2. 600 
Kanamycin cassettes were flipped out using FLP-FLP recombination target (FRT) recombination3. All 601 
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knockout constructs were verified by PCR. E. coli YYdCas9 derived from E. coli K-12 (BW25993) was 602 
used as a background strain to construct ispG knockdown as described previously4. Plasmid expression 603 
vectors carrying hflK-hflC and ispG genes were constructed by amplifying DNA fragments from the 604 
MG1655 genome by PCR using Q5 high-fidelity DNA polymerase and cloned into pBAD335 using 605 
Gibson assembly6. All strains and plasmids are listed in the Table below. 606 
Strains were grown in LB medium (10 g tryptone, 10 g NaCl, and 5 g yeast extract per liter), TB medium 607 
(10 g tryptone and 5 g NaCl per liter), TB supplemented with 0.4% of glucose or M9 minimal medium 608 
with glucose as sole carbon source (5 g L-1). M9 medium was composed by (per liter): 7.52 g Na2HPO4 609 
2H2O, 5 g KH2PO4, 1.5 g (NH4)2SO4, 0.5 g NaCl. The following components were sterilized separately 610 
and then added (per liter of final medium): 1 mL 0.1 M CaCl2, 1 mL 1 M MgSO4, 0.6 mL 0.1 M FeCl3, 2 611 
mL 1.4 mM thiamine HCl, and 10 mL trace salts solution. The trace salts solution contained (per liter): 612 
180 mg ZnSO4 7H2O, 120 mg CuCl2 2H2O, 120 mg MnSO4 H2O and 180 mg CoCl2 6H2O. Antibiotics 613 
(Kanamycin 50 µg/ml, Ampicillin 100 µg/ml, Chloramphenicol 34 µg/ml) and inducers of expression were 614 
added where necessary. 615 
For all measurements, overnight cultures were diluted 1:100 in 50 ml fresh media and grown in 100 ml 616 
flasks at 37°C on an orbital shaker at indicated shaking rates (100 rpm, 220 rpm, or 300 rpm). For 617 
anaerobic growth, sealed flasks where oxygen was replaced with nitrogen were used.  618 
 619 
Construction of ispG knockdown. Different protospacers designed along ispG gene were cloned in 620 
the plasmid vector pgRNA7. Plasmids were then transformed into E. coli YYdCas9. Expression of dCas9 621 
was induced with 0.02 µM aTC (anhydrotetracycline). The protospacer with the strongest effect of 622 
ispG knockdown on growth (AATTCCTGACGCGAACAGGT; pMI112) was selected for further 623 
experiments.  624 
 625 
Total cell proteomics.  Cultures were grown until OD600 of 0.4 for aerobic and 0.15 for anaerobic 626 
growth. Biomass was adjusted to OD600 = 3 in 1ml to have an equal amount of cells per sample. Pellets 627 
were washed twice with ice-cold 1X PBS (phosphate-buffered saline) and stored at -80°C. 628 
 For protein extraction, cell pellets were dissolved in 300 ul of  2% sodium-lauroyl sarcosinate (SLS) and 629 
100 mM ammonium bicarbonate. Cells were lysed by incubation at 90°C for 15 minutes and subsequent 630 
sonication (Vial Tweeter, Hielscher) with 80% amplitude for 30 seconds. Cell lysates were reduced by 631 
adding 5 mM (final concentration) Tris(2-caboxyethyl)phosphine and incubating at 95°C for 15 minutes 632 
followed by alkylation (10 mM iodoacetamide final concentration, 30 minutes at 25°C).  633 
The amount of extracted proteins was measured using BCA protein assay (Thermo Fisher Scientific). 634 
50 µg total protein was then digested with 1 µg trypsin (Promega) overnight at 30 °C in the presence of 635 
0.5% SLS. Following digestion, SLS was precipitated with trifluoroacetic acid (TFA, 1.5% final 636 
concentration) and peptides were purified using Chromabond C18 microspin columns (Macherey-637 
Nagel). Acidified peptides were loaded on spin columns equilibrated with 400 µL acetonitrile and then 638 
400 µL 0.15% TFA. After peptide loading, a washing step with 0.15% TFA was performed, followed by 639 
elution using 400 µL 50% acetonitrile. Eluted peptides were then dried by vacuum concentrator and 640 
reconstituted in 0.15% TFA.  641 
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Peptide mixtures were analyzed using liquid chromatography-mass spectrometry using an Ultimate 642 
RSLC nano connected to a Q-Exactive Plus mass spectrometer (both Thermo Scientific) as reported 643 
previously8. In short, peptides were separated using a gradient from 96 % solvent A (0.15% formic acid) 644 
and 4 % solvent B (99,85 % acetonitrile, 0.15 % formic acid) to 30 % solvent B over 90 or 120 minutes 645 
at a flow rate of 300 nL/min. MS data was acquired with the following settings: 1 MS scan at a resolution 646 
of 70,000 with 50 ms max. ion injection fill time, MS/MS at 17,500 scans of the 10 most intense ions 647 
with 50 ms maximum fill time. The data was further analyzed using either Progenesis (Waters) or 648 
MaxQuant in standard settings9 using an E.coli uniprot database. Follow up data analysis and data 649 
visualization was done with SafeQuant10 (available under https://github.com/eahrne/SafeQuant), 650 
Perseus11 and Rstudio software. Due to an instrumental upgrade a part of the total proteome samples 651 
were analyzed on an Exploris 480 connected to an Ultimate 3000 RSLC nano.  The LC peptide 652 
separating gradient was reduced to 60 min (6-35% solvent B). The MS data was acquired in data 653 
independent acquisition mode (DIA) using 45 windows with an isolation window of 14 mz with 1 m/z 654 
overlap (see also12). MS scan resolution was set to 120,000 (MS1) and 15,000 (DIA) with a scan range 655 
of 350-1400 m/z (MS1) and 320-950 precursor mass range (DIA). AGC target settings were 300 % 656 
(MS1), and 3000 % (DIA) with a maximum ion injection time of 50 ms (MS1) and 22 ms (DIA). DIA data 657 
were analyzed using DIA-NN version 1.813 and an E.coli protein database. Full tryptic digest was allowed 658 
with two missed cleavage sites, and oxidized methionines and carbamidomethylated cysteins. Match 659 
between runs and remove likely interferences were enabled. The neural network classifier was set to 660 
the single-pass mode, and protein inference was based on genes. Quantification strategy was set to 661 
any LC (high accuracy). Cross-run normalization was set to RT-dependent. Library generation was set 662 
to smart profiling. DIA-NN outputs were further evaluated using SafeQuant and data visualized in 663 
Perseus. 664 

 665 

Stability measurements for IspG. Cultures were grown in LB and TB media and 220 rpm and 100 666 
rpm, respectively. Samples were collected at OD600 = 0.6, and the biomass was adjusted to OD600 = 3 667 
in 1 ml. Subsequently, chloramphenicol was added to the final concentration of 200 µg/ml, and the 668 
cultures were further incubated under the same conditions. Samples were collected after 30 and 60 669 
minutes of incubation. All samples were washed twice with 1X PBS, and pellets were stored at -80°C 670 
until proceeding with the protein extraction and analysis by mass spectrometry as described above. 671 

 672 
Quantification of ME-cPP and ATP measurements. Cultures were grown in M9 minimal medium 673 
supplemented with glucose at 220 rpm. Cells were grown to an OD600 = 0.4 - 0.5, this preculture was 674 
used to inoculate cultures at a final volume of 10 ml M9 glucose minimal medium and starting OD600 = 675 
0.05, which were allowed to grow until OD600 = 0.5. Biomass of OD600 = 0.8 was applied on filter disc 676 
(PVDF Membranes: 0.45μ pore size) and immediately transferred into 1ml acetonitrile: methanol: water 677 
(40:40:20 (v/v)) kept at -20oC. Samples were incubated for 30 minutes at -20oC. After that time, 500ul 678 
of the samples were transferred into a 1.5ml tube at -20oC and centrifuged at -9oC and >13.000 rpm for 679 
15 minutes. 350 μl of supernatant was transferred to new Eppendorf tubes and stored at -80°C until 680 
LCMS analysis. 15 µl of each sample was mixed with 15 µl of 13C-labeled internal standard. Analysis of 681 
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target metabolites was performed with an Agilent 6495 triple quadrupole mass spectrometer (Agilent 682 
Technologies) and an Agilent 1290 Infinity II UHPLC system (Agilent Technologies) as described 683 
previously14. The temperature of the column oven was 30 °C, and the injection volume was 3 μl. LC 684 
solvents A were water with 10 mM ammonium formate and 0.1% formic acid (v/v) (for acidic conditions); 685 
and water with 10 mM ammonium carbonate and 0.2% ammonium hydroxide (for basic conditions). LC 686 
solvents B were acetonitrile with 0.1% formic acid (v/v) for acidic conditions and acetonitrile without 687 
additive for basic conditions. LC columns were an Acquity BEH Amide (30 × 2.1 mm, 1.7 µm) for acidic 688 
conditions, and an iHILIC-Fusion(P) (50 × 2.1 mm, 5 µm) for basic conditions. The gradient for basic 689 
and acidic conditions was: 0 min 90% B; 1.3 minutes 40% B; 1.5 minutes 40% B; 1.7 minutes 90% B; 2 690 
minutes 90% B. Quantification of metabolite concentrations was based on the ratio of 12C and 13C peak 691 
heights. 692 
 693 
Quantification of ubiquinone-8 and ubiquinol-8. Cultures were grown in TB at 200 rpm until OD600 = 694 
0.4 – 0.8. Biomass was adjusted to OD600  = 5 in 1ml. Cells were collected by centrifugation and washed 695 
twice with 1X PBS. Pellet samples were dissolved in a mixture of 150 µl of chloroform, 300 µl of 696 
methanol, and 120 µl of water; followed by shaking for 10 minutes at 4°C. Afterward, 150 µl of chloroform 697 
and 150 µl of 0.85 % KCL were added. Samples were centrifuged for 10 minutes at max g at 4°C. The 698 
lipid phase was transferred to new tubes and dried out with nitrogen. The relative quantification and 699 
annotation of lipids were performed by using HRES-LC-MS/MS. The chromatographic separation was 700 
performed using a Acquity Premier CSH C18 column (2.1 × 100 mm, 1.7 μm particle size, Waters, 701 
Milford, USA) a constant flow rate of 0.3 ml/min with mobile phase A being 10mm Ammonium Formate 702 
in 6:4 Acetonitrile:water and phase B being 9:1 Isopropanol:Acetonitrile (Honeywell, Morristown, New 703 
Jersey, USA) at 40° C.  The injection volume was 5 µl. The mobile phase profile consisted of the 704 
following steps and linear gradients: 0 – 1.5 min constant at 37 % B; 1.5 – 4 min from 37 to 45% B; 4 – 705 
5 min from 45 to 52% B; 5 – 8 min from 52 to 58 % B; 8 - 11 min from 58 to 66 % B; 11 - 14 min from 706 
66 to 70 % B; 11 - 14 min from 66 - 70 % B; 14 - 18 min from 70 to 75 % B; 18 - 20 min from 75 to 98 707 
% B; 20 - 25 min constant at 98 % B; 25 – 25.1 min from 98 to 37 % B; 25.1 – 30 min constant at 37 % 708 
B.  709 

For the measurement, a Thermo Scientific ID-X Orbitrap mass spectrometer was used. Ionisation was 710 
performed using a high temperature electro spray ion source at a static spray voltage of 3500 V (positive) 711 
and a static spray voltage of 2800 V (negative), Sheath gas at 50 (Arb), Auxilary Gas at 10 (Arb), and 712 
Ion transfer tube and Vaporizer at 325 and 300°C. Data dependent MS2 Measurement were conducted 713 
applying an orbitrap mass resolution of 120 000 using quadrupole isolation in a mass range of 200 – 714 
2000 and combining it with a high energy collision dissociation (HCD). HCD was performed on the ten 715 
most abundant ions per scan with a relative collision energy of 25 %. Fragments were detected using 716 
the orbitrap mass analyser at a predefined mass resolution of 15 000. Dynamic exclusion with and 717 
exclusion duration of 5 seconds after 1 scan with a mass tolerance of 10 ppm was used to increase 718 
coverage.  719 

Compound Discoverer 3.3 (Thermo-Fisher Scientific) was used for lipid annotation by matching accurate 720 
mass and MS2 spectra against the MS/MS library MS-DIAL LipidBlast (version 68). In addition, two 721 
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customized in-house libraries were used  for the annotation of the target analytes Ubiquinone-8 and 722 
Ubiquinol-8, and a set of eight lipids that served as internal standards. For the semi-quantitative 723 
comparison of lipid abundance, annotated peaks were integrated using Compound Discoverer 3.3 724 
(Thermo Scientific) and normalization by the default method provided by Compound Discoverer 3.3 and 725 
further processed by the statistical tools described elsewhere.  726 

Ubiquinol annotation was done employing Compound Discoverer 3.3 (CD) using a customized CD 727 
workflow and matching the metabolic features against three different data libraries. The majority of lipids 728 
were matched against the MS-Dial LipidBlast library (version68). In addition two customized in-house 729 
libraries were used. The “IS-List.massList” contained the names of the 8 lipids that were used as internal 730 
standards (LPE 13:0, PE 40:8, PG 40:8, CL 56:4, Cer 22:1;2, HexCer 26:1;2 and SM 24:1;2) and the 731 
“targetedCompounds.massList” contained the ammonium adduct of the ubiquinol-8 and ubiquinone-8 732 
(CoQ8).  The library focus for the targeted analytes was created by the in-house MS/MS measured 733 
spectra from previous runs and the library focus in the internal standards was created base the 734 
theoretical mass calculated by the elemental formula. 735 

 736 

Measurements of oxygen consumption. Strains were grown in TB at 37°C and 220 rpm until OD600 737 
= 0.4. Biomass was adjusted to an OD600 = 1 in 5ml. Cultures were centrifuged and fresh TB medium 738 
was added. Samples were transferred to a glass tube that contained an oxygen sensor spot PSt3-YAU-739 
D5-YOP (PresSens, precision sensing). Sample tubes were under vortex for 1 minute to achieve 740 
maximum oxygenation; then shaking was stopped and oxygen consumption was measured via the 741 
oxygen spot with a fiber optic transmitter.  742 
 743 
Measurement of reactive oxygen species (ROS). The dichlorodihydrofluorescein (DCF) fluorescent 744 
probe by Abcam (ab113851 Kit) was used to measure reactive oxygen species. Strains were grown 745 
in TB 37°C and 220 rpm until OD600 = 0.4. Biomass was adjusted to have OD600 = 0.4 in 1 ml. Samples 746 
were transferred to a 1.5 ml Eppendorf tube where DCF probe was added to have a final concentration 747 
of  20 µM. Samples were gently mixed by inversion, followed by dark incubation for 30 minutes in the 748 
dark at 37°C. Fluorescence was analyzed by flow cytometry at 485nm. Treatment with 0.5 mM of 749 
hydrogen peroxide (H2O2) was used as a positive control for elevated ROS levels.  750 
 751 
Characterization of membrane potential (MP). BacLight Bacterial Membrane Potential kit (B34950 752 
Molecular Probes) was used to measure the membrane potential. Strains were grown in TB at 37°C and 753 
220 rpm. All samples were diluted in 1X PBS and biomass was adjusted to have OD600 = 0.4 in 1ml.  754 
Samples were transferred to a 1.5 ml Eppendorf tube where DiOC2(3) was added to a final concentration 755 
of 0.03 mM. Samples were gently mixed by inversion, followed by incubation for 15 minutes at 37°C in 756 
the dark. WT treated with  40 µM of dinitrophenol (DNP) was used as a negative control. Flow cytometry 757 
was used to measure the fluorescence of red (670 nm) and green (510 nm) channels of DiOC2(3). 758 
Excitation at 488 nm was used and fluorescence was measured through a 530-nm bandpass filter. MP 759 
was characterized by the ratio of the red and green fluorescence according to the manufacturer’s 760 
instructions.  761 
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 762 
RNA extraction and real-time PCR (RT-PCR): Strains were grown in LB medium at 220 rpm until 763 
OD600 = 0.4. Cultures were concentrated to have OD600 = 1 in 1ml. After centrifugation pellets were 764 
washed twice with cold water and stored at -80°C. Frozen pellets were resuspended in 800 μl of lysis 765 
buffer (2 % SDS and 4 mM EDTA) and boiled for 2 minutes at 90°C. Subsequently, 800 μl of TRIzol 766 
was added and incubated at room temperature for 5 minutes. To the mixture, 200 μl of phenol:chloroform 767 
was added,  vortexed for 30 seconds, and incubated for 10 minutes. Samples were then centrifuged at 768 
13,000 x g and 4°C for 10 minutes to separate the phases. The upper aqueous phase containing RNA 769 
was transferred to a new tube containing 500 μl of isopropanol for RNA precipitation, which was carried 770 
out overnight at -20°C. The following day, samples were centrifuged at 13,000 x g and 4°C for 30 771 
minutes, and the supernatants were discarded. RNA pellets were washed twice with 70% ethanol, air-772 
dried, and resuspended in 50 μl of nuclease-free water to proceed with DNase treatment. After that, 773 
samples were stored at -80°C.  774 
The RT-PCR reactions were performed as described in KAPA SYBR FATS one-step qRT-PCR master 775 
mix 2X Kit (KR0393) using 2 µl of 10 ng/μl RNA sample. Primers used for IspG were 776 
GTATTTACGTTGGGAATGTGCCG and GATATCAGCGCCAACGCGTTC. Housekeeping gene ssrA 777 
was used as a control with primers ATTCTGGATTCGACGGGATT and AGTTTTCGTCGTTTGCGACT.  778 
 779 
QUANTIFICATION AND STATISTICAL ANALYSIS 780 
 781 
Details on the number of replicates, the sample sizes as well as the value and meaning of n are included 782 
in the figure legends. 783 
 784 
 785 
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