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Abstract 

The outer membrane (OM) protects Gram-negati v e bacteria fr om harsh envir onmental conditions and pr ovides intrinsic r esistance to 
many antimicrobial compounds. The asymmetric OM is c har acterized by phospholipids in the inner leaflet and lipopolysaccharides 
(LPS) in the outer leaflet. Previous reports suggested an involvement of the signaling nucleotide ppGpp in cell envelope homeostasis 
in Esc heric hia coli . Here , w e investigated the effect of ppGpp on OM biosynthesis. We found that ppGpp inhibits the activity of LpxA, 
the first enzyme of LPS biosynthesis, in a fluorometric in vitro assay. Mor eov er, ov erpr oduction of LpxA r esulted in elongated cells and 

shedding of outer membrane vesicles (OMVs) with altered LPS content. These effects were markedly stronger in a ppGpp-deficient 
background. We further show that RnhB, an RNase H isoenzyme, binds ppGpp, interacts with LpxA, and modulates its acti vity. Ov erall, 
our study uncov er ed new r egulator y players in the early steps of LPS biosynthesis, an essential process with many implications in the 
physiology and susceptibility to antibiotics of Gr am-ne gative commensals and pathogens. 

Ke yw or ds: outer membr ane, LpxA, outer membr ane vesicles, RNase H, RnhB, moonlighting, phospholipid biosynthesis, pe ptidogl ycan 

biosynthesis, stringent response 
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Introduction 

In Esc heric hia coli , the signaling molecules guanosine tetr a phos- 
phate (ppGpp) and guanosine pentaphosphate (pppGpp) col- 
lectiv el y r eferr ed to as (p)ppGpp, play a fundamental r ole in 

metabolic adaptation to nutrient deprivation and environmen- 
tal stress. Synthesized by RelA and SpoT (Fig. 1 A), intracellular 
ppGpp le v els incr ease to ∼1 mM during the tr ansition to station- 
ary phase, ∼25 times higher than during exponential phase (Varik 
et al. 2017 ). In addition to globall y altering tr anscription by in- 
teracting with RNA polymerase and DksA, (p)ppGpp can bind to 
numerous biosynthetic enzymes, in most cases to inhibit them 

(Kanjee et al. 2012 , Zhang et al. 2018 , Wang et al. 2019 ). Metabolic 
pathw ays remodeled b y (p)ppGpp include but are not limited to 
n ucleotide synthesis, DNA re plication, ribosome maturation and 

function, lipid metabolism, and bacterial pathogenesis (Anderson 

et al. 2021 , Irving et al. 2021 ). Recently, a sequential shutdown 

pr ogr am has been postulated, in which low levels of (p)ppGpp af- 
fect nonessential metabolic pathwa ys . Essential pathwa ys such 

as replication or fatty acid biosynthesis are inhibited only at high 

(stringent) (p)ppGpp concentrations (Steinchen et al. 2020 ). Given 

the high number of cellular (p)ppGpp binders, it has been ar- 
gued that the (p)ppGpp signaling pathway should be a primary 
focus of antimicrobial therapy since its inactivation would inter- 
fere with many fundamental processes simultaneously (Pulschen 

et al. 2021 ). 
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Most enzymes responsible for the biosynthesis of the inner 
embrane (IM), the cell wall, and the outer membrane (OM)

f E. coli are essential because these three layers protect the
acterium from external stress . T he Gram-negative OM has an
symmetric structure with phospholipids (PL) in the inner leaflet 
nd lipopol ysacc harides (LPS) in the outer leaflet (Silhavy et al.
010 , Lundstedt et al. 2021 ). This highly effective barrier con-
ers intrinsic antibiotic resistance to many Gram-negative human 

athogens . T he lipid A portion of LPS anchors it to the mem-
rane, and when released, it acts as a pyrogen in eukaryotic cells,
ommonly known as endotoxin. It is important to note that ex-
essiv e le v els of LPS can also be harmful to the bacteria them-
elves because it results in abnormal membrane structures in the
eriplasm (Ogura et al. 1999 ). T herefore , balancing the synthe-
is of PL and LPS is critical to pr e v enting toxicity. Both pathways
hare the precursor molecule ac yl-[ac yl carrier protein] (acyl-
CP), which is delivered to w ar ds PL or LPS biosynthesis by FabZ
r by LpxA/LpxC, r espectiv el y (Anderson et al. 1993 ). At physio-
ogical ppGpp concentrations ( ∼1 mM), FabZ activity is reduced to
70% in vitro (Stein and Bloch 1976 ), suggesting that ppGpp acts
s an inhibitor of PL biosynthesis. We hypothesized that (p)ppGpp
lso inhibits LpxA catalyzing the first, but thermodynamically un- 
a vorable , step of LPS biosynthesis. LpxC, the second enzyme in
he pathway, has long been the focus of attention because it cat-
lyzes the first committed step. The protease FtsH degrades LpxC
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Figure 1. Physiological consequences of the stringent response in E. coli . (A) The global signaling nucleotides (p)ppGpp are produced in millimolar 
amounts in response to various environmental stressors and orchestrate metabolic reprogramming of the cell (Irving et al. 2021 ). (B) The biosynthetic 
pathways of lipopol ysacc harides (LPS), peptidogl ycan (PGN), and phospholipids (PL) ar e linked by sharing the same substr ates. Acyl-ACP can be 
consumed by the LPS and PL pathwa ys , while UDP-GlcNAc can be consumed by the LPS and PGN pathwa ys . It is known that the biosynthesis of PGN 

and PL is inhibited by (p)ppGpp (Stein and Bloch 1976 , Ramey and Ishiguro 1978 ). 
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t slow growth rates to prevent toxic LPS excess, while LpxC is
table during r a pid gr owth. In a (p)ppGpp 

0 m utant, LpxC degr a-
ation is r e v ersed, suggesting that (p)ppGpp may dir ectl y affect
PS biosynthesis (Schäkermann et al. 2013 ). 

The rnhB gene is encoded in the same operon immediately
ownstr eam of lpxD , f abZ , lpxA , and lpxD , although its gene prod-
ct has no a ppar ent r ole in LPS biosynthesis. Apart fr om the pri-
ary RnhA (RNase HI), RnhB (RNase HII) is the second RNase H

n E. coli (Itaya 1990 ). RNase H enzymes cleave the RNA strand in
N A:RN A hybrids during replication and excision r epair. Inter est-

ngl y, a pr oteome-wide pull-down scr een r e v ealed an inter action
etween RnhB and LpxA (Arifuzzaman et al. 2006 ). In addition,
nhB was r ecentl y shown to enhance the enzymatic activity of the
ridine diphosphate (UDP)–glucose dehydrogenase Ugd, which is
nvolved in LPS modification and colanic acid biosynthesis (Ro-
ionova et al . 2020 ). These interactions suggest “ moonlighting”
unctions of RnhB in LPS biosynthesis. 

Abov ementioned findings pr ompted us to examine the in-
erplay between early LPS biosynthesis enzymes, (p)ppGpp and
nhB in E. coli . Pr e vious global pr otein–ligand inter action scr eens
id not report any (p)ppGpp-binding proteins in the LPS path-
ay (Zhang et al. 2018 , Wang et al. 2019 ). Our study demon-

trates that both (p)ppGpp and RNase H enzymes influence
he substrate flux into the LPS biosynthesis pathway and pro-
ide a new perspective on the regulation of this essential
rocess. 
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Material and methods 

Materials 

γ P32 adenosine triphosphate (ATP) was purchased from Hart- 
mann Analytic GmbH. Vibrio harveyi ATCC14126 genomic DNA 

(gDN A) w as obtained from the DSMZ-German Collection of 
Micr oor ganisms and Cell Cultures GmbH. R -3-hydro xym yristic 
acid (( R )-3-hydr oxytetr adecanoic acid) and ThioGlo ® 1 (methyl 
10-(2,5-dioxo-2,5-dihydr o-1H-pyrr ol-1-yl)-9-methoxy-3-oxo- 
3 H -benzo[ f ]c hr omene-2-carboxylate) wer e fr om abcr. Uridine- 
diphosphate- N -acetylglucosamine (UDP-GlcNAc) and SYPRO 

™

Or ange pr otein gel stain wer e purc hased fr om Sigma. All other 
c hemicals wer e anal ytical gr ade. 

Bacterial strains and culture conditions 

Bacterial strains and plasmids are listed in Table S1 (Support- 
ing Information). A single colony of E. coli was used to inoculate 
1–5 ml of l ysogen y br oth (LB, 10 g/l NaCl, 10 g/l bacto-tryptone,
and 5 g/l yeast extract) supplemented with a ppr opriate antibi- 
otics (working concentrations were 100 μg/ml ampicillin, 50 μg/ml 
kanamycin, and 30 μg/ml c hlor amphenicol). After ∼18 h shaking 
at 37 ◦C, the culture was used to inoculate fresh medium with the 
r espectiv e antibiotics at an optical density at 600 nm (OD 600 ) of 
0.05. TSS solution was used to make the cells c hemicall y compe- 
tent (Chung et al. 1989 ). 

Construction of expression plasmids 

The plasmids and oligonucleotides used in this study are listed 

in Tables S1 and S2 (Supporting Information), r espectiv el y. The 
amino acid sequences of the fusion proteins that were generated 

in this study are listed in Table S3 (Supporting Information). PCR 

pr oducts wer e gener ated using Phusion High-Fidelity PCR Master 
Mix with HF Buffer (Thermo Scientific ™) according to the man- 
ufactur er’s instructions. DNA fr a gments wer e cloned either by 
BsaI-mediated restriction of the PCR product and vector and si- 
multaneous ligation at room temperature (RT) overnight or by us- 
ing the NEBuilder ® HiFi DNA Assembly Master Mix (New England 

Biolabs) according to the manufacturer’s instructions using PCR- 
linearized plasmid. For pBO4885, the PCR products amplified with 

SB151 and SB152 and pACYCDuet-1 (Nov a gen) wer e digested with 

NcoI and AflII and joined by ligation. The PCR products ampli- 
fied with SB153 and SB154, and pBO4885 were digested with NdeI 
and AvrII and ligated to form the coexpression plasmid pBO4886.
Esc heric hia coli TOP10 cells were used as the cloning host, and re- 
combinant DNA techniques were performed according to stan- 
dard protocols (Sambrook and Russell 2001 ). 

All oligonucleotides were purc hased fr om Eur ofins . T he molec- 
ular beacon SB225 was designed according to the pr e viousl y de- 
scribed beacon 6 (Rizzo et al. 2002 ). 

Growth curve analysis and immunological 
detection of proteins 

Gr owth curv es wer e r ecorded using a Tecan Infinite ® M Plex mi- 
cr oplate r eader. Ov ernight cultur es wer e pr epar ed as described 

and used to inoculate fresh LB medium (without antibiotics) at 
an OD 600 of 0.02. 200 μl were added to each well of a 96-well 
plate, and the plate was sealed with a Br eathe-Easy ® br eathable 
sealing membr ane (Div ersified Biotec h). Bacteria wer e allowed to 
grow for 105 min at 37 ◦C (shaking), and OD 600 measurements 
were taken every 13 min. Anhydrotetracycline (AHT) was added 

to a final concentration of 50 ng/ml to induce protein overpro- 
duction. The plate was resealed with Breathe-Easy ®, and bacte- 
ial growth was monitored overnight at 37 ◦C. Successful protein
roduction was confirmed by dot-blot analysis . T he microplate
as centrifuged (10 min, 4000 × g , 4 ◦C), the culture supernatant
as r emov ed, and the cells wer e r esuspended in 50 μl of l ysis
uffer A2 (Mac her ey-Na gel). After 5 min at RT, 3 μl of cell lysate
r om eac h w ell w as spotted on a nitr ocellulose membr ane and
llo w ed to dry. After blocking for 1 h at RT in blocking buffer
3% BSA in tris-buffered saline (TBS) with Tween 20 (TBST), ster-
le filter ed), r abbit antistr ep-ta g pol yclonal antibody (Invitr ogen,
A5-114454) was added at 1:4000 and incubated for 1 h at RT.
he membrane was rinsed and washed three times for 5 min
ith TBST, and goat–antirabbit ECL plex IgG-Cy5 (Amersham) was 
dded at 1:4000 in blocking buffer. After 1 h at RT, the membrane
as rinsed and washed three times for 5 min in TBST, rinsed
ith TBS, and imaged using a ChemiDoc ™ MP imaging system

Bio-Rad). 

icroscopy for determination of cell length 

acteria wer e gr own as described for growth curve analysis. After
8 h of growth, cells were pelleted (1 min, 11 000 × g , RT) and re-
uspended in a sixth volume of 0.9% NaCl (w/v). 5 μl of this cell
uspension was spotted on an a gar ose patc h [1.5% a gar ose (w/v)
n 0.9% NaCl] on a microscope slide , co vered with a coverslip, and
ells were analyzed in brightfield using an Olympus BX51 fluores-
ence microscope at 60 × magnification (oil immersion lens). Cell 
ength was quantified using ImageJ. 

etermination of OM permeability 

he fluorescent probe N -phenyl-1-naphthylamine (NPN; Sigma) 
as used to determine changes in OM permeability in response

o protein overproduction. Overnight cultures (with appropriate 
ntibiotics) were used to inoculate the main cultures (20 ml of
B without antibiotics in 100 ml Erlenmeyer flasks) to an OD 600 

f 0.02. Cultures w ere allo w ed to grow in a shaking water bath at
7 ◦C for 105 min, and ov er expr ession was induced by addition of
0 ng/ml AHT. Protein was ov er pr oduced for 3 h. Cells were har-
ested and resuspended in 5 mM 4-(2-h ydroxyeth yl)piperazine-1- 
thanesulfonic acid (HEPES) at pH 7 to an OD 600 of 1. Cells were
hen subjected to the NPN uptake assay as pr e viousl y described
Helander and Mattila-Sandholm 2000 ). 1 mM EDTA was included
s a positive control for membrane permeabilization. The NPN up-
ake factors were determined, and wildtype (WT) cells carrying 
he EV were normalized to 1. 

etermination of cellular steady-state LPS levels 

v ernight cultur es wer e used to inoculate 10 ml of LB (without
ntibiotics) to an OD 600 of 0.05. Cultures were incubated at 37 ◦C
n a shaking w ater bath. OD 600 w as determined hourly. Samples
ere collected at specific time points. For exponential cells, an
D 600 of 0.5 was used; for transition cells, when growth had just
eased exponential growth, and for stationary cells, cells grown 

v ernight wer e used. In eac h case, 1 ml of the bacterial cultur e
as collected and centrifuged (1 min, 13 200 rpm, RT). The super-
atant was r emov ed, and the cell pellet was stor ed at −20 ◦C. The
ell pellets were resuspended in TE buffer (OD 600 of 1 = 100 μl).
he samples were mixed with SDS sample buffer and boiled (10
in, 95 ◦C). Samples were centrifuged (2 min, 13 200 rpm, RT) and

oaded onto a 12% TGX Stain-Fr ee ™ gel. Electr ophor esis was per-
ormed at 200 V until the running front reached approximately
hree-quarters of the gel. In the ChemiDoc ™ MP (Bio-Rad), the
els wer e UV activ ated for 45 s using the Stain-Fr ee ™ pr ogr am
o visualize total protein. Western transfer (Trans-Blot ® Turbo ™
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ith nitrocellulose consumables, Bio-Rad) was followed by a
-min blocking step in EveryBlot blocking buffer (Bio-Rad). Mouse
ntilipopol ysacc haride cor e monoclonal antibody mAb WN1 222–
 (Hycult Biotech) was added at a dilution of 1:4000 and incubated
or 1 h at RT. After the membrane was rinsed three times with
BST and washed four times for 5 min each in TBST, the sec-
ndary antibody StarBright Blue 700 Goat Anti-Mouse IgG (Bio-
ad) at a dilution of 1:2500 in EveryBlot blocking buffer was added
o the membrane for 1 h. After repeated washes, the membrane
as dried, and the fluorescence signals of total protein (Stain-
r ee ™ c hannel) and cor e LPS (StarBright Blue 700 c hannel) wer e
etected. Using ImageLab software (Bio-Rad), the signal intensi-
ies of the core LPS bands were determined and normalized to to-
al protein. 

solation of outer membrane vesicles 

ells were cultured as described for growth curve analysis, but
n 50 ml of LB in a 250 ml Erlenmeyer flask. After 20 h of growth
nd pr otein ov er pr oduction, cultur es wer e OD 600 normalized by
dding fresh LB. Sodium dodec yl sulfate poly acrylamide gel elec-
r ophor esis (SDS-PAGE), Western tr ansfer, and imm unological de-
ection of the str ep ta g v erified successful pr otein ov er pr oduc-
ion. The ExoBacteria ™ outer membrane vesicle (OMV) isolation
it (System Biosciences) was used to isolate OMVs, with slight
odifications to the manufacturer’s protocol. Briefly, cells were

pun down (10 min, 4000 × g , 4 ◦C) and the supernatant was
r ansferr ed to a new tube and centrifuged again. The supernatant
as then filtered through a 0.45- μm sterile filter. The additional
ltr ation step thr ough a 0.2- μm filter was omitted to pr eserv e
MVs , which ma y be ∼200 nm in diameter (K ulp and K uehn
010 ). Column pr epar ation, OMV ca ptur e, and elution wer e per-
ormed according to the manufacturer’s instructions. Fresh LB
as subjected to the purification process to obtain a buffer con-

r ol. Isolated OMVs wer e anal yzed b y SDS-PAGE and SYPR O 

™

range total protein staining according to the manufacturer’s
nstructions. 

For LPS quantification, isolated OMVs were analyzed by SDS-
AGE, and biomolecules wer e tr ansferr ed to a nitrocellulose mem-
rane using the T rans-Blot ® Turbo ™ T ransfer System (Bio-Rad)
nd consumables. After a 5-min blocking step in EveryBlot block-
ng buffer (Bio-Rad), the mouse antilipopol ysacc haride cor e mon-
clonal antibody mAb WN1 222–5 (Hycult Biotech) was added at a
ilution of 1:4000 and incubated for 1 h at RT. The membrane was
insed three times with TBST and washed four times in TBST for 5
in each. StarBright Blue 700 Goat Anti-Mouse IgG (Bio-Rad) was

hen diluted 1:2500 in EveryBlot blocking buffer and incubated
ith the membrane for 1 h. After repeated rinses and washes, the
embrane was dried, and the fluorescence signal was detected

sing a ChemiDoc ™ MP (Bio-Rad). Analysis was performed with
ma geLab softwar e (Bio-Rad). 

ryoscanning electron microscopy 

acteria were cultured as described for growth curve analysis. Af-
er 18 h of gro wth, cells w ere w ashed three times in ddH 2 O (Roth),
oncentr ated thr ee times, and 1.5 μl of the cell suspension was
potted on a piece of potato dextrose (PD) agar mounted on a car-
ier. The sample volume for isolated OMVs was 2 μl. The carrier
as inserted into slush nitrogen for rapid freezing and then trans-

erred to the cryochamber. Sublimation conditions were 20 min or
0 min at −90 ◦C for whole cells and isolated OMVs, r espectiv el y.
latinum coating was applied at 15 mA for 180 s, and imaging was
erformed at 3 or 5 kV. 
rotein purification 

r otein ov er pr oduction for anal ytical pr otein purification was in-
uced at an OD 600 of ∼0.6–0.8 by adding 1 mM isopropyl- β-D-1-
hiogalactopyranoside (IPTG) or 200 ng/ml AHT and incubation
t 30 ◦C (shaking) for 3 h unless otherwise stated. Cells from a
33 ml culture were harvested by centrifugation (10 min, 4000

g , 4 ◦C) and washed in 20 mM HEPES pH 8.0. Cell pellets were
tored at −20 ◦C. Cell lysis was performed according to the instruc-
ions for BugBuster ® Master Mix (Nov a gen) supplemented with 1

cOmplete ™ EDTA-free protease inhibitor cocktail (Roche) or by
hr ee passa ges thr ough a Fr enc h pr ess mini cell at 900 psi in the
ndicated lysis buffer. The lysate was cleared by centrifugation ( ≥
0 min, 16 000 × g , 4 ◦C) and used for protein purification. 

rotein purification of His SAS1 from Bacillus 
ubtilis 
sc heric hia coli BL21 (DE3) harboring pET24d:: his 6 -SAS1 was grown
t 37 ◦C until it r eac hed an OD 600 of ∼0.6–0.8 and was induced
y adding 12.5 g/l d ( + )-lactose monohydrate (Sigma). After 20 h
t 30 ◦C, cells wer e harv ested as described. The cell pellet was
esuspended in 10 ml of wash buffer [20 mM HEPES/NaOH (pH
.0), 250 mM NaCl, 40 mM imidazole, 20 mM MgCl 2 , 20 mM KCl],
upplemented 0.1 mg/ml of DNase I, RNase A, lysozyme, and 1

cOmplete ™ EDTA-free protease inhibitor cocktail (Roche). Cells
er e l ysed by thr ee passa ges thr ough a Fr enc h pr ess mini cell
t 900 psi. The clear ed l ysate was applied to 1 ml of equili-
r ated nic kel nitrilotriacetic acid (Ni-NTA) a gar ose (Qia gen) and
ashed three times with 10 ml of wash buffer. His SAS1 was eluted
y adding 1 ml of elution buffer [20 mM HEPES/NaOH (pH 8.0),
50 mM NaCl, 500 mM imidazole, 20 mM MgCl 2 , 20 mM KCl] five
imes. His SAS1 was buffer exchanged in storage buffer [20 mM
EPES/NaOH (pH 7.5), 200 mM NaCl, 20 mM MgCl 2 , 20 mM KCl]
nd concentrated using a 30 kDa Amicon 

® (Millipore). Protein con-
entration was determined using the Roti ®-Quant r ea gent (Carl
oth) using BSA as a standard, and the aliquots wer e stor ed at
80 ◦C. 

ynthesis of ppGpp 

o pr epar e cold or P32-labeled ppGpp (200 μl reaction), 5 μM
is SAS1 was incubated with 5 mM cold ATP or 100 μCi (3.7 Mbq)
32 ATP and 5 mM GDP in reaction buffer [100 mM HEPES/NaOH
pH 7.5), 200 mM NaCl, 20 mM MgCl 2 , 20 mM KCl]. After 3 h at
7 ◦C, SAS1 was precipitated by adding one volume of c hlor oform
nd vortexing for 10 s . T he solution was centrifuged (5 min, 16 000
g , 4 ◦C), and the upper aqueous phase was tr ansferr ed to a new

 ml reaction tube. Nucleotides were precipitated by adding one
olume of 2 M LiCl. In total, four volumes of 100% ice-cold EtOH
ere added, and the reaction tube was incubated at −20 ◦C for
0 min. After centrifugation (20 min, 16 000 × g , 4 ◦C), the super-
atant was r emov ed, and the pellet was air-dried. The pellet was
esuspended in 100 μl of binding buffer [10 mM Tris/HCl (pH 8.0),
00 mM NaCl, 5 mM MgCl 2 ]. The quality of the ppGpp pr epar ation
as c hec ked b y PEI-cellulose thin-lay er c hr omatogr a phy (TLC) de-
eloped for 3 h in 1.5 M KH 2 PO 4 (Corrigan et al. 2016 ). After expo-
ure of the TLC plate to a phosphor scr een (Cytiv a), signals wer e
etected using a Typhoon 

™ laser scanner (Cytiva). The conversion
f P32 ATP to P32 ppGpp was 91%. 

High-performance liquid c hr omatogr a phy (HPLC)-purified
pGpp × 6 Li + and pppGpp × 7 Li + (Li + refers to lithium ions
riginating the precipitation step with LiCl) were produced as
escribed in (Steinchen et al. 2015 ) with minor modifications. In
rief, 5 μM Bacillus subtilis SAS1 was incubated with 5 mM ATP and
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5 mM GDP or GTP in buffer (100 mM of HEPES-Na, pH 7.5, 250 mM 

NaCl, 20 mM MgCl2, 20 mM KCl) for 30 min at 37 ◦C. Thereafter,
SAS1 was precipitated by addition of one volume part of chlo- 
roform. The aqueous phase that contained the nucleotides was 
diluted with double-distilled water to a total volume of 5 ml and 

subjected to anion exchange chromatography (ResourceQ, 6-ml; 
GE Healthcare) and nucleotides eluted with a gradient of LiCl. The 
products ppGpp and pppGpp were precipitated by adding lithium 

chloride to a final concentration of 1 M, follo w ed b y adding four 
volumes of ethanol. The suspension was incubated on ice for 
20 min and centrifuged (20 min, 5000 × g , 4 ◦C). The resulting 
pellets were washed multiple times with absolute ethanol, dried,
and stored at −20 ◦C. The quality of the so-pr epar ed ppGpp and 

pppGpp was controlled by analytical HPLC. 

Differential radial capillary action of ligand assay 

A 96-well plate containing 200 μl LB + Cm per well was inocu- 
lated with the r espectiv e ASKA str ains . T he plate was incubated 

overnight at 30 ◦C without shaking. In a Nunc ™ 2 ml 96-DeepWell ™

plate (Thermo Scientific ™), 1 ml LB + Cm per well was inocu- 
lated by adding the overnight culture at a 1:50 dilution. The plate 
was sealed with Breathe-Easy ®, and the cultures were allo w ed 

to grow at 37 ◦C for 3 h. Protein overproduction was induced by 
adding 1 mM IPTG and incubating at 30 ◦C for 3 h. The plate was 
centrifuged (10 min, 2000 × g , 4 ◦C), and the supernatant was 
discar ded. Cells w er e r esuspended in 60 μl lysis buffer per well 
(250 μg/ml lysozyme, 10 μg/ml DNase I, and 1 × cOmplete ™ EDTA- 
free in binding buffer) by shaking for 10 min at RT. Cells were sub- 
jected to two freeze–thaw cycles (30 min at −80 ◦C and 30 min 

at RT), and the plates were stored at −80 ◦C until further use.
P32 ppGpp was diluted 1:400 in binding buffer. A volume of 20 μl 
of this solution was added to each well (mixed by gentle shaking 
for 2 min), and 2 μl/w ell w as tr ansferr ed to a nitr ocellulose mem- 
brane using a 96-well pin tool. The membrane was dried at RT and 

placed on a phosphor screen for 12–24 h. Signals were detected us- 
ing a Typhoon 

™ laser scanner (Cytiva Europe). His RelA and empty 
v ector (EV) contr ols wer e included in eac h plate . T he r elativ e bind-
ing of ppGpp in each plate was normalized to His RelA (100%). 

Purification of strep LpxA, strep RnhB, and 

strep RnhB 

W3110 �relA �spoT cells ((p)ppGpp 

0 ) were used for the ov er pr o- 
duction of strep LpxA, strep RnhB, and 

strep RnhA to avoid contam- 
ination of (p)ppGpp in protein preparations. Cells were lysed 

in BugBuster ® Master Mix (Nov a gen) supplemented with 1 ×
cOmplete ™ EDTA-fr ee pr otease inhibitor (Roc he) according to the 
manufacturer’s instructions. Purification was performed using 
the Stre p-Tactin 

® Se pharose ® (IBA Lifesciences) stre p-tag purifi- 
cation kit. 

Purification of V. harveyi AasS 

His 

Cell pellets from 1 l of bacterial culture were resuspended in 

10 ml of lysis buffer [20 mM HEPES/NaOH (pH 8.0), 500 mM NaCl,
10% (v/v) gl ycer ol, 10 mM imidazole, 1 × cOmplete ™ EDTA-free; 
0.1 mg/ml of lysozyme, DNase I, RNase A] and lysed by Fr enc h 

press . T he cleared lysate was applied to a pre-equilibrated Ni- 
NTA a gar ose column (Qiagen) and allo w ed to flow through. After 
three 10-column volumes (CV) wash steps with wash buffers I–
III [20 mM HEPES/NaOH (pH 8.0), 500/300/150 mM NaCl (I/II/III),
10% (v/v) gl ycer ol, 50 mM imidazole], AasS His w as eluted in w ash 

buffer III supplemented with 250 mM imidazole . T hrough a PD- 
10 gravity-flow column, AasS His was buffered in 20 mM Tris- 
Cl (pH 7.5), 10% (v/v) gl ycer ol, 1 mM EDTA, 0.1 mM tris-(2-
arboxyethyl)phosphine (TCEP), and 0.002% (v/v) Triton X-100 for 
tor a ge at −80 ◦C as pr e viousl y described (Jiang et al. 2006 ). Pro-
ein concentration was determined using the Roti ®-Quant r ea gent
Carl Roth) using BSA as a standard. 

iosynthesis and purification of acyl-ACP 

olo-ACP w as produced accor ding to (Jenkins and Dotson 2012 )
ith minor modifications. BL21 (DE3), carrying pACYCDuet- 
:: acpS his + acpP, was induced with 1 mM IPTG and grown overnight
t 18 ◦C to allow simultaneous overproduction of AcpS His and AcpP.
ell pellets from 1 l of bacterial culture were resuspended in 10 ml
uffer A [20 mM HEPES/NaOH (pH 8.0), 1 mM TCEP (pH 7.0)],
hich was supplemented with 0.1 mg/ml of lysozyme, DNase I,
nd RNase A. After Fr enc h pr ess-mediated cell l ysis, the clear ed
ysate was applied to a Ni-NTA gravity-flow column (Qiagen) pre-
quilibrated with buffer A. The resin w as w ashed twice with five
Vs of buffer A. AcpS His was eluted by a ppl ying an imidazole gra-
ient (10–1000 mM). The 50–1000-mM imidazole elution fractions 
ere pooled, and an equal volume of ice-cold isopropanol was
dded slowly with gentle stirring at 4 ◦C. After 1 h at 4 ◦C, a ggr e-
ated pr oteins wer e r emov ed by centrifugation (30 min, 16 000 ×
 , 4 ◦C), and an equal volume of buffer A was added. The solu-
ion was injected into an AEKTA Superloop 

™ and automatically 
pplied to a HiScreen 

™ QHP column (4.7 ml CV; Cytiva) equili-
rated with buffer A. After washing with five CVs buffer A, an
0 ml linear gradient of NaCl (0–500 mM) in buffer A was applied
o elute holo-A CP. Holo-A CP eluted at ∼300 mM NaCl, and the
r actions wer e anal yzed b y SDS-PAGE, Coomassie, and SYPR O 

™

range staining (Sigma). AcpP was only visible on SYPRO 

™ Or-
nge stained SDS-PAGE. AcpP-containing fractions were pooled,
uffer exchanged, and concentrated in 20 mM HEPES/NaOH (pH 

.0) using an Amicon 

® with a 3-kDa cutoff. Protein concentration
as determined with the Pierce ™ BCA protein assay kit (Thermo 
cientific ™) using BSA as a standar d. Holo-ACP w as reduced in the
resence of two molar equivalents of TCEP (pH 7.0) for 1 h at RT.
olo-ACP w as ac ylated in a 10 ml reaction containing 23 μM re-
uced holo-ACP, 100 mM Tris/HCl (pH 7.5), 5 mM ATP, 5 mM MgCl 2 ,
00 μm TCEP (pH 7.0), 0.01% (v/v) Triton X-100, 100 μg AasS His and
00 μM R -3-hydro xym yristic acid. The reaction was incubated for
5 min at 30 ◦C, after which 50 μg of AasS His was added again, fol-
o w ed b y 20 min at 30 ◦C. The r eaction mixtur e was cooled and
 pplied dir ectl y to a HiScr een 

™ QHP column (4.7 ml CV; Cytiv a),
r e-equilibr ated in 20 mM HEPES/NaOH (pH 8.0). After a three-
V wash, an 80 ml linear NaCl gradient (0–500 mM) was applied,
nd ac yl-ACP w as eluted at around 300 mM NaCl. Ac ylation w as
onfirmed by SDS-PAGE and SYPRO 

™ Orange staining, as acyl-ACP 
igrated faster through the gel matrix. Since it was not possi-

le to separate holo- and acyl-ACP, the acyl-ACP containing frac-
ions were pooled, buffer exchanged, and concentrated in 20 mM
EPES/NaOH (pH 7.0) via an Amicon 

® with a 3-kDa cutoff. A molar
xcess of N -ethylmaleimide (NEM; Sigma) was added to block free
hiol gr oups fr om r emaining holo-ACP. After 2 h at RT and 16 h at
 

◦C, NEM was r emov ed by buffer exchange in 20 mM HEPES/NaOH
pH 7.0). The NEM-blocked acyl-ACP preparation was then buffer 
xchanged and concentrated in 20 mM HEPES/NaOH (pH 8.0).
DS-PAGE and SYPRO 

™ Orange staining was used to visualize and
etermine the r elativ e band intensity of acyl-ACP. Pr otein concen-
ration was determined via BC A assa y with BSA as a standard and
djusted to the r elativ e amount of acyl-ACP. This acyl-ACP prepa-
ation was stored at −20 ◦C until further use. 
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ynthesis and purification of a ThioGlo–ACP 

onjugate 

he conjugation of ThioGlo ®1 and holo-ACP was performed as
r e viousl y described with minor modifications (Jenkins and Dot-
on 2012 ). Briefly, in a 1 ml reaction, 100 μM holo-ACP, 1 mM
CEP, and 132 μM ThioGlo ®, 20 mM HEPES/NaOH (pH 8.0), 5%

v/v) dimethyl sulfoxide (DMSO) was incubated for 25 min at 25 ◦C.
n additional 132 μM ThioGlo ® was added and incubated for 35
in. The conjugate was buffer exchanged in 20 mM HEPES/NaOH

pH 8.0) using a PD-10 gravity-flow column. Protein concentrations
ere determined via Pierce ™ BCA protein assay kit using BSA as a

tandard. 

luorescent LpxA activity assay 

 he assa y was performed at 25 ◦C in black 96-well half-area plates
Corning). All components were diluted in 20 mM HEPES/NaOH
pH 8.0). For a typical reaction, 10 μl 20 mM HEPES (pH 8.0), 20 μl of
3.85 μM NEM-bloc ked acyl-ACP pr epar ation (with acyl-ACP mak-
ng up 14.68 μM of the pr epar ation as determined by densitomet-
ic analysis), 20 μl of UDP-GlcNAc (various concentrations), 30 μl
f 33.333 μM ThioGlo ® 1, and 10 μl of (p)ppGpp or LiCl buffer con-
r ol wer e mixed. The plate was equilibrated in a Tecan Infinite ® M
lex in the dark at 25 ◦C for 5 min. Then 10 μl of 100 nM 

strep LpxA
calculated as a monomer; or buffer for the no-enzyme control)
ere added. The reaction was mixed by pipetting up and down,
nd the fluorescence intensity was monitored for 10 min at λex 

 379 nm and λem 

= 513 nm at 10 s intervals. LpxA was diluted
r esh befor e eac h run. A typical r eaction to determine IC 50 v alues
onsisted of 20 μl of 13.46 μM acyl-ACP pr epar ation (with acyl-
CP making up 3.67 μM), 20 μl of 20 mM UDP-GlcNAc, 30 μl of
3.333 μM ThioGlo ®, 20 μl of nucleotide (various concentrations)
nd was started by adding 10 μl of 100 nM 

strep LpxA. The nu-
leotide dilutions were set up in the r espectiv e LiCl contr ol buffer.

An independent batch of ac yl-ACP w as used to assess the ef-
ect of other proteins on the activity of strep LpxA. A typical reac-
ion contained 10 μl of 20 mM HEPES (pH 8.0), 20 μl of acyl-ACP
35.79 μM with acyl-ACP making up 12.13 μM), 20 μl of 20 mM
DP-GlcNAc and 30 μl of 33.333 μM T hioGlo ® 1. T he plate was
quilibrated in a Tecan Infinite ® M Plex for 5 min at 25 ◦C in the
ark. 50 nM 

strep LpxA was incubated with various concentrations
f protein ligands (up to 5 μM) in a 96-well plate at RT for 30 min
ith gentle shaking. 20 μl of this protein solution was added to the

quilibrated master mix to start the r eaction. A contr ol r eaction
ontaining no protein–ligand was used to normalize LpxA activity
o 100%. In another control reaction, LpxA was omitted to check
he highest protein–ligand concentration for background activity.

hermal shift assay 

 typical 25 μl reaction was composed of 20 μl purified protein at
 maxim um concentr ation of 1 mg/ml, 2 μl of ppGpp (nonpuri-
ed pr epar ation) or 10 mM nucleotide solution in binding buffer

10 mM Tris/HCl (pH 8.0), 100 mM NaCl, 5 mM MgCl 2 ] and 3 μl
3.33 × SYPRO 

™ Orange. All components were pipetted on ice,
nd the PCR plate was sealed with an adhesive film and flicked
o mix the content. After brief centrifugation (1 min, 500 × g ,
 

◦C), the plate was tr ansferr ed to a CFX Connect ™ real-time PCR
etection system (Bio-Rad). After 2 min at 25 ◦C, a temper atur e
r adient was a pplied fr om 25 ◦C to 95 ◦C in increments of 0.5 ◦C.
ac h temper atur e was held for 10 s, and the r elativ e fluor es-
ence intensity was measured in the FRET channel. CFX Maestro ™

Bio-Rad) and OriginPro 2020 were used for data analysis and
isualization. 
ontinuous fluorescent RNase H activity assay 

Nase H activity was monitored in 100 μl reactions with final
oncentrations of 50 mM Tris/HCl (pH 8.0), 5.8 mM MgCl 2 , 1 mM
TT, 60 mM KCl, 200 nM RNase HII (calculated as a monomer),
nd 0.5 μM of the molecular beacon. The buffer composition was
da pted fr om the pr otocol described by Cor ona and Tr amontano
 2015 ). The molecular beacon w as described b y Rizzo et al. ( 2002 ).
eagents that omitted the molecular beacon were joined in the
ell of a black 96-well half-area plate (Corning). To determine the
ffect of nucleotides on RnhB, 2-fold serial dilutions of ATP , GTP ,
DP, or ppGpp were prepared in LiCl buffer (same concentration
s in the ppGpp pr epar ation) to exclude buffer effects . T he se-
ial dilutions were added to the mastermix. The plate was pre-
quilibrated in a Tecan Infinite ® M Plex microplate reader at 37 ◦C
or 10 min. The reaction was started by adding the molecular bea-
on and then mixed by pipetting. The fluorescence intensity was
onitored for 1 h at 37 ◦C with continuous measurements at λex =

90 nm and λem 

= 540 nm. Note that the molecular beacon had to
e diluted fresh before each measurement to generate stable re-
ults. RNase H activity was calculated based on a standard curve
f the fully digested molecular beacon. For that, 1.66 μM molec-
lar beacon was incubated with 5 U of RNase HI (New England
iolabs) at 37 ◦C for 18 h in the reaction buffer mentioned. RNase
 activity was calculated from the initial velocity. 

icroscale thermophoresis 

r otein–pr otein inter actions wer e inv estigated by MST. Since
is RnhB and 

His RnhA wer e not particularl y thermall y stable in
0 mM HEPES pH 8, we sought to stabilize buffer conditions to
void infr ar ed laser-induced a ggr egation of the pr oteins. MST ex-
eriments with these tw o proteins w er e fluor escentl y labeled in
uffer M [20 mM HEPES/NaOH (pH 8.0), 2.5% (v/v) gl ycer ol, 1.5 μM
SA, 5 mM MgCl 2 , 50 mM NaCl] according to the manufacturer’s

nstructions for the His-Tag Labeling Kit RED-tris-NT A (NanoT em-
er Technologies GmbH). A total of 50 nM labeled protein was in-
ubated with serial dilutions of strep LpxA (diluted in 20 mM HEPES
H 8). In the case of His-SUMO RnhB or His-SUMO RnhA, labeling could
e performed in the manufacturer’s recommended PBS-T buffer,
nd 50 nM labeled protein was incubated with serial dilutions of

trep LpxA (diluted in 20 mM HEPES pH 8). MST experiments were
erformed with medium laser intensity and autosensitivity and
nalyzed with MO.Affinity analysis software. 

esults 

o LPS biosynthesis enzymes bind (p)ppGpp? 
he biosynthesis of PL and peptidoglycan (PGN) in E. coli are reg-
lated by (p)ppGpp (Stein and Bloch 1976 , Ramey and Ishiguro
978 ). These findings raise the question of whether LPS biosyn-
hesis is also subject to this control since all three pathways di-
 er ge fr om similar pr ecursors (Fig. 1 B). Intriguingl y, pr e vious stud-
es pr ovided e vidence for a contribution of (p)ppGpp in the regu-
ation of LPS biosynthesis (Schäkermann et al. 2013 , Roghanian et
l. 2019 , Thomanek et al. 2019 ). Hence, we asked whether enzymes
atal yzing earl y ste ps of lipid A biosynthesis bind the n ucleotide
nd used the differential radial capillary action of ligand assay
DRaCALA) with cell lysates of the ASKA ov er expr ession collec-
ion and radio-labeled ppGpp. An EV-carrying strain was the neg-
tiv e contr ol, and RelA r epr esented the positiv e contr ol (Fig. 2 A).
elative to RelA (100%), the previously confirmed ppGpp binders

nfB, ObgE, and SpeF scored 97 ± 11%, 86 ± 12%, and 73 ± 12%,
 espectiv el y, r elativ e to RelA (Fig. 2 B). 



Brückner et al. | 7 

Figure 2. Assessment of ppGpp-binding to k e y proteins of the LPS 
biosynthesis pathway. (A) Schematic representation of DRaCALA 

experiments . T he ASKA collection was used for high-throughput 
individual ov er expr ession of E. coli genes. Crude cell l ysates wer e 
incubated with radio-labeled ppGpp and stamped onto nitrocellulose 
membranes. Binding of ppGpp to a protein resulted in a distinct spot 
that was quantified r elativ e to His RelA (100%). (B) Positive controls for 
DRaCALA experiments included pr e viousl y identified ppGpp-binding 
pr oteins. (C) Pr oteins involv ed in the first thr ee steps of LPS biosynthesis 
wer e anal yzed for ppGpp-binding using DRaC ALA experiments . T he acpP 
gene encodes the apo form of ACP, whose activated and acylated form 

acts as a fatty acid donor for LpxA and LpxD. (D) Purified strep LpxA was 
analyzed by thermal shift assays to generate melting curves of the 
protein in the presence of buffer or ligands . T he curve represents the 
Boltzmann fit to the melting curves of four technical replicates; error 
bars r epr esent the standard de viation (SD). The bar gr a ph visualizes the 
mean melting temper atur es of the protein in the presence of different 
ligands; error bars represent the SD. Ns: not significant when P > .5 or 
when the temper atur e shift was ≤ 1 ◦C compared to protein in buffer. (E) 
As in (D), but an acyl-ACP pr epar ation was analyzed with thermal shift 
assa ys . 
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Next, we examined the enzymes responsible for the first three
teps of lipid A biosynthesis, namely LpxA, LpxC, and LpxD, as
ell as the acyl donor acyl-ACP utilized by LpxA and LpxD, for
pGpp binding. Note that the acpP construct encodes the inactive
po-form of the acyl carrier protein. AcpS is required to add a 4’-
hosphopantetheine to a po-ACP post-tr anslationall y. The r esult-

ng holo-ACP is the physiologically active form and can be loaded
ith an acyl chain (Flugel et al. 2000 ). 
Although cellular LpxC le v els ar e contr olled by (p)ppGpp in a

rowth phase-dependent manner (Schäkermann et al. 2013 ), LpxC 

tself does not seem to bind ppGpp (Fig. 2 C). In contrast, the lysate
f the lpxA ov er expr ession str ain a ppear ed to bind the nucleotide
93 ± 18% r elativ e to RelA). The lpxD and acpP strains sho w ed inter-

ediate binding of 41% ± 21%, and 36% ± 1%, r espectiv el y. LpxA,
hus emerged as a putative ppGpp-binding protein. 

Since cell lysates contain a wide variety of components, we pu-
ified 

strep LpxA from the (p)ppGpp 

0 strain (to prevent carryover of
p)ppGpp) and examined it by the thermal shift assay. In this as-
ay, the recombinant protein is subjected to a stepwise increase
n temper atur e in the presence of the fluorescent dy e SYPR O 

™ Or-
nge in a real-time PCR cycler. Thermal melting of the protein re-
ults in binding of the dye to liberated hydrophobic regions and
 fluorescent signal. The binding of a ligand typically shifts the
elting curve to the right or left. For LpxA, no significant shift

 > 1 ◦C) was detected in response to nucleotides ppGpp, ATP , GTP ,
r GDP (Fig. 2 D). This result was confirmed by isothermal titra-
ion calorimetry (ITC; data not shown). In contrast, a substantial
hift to w ar ds lo w er temper atur es was observ ed for ppGpp and
ther nucleotides with an acyl-ACP pr epar ation, whic h contained
 mixture of NEM-blocked holo-ACP and R -3-hydro xym yristoyl-
CP (Fig. 2 E). The a ppar ent binding of ppGpp to LpxA in cell

ysates, but the absence of ppGpp binding with purified LpxA sug-
ests that some cellular factor in the lysate mediates that appar-
nt binding. The most likely candidate is AcpP. 

p)ppGpp inhibits LpxA activity in vitro , likely 

hrough interaction with acyl-ACP 

he findings described abov e, r aised the possibility that (p)ppGpp
ffects the first step of lipid A biosynthesis. To address whether
p)ppGpp influences the LpxA-catalyzed reaction, we set up a con-
inuous fluorescent activity assay (Jenkins and Dotson 2012 ). LpxA
atal yzes the tr ansfer of the acyl gr oup fr om acyl-ACP to UDP-
lcNAc, liberating a thiol group on A CP (holo-A CP; Fig. 3 A). The
hioGlo1 dye can conjugate with the liberated thiol group to gen-
r ate a fluor escent signal (Fig. 3 B). We determined the Michaelis–
enten kinetics of the LpxA reaction in the presence and absence

f ppGpp. A total of 800 μM ppGpp (found intr acellularl y during
he stringent response; Varik et al. 2017 ) had an inhibitory ef-
ect on LpxA activity ( V max = 199 ± 5 pmol ∗min 

-1 ; K m 

= 539 ±
6 μM) compared to the LiCl-containing buffer control ( V max =
91 ± 8 pmol ∗min 

-1 ; K m 

= 494 ± 51 μM) (Fig. 3 C). A very similar in-
ibitory effect was observed with 800 μM of pppGpp ( V max = 127 ±
 pmol ∗min 

-1 ; K m 

= 967 ± 187 μM) compared to the buffer control
 V max = 195 ± 15 pmol ∗min 

-1 ; K m 

= 600 ± 152 μM). On the contrary,
00 μM CTP did not have an inhibitory effect on the reaction ( V max 

 187 ± 10 pmol ∗min 

-1 ; K m 

= 501 ± 98 μM). 
The addition of incr easing concentr ations of (p)ppGpp to the

pxA assay r e v ealed a dose–r esponse effect, supporting a function
s an inhibitor (Fig. 3 E and F). Note that the final concentrations
f acyl-ACP in these experiments were lower (2.69 μM) than in
he Michaelis–Menten experiments (10.77 μM) to save the scarce 
cyl-ACP. Under these conditions, ppGpp and pppGpp showed 
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Figure 3. LpxA catalyzes the first step in the biosynthesis of LPS and is inhibited by (p)ppGpp. (A) LpxA uses acyl-ACP and UDP-GlcNAc as substrates 
and transfers the fatty acid chain to generate R -3-myristo yl-UDP-GlcN Ac. This process liberates a thiol group on ACP (holo-ACP). PDB codes for 
visualization: 1LXA (LpxA; Raetz and Roderick 1995 , Roderick 1995 ), 2FAC (acyl-ACP; Roujeinik ov a 2006 , Roujeinik ov a et al. 2007 ), and 1ACP (holo-ACP; 
Kim and Prestegard 1990 , Prestegard and Kim 1993 ) . (B) The fluorescent dye ThioGlo1 included in the LpxA assay reaction mixture can rapidly 
conjugate with the free thiol group and generate a fluorescent signal. (C) and (D) Michaelis–Menten plots for LpxA activity in the presence of 
ppGpp-LiCl control buffer or 800 μM ppGpp or pppGpp-LiCl control buffer, 800 μM pppGpp or 800 μM CTP. The line r epr esents a fit to the 
Michaelis–Menten equation and combines three technical replicates, where the points with error bars represent the mean values and SD. The 
UDP-GlcNAc concentration was varied. (E) and (F) Dose–response experiments in which the substrate and enzyme concentrations were k e pt constant , 
but the concentrations of ppGpp and pppGpp were varied, respectively. Serial dilutions of nucleotides were performed in the corresponding LiCl 
control buffer to exclude buffer effects . T he line represents a logistic fit and combines three technical replicates . T he upper and lo w er limits were 
determined empirically (LpxA alone and no LpxA, respectively). Data points with error bars represent the mean and SD. 
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nhibitory effects only at higher concentrations (IC50 ppGpp =
562 ± 472 μM; IC50 pppGpp = 5379 ± 399 μM). Reactions with-
ut (p)ppGpp ( = 100%) or without LpxA empirically determined
he fit limits. Cum ulativ el y, these r esults suggest that ppGpp and
ppGpp can inhibit the first step of lipid A biosynthesis in vitro . 

verexpression of lpxA and the absence of 
p)ppGpp increases cell length 

o establish a link between LpxA and (p)ppGpp in vivo , we over-
roduced plasmid-encoded 

strep LpxA in a �relA �spoT [(p)ppGpp 

0 ]
utant or the isogenic W3110 WT strain and monitored growth
n 96-well plates (Fig. 4 A and B). Consistent with a pr e vious r e-
ort (Guo et al. 2022 ), we did not detect any obvious growth de-
ects. We went a step further and determined cell viability at the
nd of the gr owth curv e using the resazurin assay, which is based
n the intracellular reduction of the nonfluorescent dye resazurin
o highl y fluor escent r esorufin by metabolicall y activ e cells. Re-
uced metabolic activity or altered redox potential of cells results

n lo w er conv ersion of r esazurin. Her e, we noticed that the WT
ad lo w er viability after ov er pr oduction of strep LpxA (62 ± 8%; P
 .0118), while the viability of the (p)ppGpp 

0 strain was barely af-
ected (93 ± 3%; P = .0984) suggesting that the mutant does not
 espond equall y to excess LpxA. Cultures were also serially diluted
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Figure 4. Effect of of strep lpxA ov er expr ession on growth, viability and cell length. (A) Growth curves of W3110 WT (black) and (p)ppGpp 0 (blue) 
harboring the EV. The line r epr esents the mean of four biological replicates, and the error band represents the standard deviation (SD). Overexpression 
was induced by adding 50 ng/ml AHT after 105 min of growth. Cell viability was measured after overnight cultivation using the resazurin assay (bar 
gr a ph) and normalized for each strain carrying the EV. Cells after overnight cultivation were also serially diluted and spotted on LB agar to determine 
CFU. Crude cell lysates were spotted onto a nitrocellulose membrane and subjected to dot-blot analysis to detect strep-tagged proteins. (B) As in (A), 
but strep lpxA was ov er expr essed. (C) Ov ernight ov er expr ession cultur es wer e subjected to micr oscopy to quantify cell lengths. 
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and spotted on LB agar to determine colony-forming units (CFU).
The (p)ppGpp 

0 mutant generally reached higher CFU counts at 
the same final OD 600 . Ov er pr oduction of strep LpxA to comparable 
le v els had no a ppar ent effect on CFU counts in both strains. 

To obtain clues as to whether E. coli changes its cell shape when 

LpxA and/or (p)ppGpp concentrations are high, we examined sta- 
tionary cells under the microscope (Fig. 4 C; Table S4, Supporting 
Information). Compared to the WT harboring the EV, we observed 

massive cell elongation in response to strep LpxA overproduction 

(Figure S1, Supporting Information). The (p)ppGpp 

0 strain with EV 

already had elongated cells of similar length, which increased fur- 
ther in response to strep LpxA production (Figure S2, Supporting In- 
formation). Cum ulativ el y, these r esults support a role of (p)ppGpp 

in maintaining cell envelope homeostasis. 

Overexpression of lpxA and/or the absence of 
(p)ppGpp elicit OMV formation 

PGN determines the cell shape because of its rigidity (Silhavy et 
al. 2010 ). It has been reported that the accumulation of PGN frag- 
ments, or LPS, or an altered fatty acid composition can affect the 
formation of OMVs, whic h ar e 20–250 nm in diameter (Sc hwec h- 
heimer and Kuehn 2015 , McMillan and Kuehn 2021 ) (Fig. 5 A). To 
assess whether the ov er pr oduction of strep LpxA or the absence 
of (p)ppGpp affect OMV formation, we isolated OMVs from cell- 
fr ee cultur e supernatant using the ExoBacteria ™ OMV isolation 

kit. The isolated OMVs could be visualized by cryo-SEM (Fig. 5 B) 
and were ∼200 nm in diameter. The examination of entire cells 
b y cry o-SEM supported the elongation of strep LpxA ov er pr oduc- 
ing cells (compare Fig. 4 C) and revealed an abundant vesiculation 

of OMVs in the (p)ppGpp 

0 mutant (Fig. 5C; examples of all four 
strains shown in Figure S3, Supporting Information). The visible 
v esiculation fr om intact cells, in combination with the unchanged 

CFU counts (Fig. 4 A and B), indicated that the OMVs wer e not a r e- 
sult of spontaneous cell lysis. 

The isolated OMVs were analyzed for their protein and LPS 
content. Pr oteins wer e visualized by SDS-PAGE and staining with 
he sensitiv e SYPRO 

™ Or ange dye (detection limit: 4–8 ng pro-
ein/band) (Fig. 5 D and E). Ov er pr oduction of strep LpxA resulted in
hree times more OMV-associated proteins in the WT compared 

o the same strain with EV ( P = .0014). The (p)ppGpp 

0 mutant had
0 times more OMV-associated proteins ( P = .0136) and 24 times
ore after strep LpxA overproduction ( P = .0010) than the corre-

ponding WT strains . T he LPS content was visualized after SDS-
AGE by immunoblotting with an anti core-LPS antibody (Fig. 5 F).
ommerciall y av ailable LPS (fr om E. coli O111: B4, Sigma-Aldric h)
as used for quantification. Increased LPS levels were found in

he OMV pr epar ations fr om the (p)ppGpp 

0 m utant gener all y, but
n both str ains, LPS le v els r emained lar gel y unaffected by the ov er-
roduction of strep LpxA. In relative terms, and somewhat unex- 
ectedl y, the le v el of LPS decr eased in r esponse to strep LpxA ov er-
roduction (Fig. 5 G). The r educed LPS/pr otein r atio is pr obabl y ex-
lained by the thermodynamically unfavorable forward reaction 

nd the pr eferr ed r e v erse r eaction that LpxA is catal yzing (Fig. 1 B)
Anderson et al. 1993 ). 

 he o verproduction of RnhB results in elonga ted 

ells and OMV formation 

iv en that LpxA alter ed the cell length and OMV formation, we
ecided to assay other genes involved in cell envelope biosynthe-
is by similar experiments. Production of the proteins was con-
rmed by western blot analysis (data not shown). While strep LpxC
nd 

strep LpxD bar el y affected cell length, strep LpxA almost doubled
he av er a ge cell length (Fig. 6 A and Table S4, Supporting Informa-
ion; compilation of r epr esentativ e micr oscopy ima ges in Figur es
1 and S2, Supporting Information). As an or ganism–for eign con-
r ol pr otein, we used 

strep mCherry, whic h also trigger ed some cell
longation but clearly much less than 

strep LpxA. FabZ and MurA
atalyze the first steps of PL and PGN biosynthesis, r espectiv el y
Fig. 1 B). In the WT strain, strep FabZ or strep MurA pr oduction bar el y
ffected cell length (Table S4, Supporting Information). 

The lpxA gene is organized in an operon along with fabZ , lpxD ,
pxB , and other genes like rnhB . As the encoded RNase H enzyme is
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Figure 5. Ov er expr ession of strep lpxA increases OMV formation and affects its composition. (A) Changes in membrane composition can affect OMV 

formation. (B) Cryo-SEM analysis of isolated OMVs. (C) Cryo-SEM analysis of overnight overexpression cultures. Cells were washed three times with 
PCR-gr ade ddH 2 O. Arr ows indicate OMVs that ar e curr entl y v esiculating fr om the cell. (D) SYPRO 

™ Or ange stained SDS-PAGE of isolated OMVs. M: 
marker. (E) Quantification of OMV-associated proteins based on band intensities of SYPRO 

™ Orange stained SDS-PAGE. Error bars represent the SD; 
asterisks r epr esent P -v alues of unpair ed t -tests compar ed to WT carrying the EV or as indicated. (F) Imm unological detection of OMV-associated 
cor e-LPS. Commerciall y av ailable LPS was used for quantification. The bars r epr esent the mean; the err or bars the SD of thr ee biological r eplicates. (G) 
The intensities of the LPS bands were divided by the intensities of the protein bands to calculate the LPS/protein ratio. Ratios were normalized to WT 

with EV. The bars r epr esent the mean; the error bars the SD of three biological replicates. 

s  

a  

t  

(  

c  

t  

p
 

o  

i
 

o  

t  

r  

c  

t  

L  

b  

(  

R  

t  

1  

r  

 

n  

N  

C  

s
 

C  

t  

d  

n  

w  

t  

a  

p

eemingl y unr elated to LPS biosynthesis, we considered 

strep RnhB
s a negative control in these experiments. Sur prisingl y, the pr o-
ein str ongl y induced cell elongation compar able to that of LpxA
Fig. 6 A). RnhB 

strep (with the tag on the other end) had a signifi-
antl y less pr onounced effect than 

strep RnhB in the WT. strep RnhA
hat we then used as an additional control protein induced com-
arable cell elongation. 

The (p)ppGpp 

0 mutant was generally longer than the WT, and
v er pr oduction of strep LpxA, strep RnhB, and RnhB 

strep substantially
ncreased the length of the cell (Fig. 6 A). 

Changes in membrane permeability might accompany the
v er pr oduction of cell envelope biosynthesis enzymes. We tested
his assumption using the fluorescent probe NPN that incorpo-
 ates into compr omised lipid bilayers r esulting in str ong fluor es-
ence (Helander and Mattila-Sandholm 2000 ). As a positive con-
r ol, cells wer e tr eated with 1 mM EDTA, which destabilizes the
PS lay er b y c helating div alent cations (Leiv e 1965 ). This desta-
ilization led to a 1.5-fold increase in NPN uptake ( P = .0004)
Fig. 6 B). T he o v er pr oduction of strep FabZ, strep LpxD, strep RnhB,
nhB 

strep , and 

strep mCherry had no significant effect on NPN up-
ake. strep MurA, strep LpxA, and 

strep LpxC increased the NPN uptake
.75, 1.48, and 1.85 times, r espectiv el y ( P = .0219, .0340, and .0004,
 espectiv el y), wher eas strep RnhA decr eased NPN uptake 0.57 times.

To ensure that cell length variations or other parameters did
ot affect the OD 600 -based normalization, cells pr epar ed for the
PN uptake assay were serially diluted, spotted on LB agar, and
FU/ml was determined (Fig. 6 C). T he o v er pr oduction of strep FabZ,

trep LpxC, strep LpxD, and 

strep RnhA r esulted in significantl y lo w er
FU ( P = .0013, .0018, .0014, and .0013, r espectiv el y), indicating

hat the results of the NPN uptake measurement might be un-
erestimated for these strains. For strep MurA and 

strep LpxA, the
umber of CFU was comparable to that of the EV-containing cells,
hile the NPN uptake was significantl y incr eased. In conclusion,

he ov er pr oduction of LpxA and MurA, the first enzymes in LPS
nd PGN biosynthesis, r espectiv el y, seems to disturb membrane
ermeability. 
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Figure 6. Assessment of cell length, membrane permeability, and OMV formation in response to protein overproduction. (A) WT or (p)ppGpp ◦ cells 
ov er expr essing the indicated genes were cultured overnight and subjected to microscopic analysis to determine cell length. (B) WT cells harboring the 
indicated plasmids were cultured for 105 min, and overexpression was induced by addition of 50 ng/ml AHT for 3 h. The cells were washed and 
OD 600 -normalized, and membrane permeability was assessed using the NPN uptake assay. A total of 1 mM EDTA, a known membrane disruptor, was 
used as a positiv e contr ol to increase membrane permeability. NPN uptake factors were normalized to cells harboring the EV. Bars represent the mean; 
error bars represent the SD of three biological replicates; asterisks represent P -values of unpaired t -tests compared to WT with the EV. (C) 
OD 600 -normalized cells used in (B) were serially diluted and spotted on LB agar to determine the CFU/ml. Bars r epr esent the mean, err or bars the SD of 
three biological replicates, and asterisks represent P -values of unpaired t -tests compared to WT with the EV. (D) Isolated OMVs from WT cells 
ov er expr essing the indicated genes for 18 h were subjected to SDS-PAGE and SYPRO 

™ Orange staining to visualize proteins. (E) These samples were 
also subjected to SDS-PAGE and Western transfer for immunological detection of core-LPS. 
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To assess whether proteins other than LpxA affect OMV for-
ation, we tested se v er al enzymes involv ed in cell env elope

iosynthesis. strep FabZ, strep LpxD, and the control strep mCherry
id not affect vesiculation (Fig. 6 D). Elevated amounts of OMVs
ere detected after strep MurA, strep LpxA, strep LpxC, strep RnhB, and

trep RnhA ov er pr oduction. OMVs deriv ed fr om the WT ov er pr o-
ucing strep LpxC contained markedly more LPS (Fig. 6 E) consis-
ent with LpxC catalyzing the first committed step in LPS produc-
ion. Strikingly, the OMVs after strep RnhB or strep RnhA ov er pr oduc-
ion also contained higher amounts of LPS, suggesting a role of
nhB and RnhA in membrane biogenesis. Ho w ever, since the CFU
ount of the strep RnhA ov er pr oduction str ain was dr asticall y r e-
uced (Fig. 6 C), the observ ed pr oteins might be a result of cell ly-
is, which is one of the common OMV biogenesis routes (To y ofuku
t al. 2023 ). 

nhB is the secondary RNase H enzyme in E. coli 
nd interacts with ppGpp 

he presence of the rnhB gene in the same operon downstream of
he lpxA gene (Fig. 7 A) supported a connection to LPS biosynthe-
is because the organization of genes in an operon often indicates
 functional r elationship (Mor eno-Ha gelsieb 2015 ). This putative
onnection led us to investigate the activity of RnhB and its isoen-
yme RnhA (Itaya 1990 ) in more detail. We employed a molec-
lar beacon a ppr oac h and confirmed that both enzymes could
leave an RN A:DN A hybrid (Figure S4, Supporting Information).
otably, RnhA exhibited ∼1000 times higher RNase H activity than
nhB, suggesting that the first enzyme is the primary RNase H in
. coli and that the second one might have adopted alternative
unctions. 

Along with the LPS biosynthesis enzymes (Fig. 2 C), we exam-
ned RnhB and RnhA for ppGpp binding in crude cell extracts de-
iv ed fr om the corr esponding ASKA str ains in the DRaCALA setup.
nhB was identified as a ppGpp binder (125 ± 11% ppGpp-binding
 el. to RelA), wher eas RnhA did not bind ppGpp (8 ± 6%) (Fig. 7 B).
he r esults wer e confirmed with purified str ep-ta gged pr oteins us-

ng thermal shift assays (Fig. 7 C). For strep RnhB, a clear shift in the
elting curve in the presence ppGpp, but not in the presence of

TP , GTP , or GDP , indicated an RnhB–ppGpp interaction. In agree-
ent with the DRaC ALA assa y, neither ppGpp nor the other nu-

leotides shifted the melting temper atur e of strep RnhA. 
Given the observed ppGpp binding, we asked whether the nu-

leotide affects the RNase H activity of RnhB. RnhB activity de-
r eased with incr easing concentr ations of ATP , GTP , GDP , and
pGpp. At higher concentrations, the inhibitory effect of ppGpp
as significantly more pronounced as compared to ATP , GTP , or
DP (Fig. 7 D). At 2 mM nucleotide concentration, RnhB activity
as 58%–68% in the presence of the other nucleotides, but only
5% in the presence of ppGpp. This finding supports an inhibitory
ffect of ppGpp on the RNase H activity of RnhB. 

Nase H enzymes interact with LpxA and 

nfluence its activity 

 pr e vious high-thr oughput pull-down scr een utilizing the ASKA
train collection reported a physical interaction between RnhB
nd LpxA (Arifuzzaman et al. 2006 ), which supports a role of RnhB
n LPS biosynthesis. To collect evidence that RnhB affects LpxA
ctivity in vivo , we cotransformed the �rnhB strain and the iso-
enic Keio WT strain (BW25113) with plasmid combinations cod-
ng for strep lpxA and 

his rnhB or the corresponding EVs. strep mCherry
erved as control (Fig. 8 A and B). During growth in a 96-well plate,
e noticed that the �rnhB mutant reached higher cell densities
han the WT. Ho w e v er, ther e wer e no noticeable gr owth defects
fter the addition of inducers. We also applied the resazurin as-
a y here , and the strain with both EVs was set as 100% viability.
v er expr ession of his rnhB or strep lpxA alone in the WT resulted in

educed cell viability. The coexpression of his rnhB and 

strep lpxA did
ot have an ad diti ve effect in Keio WT. In the �rnhB mutant, it
as striking that neither his rnhB nor strep lpxA ov er expr ession alone
ffected viability. On the contrary, the coexpression of both genes
ignificantl y r educed the viability of the �rnhB mutant to WT lev-
ls . T hese results suggest an in vivo effect of RnhB on LpxA with
mplications for the metabolism and redox potential of the cell. 

We then asked whether the cellular steady-state LPS le v els in
he �rnhB and �rnhA mutants differed from the WT (Fig. 8 C). We
ound that the LPS le v els of the �rnhB and �rnhA strains were
lightly lo w er in the exponential phase than in the WT (0.90 ±
.08 and 0.79 ± 0.11, r espectiv el y). During tr ansition to stationary
hase, the LPS le v els dr opped in all str ains (0.52 ± 0.05, 0.58 ±
.18, and 0.6 ± 0.05 for WT, �rnhB , and �rnhA , r espectiv el y, with P -
alues of .0001, .0495, and .0440 when compared with each strain
n exponential phase). In this phase, (p)ppGpp le v els ar e highest
n the cell (Varik et al. 2017 ). This result supports the model that
p)ppGpp inhibits LpxA and, thus LPS biosynthesis. In stationary
hase, LPS le v els r emained low in the WT, wher eas cellular LPS

e v els tended to be ele v ated in the m utants. Ov er all, the r esults
uggest that RnhB and RnhA may influence LPS biosynthesis. 

To corr obor ate a dir ect pr otein–pr otein inter action with LpxA
n vitro , we used microscale thermophoresis (MST). The concen-
r ation of fluor escentl y labeled 

His RnhB or His RnhA was k e pt con-
tant at 50 nM, while the concentrations of strep LpxA or DNase
 (negativ e contr ol) wer e v aried. Inter action r esults in a dose-
ependent alter ed thermophor esis of the fluor escentl y labeled
r otein. The c hange compar ed to the unbound protein ( �FNorm)
an be plotted against the concentration of the protein–ligand. Be-
ause strep RnhB and 

strep RnhA wer e thermall y unstable (Fig. 7 C),
 e sear c hed for buffer conditions that stabilized the pr oteins in

hermal shift experiments and used this buffer for MST mea-
ur ements. It was a ppar ent that the pr esence of strep LpxA alter ed
he thermophoresis behavior of His RnhB and 

His RnhA in a dose-
ependent manner (Fig. 8 D; r epr esentativ e MST tr aces in Figur e
5, Supporting Information). The negative control DNase I did not
ffect the thermophoresis of His RnhB or His RnhA e v en at high con-
entrations. We also performed the reverse experiment with fluo-
 escentl y labeled 

His LpxA and 

strep RnhB or strep RnhA and obtained
imilar r esults, namel y a LpxA–RnhB and LpxA–RnhA inter action
nd no interaction with DNase I (data not shown). 

Furthermore, to show that interaction could also be detected
n the PBS-T buffer recommended by the manufacturer, we fluo-
 escentl y labeled 

His-SUMO RnhB or His-SUMO RnhA or the His-SUMO-
ag (as a control). We incubated them with 

strep LpxA or DNase I
Figure S6, Supporting Information). The fusion proteins remained
table under the assa y conditions , pr esumabl y due to the SUMO
usion serving as a solubility tag. These experiments again sup-
orted a specific interaction between 

strep LpxA and 

His-SUMO RnhB
r His-SUMO RnhA. As expected, the His-SUMO-tag alone did not in-
eract with LpxA or DNase I. In summary, three lines of inde-
endent MST experiments with different protein combinations in
ifferent buffers supported a direct physical interaction between
pxA and RnhA and LpxA and RnhB. 

Giv en these inter actions, we asked whether RnhB and RnhA af-
ect the in vitro activity of LpxA. We used the same fluorescent
pxA activity assay that we had emplo y ed before and preincu-
ated purified 

strep RnhB, strep RnhA, or DNase I at different concen-
rations with 

strep LpxA at RT for 30 min and started the reaction by
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Figure 7. ppGpp binds and inhibits the RNase RnhB. (A) Representation of the lpxA operon. The lpxA and rnhB genes are encoded together in one 
operon. RnhA has the same catalytic activity as RnhB but is significantly more active . T he rnhA gene is located at a different site in the genome . (B) T he 
binding of ppGpp to His RnhB and His RnhA was determined by DRaCALA experiments. The values shown are the mean and SD of three biological 
r eplicates r elativ e to His RelA binding capacity. (C) Melting curves of strep RnhB and strep RnhA in the presence of buffer and ppGpp, respectively. ATP, GTP, 
and GDP had a final concentration of 800 μM, and 2 μl of our ppGpp pr epar ation was added (unknown concentration). The points represent the mean 
of the normalized melting curves of four technical replicates, and the error bands represent the SD. The line is a combined fit of the four melting 
curves to the Boltzmann equation. The bar graph shows the mean melting temperatures in the presence of buffer and different nucleotides (error bars 
are the SD). strep RnhB melting temperatures in the presence of buffer, ppGpp, ATP, GTP, or GDP were 35.5 ± 0 ◦C, 42.3 ± 0.6 ◦C, 36.3 ± 0.9 ◦C, 37.6 ± 0.9 ◦C, 
and 36.8 ± 0.5 ◦C, r espectiv el y. Ns: nonsignificant shift compared to buffer as judged by t -test analysis or when the shift was ≤1 ◦C. Nd: P -value could 
not be determined. Asterisks indicate the P -values of the unpaired t -tests. (D) RNase H activity of RnhB was determined in the presence of increasing 
nucleotide concentrations. Data points represent the mean, and error bars the SD of three technical replicates . T he line represents a logistic fit with 
empirically determined limits. Reactions without nucleotide (control buffer was included) were used to normalize RnhB activity to 100% (upper limit 
of the fit). Reactions without RnhB were used to determine the lower limit of the fit. While all tested nucleotides had an inhibiting effect on the RNase 
H activity of RnhB, the effect of ppGpp was m uc h str onger compar ed to the specificity contr ols ATP , GTP , and GDP . 



14 | microLife , 2023, Vol. 4 

Figur e 8. T he RNases RnhB and RnhA interact with LpxA and increase its activity. (A) Growth curves in 96-well plates of Keio strains transformed with 
two plasmids. Cells were grown, and overexpression was induced after 105 min by adding AHT and IPTG. Data points r epr esent the mean, and error 
bars r epr esent the SD of four biological r eplicates. Not all data points ar e shown for clarity. His EV is pCA24N. (B) At the end of the gr owth curv e, cell 
viability was determined by a resazurin assay, with viability normalized for each strain carrying both EVs. Bars and error bars represent the mean and 
SD of four biological replicates . T he asterisk represents the P -value obtained by unpaired t -test. Viability after his rnhB or strep lpxA overexpression in the 
WT was 76 ± 15% with P = .0353 and 69% ± 4% with P = .0011, r espectiv el y. The viability of the WT with coexpression of his rnhB and strep lpxA was (63% 

± 4%). The viability of the �rnhB strain with his rnhB or strep lpxA ov er expr ession alone was 92% ± 23% with P = .6444 and 92 ± 17% with P = .5743, 
r espectiv el y. (C) Steady state cellular LPS le v els of the Keio strains �rnhB , �rnhA , and their isogenic WT. Bacteria were harvested in the exponential 
phase (OD 600 of 0.5), in the transition phase when bacteria just ceased exponential growth, and in deep stationary phase (overnight cultures). Cells 
were boiled in SDS sample buffer and the samples were subjected to SDS-PAGE, Stain-Fr ee ™ activ ation of total protein, western transfer, and 
immunological detection of core LPS. Signal intensities for core LPS were determined and normalized to total-protein using the Stain-Free ™ signal 
intensities detected on the same blot (internal loading control). WT in exponential phase was set to 1. Cellular LPS le v els wer e lo w er in the transition 
and stationary phase compared to exponential phase. Compared to WT, cellular LPS levels of the �rnhB and �rnhA strains tended to be lo w er in 
exponential phase and higher in stationary phase. (D) MST data analysis. We e v aluated c hanges in the fluor escence signal of the labeled pr otein to its 
unbound state. While maintaining fixed concentrations of His RnhB and His RnhA, we systematically varied the concentrations of strep LpxA and DNAse I 
to determine their effect on the thermophoresis of the labeled protein. The MST traces are shown in Figure S5 (Supporting Information). strep LpxA had 
a measurable effect on His RnhB thermophoresis at ∼128 nM, and �FNorm reached a value of ∼55. His RnhA thermophoresis was affected, starting at 
∼500 nM of strep LpxA, and �FNorm r eac hed ∼30. (E) Effect of different proteins on the activity of LpxA. We incubated LpxA with strep RnhB, strep RnhA, or 
DNase I for 30 min at RT before initiating the LpxA assay by adding the enzymes. The r elativ e activity of LpxA was calculated from the initial velocities 
(LpxA alone is 100%). The final concentration of LpxA was 10 nM (calculated as trimer), and the indicated pr otein–ligand concentr ations wer e the final 
concentrations in the assa y. T he graph’s data points and error bars represent the mean and SD of three technical replicates . T he line represents the 
logistic fit. 
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adding the preincubated proteins . T he reaction with LpxA alone 
was set to 100% acti vity. As expected, LpxA acti vity was not de- 
tected with 

strep RnhB and 

strep RnhA alone (data not shown). The 
presence of DNase I in the assay stimulated LpxA activity about 
2-fold. A m uc h mor e substantial, about 6-fold dose-dependent in- 
crease of LpxA activity was found in the presence of strep RnhB or 
strep RnhA (Fig. 8 E). Altogether, these results suggest that the inter- 
action with RnhB or RnhA influences LpxA activity and generates 
div erse membr ane-associated phenotypes in E. coli . 

Discussion 

Intricate control of PL, PGN, and LPS biosynthesis 

involves (p)ppGpp 

A role of (p)ppGpp in regulating cell envelope biogenesis in E. coli 
has long been recognized. For example, (p)ppGpp inhibits FabZ,
whic h catal yzes the first step of PL biosynthesis, as well as a 
late step of PGN biosynthesis (Stein and Bloch 1976 , Ramey and 

Ishiguro 1978 ). LPS molecules are the third pillar of the Gram- 
negative cell en velope . T he biosynthetic pathways of PL, PGN, and 

LPS share the same substrates and are tightly intertwined and 

highl y r egulated (Fig. 1 B). One indication of this functional link- 
age is that LpxB (LPS biosynthesis) copurifies with PL (Metzger and 

Raetz 2009 ). It is also known that the cellular activities of FabZ 

(PL biosynthesis) and LpxC (LPS biosynthesis) are coregulated in 
vivo . Both enzymes occur in a La pB-anc hor ed membr ane pr otein 

complex, which might control the substrate flux into the diver- 
gent biosynthetic pathways (Möller et al. 2023 ). When FabZ ac- 
tivity is impaired, LpxC is less abundant in the cell, and when 

f abZ is ov er expr essed, LpxC le v els ar e also upr egulated (Zeng et 
al. 2013 , Thomanek et al. 2019 ). The protease FtsH is responsi- 
ble for the controlled turnover of LpxC (and LpxD) to balance LPS 
production according to the cellular demand (Ogura et al. 1999 ,
Möller et al. 2023 ). Inhibition of lipid A biosynthesis results in the 
accum ulation of LpxC (Sor ensen et al. 1996 ), and FtsH-mediated 

degradation of LpxC is growth-phase dependent (Schäkermann et 
al. 2013 ). During fast growth (high LPS demand), LpxC is stable,
whereas, during slow growth (low LPS demand), LpxC is r a pidl y 
degr aded. Notabl y, this pattern is r e v ersed in a (p)ppGpp 

0 mutant,
indicating a vital role of the growth-phase-dependent signaling 
nucleotide in this process. 

Meanwhile, a dynamic membrane protein complex comprised 

of LapB (YciM) and YejM (LapC, PgbA) has been implicated in the 
sensing of LPS precursors and coordination of LpxC turnover (Bier- 
nacka et al. 2020 , Fivenson and Bernhardt 2020 , Guest et al. 2020 ,
Shu and Mi 2022 ). It has also been shown that the lethality of a 
�lapB m utant (too m uc h LPS pr oduction) can be rescued by over- 
expr essing murA (PGN biosynthesis), whic h limits the av ailability 
of UDP-GlcNAc for the LPS pathway (Klein et al. 2014 ). All these 
r eports demonstr ate a tight cr oss-r egulation of PL, PGN, and LPS 
biosynthesis and involvement of (p)ppGpp at various levels, pre- 
sumably to allocate and save resources and to pr e v ent biosynthe- 
sis of dispensable building blocks under stringent conditions. 

(p)ppGpp influences LpxA activity 

To uncover a direct role of (p)ppGpp in LPS biosynthesis, we con- 
ducted DRaCALA experiments with crude extracts from the ASKA 

ov er expr ession str ains. The r esults suggested that LpxA or an as- 
sociated protein binds ppGpp in cell lysate (Fig. 2 C). This inter- 
action or a hit with any other LPS-pr oducing pr otein was not re- 
ported in a pr e vious pr oteome-wide DRaCALA scr een (Zhang et 
al. 2018 ). This absence can at least partly be explained by dif- 
er ent cultur e conditions, as the authors induced ov er expr ession
n ov ernight cultur es, wher eas we used exponential cells. In our
ase, the cellular (p)ppGpp concentration would be lo w er due to
he earlier growth phase. Lower concentrations should facilitate 
he detection of weak interactions because the lower abundance 
f (p)ppGpp in the crude extracts would not be able to compete
or binding partners with the ad ded radioacti ve ppGpp. A low
p)ppGpp binding affinity of a protein from an essential pathway
ould meet the expectation because such enzymes should be in-
ibited only at high nucleotide concentrations (Steinchen et al.
020 ). 

In a purified system using the thermal shift assay, which is
ell suited for detecting protein–nucleotide interactions (Kopra et 
l. 2022 ), w e w ere unable to confirm the LpxA–ppGpp interaction
Fig. 2 D). Most likely, some factor available in the cell lysate but
ot in the biochemical assay mediated the a ppar ent inter action in
he DRaC ALA assa y. T he most likely candidates are acyl-ACP, the
atty acid chain donor for LPS biosynthesis, and the ne wl y identi-
ed LpxA interactor RnhB because both proteins were able to bind

p)ppGpp in vivo and in vitro (Figs 2 E and 7 C). ACP also a ppear ed to
ind other nucleotides. ACP is one of the most abundant proteins

n E. coli, with 60 000 to more than 350 000 molecules/cell (vanden
oom and Cronan 1989 , Li et al. 2014 ). The enormous abundance

n cell lysates might explain why the DRaC ALA assa y failed to de-
ect strong binding. 

A continuous fluorescent LpxA assay (Jenkins and Dotson 2012 )
ith purified components sho w ed that (p)ppGpp inhibits LpxA ac-

ivity in vitro in a dose–response manner (Fig. 3 E and F). Since
p)ppGpp did not inter act dir ectl y with LpxA, we assume that it
xerts its inhibitory action via its substrate ACP. The extent of
nhibition a ppear ed to be highl y dependent on the concentr a-
ion of acyl-ACP, the most challenging component to prepare for
his assay. At low acyl-ACP concentrations, the inhibitory effect 
f (p)ppGpp was lower than at high concentrations. In the cellular
ontext, (p)ppGpp might serve as an emergency brake that inhibits
he LpxA-catal yzed r eaction under c hanging envir onmental con-
itions. 

verproduction of LpxA, RnhB, and RnhA 

nduces cell elongation 

r e vious studies have shown that cells lacking (p)ppGpp are
onger and produce more biomass than WT cells (Traxler et al.
008 , Büke et al. 2022 , Lee et al. 2023 ). This correlation was asso-
iated with increased gene expression in several metabolic path- 
a ys . Con v ersel y, incr eased le v els of (p)ppGpp negativ el y affect

he synthesis of cellular macr omolecules suc h as DNA, cell walls,
nd membranes (Traxler et al. 2008 ). Our interest in the connec-
ion between (p)ppGpp and LPS biosynthesis prompted us to ask
hat happens when LpxA, the first essential enzyme in this path-
a y, is o v er pr oduced. Pr e viousl y, inhibition of lxpA expression us-

ng cluster ed r egularl y interspaced short palindr omic r epeats in-
erference (CRISPRi) was shown to induce the stringent response 
nd cell elongation (Roghanian et al. 2019 ). The effects were ex-
cerbated in the (p)ppGpp 

0 mutant up to the point of cell lysis.
e observed filamentous cells in response to LpxA overproduc- 

ion in E. coli W3110, and this effect was more pronounced in a
p)ppGpp 

0 mutant (Fig. 4 C). Neither FabZ, MurA, LpxC, nor LpxD
v er pr oduction affected cell length as se v er el y as LpxA (Fig. 6 A).
 hus , the o v er pr oduction of LPS itself (by ov er expr ession of lpxC )
id not seem to be responsible for cell elongation. Since the LpxA
orw ar d reaction is thermodynamically unfa vorable , we assumed
hat substrates might be r edir ected to the PL or PGN pathway,
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ausing an imbalance of membrane components (Anderson et al.
993 ). Although it certainly cannot fully explain the extent of cell
longation in the lpxA ov er expr ession str ain, the slight elonga-
ion upon murA ov er expr ession (Table S4, Supporting Information)
uggests that some precursors might be redirected to w ar d PGN
iosynthesis. In a gr eement with conclusions from the CRISPRi
creen (Roghanian et al. 2019 ), the dense interconnection between
ell envelope biosynthesis processes makes it difficult to attribute
 single gene to the filamentous phenotype. 

A fortuitous finding of our study was that the ov er pr oduction of
he RNAses RnhB and RnhA caused filamentous growth in WT and
p)ppGpp 

0 strains like lpxA o verexpression. T his finding is in con-
ert with a pr e vious study reporting a pr otein–pr otein inter action
etween LpxA and RnhB (Arifuzzaman et al. 2006 ) and suggested
 functional relationship between these proteins and a possible
oonlighting function of RnhB in LPS biosynthesis. 

nterfering with early steps of LPS biosynthesis 

nduces OMV formation 

t is known that E. coli mutants with truncated LPS molecules tend
o increase OMV formation (Kulp et al. 2015 ). The accumulation of
GN fr a gments and LPS molecules also leads to hypervesiculation
Sc hwec hheimer et al. 2014 ). We isolated OMVs from stationary
ultures when (p)ppGpp levels are naturally high and when OMV
ields are known to be highest (Klimentová and Stulík 2015 ). We
ound that LpxA ov er pr oduction incr eased OMV formation, whic h
as m uc h mor e pr onounced in the (p)ppGpp 

0 m utant. Inter est-
ngl y, the LPS/pr otein r atio of OMVs fr om this str ain was gr eatl y
 educed compar ed to the WT and decr eased in both str ains in
esponse to LpxA overproduction (Fig. 5 F and G). T hus , the cells
id not appear to secrete excess LPS by OMVs . T his was different
pon ov er pr oduction of LpxC, whic h driv es the forw ar d reaction in
PS biosynthesis . Here , the relative LPS amount was much higher
Fig. 6 E). 

In contr ast, ov er pr oduced LpxD catal yzing the next step did not
ffect OMV formation and LPS le v el (Fig. 6 D and E), suggesting that
he initial two LPS biosynthesis enzymes serve as checkpoints in

embrane homeostasis . T he unexpected finding that rnhB o ver-
xpr ession incr eases OMV formation and LPS le v els pr ovided an-
ther line of evidence that the secondary RNase H enzyme plays
 role in LPS biosynthesis in concert with LpxA. Massive OMV pro-
uction in the rnhA expr ession str ain is pr obabl y due to unrelated
easons , e .g. toxicity and cell lysis due to elevated levels of the
ighl y activ e primary RNase H. 

oonlighting functions of the RNase H enzymes 

nhB and RnhA 

irst indications that RnhB might play a role in LPS biogenesis de-
iv ed fr om the genetic context of the rnhB gene in the E. coli lpxA
peron (Fig. 7 A) and from global pull-down experiments showing
n interaction between LpxA and RnhB (Arifuzzaman et al. 2006 ).
his interaction was confirmed in the present study by MST, a
 ery sensitiv e bioc hemical assa y (J erabek-Willemsen et al. 2011 ).
f note, this interaction was not seen in a recent bacterial two-
ybrid screen where RnhB was considered a negative control be-
ause it was seemingly unrelated to LPS and PL biosynthesis func-
ions (Möller et al. 2023 ). The missed interaction is most likely due
o attached adenylate cyclase domains shielding the binding sites.

Proteins with additional functions not directly related to their
nzymatic tasks are collectively called moonlighting proteins (Jef-
ery 1999 ). An example from B . subtilis in volving several RNases is
 protein complex composed of the two gl ycol ytic enzymes phos-
hofructokinase and enolase and the RNA-processing enzymes
NAse J1, Rn y, and pol ynucleotide phosphorylase (Commic hau et
l. 2009 ). In the context of our study, it is most interesting that
nhB was r ecentl y r e ported to acti v ate Ugd, an enzyme r equir ed

or LPS modification (Rodionova et al . 2020 ). Since RnhB is the sec-
ndary RNase H in E. coli , it is pr obabl y fr ee to e volv e ne w func-
ionalities. 

Different bacteria seem to have developed different strategies
o modulate LpxA activity. In Francisella tularensis , RipA stabilizes
pxA le v els and supports adaptation to the host cell environment
Miller et al. 2014 ). A modulator of LpxA in Cronobacter sakazakii
as named LabP. A �labP mutant exhibited several membrane-

elated phenotypes, including increased PL production, surface
ydr ophobicity, membr ane permeability (determined by NPN up-
ake factor), and strong cell aggregation (Kim et al. 2018 ). In our
tudy, se v er al RnhB-r elated phenotypes in E. coli wer e also associ-
ted with an altered cell envelope in vivo, and RnhB was found to
odulate LpxA activity in vitro . 
Many bacterial genomes encode several RNase H enzymes,

nd the physiological significance of the multiplicity of RNases
 has remained a mystery . Surprisingly , E. coli and B. subtilis
 utants lac king all RNase H genes are viable, albeit showing a

emper atur e-sensitiv e gr o wth phenotype. It w as concluded that
Nase H activity is dispensable for growth but involved in critical
ellular processes (Tadokoro and Kana ya 2009 ). T here is emerg-
ng evidence that proteins from metabolic pathwa ys , such as car-
ohydrate or nitrogen metabolism, have moonlighting functions
o coordinate cell division and DNA replication with metabolism
Sperber and Herman 2017 ). Our results add another piece of evi-
ence in this context, as they suggest a link between replication or
 ucleotide re pair b y RnhB and membrane biosynthesis b y LpxA. 

The inter pr etation of the phenotypes observed in this study is
omplicated by the essentiality and interconnection of the cell en-
elope biosynthesis pathwa ys . It is known that manipulation of
athways with common substrates can elicit pleiotropic effects in
ther directions (Sperber and Herman 2017 ). Interesting examples
re E. coli OpgG and OpgH, which are responsible for synthesizing
smoregulated periplasmic glucans in a process requiring acyl-
CP (Therisod et al. 1986 , Bontemps-Gallo et al. 2017 ). OpgH also
as a moonlighting function as a regulator of cell size, acting as
n inhibitor of FtsZ ring formation in the presence of UDP-glucose
nutrient-rich conditions) (Hill et al. 2013 ). T he Ugd enzyme , which
nhB activates, also uses UDP-glucose for its reaction, suggest-

ng that the regulatory system may be e v en mor e complex (Rodi-
nova et al . 2020 ). Since acyl-ACP is also used in the biosynthesis
f PL and LPS, it is conceivable that the availability of acyl-ACP
nd UDP-glucose orc hestr ates v arious metabolic pathways by the

nteraction of metabolic enzymes with signaling nucleotides and
oonlighting enzymes. 

uthors’ contributions 

imon Brückner (Data curation, Formal analysis , In vestiga-
ion, Methodology, Visualization, Writing—original draft), Fabian
üller (Data curation, Formal analysis , In vestigation, Method-

logy, Visualization), Laur a Sc hadowski (Data cur ation, Inv esti-
ation), Tyll Kalle (Data cur ation, Inv estigation), Sophia Weber
Data cur ation, Inv estigation), Emil y C. Marino (Data curation, In-
 estigation, Writing—r e vie w & editing), Blanka Kutscher (Data
ur ation, Inv estigation), Anna-Maria Möller (Conceptualization,
riting—r e vie w & editing), Sabine Adler (Data cur ation, Inv es-

igation, Methodology), Dominik Begero w (Resour ces), Wieland
teinchen (Resources), Gert Bange (Conceptualization, Resources),



Brückner et al. | 17 

C  

 

F  

 

F  

G  

G  

 

H

H  

I  

I  

 

J
J  

J  

 

J  

 

K  

K  

K  

K  

 

K  

 

K  

K  

K  

 

L  

L  
and Franz Narberhaus (Conceptualization, Funding acquisition, 
Pr oject administr ation, Resources, supervision, Writing—r e vie w & 

editing). 

Ac kno wledgments 

This study was funded by the German Research Foundation (DFG; 
Priority Pr ogr am SPP1879 ‘Nucleotide Second Messenger Signal- 
ing in Bacteria’ and Researc h Tr aining Gr oup 2341 ‘Micr obial Sub- 
str ate Conv ersion (MiCon)’. We thank Nils Mais for performing ITC 

measurements with LpxA and ppGpp. We thank Julia Bandow and 

Tim Dirks for helping with ÄKTA purifications, Marc Nowaczyk 
for the use of the NanoTemper MST instrument, RUBion (Cen- 
tral Unit for Ionbeams and Radionuclides) for the use of infras- 
tructur e, and Ec khard Hofmann and Kai Voc ke for critical dis- 
cussions. Figur es wer e cr eated with BioRender.com. Fig. 1 (B) was 
ada pted fr om ‘Gr am-Negativ e Bacteria Cell Wall (Bac kgr ound)’, by 
BioRender.com (2023). Retrie v ed fr om https://a pp.biorender.com/ 
biorender-templates . Figur e 5 (A) was ada pted fr om ‘Gr am Neg- 
ative Bacteria Outer Membrane Vesicle Formation’, by BioRen- 
der.com (2023). Retrie v ed fr om https://a pp.bior ender.com/bior en 

der-templates . G.B. thanks the Hessisches Ministerium für Wis- 
senschaft und Kunst (LOEWE Diffusible Signals). All data gener- 
ated or analyzed during this study are included in this published 

article (and its supplementary information files). 

Supplementary data 

Supplementary data is available at FEMSML online. 

Conflict of interest statement. None declared 

References 

Anderson BW , Fung DK, Wang JD. Regulatory themes and variations 
by the stress-signaling nucleotide alarmones (p)ppGpp in bacte- 
ria. Annu Rev Genet 2021; 55 :115–33.

Anderson MS , Bull HG, Gallo w ay SM et al. UDP- N -acetylglucosamine 
acyltr ansfer ase of Esc heric hia coli . The first step of endotoxin 

biosynthesis is thermodynamically unfa vorable . J Biol Chem 

1993; 268 :19858–65.
Arifuzzaman M , Maeda M, Itoh A et al. Large-scale identification 

of pr otein–pr otein inter action of Esc heric hia coli K-12. Genome Res 
2006; 16 :686–91.

Biernacka D , Gorzelak P, Klein G et al. Regulation of the first commit- 
ted step in lipopol ysacc haride biosynthesis catalyzed by LpxC re- 
quires the essential protein LapC (YejM) and HslVU protease. IJMS 
2020; 21 :9088.

Bontemps-Gallo S , Bohin J-P, Lacroix J-M. Osmoregulated periplas- 
mic glucans. EcoSal Plus 2017; 7 . https:// doi.org/ 10.1128/ ecosalpl 
us.ESP- 0001- 2017 .

Büke F , Grilli J, Cosentino Lagomarsino M et al. ppGpp is a bacterial 
cell size regulator. Curr Biol 2022; 32 :870–7.

Chung CT , Niemela SL, Miller RH. One-ste p pre paration of competent 
Esc heric hia coli : tr ansformation and stor a ge of bacterial cells in the 
same solution. Proc Natl Acad Sci USA 1989; 86 :2172–5.

Commichau FM , Rothe FM, Herzberg C et al. Novel activities of 
gl ycol ytic enzymes in Bacillus subtilis : interactions with essen- 
tial pr oteins involv ed in mRNA pr ocessing. Mol Cell Proteomics 
2009; 8 :1350–60.

Cor ona A , Tr amontano E. RNase H pol ymer ase-independent cleav a ge 
assay for e v aluation of RNase H activity of r e v erse tr anscriptase 
enzymes. Bio-Protocol 2015; 5 :e1561.
orrigan RM , Bellows LE, Wood A et al. ppGpp negativ el y impacts
ribosome assembly affecting growth and antimicrobial toler- 
ance in Gr am-positiv e bacteria. Proc Natl Acad Sci USA 2016; 113 :
E1710–9.

ivenson EM , Bernhardt TG. An essential membr ane pr otein modu-
lates the pr oteol ysis of LpxC to control lipopolysaccharide syn-
thesis in Esc heric hia coli . Mbio 2020; 11 :e00939–20.

lugel RS , Hwangbo Y, Lambalot RH et al. Holo-(acyl carrier protein)
synthase and phosphopantetheinyl transfer in Escherichia coli . J 
Biol Chem 2000; 275 :959–68.

uest RL , Samé Guerra D, Wissler M et al. YejM modulates activity of
the YciM/FtsH protease complex to prevent lethal accumulation 

of lipopol ysacc haride. Gottesman S (ed.). Mbio 2020; 11 :e00598–20.
uo Y , Ji F, Qiao J et al. Ov er expr ession of the k e y genes in the biosyn-

thetic pathways of lipid A and peptidoglycan in Esc heric hia coli .
Biotech and App Biochem 2023; 70 :374–86.

elander IM , Mattila-Sandholm T. Fluorometric assessment of 
Gr am-negativ e bacterial permeabilization. J A ppl Microbiol 
2000; 88 :213–9.

ill NS , Buske PJ, Shi Y et al. A moonlighting enzyme links Esc heric hia
coli cell size with central metabolism. PLoS Genet 2013; 9 :e1003663.

rving SE , Choudhury NR, Corrigan RM. The stringent response and
physiological roles of (pp)pGpp in bacteria. Nat Rev Microbiol 
2021; 19 :256–71.

taya M . Isolation and c har acterization of a second RNase H (RNase
HII) of Esc heric hia coli K-12 encoded by the rnhB gene. Proc Natl Acad
Sci USA 1990; 87 :8587–91.

effery CJ . Moonlighting proteins. Trends Biochem Sci 1999; 24 :8–11.
enkins RJ , Dotson GD. A continuous fluorescent enzyme assay for

early steps of lipid A biosynthesis. Anal Biochem 2012; 425 :21–7.
erabek-W illemsen M , W ienken CJ, Braun D et al. Molecular inter-

action studies using micr oscale thermophor esis. Assay Drug Dev
Technol 2011; 9 :342–53.

iang Y , Chan CH, Cronan JE. The soluble ac yl-ac yl carrier protein
synthetase of Vibrio harveyi B392 is a member of the medium
chain acyl-CoA synthetase family. Biochemistry 2006; 45 :10008–19.

anjee U , Ogata K, Houry WA. Dir ect binding tar gets of the stringent
response alarmone (p)ppGpp. Mol Microbiol 2012; 85 :1029–43.

im S , Yoon H, Ryu S. New virulence factor CSK29544_02616 as LpxA
binding partner in Cronobacter sakazakii . Sci Rep 2018; 8 :835.

im Y , Prestegard JH. Refinement of the NMR structures for acyl car-
rier protein with scalar coupling data. Proteins 1990; 8 :377–85.

lein G , Kobylak N, Lindner B et al. Assembly of lipopolysaccharide
in Esc heric hia coli r equir es the essential La pB heat shoc k pr otein. J
Biol Chem 2014; 289 :14829–53.

limentová J , Stulík J. Methods of isolation and purification of outer
membr ane v esicles fr om Gr am-negativ e bacteria. Microbiol Res
2015; 170 :1–9.

opra K , Valtonen S, Mahran R et al. Thermal shift assay for
small GTPase stability screening: evaluation and suitability. IJMS 
2022; 23 :7095.

 ulp A , K uehn MJ. Biological functions and biogenesis of se-
creted bacterial outer membrane vesicles. Annu Rev Microbiol 
2010; 64 :163–84.

ulp AJ , Sun B, Ai T et al. Genome-wide assessment of outer
membr ane v esicle pr oduction in Esc heric hia coli . PLoS ONE
2015; 10 :e0139200.

ee JB , Kim SK, Han D et al. Mutating both relA and spoT of en-
ter opathogenic Esc heric hia coli E2348/69 attenuates its virulence 
and induces interleukin 6 in vivo . Front Microbiol 2023; 14 :1121715.

eive L . Release of lipopolysaccharide by EDTA treatment of E. coli .
Biochem Biophys Res Commun 1965; 21 :290–6.

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqad031#supplementary-data
https://doi.org/10.1128/ecosalplus.ESP-0001-2017


18 | microLife , 2023, Vol. 4 

Li G-W , Burkhardt D, Gross C et al. Quantifying absolute protein syn- 
 

L  

M  

M  

 

M  

 

M  

 

M  

 

O  

 

 

P  

P  

 

R  

 

R  

 

R  

R  

R  

 

 

R  

 

 

R  

 

 

R  

S  

S  

 

lates with the growth rate and the alarmone (p)ppGpp. J Bacteriol 

S  

 

S  

 

S  

S  

S  

 

 

S  

S  

S  

 

S  

 

T  

 

T  

 

 

T  

 

 

T  

 

T  

 

v  

V  

 

W  

 

Z  

Z  

 

R
©
A

m

thesis r ates r e v eals principles underl ying allocation of cellular
resources. Cell 2014; 157 :624–35.

undstedt E , Kahne D, Ruiz N. Assembly and maintenance of lipids
at the bacterial outer membrane. Chem Rev 2021; 121 :5098–123.

cMillan HM , Kuehn MJ. The extracellular vesicle generation para-
dox: a bacterial point of view. EMBO J 2021; 40 :e108174.

etzger LE , Raetz CRH. Purification and c har acterization of the lipid
A disaccharide synthase (LpxB) from Escherichia coli , a peripheral
membr ane pr otein. Bioc hemistry 2009; 48 :11559–71.

iller CN , Steele SP, Brunton JC et al. Extr a genic suppr essor m uta-
tions in �ripA disrupt stability and function of LpxA. BMC Micro-
biol 2014; 14 :336.

öller A-M , Brückner S, Tilg L-J et al. La pB (YciM) orc hestr ates
pr otein–pr otein inter actions at the interface of lipopol ysacc ha-
ride and phospholipid biosynthesis. Mol Microbiol 2023; 119 :29–43.

or eno-Ha gelsieb G . The po w er of operon rearrangements for
predicting functional associations. Comput Struct Biotechnol J
2015; 13 :402–6.

gura T , Inoue K, Tatsuta T et al. Balanced biosynthesis of major
membrane components through regulated degradation of the
committed enzyme of lipid A biosynthesis by the AAA protease
FtsH (HflB) in Esc heric hia coli . Mol Microbiol 1999; 31 :833–44.

restegard JH , Kim Y. Refinement of the NMR structures for acyl car-
rier protein with scalar coupling data. Proteins 1993; 8 :377–85.

ulschen AA , Fernandes AZN, Cunha AF et al. Many birds with one
stone: targeting the (p)ppGpp signaling pathway of bacteria to
impr ov e antimicr obial ther a p y. Bioph ys Rev 2021; 13 :1039–51.

aetz CRH , Roderick SL. A left-handed parallel β helix in the
structure of UDP- N -acetylglucosamine acyltransferase. Science
1995; 270 :997–1000.

amey WD , Ishiguro EE. Site of inhibition of peptidoglycan biosyn-
thesis during the stringent response in Esc heric hia coli . J Bacteriol
1978; 135 :71–7.

izzo J , Gifford LK, Zhang X et al. Chimeric RN A–DN A molecular bea-
con assay for ribon uclease H acti vity. Mol Cell Probes 2002; 16 :277–
83.

oderick SL . UDP N-acetylglucosamine acyltransferase. Protein Data
Bank, 1995. https:// doi.org/ 10.2210/ pdb1LXA/ pdb .

odionova IA , Zhang Z, Aboulwafa M et al. UDP-glucose dehydroge-
nase Ugd in E. coli is activated by Gmd and RffD, is inhibited by
CheY, and regulates swarming. bioRxiv 2020. https:// doi.org/ 10.1
101/2020.01.08.899336 .

oghanian M , Semsey S, Løbner-Olesen A et al. (p)ppGpp-mediated
str ess r esponse induced by defects in outer membrane biogenesis
and ATP production promotes survival in Escherichia coli . Sci Rep
2019; 9 :2934.

oujeinik ov a A , Simon WJ, Gilroy J et al. Structural studies of fatty
ac yl-(ac yl carrier protein) thioesters r e v eal a hydr ophobic bind-
ing cavity that can expand to fit longer substrates. J Mol Biol
2007; 365 :135–45.

oujeinik ov a A . . Pr otein Data Bank, 2006. https:// doi.org/ 10.2210/ pd
b2FAC/pdb .

ambrook J , Russell DW. Molecular Cloning: A Laboratory Manual . Cold
Spring Harbor: Cold Spring Harbor Laboratory Press, 2001.

chäkermann M , Langklotz S, Narberhaus F. FtsH-mediated coordi-
nation of lipopol ysacc haride biosynthesis in Esc heric hia coli corr e-
ecei v ed 14 February 2023; revised 12 May 2023; accepted 13 June 2023 
The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O

ttribution-NonCommercial License ( https://creativecommons.org/licenses/by-nc/4.0/ ), w

edium, provided the original work is properly cited. For commercial re-use, please conta
2013; 195 :1912 LP–1919.
c hwec hheimer C , Kuehn MJ. Outer-membrane vesicles from Gram-

negative bacteria: biogenesis and functions. Nat Rev Microbiol
2015; 13 :605–19.

c hwec hheimer C , Kulp A, Kuehn MJ. Modulation of bacterial outer
membr ane v esicle pr oduction by env elope structur e and content.
BMC Microbiol 2014; 14 :324.

hu S , Mi W. Regulatory mechanisms of lipopolysaccharide synthe-
sis in Esc heric hia coli . Nat Commun 2022; 13 :4576.

ilhavy TJ , Kahne D, Walker S. The bacterial cell envelope. Cold Spring
Harb Perspect Biol 2010; 2 :a000414.

orensen PG , Lutkenhaus J, Young K et al. Regulation of UDP-3- O -
[ R -3-hydro xym yristoyl]- N -acetylglucosamine deacetylase in Es-
c heric hia coli : the second enzymatic step of lipid A biosynthesis.
J Biol Chem 1996; 271 :25898–905.

perber AM , Herman JK. Metabolism shapes the cell. J Bacteriol
2017; 199 :e00039–17.

tein JP , Bloch KE. Inhibition of E. coli β-hydroxydecanoyl thioester
dehydrase by ppGpp. Biochem Biophys Res Commun 1976; 73 :881–4.

teinc hen W , Sc huhmac her JS, Altegoer F et al. Catalytic mechanism
and allosteric regulation of an oligomeric (p)ppGpp synthetase by
an alarmone. Proc Natl Acad Sci USA 2015; 112 :13348 LP–13353.

teinc hen W , Zegarr a V, Bange G. (p)ppGpp: ma gic modula-
tors of bacterial physiology and metabolism. Front Microbiol
2020; 11 :2072.

adok or o T , Kanaya S. Ribonuclease H: molecular diversities, sub-
strate binding domains, and catalytic mechanism of the prokary-
otic enzymes. FEBS J 2009; 276 :1482–93.

herisod H , Weissborn AC, Kennedy EP. An essential function
for acyl carrier protein in the biosynthesis of membrane-
deriv ed oligosacc harides of Esc heric hia coli . Proc Natl Acad Sci USA
1986; 83 :7236–40.

homanek N , Arends J, Lindemann C et al. Intricate crosstalk
between lipopol ysacc haride, phospholipid and fatty acid
metabolism in Esc heric hia coli modulates pr oteol ysis of LpxC.
Front Microbiol 2019; 9 :3285.

o y ofuku M , Schild S, Kaparakis-Liaskos M et al. Composition and
functions of bacterial membr ane v esicles. Nat Rev Microbiol
2023; 21 :415–430.

raxler MF , Summers SM, Nguyen HT et al. The global, ppGpp-
mediated stringent response to amino acid starvation in Es-
c heric hia coli . Mol Microbiol 2008; 68 :1128–48.

 anden Boom T , Cr onan JE. Genetics and r egulation of bacterial lipid
metabolism. Annu Rev Microbiol 1989; 43 :317–43.

arik V , Oliv eir a SRA, Hauryliuk V et al. HPLC-based quantification
of bacterial housek ee ping n ucleotides and alarmone messengers
ppGpp and pppGpp. Sci Rep 2017; 7 :11022.

ang B , Dai P, Ding D et al. Affinity-based ca ptur e and identification
of protein effectors of the growth regulator ppGpp. Nat Chem Biol
2019; 15 :141–50.

eng D , Zhao J, Chung HS et al. Mutants resistant to LpxC inhibitors
by rebalancing cellular homeostasis. J Biol Chem 2013; 288 :5475–
86.

hang Y , Zborníková E, Rejman D et al. Novel (p)ppGpp binding and
metabolizing proteins of Escherichia coli . Swanson MS (ed.). Mbio
2018; 9 :e02188–17.
pen Access article distributed under the terms of the Cr eati v e Commons 
hich permits non-commercial re-use, distribution, and r e pr oduction in any 

ct journals.permissions@oup.com 

https://doi.org/10.2210/pdb1LXA/pdb
https://doi.org/10.1101/2020.01.08.899336
https://doi.org/10.2210/pdb2FAC/pdb
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	Introduction
	Material and methods
	Results
	Discussion
	Authors contributions
	Acknowledgments
	Supplementary data
	References

